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Abstract: Antibiotic resistance had first been reported not long after the discovery of the first antibiotic and has
remained a major public health issue ever since. Challenges are constantly encountered during the mitigation
process of antibiotic resistance in the clinical setting; especially with the emergence of the formidable superbug,
a bacteria with multiple resistance towards different antibiotics; this resulted in the term multidrug resistant
(MDR) bacteria. This rapid evolution of the resistance phenomenon has propelled researchers to continuously
uncover new antimicrobial agents in a bid to hopefully, downplay the rate of evolution despite a drying pipeline.
Recently, there has been a paradigm shift in the mining of potential antimicrobials; in the past, targets for drug
discovery were from microorganisms and at current, the focus has moved onto plants, this is mainly due to the
beneficial attributes that plants are able to confer over that of microorganisms. This review will briefly discuss
antibiotic resistance mechanisms employed by resistant bacteria followed by a detailed expository regarding the
use of secondary metabolites from plants as a potential solution to the MDR pathogen. Finally, future prospects
recommending enhancements to the usage of plant secondary metabolites to directly target antibiotic resistant
pathogens will be discussed.
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1. Introduction

In the early 20" century, penicillin, the first natural compound exhibiting antibiotic properties,
was discovered accidentally by the pharmacologist, Alexander Fleming when he observed the growth
of bacterial colonies in the presence of an antibiotic-secreting fungus [2] [1]. Antibiotic resistance was
reported fairly rapidly in the same year in 1928. This stroke of luck revolutionized the medical field
ever since; leading to the discovery of other classes of antibiotics such as streptomycin,
chloramphenicol, erythromycin and chlortetracycline [4]. However, antibiotics today are no longer the
miracle drugs they used to be due to the emergence of resistance to antibiotics amongst bacteria.

Emergence of antibiotic resistance bacteria is mainly due to the lack of compliance by
consumers as well as healthcare practitioners. Furthermore, easy access to unauthorized medical
distributors allows ready procurement of antibiotics by the general public, intensifying the problem.
Improperly trained drug prescribers as well as inconsistencies of available standardized treatment
guidelines contributed to this phenomenon. Moreover, the extensive and unmonitored use of excessive
antibiotics in the field of agriculture and aquaculture has also accelerated the rates of development of
antibiotic resistance in pathogens [5].

Natural selection was first theorized by Charles Darwin; he theorized that the survival of the
fittest individual is attributed to its genotypic and phenotypic differences; possession of these traits
enables the particular individuals to survive harsh environments [6]. In the same way, constant
selective stress from antibiotics on bacteria can either kill them or enable their survival; this occurs via
mutations or direct horizontal transfers between closely and distantly related species [7] culminating in
the up-regulation of antibiotic resistant genes or protective protein production such as efflux pumps.
Most bacteria possess a short doubling time, and this very attribute that promotes survivability and
sustainability also accelerates the evolutionary trajectory of antibiotic resistance.

Antibiotic-resistant pathogens have caused significant detrimental effects towards mankind; this
increases the mortality rates of patients, contributing to infections as a direct result of non-efficacious
common antibiotic dosages. This inadvertently may result in escalated treatment costs as well as more
adverse side effects when physicians resort to lesser used second or previously rejected line of
antibiotics such as daptomycin [4]. With recent advancement in science and technology, the discovery
of novel drugs is not as laborious as it used to be. However, the general public today are more health
conscious and therefore, natural products are slowly becoming a popular mainstream platform for
researchers to discovery newer, more effective antimicrobial drugs, considering the relatively reduced
adverse effects and cost effectiveness of natural products, when developed at a commercial scale [8].
In this review, we will focus on antibiotic resistant strategies and mechanisms employed by bacteria as
well as the potential utilization of plant secondary metabolites as a possibly effective solution to
combat development of antimicrobial-resistance (AMR). In addition, synergistic relationships between
plant secondary metabolites and existing antibiotics will be discussed in the subsequent sections.

2. Strategies of Antibiotic Resistance

Currently, commercialization and misuse of different antibiotics have triggered the emergence
of superbugs otherwise known as multidrug resistant (MDR) bacteria. This occurrence and their
presence especially in the clinical setting complicate administration of treatments during the course of
infections. The issue of superbugs poses great threats and novel treatment methods are imperative and
crucial in alleviating this problem. Therefore, an in-depth understanding of the strategies used by
pathogenic bacteria to bypass antibiotic treatment is mandatory to adequately address this challenge.

