


Overview of Phytochemicals as Novel Antibiotics: Challenges and Opportunities


Abstract
The increasing prevalence of antibiotic-resistant bacteria has become a significant public health concern, posing a substantial threat to global health. The increasing prevalence of antibiotic-resistant bacteria has become a significant public health concern.  The study aims to overview of Phytochemicals as novel antibiotics with their challenges and opportunities. Phytochemicals derived from plants have emerged as a promising source of new antibiotics. These bioactive compounds have been used for centuries in traditional medicine to treat various ailments, including infections. This article reviews the potential of phytochemicals as antimicrobial agents, their mechanisms of action, and their potential applications in medicine.  Phytochemicals exhibit antimicrobial activity through various mechanisms, including disruption of the cell membrane, inhibition of enzyme activity, interference with DNA replication, and modulation of resistance. These natural plant compounds have been shown to exhibit antimicrobial activity against a wide range of microorganisms, including bacteria, viruses, and fungi.  Regulatory frameworks for phytochemicals are often less well-established than those for traditional antibiotics, which can create challenges for their development and use. By understanding the mechanisms of action of phytochemicals and addressing the challenges and limitations of their use, we can harness their potential to develop effective treatments for infections and improve human health. Phytochemicals offer a promising source of novel antimicrobial agents, providing a potential solution to the growing threat of antibiotic resistance. One of the key benefits of phytochemicals is their ability to be combined with antibiotics, enhancing their effectiveness and reducing resistance development. Studies have shown that phytochemicals can synergise with antibiotics, increasing their potency and broadening their spectrum of activity. With further research and development, phytochemicals could become a valuable addition to the arsenal of antimicrobial agents available to healthcare professionals.
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Introduction
Antibiotics were discovered at a time when severe bacterial infections were only treated with surgical drainage or spontaneous cure, due to which they were also referred to as  "wonder drugs. Medications which are used to treat and prevent bacterial infections are termed antibiotics.    On the other hand, antibiotic resistance results from a change in bacteria in response to antibiotic use. It causes the evolution of bacteria to a form in which they cease to react to drugs, making the infection severe and causing death (Haque et al., 2023). The increasing prevalence of antibiotic-resistant bacteria has become a significant public health concern, posing a substantial threat to global health. According to the World Health Organisation (WHO) and other health experts, antimicrobial resistance (AMR) is one of the most pressing global public health threats of the 21st century (Levy et al., 2001; Frean et al., 2012; O'Neill, 2016; CDC, 2020; WHO, 2020). The rapid evolution of microorganisms, such as bacteria, fungi, parasites, and viruses, has led to the development of resistance to antimicrobial medications like antibiotics, rendering them ineffective against infections. The consequences of AMR are far-reaching and devastating. As antibiotic-resistant bacteria spread, they can cause increased morbidity, mortality, and economic burden. The WHO has also highlighted the need for immediate action to combat AMR, emphasising the importance of developing novel antimicrobial agents. Antimicrobial resistance (AMR) has now emerged as a chronic public health problem globally, with the forecast of 10 million deaths per year globally by 2050. AMR occurs when viruses, bacteria, fungi and parasites do not respond to antimicrobial treatments in humans and animals, thus allowing the survival of the microorganism within the host (Tang et al., 2023; Okeke et al., 2024). Antimicrobial resistance (AMR) claimed approximately 1.27 million lives worldwide in 2019, primarily due to infections resistant to multiple antibiotics, while the Centres for Disease Control and Prevention (CDC) estimates that AMR costs the United States healthcare system over $20 billion annually (CDC, 2020). If this trend continues, annual deaths from untreatable infections could surge to 10 million by 2050. Western sub-Saharan Africa was disproportionately affected in 2019, with about 27.3 deaths per 100,000 people directly attributed to AMR and 114.8 deaths per 100,000 linked to AMR-related complications (O'Neill, 2015; Murray et al., 2022). Nigeria's AMR crisis stems from extensive antibiotic misuse across healthcare, veterinary medicine, food production, and environmental sectors (Olorunleke et al, 2022). Addressing AMR in low- and middle-income countries like Nigeria is complicated by limited surveillance data and inadequate access to advanced medical care and diagnostic tools ( Alabi et al., 2025). A One Health approach, integrating human, animal, and environmental health sectors, is crucial for tackling AMR effectively (Ahlaji et al., 2021). AMR-related deaths in Nigeria are estimated to be over 65,000 deaths annually, with a 7% reduction in the country's GDP and 11% decrease in livestock productivity (Alabi et al., 2025).  In response to the growing threat of AMR, researchers have turned to alternative sources, including plants, to discover new antimicrobial compounds. Phytochemicals derived from plants have been used for centuries in traditional medicine to treat various ailments, including infections (Mitra et al., 2021; Ogunmola et al., 2024). These compounds have been shown to exhibit antimicrobial properties, making them a promising source of new antibiotics. Phytochemicals can be classified into several categories, including alkaloids, glycosides, flavonoids, and terpenoids, each with unique antimicrobial mechanisms.
