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A B S T R A C T

Multidrug-resistant Klebsiella pneumoniae (MDR-Kp) poses a significant public health challenge 
due to limited treatment options and growing antimicrobial resistance (AMR). The rise in MDR- 
Kp infections underscores the critical need for new strategies against antibiotic resistance, 
especially in Africa, where AMR is a pressing concern. This systematic review evaluated the 
antimicrobial activity of herbal preparations against MDR-Kp by assessing parameters such as 
minimum bactericidal concentration (MBC), zone of inhibition, and minimum inhibitory con
centration (MIC). A literature search was done following the PRISMA guidelines, and relevant 
articles from PubMed, Scopus, and ScienceDirect were included. The search identified 2094 ar
ticles, of which 848 were selected for a full assessment and 31 were included. Data extraction 
included information on plant scientific names, botanical families, plant parts, country of origin, 
extract types, isolated compounds, and antimicrobial parameters. Of the 124 plants studied, 
Withania frutescens L., Plumbago zeylanica, Plectranthus glandulosus, Eruca sativa, and Donella 
welwitschii, emerged as plants that could be further explored for anti-MDR-Kp therapeutics. 
Further research is needed to explore their mechanisms of action, active compounds, and po
tential synergies. Integrating traditional knowledge with modern healthcare practices, stand
ardised research methodologies, and clinical validations can advance plant-based therapies. 
Additionally, conservation efforts are vital to preserve the biodiversity of these medicinal plants, 
ensuring their availability for future research and therapeutic use, while supporting environ
mental and public health.

Introduction

Klebsiella pneumoniae is a key clinically significant member of the Enterobacteriaceae family and is responsible for more than 70 % 
of human infections, such as those of the urinary, respiratory, and circulatory systems [1–5]. It ranks second among Gram-negative 
bacteria that cause hospital-acquired infections, contributing to about 10 % of such cases [4–6]. Populations that are most prone to 
K. pneumoniae infections include long-term care patients and immunocompromised persons, such as the elderly and neonates, in whom 
high fatalities occur [7–10]. In neonates, for example, it causes over 1.6 million deaths annually, especially in low-income regions 
[11]. Of prime concern is the emergence and rapid global dissemination of hypervirulent and multidrug-resistant strains of 
K. pneumoniae, an organism on the priority pathogen list of the World Health Organization (WHO) [6,12]. Prominent among the 
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multidrug-resistant K. pneumoniae (MDR-Kp) strains are those that harbour extended-spectrum β-lactamases (ESBLs) and carbape
nemases, which potentially confer resistance of the pathogen to even last-resort antimicrobials like carbapenems, increasing treatment 
failure and mortality [6,13–18]. In 2019, for instance, MDR-Kp caused 624,000 deaths globally due to AMR [19].

Africa, which shoulders a disproportionate share of the infectious diseases and antimicrobial resistance (AMR) burden, has seen an 
elevated occurrence of MDR-Kp infections in recent times [19]. As an example, up to 80 % prevalence of MDR-Kp cases have been 
reported in Kenya [20]. Similarly, prevalences of 87 % and 98.5 % of MDR-Kp have been reported in Ghana and Ethiopia, respectively 
[13,14]. The prevailing MDR-Kp crisis in the region demands that alternative sources of antimicrobials that could be effective against 
MDR-Kp are explored. To that end, medicinal plants, which are heavily relied on for disease management in Africa and other parts of 
the world, and products of which have been demonstrated to have varying effectiveness against multidrug-resistant pathogens, are 
suitable candidates [21–31]. Africa has a wealth of diverse plants and traditional knowledge with great potential for discovering new 
treatments [32]. The high burden of multidrug-resistant infections in the region [19], combined with limited access to effective an
tibiotics [33], makes African herbal remedies especially important to study. Unlike medicinal plants from other parts of the world, 
African herbal preparations are deeply rooted in traditional medicine, but remain under-researched, particularly regarding their ef
fects on humans through clinical trials [32]. Due to the limited availability of clinical trial data and the predominance of in vitro studies 
related to antimicrobial activity of medicinal plants, this review aims to synthesise the available in vitro evidence related to MDR-Kp. In 
vitro studies provide valuable early insights into the antimicrobial potential of these herbal remedies against MDR-Kp and serve as a 
foundation for future clinical investigations. This review addresses the gap in systematic evidence on the subject by evaluating the 
antimicrobial activity of African herbal preparations against MDR-Kp, thereby contributing to the understanding of their therapeutic 
applications.

