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Emerging Plant-Derived Strategies Against Multidrug-Resistant Pathogens: A Review of Phytochemical Efficacy and Clinical Prospects 

Abstract
Antimicrobial resistance (AMR) in countries with high antibiotic consumption represents a real public health crisis, dramatically increasing morbidity and mortality. This alarming situation necessitates the implementation of new ways to combat resistant pathogens, including alternative approaches. 
This review provides a comprehensive analysis of the emergence of resistant bacteria in regions known for high antibiotic consumption (Tunisia and Türkiye) and their impact on public health. It highlights the promise of plant-based compounds as new and natural ways to fight resistant bacteria, offering alternatives when standard antibiotics are becoming less effective. The review explores their antimicrobial mechanisms and assesses their effectiveness against multidrug-resistant pathogens and biofilm-associated infections. Current research on the potential of phytochemicals as therapeutic agents, including their interactions and possible synergy with existing treatments, is examined. 
The integration of traditional knowledge with modern research, along with strong policy measures, is essential for exploring phytochemicals in the fight against drug-resistant infections.
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1. Introduction
Historically, infectious diseases have represented a major threat to human health, causing high rates of morbidity and mortality. The discovery of penicillin in 1928 and the subsequent widespread use of antimicrobial agents in the early 1900s transformed the way bacterial infections were treated and revolutionized contemporary medicine. Since then, antibiotics have enabled the successful treatment of fatal diseases and have significantly advanced intensive care and surgery[1–3].
Several classes of antibiotics emerged during this so-called "Golden Age of Antibiotics". However, unexpected consequences followed this era's remarkable therapeutic advancements. Indeed, decades of medical progress have been jeopardized by the widespread and indiscriminate use of these medications in agriculture and human medicine, which has led to the emergence of antimicrobial resistance (AMR) [2,4]. Antibiotics early success was promising, but the rise of resistant infections and the deceleration in the development of new antimicrobials have caused major questions about how long this strategy will last [1,5].
Antibiotics, which became the standard treatment for a wide range of infections, are being frequently administered for viral diseases where they provide no therapeutic advantage. This approach, especially common in primary care, has significantly contributed to antimicrobial resistance [4,6]. Moreover, antimicrobial agents are commonly used in livestock and agriculture, not exclusively for infection treatment, but also to enhance growth and prevent diseases. Overall, the subsequent environmental antibiotic exposure increases the selective pressure in animal and environmental microbial populations[7,8].
The globalization of travel and commerce, along with substandard hygiene and insufficient infection control in healthcare and community environments, accelerates the dissemination of resistant strains [9,10]. The improper application of antibiotics exerts significant selective pressure on bacterial populations, enabling resistant species to persist while susceptible ones are eradicated. This results in the growth of resistant microorganisms in clinical and community environments [1,4]. Horizontal gene transfer expedites the dissemination of resistance traits, allowing even distantly related species to obtain and exchange mechanisms that confer antibiotic resistance [11].
Historically, antibiotic resistance emerged after their initial consumption. Shortly after their clinical use, resistance to penicillin and sulfonamides appeared[12,13]. The rapid spread of bacterial resistance was further explained after the identification of plasmids and transposons in the 1960s [11]. In the next decades, the excessive use of antibiotics in medicine, agriculture, and industry has precipitated a significant increase in multidrug-resistant (MDR) bacteria, now acknowledged as a global health concern [1,4].
The influence of antimicrobial resistance on world health is significant. In 2019, bacterial antimicrobial resistance (AMR) directly caused 1.27 million fatalities and contributed to over 5 million deaths globally [1]. By 2050, AMR may result in up to 10 million fatalities each year and impose a worldwide economic burden of $1 trillion [5]. The reduced efficacy of first-line antibiotics forced doctors to depend on more toxic, less effective, or higher-cost treatment options. Simultaneously, the advancement of novel antibiotics has not matched the rise of resistance, creating a significant deficit in effective therapies and forcing reliance on a limited and increasingly ineffective set of antimicrobial options[14,15]. 
The emergence of AMR can be attributed to multiple biological, behavioral and societal factors. These factors combine to contribute to the emergence and dissemination of bacteria that are resistant to treatment[16].Among these factors, it is imperative to acknowledge the pivotal role of bacteria's capacity to establish biofilms[17].
[bookmark: _Hlk206433862]The growing threat of antimicrobial resistance and the limitations of traditional antibiotics have made scientists more interested in using plant-based compounds as alternative or complementary antimicrobial agents. Many plant-based compounds are effective against both gram-positive and gram-negative bacteria. Malacidin, a newly discovered phytochemical with antimicrobial properties, affects bacterial cell wall synthesis. Thionins are cysteine-containing proteins derived from plants and are effective against gram-positive bacteria[18]. Defensins are antimicrobial peptides that effectively inhibit bacteria, playing an important role in clearing infections. Chrysin, quercetin, eugenol, carvacrol, shikonin, plumbagin, and protocatechuic acid are phytochemical compounds that exhibit antimicrobial activity. This review examines the current knowledge on plant-based phytochemicals as antimicrobial agents and investigates the medicinal properties and biological mechanisms. We focus on compounds shown to combat resistant bacteria and biofilm-associated infections, and evaluate their potential synergy with existing antimicrobials. 
2. The Role of Biofilms in Complicating Infections and Contributing to Resistance
Biofilms are complex microbial communities that adhere to a variety of surfaces, such as tissues and medical equipment. These assemblies are encapsulated in a self-generated extracellular polymeric substance (EPS) matrix [19,20]. Biofilms complicate infection control and intensify the emergence of antimicrobial resistance [19]. The biofilm matrix functions as a physical barrier; it protects bacteria from host immune responses and reduces the penetration of antibiotics.In these communities, bacteria may experience slow-growth or dormant phases, which reduces their susceptibility to antibiotics that target actively proliferating cells [19,21].
It is estimated that biofilms are implicated in approximately 60 to 80 % of microbial infections in humans, which emphasizes their widespread impact on clinical outcomes [22]. Biofilms are directly associated with chronic and recurrent infections, including those impacting wounds,lungs, urinary tract, and medical devices. Their resilience contributes to persistent diseases despite treatment efforts [21]. Furthermore, biofilms promote the exchange of genetic material, including resistance genes, owing to the close proximity of cells, which accelerates the spread of antimicrobial resistance [11]. Within a biofilm, the enzymatic degradation of antibiotics along with the presence of persister cells bacteria that can survive antibiotic—make treatments less effective and often leads to infection relapses[20].
Clinically, biofilm-associated infections are difficult to treat. They often require prolonged or combined treatment therapies, increasing healthcare costs. Overall, biofilms serve as reservoirs for resistant bacteria, increasing the global AMR crisis and highlighting the urgent need for effective strategies that prevent biofilm formation to guarantee treatment efficiency [21].
3. Challenges of Current Antimicrobial Strategies
In spite of their success, conventional antimicrobial agents are facing serious challenges as they are becoming less effective due to the fast emergence of antibiotic-resistant bacteria [13]. Antimicrobial agents can cause several side effects, such as allergic reactions, gastrointestinal disturbances, and disruptions of the normal microbiota[6]. Because biofilms offer bacteria a protective environment that restrains drug penetration and promotes the growth of persister cells, their limited effectiveness against biofilm-associated infections is a serious public health issue [19]. Furthermore, and due to high regulatory barriers and limited pharmaceutical investment, the discovery of new antibacterial agents has significantly decreased, with only a few classes introduced in the last decades [15]. In addition, pharmaceutical industries prioritize the development of treatments for chronic diseases over antibiotic research because antibiotics usually yield lower returns [23]. These constraints require the adoption of novel strategies to address antimicrobial resistance and biofilm-related infections via new effective agents capable of disrupting resistant strains and biofilms. Innovative ideas are needed to develop non-traditional antimicrobial agents, such as plant-based phytochemicals, bacteriophage therapy, and antimicrobial peptides[15,24,25]. Coordination of global surveillance systems is crucial to enhance antimicrobial utilization and guarantee the efficacy of future therapies.
4. Current Situation of Antimicrobial Resistance in Türkiye and Tunisia
According to the Health Organization (WHO) reports on surveillance of antibiotic consumption, and the GLASS annual reports, Türkiye and Tunisia are among the countries with the highest rates of antibiotic consumption globally. Türkiye ranks as the top antibiotic consumer in Europe, while Tunisia has the highest consumption levels in the Middle East and North Africa. 
Türkiye faces significant challenges related to antimicrobial resistance (AMR), reflecting both regional patterns and global trends. The country’s AMR profile reveals high resistance levels among critical pathogens, particularly in healthcare settings, which adversely affect patient outcomes and increase economic burdens [26]. AMR is a critical public health issue in Türkiye, primarily driven by the widespread misuse of antibiotics in medicine and agriculture, insufficient surveillance systems, and ongoing challenges in policy implementation[27]. Antibiotic use in agriculture remains a crucial but insufficiently addressed factor contributing to the development of resistance[28].
Although antimicrobial stewardship programs (ASPs) have introduced important measures such as banning over-the-counter antibiotic sales, training physicians, and promoting rational prescribing sustaining their effectiveness has proven difficult[29]. A recent study in Türkiye demonstrated significant regional variations in antibiotic resistance against uncomplicated urinary tract infections, with higher resistance rates observed in Southeastern and Eastern Anatolia. Differential exposure to antimicrobial agents has led to substantial variability in the resistance profiles of Escherichia coli, underscoring the need for regionspecific treatment guidelines [30].
Additionally, the incidence of Helicobacter pylori infections resistant to clarithromycin, metronidazole, and levofloxacin has been documented in Türkiye. The resistance rates to these antibiotics were reported as 26.7%, 28.4%, and 19.6%, respectively, whereas resistance to amoxicillin and tetracycline remained minimal, at 1.3% and 0.7% [31]. Over a two-decade period, clarithromycin resistance persisted at approximately 30.9%, while metronidazole resistance markedly increased from 21.5% to 46.6% during the past decade [32]. Enterococcus faecalis and Enterococcus faecium have exhibited minimal resistance to vancomycin and linezolid; however, the potential for increasing resistance highlights the necessity of intensified monitoring and strict adherence to antimicrobial stewardship interventions [33].
Moreover, the COVID-19 pandemic contributed to increased hospital occupancy rates, prolonged patient stays, higher frequencies of invasive procedures, and difficulties in isolating patients infected with resistant microorganisms. These conditions collectively facilitated the selection of resistant pathogens, reduced compliance with antimicrobial stewardship programs, and, most importantly, led to an increase in antibiotic use [34]. A study evaluating antimicrobial susceptibility of E. coli, K. pneumoniae, and S. aureus isolates from 17 hospitals across Türkiye before and during the COVID-19 pandemic demonstrated a rise in the use of specific antibiotics during the pandemic, accompanied by decreased susceptibility of K. pneumoniae to these agents. These findings suggest a potential association between increased antibiotic consumption and declining susceptibility during the COVID-19 era [35].
