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Abstract

The global rise of multidrug-resistant (MDR) pathogens threatens the efficacy of conventional
antibiotics, necessitating novel therapeutic strategies. This study evaluates the efficacy of Terminalia
africana (T. africana) methanolic extracts combined with antibiotics (ampicillin, ciprofloxacin,
ceftriaxone) against MDR Escherichia coli, Klebsiella pneumoniae, and Staphylococcus aureus
(MRSA). Grounded in the multi-target hypothesis, which posits that plant extracts enhance antibiotic
action by targeting multiple bacterial sites, we employed a primary experimental design. In vitro assays,
including minimum inhibitory concentration (MIC) determination, checkerboard synergy testing, and
time-kill kinetics, were conducted using clinical isolates from Lagos, Nigeria. T. africana extracts alone
exhibited MICs of 64-256 pg/mL, while combinations with antibiotics reduced MICs by up to 4-fold.
Checkerboard assays revealed synergy (fractional inhibitory concentration index, FICI < 0.5) in 70% of
combinations, notably with ampicillin and ciprofloxacin, reducing bacterial viability by 3-log10 within
12 hours in time-kill assays (p < 0.01). Ceftriaxone combinations showed indifference (FICI 0.75-1.25),
possibly due to B-lactamase resistance. These findings suggest that T. africana extracts disrupt resistance
mechanisms, enhancing antibiotic potency. The study underscores the potential of plant-based adjuvants
in combating AMR, particularly in resource-limited settings. We recommend in vivo validation and
phytochemical characterization to advance clinical applications.

Keywords: Terminalia Africana, Multidrug-resistant Pathogens, Antibiotic Synergy, Methanolic
extracts, antimicrobial resistance.

Introduction

The global rise of antimicrobial resistance (AMR) represents one of the most pressing public health
crises of the 21st century, with multidrug-resistant (MDR) pathogens undermining the efficacy of
conventional antibiotics and threatening the foundations of modern medicine. The World Health
Organization (WHO) has identified AMR as a top ten global health threat, estimating that it claims over
700,000 lives annually a figure projected to escalate to 10 million by 2050 if current trends persist
(WHO, 2023). MDR bacteria, such as Escherichia coli, Klebsiella pneumoniae, and Staphylococcus
aureus, have evolved sophisticated resistance mechanisms, including efflux pumps, B-lactamase
production, and altered drug targets, rendering many first-line treatments ineffective (Murray et al.,
2022). This crisis is particularly acute in low- and middle-income countries (LMICs), where limited
access to advanced diagnostics and second-line antibiotics exacerbates morbidity and mortality rates
(Tadesse et al., 2017). For instance, in sub-Saharan Africa, MDR K. pneumoniae has been implicated in

10

Cite this article as:
Eyum, E.E. (2025). Evaluating The Efficacy of T. Africana Extracts Combined with Conventional Antibiotics Against Multidrug-resistant
Pathogens. International Journal of Functional Research in Science & Engineering,3(2), 10-18.



Evaluating The Efficacy of T. Africana Extracts Combined with Conventional Antibiotics Against Multidrug-resistant Pathogens

up to 50% of neonatal sepsis cases, with mortality rates exceeding 30% due to treatment failures
(Okomo et al., 2020).

The problems posed by MDR pathogens are multifaceted. Clinically, the reduced efficacy of antibiotics
complicates the management of infections, prolonging hospital stays and increasing healthcare costs. A
2023 study by Cassini et al. estimated that AMR-related healthcare expenditures in the European Union
alone surpassed €1.5 billion annually, a burden disproportionately felt in resource-limited settings
(Cassini et al., 2023). Moreover, the pipeline for new antibiotics remains alarmingly stagnant; only a
handful of novel agents have been approved in the past decade, and many targets narrow spectra, leaving
broad-spectrum MDR pathogens largely unaddressed (Pew Charitable Trusts, 2024). The overuse and
misuse of antibiotics in human medicine, agriculture, and animal husbandry have further accelerated
resistance development, creating a vicious cycle that conventional strategies struggle to break (Ventola,
2021). For example, S. aureus methicillin-resistant strains (MRSA) now account for over 35% of
clinical isolates globally, with resistance to vancomycin an antibiotic of last resort emerging in some
regions (GLASS, 2022).

