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Abstract

Antibiotic resistance has emerged as one of the most urgent global health threats,
undermining the effective treatment of bacterial infections. In response, scientific
interest is increasingly focused on identifying natural and effective antimicrobial
agents derived from medicinal plants. In Ethiopia, Ehretia cymosa (E. cymosa) is
traditionally used to treat wound infections, fever, gastric ulcers, dysentery, and
toothache. However, there is limited scientific evidence to support these traditional
claims. Hence, the present study aimed to evaluate the in vitro and in vivo anti-
bacterial activities and to screen the phytochemical profile of the 80% methanol
extract of E. cymosa leaves. The air-dried and powdered leaves of E. cymosa were
extracted using cold maceration with 80% methanol. The antibacterial activity of the
crude extract was tested using the disk diffusion method against selected bacterial
pathogens commonly associated with infections. An in vivo model of burn followed
by infection was established in mice. Qualitative phytochemical screening was also
performed. One-way analysis of variance followed by Tukey’s post hoc multiple tests
was used to compare the means of all parameters. The leaves of E. cymosa demon-
strated significant antibacterial activity (p<0.001) against the tested bacterial strains
in a dose-dependent manner compared with the control. The minimum inhibitory
concentration ranged from 6.25 to 75 mg/mL, while the minimum bactericidal con-
centration against P. aeruginosa and E. coli was 200 mg/mL. In the in vivo model,
the extract resulted in faster wound contraction and a shorter epithelialization period
against S. aureus than against P. aeruginosa. The plant leaf is also rich in flavonoids,
terpenoids, and tannins. The 80% methanol extract of E. cymosa leaves exhibited
antibacterial activity in vitro and in vivo, which corroborates the traditional use of the
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leaves against infectious diseases. Further studies involving the isolation and charac-
terization of the active compounds are recommended.

Introduction

The discovery, development, and therapeutic application of antibiotics in the nine-
teenth century have significantly decreased the public health risks posed by bacte-
rial infections [1,2]. However, the misuse and overuse of these drugs have led to a
troubling rise in bacterial resistance to current chemotherapeutic agents. Additionally,
antibiotics can sometimes cause adverse effects, including allergic reactions, immu-
nosuppression, and hypersensitivity [3,4]. These challenges highlight the urgent
need to intensify efforts toward developing new antibacterial agents that are effective
against resistant pathogenic microorganisms [5].

One promising approach to combat the growing issue of antibiotic resistance is the
systematic extraction and screening of bioactive compounds from traditional medic-
inal plants. This strategy aims to discover new, effective substances with potential
antimicrobial properties [6,7]. The demand for plant-based treatments is growing
in both developed and developing countries, driven by the traditional practices that
these remedies are natural, safe, affordable, and associated with fewer side effects
[8,9].

Medicinal plants have shown antibacterial activity against various pathogens
responsible for infections, especially wounds, including Staphylococcus aureus (S.
aureus), Pseudomonas aeruginosa (P. aeruginosa), and Streptococcus species
[10,11]. An astounding array of antibacterial plants has been found worldwide, where
larger populations reside in lower- and middle-income countries that are dependent
on traditional plants; Achiella millefolium, Aloe vera, Althaea officinalis, Calendula
officinalis, Matricaria chamomilla, Curcuma longa, Eucalyptus, Jojoba, plantain, pine,
green tea, pomegranate, Inula, Arctium lappa, and root extracts of Astragalus propin-
quus and Rehmannia glutinosa; and the roots of Ampelopsis japonica, Andrographis
paniculata, Angelica sinensis, Blumea balsamifera, Boswellia sacra, Caesalpinia sap-
pan, Calendula officinalis, Camellia sinensis, Carthamus tinctorius, Celosia argentea,
Centella asiatica, Cinnamomum cassia, and Commiphora myrrha [10,12—14].

Ethiopia is home to a diverse array of plant species, about 12% of which are
indigenous, making the country a valuable source of medicinal plants with poten-
tial health benefits. Ehretia cymosa (E. cymosa) is a native plant widely distributed
across Ethiopia. It is locally known as “Game” in Amharic and “Hulaagaa, Ulaagaa,
Garmi” in Afan Oromo. It is traditionally used to treat gastrointestinal problems, bone
fractures, skin infections, paralysis, and epilepsy in different regions of Africa [15].
Experimental studies have reported that crude extracts and solvent fractions of E.
cymosa exhibit biological activities, including antioxidant, antihyperglycemic, analge-
sic, anti-inflammatory, and antimicrobial effects [16—18]. In eastern Ethiopia, the plant
leaves are prepared as a poultice, a soft, moist mass of plant material applied directly
to wounds. To make a poultice, fresh leaves are mashed with cold water and then
reduced in size, or dried leaves are boiled in water and cooled.
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Although preliminary in vitro studies have demonstrated antibacterial activity, further studies are needed to support the
broader traditional use of this plant and to verify that the therapeutic effects observed in vitro translate to living systems.
Experiments conducted within a living organism are critical, often mandatory, steps in scientific, biomedical, and pharmaceu-
tical research that laboratory tests cannot fully replace [19,20]. Therefore, we tested additional strains, quantified the mini-
mum bactericidal concentration (MBC), and employed in vivo models. Hence, the present study aimed to evaluate the in vitro
and in vivo antibacterial activities and to screen the phytochemical profile of the 80% methanol extract of E. cymosa leaves.

Materials and methods
Chemicals

All solvents used for the extraction process were of laboratory (analytical) grade. Drugs and chemicals, including absolute
methanol (LOBA Chemie Pvt. Ltd., India) and distilled water, were used to extract the plant material. A simple ointment
base was prepared using the following ingredients: wool fat, hard paraffin, and cecostearyl alcohol (all from BDH Chemi-
cals Ltd., England), along with white soft paraffin (Anonchem Ltd., China). The additional chemicals used included
Mueller-Hinton agar, normal saline, and Nitrofurazone ointment USP 0.2% (Galentic Pharm, Pvt. Ltd. Co., India), ketamine
hydrochloride injection USP (Neon Laboratories Ltd., India), ciprofloxacin 5 pug standard antibiotic disc (OXOID LIMITED,
Basingstoke, Hampshire, England), and dimethyl sulfoxide (DMSO)

Collection, authentication, and extraction of E. cymosa leaves

The plant material was collected from eastern Ethiopia, identified, and authenticated by a biologist. A voucher specimen,
labeled HUHE0000002255 (023551), was deposited in the Herbarium of the Biology Department, Faculty of Natural and
Computational Science at Haramaya University.

