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Introduction 
Antimicrobial resistance (AMR) has emerged as one of the most 
significant global public health challenges of the twenty-first 
century, substantially compromising the effectiveness of 
antimicrobial therapies and threatening the successful 

management of infectious diseases worldwide. According to the 
World Health Organization (WHO), AMR occurs when 
microorganisms such as bacteria, fungi, viruses, and parasites 
develop the ability to survive exposure to antimicrobial agents that 
were previously effective against them. The widespread and often 
inappropriate use of antibiotics in human medicine, veterinary 
practice, and agriculture has accelerated the emergence and 
dissemination of resistant microbial strains, resulting in increased 
morbidity, mortality, prolonged hospitalization, and escalating 
healthcare costs. Consequently, multidrug-resistant (MDR) 
pathogens have become a major threat to public health, 
necessitating the urgent development of innovative therapeutic 
approaches (1). 

Review Article

Synergistic Polyherbal–Antibiotic Combinations: Emerging Trends, Mechanisms, 
and Therapeutic Implications in Antimicrobial Research
Neelakshi Sharma1, Bipul Nath1*, Payal Dasgupta1, Chayanika Talukdar1, Manas Jyoti Kapil2, Amaryllis Langbang3

1. Department of Pharmacy, Royal School of Pharmacy, The Assam Royal Global University, Betkuchi, Guwahati-781035, Kamrup, 
Assam, India. 

2. Institute of Pharmacy, Assam Don Bosco University, Tapesia Gardens, Sonapur-782402, Kamrup, Assam, India. 
3. Department of Biosciences, School of Life Science, Assam Don Bosco University, Tapesia Gardens, Sonapur-782402, Kamrup, 

Assam, India.

Received: 07-11-2025 Accepted: 19-06-2026 Published: 30-09-2026

Abstract Access this article 
online

Antimicrobial resistance (AMR) has become a pressing global health concern, threatening the efficacy of 
existing antibiotic therapies and complicating infection management. The indiscriminate and prolonged use of 
antimicrobial agents has accelerated the emergence of multidrug-resistant (MDR) pathogens such as 
Staphylococcus aureus, Pseudomonas aeruginosa, Escherichia coli, and Klebsiella pneumoniae. These 
organisms employ complex resistance mechanisms including enzymatic degradation, efflux pump activation, 
target modification, and biofilm formation that render conventional antibiotics increasingly ineffective. With a 
stagnating pipeline for novel antibiotic discovery, alternative strategies are urgently required to restore 
antimicrobial potency and ensure therapeutic sustainability. Polyherbal formulations, integral to traditional 
medical systems like Ayurveda, Siddha, and Traditional Chinese Medicine, have recently gained scientific 
prominence as complementary interventions in antimicrobial therapy. Enriched with structurally diverse 
phytoconstituents such as alkaloids, flavonoids, terpenoids, and phenolics, these formulations exhibit multi-
targeted actions including membrane disruption, inhibition of virulence determinants, modulation of quorum 
sensing, and enhancement of antibiotic penetration. When combined with conventional antibiotics, polyherbal 
formulations often demonstrate synergistic effects that amplify antibacterial efficacy, reduce effective antibiotic 
dosages, and mitigate the emergence of resistance. Accumulating in vitro and in vivo evidence supports the 
potential of these combinations in addressing therapeutic failures linked to MDR infections. Nevertheless, 
critical challenges persist concerning phytochemical standardization, mechanistic elucidation, toxicological 
profiling, and regulatory harmonization. Future research integrating nanotechnology, green synthesis 
approaches, and targeted delivery systems could further enhance the bioavailability, stability, and site-specific 
activity of polyherbal–antibiotic combinations. In summary, the synergistic integration of polyherbal 
formulations with antibiotics represents a promising and sustainable paradigm in antimicrobial research bridging 
traditional phytotherapy with contemporary pharmacological innovation to counter the escalating threat of AMR.
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Among the most clinically relevant MDR pathogens are 
Staphylococcus aureus, Pseudomonas aeruginosa, Escherichia 
coli, and Klebsiella pneumoniae, which have developed 
sophisticated mechanisms to evade the action of antimicrobial 
agents. These mechanisms include enzymatic degradation of 
antibiotics, modification of drug targets, activation of efflux 
pumps, reduced membrane permeability, and biofilm formation. 
Biofilms represent a particularly challenging mode of microbial 
survival, as they protect microorganisms from host immune 
responses and significantly reduce antibiotic penetration, thereby 
contributing to persistent and recurrent infections. The increasing 
prevalence of such resistant pathogens has rendered many 
conventional antibiotics less effective and has highlighted the 
limitations of current antimicrobial therapies (2). 

Despite remarkable advances in pharmaceutical sciences, the 
discovery and development of novel antibiotics have not kept pace 
with the rapid evolution of microbial resistance. The antibiotic 
development pipeline remains limited due to high research and 
development costs, lengthy regulatory approval processes, and 
diminishing commercial incentives. As a result, there is growing 
interest in identifying alternative or adjunctive therapeutic 
strategies capable of enhancing the efficacy of existing antibiotics 
while minimizing the emergence and spread of resistance. 