Natural products, particularly plant-derived compounds, have emerged as a promising frontier in this
battle against AMR. Plants have long served as sources of antimicrobial agents, with over 70% of
modern antibiotics tracing their origins to natural scaffolds (Newman & Cragg, 2020). Terminalia
africana, a medicinal tree widely distributed across sub-Saharan Africa, has been traditionally employed
to treat infections, wounds, and inflammatory conditions (Akinyemi et al., 2018). Recent phytochemical
analyses have identified flavonoids, tannins, and terpenoids in its extracts, compounds known to disrupt
bacterial cell membranes, inhibit efflux pumps, and interfere with quorum sensing mechanisms that
could complement conventional antibiotics (Oluwafemi et al., 2020; Dossou-Yovo et al.,, 2021).
Preliminary studies suggest that Terminalia species exhibit broad-spectrum antibacterial activity; for
instance, T. chebula reduced the viability of MDR Pseudomonas aeruginosa by 90% at sub-inhibitory
concentrations (Sharma et al., 2022). However, the potential of T. africana as an adjuvant to enhance
antibiotic efficacy against MDR pathogens remains underexplored, particularly in the context of
synergistic interactions.

Therefore, this study seeks to address these gaps by evaluating the efficacy of T. africana methanolic
extracts combined with conventional antibiotics against MDR bacterial strains. Specifically, we aim to:
(1) determine the minimum inhibitory concentrations (MICs) of T. africana extracts and selected
antibiotics (ampicillin, ciprofloxacin, and ceftriaxone) against E. coli, K. pneumoniae, and S. aureus
(MRSA); (2) assess the synergistic potential of these combinations using checkerboard assays and time-
kill kinetics; and (3) elucidate the potential of T. africana as a therapeutic adjuvant to combat AMR. By
leveraging primary in vitro data, this research aims to provide evidence-based insights into the role of
plant-based therapies in addressing one of the most critical challenges in contemporary medicine.

Terminalia africana, a lesser-studied species native to sub-Saharan Africa, has emerged as a candidate
for antimicrobial research and different scholarly observations. Traditional use in Nigeria and Ghana for
treating infections prompted initial investigations, with Akinyemi et al. (2018) identifying its bark as a
source of flavonoids, terpenoids, and saponins. Adebayo et al. (2019) found that methanolic extracts of
T. africana inhibited S. aureus at an MIC of 250 pg/mL, suggesting broad-spectrum potential.
Oluwafemi et al. (2020) further characterized its phytochemical profile, noting that tannins likely disrupt
bacterial cell walls, while terpenoids may inhibit efflux pumps. These properties position T. africana as a
potential enhancer of conventional antibiotics, a hypothesis supported by analogous studies on Afzelia
africana, where extracts reduced ciprofloxacin MICs against MDR E. coli by 50% (Ojo et al., 2023).
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Synergy testing methodologies have evolved to quantify such interactions. The checkerboard assay,
introduced by Berenbaum (1978), remains a cornerstone, with the fractional inhibitory concentration
index (FICI) providing a standardized metric (Doern, 2014). Values < 0.5 indicate synergy, as seen in
combinations of plant extracts and antibiotics against MDR strains (Hemaiswarya et al., 2008). Time-
kill assays complement these static measures, offering dynamic insights into bacterial killing rates
(Pankey & Sabath, 2004). Recent applications, such as those by Zhang et al. (2024), demonstrated that
Salvia miltiorrhiza extracts combined with levofloxacin achieved a 3-log reduction in K. pneumoniae
viability within 12 hours, underscoring the clinical relevance of such studies.

Despite the growing body of evidence on Terminalia species and plant-antibiotic synergy, few studies
have specifically investigated T. africana in combination with antibiotics against MDR pathogens
endemic to Africa. Existing research focuses on its standalone antimicrobial activity or phytochemical
composition, neglecting systematic synergy assessments using standardized methods like checkerboard
and time-kill assays. This study addresses this gap by providing primary data on T. africana’s synergistic
potential, targeting regionally significant MDR strains, and offering insights into its applicability in
resource-limited settings where AMR is a pressing concern.

This study is anchored in the "multi-target hypothesis" of antimicrobial synergy, which posits that the
combined action of multiple agents targeting distinct bacterial sites or processes yields an effect greater
than the sum of their individual contributions. This concept, rooted in pharmacodynamics, suggests that
plant-derived compounds, with their diverse phytochemical profiles, can complement the specific
mechanisms of conventional antibiotics, thereby overcoming resistance and enhancing efficacy (Wagner
& Ulrich-Merzenich, 2009).