Fresh E. cymosa leaves were collected and thoroughly washed with tap water to remove surface dirt. The cleaned
leaves were shade-dried and ground into a fine powder using a mortar and pestle. Methanol (80% (v/v)) was selected as
the solvent because of its high polarity, efficiency, compatibility with analytical techniques, and proven effectiveness in
previous studies. Although some solvents may offer higher potency, 80% methanol provides a balanced approach in terms
of safety, solubility, and extraction yield.

A total of 600 grams of powdered plant material was weighed using an electronic digital balance and soaked in 300 mL
of 80% methanol in Erlenmeyer conical flasks. Extraction was performed via cold maceration. The flasks were placed on
mini-orbital shakers set at 120 revolutions per minute (rpm) and agitated periodically for 72 hours. The mixture was first filtered
through a nylon cloth, and the residue was macerated twice more to maximize the extraction yield. The filirate was filtered
again using Whatman filter paper (No. 1) under a pressure-suction system. The total filtrate was concentrated via a low-
pressure rotary evaporator set at 121 mbar, 45 rpm, and 40°C. The resulting concentrate was stored in a deep freezer and
subsequently freeze-dried via a lyophilizer at —20°C under vacuum pressure (200 mBar), yielding a brownish crude extract.

Microbial organisms

Standard strains (American Type Culture Collections (ATCC)) of the gram-positive bacterial species Staphylococcus
aureus (S. aureus) (ATCC 25923) and Streptococcus pyogenes (S. pyogenes) (NCTC 12696) and the gram-negative
bacteria Escherichia coli (E. coli) (ATCC 25922), Pseudomonas aeruginosa (P. aeruginosa) (ATCC27853), and Klebsiella
pneumoniae (K. pneumoniae) were obtained from Eastern Hararghe Health Research at Haramaya University, Harar.

Preparation of experimental animals

Healthy Swiss albino adult mice of both sexes weighing 20—-30 g and aged 6—8 weeks were obtained from the National
Veterinary Institute (NVI), Bishoftu, Ethiopia, and used throughout the experiment. The animals were housed in plastic
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cages under standard conditions, with a 12-hour light/dark cycle and ad libitum access to standard food and water. The
samples were allowed to acclimate to laboratory conditions for one week before any experiments were initiated. Through-
out the study, the animals were handled in accordance with international guidelines for the use and care of experimen-
tal animals [20,21]. At the conclusion of the experiment, the animals were euthanized with the recommended dose of
ketamine.

Dosing in the mouse model

The concentrations were selected based on a combination of factors, including prior toxicity studies that established the
extract’s safety up to 2000 mg/kg and the need to assess dose-dependent efficacy within a safe range. When calculating
a dose for in vivo delivery, we aimed to use a dose that was greater than the minimum inhibitory concentration (MIC) or
minimum bactericidal concentration (MBC) determined in vitro. Because in vitro experiments are performed under con-
trolled settings, they do not account for the wide range of physiological situations encountered in the animal body [22].
The in vivo dose must account for skin permeability, protein binding, and local metabolism to ensure that the medication
reaches the infection site at concentrations higher than the MBC or maintains levels above the MIC while taking pharma-
cokinetic/pharmacodynamic features into account. According to research, the target skin layer should start at 4x to 10x
MIC [23].

Ehretia cymosa leaf ointment formulation

A simple ointment base was prepared according to the British Pharmacopoeia [24]. The indicated ointment preparations,
each 200 g, were prepared in two strengths (5% w/w and 10% w/w), and a simple ointment without an active substance
(as a control) was prepared via a reduced formula (Table 1). To prepare the ointment, a calculated amount of hard paraffin
and cetostearyl alcohol was combined and heated in a beaker in a water bath. In a separate beaker, the wool, fat, and
white soft paraffin mixture was heated while stirring to ensure homogeneity. After removal from the water bath, the two
mixtures were combined and mixed until cold.

A medicated ointment with a homogeneous consistency and smooth texture was produced. To prepare 5% (w/w)
ointment, 10 g of extract was weighed and combined with 190 g of simple ointment base. Similarly, to prepare 10% (w/w)
ointment, 20 g of extract was mixed with 180 g of ointment base. This preparation was performed at five-day intervals until
all the experiments were completed. A nonmedicated ointment base was used as a negative control.

In vitro antibacterial activity testing

The in vitro antibacterial activity of the crude extract was evaluated against five bacterial strains: S. aureus, S. pyogenes,
E. coli, P. aeruginosa, and K. pneumoniae. The selection of these strains was based on the common bacteria known in
skin infections and wounds, which was the traditional claim in the study community [25-30].

Table 1. Master and reduced formulas used for formulating a simple ointment.

Ingredients Master Formula Reduced Formula
Wool fat 50g 1049

Hard paraffin 509 1049

Ceto-stearyl alcohol 509 1049

White soft Paraffin 850 g 170 g

QS 1000 g 200 g

Abbreviations: Q.S. sufficient quantity

https://doi.org/10.1371/journal.pone.0354982.t001
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Agar disc diffusion

The agar disc diffusion method was used to determine the antibacterial activity (zone of inhibition) of the E. cymosa
extract [31,32]. The five bacterial strains were activated on their selective media, MacConkey agar for K. pneumoniae and
mannitol—salt agar for S. aureus, and incubated at 37°C for 24 hours. Muller—Hinton agar (MHA) was prepared according
to the manufacturer’s recommendations (39 g diluted in 1,000 mL of distilled water). The powdered medium was added to
a flask containing the measured volume of distilled water, and the flask was set on a hot plate, occasionally shaken until
boiling.