Materials and methods

Search strategy

A thorough systematic review, conducted following the guidelines outlined by the Preferred Reporting Items for Systematic 

Fig. 1. PRISMA flow diagram of study selection.
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Reviews and Meta-Analyses (PRISMA), was carried out via web-based platforms in March 2024. A comprehensive search on PubMed, 
Scopus, and ScienceDirect for in vitro studies evaluating the activity of African medicinal plants against bacteria was done to gather the 
relevant literature. The search was limited to articles that had been published by January 2024, and involved using MeSH terms in 
PubMed and a combination of keywords and African country names in Scopus and ScienceDirect.

For PubMed, the following MeSH search terms were used: ((“Plants, Medicinal” [Mesh]) OR “Drug Resistance, Multiple, Bacterial” 
[Mesh]) AND “Klebsiella pneumoniae” [Mesh]) AND “Africa” [Mesh]. Additionally, a separate search was performed using the terms 
((“Plants, Medicinal” [Mesh]) OR “Drug Resistance, Multiple, Bacterial” [Mesh]) AND “Africa” [Mesh] to capture papers addressing 
multidrug-resistant bacteria without specifically focusing on Klebsiella pneumoniae.

In the case of Scopus, the search terms used were: ALL (“plant extracts” OR “phytotherapy” OR “traditional healing” OR “medicinal 
plants” OR “ethnobotany” OR “botanical preparations”) AND ALL (“antibacterial properties” OR “antimicrobial activity” OR “drug 
resistance, microbial” OR “antibiotic resistance” OR “multidrug-resistant”) AND ALL (“Klebsiella pneumoniae”) AND ALL (specific 
African countries).

Regarding ScienceDirect, the search terms used were: (“herbal preparations” OR “herbal remedies” OR “herbal medicine” OR 
“plant extracts” OR “medicinal plants” OR “botanical preparations”) AND (“multidrug-resistant Klebsiella pneumonia” OR “resistant 

Fig. 2. Distribution and number of included studies by country of plant origin.
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Klebsiella pneumoniae”) AND (“specific African country”) as well as (“herbal preparations” OR “herbal remedies” OR “herbal medicine” 
OR “plant extracts” OR “medicinal plants” OR “botanical preparations”) AND (“multidrug-resistant bacteria” OR “antibiotic-resistant 
bacteria”) AND (“specific African country”).

Inclusion and exclusion criteria

Filters for open access, English language, and research papers were consistently applied. The detailed search strategy can be found 
in Fig. 1. Titles and abstracts were screened to identify relevant articles, and full versions of potentially relevant articles were obtained 
for eligibility assessment. Peer-reviewed journal articles and conference proceedings were included in the review. Publications 
excluded from the review included commentaries, case-control studies, letters to editors, review articles, and reports. Additionally, 
papers that did not report on MDR-Kp or were not conducted in Africa were excluded.

Study selection

A total of 2094 articles were found from the initial database search, and four were found through other sources (Fig. 1). After 
removing the duplicates (n = 171), 1079 studies were excluded based on title and abstract. The resultant 848 full-text articles were 
assessed for eligibility, of which 816 were excluded. A total of 31 studies about the in vitro antibacterial activity of medicinal plants 
from Africa against MDR-Kp were found [12,18,21–49].

Data extraction and analysis

Data from the reviewed studies were organised using Microsoft Excel 365. Three authors (R.A.A.A., K.A.-A., and F.C.N.K.) extracted 
study data using a data extraction format created in Excel. Data regarding scientific names of plants, botanical families, plant parts, 
country of plant origin, type of extract, isolated compounds, and inhibition diameter measured in millimeters (mm), minimum 
inhibitory concentration (MIC), and minimal bactericidal concentration (MBC) were independently gathered from the publications. 
These data were systematically documented in a standardised Word form. The results are presented in Supplementary Table 1 and 
visually represented in a map (Fig. 2) created with MapChart (https://www.mapchart.net/).

Results

Database search results

Based on the inclusion and exclusion criteria and the PRISMA checklist, we selected 31 studies that reported on the in vitro anti
bacterial activity of medicinal plants from Africa against MDR-Kp. The studies were conducted in 7 different countries. The majority of 
the studies were from Cameroon (20 studies); other countries from which the studies emanated include Morocco (three studies), Egypt 
(three studies), South Africa (two studies), Kenya (one study), Burkina Faso (one study), and Zimbabwe (one study) (Fig. 2). The 
included articles were published between 2011 and 2024 (Supplementary Table 1).