2.1.  Modification of Antibiotic

Antibiotics can be classified into three categories based on their localized mechanisms; either at
the bacterial cell envelope, or at the cytoplasm during the protein synthesis process or at the genome of
the bacteria. In response to preventing bacterial cell death, antibiotic modifying enzymes will be
produced by these bacteria to modify activity of the applied antibiotics. For instance, bacteria resistant
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to B-lactam antibiotics produce p-lactamase, an enzyme capable of hydrolyzing the p-lactam core ring
found in the structure of B-lactams, rendering the antibiotic ineffective. Examples of B-lactam
antibiotics include penicillins, carbapenems, monobactams and cephalosporin.

The B-lactamase enzyme can be categorized into four classes: A, B, C and D. Classes A, C and
D are serine based B-lactamases while class B is a metal-based B-lactamase enzyme [9]. The active site
of classes A, C and D B-lactamase consists of a serine molecule which acts as a nucleophile to attack
the C-N bond of the p-lactam ring. As the B-lactamase of classes A, C and D reacts with the p-lactam
antibiotic molecules, a covalent acyl-enzyme intermediate is formed,; this is followed by hydrolysis via
conserved deacylating water molecules (Figure 1.A). In contrast, the active site of the class B B-
lactamase consists of the divalent cation, Zn®* which requires water molecules for the disruption of the
B-lactam ring (Figure 1.B). The covalent acyl-enzyme intermediate, however, is not formed in class B
B-lactamase during hydrolysis of the p-lactam ring [10-11].

(A)

(A) Hydrolysis mechanism of penicillin by class A, C and D serine-B-lactamase. (B) Hydrolysis mechanism of
penicillin by class B metallo-p-lactamase. Adapted from Drawz and Bonomo, 2010 [12].

Figure 1. Hydrolysis mechanisms of penicillin

In order to resolve the problem of antibiotic modification via the B-lactamase enzyme, several
strategies have been employed. One of the more successful methods involves a combination treatment
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of B-lactam antibiotic with pB-lactamase inhibitors such as clavulanic acid and tazobactam as illustrated
in Figure 2 [12]. Inhibitors such as these share structural similarities with their antibiotic counterpart
and are able to bind to the active site of B-lactamase enzyme with higher affinity, allowing the
antibiotic to execute uninterrupted antimicrobial action [13-14].
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Figure 2. Chemical structure of penicillin and its analogue, potassium clavulanate and tazobactam

Modification of the structure of existing antibiotic is another successful method to resolve the
B-lactamase enzyme issue. Newer generation cephalosporins have previously been modified with the
removal of the aminoadipoyl sidechain to form 7-aminocephalosporanic acid (Fig. 3), rendering it
100-fold more effective than the older-generation cephalosporin [15-16]. This modification enabled
cephalosporin to be less susceptible to hydrolysis by the p-lactamase enzyme [17].
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Figure 3. Structural modification of cephalosporin C to key intermediate compound, 7-
aminocephalosporanic acid

7-aminocephalosporanic acid is required for the synthesis of multi-generation cephalosporins that is
more effective and efficient than the cephalosporin predecessor.

2.2.  Modification of Antibiotic’s Target Site

Modification of the target site of antibiotics is another effective strategy employed by
microorganisms to survive antibiotic treatment. Such strategy focuses on modification in terms of
structure of the antibiotic target and this can occur in two different ways: via genetic mutation and/or
post-transcriptional and translational modifications.

The first method, as illustrated in Figure 4, involves a slight gene mutation that changes the
target site of the enzyme which then prevents or reduces the binding affinity of antibiotics but retains
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the function of the enzyme. B-lactam antibiotics such as penicillin mainly targets and inactivates the
penicillin binding protein (PBP), a transpeptidase which aids in the cross-linking of peptidoglycan cell
wall by acylating its active site. Mutation in the PBP gene, however, translates into a slightly different
but functional protein which prevents the binding of B-lactam antibiotics such as penicillin [18-20].
Examples of microbes harboring this ability are drug-resistant strains of Clostridium difficile,
Enterococcus faecium and Streptococcus pneumoniae [21-22]. In addition, microbial resistance
towards ciprofloxacin, which interferes with cellular division through interaction between the DNA
gyrase and topoisomerase, is also categorized under this mechanism [23-24].
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(A) Cross-linking of peptidoglycan precursors between L-lysine and L/D-alanine via the action of PBP. (B)
Inhibition of PBP via high affinity binding of penicillin due to structural similarity with peptidoglycan
precursors prevents the cross-linking of peptidoglycan precursors. (C) Conformation changes in PBP due to gene
mutation prevent the binding of penicillin but allow the PBP to carry out its designated function.