The media were sterilized in an autoclave at 121°C for 15 minutes. The medium was cooled to 45-50°C in a water
bath. For fastidious Streptococcus species (S. pyogenes) that require enriched media, 5% sterile sheep blood was added
to the MHA medium. In microbiology and research, sheep blood cannot be heat-sterilized, as high temperatures will
destroy (hemolyze) red blood cells and coagulate proteins. Instead, it must be collected using strict aseptic techniques.
Blood will be collected from a sheep in good health, without any antibiotic treatment or vaccine in the past 30 days. A
trained veterinarian will collect the blood following aseptic technique into sterile EDTA tubes [33]. A total of 20 mL of
medium was aseptically poured into prelabeled sterile Petri dishes (90 mm) and allowed to solidify [34—36]. Using a sterile
inoculating loop, a few bacterial colonies—each strain from the agar plate—were transferred to nutritional broth until the
turbidity reached 108 cells per milliliter of the McFarland 0.5 turbidity standard [37]. The culture was then evenly dispersed
over MHA using sterile cotton brushes and aseptic settings in a safety cabinet with Petri dishes rotated 60° to ensure con-
sistent bacterial growth. Finally, the medium was allowed to cure at room temperature for five minutes.

The external surface of each plate was divided into five parts and labeled with a permanent marker; each consisted of
five paper discs: three discs containing extracts at different concentrations, one for the positive control, and the remain-
ing for the negative control. Paper discs were punched from a sheet of absorbent filter paper (Whatman No. 1; 6 mm in
diameter) via an ordinary office two-hole puncher. The discs were dispensed into batches in screw-capped bottles and
sterilized at 121°C for 1 hr.

A test sample was prepared at three concentrations, 300 mg/mL, 200 mg/mL, and 100 mg/mL, using 10% DMSO as
the solvent. Previous research at 25 mg/mL revealed initial antibacterial potential; however, the present concentrations
were used to determine whether higher doses yield stronger antibacterial effects. Testing across this range allows us to
capture dose-response relationships that could identify an optimal therapeutic concentration. A 10% DMSO solution was
used as a solvent due to its effective solubilizing properties and low cytotoxicity, ensuring reliable in vitro results.

The sterilized filter paper discs were soaked in beakers containing different concentrations of solvent extracts and the
negative control (DMSO). The discs were then removed with sterilized forceps, air-dried, and placed on plates with test
organisms. A 5-ug ciprofloxacin disc was used as a positive control. Ciprofloxacin is selected as a standard in antibacterial
research, primarily because of its broad spectrum of activity, well-understood bactericidal mechanism of action, estab-
lished pharmacokinetic profile, and frequent use as a reference standard in official pharmacopoeias for quality control
[38-40].

The plates were left at room temperature for 2 hours to allow diffusion of the test samples and then incubated at 37°C
for 24 hours. After incubation, the plates were examined for zones of inhibition (areas without bacterial growth). Inhibition
zones were measured in millimeters (mm) via a ruler, and the tests were performed in triplicate [34,35].

In agar diffusion experiments, free diffusion is strictly dependent on the polarities of the medium, extract, and controls.
Because agar is a highly polar, watery matrix, polar molecules diffuse freely, but non-polar or highly lipophilic compounds
do not, resulting in inconsistent or false-negative results [41]. Agar is an aqueous (water-based) and hydrophilic gel, which
makes it extremely polar. Our plant extract is polar (extracted with hydro methanol) and will diffuse freely, resulting in a
uniform concentration gradient [33,42]. Positive Control: standard antibiotic (ciprofloxacin) is water-soluble (polar), allow-
ing it to diffuse freely and radially across the agar [43]. Negative Control: the solvent used to dissolve the extract (DMSO)
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has a polarity similar to that of the extract and agar, preventing precipitation and ensuring assay validity [44]. For accurate
comparisons in agar-diffusion tests, the extract, solvent, controls, and agar must all have equivalent polarity.

Determination of the minimum inhibitory concentration

For the concentration that produced a zone of inhibition greater than or equal to 7 mm for the tested organism, the MIC
was determined via the broth macrodilution method [34]. The extract, which showed activity at 300 mg/mL, was further
diluted to a 1:2 ratio to obtain 150 mg/mL, 125 mg/mL, and 75 mg/mL (1:4) extracts. The concentration that showed
activity at 100 mg/mL was diluted to 50 mg/mL (1:2), 25 mg/mL (1:4), 12.5 mg/mL (1:8), and 6.25 mg/mL (1:16) to explore
lower concentrations to refine the MIC.

Broth media were prepared according to the manufacturer’s recommendation. Inoculum preparation and standardiza-
tion were performed aseptically [34]. Each extra concentration was diluted 1:2 in the broth medium, and 1 mL of each mix-
ture was added to a standard test tube. The standard inocula were diluted in broth media (1:150) [45,46]. One milliliter of
the diluent containing different concentrations of the extract was added to each tube. A tube without any test sample was
used as a control for bacterial growth. The tubes were covered and incubated at 37°C for 24 hours. Broth Dilution (Liquid
Broth) is widely considered the gold standard reference method. The MIC is the lowest concentration that prevents visible
bacterial growth, measured by the absence of cloudiness or “turbidity” [34,47,48].

Determination of the minimum bactericidal concentration

MBC was determined by subculturing the extract at a concentration of at least the MIC. The contents of the MIC test
solutions were streaked on an agar plate via sterile cotton swabs and incubated at 37°C for 24 hours. The lowest concen-
tration that yielded no single bacterial colony was taken as the MBC [48-50]

In vivo antibacterial activity testing in the infected wound model

In vivo antibacterial activity was tested using P. aeruginosa and S. aureus. The burn model followed by the infection model
is crucial for understanding and improving burn wound treatment because it closely replicates the clinical scenario of burn
injuries, which are highly susceptible to infection [51].

Animal grouping

The animals were randomly assigned to two experimental arms and grouped into five groups in each arm. Each group
was then randomly assigned to five mice, assuming that the mean difference between the groups was more than the
hypothesized value. Since there is no study on our topic of interest, we are unable to use previous effect sizes. Accord-
ingly, the degree of freedom (E) was considered. In this method, a value “E” is measured, which is simply the degree of
freedom of analysis of variance (ANOVA). The value of E should be between 10 and 20. If E is less than 10, adding more
animals will increase the chance of obtaining a more significant result. But if E is more than 20, adding more animals will
not increase the chance of obtaining significant results. Although this method is based on ANOVA, it applies to all animal
experiments. Any sample size that keeps E between 10 and 20 should be considered adequate. E can be measured via
the following formula: E =total number of animals - total number of groups. Hence, E = (5 mice x5 groups) — 5 groups =20
[52].