Natural products have historically served as a rich source of 
therapeutic agents and continue to offer immense potential for 
antimicrobial drug discovery. Medicinal plants contain a diverse 
range of bioactive secondary metabolites, including alkaloids, 
flavonoids, tannins, terpenoids, phenolic compounds, and 
saponins, many of which exhibit antimicrobial, antioxidant, anti-
inflammatory, and immunomodulatory activities. Traditional 
medicinal systems such as Ayurveda, Siddha, Unani, and 
Traditional Chinese Medicine have long employed polyherbal 
formulations, wherein multiple medicinal plants are combined to 
achieve enhanced therapeutic outcomes through complementary 
and synergistic pharmacological effects. Such formulations often 
provide broader therapeutic coverage, improved efficacy, reduced 
toxicity, and a lower propensity for resistance development 
compared with single-agent therapies (3). 

In recent years, the integration of polyherbal formulations with 
conventional antibiotics has gained considerable attention as a 
promising strategy for combating antimicrobial resistance. 
Numerous studies have demonstrated that phytochemicals can 
potentiate antibiotic activity through diverse mechanisms, 
including disruption of microbial cell membranes, inhibition of 
resistance enzymes, suppression of efflux pumps, interference 
with quorum sensing pathways, and prevention of biofilm 
formation. These synergistic interactions can reduce the minimum 
inhibitory concentrations (MICs) of antibiotics, restore 
susceptibility in resistant microorganisms, enhance antimicrobial 
efficacy, and potentially reduce the dosage requirements and 
adverse effects associated with conventional antimicrobial 
therapy. Furthermore, polyherbal–antibiotic combinations have 
shown promising activity against MDR and biofilm-forming 
pathogens, suggesting their potential as effective alternatives or 
adjuncts to existing treatment regimens (4). 

Given the escalating burden of AMR and the urgent need for 
sustainable antimicrobial strategies, the exploration of synergistic 
interactions between polyherbal formulations and conventional 
antibiotics has become an important area of research. Therefore, 
the present review aims to systematically review and critically 
evaluate the available evidence on the synergistic antimicrobial 
activity of polyherbal formulations in combination with 

convent ional ant ibiot ics against mult idrug-resis tant 
microorganisms. Specifically, this review seeks to examine the 
existing literature on herb–antibiotic synergism, evaluate the 
effectiveness of these combinations against MDR and biofilm-
forming pathogens, investigate the underlying mechanisms 
responsible for synergistic interactions and modulation of 
microbial resistance pathways, and assess the potential of 
polyherbal–antibiotic combinations as a viable strategy for 
combating antimicrobial resistance and improving therapeutic 
outcomes. 

Polyherbal Formulations as Multi-Target Therapeutics: 
Concept and Rationale 

Polyherbal formulations constitute a fundamental component of 
traditional medicinal systems, including Ayurveda, Siddha, Unani, 
and Traditional Chinese Medicine (TCM), where therapeutic 
efficacy is achieved through the strategic combination of multiple 
medicinal plants. The underlying principle of polyherbalism is 
that diverse phytoconstituents interact synergistically or additively 
to produce broader and more potent pharmacological effects than 
those obtained from individual herbs. Such formulations are 
increasingly recognized as multi-target therapeutic systems 
capable of modulating complex biological pathways involved in 
disease progression and antimicrobial resistance (5). 

The medicinal plants incorporated in the present polyherbal 
formulation Mentha × piperita L., Syzygium cumini (L.) Skeels, 
Coriandrum sativum L., Curcuma longa L., Piper nigrum L., 
Syzygium aromaticum (L.) Merr., Trigonella foenum-graecum L., 
Murraya koenigii (L.) Spreng., and Allium sativum L. were 
selected based on ethnopharmacological relevance and scientific 
evidence supporting their antimicrobial potential (Figure 1). Each 
plant contributes distinct classes of bioactive compounds with 
complementary mechanisms of action. Curcuma longa provides 
curcuminoids with anti-inflammatory and antimicrobial activities; 
Allium sativum contains sulfur-containing compounds such as 
allicin that exhibit broad-spectrum antimicrobial effects; Syzygium 
aromaticum is rich in eugenol, a potent antimicrobial phenolic 
compound; while Piper nigrum supplies piperine, a well-
established bioavailability enhancer. Similarly, Mentha × piperita, 
Coriandrum sativum, Murraya koenigii, Syzygium cumini, and 
Trigonella foenum-graecum possess flavonoids, terpenoids, 
phenolics, and alkaloids known to inhibit microbial growth, 
attenuate oxidative stress, and modulate host immune responses. 
The selection of these herbs was therefore guided by their 
documented ant imicrobia l e ff icacy, complementary 
phytochemical profiles, traditional therapeutic usage, and 
potential to generate synergistic interactions against multidrug-
resistant microorganisms (6). 

Figure 1: Schematic representation of the multi-herbal formulation 
comprising Mentha × piperita L., Syzygium cumini (L.) Skeels, 

Coriandrum sativum L., Curcuma longa L., Piper nigrum L., Syzygium 
aromaticum (L.) Merr., Trigonella foenum-graecum L., Murraya 

koenigii (L.) Spreng, and Allium sativum L (6). 
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From a classical Ayurvedic perspective, polyherbal formulations 
are designed to optimize therapeutic efficacy while minimizing 
adverse effects. The principle of Samyoga (combination therapy) 
proposes that carefully selected herbs can influence both 
pharmacodynamic and pharmacokinetic properties, thereby 
enhancing overall therapeutic outcomes. In modern 
pharmacological terms, polyherbal formulations may be defined 
as therapeutic preparations containing multiple plant-derived 
ingredients that are systematically combined to improve efficacy, 
bioavailability, safety, and multi-target activity. This concept 
closely aligns with contemporary systems pharmacology 
approaches, which emphasize modulation of interconnected 
biological networks rather than single molecular targets (7). 