Figure 4. Processes detailing the modifications of PBP at the peptidoglycan

Antibiotic target site can also be modified via post-transcriptional and post-translational
modifications; this confers resistance. Post-transcriptional modifications involve the alteration on the
primary RNA transcript to form mature RNA which can then be translated into a functional protein.
Post-translational modification, on the other hand, involves the enzymatic alteration of proteins
followed by synthesis. Common post-transcriptional modifications in bacteria involve the methylation
of tRNA anticodon stem loop which prevents frame shifting during translation [25]. It has been
reported that methylation in specific 16S ribosomal RNA prevents the binding of antibiotics such as
spectinomycin and streptomycin, allowing normal protein translation [26-27]. Common post-
translational modifications in bacteria involve phosphorylation and succinylation of proteins. Sun and
colleagues (2012) report that cysteine phosphorylation in eukaryotic-like kinases-phosphatase grants
antibiotic resistance towards vancomycin and ceftriaxone in methicillin-resistant Staphylococcus
aureus (MRSA) [28]. Furthermore, lysine succinylation in isocitrate lyase also confers antibiotic
resistance towards rifampicin in Mycobacterium tuberculosis [29].
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2.3.  Antibiotic Efflux Pump and Reduced Permeability

Majority of the antibiotics available are only able to carry out their antimicrobial function when
sufficient antibiotic molecules are transported across the cell membrane into the cytoplasm. Hence,
another common antibiotic resistance strategy employed by bacteria involves the prevention of
antibiotic accumulation in the cytoplasm, either through the overproduction of efflux pumps, which
are embedded to the cytoplasmic membrane of bacteria, or through reduction in membrane
permeability.

Efflux pumps are active transport proteins and function mainly to expel or to prevent the entry
of toxic compounds; in this case, antibiotics, into the bacterial cytoplasm, with the help of energy
either from adenosine triphosphate or an electrochemical potential gradient [20]. Bacteria such as
Escherichia coli and Pseudomonas aeruginosa have been found to be extensively resistant to
ciprofloxacin and fluoroquinolones due to the overexpression of proteins involved in the efflux pump
system powered by the hydrogen ion gradient [30-31]. Rather than having an efflux pump system
customized with antibiotic specificity, bacteria such as MRSA and P. aeruginosa express non-specific
multidrug resistance pumps which efflux a range of antibiotics including the B-lactam antibiotics, as
shown in figure 5 [32-34].
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Figure 5. Generalized mechanism of non-specific multidrug efflux pumps belonging to the resistance-
nodulation-division (RND) family. Adapted from the literature [35]

The reduction of permeability in the outer membrane of bacteria is another strategy employed
(Figure 6). Bacteria import and export small polar molecules, amino acids and nutrients from the
environment via water-filled channel proteins known as porins. However, these hydrophilic porin
channels also allow access to antibiotics such as penicillin N and cephalosporins which are
hydrophilic. In order to prevent such an occurrence, bacteria can reduce and/or mute the expression of
such porin protein channels and even modify the structure of the porin channels, reducing the
permeability of these antibiotics. For example, drug resistant strains of E. coli and Enterobacter
aerogenes have been shown to modify the structure of porins by narrowing the porin channel in order
to reduce their permeability towards antibiotics while Klebsiella pneumoniae have been shown to
reduce the expression of porins in minimizing the uptake of antibiotic molecules [36-38].
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Figure 6. Generalized mechanisms for reduction in the permeability via gene mutation of porins in
cell membrane. Adapted from the literature [39]

2.4.  Target /Substrate Overproduction

Discovery of antibiotic modifiers such as the p-lactamase enzyme enabled combinatorial
treatments involving antibiotics together with B-lactamase enzyme inhibitors as mentioned above. It is
not surprising that bacteria eventually will develop resistance towards the inhibitor, given frequent
administration of such combinations. This is in addition to the high mutational rates that the bacteria
will be subjected to, due to direct effects exerted by both the antibiotic and inhibitor. As such,
resistance to P-lactamase inhibitors can be developed with an overproduction of the target, the
unmodified B-lactamase enzyme. This has been shown in drug resistant strains of E. coli and K.
pneumoniae [40-41]. Another example is observed in the overexpression of the enzyme dihydrofolate
reductase, which is crucial in the nucleic acid precursor synthesis in Mycobacterium tuberculosis and
E. coli. This enzyme confers resistance to antimicrobial drugs such as para-aminosalicylic acid and
trimethoprim [42-43].