According to the OECD Health Policy Studies report, AMR has reached alarmingly high levels in several countries, including Türkiye (as well as Greece and India). The report further projects that by 2035, over 40% of infections caused by the 12 antibiotic–superbug combinations studied across these countries will become resistant to treatment. In Türkiye, antibiotic consumption has shown a marked increase, reaching approximately 115% of the defined daily dose (DDD) per 1,000 inhabitants. This represents a shift from an average of 18.4 DDD to 39.5 DDD, positioning Türkiye as the OECD country with the most pronounced upward trend in antibiotic consumption over the past two decades [36].
Collectively, these factors place Türkiye among the countries most severely affected by AMR, with significant implications for life expectancy and healthy life years. This underscores the urgent need for coordinated national strategies that strengthen stewardship programs, expand surveillance capacity, regulate antibiotic use across both human and animal health sectors, and ensure sustained political commitment. The COVID-19 pandemic has further disrupted these efforts, leading to a renewed rise in antibiotic consumption. AMR in Türkiye, it is necessary not only to strengthen existing interventions, but also to promote interdisciplinary collaboration, invest in innovative diagnostic and treatment approaches, and integrate One Health strategies to ensure sustainable progress against this growing threat.
In Tunisia, antimicrobial resistance (AMR) presents a significant public health issue emerging in healthcare settings and within the communities. Tunisia, as a middle-income country, encounters increased and more pronounced challenges   due to the absence of appropriate surveillance and self-medication which is prevalent in Tunisian communities where purchasing antibiotics without a prescription is very common, even when the treated conditions are viral and do not necessitate antibiotics[37].This attitude is facilitated by the availability of antibiotics in the community, coupled with limited surveillance. Even though legislation requires a prescription for antibiotic sales, antibiotics are most of the time provided without medical approval. The widespread lack of public awareness intensifies the problem, resulting in overuse and contributing to the growing challenge of antimicrobial resistance[37,38].
Surveillance in hospitals and laboratories over the last twenty years has revealed a consistent and alarming increase in resistant infections. Several Tunisian studies revealed important rates of multidrug resistance, particularly within Escherichia coli and Klebsiella pneumoniae. The latter species, which are prevalent sources of nosocomial infections, have seen considerable increases in resistance to conventional antibiotics. The Tunisian studies also highlighted that this global trend is no longer exclusive to hospitals. They reported that third-generation cephalosporin-resistant bacteria, particularly from the Enterobacterales family, are prevalent in hospitals and in the community. Several studies revealed the emergence of Acinetobacter baumannii, frequently found in intensive care units, exhibiting alarming imipenem resistance rates[39–43].In Tunisia, the increased prevalence of carbapenem-resistant gram-negative bacteria, mainly associated with the OXA-48-like enzymes, has been observed, particularly among Klebsiella pneumonia and Acinetobacter baumannii[41,43–47].
Even colistin, considered as last line defense, is showing reduced effectiveness against some bacterial strains carrying mcr resistance genes, raising serious concerns about the limitations of treatment options[47–50].Overall, all recent research has shownthat antimicrobial resistance has become a national concern in Tunisia. A recent pharmaco-epidemiological study conducted in a Tunisian teaching hospital from 2010 to 2022 demonstrated a clear correlation between the increased antibiotic use and the rising resistance rates among key bacterial pathogens[51].In fact, antibiotics are widely used in agriculture and veterinary medicinefor therapeutic purposes and to promote growth. Research indicated that Escherichia coli and Salmonella strains derived from food products exhibited decreased susceptibility to several antibiotics [43,52].The transmission of resistant bacteria to humansthrough the food chain highlightsthe urgent need for a One Health approach integrating human, animal, and environmental health
Antimicrobial resistance in Tunisia has been indirectly intensified by the COVID-19 pandemic. In fact, hospital-acquired infections (HAI) among COVID-19 patients, often caused by multidrug-resistant pathogens such as carbapenem-resistant Klebsiella pneumoniae and Acinetobacter baumannii, were prevalent. The higher incidence of HAI during the COVID-19 pandemic has further exacerbated the AMR situation [53]. 
The consequences of AMR are extensive; they have both economic and social impacts. Patients with resistant infections often requireprolonged hospital stays, requireexpensive treatmentsand face an increased mortality risk[54]. In general, resistant infections endanger the safety of several medical operations, such as surgery and cancer therapy,that depend on efficient treatment to preventand treat infections[55,56]. Tunisia's antimicrobial resistance problematic represents a multifaceted challenge; social practices, inadequate pharmaceutical system, educational deficiencies and underfunded healthcare organizations. The implementation of a rigorous surveillance program to control antibiotic use in agriculture, veterinary and human medicine along with publicawareness campaigns, is essential to manage antimicrobial resistance and protect public health. Public awareness efforts have been initiated; nevertheless, their reach and impact are limited.
5. Exploration of Plant-Based Phytochemicals
Phytochemicals are natural bioactive compounds produced by plants as part of their defense mechanisms against environmental stressors, pests, and pathogens [24,25]. These compounds, such as flavonoids, terpenoids, alkaloids, and phenolics, are essential for plant adaptation and survival. Because of their antimicrobial, anti-inflammatory, and antioxidant qualities, phytochemicals have drawn interest in the field of human health, contributing to the development of new treatments [18].
Historically, medicinal plants have been largely used in the treatment of infectious diseases worldwide [57]. Such knowledge is valuable for modern drug discovery and the identification of novel antimicrobial agents. Scientific interest in plant-derived compounds as alternative or complementary antimicrobial agents has increased due to the growing threat of antimicrobial resistance [58]. Recent research has focused on isolating, describing, and comprehending the mechanisms of action of phytochemicals with strong activity against infections linked to biofilms and multidrug-resistant pathogens. Investigating plant-based antimicrobials presents encouraging opportunities in developing new therapies with a lower risk of inducing resistance and creating novel treatments that could act synergistically with current drugs.
Additionally, the secondary metabolites produced by these plants are widely acknowledged for their antibacterial properties, and many are considered safe for use as food additives, posing minimal risk of side effects. Beyond their current applications, phytochemicals also offer valuable potential in the search for novel antimicrobial agents, presenting an alternative route to combat the growing challenge of antibiotic resistance[59]. The medicinal properties of plants are mainly attributed to their secondary metabolites, which are chemical compounds that are produced by plants and have medicinal uses. These metabolites can be classified into various groups based on their chemical properties [60].
Plant-based phytochemicals with antibacterial potential are primarily categorized into several structural groups, including phenolic compounds, terpenoids, essential oil constituents, alkaloids, lectins, polypeptides, and polyacetylenes [61]. Found in plants and other organisms, their natural origin contributes to their therapeutic value. These substances are particularly noted for their antibacterial activity, as they can inhibit bacterial growth, making them promising candidates in the development of novel antibiotic agents[58].
Phenolic compounds are widely recognized for their potent antimicrobial activity. Certain phenolics have demonstrated significant synergistic effects when used in combination with antibiotics such as ciprofloxacin, particularly against Escherichia coli and Pseudomonas strains [62]. These interactions can enhance the efficacy of existing antimicrobial therapies by broadening their spectrum and improving their effectiveness against resistant pathogens. Due to the vast structural diversity of phenolic compounds and the large number yet to be studied, their potential role in addressing antimicrobial resistance (AMR) remains both promising and largely untapped[57].
Phenolic compounds are ubiquitously found throughout the plant kingdom, with particularly high concentrations in fruits, seeds, and leaves. Structurally, they are defined by the presence of one or more hydroxyl groups attached to an aromatic ring. The degree of hydroxylation can vary significantly across different phenolic types, influencing their biological activity. Broadly, phenolics are categorized into two main groups: flavonoids and non-flavonoids [63]. The non-flavonoid group includes a wide range of subtypes such as phenolic acids, aldehydes, acetophenones, phenylacetic acids, cinnamic acids, coumarins, biflavonyls, benzophenones, xanthones, stilbenes, anthraquinones and tannins[64].
The selected compounds, representing various phytochemical classes such as phenolic acids, peptides, and naphthoquinones, were chosen based on their multifaceted mechanisms of action against AMR. These mechanisms include disruption of microbial membranes, inhibition of quorum sensing pathways, induction of oxidative stress, and synergistic enhancement of conventional antibiotic efficacy. Their structural diversity and broad-spectrum activity make them promising candidates as alternative or complementary agents in the fight against multidrug-resistant pathogens (Table 1).

5.1. Malicidin (Calcium-dependent mode) 
Malacidins represent a novel group of cyclic lipoglycopeptides that have been shown to possess strong antimicrobial properties. These compounds have been shown to be capable of isolating soil dermatophytes and act by targeting lipid II, a precursor necessary for bacterial growth, thereby inhibiting the calcium-dependent synthesis of bacterial cell walls[65]. It has been demonstrated that Malacidin is effective in resistance cases of Clostridium perfringens. Moreover, it has been demonstrated to impede the emergence of resistance, thereby signifying its potency in combating both chronic and necrotising infections[18].
5.2.Quercetin 
Quercetin is a naturally occurring flavonoid widely distributed in various fruits such as apples, strawberries, cherries, and citrus varieties [66], with estimated daily intake levels ranging from 37 to 600 mg [67]. In its purified form, quercetin is also marketed as a dietary supplement [68]. Numerous studies have reported its broad pharmacological activities, including antioxidant, antimicrobial, anticancer, anti-inflammatory, and antiallergic effects [66]. In preclinical models, quercetin has demonstrated the ability to attenuate liver inflammation in several pathological contexts, including chemically induced liver injury, nonalcoholic fatty liver disease, cholestatic damage, and alcoholic hepatitis. Notably, it has shown protective effects against ischemia-reperfusion injury (IRI) in key parenchymal organs such as the liver, heart, kidneys, and brain [69]. While its capacity to reduce reactive oxygen species (ROS) and suppress proinflammatory mediators is well established, the exact mechanisms by which quercetin confers protection against hepatic ischemia–reperfusion injury are still not fully elucidated. Recent evidence suggests that quercetin may inhibit pyroptosis in immune cells, pointing to a novel pathway through which it may exert therapeutic effects[70].

5.3. Eugenol
Eugenol (4-allyl-2-methoxyphenol, EUG), the primary active compound in clove essential oil, is well known for its health-beneficial properties, including strong antioxidant and antimicrobial effects [71]. Recognized as a safe food additive by the U.S. Food and Drug Administration (FDA), eugenol has an oral LD₅₀ value of 3000 mg/kg in rats (Gong et al., 2016). Due to its pleasant natural aroma and formation of non-toxic residues, EUG is considered a promising agent for the postharvest preservation of fruits and vegetables. Numerous studies have confirmed its antibacterial and antifungal efficacy, supporting its potential use in both food and pharmaceutical applications [72,73]. At the same time, the compound exhibits significant antibacterial activity against various pathogens and provides antioxidant properties that enhance the overall functionality of PLA-based nanofibres[74].