Phytochemicals with Antimicrobial Activity
Several types of phytochemicals have been shown to exhibit antimicrobial activity, including: alkaloids, flavonoids, terpenes, phenols and tannins.
Alkaloids 
Alkaloids are a class of plant compounds containing nitrogen; examples include berberine and quinine (Rios and Recio, 2005, Cernakova and Kostalova,2002). These compounds have shown antimicrobial activity, inhibiting the growth of various bacteria (Ogunmola, 2024; Ogunmola et al., 2024). Alkaloids work by disrupting bacterial cell membranes, interfering with DNA replication, or inhibiting essential enzymes (Khameneh et al., 2021). Berberine, found in plants like goldenseal, and quinine, from the cinchona tree, are well-known alkaloids with antimicrobial properties. Their potential applications include treating infections and developing new antibiotics (Wendakoon and Sakaguchi, 1995). Research continues to explore their effectiveness and potential uses in medicine, particularly against antibiotic-resistant bacteria. Their natural origin makes them promising candidates. 
 Flavonoids 
Flavonoids are plant compounds with antioxidant and antimicrobial properties ( Cushnie and Lamb, 2005; Kumar and Pandey, 2013; Ogunmola, 2024). Examples include quercetin and kaempferol. These compounds help protect plants from stress and pathogens and offer health benefits to humans (Havsteen, 2002). Flavonoids exhibit antimicrobial activity by disrupting bacterial cell membranes, inhibiting enzymes, and interfering with DNA replication. Quercetin, found in fruits and vegetables, and kaempferol, found in tea and leafy greens, are well-studied flavonoids with potential applications in medicine (Lee et al., 2010). Recent studies have confirmed the potential of flavonoids as antimicrobial agents, with applications in food preservation and medicine (Shamsudin et al., 2022). Their antioxidant properties also help reduce oxidative stress and inflammation, making them promising candidates for treating various diseases and promoting overall health. They are abundant in plant-based diets.