2.5. Remodeling of Cell Wall

Under normal physiological conditions, the bacterial cell wall is constantly being remodeled,
with the old peptidoglycan cell wall being broken down and replaced with new molecules. Antibiotics
of the glycopeptide group mainly target construction of the bacterial cell wall. For instance,
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teicoplanin and vancomycin prevents the transpeptidation and transglycosylation via the action of
glycosyltransferases and transpeptidases through binding to the peptidyl-D-Ala-D-Ala extremity of
peptidoglycan precursor [44-45]. This prevents the bacterial cell from replacing its old peptidoglycan
wall, which, due to treatment, is constantly being broken down, eventually lysing and killing the cell.
It has been reported that vancomycin-resistant Enterococci sp. produces a modified peptidoglycan
precursor, from peptidyl-D-Ala-D-Ala to peptidyl-D-Ala-D-Lac or peptidyl-D-Ala-D-Ser, which
prevents the binding of the glycopeptide antibiotic [46-47]. Achieving such modifications require
either the acquisition of genes and/or inherent genetic mutation. Genes such as the vand cluster
encodes two enzymes: VanH dehydrogenase, which converts pyruvate into D-Lac, and VanA ligase,
which facilitates the esterification of D-Ala and D-Lac forming peptidyl-D-Ala-D-Lac [48-49]. These
changes in the peptidoglycan precursor will disable the binding of glycopeptide antibiotics but not the
glycosyltransferases and transpeptidases, allowing cell wall synthesis to occur [50]. Furthermore, a
single amino acid mutation on the Dd1 ligase, which is responsible for the ligation of two D-Ala,
enables it to now join D-Ala to D-Lac, thus conferring resistance towards glycopeptide antibiotics.
This phenomenon had also previously been observed in a vancomycin resistant strain of E. coli [S1].
The cell wall remodeling mechanism is illustrated in figure 7 below.
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(A) Cross-linking of peptidoglycan precursors between L-lysine and L/D-alanine via the action of PBP. (B)
Inhibition of peptidoglycan cross-linking via high affinity binding of vancomycin towards peptidoglycan
precursor, L/D-alanine moiety, preventing binding of PBP via steric hindrance. (C) Genetic mutation alters
peptidoglycan precursor’s amino acid moiety from L/D-alanine-L/D-alanine to L/D-alanine-L-lactate. (D)
Change in amino acid moiety of the peptidoglycan precursor prevents the binding of vancomycin but allows the
cross-linking action of PBP.

Figure 7. Substitution of amino acid in the peptidoglycan precursor reinstating normal function to
PBP
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3.  Plant Secondary Metabolites as Antimicrobial Agent

Plants produce a vast repertoire of secondary metabolites such as essential oils, alkaloids,
terpenoids, phenolics and peptides in their normal metabolic pathways [52]. These metabolites play a
major role in protecting the plant from microbial infection, pests, and UV radiation while attracting
pollinators and seed-dispersing animals. In addition, certain metabolites act as crucial signalling agents
in certain metabolic pathways, thus promoting the growth of the plant [53]. To date, over 100,000
plant secondary metabolites have been identified and majority of them play an important role in the
immune system of the plant, exhibiting antimicrobial potentials [54]. Therefore, much work have been
carried out in the hopes of discovery and development of more effective drugs from medicinal plant
derivatives which will not confer resistance to pathogens, reduce toxicity in drug application,
culminating into fewer side effects when compared to current synthetic drugs [55].

3.1  Essential Oils

Essential oils are characterized by their aromatic attributes, and are commonly used in the
cosmetic and food industry. In addition, essential oils are also known for their antibacterial, antifungal
and antiviral properties [56-58]. Generally, essential oils consist of 20 to 60 components which are
highly volatile but none of which are actually lipid in nature; they are thus not considered true oils.
The major chemical compounds which make up an essential oil can be categorized into three groups:
terpenes and terpenoids and aromatic compounds. Terpenes have the base unit of five carbons known
as an isoprene unit and can be categorized into different groups such as the monoterpenes (two Cs
units), sesquiterpenes (three Cs units), diterpenes (four Cs units) etc. Terpenoids, on the other hand, are
terpenes units containing oxygen. Common aromatic compounds within essential oils are known as
phenylpropanoid, a derivative of phenylalanine [59]. Among all of the mentioned compounds,
monoterpenes comprise 90 % of the content within essential oils while the remaining 10 % is a
combination of other terpenes, terpenoid and aromatic compounds [60-61].