One of the principal advantages of polyherbal formulations lies in 
their capacity to harness phytochemical synergy. Individual 
medicinal plants contain diverse secondary metabolites such as 
alkaloids, flavonoids, terpenoids, tannins, phenolic compounds, 
and saponins, each possessing unique biological activities. When 
combined, these constituents may interact synergistically to 
enhance antimicrobial, antioxidant, anti-inflammatory, and 
immunomodulatory effects. For example, phenolic compounds 
can disrupt microbial cell membranes, flavonoids may inhibit 
nucleic acid synthesis, and alkaloids can interfere with protein 
synthesis. Simultaneously targeting multiple microbial pathways 
can significantly enhance antimicrobial efficacy while reducing 
the probability of resistance development (8). 

The scientific rationale for polyherbal combinations is further 
strengthened by evidence demonstrating their ability to overcome 
microbial resistance mechanisms. Certain phytochemicals inhibit 
bacterial efflux pumps, suppress quorum sensing pathways, 
interfere with biofilm formation, or inhibit resistance enzymes 
responsible for antibiotic degradation. Additionally, specific 
bioactive compounds improve the pharmacokinetic performance 
of other constituents. Piperine from Piper nigrum, for instance, 
enhances the absorption and bioavailability of numerous 
phytochemicals and therapeutic agents by inhibiting intestinal and 

hepatic metabolic enzymes. Such complementary interactions 
contribute to the superior therapeutic performance often observed 
in polyherbal formulat ions compared with isolated 
phytochemicals (9). 

Several traditional formulations exemplify the effectiveness of 
polyherbal therapy. Ayurvedic preparations such as Triphala and 
Tr ika tu have long been used for gas t ro in tes t ina l , 
immunomodulatory, and antimicrobial purposes, while 
Dasamoola is recognized for its anti-inflammatory and host-
defence-enhancing properties. Likewise, Traditional Chinese 
Medicine formulations such as Huang Lian Jie Du Tang have 
demonstrated antibacterial and anti-inflammatory activities 
against resistant pathogens. Contemporary pharmacological 
investigations continue to validate these traditional formulations, 
highlighting the translational potential of polyherbal systems in 
modern antimicrobial therapy. 

Collectively, polyherbal formulations represent a scientifically 
plausible and therapeutically promising strategy for addressing the 
growing challenge of antimicrobial resistance. By combining 
medicinal plants with complementary phytochemical profiles and 
multiple mechanisms of action, these formulations can enhance 
antimicrobial efficacy, reduce toxicity, improve bioavailability, 
and mitigate resistance development. Consequently, the 
integration of traditional polyherbal wisdom with modern 
pharmacological approaches may provide a valuable foundation 
for the development of next-generation antimicrobial therapeutics. 

Although numerous other polyherbal formulations have 
demonstrated antimicrobial potential, the formulations highlighted 
in Table 1 were selected as representative examples due to the 
availability of substantial pharmacological evidence and their 
frequent citation in studies investigating synergistic 
phytotherapeutic approaches against microbial infections. These 
formulations collectively demonstrate how combinations of 
medicinal plants can target multiple microbial pathways, enhance 
host defence mechanisms, and potentially overcome limitations 
associated with conventional antimicrobial therapy. 

Table 1: Representative polyherbal formulations selected based on documented antimicrobial activity, traditional therapeutic 
relevance, phytochemical diversity, and potential applicability in combating antimicrobial resistance. 

Mechanistic Basis of Antibiotic Resistance 

Genetic and Biochemical Determinants of Antimicrobial 
Resistance 

Antibiotic resistance is a complex and dynamic biological 
phenomenon in which microorganisms develop the capacity to 
survive or proliferate in the presence of antimicrobial agents that 

would ordinarily inhibit their growth or induce cell death. This 
adaptive evolution severely undermines the efficacy of 
conventional antibiotics and represents a growing global public 
health challenge. Elucidating the genetic and biochemical 
mechanisms underlying resistance is therefore essential for 
designing innovative therapeutic interventions, including 
synergistic combinations of conventional antibiotics with 

Polyherbal 
Formulation Plant Composition Reported Antimicrobial Activity References

Triphala Terminalia chebula, Terminalia bellirica, 
Emblica officinalis

Broad-spectrum antibacterial and antifungal activity; 
effective against E. coli, S. aureus, C. albicans (10), (11)

Trikatu Piper nigrum, Piper longum, Zingiber officinale Antibacterial, antifungal, and antiviral activity; 
enhances bioavailability of co-administered drugs (12), (13)

Dasamoola 10 roots including Bilva, Agnimantha, 
Shyonaka, Gokshura

Anti-inflammatory, immunomodulatory, and 
antibacterial activity; supports host defense (14)

Huang Lian Jie  
Du Tang

Coptis chinensis, Scutellaria baicalensis, 
Phellodendron amurense, Gardenia jasminoides

Strong antibacterial and anti-inflammatory activity; 
effective against resistant bacterial strains (15)

Nishamalaki Emblica officinalis, Curcuma longa Antibacterial and antioxidant activity; effective 
against Gram-positive and Gram-negative bacteria (16) (17)

Chyawanprash 
(Ayurvedic)

40+ herbs including Emblica officinalis, Piper 
longum, Asparagus racemosus

Immunomodulatory; antibacterial, antiviral, and 
antifungal effects; enhances host immunity (18) (19)
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polyherbal formulations aimed at restoring antimicrobial 
effectiveness (20)(21). 