Results of the in vitro studies

A total of 124 medicinal plants from Africa were studied for in vitro activity against MDR-Kp, and these belong to 53 families. Plants 
from Fabaceae (10 studies) [12,21,22,24,28,31,36,39,42,49], Rutaceae (eight studies) [21,24,25,31,34,39,40,42], Asteraceae (eight 
studies) [12,22–24,26,29,39,46], Polygonaceae (one study) [12], and Lauraceae (seven studies) [22,24,32,34,39,42,47] families were 
the most common. Four plants, namely Allium cepa (two studies) [32,40], Allium sativum (two studies) [40,47], Carica papaya (two 
studies) [22,40], Phaseolus vulgaris (two studies) [31,51] and Persea americana (two studies) [22,34] were analysed in more than one 
research. The most analysed plant parts were leaves (14 studies) [21,22,26,28,30,31,34,35,37–39,41,42,47], bark from stem and root 
(16 studies) [21,22,24,25,27,28,30–32,34–39,42], and fruits (six studies) [24,26,34,39,40,42]. Methanol (19 studies) [21,22,24–26,
28,30,31,34–40,42,44,47,49] was the most used solvent for plant extract preparation, while water (one study) [41], dichloromethane 
(four studies) [18,22,25,28], crude (three studies) [27,45,48], chloroform (one study) [29] and hexane (one study) [28] were seldom 
used.

The studies included in the review assessed the antibacterial activity of the herbal preparations using three methods: MIC, MBC, 
and zone of inhibition determination via the disk diffusion method. There were variations in the units used to report MIC values – in 
milligrams per milliliter (mg/ml), micrograms per milliliter (µg/ml), and expression as percentage. All 31 studies utilised MIC as a 
measure of antimicrobial effectiveness [12,18,21–49]. Three studies combined MIC determination with zone of inhibition measure
ment to assess both the concentration-dependent effects and the ability of the herbal preparations to create a clear zone of inhibition 
against the bacteria [29,33,46]. Fifteen studies combined MIC and MBC determination to evaluate both the inhibitory and bactericidal 
properties of the herbal preparations [18,22,27,30–32,34–39,42,45,48]. Additionally, three studies combined all three parameters to 
provide a comprehensive evaluation of the antibacterial activity of the herbal preparations [43,47]. Table 1 presents a comprehensive 
summary of the tested plants evaluated with their respective family names, type of extract, plant parts, isolated compounds, bacterial 
strains used, zones of inhibition, MIC values, and MBC values (Supplementary Table 1).

Among the studied plants, Withania frutescens [33] exhibited the highest antimicrobial activity, with its essential oil and hydrolat 
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extracts from the aerial part showing MICs of 0.003 µg/ml and 6.125 µg/ml, respectively. Other plants, such as Eruca sativa [32], 
A. negrei [46], and Beilschmiedia obscura (Staph). Engl [39], also demonstrated significant antimicrobial activity, with MIC values of 
31.25 µg/ml, 6.25 µg/ml, and 32.00 µg/ml, respectively. Phaseolus vulgaris [49] exhibited MIC values of 64 µg/ml and 16.00 µg/ml, 
and Centaurea pumilio [29] displayed MIC values of 15.62 µg/ml, 62.5 µg/ml, and 31.25 µg/ml. Donella welwitschii [18] displayed MIC 
values of 4.00 µg/ml, 16.00 µg/ml, and 32.00 µg/ml. Xylopia aethiopica [24] exhibited an MIC of 64.00 µg/ml against the KP63 strain of 
K. pneumoniae.

Sixty-two pure compounds were isolated from 17 plants and tested against K. pneumoniae strains KP55 and KP63 [12,18,48]. 
Plumbagin, a naphthoquinone from Plumbago zeylanica [12], displayed the highest efficacy with MIC values of 2.00 mg/ml and 4.00 
µg/ml against the KP55 and KP63 strains, respectively. Among the fractions of crude extract of Plectranthus glandulosus [48], Fraction C 
showed the most effectiveness against KP55, with an MIC of 64 µg/ml.

Discussion

This study aimed to evaluate the in vitro antimicrobial activities of African medicinal plants against MDR-Kp. The findings un
derscore ongoing efforts in the region to identify plant-based solutions for treating infections caused by K. pneumoniae.

The studies included in the review assessed the antibacterial activity of the herbal preparations using methods such as MIC, MBC, 
and zone of inhibition from the disk diffusion method. The disk diffusion method has limitations, especially in its inability to accurately 
quantify the concentration of an extract needed to inhibit bacterial growth. Its results could also be influenced by variables such as the 
compound concentration, test solution volume, inoculum density, diffusion time and temperature before incubation, medium 
composition and thickness, and incubation conditions. These limitations highlight the advantage of the broth microdilution method, 
which provides more accurate and reliable data for determining MIC values of plant extracts and isolated compounds [52]. Thus, we 
emphasise the importance of using broth microdilution to study the MIC values for plant extracts and isolated chemicals.

Furthermore, the different MIC values reported by various studies, such as milligrams per milliliter (mg/ml), micrograms per 
milliliter (µg/ml), and percentages, highlight the need for caution when comparing and evaluating the antimicrobial potential of the 
tested compounds across different studies.