The antimicrobial properties of essential oils are mainly attributed to the presence of terpenes,
terpenoids and aromatic compounds. The complex bioactive composition of essential oils interacts
with multiple bacterial cellular targets instead of a particular single mode of action, thus inhibiting
pathogens from acquiring resistance [62]. Bioactive monoterpenes such as thymol and carvacrol found
mainly in thyme and oregano essential oil and phenylpropanoid such as eugenol found mainly in clove
essential oil indicated substantial antimicrobial activities against both Gram-positive and negative
bacteria. Lambert and colleagues (2001) reported that carvacol and thymol possess the ability to
disintegrate the outer membrane of Gram-negative bacteria and disrupt the cell membrane of Gram-
positive bacteria, thus counteracting the ‘reduced membrane permeability’ mechanism employed by
multidrug resistant strains [63]. Disturbances in the outer membrane cause conformational changes,
leading to leakage of ions across the cell membrane. Besides that, disruption of the cell membrane also
increases susceptibility of the bacteria towards the actions of other bioactive compounds. Yap et. al
(2013) demonstrated complete annihilation of multidrug-resistant bacteria when treated with a
particular combination of essential oil and antibiotic at a fairly low concentration. The significant
reduction in the minimum inhibitory concentration obtained for both essential oils and antibiotics
implicate that compounds such as carvacol and thymol within essential oils permeate the cell
membrane of the bacteria to the actions of antibiotics [64]. In addition, phenylpropanoids such as
eugenol and trans-cinnamaldehyde, commonly found in cinnamon essential oil are able to inactivate
microbial enzymes by forming linkages via hydrogen, ionic and hydrophobic interactions, eventually
leading to bacterial cell death [65-66]. Other monoterpenes such as carvone, limonene and 1, 8-cineole
found commonly in eucalyptus and rosemary essential oil are known to affect the metabolism and
growth rate of bacteria [67-68].
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Table 1. Plant essential oils and their Minimum Inhibitory Concentration (MIC) against a panel of
tested bacteria.

MIC
Essential Plant Species Bacteria References
oil
(mg/mL) (%)
Basil Ocimum basilicum E. coli 0.5 - [69-72]
K. pneumoniae 0.75 -
S. typhimurium 0.25 -
S. aureus 0.125 -
Cilantro/ Coriandrum sativum E. coli 0.14 - [73,74]
Coriander K. pneumoniae 0.28 -
L. monocytogenes 0.2 -
MRSA 0.25 -
Cinnamon Cinnamomum zeylandicum  B. cereus 2 - [64,75-78]
E. coli - 0.078
P. aeruginosa - 0.11
S. mutans 0.125 -
Clove Syzygium aromaticum B. cereus 2.75 - [76,78]
E. coli 4.5 -
P. aeruginosa - 1.80
S. aureus 4.5 -
Garlic Allium sativum A. tumefaciens 0.3 - [79-81]
E. coli 0128 2.75 -
S. aureus 0.02 -
S. flexneri 1.37 -
Lavender Lavandula angustifolia E. coli - 4 [64,82, 83]
H. pylori 2 -
K. pneumoniae 15 -
MRSA 2 -
Lemongrass  Cymbopogon citratus E. coli - 0.12 [75,76, 84]
K. pneumoniae - 0.5
L. monocytogenes - 0.75
P. aeruginosa - 1.80
Oregano Origanum vulgare C. perfringens 5 - [85,86]
E. coli - 0.37
K. pneumoniae - 1
P. aeruginosa - 2
Peppermint Mentha piperita C. perfringens 10 - [64,85,87,88]
E. coli - 2
MRSA 0.064 -
P. aeruginosa - 0.92
Tea Tree Melaleuca alternifolia E. coli - 0.25 [86,89]
K. pneumoniae - 0.5
P. aeruginosa - 1
S. aureus - 0.5
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3.2  Alkaloids

Due to an enormous pool in structural variety, alkaloids are often not classified into categories.
In general, a compound that is heterocyclic, nitrogenous (at least one nitrogen derived from an amino
acid) and has limited distribution within a plant is considered as an alkaloid. Among all screened
alkaloids, the aaptamine, agelasine, indole, indolizidine, isoquinoline, piperazine, polyamine and
quinolone exhibit antimicrobial potential [90-93]. However, alkaloids are not widely used for disease
therapy because most of the compounds mentioned exhibit carcinogenic properties and may cause
severe toxicity to humans [94-95]. Chelerythrine of the group isoquinoline and hapalindole of the
group indole are a few exceptions which exhibit antimicrobial activity against drug resistant strains
such as towards P. aeruginosa at low dosages but indicate no toxicity in Vero cells [96-97].

The mode of action of several alkaloid classes such as isoquinoline, and polyamine have been
studied extensively fairly recently. It has been reported that isoquinoline such as chelerythrine possess
two mechanisms in inhibiting the growth of bacterial cells; through inhibiting the cellular division and
nucleic acid synthesis. Isoquinoline inhibits cellular division by tampering with the FtsZ protein, a
protein which is essential for the Z ring formation during cellular division [98-99]. In addition, the
synthesis of nucleic acids is also inhibited as isoquinoline inhibits the action of type I topoisomerases;
this prevents the translation of antibiotic resistant genes, increasing bacterial susceptibility towards
antibiotics [100]. Polyamine, on the other hand, compromises the integrity and stability of cell
membrane, increasing the membrane permeability via depolarization, leading to leakage of the
cytoplasmic contents and later, cell death [101-102].

Table 2 Alkaloids of plant origin and their MIC against a panel of tested bacteria.