5.4. Carvacrol
Monoterpene phenols represent a class of naturally occurring aromatic compounds predominantly found in the essential oils of various plants, where they contribute to characteristic flavors, scents, and therapeutic effects [75]. Among these, carvacrol has garnered particular interest due to its wide range of biological activities, including antimicrobial, antioxidant, and anti-inflammatory effects [76]. Carvacrol is a major component of the essential oils derived from oregano (Origanum vulgare) and thyme (Thymus vulgaris), both of which have been historically valued for their medicinal properties as well as their culinary applications [77].
5.5. Defensins 
Defensins are a class of host defense peptides (HDPs) that belong to the broader family of cationic antimicrobial peptides (AMPs), known for their effectiveness against a wide range of pathogens, including bacteria, viruses, and fungi. Their antibacterial mechanism involves interaction with microbial cell membranes, leading to pore formation or binding to key targets such as lipid II, thereby disrupting essential cellular processes. Recent advances in nanotechnology have enabled the incorporation of defensins into innovative delivery systems such as AMP antibiotic conjugates, nanonets, and nanoparticle-based carriers which serve to enhance their antimicrobial efficacy and expand their therapeutic spectrum[78]. Defensins originating from animals, plants, and fungi have recently been reclassified into two major superfamilies based on their structural features and evolutionary lineage: cis-defensins (including C6- and C8-defensins) and trans-defensins (comprising big-defensins, β-defensins, α-defensins, and θ-defensins) [79]. Within the cis-defensin group, C6-defensins are broadly distributed across a diverse range of organisms such as fungi, arthropods, and vertebrates. In contrast, C8-defensins are less widespread and are primarily identified in plants, mollusks, and certain insect species [80]. While defensin genes are constitutively expressed during normal plant growth and development, the inducibility of certain defensin genes in response to pathogenic attack highlights their crucial role in plant defense mechanisms [81]. Moreover, the upregulation of defensin gene expression has also been observed under various abiotic stress conditions, such as salinity and low temperatures, indicating their broader involvement in plant stress responses [82].
5.6. Thionins
Thionins are small, cysteine-rich proteins derived from plants that exhibit potent antibacterial activity, particularly against gram-positive bacteria. It also showed potent activity against Clostridium perfringens[18]. Due to this targeted efficacy, they are considered potential therapeutic agents for conditions such as gangrene. Similarly, peptides like protegrins and indolicidin, which act by disrupting microbial membranes, have demonstrated effectiveness against a range of multidrug-resistant pathogens[83].
5.7. Plumbagin
Plumbagin, a naturally occurring 1,4-naphthoquinone, is recognized for its potent anticancer properties and a broad spectrum of applications in the health and pharmaceutical fields. Although its production is limited to a small number of plant species and families, it is predominantly found in the roots of species belonging to the Plumbaginaceae family [84]. While the biosynthetic pathway and the regulatory genes involved in plumbagin synthesis are not yet fully elucidated, ongoing research continues to shed light on these mechanisms [85]. Several genera, including Plumbago and Drosera, are commercially utilized in the pharmaceutical industry due to their plumbagin content. In addition to its anticancer potential, plumbagin demonstrates significant antimicrobial activity. For instance, root extracts of Plumbago zeylanica have shown inhibitory effects against Staphylococcus aureus [86], and alcoholic extracts have been found to suppress the growth of Shigella spp., Escherichia coli, Salmonella typhi, andStaphylococcus aureus. Moreover, plumbagin disrupts quorum sensing-mediated virulence and biofilm formation in gram-negative bacteria [87]. Notably, it has been reported to restore colistin sensitivity in resistant strains of Pseudomonas aeruginosa [88]. Plumbagin also exhibits antifungal and antibiofilm activity against Cryptococcus neoformans and enhances antimicrobial efficacy while reducing resistance development in Klebsiella pneumoniae [17].
[bookmark: _Hlk206511660]5.8. Shikonin (Naphthoquinone)
Shikonin is a natural product characterized by a methyl group on the quinone ring (1,4-naphthoquinone), which is among the important natural 1,4-naphthoquinone products[89].Shikonin exhibits a wide range of therapeutic effects, including antibacterial, antitumor, anti-inflammatory, and wound-healing activities [90]. A study by Li et al. demonstrated that the combination of shikonin with conventional antibiotics results in synergistic activity against methicillin-resistant Staphylococcus aureus (MRSA). This enhanced effect is thought to stem from shikonin’s ability to inhibit the expression of penicillin-binding protein 2a and disrupt bacterial membrane integrity [91].
5.9. Chrysin 
Chrysin is a naturally occurring flavonoid present in a wide range of plant species across several botanical families, including Geraniaceae (Pelargonium crispum), Passifloraceae (Passiflora incarnata), Bignoniaceae (Oroxylum indicum), Lamiaceae (Scutellaria spp.), Rubiaceae (Morindacitrifolia, Hedyotisdiffusa), Zingiberaceae (Alpinia oxyphylla), Annonaceae (Desmos cochinchinensis), Asteraceae (Centaurea omphalotricha), Fabaceae (Indigofera tinctoria), and Amaranthaceae (Achyranthes aspera). In addition to plants, chrysin can also be found in various vegetables, fruits, and mushrooms [75,92]. It is widely available on the market as a dietary supplement. Chrysin has been attributed with a broad spectrum of pharmacological effects, including anticancer, antidiabetic, antiasthmatic, hepatoprotective, neuroprotective, nephroprotective, and cardioprotective activities [93,94]. Furthermore, studies have demonstrated its antiviral, antibacterial, and antifungal properties [95,96]. These biological effects are believed to be largely mediated by its potent antioxidant and anti-inflammatory mechanisms [97].
5.10. Protocatechuic Acid (Phenolic acid)
Protocatechuic acid, a type of phenolic acid, has been shown to exert antimicrobial effects by directly disrupting the structural integrity of bacterial cell membranes and inhibiting the synthesis of bacterial enzymes and toxins involved in metabolism [98]. It has demonstrated inhibitory activity against several clinically significant pathogens, including Escherichia coli, Staphylococcus aureus, and Helicobacter pylori[99]. 
In contrast to conventional antibiotics, which primarily act on specific bacterial targets and are prone to resistance development, plant-based phytochemicals provide multifaceted mechanisms—such as membrane disruption, quorum sensing inhibition, and biofilm interference—positioning them as promising complementary or alternative strategies against multidrug-resistant pathogens (Figure 1).

7. Action Mechanisms of Plant Phytochemicals as a Strategy Against Drug-Resistant Pathogens
Antibiotics are natural or synthetic organic compounds that exhibit activity against microorganisms. Widely regarded as a protective shield for humans, they are commonly used to combat infections caused by bacteria and fungi[110,111]. However, the emergence of resistance among microbial populations has significantly undermined the efficacy of antibiotics, challenging the life-saving paradigm built around their use. Despite remarkable advances in modern science and medicine, growing concerns over multiple bacterial resistance mechanisms have eroded confidence in many frontline antibiotics (Figure 2). Key resistance strategies employed by microorganisms include antibiotic inactivation through enzymatic degradation, alterations in membrane permeability, modifications of drug targets, and the formation of biofilms, which serve as protective barriers and contribute to the persistent survival of resistant bacterial strains[112]. 

Given the increasing threat posed by antimicrobial resistance, there is an urgent need to explore alternative strategies for the prevention and treatment of infectious diseases. One promising avenue involves the use of medicinal plants, which offer bioactive compounds that may serve as either substitutes for or adjuncts to conventional antibiotics[113]. Traditional medical systems have long utilized plant species rich in secondary metabolites such as alkaloids, terpenoids, tannins, steroids, coumarins, and flavonoids [114], many of which exhibit antimicrobial activity without typically promoting resistance development [115].
The selection of plant materials for therapeutic exploration often considers their ecological interactions, under the assumption that the secondary metabolites synthesized in response to environmental pressures may also offer pharmacological benefits to humans. Drug discovery efforts involving plant-derived phytochemicals utilize several approaches, including random screening, ethnopharmacological knowledge, and computational methods. Random screening is typically guided by plant availability and the presence of bioactive-enriched fractions in extracts [116]. However, due to the limited throughput of pharmacological assays and the often-scarce quantities of test materials, whether crude extracts, fractions, or isolated compounds, the number of biological evaluations that can be performed is inherently constrained [117].
In silico techniques are increasingly employed to predict the molecular behavior of plant-derived compounds, particularly their interactions with biological targets such as proteins [118]. Among these, the Quantitative Structure-Activity Relationship (QSAR) model is commonly used to identify compounds with high specificity by correlating chemical structure with biological activity [119]. Molecular docking plays a crucial role in visualizing drug-protein interactions, helping to assess whether specific plant compounds may function as substrates for efflux pumps. Furthermore, docking studies assist in elucidating mechanisms of action and in predicting the optimal binding orientation and location of a ligand within a protein’s active site[120].




1. Biofilm Inhibition Properties of Plant-Derived Phytochemicals
Phytochemicals can interfere with different stages of biofilm development through multiple molecular mechanisms (Figure 3).Extensive research exploring alternative strategies to inhibit microbial biofilm formation has highlighted the effectiveness of plant-derived phytochemicals in limiting biofilm development by key pathogens such as Listeria monocytogenes[121], Staphylococcus aureus[122], Pseudomonas aeruginosa, Escherichia coli[123]and Klebsiella pneumoniae. At sub-inhibitory concentrations, phytochemicals contribute to antibiofilm activity by altering the transcription of genes essential for biofilm formation, thereby disrupting the regulatory pathways involved in microbial adhesion and maturation [124].
Terpenes such as carvacrol, eugenol, thymol, and various essential oils (EOs) have been reported to possess strong antibiofilm activity against a range of bacterial and fungal biofilms [125]. Given that quorum sensing plays a central role in regulating genes involved in the production of virulence factors [102], increasing attention has been directed toward plant-derived phytochemicals as anti-quorum sensing agents. These compounds interfere with microbial cell-to-cell communication, thereby reducing the expression of virulence-associated genes and ultimately attenuating pathogenicity.
In a study conducted by Bodini et al. (2009), both p-coumaric acid and garlic extracts were found to exhibit anti-quorum sensing activity, highlighting their potential in disrupting bacterial communication systems[126]. Another study, essential oils extracted from various plants including Origanum vulgare, Mentha piperita, and Hofmeisteria schaffneri demonstrated notable inhibitory effects against Staphylococcus aureus[127]. In another study, carvacrol was shown to impede biofilm formation by Staphylococcus aureus and Staphylococcus epidermidis, thereby exerting strong antibiofilm activity through the disruption of early biofilm development processes [128].