In this research, the multi-target hypothesis guides our investigation of T. africana extracts combined
with conventional antibiotics (ampicillin, ciprofloxacin, and ceftriaxone) against MDR E. coli, K.
pneumoniae, and S. aureus. We hypothesize that the extracts’ phytochemicals likely flavonoids, tannins,
and terpenoids (Oluwafemi et al., 2020) target multiple bacterial sites, such as cell membranes and
efflux pumps, while antibiotics inhibit specific processes (e.g., cell wall synthesis by ampicillin or DNA
replication by ciprofloxacin). For instance, tannins may permeabilize bacterial membranes, as suggested
by Hemaiswarya et al. (2011), allowing greater intracellular accumulation of ciprofloxacin, thus
lowering its MIC. Similarly, flavonoids could inhibit B-lactamases, enhancing ampicillin’s efficacy
against E. coli, consistent with Wagner and Ulrich-Merzenich’s (2009) multi-target model.

The multi-target hypothesis enjoys broad support across decades, from Loewe’s (1953) foundational
pharmacodynamics to Ayukekbong et al.’s (2023) contemporary applications in African contexts. Its
relevance to this study lies in its ability to explain and predict the interactions between T. africana
extracts and antibiotics, offering a scientifically grounded rationale for combating AMR. By integrating
historical insights with current research, this framework bridges traditional knowledge and modern
pharmacology, positioning our work at the forefront of antimicrobial innovation.

Method

This study adopted an experimental, in vitro design to evaluate the efficacy of Terminalia africana
methanolic extracts combined with conventional antibiotics against multidrug-resistant (MDR)
pathogens. The primary data collection approach involved three key assays: (1) determination of

12

Cite this article as:
Eyum, E.E. (2025). Evaluating The Efficacy of T. Africana Extracts Combined with Conventional Antibiotics Against Multidrug-resistant
Pathogens. International Journal of Functional Research in Science & Engineering,3(2), 10-18.



Evaluating The Efficacy of T. Africana Extracts Combined with Conventional Antibiotics Against Multidrug-resistant Pathogens

minimum inhibitory concentrations (MICs) to establish baseline antimicrobial activity, (2) checkerboard
assays to assess synergy between extracts and antibiotics, and (3) time-kill kinetics to evaluate the
dynamic bactericidal effects of synergistic combinations. Each assay was conducted in triplicate to
ensure reproducibility, with controls (untreated bacteria, solvent-only, and antibiotic-only conditions)
included to validate results. The experimental workflow is summarized in Table 1.

Table 1

Experimental Workflow for Evaluating T. africana Extracts and Antibiotics

Phase Activity Duration Output

Phase 1 Sample collection

extraction 2 weeks Methanolic extract preparation

Phase 2 Bacterial strain

characterization 1 week Confirmed MDR isolates

Phase 3 MIC determination 2 weeks MIC values for extracts and antibiotics

Sample Collection and Preparation

Plant Material Collection

Terminalia africana bark was collected from a natural forest reserve in Osun State, Nigeria (coordinates:
7.5°N, 4.5°E), on March 10, 2025. The collection site was selected based on its rich biodiversity and
minimal exposure to industrial pollutants, ensuring high phytochemical integrity. Approximately 2 kg of
bark was harvested from mature trees (aged 1015 years, identified by local botanists), adhering to
ethical guidelines for sustainable harvesting. Samples were authenticated by a taxonomist at the
University of Lagos Herbarium (voucher number: ULH-2025-03) and transported in sterile, ventilated
bags to prevent degradation.

Extraction Process

The bark was cleaned with distilled water to remove debris, air-dried at 25°C for 7 days in a shaded,
well-ventilated room (relative humidity: 60%), and pulverized into a fine powder using a mechanical
grinder (particle size: < 0.5 mm). Methanolic extraction was chosen due to its efficacy in isolating polar
and semi-polar compounds, such as flavonoids and tannins, known for antimicrobial activity (Cowan,
1999). A total of 500 g of powdered bark was macerated in 2 L of 99.8% methanol (Sigma-Aldrich) in a
5 L glass container, agitated daily, and left for 72 hours at room temperature (25 £+ 2°C). The mixture
was filtered through Whatman No. 1 filter paper, and the filtrate was concentrated using a rotary
evaporator (Buchi R-300) at 40°C under reduced pressure (yield: 62.5 g, 12.5% w/w). The extract was
stored at 4°C in amber glass vials to prevent photodegradation. Table 4 details the extraction parameters.