Alkaloid Plant Specis Bacteria MIC (ng/mL) References
Agelasine D Agelas mauritiana  E. coli 8 [103,104]
M. smegmatis 0.8
P. aeruginosa 16
S. pyogenes 2
Ascididemin Didemnum rubeum  B. subtilis 14 [105,106]
E. coli 10
Berberine Berberis vulgaris  E. coli 512 [107,108]
M. luteus 512
MRSA 128
P. aeruginosa 256
Chelerythrine Chelidonium B. subtilis 15 [96,109]
majus E. coli 25
K. pneumoniae 15
S. pyogene 15
Piperine Piper nigrum B. subtilis 312.5 [110,111]
E. coli 625
K. pneumoniae 625
MRSA 100
Sanguinarine Sanguinaria K. pneumonia 16 [112,113]
canadensis MRSA 1
P. aeruginosa 128

S. pyogenes 4
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Phenolics are compounds which are structurally comprised of one or more aromatic rings with
hydroxyl groups and can be classified into several groups such as phenolic acids, flavonoid, stilbenes,
tannins, coumarin and etc [114-115]. These compounds are the major secondary metabolites in plants
which are derived from the shikimate, pentose phosphate and phenylpropanoid pathways [116].

Table 3 Phenolic compounds of plant origin and their MIC against a panel of tested bacteria.

Phenolic Plant Bacteria MIC References
(mg/mL)
Caffeic Acid Eucalyptus globulus B. cereus 17.3 [125]
E. coli 45.8
P. aeruginosa 72
S. aureus 8.6
Catechin Acacia catechu B. cereus 6.4 [126]
Camellia sinensis B. subtilis 12.8
S. aureus 12.8
E. faecalis 6.4
Catechol Acacia catechu E. coli 1.25 [127]
P. mirabilis 1.25
P. aeruginosa 2.5
Coumarin Dipteryx odorata E. aerogenes 0.625 [128,129]
Galium odoratum E. coli 1.25
S. aureus 0.5
S. typhimurium 2.5
Gallic Acid Hamamelis virginiana E. coli 15 [127,130]
Camellia sinensis L. monocytogenes 2
P. mirabilis 5
P. aeruginosa 5
Resveratrol Vitis vinifera B. cereus 0.05 [131,132]
Vaccinium corymbosum E. faecalis 0.1
MRSA 0.2
P. aeruginosa 0.342
Rutin Carpobrotus edulis A. baumannii 8 [133]
E. coli 16
K. pneumoniae 16
P. aeruginosa 16
Salicylic Acid Salix alba E. coli 3.2 [134,135]
K. pneumoniae 0.031
S. typhimurium 0.25
S. aureus 1.6
Tannin/Tannic  Solanum trilobatum E. coli 4 [136]
acid P. aeruginosa 4
S. typhimurium 2
S. pyogenes 2

Flavonoids, one of the natural phenolics, have been intensively studied for their antimicrobial
potentials. They are ubiquitous in cells carrying out photosynthesis, and can be found easily in fruits,
seeds, stems and flowers of a plant [117]. It has been reported that different flavonoids inhibit bacterial
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growth via different mechanisms. For instance, robinetin and myricetin exert their antimicrobial
activity towards Proteus vulgaris and MRSA by intercalation of the nucleic acid bases which works to
inhibit nucleic acid synthesis [118]. Ikigai et al (1993) reported that epigallocatechin gallate found in
green tea, which disrupts the cytoplasmic membrane of MRSA, contributes to cytoplasmic leakage
and grants easy access to antibiotics, eventually leading to cell death of the bacteria [119]. In addition,
licochalcone is able to inhibit the bacterial respiratory electron transport chain by binding to
cytochrome ¢ and CoQ as evidenced by a study done on Micrococcus luteus and MRSA [120].

Tannins are another phenolic compound which are water soluble and exhibit astringent
properties in precipitating proteins and other organic compounds. They can be categorized into two
groups: hydrolysable tannins and non-hydrolysable tannins. Hydrolysable tannins are made up of
either gallic or ellagic acid ester and a polyol whereas non-hydrolysable tannins, otherwise known as
catechol-type tannins, are made up of polymeric flavonoid molecules which do not contains sugar
residues [121] Studies have shown that hydrolysable tannins such as gallotannin are bioactive against
Streptococcus spp through the inhibition glucosyltransferase which is involved in the formation of
biopolymer such as DNA, RNA and protein [122]. In addition, hydrolysable tannins also disrupt the
peptidoglycan cell wall and cytoplasmic membrane of drug-resistant strain of Helicobacter pylori and
Candida albicans, leading to the leakage of cellular content and cell death [123-124].