2.  Exploring Synergy Between Plant-Derived Compounds and Current Therapeutic Approaches

Nature is regarded as an inexhaustible source for the discovery and development of new drugs [129]. Medicinal plants are widely distributed across the globe and have become increasingly prominent in the treatment of various diseases in recent years. The therapeutic effects of these plants are primarily attributed to bioactive molecules found in their structures, which often constitute the core of the plant’s chemical composition. Historically, natural compounds have served as the structural basis for the prevention and treatment of numerous diseases since ancient times [130]. One significant reason for the growing interest in phytochemicals is the widespread perception that these compounds are less harmful compared to allopathic (modern synthetic) drugs. However, the use of phytochemicals as adjuvant therapies in combination with modern drugs remains insufficiently understood. Recent findings have revealed that such combinations may pose potential risks and should therefore be evaluated with caution. Nevertheless, plants continue to play a vital role as therapeutic agents and sources of sustenance across the world, just as they have throughout history. According to the World Health Organization, approximately 70% to 95% of the population in developing countries rely on plant-based traditional medicines as their primary healthcare resource[18].
Medicinal plants are frequently employed in individualized treatment approaches, and their collection and processing constitute a significant source of income for certain communities [131]. The use of medicinal plants has seen a notable increase globally, particularly following the COVID-19 pandemic that emerged in 2019[132] . The global trade volume in this field reached 138 billion USD in 2019, with an annual average growth rate of 2.4% in volume and 9.2% in value [133]. While China and India have traditionally dominated the medicinal plant market, growing global demand has led to the expansion of the sector into other countries [134].
Plant-drug interactions are generally categorized into three main types: synergistic, additive, and antagonistic effects. In synergistic interactions, the combined use of plant constituents and pharmaceutical drugs yields a greater effect than the sum of their individual effects. This can enhance therapeutic efficacy or achieve similar results with lower doses [135]. Additive effects occur when the combined effect equals the sum of the independent effects, typically providing clinical benefits without additional risks. In antagonistic interactions, a plant compound may diminish or negate the drug’s effect, potentially compromising therapeutic outcomes and posing clinical risks [136]. Identifying the specific compounds responsible for a given biological effect in plant extracts presents a major challenge [137]. In fact, the overall biological activity of these extracts is often the result of multiple compounds interacting synergistically, additively, or antagonistically [138]. Without fully understanding these interactions, the direct use of bioactive substances as drugs is scientifically and ethically questionable. In many cases, medicinal plant extracts demonstrate stronger effects when used in their entirety rather than as isolated individual compounds [139]. Therefore, data on single compounds may be insufficient to predict the overall effect of a mixture. This potent effect may stem from synergy, enhanced bioavailability, cumulative action, or additive roles; however, further research is needed to clarify these distinctions. Understanding how plant-derived compounds interact with pharmaceutical drugs is crucial, as these interactions may enhance pharmacotherapeutic outcomes or, in some cases, produce adverse effects. Natural compounds in plants that influence human physiology are what confer therapeutic potential. When patients use herbal products alongside prescription medications, a clear understanding of these interactions enables healthcare providers to manage treatment more effectively and avoid undesirable side effects. For this reason, the careful analysis of synergy in plant extracts and its validation through clinical studies is of paramount importance. However, the specific bioactive compounds responsible for these effects and the biological mechanisms through which they act remain largely unidentified [4].
In recent years, newly developed methods have allowed for the detailed investigation of the synergistic or antagonistic effects of these compounds and their underlying mechanisms. Nonetheless, isolating, purifying, and concentrating individual compounds is not always the most appropriate approach; in fact, in some cases, this method may yield ineffective or even adverse results. Currently, approximately one-third of the most widely sold drugs are derived from natural compounds or their derivatives [140]. One of the most striking examples is Alexander Fleming’s discovery of penicillin, the first antibiotic, from the fungus Penicillium notatum. Fleming observed a clear zone of lysis around the mold-contaminated area of a culture plate, where Staphylococcus bacteria had been destroyed, providing the first evidence of penicillin’s antibacterial effect. Antibiotics have played a crucial role not only in combating infections but also among chemotherapeutic agents in cancer treatment.
Cancer remains one of the most serious threats to human health today [141]. According to data from the International Agency for Research on Cancer (IARC), by the year 2040, an estimated 30.2 million new cancer cases and 16.3 million cancer-related deaths are expected to occur annually worldwide. These projections pose a serious challenge to achieving Sustainable Development Goal 3 (SDG3), which aims to ensure healthy lives and promote well-being for all at all ages. Cancer is characterized by the uncontrolled proliferation and growth of cells, leading to malignant tumors [142]. The metastasis of these abnormal cells to other parts of the body can result in multi-organ failure and, ultimately, death [143]. Cancer development is a complex process shaped by genetic predispositions and various environmental factors such as radiation, chemicals, and viruses [144]. Surprisingly, more than half of all prescription anticancer drugs are derived from plant-based natural products. However, the complex chemical structures of natural products present significant challenges for developing effective anticancer drugs. For instance, out of approximately 35,000 plant species screened by the National Cancer Institute (NCI) for in vitro and in vivo biological activity, only two compounds paclitaxel and camptothecin were deemed suitable for drug development [145].
This underscores the complexity involved in identifying natural compounds with anticancer potential. To discover effective anticancer agents, interdisciplinary approaches have been employed to select target plants, isolate bioactive compounds, and elucidate their molecular mechanisms of action. To date, numerous phytochemicals have been confirmed to exhibit anticancer properties. Notable examples include tanshinones, vinblastine, paclitaxel, podophyllotoxin, camptothecin, curcumin, and cannabinoids, all of which have significantly contributed to advances in cancer therapy.
In conclusion, anticancer phytochemicals have become an increasingly prominent area of interest in biology, pharmacology, and medicine, leading to a substantial accumulation of scientific evidence. The strategic combination of plant-derived bioactive compounds with pharmaceutical drugs offers a promising approach for developing more effective and safer treatment options. However, for this potential to be translated into clinical practice, practical solutions grounded in impartial standards and scientific evidence are required. Progress in this field depends on establishing reliable systems for assessing plant-drug interactions, designing internationally valid outcome evaluation protocols, and identifying the key factors that influence treatment responses. Achieving these objectives will enable plant-based bioactive compounds to become a transformative component of personalized medicine in modern healthcare.
3. Future advantages and disadvantages in plant-based phytochemicals research
Phytochemicals combat drug-resistant pathogenic bacteria by utilizing nature's vast biochemical diversity. Thanks to their active compounds, they produce important phytochemicals for the development of new treatment strategies beyond traditional antibiotics. Plant-based phytochemicals are part of this solution[146]. They combat drug-resistant pathogenic bacteria by utilizing nature's vast biochemical diversity[147].
From quercetin, carvacrol, eugenol, defensins, thionins, plumbagin, malacidin, chrysin and shikonin compounds are effective against numerous important pathogenic bacteria. These phytochemicals, derived from plants and natural sources, possess important mechanisms such as disrupting and damaging microbial membranes, inhibiting biofilm formation, and manipulating host immune responses. Additionally, their multi-targeted structures make them less prone to resistance development and unique candidates for combating AMR [6].
Phytochemicals are of interest as chemo-preventive and therapeutic agents. Compounds isolated from medicinal plants can be used as standalone drugs or as lead molecules for new drug development, highlighting their importance in drug discovery (Wang et al., 2022). They also contribute to immune regulation by modulating oxidative stress and inflammatory responses [148].
The potential of phytochemical compounds in the prevention and treatment of various diseases is being actively researched [149]. However, fundamental questions regarding the extent to which phytochemicals are absorbed in the body (bioavailability), their therapeutic efficacy, and their safety (whether consumed through diet or as supplements) remain unanswered. As a result, while phytochemical research offers numerous advantages, it also presents certain limitations.
Despite their promising potential as supportive and therapeutic agents in the treatment of various diseases, some phytochemicals may interact with traditional medications, leading to undesirable pharmacological outcomes. Although they are used as lead compounds in drug discovery and guide pharmaceutical research, robust clinical data clearly demonstrating their effects on living organisms are limited. Although their potential is supported by historical use and preliminary studies, significant challenges remain in terms of clinical validation, bioavailability, and the safe integration of these compounds into treatment protocols.
4. Challenges in advancing plant-based therapeutic solutions
The use of plant-derived materials in the treatment of human diseases dates to ancient times. Organic compounds obtained from natural sources have historically been used in the treatment of various ailments and continue to be widely utilized for therapeutic purposes today. These compounds are regarded not only in their natural forms but also as lead molecules in the development of synthetic or semi-synthetic derivatives to enhance their drug-likeness and pharmacological efficacy [150].
Although research on antimicrobial resistance using plant-based phytochemicals has increased recently, many challenges remain. Variations in the yield and profile of bioactive compounds due to differences in plant cultivation conditions, harvesting, and extraction techniques are some of these challenges[151]. At the same time, these challenges also have a negative impact on the reproducibility and efficacy of phytochemicals. Additionally, some phytochemicals degrade rapidly in physiological environments due to their low bioavailability properties[152]. For these reasons, advanced formulation techniques and chemical modifications are required[153].
Another significant challenge pertains to the necessity of conducting long-term preclinical and clinical studies. In such cases, the duration of the studies is often extended due to their substantial expense and the considerable time they require.It is believed that these challenges can be overcome by bringing together multidisciplinary research groups (e.g., pharmacology, microbiology, biotechnology). Once ethical and sustainability concerns surrounding phytochemicals are addressed, their use against antimicrobial resistance will facilitate the discovery of new antibiotics.
9. Conclusion
Antimicrobial resistance (AMR) is one of the most pressing global health issues. Factors such as the misuse of antibiotics in medicine and agriculture, inadequate management policies, and the persistence of bacteria in biofilms have accelerated the spread of resistant pathogens. The situation in countries such as Türkiye and Tunisia highlights the urgent need for stronger surveillance systems, prudent antibiotic use, and One Health approaches that integrate human, animal, and environmental health perspectives.
Phytochemicals, owing to their structural diversity and multi-targeted mechanisms of action, represent a promising alternative or complementary strategy to conventional antibiotics. Considering the limitations of current antibiotics and the lack of newly developed classes, plant-derived phytochemicals have emerged as potential candidates in combating antimicrobial resistance (AMR) and biofilm-associated infections. Compounds such as quercetin, chrysin, eugenol, carvacrol, plumbagin, shikonin, defensins, thionins, malacidin, and protocatechuic acid, exhibit diverse antimicrobial activities, including disruption of microbial membranes, inhibition of biofilm formation, and synergistic interactions with conventional antibiotics. Their structural diversity, relative safety, and multifunctional properties make them attractive and promising options in antimicrobial therapy.
Despite these benefits, several challenges remain. Variability in the yield of plant-derived compounds, limited bioavailability, and insufficient clinical validation must be addressed to enable the full integration of phytochemicals into modern medical practice. Furthermore, careful assessment of potential antagonistic plant–drug interactions is essential to ensure patient safety. Advances in in silico modeling, molecular docking, and high-throughput screening are expected to accelerate the discovery and characterization of bioactive plant compounds, while interdisciplinary collaboration will play a critical role in overcoming research and clinical limitations.
Future efforts to address the AMR crisis should focus on comprehensive strategies that combine phytochemicals, conventional antibiotics, and modern drug delivery technologies to enhance therapeutic outcomes. Advancing clinical research, establishing supportive regulatory frameworks, and fostering interdisciplinary cooperation will be essential for the successful integration of phytochemical-based treatments into routine medical practice.