Terpenes 
Terpenes are plant compounds with diverse structures and functions. They exhibit antimicrobial activity against various bacteria, making them promising candidates for treating infections (Mahizan et al., 2019). Terpenes work by disrupting bacterial cell membranes, ultimately leading to cell death. Examples include limonene, found in citrus fruits, and beta-caryophyllene, found in cloves and hops. These compounds have potential applications in medicine, including developing new antimicrobial agents (Moo et al., 2020). Terpenes' natural origin and antimicrobial properties make them attractive alternatives to traditional antibiotics. Research continues to explore their effectiveness and potential uses in combating antibiotic-resistant bacteria and promoting human health ( Zengin and Baysal, 2014; Vergis et al., 2015). Terpenes have also been shown to have synergistic effects with conventional antibiotics, enhancing their effectiveness against antibiotic-resistant bacteria (Mahizan et al., 2019)
Phenols
Phenols are plant compounds with antimicrobial properties, effective against various bacteria (Cowan, 1999). They disrupt bacterial cell membranes, ultimately leading to cell death (Sikkema et al., 1995). Examples include phenolic acids, found in fruits and vegetables, and thymol, found in thyme. Phenols have potential applications in medicine, including developing new antimicrobial agents. Their natural origin and antimicrobial properties make them attractive alternatives to traditional antibiotics. Research explores their effectiveness against antibiotic-resistant bacteria and their potential uses in promoting human health. Phenols' diversity and abundance in plant-based foods offer many possibilities for harnessing their antimicrobial benefits in various applications (Bouarab-Chibane et al., 2019). Phenolic compounds have also been shown to have synergistic effects with conventional antibiotics, enhancing their effectiveness against antibiotic-resistant bacteria (Luzala et al., 2022)

Tannins 
Tannins are plant compounds with antimicrobial properties, effective against various bacteria (Scalbert, 1991). They bind to proteins and membranes, disrupting bacterial cell function (Cappiello et al., 2020). Examples include tannic acid, found in tea and oak bark, and ellagitannins, found in berries and pomegranates. Tannins have potential applications in medicine, including treating infections and promoting wound healing (Akiyama et al., 2001). They have also been shown to have potential as anti-biofilm agents, inhibiting the formation of biofilms and reducing the virulence of bacteria (Luzala et al., 2022). Their astringent properties also contribute to their antimicrobial effects. Research explores their effectiveness against antibiotic-resistant bacteria and potential uses in developing new antimicrobial agents. Tannins' natural origin and diverse structures offer many possibilities for harnessing their antimicrobial benefits in various applications, including food preservation (Buzzini et al., 2008).
Mechanisms of Action of phytochemicals
Phytochemicals exhibit antimicrobial activity through various mechanisms, including: disruption of cell membrane, inhibition of enzyme activity, Interference with DNA replication and modulation of resistance. Phytochemicals disrupt bacterial cell membranes by altering lipid bilayer structure and function, causing leakage of cellular contents, ultimately leading to cell lysis and death (Sikkema et al.,1995; Bouarab-Chibane et al., 2019; Khatri et al., 2016). This mechanism underlies the antimicrobial activity of various phytochemicals, including phenols, terpenes, and flavonoids, making them potential alternatives to traditional antibiotics. Phytochemicals can also inhibit bacterial enzymes like DNA gyrase and topoisomerase, disrupting DNA replication and transcription. Flavonoids and phenolic acids also inhibit enzymes involved in cell wall synthesis and protein production (Cushnie and Lamb, 2005). This enzyme inhibition underlies the antimicrobial activity of phytochemicals, ultimately leading to bacterial growth inhibition or death. (Bouarab-Chibane et al. (2019).
Moreover, phytochemicals can bind to DNA, inhibiting replication and transcription, ultimately preventing bacterial growth and proliferation (Angane et al., 2022). Flavonoids and phenolic acids interact with DNA gyrase and topoisomerase, disrupting DNA replication (Xiao et al., 2020). This interference underlies the antimicrobial activity of phytochemicals.
Lastly, phytochemicals can modulate bacterial resistance mechanisms, increasing susceptibility to antibiotics. Flavonoids and phenolic acids inhibit efflux pumps, reducing antibiotic efflux (Shamsudin et al., 2022). This modulation enhances antibiotic effectiveness, combating antibiotic-resistant bacteria and offering potential combination therapies.
Harnessing Phytochemicals for Medicinal Applications
Phytochemicals, derived from plants, have been recognised for their potential applications in medicine, particularly in the treatment and prevention of infections (Cowan, 1999). These bioactive compounds have shown promise in various areas, including the treatment of infections, prevention of infections, and development of new antibiotics. Phytochemicals have demonstrated efficacy in treating infections caused by antibiotic-resistant bacteria, making them potential alternatives to conventional antibiotics (Savoia, 2012). Their antimicrobial properties allow them to target a range of microorganisms, including bacteria, viruses, and fungi. By leveraging the unique mechanisms of action of phytochemicals, researchers can develop novel treatments for infections that are increasingly resistant to traditional antibiotics.