Additionally, leaves and bark were the most frequently studied plant parts, reflecting their significance in traditional ethnobo
tanical practices [53]. Also, methanol was the most commonly used solvent, likely due to its effectiveness in extracting a broad 
spectrum of active compounds and its relatively low toxicity [12,54].

The antibacterial activity of a plant extract can be evaluated based on its MIC values. According to Kuete et al. [55,56], an extract is 
considered significant when MIC < 100 µg/mL, moderate when 100 ≤ MIC ≤ 625 µg/mL, and weak when MIC > 625 µg/ml. Similarly, 
Pessini et al. [57] classified extracts with MIC < 100 µg/mL as having very high activity, 100–500 µg/mL as high activity, 500–1000 
µg/mL as moderate activity, 1000–4000 µg/mL as low activity, and MIC > 4000µg/mL as inactive. These classifications help determine 
the strength and effectiveness of plant extracts in inhibiting bacterial growth. The MBC/MIC ratios observed in this study were mostly 
above four, suggesting that the studied extracts, including the most active ones, generally showed bacteriostatic effects (MBC/MIC >
4). However, a few extracts, such as Eruca sativa, Cinnamomum zeylanicum, Petroselinum crispum, Allium cepa L., Anethum graveolens L., 
Cassia sieberiana DC., and Beilschmiedia obscura (Staph). Engl. demonstrated bactericidal effects, as their MBC/MIC ratios were equal to 
or below four [58].

In our study, several plants, such as Psidium guajava Linn (Myrtaceae), and Persea americana Mill. (Lauraceae), Citrus sinensis Linn. 
(Rutaceae), Mangifera indica Linn. (Anacardiaceae), Camellia sinensis Linn. (Theaceae), Allium sativum (Amaryllidaceae), Buchholsia 
coriacea (Capparaceae), Picralima nitida (Apocynaceae), Entada gigas (Fabaceae), Spathodea campanulata (Bignoniaceae), and Citrus 
médica (Rutaceae), exhibited low antibacterial activities against MDR-Kp strains, with a high MIC greater than 1000 µg/ml [36,42]. 
These results imply that these plants may not contain sufficient concentrations of active compounds to effectively stop the growth of 
MDR-Kp.

The antimicrobial activities observed in African medicinal plants strongly align with their ethnomedicinal applications, demon
strating the potential of traditional knowledge in guiding modern antimicrobial research. This section highlights the critical con
nections between traditional uses, bioactive constituents, and the mechanisms of action underlying the biological effects of key plants 
reviewed in this study.

Several plants demonstrated significant antimicrobial effects that reflect their traditional medicinal uses. For instance, E. sativa, 
traditionally used for digestive health and inflammation [59], exhibited strong antimicrobial properties against several resistant 
pathogens [34,60]. The broad-spectrum antimicrobial activity of E. sativa’s arugula oil is attributed to its high content of flavonoids 
and phenolic compounds, which neutralise free radicals and inhibit pro-inflammatory markers such as COX2 and TLR4 [61], along 
with specific compounds like sulforaphonenitrile [62], 2-pentanonitrile, and 5-methylthiopentanonitrile [34].

Similarly, W. frutescens L., widely used for its anti-inflammatory and antimicrobial properties [63], displayed bacteriostatic ac
tivities through the action of withanolides, thymol, and carvacrol [35]. These compounds disrupt bacterial membranes [64–66], 
inhibit inflammatory cytokines, and neutralise oxidative stress [67], aligning with the ethnomedicinal application of W. frutescens L. in 
managing systemic infections and inflammatory diseases [68].

B. obscura, known for treating gastrointestinal infections, demonstrated remarkable antibacterial activities, with MIC values below 
100 µg/mL [22]. Its efficacy comes from alkaloids, flavonoids, and saponins, which disrupt bacterial cell walls and inhibit efflux pumps 
[69]. These mechanisms validate its traditional use in gastrointestinal disorders caused by antibiotic-resistant pathogens [22].

In the case of P. vulgaris, its ethnobotanical role in promoting digestive health and managing infections is supported by the presence 
of catechol and hesperidin [51,70]. These compounds strengthen intestinal mucosal barriers and inhibit bacterial invasion, effectively 
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reducing infections caused by multidrug-resistant K. pneumoniae [71].
P. zeylanica, traditionally used in treating chronic colds, coughs, and diabetes [72,73], disrupts bacterial cell walls and enzymatic 

pathways, yielding strong antimicrobial activities, through its naphthoquinone plumbagin [73–75]. C. pumilio, an endangered rare 
plant [76], known for its antioxidant and antimicrobial properties [77], contains sesquiterpenes like β-caryophyllene and esters such as 
hexyl isovalerate. These compounds exhibit broad-spectrum antimicrobial activity, with MIC values ranging from 15.62 to 250 µg/mL. 
This underscores the potential of C. pumilio in addressing multidrug-resistant infections [29].