At the genetic level, antibiotic resistance can emerge through 
spontaneous chromosomal mutations or via horizontal gene 
transfer (HGT) involving mobile genetic elements such as 
plasmids, transposons, and integrons that encode resistance 
determinants. These genetic events may result in the modification 
of antibiotic target sites, thereby reducing drug–target binding 
affinity. For example, mutations in the gyrA and parC genes 
encoding DNA gyrase and topoisomerase IV confer resistance to 
fluoroquinolones. Horizontal gene transfer through conjugation, 
transformation, and transduction facilitates the rapid 
dissemination of resistance genes, accelerating the emergence of 
multidrug-resistant (MDR) strains, particularly in clinical and 
nosocomial environments (22). 

At the biochemical and cellular level, bacteria employ multiple 
defense strategies to neutralize antibiotic activity. One of the most 
prevalent mechanisms involves the overexpression of efflux 
pumps, transmembrane proteins that actively export antibiotics 
from the bacterial cytoplasm, thereby maintaining sub-lethal 
intracellular concentrations. Another major strategy is enzymatic 
inactivation or modification of antibiotic molecules. For instance, 
β-lactamases hydrolyze the β-lactam ring of penicillins and 
cephalosporins, nullifying their bactericidal effect, while 
aminoglycoside-modifying enzymes such as acetyltransferases, 
adenyltransferases, and phosphotransferases chemically alter the 
antibiotic, preventing its binding to bacterial ribosomes and 
subsequent inhibition of protein synthesis (23). 

Biofilm formation provides an additional layer of protection. 
Biofilms are structured microbial aggregates encased within a 
self-produced extracellular polymeric substance (EPS) matrix that 
adheres to both biotic and abiotic surfaces, including tissues, 
medical devices, and implants. Within these biofilms, bacteria 
exhibit reduced metabolic activity, restricted antibiotic diffusion, 
and enhanced horizontal gene exchange, rendering them up to a 
thousand times more resistant to antimicrobial agents than their 
planktonic counterparts (24). 

Other mechanisms contributing to resistance include target site 
modification such as methylation of ribosomal RNA or alterations 
in penicillin-binding proteins (PBPs) and metabolic pathway 
bypass, wherein bacteria synthesize alternative enzymes to 
circumvent the inhibited metabolic routes (25). 

In summary, antibiotic resistance arises from a sophisticated 
interplay between genetic evolution and biochemical adaptation, 
encompassing efflux-mediated expulsion, enzymatic degradation, 
biofilm-associated protection, and gene transfer processes. A 
comprehensive understanding of these molecular mechanisms 
provides a critical foundation for developing novel combinatorial 
approaches, particularly those that integrate polyherbal 
formulations with conventional antibiotics, to effectively combat 
multidrug resistance and restore the clinical efficacy of 
antimicrobial therapies. 

Clinical Impact of Multidrug-Resistant (MDR) Pathogens on 
Therapeutic Outcomes 

The global proliferation of multidrug-resistant (MDR) pathogens 
represents a critical obstacle in contemporary clinical practice, 
frequently resulting in therapeutic failure and complicating the 
management of infectious diseases. MDR pathogens are typically 
defined as bacterial strains resistant to at least one agent in three 
or more distinct antibiotic classes. Their increasing prevalence in 
healthcare environments drastically restricts available treatment 

options, leading to prolonged disease courses, elevated morbidity 
and mortality rates, and escalating healthcare costs (26). 

Therapeutic failure arises primarily from the diminished or 
complete loss of efficacy of conventional antibiotics against these 
resistant strains. Clinically significant MDR bacteria such as 
Staphylococcus aureus, Escherichia coli, Klebsiella pneumoniae, 
and Pseudomonas aeruginosa are implicated in severe infections 
including septicemia, urinary tract infections, pneumonia, and 
post-surgical wound infections. In such scenarios, clinicians are 
often compelled to resort to last-line antibiotics, such as 
polymyxins, carbapenems, or glycopeptides, which may possess 
limited availability, unfavorable pharmacokinetic profiles, and 
higher toxicity risks. Delayed or inappropriate therapy, along with 
the overuse or misuse of these agents, further exacerbates clinical 
outcomes and accelerates resistance development (27). 

At the molecular level, MDR pathogens evade antibiotic action 
through complex genetic and biochemical mechanisms. 
Genetically, resistance may emerge through the acquisition of 
plasmid-borne, integron-associated, or chromosomal resistance 
determinants, enabling simultaneous defense against multiple 
antibiotic classes. Biochemically, bacteria employ efflux pump 
overexpression, drug-inactivating enzyme production, and biofilm 
formation as major resistance strategies. Biofilms, in particular, 
form highly organized microbial communities encapsulated within 
an extracellular polymeric matrix that acts as a physical and 
metabolic barrier, limiting antibiotic penetration and facilitating 
bacterial persistence even under high antimicrobial pressure. 
Moreover, MDR strains exhibit enhanced metabolic adaptability, 
allowing survival in nutrient-deprived and immune-challenged 
environments, thereby contributing to recurrent and chronic 
infections (28). 