In conclusion, phytochemicals hold great promise in combating drug-resistant pathogens as well as other complex diseases, including cancer. However, realizing this potential requires a balanced approach that integrates traditional knowledge with modern pharmacological research, ensures sustainable sourcing, and is guided by rigorous scientific validation. 


















References
1. Naghavi M, Vollset SE, Ikuta KS, Swetschinski LR, Gray AP, Wool EE, et al. Global burden of bacterial antimicrobial resistance 1990–2021: a systematic analysis with forecasts to 2050. Lancet. 2024;404:1199–226. doi:10.1016/S0140-6736(24)01867-1.
2. Hutchings M, Truman A, Wilkinson B. Antibiotics: past, present and future. Curr Opin Microbiol. 2019;51:72–80. doi:10.1016/j.mib.2019.10.008.
3. Fleming A. On the antibacterial action of cultures of a Penicillium, with special reference to their use in the isolation of B. influenzae. Br J Exp Pathol. 1929;10:226–36.
4. Holmes AH, Moore LSP, Sundsfjord A, Steinbakk M, Regmi S, Karkey A, et al. Understanding the mechanisms and drivers of antimicrobial resistance. Lancet. 2016;387:176–87. doi:10.1016/S0140-6736(15)00473-0.
5. Chopra I, O’Neill AJ, Miller K. The role of mutators in the emergence of antibiotic-resistant bacteria. Drug Resist Updat. 2003;6:137–45. doi:10.1016/S1368-7646(03)00041-4.
6. Ventola CL. The antibiotic resistance crisis: part 1: causes and threats. P T. 2015;40:277–83.
7. Tang KL, Caffrey NP, Nóbrega DB, Cork SC, Ronksley PE, Barkema HW, et al. Restriction in the use of antibiotics in food animals and antibiotic resistance in food animals and humans: a systematic review and meta-analysis. PLoS One. 2017;10:e0139536.
8. Van Boeckel TP, Brower C, Gilbert M, Grenfell BT, Levin SA, Robinson TP, et al. Global trends in antimicrobial use in food animals. Proc Natl Acad Sci U S A. 2015;112:5649–54. doi:10.1073/pnas.1503141112.
9. Collignon P, Beggs JJ, Walsh TR, Gandra S, Laxminarayan R. Anthropological and socioeconomic factors contributing to global antimicrobial resistance: a univariate and multivariable analysis. Lancet Planet Health. 2018;2:e398–405. doi:10.1016/S2542-5196(18)30186-4.
10. Laxminarayan R, Duse A, Wattal C, Zaidi AKM, Wertheim HFL, Sumpradit N, et al. Antibiotic resistance: the need for global solutions. Lancet Infect Dis. 2013;13:1057–98. doi:10.1016/S1473-3099(13)70318-9.
11. Partridge SR, Kwong SM, Firth N, Jensen SO. Mobile genetic elements associated with antimicrobial resistance. Clin Microbiol Rev. 2018;31:e00088–17. doi:10.1128/CMR.00088-17.
12. Aminov RI. A brief history of the antibiotic era: lessons learned and challenges for the future. Front Microbiol. 2010;1:134. doi:10.3389/fmicb.2010.00134.
13. Davies J. Origins and evolution of antibiotic resistance. Microbiol Rev. 1996;60:561–74.
14. World Health Organization. Antimicrobial resistance [Internet]. Geneva: WHO; c2025 [cited 2025 Aug 20]. Available from: https://www.who.int/news-room/fact-sheets/detail/antimicrobial-resistance.
15. Theuretzbacher U, Outterson K, Engel A, Karlén A. The global preclinical antibacterial pipeline. Nat Rev Microbiol. 2019;18:275–85. doi:10.1038/s41579-019-0288-0.
16. Chokshi A, Sifri Z, Cennimo D, Horng H. Global contributors to antibiotic resistance. J Glob Infect Dis. 2019;11:36–42. doi:10.4103/jgid.jgid_110_18.
17. Liu H, Chen H, Ma Z, Zhang Y, Zhang S, Zhao D, et al. Plumbagin enhances antimicrobial and anti-biofilm capacities of chlorhexidine against clinical Klebsiella pneumoniae while reducing resistance mutations. Microbiol Spectr. 2024;12:e00896–24. doi:10.1128/spectrum.00896-24.
18. Shanmugam Y, Chokkalingam D, Gopinath G Raj, Moses A Christopher, Thanikachalam PV, Ms P, et al. Plant-based phytochemicals as antibiotic alternatives for gangrene: a sustainable approach to infection management. Sustainable Chem Clim Action. 2025;6:100089. doi:10.1016/j.scca.2025.100089.
19. Hall CW, Mah TF. Molecular mechanisms of biofilm-based antibiotic resistance and tolerance in pathogenic bacteria. FEMS Microbiol Rev. 2017;41:276–301. doi:10.1093/femsre/fux010.
20. Flemming HC, Wingender J, Szewzyk U, Steinberg P, Rice SA, Kjelleberg S. Biofilms: an emergent form of bacterial life. Nat Rev Microbiol. 2016;14:563–75. doi:10.1038/nrmicro.2016.94.
21. Nag S, Singh N, Kumaria S. Phytochemicals as antibacterial agents: current status and future perspective. In: Alternatives to antibiotics: recent trends and future prospects. Singapore: Springer; 2022. p. 35–55. doi:10.1007/978-981-19-1854-4_2.
22. Jamal M, Ahmad W, Andleeb S, Jalil F, Imran M, Nawaz MA, et al. Bacterial biofilm and associated infections. J Chin Med Assoc. 2018;81:7–11. doi:10.1016/j.jcma.2017.07.012.
23. Renwick MJ, Brogan DM, Mossialos E. A systematic review and critical assessment of incentive strategies for discovery and development of novel antibiotics. J Antibiot (Tokyo). 2016;69:73–88. doi:10.1038/ja.2015.98.
24. Newman DJ, Cragg GM. Natural products as sources of new drugs over the nearly four decades from 01/1981 to 09/2019. J Nat Prod. 2020;83:770–803. doi:10.1021/acs.jnatprod.9b01285.
25. Cowan MM. Plant products as antimicrobial agents. Clin Microbiol Rev. 1999;12:564–82. doi:10.1128/CMR.12.4.564.
26. Torumkuney D, Aktas Z, Unal S, Van Hasselt J, Seyhun Y, Keles N. Country data on AMR in Türkiye in the context of community-acquired respiratory tract infections: links between antibiotic susceptibility, local and international antibiotic prescribing guidelines, access to medicine and clinical outcome. J Antimicrob Chemother. 2022;77:i51–60. doi:10.1093/jac/dkac217.
27. Şencan İ, Karabay O, Altay FA, Süzük Yildiz S, Şimşek H, Gözükara MG, et al. Multidrug resistance in pathogens of community-acquired urinary tract infections in Turkey: a multicentre prospective observational study. Turk J Med Sci. 2023;53:780–90. doi:10.55730/1300-0144.5641.
28. Singh B, Bhat A, Ravi K. Antibiotics misuse and antimicrobial resistance development in agriculture: a global challenge. Environ Health. 2024;2:618–22. doi:10.1021/envhealth.4c00094.
29. Isler B, Keske S, Aksoy M, Azap K, Yilmaz M, Yavuz S, et al. Antibiotic overconsumption and resistance in Turkey. Clin Microbiol Infect. 2019;25:651–3. doi:10.1016/j.cmi.2019.02.024.
30. Cinislioğlu AE, Cinislioğlu N, Öztürk MI, Akkaş F, Aksakalli T, Atilla MK, et al. Multicentric screening of local antibiotic resistance in uncomplicated urinary system infections: 1850 patients from 37 centers. Mikrobiyol Bul. 2024;58:366–79. doi:10.5578/mb.20249658.
31. Ayaş M, Gürol Y. Antibiotic resistance of Helicobacter pylori in Turkey: a systematic review and meta-analysis. Microb Drug Resist. 2023;29:96–103. doi:10.1089/mdr.2022.0146.
32. Sarikaya B, Çetinkaya RA, Özyiğitoğlu D, Işik SA, Kaplan M, Kirkik D, et al. High antibiotic resistance rates in Helicobacter pylori strains in Turkey over 20 years: implications for gastric disease treatment. Eur J Gastroenterol Hepatol. 2024;36:545–53. doi:10.1097/MEG.0000000000002733.
33. Kilbas I, Ciftci IH. Antimicrobial resistance of Enterococcus isolates in Turkey: a meta-analysis of current studies. J Glob Antimicrob Resist. 2018;12:26–30. doi:10.1016/j.jgar.2017.08.012.
34. Ukuhor HO. The interrelationships between antimicrobial resistance, COVID-19, past, and future pandemics. J Infect Public Health. 2021;14:53–60. doi:10.1016/j.jiph.2020.10.018.
35. Yılmaz N, Altınkanat Gelmez G, Söyledir G, İlki Z, Topkaya A, İstanbullu Tosun A, et al. Change in antimicrobial resistance during the COVID-19 pandemic in Türkiye. Mikrobiyol Bul. 2023;57:507–34. doi:10.5578/mb.20239943.
36. Makale A, Aydingöz SE, Lux KM. Türkiye’de antibiyotik tüketim miktarının ve birinci basamak sağlık hizmetlerinde antibiyotik reçetelemenin OECD ülkeleri ile karşılaştırmalı olarak değerlendirilmesi. Sağlık Bilim Derg. 2021;30:56–62. doi:10.34108/eujhs.808230.
37. Sallem N, Ben Mansour N, Amri H, Boudaoura M, Gargouri O, Mahjoubi F, et al. Extended-spectrum beta-lactamase- and carbapenemase-producing Escherichia coli isolates causing hospital- and community-acquired infections in Tunisia (2001–2019): expansion of CTX-M-15-C2 and CTX-M-27-C1 ST131 subclades. Microbiol Spectr. 2024;12:e01471–24. doi:10.1128/spectrum.01471-24.
38. Kasbi Y, Sellami F, Ferjani A, Abbassi A, Boutiba Ben Boubaker I. Pharmaco-epidemiological study and correlation between antibiotic resistance and antibiotic consumption in a Tunisian teaching hospital from 2010 to 2022. Antibiotics (Basel). 2025;14:135. doi:10.3390/antibiotics14020135.
39. Ben Hassena A, Belmabrouk S, Ben Amor MG, Zormati S, Guermazi-Toumi S, Siala-Trigui M, et al. Study of virulence genes, antimicrobial resistance, and genetic relatedness of foodborne Salmonella isolates from Tunisia. J Food Prot. 2022;85:1779–89. doi:10.4315/JFP-22-167.
40. Kanzari L, Ferjani S, Mnif B, Mahjoubi F, Zribi M, Meftah K, et al. Historical overview of the evolution of multidrug-resistant Gram-negative infections in Tunisia from 1999 to 2019. Antibiotics (Basel). 2025;14:657. doi:10.3390/antibiotics14070657.