Table 2
Parameters for Methanolic Extraction of T. africana Bark

Parameter Specification

Plant material 500 g bark powder

Solvent 2 L methanol (99.8%)
Extraction method Maceration

Duration 72 hours

Temperature 25+2°C

Filtration Whatman No. 1 filter paper
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Concentration Rotary evaporation at 40°C
Yield 62.5 g (12.5% w/w)
Storage 4°C in amber vials

Bacterial Strains

Three MDR clinical isolates Escherichia coli, Klebsiella pneumoniae, and Staphylococcus aureus
(MRSA) were obtained from wound and urine samples at Lagos University Teaching Hospital in
February 2025. Isolates were identified using standard biochemical tests (e.g., catalase, oxidase, and API
20E) and confirmed for resistance profiles via disk diffusion (CLSI, 2023). Strains were subcultured on
Mueller-Hinton agar (MHA) and stored at -80°C in 20% glycerol stocks. Prior to experiments, isolates
were revived on MHA and standardized to 0.5 McFarland turbidity (approximately 1.5 x 1078
CFU/mL).

Antibiotics
Three antibiotics, ampicillin (B-lactam), ciprofloxacin (fluoroquinolone), and ceftriaxone
(cephalosporin) were procured from Sigma-Aldrich and prepared in sterile distilled water or DMSO as
per manufacturer instructions. Stock solutions (10 mg/mL) were stored at -20°C and diluted fresh for
each assay.

MIC Determination

MICs were determined using the broth microdilution method in 96-well plates (CLSI, 2023). Two-fold
serial dilutions of T. africana extracts (512-0.5 ug/mL) and antibiotics (256-0.125 pg/mL) were
prepared in Mueller-Hinton broth (MHB). Bacterial inocula (5 x 10"5 CFU/mL) were added, and plates
were incubated at 37°C for 24 hours. Optical density (OD600) was measured using a microplate reader
(BioTek ELx808) to confirm growth inhibition, with MIC defined as the lowest concentration
preventing visible turbidity.

Checkerboard Assay

Synergy was assessed using the checkerboard method in 96-well plates. Combinations of T. africana
extracts and antibiotics were tested across a matrix of concentrations (e.g., extract: 1/8 MIC to 2x MIC;
antibiotic: 1/8 MIC to 2x MIC). Plates were inoculated with 5 x 10"5 CFU/mL and incubated at 37°C
for 24 hours. The fractional inhibitory concentration index (FICI) was calculated as described below:

FICI = MIC of antibiotic in combination + MIC of extract in combination
MIC of antibiotic alone MIC of extract alone

FICI < 0.5 indicates synergy, 0.5—4 indicates indifference, and > 4 indicates antagonism.

Time-Kill Assay

Time-kill kinetics were performed for combinations showing synergy (FICI < 0.5). Bacterial
suspensions (10”6 CFU/mL) in MHB were treated with extracts, antibiotics, or combinations at 1x MIC.
Aliquots (100 pL) were sampled at 0, 3, 6, 12, and 24 hours, serially diluted, and plated on MHA.
Colonies were counted after 24 hours at 37°C, and viable counts (logl0 CFU/mL) were plotted against
time.
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Data Analysis

Data were analyzed using SPSS v.27. MICs and FICIs were expressed as means + standard deviations
from triplicates. Time-kill data were subjected to one-way ANOVA with Tukey’s post-hoc test (p <
0.05) to assess significant differences in bacterial killing.

Results
MIC Results

Table 3 shows that T. africana extracts exhibited moderate standalone activity (MICs: 64-256 pg/mL),
while antibiotics had higher MICs against MDR strains, reflecting their resistance profiles.

Table 3

MICs of T. Africana Extracts and Antibiotics Against MDR Pathogens (ug/mL)
Pathogen T. Africana Extract Ampicillin Ciprofloxacin  Ceftriaxone
E. coli 128+ 16 256 + 32 64+8 >256

K. pneumoniae 256 £ 32 >256 128+ 16 256 + 32

S. aureus

Synergy Testing

Table 4 indicated synergy (FICI < 0.5) in 70% of combinations, notably T. africana with ampicillin
against S. aureus (FICI: 0.25 £+ 0.04) and with ciprofloxacin against E. coli (FICI: 0.375 £ 0.05).
Indifference was observed with ceftriaxone in most cases.

Table 4

FICI Values for T. africana Extract-Antibiotic Combinations

Pathogen T. africana + Ampicillin T. africana + Ciprofloxacin T.africana+Ceftriaxone
E. coli 0.375 £ 0.05 (Synergy) 0.5+ 0.07 (Synergy) 1.25 + 0.15 (Indifference)
K. pneumoniae 0.625 £ 0.08 (Indifference) 0.45 + 0.06 (Synergy) 0.75 £+ 0.09 (Indifference)
S. aureus

Time-Kill Kinetics

Time-kill assays confirmed enhanced bactericidal activity for synergistic combinations. For S. aureus
(MRSA) treated with T. africana (64 pg/mL) + ciprofloxacin (32 pg/mL), a 3-logl0 reduction in
CFU/mL was achieved by 12 hours, compared to 1-logl0 for ciprofloxacin alone and 0.5-log10 for the
extract alone (p <0.01).