P. glandulosus, traditionally used to treat internal inflammation, lower abdominal and nerve aches, and gastrointestinal disorders, 
contains a fraction rich in oleanolic acid [50,78,79], which has shown high antimicrobial activity. Oleanolic acid disrupts bacterial cell 
membranes, inhibits DNA polymerase, and binds to peptidoglycan and teichoic acids, preventing cell wall turnover [80]. It also in
hibits glucosyltransferase, suppressing plaque formation, and inhibits both β-lactamases and haemolysin activity [81]. These mech
anisms may enhance its therapeutic efficacy in addressing gastrointestinal infections.

The bioactive compounds in D. welwitschii and X. aethiopica further emphasise the alignment between traditional uses and observed 
biological effects. D. welwitschii, used to cure coughs, contains diospyric acid and oleanolic acid, which inhibit bacterial ATP pro
duction and efflux pumps, resulting in low MIC values (<10 µg/mL) [18]. Similarly, X. aethiopica, employed in managing bronchitis 
and asthma [82,83], is rich in withanolides and sesquiterpenes [24], which reduce inflammation and effectively combat resistant 
bacterial strains [84].

Moreover, phytochemical families such as flavonoids, alkaloids, terpenoids, and phenolic compounds frequently emerged as key 
contributors to the observed antimicrobial effects. The detailed mechanisms of action of these bioactive compounds in plant extracts, 
as discussed, could be further linked to their phytochemistry and family-specific distribution. Different plant families are characterised 
by distinct phytochemical profiles that show their antimicrobial activities, providing insights into their mechanisms of action [60]. 
These mechanisms, often broad-spectrum, are crucial for combating both Gram-positive and Gram-negative bacteria, including 
multidrug-resistant (MDR) strains of K. pneumoniae [85]. Understanding these relationships is important for advancing the develop
ment of new therapeutic strategies.

The Lamiaceae family, represented by P. glandulosus and Lavandula coronopifolia, is rich in terpenoids such as carvacrol [45,50,86]. 
These compounds are known for their ability to disrupt bacterial membranes, collapse the proton motive force, and inhibit biofilm 
formation. The hydrophobic nature of these terpenoids allows them to partition into lipid bilayers, enhancing their efficacy across a 
broad spectrum of pathogens [87–90]. This phytochemical profile explains the strong antimicrobial activity observed for members of 
this family and their potential for combination therapies.

The Solanaceae and Lauraceae families, including Solanum melongena, Beilschmiedia cinnamomea, B. obscura, and B. acuta, are 
characterised by the presence of alkaloids [21,24,91,92]. These compounds, such as berberine and michellamine B, are potent in
hibitors of bacterial efflux pumps and enzymes. Alkaloids also demonstrate DNA intercalation and membrane permeability 
enhancement, making Lauraceae plants particularly effective against MDR strains. The ability of alkaloids to inhibit metabolic 
pathways and cytokinesis further underscores their broad-spectrum potential [93–95]. However, El Moussaoui et al. [35] reported that 
W. frutescens L. from the Solanaceae family contained predominantly terpenoids, particularly carvacrol, and thymol, rather than the 
typical alkaloids characteristic of this family.

The Fabaceae family, known for its rich content of polyphenols, includes plants like P. vulgaris [31,51,96,97]. These polyphenols 
exhibit significant antimicrobial properties through various mechanisms, such as disrupting bacterial DNA replication by inhibiting 
DNA gyrase, altering the function of bacterial cell membranes, and reducing biofilm formation that protects bacterial cells. They also 
influence protein biosynthesis, modify metabolic processes, and inhibit virulence factors, including enzymes and toxins. Additionally, 
polyphenols decrease bacterial cell attachment and can deprive bacteria of essential substrates [98–100]. Within this family, a 
prominent subclass is flavonoids. Examples include hesperidin, catechin, and quercetin, which play key roles in antimicrobial activity 
by inhibiting bacterial ATP synthesis, damaging membranes, and generating reactive oxygen species. Their capacity to inhibit DNA 
gyrase and efflux pumps enhances their effectiveness against infections with antibiotic-resistant bacteria, underscoring the therapeutic 
potential of flavonoids in combating bacterial pathogens [101–103].

The family Brassicaceae, which includes E. sativa, is dominated by terpenoids and phenolic compounds [34,104,105]. Terpenoids, 
such as cinnamaldehyde and carvacrol, disrupt bacterial membranes and inhibit quorum sensing [69], while phenolics like gallic acid 
target bacterial DNA and enzymes [105]. The synergy between these phytochemicals enhances the antimicrobial efficacy of Brassi
caceae plants, making them suitable candidates for targeting biofilms and resistant bacterial populations.