Clinically, infections caused by MDR organisms prolong 
hospitalization, increase the risk of secondary and opportunistic 
infections, and elevate complication rates. Immunocompromised 
individuals, elderly patients, and neonates represent particularly 
vulnerable groups with higher susceptibility to MDR-associated 
complications. On a broader scale, the widespread dissemination 
of MDR pathogens imposes a substantial economic burden on 
healthcare systems, challenges infection control measures, and 
necessitates the urgent development of novel therapeutic 
paradigms (29)(30). 

Addressing MDR-related therapeutic failure requires innovative 
and integrative approaches that extend beyond conventional 
antibiotic monotherapy. The combination of antibiotics with 
polyherbal formulations has shown considerable promise in 
restoring antibiotic efficacy, enhancing antimicrobial activity 
through synergistic interactions, and mitigating the emergence of 
resistance. When integrated with antibiotic stewardship programs, 
rapid diagnostic tools, and continuous surveillance of resistance 
trends, such polyherbal–antibiotic strategies offer a sustainable 
and holistic framework to improve clinical outcomes and counter 
the escalating global threat of MDR pathogens (31). 

Global Consequences of Antimicrobial Resistance: A Public 
Health Perspective 

Antimicrobial resistance (AMR) stands as one of the most 
pressing global health emergencies, threatening the efficacy of 
essential medicines and reversing decades of progress in 
infectious disease control. The World Health Organization (WHO) 
has identified AMR as a top-tier public health priority because of 
its capacity to cause widespread morbidity, mortality, and 
economic disruption. Resistant infections are estimated to directly 
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cause 1.27 million deaths annually, with millions more suffering 
prolonged illnesses due to ineffective treatments. The crisis is 
especially acute in low- and middle-income nations, where limited 
access to potent antibiotics, fragile healthcare infrastructure, and 
inadequate surveillance systems intensify the consequences of 
resistance (32). 

AMR complicates the management of routine infections such as 
respiratory tract infections, urinary tract infections, and sepsis, 
often necessitating extended hospital stays and aggressive 
interventions. Multidrug-resistant (MDR) organisms including 
Escherichia coli, Klebsiella pneumoniae, and Staphylococcus 
aureus pose severe threats, leading to critical conditions like 
bloodstream infections and organ failure. Moreover, resistance 
jeopardizes modern medical practices such as surgeries, organ 
transplants, and chemotherapy, all of which rely on antibiotics for 
infection prevention. The economic implications are equally 
severe: patients often require high-cost or toxic alternatives, 
prolonged hospitalizations, and complex therapeutic regimens, 
placing immense strain on healthcare budgets. If unaddressed, the 
global economic toll of AMR is projected to reach trillions of 
dollars by 2050, significantly affecting productivity and healthcare 
sustainability (33)(34). 

Beyond clinical and economic challenges, AMR poses a major 
threat to global health security, as resistant pathogens can 
disseminate rapidly across borders via travel, trade, and 
environmental transmission. Addressing this escalating crisis 
necessitates a globally coordinated response encompassing 
antibiotic stewardship, public awareness initiatives, research 
investment in novel antimicrobials, and robust surveillance 
networks to track and mitigate resistance. In essence, AMR 
represents a multifaceted and evolving threat with profound 
clinical, societal, and economic repercussions. Effective 
containment demands a unified approach that integrates 
responsible antibiotic use, innovation in therapeutic development, 
and sustained international collaboration to safeguard global 
health (35)(36). 

Bioactive Phytochemicals: Nature’s Arsenal Against Microbial 
Infections 

Plants synthesize a diverse range of secondary metabolites, 
collectively known as phytochemicals, which have gained 

significant attention for their potent antimicrobial activities. These 
naturally occurring compounds constitute the plant’s intrinsic 
defense mechanism against invading microorganisms such as 
bacteria, fungi, viruses, and parasites. Among the principal classes 
of phytochemicals, alkaloids, flavonoids, tannins, terpenoids, and 
phenolic compounds have demonstrated remarkable antimicrobial 
efficacy (Table 2). 

Alkaloids, characterized by their nitrogen-containing structures, 
exhibit antimicrobial action by interfering with DNA and RNA 
synthesis, inhibiting protein biosynthesis, or compromising cell 
membrane integrity. Compounds like berberine and sanguinarine 
exemplify broad-spectrum antibacterial activity. Flavonoids, 
widely distributed in fruits, vegetables, and medicinal herbs, 
inhibit nucleic acid synthesis, disrupt microbial membranes, and 
impede energy metabolism, effectively curbing microbial 
proliferation. Tannins, which are high-molecular-weight 
polyphenols, exert their effects by binding to microbial proteins, 
deactivating essential enzymes, and chelating metal ions vital for 
microbial metabolism. Terpenoids, encompassing monoterpenes 
and diterpenes, disrupt microbial membrane integrity and 
permeability, often leading to cell lysis. Phenolic compounds, on 
the other hand, induce oxidative stress within microbial cells and 
inhibit key enzymes necessary for growth and replication. 

A notable advantage of phytochemicals is their multi-targeted 
mechanism of action, which significantly reduces the likelihood of 
resistance development. These compounds can simultaneously 
disrupt membranes, inhibit enzymatic functions, and interfere with 
genetic material synthesis. Furthermore, many phytochemicals 
modulate quorum sensing and biofilm formation, making them 
particularly effective against persistent infections. Their 
synergistic interactions amplify antimicrobial potency such as the 
combined effects of flavonoids and alkaloids in blocking nucleic 
acid synthesis while compromising membrane integrity, or tannins 
enhancing permeability to facilitate the entry of other active 
molecules. 