41. Kanzari L, Ferjani S, Meftah K, Zribi M, Mezghani S, Ferjani A, et al. Bacterial pathogens and antibiotic resistance in bloodstream infections in Tunisia: a 13-year trend analysis. Trop Med Infect Dis. 2025;10:164. doi:10.3390/tropicalmed10060164.
42. Rhim H, Ben Trad R, Haddad O, Kadri Y, Mastouri M. Comparative study of multidrug-resistant bacterial infections in hospital and community settings in the region of Monastir, Tunisia. Tunis Med. 2022;100:390–7.
43. Ben Hassena A, Guermazi-Toumi S, Gdoura-Ben Amor M, Saidani M, Tlili S, Khannous L, et al. Detection of AmpC- and ESBL-producing Enterobacterales isolated from urinary tract infections in Tunisia. Acta Microbiol Immunol Hung. 2022;69:46–55. doi:10.1556/030.2022.01630.
44. Messaoudi A, Mansour W, Jaidane N, Chaouch C, Boujaâfar N, Bouallègue O. Epidemiology of resistance and phenotypic characterization of carbapenem resistance mechanisms in Klebsiella pneumoniae isolates at Sahloul University Hospital-Sousse, Tunisia. Afr Health Sci. 2019;19:2008–20. doi:10.4314/ahs.v19i2.24.
45. Dziri O, Dziri R, El Salabi AA, Chouchani C. Carbapenemase-producing Gram-negative bacteria in Tunisia: history of thirteen years of challenge. Infect Drug Resist. 2020;13:4177–91. doi:10.2147/IDR.S259562.
46. Miniaoui D, Dziri O, Ben Lamine Y, El Salabi AA, Omar EO, Slimene K, et al. Prevalence of carbapenemases among Gram-negative bacteria in Tunisia: first report of KPC-2-producing Acinetobacter baumannii. J Infect Dev Ctries. 2023;17:1591–7. doi:10.3855/jidc.17978.
47. Jaidane N, Mansour W, Ben Lamine Y, Azaiez S, Oueslati S, Berriri A, et al. Colistin- and carbapenem-resistant Klebsiella pneumoniae isolates from Tunisia: a decade of rising resistance (2012–2023). 2025. doi:10.34894/VQ1DJA.
48. Yengui M, Trabelsi R, Gdoura R, Hamieh A, Zerrouki H, Rolain JM, et al. Antibiotic resistance profiles of Gram-negative bacteria in southern Tunisia: focus on ESBL, carbapenem and colistin resistance. Infect Genet Evol. 2025;133:105787. doi:10.1016/j.meegid.2025.105787.
49. Di Francesco A, Salvatore D, Sakhria S, Bertelloni F, Catelli E, Ben Yahia S, et al. Colistin resistance genes in broiler chickens in Tunisia. Animals (Basel). 2023;13:1409. doi:10.3390/ani13081409.
50. Osisiogu EU, Mahmoud FC, Bin Waqas F, Singh B, Feglo PK, Duedu KO. Environmental mediation of colistin resistance in the African context: a systematic scoping review. J Glob Antimicrob Resist. 2025;41:39–43. doi:10.1016/j.jgar.2024.12.002.
51. Kasbi Y, Sellami F, Ferjani A, Abbassi A, Boutiba Ben Boubaker I. Pharmaco-epidemiological study and correlation between antibiotic resistance and antibiotic consumption in a Tunisian teaching hospital from 2010 to 2022. Antibiotics (Basel). 2025;14:135. doi:10.3390/antibiotics14020135.
52. Abbassi MS, Kilani H, Abid I, Sáenz Y, Hynds P, Lengliz S, et al. Genetic background of antimicrobial resistance in multi-antimicrobial-resistant Escherichia coli isolates from feces of healthy broiler chickens in Tunisia. Biomed Res Int. 2021;2021:1269849. doi:10.1155/2021/1269849.
53. Trifi A, Sellaouti S, Mehdi A, Messaoud L, Seghir E, Tlili B, et al. Healthcare-associated infections in critical COVID-19 patients in Tunis: epidemiology, risk factors, and outcomes. Acute Crit Care. 2023;38:425–35. doi:10.4266/acc.2023.00773.
54. Cosgrove SE. The relationship between antimicrobial resistance and patient outcomes: mortality, length of hospital stay, and health care costs. Clin Infect Dis. 2006;42:S82–9. doi:10.1086/499406.
55. Long DR, Cifu A, Salipante SJ, Sawyer RG, MacHutta K, Alverdy JC. Preventing surgical site infections in the era of escalating antibiotic resistance and antibiotic stewardship. JAMA Surg. 2024;159:949–56. doi:10.1001/jamasurg.2024.0429.
56. Ntim OK, Awere-Duodu A, Osman AH, Donkor ES. Antimicrobial resistance of bacterial pathogens isolated from cancer patients: a systematic review and meta-analysis. BMC Infect Dis. 2025;25:10481. doi:10.1186/s12879-025-10481-w.
57. Sun W, Shahrajabian MH. Therapeutic potential of phenolic compounds in medicinal plants: natural health products for human health. Molecules. 2023;28:1845. doi:10.3390/molecules28041845.
58. Geszke-Moritz M, Nowak G, Moritz M. Pharmacological properties and safe use of 12 medicinal plant species and their bioactive compounds affecting the immune system. Appl Sci (Basel). 2023;13:6477. doi:10.3390/app13116477.
59. De M, De AK, Banerjee AB. Antimicrobial screening of some Indian spices. Phytother Res. 1999;13:616–8. doi:10.1002/(SICI)1099-1573(199911)13:7<616::AID-PTR475>3.0.CO;2-V.
60. Ghosh S, Solanki R, Bhatia D, Sankaranarayanan S. Nanomaterials for delivery of medicinal plant extracts and phytochemicals: potential applications and future perspectives. Plant Nano Biol. 2025;12:100161. doi:10.1016/j.plana.2025.100161.
61. Simões M, Bennett RN, Rosa EAS. Understanding antimicrobial activities of phytochemicals against multidrug resistant bacteria and biofilms. Nat Prod Rep. 2009;26:746–57. doi:10.1039/b821648g.
62. Checker R, Sharma D, Sandur SK, Subrahmanyam G, Krishnan S, Poduval TB, et al. Plumbagin inhibits proliferative and inflammatory responses of T cells independent of ROS generation but by modulating intracellular thiols. J Cell Biochem. 2010;110:1082–93. doi:10.1002/jcb.22620.
63. Sakunrangsit N, Kalpongnukul N, Pisitkun T, Ketchart W. Plumbagin enhances tamoxifen sensitivity and inhibits tumor invasion in endocrine-resistant breast cancer through EMT regulation. Phytother Res. 2016;30:1968–77. doi:10.1002/ptr.5702.
64. Kishor PBK, Pullaiah T, Rao AR, Romano A, Rathnagiri P, Suprasanna P. Plants to pharmacy: recapitulation of natural compounds transmuting human health. In: Biotechnological production of bioactive phytochemicals of medicinal value: a comprehensive treatise. Amsterdam: Elsevier; 2024. p. 1–16. doi:10.1016/B978-0-443-21818-7.00014-9.
65. Catalano A, Iacopetta D, Ceramella J, Scumaci D, Giuzio F, Saturnino C, et al. Multidrug resistance (MDR): a widespread phenomenon in pharmacological therapies. Molecules. 2022;27:616. doi:10.3390/molecules27030616.
66. Hosseini A, Razavi BM, Banach M, Hosseinzadeh H. Quercetin and metabolic syndrome: a review. Phytother Res. 2021;35:5352–64. doi:10.1002/ptr.7144.
67. Li Y, Yao J, Han C, Yang J, Chaudhry MT, Wang S, et al. Quercetin, inflammation and immunity. Nutrients. 2016;8:167. doi:10.3390/nu8030167.
68. Andres S, Pevny S, Ziegenhagen R, Bakhiya N, Schäfer B, Hirsch-Ernst KI, et al. Safety aspects of the use of quercetin as a dietary supplement. Mol Nutr Food Res. 2018;62:1700447. doi:10.1002/mnfr.201700447.
69. Luo X, Bao X, Weng X, Bai X, Feng Y, Huang J, et al. The protective effect of quercetin on macrophage pyroptosis via TLR2/MyD88/NF-κB and ROS/AMPK pathway. Life Sci. 2022;291:120064. doi:10.1016/j.lfs.2021.120064.
70. Han X, Xu T, Fang Q, Zhang H, Yue L, Hu G, et al. Quercetin hinders microglial activation to alleviate neurotoxicity via the interplay between NLRP3 inflammasome and mitophagy. Redox Biol. 2021;44:102010. doi:10.1016/j.redox.2021.102010.
71. Sharifimehr S, Soltanizadeh N, Goli SAH. Physicochemical properties of fried shrimp coated with bio-nano-coating containing eugenol and Aloe vera. LWT. 2019;109:33–9. doi:10.1016/j.lwt.2019.03.084.
72. Teng Y, Murtaza A, Iqbal A, Fu J, Ali SW, Iqbal MA, et al. Eugenol emulsions affect the browning processes, and microbial and chemical qualities of fresh-cut Chinese water chestnut. Food Biosci. 2020;38:100716. doi:10.1016/j.fbio.2020.100716.
73. Chen X, Ren L, Li M, Qian J, Fan J, Du B. Effects of clove essential oil and eugenol on quality and browning control of fresh-cut lettuce. Food Chem. 2017;214:432–9. doi:10.1016/j.foodchem.2016.07.101.
74. Aminzare M, Soltan Ahmadi S, Azar HH, Nikfarjam N, Roohinejad S, Greiner R, et al. Characteristics, antimicrobial capacity, and antioxidant potential of electrospun zein/polyvinyl alcohol nanofibers containing thymoquinone and electrosprayed resveratrol nanoparticles. Food Sci Nutr. 2024;12:1023–34. doi:10.1002/fsn3.3816.
75. Gao S, Siddiqui N, Etim I, Du T, Zhang Y, Liang D. Developing nutritional component chrysin as a therapeutic agent: bioavailability and pharmacokinetics consideration, and ADME mechanisms. Biomed Pharmacother. 2021;142:112080. doi:10.1016/j.biopha.2021.112080.
76. Ali-Arab H, Bahadori F, Mirza M, Badi HN, Kalate-Jari S. Variability in essential oil composition and phenolic acid profile of Thymus daenensis Celak. populations from Iran. Ind Crops Prod. 2022;178:114345. doi:10.1016/j.indcrop.2021.114345.
77. Li JY, Lin SX, Zhang Q, Li L, Hu WW, He H Bin. Phenolic acids and terpenoids in the soils of different weed-suppressive circles of allelopathic rice. Arch Agron Soil Sci. 2020;66:266–78. doi:10.1080/03650340.2019.1610560.