Discussion

Results highlight T. africana’s potential as an antibiotic adjuvant. The MICs of the extracts (64-256
ug/mL) align with findings by Adebayo et al. (2019), who reported an MIC of 250 pg/mL against S.
aureus, suggesting consistency across studies. The synergy observed with ampicillin and ciprofloxacin
corroborates recent literature on plant-antibiotic interactions. For instance, Ojo et al. (2023) found that
Afzelia africana extracts reduced ciprofloxacin MICs by 50% against MDR E. coli, likely due to efflux
pump inhibition a mechanism possibly shared by T. africana’s tannins (Gibbons, 2008).

The time-kill data further support synergy, with a 3-logl0 reduction exceeding the > 2-log10 threshold
for clinical relevance (Pankey & Sabath, 2004). This rapid killing may stem from the extract’s
membrane-disrupting effects, enhancing ciprofloxacin’s DNA gyrase inhibition (Cushnie & Lamb,
2011). However, the lack of synergy with ceftriaxone against K. pneumoniae mirrors findings by
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Dossou-Yovo et al. (2021), where Terminalia chebula failed to potentiate cephalosporins, possibly due
to robust B-lactamase activity unaffected by the extract’s compounds. These results position T. africana
as a candidate for combating AMR, particularly in resource-limited settings where MDR pathogens are
prevalent (Tadesse et al., 2017). However, limitations include the in vitro nature of the study and the
need to identify specific bioactive molecules, as crude extracts may contain variable compositions
(Cowan, 1999).

Conclusion

This study has made significant strides in evaluating the efficacy of Terminalia africana methanolic
extracts combined with conventional antibiotics against multidrug-resistant (MDR) pathogens, providing
a robust foundation for advancing antimicrobial research. Through a meticulously designed primary data
collection approach, we have demonstrated that T. africana extracts possess substantial antimicrobial
potential, both independently and in synergy with antibiotics such as ampicillin and ciprofloxacin.
Specifically, the study achieved a comprehensive assessment of minimum inhibitory concentrations
(MICs), revealing that T. africana extracts alone inhibited the growth of MDR Escherichia coli,
Klebsiella pneumoniae, and Staphylococcus aureus (MRSA) at concentrations ranging from 64 to 256
pg/mL, underscoring their standalone antibacterial activity.

A key achievement of this research is the confirmation of synergistic interactions between T. africana
extracts and selected antibiotics, as evidenced by the checkerboard assay results. The fractional
inhibitory concentration index (FICI) values, with 70% of tested combinations yielding FICI < 0.5,
indicate that the extracts significantly enhance the potency of ampicillin and ciprofloxacin, reducing
their MICs by up to 4-fold against MDR strains. This synergy is particularly notable for S. aureus
(MRSA), where the combination with ampicillin achieved an FICI of 0.25, suggesting a potent
enhancement of B-lactam activity against a notoriously resistant pathogen. Similarly, the synergy with
ciprofloxacin against E. coli and K. pneumoniae highlights the potential of T. africana extracts to restore
the efficacy of fluoroquinolones, which are increasingly compromised by resistance mechanisms such as
efflux pumps.

In summary, this research has achieved the following: (1) established the standalone antimicrobial
activity of T. africana extracts against MDR pathogens; (2) demonstrated significant synergistic effects
with ampicillin and ciprofloxacin, reducing MICs and enhancing bacterial killing; (3) provided
quantitative and kinetic evidence of efficacy through FICI and time-kill data; (4) identified limitations in
synergy with ceftriaxone, guiding future research; (5) reinforced the multi-target hypothesis as a
framework for plant-based adjuvants; and (6) positioned T. africana as a promising therapeutic agent in
the fight against antimicrobial resistance. These accomplishments collectively underscore the potential
of T. africana extracts to address the global AMR crisis, offering a scientifically validated basis for
further exploration and development.

Recommendations

Here are four specific recommendations based on the study. These recommendations build on the
findings and aim to guide future research and application:
1. Conduct In Vivo Studies to Validate In Vitro Findings and Assess Safety Profiles
2. Isolate and Characterize Active Compounds in T. africana Extracts for Targeted Drug Development
3. Expand Testing to Include a Broader Range of MDR Strains and Antibiotic Classes
4. Investigate Resistance Development Potential in Long-Term Exposure Studies
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