Antibacterial testing

There were five interventions with two infecting bacterial strains: the control (no treatment), negative control (receiving
placebo ointment), positive control (0.2% nitrofurazone ointment), 5% E. cymosa ointment-treated, and 10% E. cymosa
ointment-treated groups. Nitrofurazone is selected as a standard in experimental research, primarily because of its
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well-characterized, broad-spectrum antibiotic activity and known toxicological profile, which provides a reliable and consis-
tent baseline for comparison with new or related compounds [53].

The mice were burned and infected with P. aeruginosa and S. aureus at a sublethal dose of 1x 107 colony-forming units
(CFUs)/mL/mouse in each intervention category. First, the mice were anesthetized, shaved, and cleaned. A metal mold
with selected dimensions was used to provide the desired burn size in an animal of known weight. The upper limit of burn
size permitted by this approach is approximately 30% of the TBSA, which is calculated via Meeh’s formula [54,55], and
the mean burn area for each group is 28.26 mm?. To make the wound, the metal mold was heated via a Bunsen burner.
The temperature of the heated metal was 100°C. The metal mold was then cautiously pressed on the mouse’s back to
avoid skin damage. The metal mold was removed, and cold water was sprayed for cooling after 10 s, based on the litera-
ture recommendations [56—59].

To prevent hypothermia and shock, the mice were placed on an electric heating pad following the burn. Such an injury
is not fatal, but it results in a third-degree (full-thickness) burn. Fluid replacement therapy was initiated with a subcutane-
ous injection of 0.8 mL of 0.9% sodium chloride solution. Mice were infected with P. aeruginosa and S. aureus at sublethal
doses of

1% 107 CFU/mL/mouse from a preprepared McFarland 0.5 turbidity standard, according to their groups. After recov-
ery, the mice were returned to their cages and fed regularly. Starting 72 hours after wounding (day 3), the animals were
treated with the corresponding ointment as specified in the grouping and dosing section, except for the last group, which
was left untreated and served as a benchmark (untreated negative control). Since untreated wounds were exposed to
open air, each animal was housed in a separate cage. The lesion healing progress, normal skin structure restoration, and
hair growth on skin repaired by topical wound therapy were documented and calculated using Meeh'’s formula as follows:

TBSA = kW?3, where TBSA is the total body surface area, k is Meeh’s constant (9.83), and W is the weight of the mice
in g [60].

Data collection procedures

We employed single-blinding (masking) during the experiment and outcome assessment to reduce subjective bias and
increase validity. The groups were coded, and the intervention information was masked [61,62].

Preliminary phytochemical screening

Qualitative screening for the presence of secondary metabolites in the 80% methanol extract of E. cymosa leaves was
performed via standard tests described previously [18,63—65]. The presence of alkaloids, saponins, flavonoids, ter-
penoids, phenols, glycosides, and tannins was tested following the procedures discussed below [18,65].

Test for saponins (foam test). From the extract, 0.25 g of the sample was taken and dissolved in 5 mL of distilled
water. The mixture was subsequently shaken vigorously and observed for stable, persistent froth. The formation of froth
indicates the presence of saponins [65].

Test for Alkaloids. A total of 0.5 g of the extract was stirred with 1% HCI (10 mL) in a water bath for 5 min and then
filtered. The filtrate was divided into three equal parts. To one portion of the filtrate, 1 mL of Wagner’s reagent (1 g of
iodine +3 g of potassium iodide in 50 mL of distilled water) was added. The formation of a reddish-brown precipitate
indicated the presence of alkaloids [65—67].

Test for Tannins. A total of 0.25 g of the extract was boiled in 10 mL of water in a test tube and filtered. To the filtrate,
a few drops of 0.1% FeCl, (ferric chloride) were added, resulting in a brownish-green or blue—black color, which confirms
the presence of tannins [65,66].

Test for Terpenoids. A total of 0.25 g of the extract was mixed with 2 mL of chloroform, and 3 mL of concentrated
H,SO, was carefully added to form a layer. A reddish-brown color of the interface was formed, indicating the presence of
terpenoids [64].
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Test for flavonoids. Ten milliliters of ethyl acetate was added to 0.2 g of the extract, which was subsequently heated
for 3 min in a water bath. The mixture was filtered, and the filtrate was then mixed with 1 mL of dilute ammonia solution.
The formation of an intense yellow color highlights the presence of flavonoids [18,63].

Test for steroids. A total of 0.25 g of the extract was dissolved in 0.25 mL of dichloromethane to produce a dilute
solution. To this mixture, 0.25 mL of acetic anhydride was added, followed by three drops of concentrated sulfuric acid.
The formation of a blue—green color indicates the presence of steroids [64].

Test for glycoside. From the extract, 0.25 g was diluted with 5 mL of distilled water, and 2 mL of glacial acetic acid
containing one drop of ferric chloride solution was added. One milliliter of concentrated sulfuric acid was then added to the
solution. The formation of a brown ring at the interface indicates the presence of glycosides [64,65].

Test for phenols. A 10 mg sample from the extract was dissolved in 1 mL of water. Half a milliliter of 5% ferric chloride
solution was added to the solution, and the development of a deep blue or black color was taken as an indicator of the
presence of phenols [63—66].

Statistical analysis

Statistical analysis was performed using the software programs for social science students (SPSS) version 27. Data are
reported as mean+ SEM. The means of the groups’ parameters were compared using one-way ANOVA and Tukey’s post
hoc multiple testing. P-values <0.05 were considered statistically significant.

Ethical clearance. Before the study, ethical approval was obtained from Haramaya University, specifically from the
College of Veterinary Medicine, Animal Ethical Review Committee (Reference number: CVM/412/2024). Moreover,
this study adhered to the guidelines outlined in the “Guide for the Care and Use of Laboratory Animals” by the National
Research Council of the National Academies [68]. All surgeries were performed under anesthesia, and all efforts were
made to minimize suffering.

Results
Yields of extraction

A total of 600 g of the coarse leaf powder of E. cymosa was extracted with 80% methanol, and 104.17 g of dark brown
paste was obtained. The yield was calculated to be 17.36% (w/w).