In essence, phytochemicals represent a diverse and powerful 
reservoir of antimicrobial agents. Their ability to target multiple 
cellular pathways, coupled with their synergistic potential, 
positions them as promising alternatives or adjuncts to 
conventional antibiotics especially in the ongoing fight against 
multidrug-resistant (MDR) pathogens. 

Table 2: Phytochemicals with Antimicrobial Potential 

Phytochemical Class Representative 
Compounds Antimicrobial Mechanism Reported Synergistic Effects References 

(examples)

Alkaloids Berberine, Piperine, 
Quinine

DNA intercalation, enzyme inhibition, 
disruption of cell wall and membrane

Enhanced antibacterial activity 
when combined with flavonoids 

or terpenoids
(37)(38)

Flavonoids
Quercetin, 
Catechin, 

Kaempferol

Inhibit nucleic acid synthesis, alter 
membrane permeability, inhibit energy 

metabolism

Synergistic effects with alkaloids 
and phenolics against MDR 

bacteria
(39)(40)

Tannins
Gallotannins, 
Ellagitannins, 

Catechins
Protein precipitation, enzyme inhibition, 

metal ion chelation

Increased antifungal and 
antibacterial potency in 

combination with flavonoids
(41)(42)

Terpenoids Limonene, 
Carvacrol, Thymol

Disruption of microbial membranes, 
leakage of cell contents, interference 

with quorum sensing

Synergy with flavonoids and 
alkaloids enhances bactericidal 

effect
(43)(44)

Phenolics Gallic acid, Caffeic 
acid, Resveratrol

Oxidative stress induction, membrane 
disruption, enzyme inhibition

Improved activity with tannins or 
terpenoids against resistant 

strains
(45)(46)(47)
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Synergistic Interplay Between Polyherbal Formulations and 
Antibiotics: Mechanistic Perspectives 

The integration of polyherbal formulations with conventional 
antibiotics presents a promising strategy to combat the escalating 
challenge of antimicrobial resistance (AMR). Medicinal plants are 
abundant sources of bioactive phytochemicals capable of 
enhancing antibiotic efficacy through multifaceted and 
complementary mechanisms. These synergistic effects operate at 
both the pharmacodynamic level by amplifying antibacterial 
ac t ion through diverse molecular ta rgets—and the 
pharmacokinetic level by influencing drug absorption, 
distribution, metabolism, and excretion. Together, these 
interactions can significantly improve antibiotic bioavailability 
and therapeutic effectiveness (48)(49). 

One of the primary mechanisms underlying this synergy is the 
disruption of bacterial cell walls and membranes. Phytochemicals 
such as alkaloids, terpenoids, and phenolic compounds can 
compromise bacterial membrane integrity, increasing permeability 
and facilitating antibiotic entry. Additionally, several plant-derived 
molecules function as efflux pump inhibitors, obstructing bacterial 
mechanisms responsible for expelling antibiotics, thereby 
reinstating their intracellular concentration and potency. 
Polyherbal extracts also inhibit biofilm formation a major barrier 
to antibiotic penetration by interfering with bacterial adhesion, 
aggregation, and growth processes (50). 

Another vital mechanism involves the modulation of quorum 
sensing, the bacterial communication system regulating virulence, 
biofilm development, and resistance gene expression. Certain 
phytoconstituents disrupt quorum-sensing pathways, thereby 
attenuating bacterial pathogenicity and sensitizing microbes to 
antibiotic treatment. Collectively, these interactions not only 
potentiate the antimicrobial effects of antibiotics but also enable 
dose reduction, minimizing adverse effects and delaying the 
emergence of resistance (51). 

A deeper understanding of these synergistic mechanisms provides 
a robust scientific foundation for the development of integrated 
therapeutic strategies that combine herbal bioactives with 
antibiotics offering a safer, more effective approach to managing 
multidrug-resistant infections. 

Experimental Validation of Polyherbal–Antibiotic Synergy: 
Insights from In Vitro and In Vivo Investigations 

Extensive experimental research has established strong evidence 
for the synergistic antimicrobial potential of polyherbal and plant-
derived bioactives when combined with conventional antibiotics. 
Such combinations not only enhance antimicrobial potency but 
also reduce the required drug dosage, limit resistance emergence, 
and improve therapeutic efficacy. In vitro assays including 
checkerboard microdilution, time–kill kinetics, and biofilm 
inhibition studies have repeatedly demonstrated marked 
potentiation of antibiotic activity. Complementary in vivo 
evaluations using animal infection models further substantiate 
these outcomes, revealing decreased bacterial burden, mitigated 
tissue injury, and superior therapeutic recovery. Collectively, these 
findings reinforce that integrating natural bioactives with 
antibiotics represents a rational and sustainable strategy for 
strengthening antimicrobial therapy and counteracting multidrug 
resistance (MDR) (52). 

A notable instance involves Pseudomonas aeruginosa, a pathogen 
notorious for its intrinsic resistance and biofilm-forming ability. In 
a study assessing ciprofloxacin and berberine hydrochloride, the 
combined treatment exhibited pronounced synergistic antibacterial 

and antibiofilm activity at sub-minimum inhibitory concentrations 
(sub-MIC). This combination achieved potent bactericidal effects, 
indicating its promise as an adjunct therapeutic regimen against P. 
aeruginosa infections (52). Similarly, the co-administration of 
daptomycin and fosfomycin produced strong synergy against 
methicillin-resistant Staphylococcus aureus (MRSA), significantly 
reducing the mutant prevention concentration (MPC) and 
resistance selection window. Genomic analyses confirmed the 
absence of resistance-associated mutations in treated strains, while 
enhanced biofilm inhibition further validated its clinical potential 
in MRSA management (53). 