78. Lei Y, He D, Zhao X, Miao L, Cao Z. Structure, function, and therapeutic potential of defensins from marine animals. Fish Shellfish Immunol. 2025;163:110365. doi:10.1016/j.fsi.2025.110365.
79. Shafee TMA, Lay FT, Hulett MD, Anderson MA. The defensins consist of two independent, convergent protein superfamilies. Mol Biol Evol. 2016;33:2345–56. doi:10.1093/molbev/msw106.
80. Shafee T, Anderson MA. A quantitative map of protein sequence space for the cis-defensin superfamily. Bioinformatics. 2019;35:743–52. doi:10.1093/bioinformatics/bty697.
81. Carvalho A de O, Gomes VM. Plant defensins: prospects for their biological functions and biotechnological properties. Peptides. 2009;30:1007–20. doi:10.1016/j.peptides.2009.01.018.
82. Shirsat H, Datt M, Kale A, Mishra M. Plant defense peptides: exploring the structure–function correlation for potential applications in drug design and therapeutics. ACS Omega. 2025;10:7583–96. doi:10.1021/acsomega.4c11339.
83. Terreni M, Taccani M, Pregnolato M. New antibiotics for multidrug-resistant bacterial strains: latest research developments and future perspectives. Molecules. 2021;26:2671. doi:10.3390/molecules26092671.
84. Kavi Kishor PB, Thaddi BN, Guddimalli R, Nikam TD, Sambasiva Rao KRS, Mukhopadhyay R, et al. Occurrence, uses, biosynthetic pathway, and biotechnological production of plumbagin, a potent antitumor naphthoquinone. Molecules. 2025;30:1618. doi:10.3390/molecules30071618.
85. Bapat VA, Kavi Kishor PB, Jalaja N, Jain SM, Penna S. Plant cell cultures: biofactories for the production of bioactive compounds. Agronomy. 2023;13:858. doi:10.3390/agronomy13030858.
86. Aqil F, Ahmad I, Owais M. Evaluation of anti-methicillin-resistant Staphylococcus aureus (MRSA) activity and synergy of some bioactive plant extracts. Biotechnol J. 2006;1:1093–102. doi:10.1002/biot.200600130.
87. Qais FA, Khan MS, Ahmad I, Husain FM, Al-Kheraif AA, Arshad M, et al. Plumbagin inhibits quorum sensing-regulated virulence and biofilms of Gram-negative bacteria: in vitro and in silico investigations. Biofouling. 2021;37:724–39. doi:10.1080/08927014.2021.1955250.
88. Wang Y, Kong J, Zhang X, Liu Y, Huang Z, Yuan L, et al. Plumbagin resurrects colistin susceptibility against colistin-resistant Pseudomonas aeruginosa in vitro and in vivo. Front Microbiol. 2022;13:1020652. doi:10.3389/fmicb.2022.1020652.
89. Shikov AN, Pozharitskaya ON, Krishtopina AS, Makarov VG. Naphthoquinone pigments from sea urchins: chemistry and pharmacology. Phytochem Rev. 2018;17:509–34. doi:10.1007/s11101-018-9547-3.
90. Auber RP, Suttiyut T, McCoy RM, Ghaste M, Crook JW, Pendleton AL, et al. Hybrid de novo genome assembly of red gromwell (Lithospermum erythrorhizon) reveals evolutionary insights into shikonin biosynthesis. Hortic Res. 2020;7:82. doi:10.1038/s41438-020-0301-9.
91. Li QQ, Chae HS, Kang OH, Kwon DY. Synergistic antibacterial activity with conventional antibiotics and mechanism of action of shikonin against methicillin-resistant Staphylococcus aureus. Int J Mol Sci. 2022;23:7551. doi:10.3390/ijms23147551.
92. Wojnar W, Zych M, Borymski S, Kaczmarczyk-Sedlak I. Chrysin reduces oxidative stress but does not affect polyol pathway in the lenses of type 1 diabetic rats. Antioxidants (Basel). 2020;9:160. doi:10.3390/antiox9020160.
93. Talebi M, Talebi M, Farkhondeh T, Simal-Gandara J, Kopustinskiene DM, Bernatoniene J, et al. Emerging cellular and molecular mechanisms underlying anticancer indications of chrysin. Cancer Cell Int. 2021;21:310. doi:10.1186/s12935-021-01906-y.
94. Moghadam ER, Ang HL, Asnaf SE, Zabolian A, Saleki H, Yavari M, et al. Broad-spectrum preclinical antitumor activity of chrysin: current trends and future perspectives. Biomolecules. 2020;10:1374. doi:10.3390/biom10101374.
95. Liu Y, Song X, Li C, Hu H, Li W, Wang L, et al. Chrysin ameliorates influenza virus infection in the upper airways by repressing virus-induced cell cycle arrest and mitochondria-dependent apoptosis. Front Immunol. 2022;13:872958. doi:10.3389/fimmu.2022.872958.
96. Oggero J, Gasser FB, Zacarías SM, Burns P, Baravalle ME, Renna MS, et al. PEGylation of chrysin improves its water solubility while preserving the in vitro biological activity. J Agric Food Chem. 2023;71:19817–31. doi:10.1021/acs.jafc.3c06357.
97. Shoieb SM, Esmat A, Khalifa AE, Abdel-Naim AB. Chrysin attenuates testosterone-induced benign prostate hyperplasia in rats. Food Chem Toxicol. 2018;111:650–9. doi:10.1016/j.fct.2017.12.017.
98. Zhao Y, He Z, Hao W, Zhu H, Liu J, Ma KY, et al. Cholesterol-lowering activity of protocatechuic acid is mediated by increasing the excretion of bile acids and modulating gut microbiota and producing short-chain fatty acids. Food Funct. 2021;12:11557–67. doi:10.1039/d1fo02906a.
99. Jalali O, Best M, Wong A, Schaeffer B, Bauer B, Johnson L. Protocatechuic acid as a topical antimicrobial for surgical skin antisepsis: preclinical investigations. JBJS Open Access. 2020;5:e1900079. doi:10.2106/JBJS.OA.19.00079.
100. Lam YC, Crawford JM. Discovering antibiotics from the global microbiome. Nat Microbiol. 2018;3:392–3. doi:10.1038/s41564-018-0135-5.
101. Zhang Z, Cao M, Shang Z, Xu J, Chen X, Zhu Z, et al. Research progress on the antibacterial activity of natural flavonoids. Antibiotics (Basel). 2025;14:334. doi:10.3390/antibiotics14040334.
102. Wang J, Qiu J, Dong J, Li H, Luo M, Dai X, et al. Chrysin protects mice from Staphylococcus aureus pneumonia. J Appl Microbiol. 2011;111:1551–8. doi:10.1111/j.1365-2672.2011.05170.x.
103. Naz S, Imran M, Rauf A, Orhan IE, Shariati MA, Iahtisham-Ul-Haq, et al. Chrysin: pharmacological and therapeutic properties. Life Sci. 2019;235:116797. doi:10.1016/j.lfs.2019.116797.
104. Khalil AA, Rahman UU, Khan MR, Sahar A, Mehmood T, Khan M. Essential oil eugenol: sources, extraction techniques and nutraceutical perspectives. RSC Adv. 2017;7:32669–81. doi:10.1039/C7RA04803C.
105. Nisar MF, Khadim M, Rafiq M, Chen J, Yang Y, Wan CC. Pharmacological properties and health benefits of eugenol: a comprehensive review. Oxid Med Cell Longev. 2021;2021:2497354. doi:10.1155/2021/2497354.
106. Jiang S, Zhang J, Yang Q, Sun D, Pu X, Shen H, et al. Antimicrobial activity of natural plant compound carvacrol against soft rot disease agent Dickeya zeae. Curr Microbiol. 2021;78:3453–63. doi:10.1007/s00284-021-02609-3.
107. Khan I, Bahuguna A, Shukla S, Aziz F, Chauhan AK, Ansari MB, et al. Antimicrobial potential of the food-grade additive carvacrol against uropathogenic Escherichia coli based on membrane depolarization, reactive oxygen species generation, and molecular docking analysis. Microb Pathog. 2020;142:104046. doi:10.1016/j.micpath.2020.104046.
108. Ismail M, Srivastava V, Marimani M, Ahmad A. Carvacrol modulates the expression and activity of antioxidant enzymes in Candida auris. Res Microbiol. 2022;173:103916. doi:10.1016/j.resmic.2021.103916.
109. Lam YC, Crawford JM. Discovering antibiotics from the global microbiome. Nat Microbiol. 2018;3:392–3. doi:10.1038/s41564-018-0135-5.
110. Al-Sheikh HM, Sultan I, Kumar V, Rather IA, Al-Sheikh H, Jan AT, et al. Plant-based phytochemicals as possible alternative to antibiotics in combating bacterial drug resistance. Antibiotics (Basel). 2020;9:480. doi:10.3390/antibiotics9080480.
111. Dunphy LJ, Yen P, Papin JA. Integrated experimental and computational analyses reveal differential metabolic functionality in antibiotic-resistant Pseudomonas aeruginosa. Cell Syst. 2019;8:3–14.e3. doi:10.1016/j.cels.2018.12.002.
112. Lister PD, Wolter DJ, Hanson ND. Antibacterial-resistant Pseudomonas aeruginosa: clinical impact and complex regulation of chromosomally encoded resistance mechanisms. Clin Microbiol Rev. 2009;22:582–610. doi:10.1128/CMR.00040-09.
113. Pang Z, Raudonis R, Glick BR, Lin TJ, Cheng Z. Antibiotic resistance in Pseudomonas aeruginosa: mechanisms and alternative therapeutic strategies. Biotechnol Adv. 2019;37:177–92. doi:10.1016/j.biotechadv.2018.11.013.
114. Yother J. Capsules of Streptococcus pneumoniae and other bacteria: paradigms for polysaccharide biosynthesis and regulation. Annu Rev Microbiol. 2011;65:563–81. doi:10.1146/annurev.micro.62.081307.162944.
115. Lewis K, Ausubel FM. Prospects for plant-derived antibacterials. Nat Biotechnol. 2006;24:1504–7. doi:10.1038/nbt1206-1504.
116. Gyllenhaal C, Kadushin MR, Southavong B, Sydara K, Bouamanivong S, Xaiveu M, et al. Ethnobotanical approach versus random approach in the search for new bioactive compounds: support of a hypothesis. Pharm Biol. 2012;50:30–41. doi:10.3109/13880209.2011.634424.
117. Fakhrudin N, Waltenberger B, Cabaravdic M, Atanasov AG, Malainer C, Schachner D, et al. Identification of plumericin as a potent new inhibitor of the NF-κB pathway with anti-inflammatory activity in vitro and in vivo. Br J Pharmacol. 2014;171:1676–86. doi:10.1111/bph.12558.
118. Siriwatanametanon N, Heinrich M. The Thai medicinal plant Gynura pseudochina var. hispida: chemical composition and in vitro NF-κB inhibitory activity. Nat Prod Commun. 2011;6:627–30. doi:10.1177/1934578X1100600512.