In vitro antibacterial activity

Bacterial growth inhibition. Using the agar disc diffusion method, the 80% methanol extract of E. cymosa leaves
demonstrated statistically significant (p <0.001) antibacterial activity against all standard bacterial strains compared with
the negative control (DMSO) in a concentration-dependent manner. The zones of inhibition diameter ranged from 7.17
mm (S. pyogenes) to 22.5 mm (S. aureus). The extract had the greatest growth inhibitory effect on the gram-positive
bacterium S. aureus, followed by the gram-negative bacteria P. aeruginosa, E. coli, and K. pneumoniae. Among the tested
strains, S. pyogenes was the least sensitive to the extract across all concentrations. The positive control (ciprofloxacin)
consistently showed significant differences (p<0.05 to p<0.001) compared with all extract concentrations and the
negative control across all bacterial strains (Table 2).

Minimum inhibitory concentration and minimum bactericidal concentration

To quantitatively assess the antibacterial activity of the 80% methanol extract of E. cymosa leaves, the MIC and MBC
cutoff values were determined for each concentration. These values were obtained for bacterial strains whose growth
was inhibited in the agar disc diffusion assay. The lowest MIC (6.25 mg/mL) was recorded for P. aeruginosa. MBC (200
mg/mL) was observed against both P. aeruginosa and E. coli. However, no MBC values were observed for S. aureus, K.
pneumoniae, or S. pyogenes within the tested concentration range (Table 3).
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Table 2. Zone of inhibition of the 80% methanol extracts of E. cymosa leaves at various concentrations and the standard ciprofloxacin.

Zone of inhibition (mm) meant*SEM
Interventions Gram-positive bacteria Gram-negative bacteria

S. aureus S. pyogens P. aeruginosa E. coli K. pneumoniae
5 pg/mL (Cip)? 26.33 + 0.88c¢">e 25.00+ 0.33pcde™ 25.00 % 1.009"Pee 35.00 + 2.08Ped" e 21.00+ 0.58¢"pce™
100 mg/mLP 17 £0.58 ¢ 74740175 11.67+ 0.67¢™ 11 £2.08%" 8.67+0.73%™
200 mg/mLe 21.17 + 1.26°™ 9.00+ 0.580™ 15.00 + 0.58°%™ 14.00 + 3.00°" 11.17+£ 0.93¢™
300 mg/mL¢ 22.5 +0.87°7™ 11.33+ 0.8807™ 16.67 + 0.67°" ™ 15.67 +3.18°" 12.33+ 0.880™
DMSOe NA NA NA NA NA

Note: Values are expressed as the means + SEM (n = 3). Abbreviations: Cip, ciprofloxacin; DMSO, dimethyl sulfide; NA, no activity/inhibition at the
tested dose(s); a compared with the positive control (ciprofloxacin); b compared with 100 mg/ml; ¢ compared with 200 mg/ml; d compared with 300 mg/
ml; and e compared with the negative control (DMSO). *P < 0.05; **P < 0.01; ***P <0.001.

https://doi.org/10.1371/journal.pone.0354982.t002

Table 3. MICs and MBCs of the 80% methanol extract of the leaves of E. cymosa.

Bacterial strains MICs (mg/mL) MBCs (mg/mL)

Gram +Ve S. aureus 50.00+0.00 -
S. pyogen 75.00+£0.00 -

Gram -Ve P. aeruginosa 6.25.00+£0.00 200.00+£0.00
E. coli 50.00+0.00 200.00+0.00
K. pneumonia 75.00+£0.00 —

Note: Values are expressed as the mean + SEM (n = 3); Abbreviations: MIC, minimum inhibitory concentra-
tion; MBC, minimum bactericidal concentration.

https://doi.org/10.1371/journal.pone.0354982.t003

In vivo antibacterial activities

Wound contraction in S. aureus-infected mice. For the first few days, wound contraction was negative. On the 8th
day after the burn, the 10% crude extract ointment (p<0.01) and the positive control (p<0.05) showed significant wound
contraction compared with the negative control (SO-treated). On the 10th day after the burn, the 5% extract ointment
had a substantial effect (p <0.05). Furthermore, beginning on the 8th day after the burn, the effects of the 10% and 5%
crude extracts differed significantly (Table 4). Starting on the 10th day, the 10% (w/w) crude extract ointment of E. cymosa
leaves and the 0.2% NF ointment showed the highest rate of wound contraction compared with the negative SO-treated
control and untreated groups (p<0.001) (Figs 1 and 2) (S1 Table).

Wound contraction in P. aeruginosa-infected mice

On the 10th day post-burn, the 10% extract-treated group showed considerable wound contraction compared to the
negative control (SO) (p<0.05) and untreated groups (p<0.01). Compared to the 5% (w/w) extract-treated group, the
10% extract-treated group showed considerable wound contraction (p<0.01) from day 16 onward. The 5% extract-treated
group demonstrated considerable wound contraction (p<0.05) on the 14th day post-burn compared to the negative
control and untreated groups. There was no discernible difference between the 10% crude extract ointment formulation
and the positive control (0.2% NF). On the 16th day, the 10% ointment and 0.2% NF ointment showed the highest rate
of wound contraction (p<0.001) compared to the untreated groups (Table 5). On the 18th day, it was higher than the
SO-treated negative control (Figs 3 and 4) (S2 Table).

Epithelialization in S. aureus and P. aeruginosa-infected mice. The epithelialization period was shorter in the E.
cymosa ointment preparation- and nitrofurazone-treated groups than in the negative control group. The 10% and 5%
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Table 4. Effects of 80% methanol extract of the leaves of E. cymosa on S. aureus-infected wounds in mice.