The family Plumbaginaceae, represented by P. zeylanica, is known for its naphthoquinones [12,106]. These compounds exert their 
antimicrobial effects through redox disruption and DNA intercalation [107]. By generating reactive oxygen species and interfering 
with bacterial transcription, naphthoquinones provide a dual mechanism of action that is highly effective against persistent bacterial 
infections [108]. The presence of these compounds underscores the potential of Plumbaginaceae plants in developing adjunct ther
apies for MDR pathogens.

The family Rutaceae, which includes Fagara macrophylla and Fagara xanthoxyloides, is characterised by alkaloids and flavonoids 
[24,40,109]. These phytochemicals contribute to efflux pump inhibition, DNA synthesis disruption, and oxidative stress induction [94,
103]. Rutaceae plants exhibit broad-spectrum activity, making them effective against both Gram-positive and Gram-negative bacteria 
[110,111].

By linking the phytochemical profiles to their plant families, better insights into the antimicrobial activity mechanisms could be 
discerned. Families such as Lauraceae and Fabaceae, with their alkaloid and flavonoid dominance, excel in targeting efflux pumps and 
metabolic pathways [91,101]. In contrast, families like Brassicaceae and Lamiaceae, which are rich in terpenoids and phenolics, 
specialise in membrane disruption and biofilm inhibition [59,112]. This family-specific distribution of phytochemicals offers a guide 
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for focused research on plant-based antimicrobial agents, highlighting the importance of utilising these natural resources to combat 
antibiotic resistance.

The antimicrobial activities of the reviewed plants against K. pneumoniae demonstrated significant variability across studies, 
influenced by differences in plant parts used, extraction methods, bacterial strains tested, and phytochemical profiles. This variability 
underscores the challenges in standardising methodologies and interpreting results across diverse experimental settings.

For example, in P. vulgaris, the activity against K. pneumoniae varied considerably between studies [31,51]. Ebrahim et al. [51] 
reported very high activity against a clinical MDR isolate (KP55) resistant to tetracycline, ampicillin, aztreonam, and ceftriaxone. The 
study tested methanolic extracts of the seeds and isolated protein components, including 7S and 11S globulins. The phytochemicals 
identified in this study, such as catechol, chlorogenic acid, rutin, naringin, quercetin, and kaempferol, likely contributed to the potent 
antibacterial effects observed [51]. In contrast, Nayim et al. [31] found low activity when leaves were tested using methanolic extracts. 
Although the study identified bioactive compounds such as polyphenols, tannins, steroids, and saponins, the broader resistance profile 
of the bacterial strains tested, which included resistance to ampicillin, ciprofloxacin, tetracycline, and other antibiotics, may have 
contributed to the limited efficacy [31]. These differences highlight the influence of plant parts on phytochemical concentrations, with 
seeds concentrating metabolites such as flavonoids and phenolics known for their antimicrobial activity, whereas leaves may contain a 
different profile or lower concentrations of active compounds.

Similarly, the activity of Allium cepa varied between studies [34,42]. Bassyouni et al. [34] demonstrated a high antimicrobial 
activity in essential oils extracted from onion seeds. The bacterial strains tested in this study were resistant to ceftriaxone, cefpo
doxime, cefotaxime, amikacin, and cefepime. The potent activity observed may be attributed to the presence of volatile compounds in 
the essential oils, which are known to disrupt bacterial membranes and inhibit enzymatic pathways [34]. In contrast, Lacmata et al. 
[42] reported low activity when fresh and dry onion bulb extracts were tested using methanol as the solvent. This study identified 
flavonoids, phenols, and tannins as the primary compounds in the methanolic extract, which, despite their known antimicrobial 
properties, showed limited activity against the tested MDR strains resistant to tetracycline, ampicillin, and aztreonam [42]. The 
differences between these studies can be attributed to both the plant parts used (seeds vs. bulbs) and the extraction methods employed 
(essential oil vs. methanolic extraction).

These findings underscore several factors influencing the activity of plant extracts. First, differences in plant metabolite concen
trations across plant parts play a critical role [113]. Seeds and essential oils often contain higher levels of potent antimicrobial agents 
like volatile oils and flavonoids [114], whereas other parts, such as leaves and bulbs, may have lower concentrations or contain 
bioactives with less efficacy against resistant strains. Secondly, the extraction method significantly impacts the phytochemical profile 
of the extract [115]. Essential oil extraction isolates highly concentrated volatile compounds that exhibit strong membrane-disruptive 
effects [116], while methanolic extraction captures a broader spectrum of phytochemicals, some of which may be less effective or 
require higher concentrations to achieve similar antimicrobial activity [117].