4. Reversal of Antibiotic Resistance via Synergism

With recent advances in science and technology, discovery of novel antibiotics are made more
feasible. However, researchers have shifted their focus from discovering new drugs to discovering
compounds of plant origin which may revive the efficacy of existing antibiotics through the means of
synergism when lower concentrations of the antibiotic can be used.

Lorenzi and colleagues (2009) have demonstrated that essential oil from the curry plant
Helichrysum italicum works synergistically with chloramphenicol, which when applied in
combination, significantly reduces the dosage of the antibiotic needed to annihilate chloramphenicol
resistant strains of Enterobacter aerogenes. When E. aerogenes was treated with chloramphenicol
alone, its efflux pump was overexpressed. However, when applied in combination, the researchers
found that the essential oil acts as an efflux pump inhibitor, preventing the removal of the
chloramphenicol antibiotic enabling it to diffuse across the bacterial cell wall and cell membrane
[137]. Besides that, it has also been reported that tea tree, Melaleuca alternifolia essential oil has the
ability to permeate the bacterial cell wall and cell membrane of both Gram positive and negative
bacteria, allowing for easier diffusion of antibiotics contributing to cellular content leakage, and
eventually cell death [138-139]. In addition, the essential oils of cinnamon bark, Cinnamomum verum
and lavender, Lavandula angustifolia have been shown to exhibit synergistic relationships with
piperacillin when used against multidrug resistant E. coli [140-141]. Yap et al (2015) also postulated
that such synergism arose from multiple compounds within the essential oil, which helped permeate
the outer membrane, and to further inhibit the quorum sensing ability of the multidrug resistant E. coli.

Alkaloids such as tomatidine were shown to exhibit synergism in combination with gentamicin
when used against MRSA. However, the exact mode of action of tomatidine has yet to be elucidated
[142]. A majority of the alkaloid compounds, which had been discovered and studied, suggested that
alkaloids possessed the universal ability to inhibit the efflux system of drug resistant bacteria. For
instance, lysergol reacts synergistically to nalidixic acid, a quinolone antibiotic via the inhibition of the
efflux pump when used against multidrug resistant E. coli [143].

Last but not least, phenolic compounds such as baicalin and epicatechin gallate were shown to
exhibit synergism with B-lactam antibiotics when used against resistant strains of Gram-negative and
positive bacteria such as E. coli and MRSA [144-146]. The mode of action postulated for both baicalin
and epicatechin gallate involves the permeability capability as well as cytoplasmic membrane
disruption which eventually led to cellular leakage [119, 144]. Furthermore, synergistic relationships
have been reported between phenolic compounds such as p-coumaric acid, sinapic acid, caffeic acid
and taxifolin in combination with antibiotics such as ciprofloxacin and erythromycin when used
against multidrug resistant Campylobacter jejuni. It has been confirmed that the mode of action of the
mentioned phenolic compound involves the inhibition of the efflux system as well as additional
permeability of the cellular membrane [147].
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Table 4 Plant secondary metabolites which exhibit synergism with antibiotics against a panel of

bacteria.
Synergistic Combination Bacteria Singly Agent Combinatory MIC  References
MIC of of antibiotic
Antibiotic (ng/mL)
(ng/mL)
A) Essential Oil
i)  Cinnamon A. baumannii 625 39.1 [64]
(Cinnamomum verum)
and amikacin
ii) Cinnamon
(Cinnamomum verum)  E. coli 1024 256 [148]
and piperacillin
iii) Coriander
(Coriandrum sativum)
and chloramphenicol ~ A. baumannii 64 4 [149]
iv) Curry (Helichrysum
italicum) and
Chloramphenicol
v) TeaTree (Melaleuca  A. baumannii 32 4 [137]
alternifolia) and E. aerogenes 1024 128
gentamicin P. aeruginosa 512 3.2
vi) Thyme (Thymus
broussonetii) and E. coli 0.5 0.12 [150]
ciprofloxacin S. aureus 0.25 0.6
Y. enterocolitica 0.25 0.06
B. cereus 2 0.3 [151]
P. aeruginosa 8 1.12
V. cholera 8 1.12
B) Alkaloid
i) Berberine and K. pneumoniae 512 192 [152]
ciprofloxacin
ii) Lysergol and nalidixic E. coli 6.25 1.56 [143]
acid
iii) Tetrandine and MRSA 256 16 [153]
cefaxolin
iv) Sanguinarine and E. coli 4 0.5 [112]
streptomycin
C) Phenolics
i) Baicalinand MRSA 64 4 [144]
methicillin
ii) Caffeic acid and P. aeruginosa 2 0.5 [154]
gentamicin
iii) Catechol with E. coli 8 2 [127]
ciprofloxacin P. mirabilis 16 4
P. aeruginosa 1000 250
iv) Epicatechin gallate MRSA 512 128 [155]
and oxacillin
v) Tannic acid and
cefotaxime MRSA 8 2 [156]
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5.  Future Prospects