In another study, glabridin (GLA) a flavonoid from Glycyrrhiza 
glabra showed potent synergy with colistin (COL) against 
resistant Escherichia coli. Mechanistic evaluation revealed that 
GLA targets the FabI enzyme, thereby augmenting COL efficacy, 
inhibiting biofilm formation, and delaying resistance onset. Both 
in vitro and murine urinary tract infection models demonstrated 
remarkable bacterial clearance and tissue protection under the 
combination therapy (54). 

Furthermore, polyphenolic compounds renowned for their 
antioxidant, anti-inflammatory, and antimicrobial attributes have 
been reported to improve antibiotic bioavailability and therapeutic 
indices while maintaining safety. Reviews emphasize their 
synergistic potential in overcoming resistance and enhancing 
treatment outcomes (55). Supporting this, combinations of plant 
extracts with cefixime against resistant clinical isolates revealed 
significant bacterial growth suppression and protein reduction, 
attributed to key bioactives such as gallic acid, quercetin, and 
cinnamic acid identified via RP-HPLC profiling (56). 

Overall, both in vitro and in vivo findings affirm that the 
integration of antibiotics with phytoconstituents like berberine, 
glabridin, and polyphenols significantly amplifies antimicrobial 
efficacy, reduces resistance development, and enhances 
therapeutic success establishing a robust scientific foundation for 
polyherbal–antibiotic synergistic interventions as next-generation 
antimicrobial therapeutics. 

Design, Optimization, and Evaluation of Polyherbal 
Formulations: An Integrated Approach 

The development of polyherbal formulat ions is an 
interdisciplinary and evidence-based process that bridges 
ethnopharmacological wisdom with modern pharmaceutical 
science. It involves a sequence of well-defined steps 
encompassing plant selection, extraction, standardization, 
formulation, and evaluation. Medicinal plants are initially chosen 
based on traditional therapeutic use, ethnobotanical relevance, and 
preclinical or clinical evidence supporting their pharmacological 
efficacy. Extraction methods such as maceration, Soxhlet 
extraction, ultrasonic-assisted extraction, or supercritical fluid 
extraction are employed to isolate the bioactive phytoconstituents 
responsible for therapeutic effects. The standardization of extracts 
ensures reproducibility and batch-to-batch consistency by 
maintaining constant levels of key biomarkers. Compatibility and 
preformulation studies are then performed to assess the 
physicochemical and pharmacodynamic interactions among the 
plant extracts and excipients, ensuring formulation stability, 
safety, and synergistic potential. Depending on therapeutic intent 
and route of administration, formulations are developed into 
dosage forms such as gels, ointments, suspensions, capsules, 
emulsions, or advanced nanocarriers including liposomes, 
phytosomes, and nanoparticles (57). 
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Comprehensive evaluation parameters are employed to assess 
quality and functionality. Physicochemical tests such as pH, 
viscosity, homogeneity, spreadability, particle size, and zeta 
potential determine formulation uniformity and performance. 
Microbiological assays evaluate sterility and antimicrobial 
efficacy, while accelerated stability studies under variable 
environmental conditions establish shelf-life and ensure long-term 
reliability. Such a systematic approach guarantees that polyherbal 
formulations are safe, standardized, and therapeutically consistent 
(57). 

One study formulated a polyherbal phytosomal gel incorporating 
extracts of Acalypha indica, Pergularia daemia, and Coleus 
amboinicus for pharyngitis management. The optimized 
formulation (F3) showed 72.5% yield, 86.94% entrapment 
efficiency, particle size of 158 nm, and zeta potential of –8 mV, 
with strong in vitro antibacterial and anti-inflammatory activities, 
validating its potential for topical therapeutic use (57). Another 
investigation developed gels containing essential oil (EO) of 
Grindelia tarapacana targeting oral pathogens (Streptococcus 
mutans, S. sanguinis, S. salivarius). GC–MS analysis identified 
bornyl acetate and E-nerolidol as principal actives, and the 2% EO 
gel demonstrated antibacterial activity comparable to 
chlorhexidine, alongside excellent physicochemical stability (58). 

Similarly, a polyherbal anti-acne gel formulated with Rubia 
cordifolia, Aloe barbadensis and Allium cepa exhibited potent 
antibacterial activity against Cutibacterium acnes, with the 
optimized formulation (FCEG-4) matching the efficacy of 
clindamycin. In vivo evaluations confirmed its safety, stability, 
and effectiveness, positioning it as a sustainable herbal alternative 
for mild acne management (59). 

Overall, these findings illustrate the scientific rigor and 
therapeutic promise of polyherbal formulations, reinforcing their 
potential as standardized, eco-friendly, and patient-compliant 
alternatives that merge traditional ethnomedicine with modern 
formulation science. 

Safety, Toxicological, and Pharmacological Perspectives in 
Polyherbal–Antibiotic Therapeutics 

The integration of polyherbal formulations with conventional 
antibiotics necessitates meticulous evaluation of both therapeutic 
synergy and toxicological safety. Systematic toxicity assessments 
encompassing acute, sub-chronic, and chronic studies are crucial 
to identify dose-dependent and organ-specific effects, as well as 
hematological and biochemical alterations. Such investigations 
ensure that synergistic interactions among multiple 
phytochemicals do not culminate in additive or cumulative 
toxicity, thereby maintaining systemic safety and pharmacological 
compatibility (60)(61). 