Days Wound area (mm?) £ SEM (% contraction)

S. aureus-infection

SO =* 0.2% NF ® 5% CEEC °© 10% CEEC ¢ LU®

30.19+0.62 (-6.82) 29.24+0.87 (-3.45) 29.81+0.73 (-5.47) 28.27+0.60 (-0.04) 30.99+1.01 (-9.67)
6 28.66+0.71 (-1.4) 27.91+0.76 (1.26) 27.53+0.75 (2.58) 27.91+0.76 (1.26) 29.03+0.47 (-2.71)
8 26.79+0.62 (5.21) 24.285+0.66 (14.1) @ 26.43+0.81 (6.47) 23.93+0.42 (15.33) @ ce™ 27.34+0.58 (3.26)
10 24.99+1.48 (11.58) 18.42+0.76 (34.82) acre™ 23.25+0.64 (17.73) 18.55+0.46 (34.35) aere™ 25.69+0.44 (9.09)
12 21.24+0.52 (24.84) 13.60+0.49 (51.87) ace™ 17.57+1.22 (37.82) @~ 13.3310.32 (52.82) aee™ 22.23+0.41 (21.36)
14 17.24+£0.88 (39.00) 9.73+0.27 (65.56) @ ce™ 13.60+0.49 (51.87) @™ 10.19+0.36 (63.96) @ e™ 19.01+0.38 (32.73)
16 13.09+0.50 (53.69) © 5.82+0.21 (79.42) aere 10.88+0.48 (61.49) @ 6.35+0.33 (77.53) aee™ 15.21+0.44 (46.18)
18 7.88+0.57 (72.11) 2.45+0.21 (91.33) aere™ 4.72+0.42 (83.31) e 2.90+0.15 (89.73) aeve™ 9.11+0.57 (67.76)
20 3.68+0.26 (86.98) 0.31+0.19 (98.89) @™ 1.58+0.22 (94.42) & 0.69+0.31 (97.56) ace™ 4.53+0.24 (83.96)

Note: Values are expressed as the mean + SEM (n = 5); n = 5 mice in each group. a Compared with the negative control (SO), b compared with the pos-
itive control (NF), c compared with 5% CEEC, d compared with 10% CEEC, and e compared with the untreated negative control. *P < 0.05; **P < 0.01;
**+P < 0.001. Abbreviations: CEEC, crude extract of Ehretia cymosa; SO, simple ointment base (negative control); NF, nitrofurazone; LU, left untreated.

https://doi.org/10.1371/journal.pone.0354982.t004

extract ointments reduced the epithelialization period (17.4% and 17.6%, respectively). Compared with the negative
control, SO (P<0.05) and the untreated group (P<0.01) (Table 6), both the 5% and 10% extract ointment groups showed
significant differences in epithelialization time.

The 10% extract ointment (18.80%) and the 5% extract ointment (19.40%) reduced the epithelialization period. The
standard treatment (positive control) resulted in a faster rate of epithelialization than the negative control (SO) (P<0.01)
and left untreated (LU) (P<0.001). Moreover, the 10% extract ointment had a significant effect on the epithelialization
period compared with the negative LU group (P<0.05) (Table 6).

Phytochemical screening

Phytochemical screening of the 80% methanol extract of E. cymosa leaves revealed the presence of secondary metabo-
lites, such as alkaloids, saponins, flavonoids, terpenoids, phenols, glycosides, and tannins (Table 7).

Discussion

The in vitro antibacterial activity test of the 80% methanol extract of E. cymosa leaves revealed zones of inhibition greater
than 7 mm in diameter at all the tested concentrations (100, 200, and 300 mg/mL), indicating measurable antibacterial
activity. The extract demonstrated notable effectiveness against S. aureus, P. aeruginosa, and E. coli. Compared with

the negative controls, the in vivo model demonstrated better effectiveness against S. aureus than against P. aeruginosa,
as evidenced by faster wound contraction and a shorter epithelialization time. These findings suggest that this plant is

a promising candidate for further purification and investigation of its bioactive compounds in the treatment of infectious
diseases.

The results of the present study revealed that S. aureus was more susceptible than the other tested strains, with a 17
mm zone of inhibition at 100 mg/mL, followed by P. aeruginosa at 11 mm. Previous studies classified antibacterial activity
based on the zone of inhibition (ZOI) as strong activity: ZOl>15 mm or 20 mm; moderate activity: ZOl 10—14 mm; and
weak activity: ZOI<10 mm or 2—6 mm [69-71]. Hence, the plant extract has strong activity against S. aureus, moder-
ate activity against P. aeruginosa and E. coli, and weak activity against S. pyogenes and K. pneumoniae at 100 mg/mL
(Table 2). The effect also increased significantly in a dose-dependent manner.

10/21
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Burn wounds in S. aureus-infected mice progress

A=S0 B=5% CEEC C=10% CEEC D=0.2% NF E=LU

Day 0

Day 8

Day20

Fig 1. Burn wounds followed by S. aureus-infected mice progress: SO-simple ointment, CEEC-Crude Extract E. cymosa, NF-nitrofurazone,
and LU- left untreated.

https://doi.org/10.1371/journal.pone.0354982.9001

S. aureus generally appears to be more sensitive to some antibiotics than P. aeruginosa is because P. aeruginosa has
a tough outer membrane (gram-negative structure) that blocks entry and uses efflux pumps to expel drugs, whereas S.
aureus (gram-positive) lacks this outer shield, making it inherently more accessible to antibiotics [72—74]. Apparently, in
mixed infections, S. aureus often seems more susceptible to antibiotics than P. aeruginosa; however, P. aeruginosa pro-
duces compounds that inhibit S. aureus metabolism, help S. aureus form protective biofilms, and can trigger S. aureus to
become dormant (small colony variants), increasing the difficulty of killing with many drugs [74—80].

In a previous study conducted against four microbial isolates (S. aureus, P. aeruginosa, E. coli, and B. subtilis), the
results indicated that the 70% ethanol extract of the whole plant material E. cymosa exhibited inhibitory activity and that
E. coli was the most susceptible, with an MIC of 0.0108 pg/mL, whereas P. aeruginosa was the least susceptible, with
an MIC of 0.1744 pg/mL [17]. In another study, the antibacterial activity of E. cymosa was investigated against S. aureus
and P. aeruginosa at a concentration of 25 mg/mL; the zones of inhibition observed by the ethyl acetate extract against P.

PLOS One | https://doi.org/10.1371/journal.pone.0354982  July 31, 2026 11721




PLO\S\% One

Wound Contraction in S. aureus-infection

120
< 100
2
©
g 80
f=
S
(5] 60
-]
S
o 40
=
o l I I

o . W
L
4 6 8 10 12 14 16 18 20
-20 Days of Post Burn
SO M 0.2% NF M 5% CEEC 10% CEEC mLU

Fig 2. Wound contraction in S. aureus-infected mice: SO-simple ointment, NF-nitrofurazone, CEEC-Crude Extract E. cymosa, and LU- left
untreated.

https://doi.org/10.1371/journal.pone.0354982.9002

Table 5. Effects of 80% methanol extract of the leaves of E. cymosa on P. aeruginosa-infected wounds in mice.