Throughout the history of mankind, plants have always been the go-to source as remedy for the
treatment of diseases, before and even after the discovery of antibiotics. For instance, colchicine amide
derived from plant Colchicum autumnale is used in chemotherapy against cancer while ajmaline, a
glucoside inhibitor of Na/K ATPase, isolated from plant Rauwolfia serpentina is used to treat cardiac
arrhythmias [157-158]. Unfortunately, the current repertoire of commercially available antibiotics are
mostly of bacterial or fungal origin; the only commercial antibiotics of plant origin are artemisinin
from plant Artemisia annua and quinine from plant Cinchona officinalis which were used to treat
malarial infection [159-160]. This is mainly due to the fact that most plants do not produce highly
potent secondary metabolites specific for antimicrobial purpose as they have other defense
mechanisms available [54]. However, due to the emergence as well as wide spread of antibiotic
resistant gene among the bacterial community, plants are also subjected to stress which causes them to
produce more potent antimicrobial agents [161]. Therefore, it is more probable for one to discover
novel antimicrobials from plant derivatives and it is likely that such samples may be collected from
antibiotic-contaminated sites.

The existence of hidden gene and dual-use codons (duons) within a plant cell is another factor
which explains minimal usage of plant-derived antimicrobials; this is because it greatly limits the
variety of plant secondary metabolites. The eukaryotic cell’s genetic materials are packaged into the
chromosome by coiling onto histone proteins which forms nucleosomes condensed into its final form,
the chromosome. According to Segal and colleagues (2006), different histone proteins coil with
specific DNA sequence to form a nucleosome complex which obstructs the binding of polymerases
[162]. The special positioning of this nucleosome complex possesses regulatory effects on the
expression or repression of certain genes through recruitment of different regulatory proteins. Besides
that, as different histone proteins demonstrates different affinity towards DNA sequences, access to
binding sites of polymerase and other transcriptional factors are thus, limited [162]. Hidden codes
within the DNA known as duons which possess two functions have been discovered recently,
functioning as amino acid coding and a transcriptional factor recognition site. A duon regulates the
expression or repression of genes and thus alters the variety secondary metabolite [163]. Thus, efforts
can be redirected towards toward the study of gene regulation which will allow for the manipulation of
genes to generate a greater variety of plant secondary metabolites that will possess promising
antimicrobial potential.

Another important missing link contributing to the studies of plant-derived antimicrobials is the
detailed mechanisms involved. In recent years, there have been countless publications involving plant
secondary metabolites and their antimicrobial potentials. Unfortunately, most of these publications
only looked into the isolation and purification of a particular compound followed by the assessment of
their ability in inhibiting the growth for a limited panel of microorganisms. Of that, only a small
fraction of those would include assays to a point where it is possible to postulate the mode of action of
the plant secondary metabolites to allow further assessments of their cytotoxicity ex-vivo. Thus, the
lack of information on the mode of action prevents replacement of antibiotics by usage of plant
secondary metabolites. In order to properly assess this, several approaches might be considered for the
elucidation of the in-depth mechanism of plant secondary metabolites for use as antimicrobial agents.
One of the most prominent approaches that are available is through the employment of proteomic
studies. Proteomic profiling has been the mainstream method that allows for comparison of proteomic
expression between the treated and control group of cells; this will define the mode of action of plant-
derived antimicrobials and the pathways involved. Established methods for proteomic approaches
include high resolution, two-dimensional gel electrophoresis and stable isotopic labeling method; both
are followed by identification via mass spectrometry. In addition, transcriptomic approaches can also
be used to further validate the proteomic data by looking into the gene expression profile for a
particular identified protein. Quantitative reverse transcriptase polymerase chain reaction is among the
popular methods performed to again access the gene expression levels between the treated and
untreated groups, shedding light on the mode of action of the plant-derived antimicrobials. Other
validation approaches that can be performed are the metabolomics approach which allows the profile
elucidation of metabolic intermediate, secondary metabolites, hormones and other compounds.
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Established methods for metabolomics are divided into two groups: gas chromatography for volatile
metabolites and liquid chromatography for non-volatile metabolites. Prior to separation via
chromatography, separated metabolites are quantified and identified via mass spectrometry. Such
profiling will provide a glimpse into the physiological status of the cells which, when combined with
the data from other approaches, paints a more wholesome picture for the mechanism of the plant-
derived antimicrobials.

Utilizing fundamental knowledge in the mode of action of plant-derived antimicrobials will
ultimately lead us to the development of novel and efficacious biomarkers, which can be used as
effective therapeutic agents that may ultimately help in the revival of existing antibiotics through
synergism.
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