119. Ahamad S, Rahman S, Khan FI, Dwivedi N, Ali S, Kim J, et al. QSAR-based therapeutic management of Mycobacterium tuberculosis. Arch Pharm Res. 2017;40:676–94. doi:10.1007/s12272-017-0914-1.
120. Waszkowycz B, Clark DE, Gancia E. Outstanding challenges in protein–ligand docking and structure-based virtual screening. Wiley Interdiscip Rev Comput Mol Sci. 2011;1:229–59. doi:10.1002/wcms.18.
121. Upadhyay A, Upadhyaya I, Kollanoor-Johny A, Venkitanarayanan K. Antibiofilm effect of plant-derived antimicrobials on Listeria monocytogenes. Food Microbiol. 2013;36:79–89. doi:10.1016/j.fm.2013.04.010.
122. Al-Bakri AG, Othman G, Afifi FU. Determination of the antibiofilm, antiadhesive, and anti-MRSA activities of seven Salvia species. Pharmacogn Mag. 2010;6:264–70. doi:10.4103/0973-1296.71786.
123. Grudniak AM, Kurek A, Szarlak J, Wolska KI. Oleanolic and ursolic acids affect the expression of the cysteine regulon and the stress response in Escherichia coli. Curr Microbiol. 2011;62:1331–6. doi:10.1007/s00284-010-9866-0.
124. Yim G, McClure J, Surette MG, Davies JE. Modulation of Salmonella gene expression by subinhibitory concentrations of quinolones. J Antibiot (Tokyo). 2011;64:73–8. doi:10.1038/ja.2010.137.
125. Khan MSA, Ahmad I. Biofilm inhibition by Cymbopogon citratus and Syzygium aromaticum essential oils in strains of Candida albicans. J Ethnopharmacol. 2012;140:416–23. doi:10.1016/j.jep.2012.01.045.
126. Bodini SF, Manfredini S, Epp M, Valentini S, Santori F. Quorum sensing inhibition activity of garlic extract and p-coumaric acid. Lett Appl Microbiol. 2009;49:551–5. doi:10.1111/j.1472-765X.2009.02704.x.
127. Nostro A, Marino A, Blanco AR, Cellini L, Di Giulio M, Pizzimenti F, et al. In vitro activity of carvacrol against staphylococcal preformed biofilm by liquid and vapour contact. J Med Microbiol. 2009;58:791–7. doi:10.1099/jmm.0.009274-0.
128. Qiu J, Feng H, Lu J, Xiang H, Wang D, Dong J, et al. Eugenol reduces the expression of virulence-related exoproteins in Staphylococcus aureus. Appl Environ Microbiol. 2010;76:5846–51. doi:10.1128/AEM.00704-10.
129. Veeresham C. Natural products derived from plants as a source of drugs. J Adv Pharm Technol Res. 2012;3:200–1. doi:10.4103/2231-4040.104709.
130. Yuan H, Ma Q, Ye L, Piao G. The traditional medicine and modern medicine from natural products. Molecules. 2016;21:559. doi:10.3390/molecules21050559.
131. Islar M, Balvanera P, Kelemen E, Pascual U, Subramanian SM, Nakangu B, et al. Methodological assessment report on the diverse values and valuation of nature of the Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services: chapter 6: policy options and capacity development to operationalize the inclusion of diverse values of nature in decision-making. 2022. doi:10.5281/zenodo.6522359.
132. Ndwandwe D, Wiysonge CS. COVID-19 vaccines. Curr Opin Immunol. 2021;71:111–6. doi:10.1016/j.coi.2021.07.003.
133. Vasisht K, Sharma N, Karan M. Current perspective in the international trade of medicinal plants material: an update. Curr Pharm Des. 2016;22:4288–336. doi:10.2174/1381612822666160607070736.
134. Caporale F, Mateo-Martín J, Usman MF, Smith-Hall C. Plant-based sustainable development: the expansion and anatomy of the medicinal plant secondary processing sector in Nepal. Sustainability. 2020;12:5575. doi:10.3390/su12145575.
135. Chaachouay N, Douira A, Zidane L. Herbal medicine used in the treatment of human diseases in the Rif, northern Morocco. Arab J Sci Eng. 2022;47:131–53. doi:10.1007/s13369-021-05501-1.
136. D’Alessandro C, Benedetti A, Di Paolo A, Giannese D, Cupisti A. Interactions between food and drugs, and nutritional status in renal patients: a narrative review. Nutrients. 2022;14:212. doi:10.3390/nu14010212.
137. Enke CG, Nagels LJ. Undetected components in natural mixtures: how many? what concentrations? do they account for chemical noise? what is needed to detect them? Anal Chem. 2011;83:2539–46. doi:10.1021/ac102818a.
138. Junio HA, Sy-Cordero AA, Ettefagh KA, Burns JT, Micko KT, Graf TN, et al. Synergy-directed fractionation of botanical medicines: a case study with goldenseal (Hydrastis canadensis). J Nat Prod. 2011;74:1621–9. doi:10.1021/np200336g.
139. Abreu AC, McBain AJ, Simões M. Plants as sources of new antimicrobials and resistance-modifying agents. Nat Prod Rep. 2012;29:1007–21. doi:10.1039/c2np20035j.
140. Calixto JB. The role of natural products in modern drug discovery. An Acad Bras Cienc. 2019;91:e20190105. doi:10.1590/0001-3765201920190105.
141. Bray F, Laversanne M, Weiderpass E, Soerjomataram I. The ever-increasing importance of cancer as a leading cause of premature death worldwide. Cancer. 2021;127:3029–30. doi:10.1002/cncr.33587.
142. Valent P, Bonnet D, De Maria R, Lapidot T, Copland M, Melo JV, et al. Cancer stem cell definitions and terminology: the devil is in the details. Nat Rev Cancer. 2012;12:767–75. doi:10.1038/nrc3368.
143. Fernald K, Kurokawa M. Evading apoptosis in cancer. Trends Cell Biol. 2013;23:620–33. doi:10.1016/j.tcb.2013.07.006.
144. Narayanan DL, Saladi RN, Fox JL. Ultraviolet radiation and skin cancer. Int J Dermatol. 2010;49:978–86. doi:10.1111/j.1365-4632.2010.04474.x.
145. Khan I, Bahuguna A, Shukla S, Aziz F, Chauhan AK, Ansari MB, et al. Antimicrobial potential of the food-grade additive carvacrol against uropathogenic Escherichia coli based on membrane depolarization, reactive oxygen species generation, and molecular docking analysis. Microb Pathog. 2020;142:104046. doi:10.1016/j.micpath.2020.104046.
146. Muteeb G, Rehman MT, Shahwan M, Aatif M. Origin of antibiotics and antibiotic resistance, and their impacts on drug development: a narrative review. Pharmaceuticals (Basel). 2023;16:1615. doi:10.3390/ph16111615.
147. Fair RJ, Tor Y. Antibiotics and bacterial resistance in the 21st century. Perspect Medicin Chem. 2014;6:25–64. doi:10.4137/PMC.S14459.
148. Sahoo DK, Heilmann RM, Paital B, Patel A, Yadav VK, Wong D, et al. Oxidative stress, hormones, and effects of natural antioxidants on intestinal inflammation in inflammatory bowel disease. Front Endocrinol (Lausanne). 2023;14:1217165. doi:10.3389/fendo.2023.1217165.
149. Perez-Vizcaino F, Fraga CG. Research trends in flavonoids and health. Arch Biochem Biophys. 2018;646:107–12. doi:10.1016/j.abb.2018.03.022.
150. Koehn FE, Carter GT. The evolving role of natural products in drug discovery. Nat Rev Drug Discov. 2005;4:206–20. doi:10.1038/nrd1657.
151. Haider Z, Ali T, Ullah A, Basit A, Tahir H, Tariq H, et al. Isolation, toxinotyping and antimicrobial susceptibility testing of Clostridium perfringens isolated from Pakistan poultry. Anaerobe. 2022;73:102499. doi:10.1016/j.anaerobe.2021.102499.
152. De Fazio R, Oppedisano F, Caioni G, Tilocca B, Piras C, Britti D. Plants with antimicrobial activity against Escherichia coli: a meta-analysis for green veterinary pharmacology applications. Microorganisms. 2024;12:1784. doi:10.3390/microorganisms12091784.
153. García-Vela S, Ben Said L, Soltani S, Guerbaa R, Fernández-Fernández R, Ben Yahia H, et al. Targeting enterococci with antimicrobial activity against Clostridium perfringens from poultry. Antibiotics (Basel). 2023;12:231. doi:10.3390/antibiotics12020231.

2


	
Table 1. Features of Plant-Based Phytochemicals
	Phytochemical 
	Malicidin
	Chrysin
	Quercetin
	Eugenol
	Carvacrol
	Defensins
	Thionins
	Plumbagin
	Shikonin
	Protocatechuic Acid

	Natural source
	Alkaloids from Cinchona officinalis
	Passion flowers (P. caerulea L.)
	A flavonoid belonging to the polyphenol class
	Eugenia aromatica, Cinnamomum zeylanicum and Ocimum basilicum
	Origanum vulgare, Citrus aurantium, Nigella sativa, Satureja hortensis
	Phaseolus vulgaris, Hordeum vulgare
	Brassicaspp. andbarley (Hordeumvulgare).
	Plumbago zeylanica (Plumbaginaceae)
	Lithospermumerythrorhizon,Onosmadichroantha
	Natural phenolic compound found in blackberries, black currants, cauliflower, and lentils

	Antimicrobial activity
	Effect against gram-positive pathogen (Clostridium perfringens)
	Inhibition of α-hemolysin expression effect of S. aureus.
	Damages cell membranes and increases their permeability, inhibiting biofilm formation.
	Inhibiting the growth of pathogenic bacteria such as E. coli, Staphylococcus, Proteus, Klebsiella, Enterobacter, H. pylori.
	Strong antimicrobial (E. coli, Klebsiella sp., Pseudomonas sp.) and antifungal effect (Candida sp.)
	Xanthomonas phaseoli, Pseudomonas solanacearum, Erwinia amylovora, Corynebacterium sp.
	protein synthesis disrupts bacterial membrane.
	Strong antimicrobial (S. aureus, E. coli, K. pneumonia, P. aeruginosa)and antifungal effect(C. albicans)
	K. pneumoniae and E. coli
	Methicillin-Resistant Staphylococcus Aureus, S. aureus, Aspergillussp.,

	Reported side effects
	Low toxicity
	With high doses toxic
	High dose toxicity
	Contact allergen, cytotoxic at high doses
	Generally safe compound
	Some AMPs low toxicity and low stability
	Selective toxicity, low resistance risk.
	Low toxicity
	Dose-dependent toxicity
	Low toxicity
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Figure 1. Schematic representation of plant-based phytochemical antimicrobial mechanisms
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Figure 2. Major action mechanisms of bacterial antimicrobial resistance (AMR)
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Figure 3. Proposed mechanisms of Phytochemicals involved in biofilm inhibition
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