Wound area (mm?) + SEM (% contraction)

P. aeruginosa-infection
Days SO = 0.2% NF ® 5% CEEC °© 10% CEEC ¢ LU-
4 31.77+0.75 (-12.42) 29.64+1.23 (-4.89) 31.36+0.48 (-10.98) 30.98+0.78 (-9.62) 32.57+0.75 (-15.27)
6 30.42+1.26 (-7.65) 28.29+1.01 (-0.12) 30.20+0.87 (-6.87) 29.42+0.76 (-4.11) 30.61+1.15(-8.31)
8 28.67+0.88 (-1.43) 26.45+1.01 (6.42) 27.93+1.08 (1.18) 27.34+0.58 (3.26) 28.86+1.03 (-2.14)
10 26.43+0.81 (6.47) 21.95+1.27 (22.31) @~ 25.01+£1.04 (11.49) 23.61+0.88 (16.47) @ 26.79+0.68 (5.20)
12 23.27+1.00 (17.64) 18.51+1.50 (34.51) @ 21.60+0.97 (23.58) 19.97£0.79 (29.33) @~ 24.30+0.86 (14.02)
14 20.01+£1.18 (29.20) 13.90+0.85 (50.82) e 16.92+0.54 (40.13) @ 14.14+£0.67 (49.96) @ 20.97+1.20 (25.80)
16 16.12+£1.17 (42.96) 10.44+£0.67 (63.04) acve™ 13.10+£0.66 (53.64) & 10.90+0.59 (61.44) a7cve™ 16.66+£0.93 (41.04)
18 10.66+£0.59 (62.27) 3.27+0.13 (88.42) aee™ 8.30+0.67 (70.64) @ 5.06+0.57 (82.11) a=ce™ 11.36+0.53 (59.80)
20 4.99+0.19 (82.33) 0.31+0.19 (98.89) aewe™ 2.67+0.47 (90.56) @~ 0.47+0.19 (98.33) aeve™ 5.51+0.49 (80.49)

Note: Values are expressed as the mean £ SEM (n = 5); n = 5 mice in each group. a compared with the negative control (SO), b compared with the pos-
itive control (NF), c compared with 5% CEEC, d compared with 10% CEEC, and e compared with the untreated negative control. *P < 0.05; **P < 0.01;
*##+P < 0.001. Abbreviations: CEEC, crude extract of Ehretia cymosa; SO, simple ointment base (negative control); NF, nitrofurazone; LU, left untreated.

https://doi.org/10.1371/journal.pone.0354982.t005

aeruginosa and S. aureus were found to be 16 mm and 13 mm at 25 mg/mL, respectively [81]. In the present study, larger
doses of the crude extract were used to observe a dose-dependent effect. In addition, crude extracts contain complex
combinations that can have both antagonistic (decreased) and synergistic (increased) effects, whereas pure drugs provide
predictable, unique results [82]. Owing to differences in chemical complexity, mechanisms of action, and standardization,
it is challenging to compare the effects of a pure standard drug with those of a crude plant extract [83,84]. However, these
findings might support some of the uses reported by traditional healers for infection treatment. The antibacterial effect is
important in treating bacterial infections in humans.
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Burn wounds in P. aeruginosa -infected mice progress
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Fig 3. Burn wounds followed by P. aeruginosa-infected mice progress: SO-simple ointment, NF-nitrofurazone, CEEC-Crude Extract of E.
cymosa, and LU- left untreated.

https://doi.org/10.1371/journal.pone.0354982.9003

In this study, the MIC of E. cymosa ranged from 6.25 to 75 mg/mL against standard bacterial strains; however, the MBC
was 200 mg/mL against E. coli and P. aeruginosa, and no bactericidal activity was observed against S. aureus, S. pyo-
genes, or K. pneumoniae at the tested doses (Table 3). Antibacterial activity can be classified based on MIC: highly potent
(<0.5 mg/mL/ug/mL), moderately potent (0.5 to 1.5 mg/mL), and weak/low (>1.5 mg/mL, often up to 10 mg/mL or higher)
[85,86]. Hence, the E. cymosa extract showed weak antibacterial activity, with relatively potent activity against P. aerugi-
nosa (6.25 mg/mL) compared with other strains.

Knowledge of the MIC and MBC allows the most appropriate antimicrobial therapy to be developed, thereby decreasing
the use of broad-spectrum antibiotics and the development of resistance [86,87]. The MBC/MIC ratio indicates whether
an antibiotic is primarily bactericidal or bacteriostatic [87]. A low ratio (typically <4) suggests a bactericidal effect, which is
important for severe infections needing rapid bacterial elimination [88]. A high ratio (> [4]) indicates a primarily bacterio-
static effect, where the antibiotic inhibits growth and relies on the host’'s immune system to clear the infection [89]. In line
with these findings, E. cymosa leaf extract might be bactericidal for E. coli and bacteriostatic for the other tested strains. In
addition, it appears to have an MIC =6.25 mg/mL against P. aeruginosa but has a high MBC =200 mg/mL (Table 3), which
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Fig 4. Wound contraction in P. aeruginosa-infected mice: SO-simple ointment, NF-nitrofurazone, CEEC-Crude Extract of E. cymosa, and LU-
left untreated.

https://doi.org/10.1371/journal.pone.0354982.9004

Table 6. Effects of the 80% methanol extract of the leaves of E. cymosa on the epithelialization
period in the wound-infected model.

Groups Epithelialization Period (Mean*SEM), in Days

S. aureus P. aeruginosa.
SO =@ 19.20+0.37 19.80+0.20
0.2% NF ® 17.20+0.37 @ 18.40+£0.49 a7
5% CEEC ° 17.60+0.40 @™ 19.40+0.40
10% CEEC ¢ 17.40£0.40 @ 18.80+0.49 ¢
LUe® 19.60+0.40 20.00+0.00

Note: Values are expressed as the mean + SEM (n = 5); n = 5 mice in each group: a compared with the
negative control (SO), b compared with the positive control (NF), c compared with 5% CEEC, d compared
with 10% CEEC, and e compared with LU. *P < 0.05; **P < 0.01; ***P < 0.001. Abbreviations: CEEC,
crude extract of Ehretia cymosa; SO, simple ointment base (negative control); NF, nitrofurazone; LU, left
untreated.

https://doi.org/10.1371/journal.pone.0354982.t006

Table 7. Results of the phytochemical screening of 80% methanol extracts of E. cymosa leaves.