Another crucial factor is the variation in bacterial strains tested. The genetic diversity of K. pneumoniae strains, particularly those 
exhibiting MDR phenotypes, significantly influences the observed efficacy of plant extracts. For example, certain plants, such as Persea 
Americana [118] and Carica papaya [119], are known to possess antimicrobial activities against sensitive bacteria and fungi but the 
specific strains of MDR-Kp (KP55) used in our study showed different responses [22]. MDR-Kp possesses various resistance mecha
nisms, such as efflux pumps and cell wall alterations, which can limit the effectiveness of certain bioactive compounds [120,121]. 
Variations in plant parts used, extraction methods, geographical location, solvent choice, and plant chemotype can significantly in
fluence the efficacy of the extracts [23]. Understanding these factors, along with the genetic diversity of MDR K. pneumoniae strains, is 
essential for optimising the use of plant-based antimicrobials. Further research is necessary to isolate and characterise the active 
compounds and to explore their individual and synergistic effects on bacterial growth and survival.

The observed differences in antimicrobial activity among studies emphasise the need for standardised methodologies in evaluating 
plant-based antimicrobials. Standardising extraction protocols, ensuring consistency in the plant parts tested, and using a uniform 
panel of clinically relevant MDR strains are critical steps toward reliable comparisons [122]. Additionally, investigating the specific 
contributions of individual bioactive compounds through fractionation and bioassay-guided isolation will provide deeper insights into 
their roles in antimicrobial activity [123]. By addressing these challenges, factors driving variability in antimicrobial activity of 
plant-based interventions against MDR pathogens could be better understood and optimised.

The antimicrobial efficacy of plant extracts against K. pneumoniae was assessed in comparison to chloramphenicol when combined 
with antibiotics and in the presence of PAβN. The findings highlight significant variability in activity, emphasising the potential of 
certain extracts as adjunct therapies.

When compared to chloramphenicol, plant extracts displayed mixed efficacy. D. welwitschii (diospyric acid) showed superior ac
tivity with an MIC of 4 µg/ml, compared to 8 µg/ml for chloramphenicol, demonstrating a 50 % improvement [18]. In contrast, 
compounds such as oleanolic acid and extracts from plants like C. schweinfurthii and Myrianthus arboreus showed limited standalone 
activity, with MICs ranging from 512 to >1024 µg/ml, far higher than chloramphenicol’s MIC of 32 µg/ml [40].

Combining plant extracts with antibiotics revealed strong synergistic effects. D. welwitschii significantly enhanced the activity of 
chloramphenicol, ciprofloxacin, and doxycycline, with MIC improvements up to 96.88 % [18]. For instance, the MIC of chloram
phenicol decreased from 16 µg/ml to 0.5 µg/ml when combined with ursolic acid. P. glandulosus also demonstrated a remarkable 
reduction in chloramphenicol’s MIC from >1024 µg/ml to 32 µg/ml, showcasing its synergistic potential [50].

The addition of PAβN further amplified the activity of plant extracts, indicating the role of efflux pump inhibition in overcoming 
bacterial resistance. For example, the MIC of D. welwitschii compounds, such as ursolic acid and oleanolic acid, decreased to 0.5 µg/ml 
and 1 µg/ml, respectively, in the presence of PAβN, achieving up to 96.88 % improvement [18].

These results highlight the promise of plant extracts, particularly D. welwitschii and P. glandulosus, as adjunct therapies for MDR 
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K. pneumoniae. While some extracts are less effective alone, their ability to enhance antibiotic efficacy and leverage efflux pump in
hibition underscores their potential role in combination therapies.

With all that has been discussed regarding the potency of plants and their compounds, it is important to note that the increasing 
demand for medicinal plants in ethnomedicine has placed significant pressure on wild populations, threatening species like 
W. frutescens L. and C. pumilio. To ensure sustainable use, a combination of cultivation, seed banking, habitat protection, and com
munity education is essential [124,125].

Cultivation programmes for frequently used species, such as W. frutescens L., can reduce harvesting pressure on wild populations 
while providing economic benefits to local communities [126]. Successful models, like the cultivation of Rauvolfia serpentina in India, 
demonstrate how controlled farming can balance demand and conservation [127]. For endangered species like C. pumilio, seed banking 
offers a reliable method to preserve genetic diversity [128]. Collaborations with international initiatives, such as the Millennium Seed 
Bank [129], could strengthen Africa’s capacity to conserve its unique flora.

In-situ conservation through habitat protection and ex-situ efforts, such as botanical gardens and tissue culture, provide comple
mentary strategies to safeguard threatened species [130]. Tissue culture, in particular, enables the propagation of plants like C. pumilio, 
ensuring survival despite habitat loss [131]. Education and awareness campaigns targeting local stakeholders are critical for pro
moting sustainable harvesting and preserving traditional knowledge [132].