A critical pharmacological consideration involves herb–drug 
interactions, as phytoconstituents can modulate cytochrome P450 
enzymes, efflux transporters, and plasma protein binding. These 
alterations can significantly impact antibiotic absorption, 
metabolism, or elimination, resulting in variable therapeutic 
outcomes. Hence, rational formulation design demands careful 
plant selection, bioassay-guided standardization, and precise dose 
optimization. Analytical techniques such as chromatographic 
fingerprinting are indispensable for ensuring phytochemical 
consistency, efficacy, and minimal adverse interactions. Defining 
safe and effective therapeutic ranges remains a pivotal step in 
translating polyherbal–antibiotic combinations into clinically 
viable interventions (61). 

Regulatory compliance and quality assurance are equally vital. 
Challenges such as inconsistent phytochemical profiles, 
inadequate toxicological validation, and lack of manufacturing 
standardization hinder clinical acceptance. Adherence to Good 
Manufacturing Practice (GMP), harmonized safety protocols, and 
stringent regulatory oversight can enhance product reproducibility, 
quality, and patient safety (61). 

Empirical evidence supports the safety of polyherbal 
formulations. For instance, the formulation 18KHT01 comprising 
Quercus acutissima, Camellia sinensis, Geranium thunbergii, and 
Citrus limon demonstrated an excellent safety margin in ICR 
mice, with a no-observed-adverse-effect level (NOAEL) of 2 g/kg 
and confirmed safety below 500 mg/kg/day. UPLC-DAD analysis 
further validated its analytical reliability (60)(63). Conversely, 
systematic reviews identifying 33 medicinal plants with potential 
toxicities emphasize the importance of toxicokinetic profiling and 
safety standardization (61). Overall, establishing a comprehensive 
safety and pharmacological framework integrating toxicological 
validation, pharmacokinetic assessment, and regulatory 
compliance is essential for advancing polyherbal–antibiotic 
therapeutics as safe, effective, and clinically translatable 
antimicrobial interventions. 

Challenges and Future Outlook in Polyherbal–Antibiotic 
Synergy 

Despite encouraging evidence supporting polyherbal–antibiotic 
combinations, multiple scientific, technological, and translational 
challenges continue to impede their advancement. A major 
scientific hurdle arises from the complex phytochemical nature of 
herbal extracts, which complicates the identification of active 
constituents, elucidation of mechanisms, and understanding of 
herb–drug interactions. The absence of standardized analytical 
protocols and reproducible experimental methods often results in 
inconsistent findings across studies, limiting comparability and 
validation. Variations in plant species, regional origins, extraction 
techniques, and formulation processes further affect product 
quality and pharmacological activity, underscoring the need for 
robust quality control parameters and validated analytical methods 
to ensure batch-to-batch consistency. 

Regulatory and clinical translation barriers remain significant. The 
scarcity of comprehensive clinical trials, limited toxicological 
datasets, and lack of harmonized global guidelines for evaluating 
herbal–synthetic drug combinations delay regulatory acceptance 
and therapeutic adoption. Moreover, the rigorous pharmacokinetic 
and pharmacodynamic assessments required by authorities 
demand extensive time, cost, and technical expertise. 

Looking forward, emerging nanotechnological interventions 
including liposomes, niosomes, and polymeric nanoparticles offer 
innovative solutions to enhance solubility, stability, and targeted 
delivery of phytoconstituents with antibiotics. The green synthesis 
of nanomaterials using medicinal plant extracts promotes 
sustainable and biocompatible approaches, while targeted delivery 
systems promise improved site-specific action, reduced systemic 
toxicity, and mitigation of antimicrobial resistance. 

Conclusion 
The escalating global challenge of antimicrobial resistance (AMR) 
demands innovative therapeutic paradigms that extend beyond 
conventional antibiotic therapy. The integration of polyherbal 
formulations with standard antibiotics offers a scientifically 
grounded and sustainable strategy to restore antibiotic efficacy, 
attenuate resistance development, and minimize dose-dependent 
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toxicity. This synergistic interaction operates through diverse 
mechanisms such as cell wall disruption, efflux pump inhibition, 
quorum sensing modulation, and biofilm interference collectively 
enhancing bacterial susceptibility and therapeutic outcomes. The 
multicomponent phytochemical matrix inherent in medicinal 
plants provides complementary pharmacological actions that 
potentiate antibiotic activity while reducing adverse effects. 
Nevertheless, despite promising experimental and preclinical 
outcomes, standardization, reproducibility, and regulatory 
validation remain critical challenges restricting clinical 
translation. Future research must prioritize mechanistic 
elucidation, molecular docking, metabolomic profiling, and 
clinical validation to define optimal formulations and dosing 
regimens. Advanced analytical and biotechnological tools, 
coupled with nanotechnology-driven targeted delivery systems 
and green synthesis approaches, hold immense potential to 
improve bioavailability, safety, and site-specific efficacy. In 
conclusion, polyherbal–antibiotic synergy represents a frontier in 
antimicrobial therapy that harmonizes traditional phytomedicine 
with modern pharmacological innovation offering a holistic, eco-
compatible, and efficacious strategy to counter the global AMR 
crisis and promote the development of next-generation 
antimicrobial therapeutics. 
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