Secondary Metabolites Test type Controls color Test Results
Alkaloids Wagner'’s test Redish-brown +
Tannins Ferric chloride test Blue—black +
Saponins Froth/foam test Persistent foam +
Flavonoids Shinoda test Intense yellow +
Terpenoids Salkowski test Reddish brown at the interface +
Phenols Ferric chloride test Deep blue +
Steroids Salkowski test Blue—green +
Glycosides Kellar-Killiani test Brown ring at the interface +

Prescence (+) or absence (-).

https://doi.org/10.1371/journal.pone.0354982.t007
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can indeed suggest that higher concentrations of the drug are needed to kill the bacteria, which may indicate that the
extract is bacteriostatic rather than bactericidal, or that it has the potential for increased toxicity [90,91].

The absence of MBC alongside a strong zone of inhibition in an agar diffusion assay typically indicates that the tested
agent is bacteriostatic rather than bactericidal. The agar diffusion method primarily measures the susceptibility and
growth-inhibiting power of an antimicrobial agent as it diffuses through the agar, but it does not differentiate between
inhibiting bacterial growth and killing the bacteria [92]. Here are the specific scientific reasons researchers can use to
explain this discrepancy: The zone of inhibition confirms that the agent successfully halts the multiplication of S. aureus.
However, to determine an MBC, the agent must kill 99.9% of the initial bacterial inoculum. If the antibiotic merely briefly
inhibits growth, the bacteria will return and regenerate when subcultured into fresh broth or onto agar without the anti-
microbial agent, implying that no MBC can be formed [93]. Besides, broth dilution assays may exhibit a high tolerance
or enter a dormant “persister/tolerance” state. The agent may inhibit bacteria at the MIC without completely eradicating
them, requiring extremely high concentrations to achieve a bactericidal effect [94]. It might also be attributed to diffusion
rate or solubility: Agar diffusion effectiveness depends heavily on the physicochemical properties of the antimicrobial
agent. Hydrophilic or low-molecular-weight compounds diffuse very efficiently through the agar gel, forming large zones of
inhibition. However, these same compounds might lack the high chemical potency or concentration required to irreversibly
kill the bacteria once they are suspended in liquid broth (where the MIC is evaluated) [41]. As a result, alternate assays
to confirm whether the drug is largely static or cidal, as well as ways to overcome solubility or agar-binding constraints in
their MBC assays, must be carried out.

To further investigate the antibacterial activity of this strain and its traditional claims, an in vivo model—burn followed by
infection—was employed. An ointment containing a crude extract of E. cymosa leaves had a statistically significant effect
on wounds infected with S. aureus and P. aeruginosa in mice. Wound infiltration, blister formation, and edema cleared up
faster in the extract-treated groups than in the negative controls (Figs 1 and 3). The extract ointment resulted in a faster
wound contraction rate in the groups treated with 10% extract ointment than in those treated with 5% extract ointment and
the negative control groups (Tables 4 and 5), as well as a shorter duration of epithelialization than the negative controls
did (Table 6). The plant also showed improved activity against S. aureus than against P. aeruginosa, as shown by the in
vitro susceptibility test results (Fig 5).

According to research, removing invading organisms from infected wounds promotes healing [95]. In this study,
because the groups treated with simple ointment and the untreated group showed a slow rate of wound area contraction
and did not re-epithelialize during the follow-up period, the extract’s antibacterial effect against common wound-infecting
microorganisms may support faster wound healing in this trial. Infection is a substantial barrier to wound healing since it
can disrupt the healing process and, in severe cases, lead to death [95-98].

Phytochemical screening, which is a rapid, cost-effective process that provides scientific validation for traditional
remedies and aids in the development of potent treatments against diseases and microbes, is crucial for identify-
ing bioactive compounds in plants [84,99,100]. Accordingly, in the present study, phytochemical screening of the E.
cymosa leaf extract revealed the presence of terpenoids, flavonoids, alkaloids, saponins, tannins, phenols, steroids,
and glycosides (Table 7). Studies have indicated that flavonoids, phenols, terpenoids, and tannins are secondary

B-ring interact with the peptidoglycan of Gram-positive bacteria through hydrogen bonding, leading to cell wall instabil-
ity and, ultimately, lysis [103,104]. It can also depolarize the cell membrane, dissipate the proton motive force (PMF),
and disrupt ATP synthesis, which halts bacterial growth [105]. In addition, flavonoids such as rutin can interfere with
quorum sensing, reducing the expression of virulence factors and biofilm formation by pathogens [102]. Phenolic com-
pounds also attack bacterial phospholipid membranes, increasing permeability and causing leakage of the cytoplasm
and ions [106,107].
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Fig 5. Summary of antibacterial activities and phytochemical screening of 80% methanol crude E. cymosa leaf extract.

https://doi.org/10.1371/journal.pone.0354982.9005

Strengths and limitations of the study

This study employed both in vitro and in vivo models to explore the antibacterial activity of E. cymosa. However, the use of
a crude extract limited the results, and the in vivo study lacked a quantitative assessment of the bacterial load
(colony-forming units) before and after treatment, as well as microbiological confirmation that the extract-treated wounds
had a reduced bacterial burden. This gap limits the ability to determine whether the observed effects are truly antibacterial
or wound-healing.

Conclusions

The present study demonstrated that the 80% methanol extract of E. cymosa leaves has antibacterial activity in both in
vitro and in vivo. The effect was concentration-dependent against the tested pathogens. The activity against P. aeruginosa
started at the lowest concentration; however, better dose-dependent growth inhibition was observed in the in vitro test
against S. aureus. In the in vivo model, faster wound contraction and a shorter epithelialization period were observed for
S. aureus than for P. aeruginosa. These findings support its potential as a source of natural antimicrobial agents. Further
isolation and characterization of active compounds, as well as wound-healing mechanisms, are recommended.

Supporting information

S1 Table. Wound contraction in S. aureus infection. SO-simple ointment, NF-nitrofurazone, CEEC-Crude Extract
E. cymosa, and LU- left untreated.
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S2 Table. Wound contraction in P. aeruginosa infection. SO-simple ointment, NF-nitrofurazone, CEEC-Crude
Extract E. cymosa, and LU- left untreated.
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