Learning from successful global examples, such as seed banking and agroforestry systems in India [127], Africa can adapt similar 
strategies to local contexts. Policy interventions, including incentives for sustainable practices and penalties for overharvesting, will 
further promote conservation efforts [133]. To enhance the sustainability of these initiatives, incorporating modern biotechnological 
approaches, such as micropropagation and genetic engineering, can improve production efficiency and decrease reliance on wild 
populations [134]. By combining these approaches, we can secure the biodiversity of medicinal plants while supporting traditional 
medicine and community livelihoods.

This review highlights the therapeutic potential of African medicinal plants against MDR-Kp, emphasising their ethnobotanical 
relevance, diverse phytochemical profiles, and promising bioactivities. However, it also highlights a significant gap in the progression 
from preclinical studies to clinical trials, as none of the reviewed studies advanced to human testing. The focus of these studies 
remained primarily on the in vitro activity of plant extracts, limiting the understanding of their efficacy, safety, and dosage in clinical 
settings. Future research should prioritise advancing these studies into clinical trials to validate plant-based therapies as potential 
adjuncts to conventional antibiotics, addressing challenges such as bioavailability, toxicity, and formulation.

Additionally, while studies on K. pneumoniae are prevalent, research specifically investigating plant species with activity against 
MDR-Kp is scarce. Notably, the majority of MDR-Kp strains are derived from patient samples, yet the plant species studied have not 
been traditionally used to treat K. pneumoniae infections locally. This suggests the need for more targeted research, including a deeper 
exploration of active compounds, refinement of extraction techniques, and a better understanding of the underlying mechanisms of 
action. Further, investigating synergistic effects between plant compounds and conventional antibiotics could enhance antimicrobial 
efficacy.

Integrating traditional medicinal knowledge with scientific research represents a promising strategy for addressing the global 
challenge posed by multidrug-resistant K. pneumoniae. Although current studies have provided valuable insights into the antimicrobial 
potential of African medicinal plants, their clinical applicability remains underexplored. By prioritising research on the most promising 
plant species, refining extraction methods, and investigating synergistic interactions with antibiotics, we can unlock new therapeutic 
possibilities. Collaborative efforts that bridge ethnobotanical wisdom with modern biomedical approaches will be pivotal in advancing 
plant-based therapies from in vitro studies to clinical applications. Such efforts can also contribute to preserving Africa’s rich biodi
versity while addressing pressing global health concerns.

Conclusions

Of the 124 plants studied, Withania frutescens L., Plumbago zeylanica, Plectranthus glandulosus, Eruca sativa, and Donella welwitschii, 
emerged as plants that could be further explored for anti-MDR-Kp therapeutics. Further research is required to fully understand the 
mechanisms of action and potential synergies of these herbal preparations and explore their active compounds. Integrating traditional 
knowledge with modern healthcare practices is crucial in making use of the healing properties of African medicinal plants.
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[92] S. Chowański, Z. Adamski, P. Marciniak, G. Rosiński, E. Büyükgüzel, K. Büyükgüzel, et al., A review of bioinsecticidal activity of Solanaceae alkaloids, Toxins. 
(Basel) 8 (3) (2016) 60.

[93] Y. Yan, X. Li, C. Zhang, L. Lv, B. Gao, M. Li, Research progress on antibacterial activities and mechanisms of natural alkaloids: A review, Antibiotics. (Basel) 10 
(3) (2021) 318.

[94] S. Letchuman, H.D.T. Madhuranga, MBLN Kaushalya, A.D. Premarathna, M. Saravanan, Alkaloids unveiled: A comprehensive analysis of novel therapeutic 
properties, mechanisms, and plant-based innovations, Intelligent Pharmacy [Internet] (2024). Sep 27 [cited 2024 Dec 30] Available from, https://www. 
sciencedirect.com/science/article/pii/S2949866X24001047.

[95] M. Barati, A.M. Chahardehi, M. Barati, A.M. Chahardehi, Alkaloids: the potential of their antimicrobial activities of medicinal plants. Medicinal Plants - 
Chemical, Biochemical, and Pharmacological Approaches [Internet], IntechOpen, 2023 [cited 2024 Dec 30] Available from, https://www.intechopen.com/ 
chapters/87809.

[96] D. Tungmunnithum, S. Drouet, J.M. Lorenzo, C. Hano, Characterization of bioactive phenolics and antioxidant capacity of edible bean extracts of 50 Fabaceae 
populations grown in Thailand, Foods. 10 (12) (2021) 3118.

[97] K. Ganesan, B. Xu, Polyphenol-rich dry common beans (Phaseolus vulgaris L.) and their health benefits, Int. J. Mol. Sci. 18 (11) (2017) 2331.
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