Phytochemicals can also be used as preventive measures to reduce the risk of infections (Cowan, 1999). Their antioxidant activities help prevent oxidative stress, which can lead to infections (Ogunmola et al.,  2023; Ogunmola, 2024; Ogunmola et al., 2025). Moreover, phytochemicals can serve as lead compounds for the development of new antibiotics (Cordell, 2008). By harnessing their potential, researchers can develop novel antimicrobial agents to combat antibiotic-resistant bacteria. The potential benefits of phytochemicals in medicine are vast, and further research is needed to fully explore their applications. With the growing threat of antibiotic resistance, phytochemicals offer a promising avenue for the development of new and effective treatments for infections. By exploring the potential of phytochemicals, researchers can unlock new opportunities for the prevention and treatment of infections, ultimately improving human health and well-being.
Synergy of Phytochemicals with Conventional Antibiotics
The synergistic activity of phytochemicals and conventional antibiotics has gained significant attention in recent years, offering a promising approach for the development of more effective and sustainable treatments for infections. By combining phytochemicals with antibiotics, researchers have found that the efficacy of antibiotics can be enhanced, and the development of antibiotic resistance can be reduced (Hemaiswarya et al., 2008). Phytochemicals can interact with antibiotics in various ways, including enhancing antibiotic activity, broadening the spectrum of activity, and inhibiting resistance mechanisms (Cowan, 1999). For example, studies have shown that the combination of certain phytochemicals with antibiotics can enhance the antibacterial activity of antibiotics against antibiotic-resistant bacteria (Savoia, 2012). By leveraging the unique properties of phytochemicals, researchers can create novel therapies that improve the efficacy of antibiotics and reduce the risk of resistance development. Further research is needed to fully explore the potential of this approach and to develop effective treatments for infections.
Harnessing Phytochemicals for Medicinal Applications: Challenges and Limitations
Phytochemicals, derived from plants, have been recognised for their potential applications in medicine, particularly in the treatment and prevention of infections (Cowan, 1999). However, several challenges and limitations hinder their use as antimicrobial agents. One of the primary challenges in developing phytochemicals as antimicrobial agents is standardising extracts due to variations in plant material and extraction methods (Liang et al., 2018). This variability can affect the efficacy and consistency of phytochemical-based treatments, making it essential to establish robust quality control measures.
Some phytochemicals may exhibit toxicity to humans or animals, limiting their potential use as antimicrobial agents (Jäger et al., 2017). For instance, certain phytochemicals have been shown to cause adverse effects at high concentrations. This highlights the need for thorough toxicity assessments and safety evaluations.
The regulatory frameworks for phytochemicals are often less well-established than those for traditional antibiotics, creating challenges for their development and use (Chauhan et al., 2018). This disparity can lead to inconsistencies in quality control, efficacy, and safety assessments, underscoring the need for more comprehensive regulatory guidelines.


Conclusion
Phytochemicals offer a promising source of novel antimicrobial agents, providing a potential solution to the growing threat of antibiotic resistance. These naturally occurring compounds, found in plants, have been used for centuries in traditional medicine and have shown significant potential in combating infections. Further research is needed to fully explore their potential and develop effective treatments for infections. One of the key benefits of phytochemicals is their ability to be combined with antibiotics, enhancing their effectiveness and reducing resistance development. Studies have shown that phytochemicals can synergise with antibiotics, increasing their potency and broadening their spectrum of activity (Hemaiswarya et al., 2008). This approach may lead to the development of more effective and sustainable treatments for infections.
The potential of phytochemicals as antimicrobial agents is vast, with various studies demonstrating their efficacy against a range of microorganisms. Phytochemicals have been shown to exhibit antimicrobial activity through multiple mechanisms, including disrupting cell membranes, inhibiting DNA replication, and interfering with protein synthesis. This multi-targeted approach can make it more difficult for microorganisms to develop resistance. Moreover, phytochemicals have been found to have a lower likelihood of inducing resistance compared to traditional antibiotics. This is due to their complex structures and multiple mechanisms of action, which can make it more challenging for microorganisms to adapt and develop resistance. The development of phytochemical-based antimicrobial agents could provide a much-needed solution to the growing threat of antibiotic resistance. With further research and development, phytochemicals could become a valuable addition to the arsenal of antimicrobial agents available to healthcare professionals.
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