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INTRODUCTION

Bacterial resistance to antibiotics and the rapid
increase in infectious diseases due to antimicrobial re-
sistant (AMR) bacteria have brought to the international
attention a situation reminiscent of the pre-antibiotic era.
Currently, antibiotic resistance and the associated infec-

tions are widespread and pose severe health and econom-
ic burden globally, necessitating a massive demand for
alternative treatment approaches [1]. Additionally, many
emerging alternative treatment options are at different
stages of preclinical and clinical trials [2-5]. Interestingly,
antimicrobial peptides (AMPs) hold promises as valuable
therapeutic options against drug-resistant pathogens [6].
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AMPs are low molecular-weight oligopeptides that are
found in plants, animals, and humans [7]. They play a
crucial role in the host’s innate immune response and
have broad-spectrum antimicrobial activity [8]. AMPs
have an amino acid length ranging from 15 to 150 [9].
They are cationic, having a net charge of +3 and an av-
erage hydrophilic composition of 42% [10]. AMPs, also
called the host defense peptides or the innate defense reg-
ulatory peptides, are nonspecific and target components
of microbes that facilitate immunological response [11],
acting as the first-line defense mechanism against invad-
ing pathogens [12].

Furthermore, AMPs are amphipathic and evolution-
arily conserved peptides. Their antibacterial activity in-
volves electrostatic interactions with intracellular bacteri-
al components and cell membranes. This is accomplished
by forming ionic pores or transient gaps, leading to bacte-
rial membrane permeability alterations. Apart from their
broad-spectrum activity, peptides are thermally stable
and water-soluble [9,13] and are involved in intracellular
angiogenesis (blood vessel formation), inflammation re-
sponses, and cell signaling in the host cell [14].

Although there are established disadvantages in
the application of AMPs, such as resistance [15], tox-
icity [16], immunogenicity, and hemolytic activity to
host cells [16-18], susceptibility to proteolysis [19,20],
poor pharmacokinetics [21], undesirable or nonspecific
interactions with host cells [21], stability, and selectivity
[22]; these issues make the AMPs inefficient to reach the
target and exert their action [23]. However, AMP diversi-
ty and potency make them good candidates for antibiotic
alternatives [9]. Also, the pronounced selectivity of AMP
for bacterial cells over host cells [24] makes them an
indispensable option in tackling the bacterial AMR crisis.
Currently, scientists are recording success in an effort to
mitigate all the challenges associated with their use. The
current review presents the opportunities and advances in
AMPs discovery and development targeting AMR bac-
teria. First, we reflect on the global burden of the AMR
crisis, portraying the global magnitude, challenges, and
consequences. Next, we critically and comprehensively
highlight the potential roles of AMPs in addressing the
AMR crisis.

THE GLOBAL BURDEN OF
ANTIMICROBIAL RESISTANCE (AMR)
CRISIS

Antibiotics used during the 1930s were effective in
managing infectious diseases and substantially resulted
in a decrease in the rates of morbidity and mortality.
However, microbial resistance to antibiotics was soon
recorded immediately after penicillin’s discovery. De-
spite the emergence of resistance, there was little concern
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because of the continuous production of new drug deriv-
atives to manage the issue. This caused the myth that in-
fectious diseases caused by bacteria would be overcome
in no distant time [25,26]. Although newer antibiotics
were developed after that, efforts made by scientists to
develop newer and more efficient antibiotics were not
enough to mitigate the impending AMR crisis, which Al-
exander Fleming earlier predicted during his 1945 Nobel
Prize lecture [27]. Thus, multi-drug resistant infectious
diseases became unavoidable, and the already-available
antibiotics lost efficacy and effectiveness [28].

Sadly, antibiotic resistance in healthcare-associated
infections is currently predominant and quite alarming in
many countries. The emergence of multi-drug resistant
pathogens harboring different resistant genes has been
a major concern. Several recent studies show the global
magnitude of the issue. For example, the emergence of
extended-spectrum beta-lactam (ESBL) among Klebsiel-
la pneumoniae isolates from Iraq [29], plasmid-mediated
quinolone resistance genes among Escherichia coli and
Pseudomonas aeruginosa isolates from Iran, where about
85% of all E. coli isolates were reported to have at least
one plasmid-mediated quinolone gene [30]. Additionally,
ESBL-harboring Salmonella typhi have been isolated
from patients in Nigeria infected with typhoid fever [31].

Several factors promote the emergence of antimicro-
bial-resistant organisms. Both medical and non-medical
use of antibiotics has been seen as key players in this
regard. According to the Centers for Disease Control and
Prevention (CDC) [32], antibiotics given during treat-
ment duration are wrong 30%-50% of the time. Luyt et
al. [33] also reported that in the intensive care unit, about
30%-60% of drugs prescribed are highly unnecessary.
However, the non-medical use of antibiotics remains a
major concern [34]. In addition, the quest to provide a safe
and adequate food supply for the ever-increasing world
population at different quarters has raised the demand
for antibiotics in the agricultural sector [35]. Currently,
many critically important antibiotics widely used in
human medicine, such as penicillin, tetracyclines, amino-
glycosides, sulphonamides, macrolides, and quinolones,
are used in agricultural and aquaculture practices [36]. It
has been estimated that in the United States alone, about
80% of the available antibiotics are not used clinically;
instead, they are used in animal agriculture as either a
growth supplement or for infection control [37,38].

Many countries use antibiotics in livestock produc-
tion (eg, poultry) [39,40]. This use has been a welcome
development for livestock farmers due to improved
poultry performance and subsequent economic gains. In
fact, the past decade has seen rapid growth in global live-
stock production with an increased inclination towards
intensive systems, where antimicrobial use is elemental
to production processes. Little wonder, two-thirds of the
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future increase in antimicrobial use is projected for ani-
mal production [41,42]. In several countries, antibiotics
are consumed indirectly by livestock. In 2010, the esti-
mation was about 63,151 tons [41], with each kilogram
of meat harvested from chicken, cattle, or pigs containing
148mg, 45mg, and 172mg of antibiotics, respectively.
Consequently, this is projected to increase by 67% by
the year 2030 [38,41,43]. Moreover, highly populated
and rapidly developing countries risk a double increase
[41]. In livestock production, poultry records the high-
est antimicrobial use, followed by pigs and dairy cattle
[44]. Currently, China stands as the largest producer and
consumer of antibiotics globally, with more than 50%
going into poultry and other livestock [39,45]. Making
up 45% of global veterinary antimicrobial consumers
in 2017, China preceded Brazil, the US, Thailand, and
India. Together with Iran, Mexico, Spain, and Argentina,
these countries accounted for 75% of the antimicrobials
used in livestock production [46].

Common antibiotics used in intensive poultry pro-
duction, especially in North America, include bacitracin,
tetracycline, virginiamycin, tylosin, salinomycin, and
bambermycin [47]. Tetracyclines are commonplace
among US livestock producers, accounting for more than
two-thirds of antimicrobials used in poultry production
[48]. The increasing use of antimicrobials in livestock and
aquaculture is of great concern with the imminent danger
of AMR [49,50], especially as most of these antimicrobi-
als are used in human medicine [51]. Statistically, about
95% of antibiotics ingested by livestock are released in
unchanged form when the livestock excrete waste. The
waste enters the natural environment and eventually
causes disease and facilitates the rapid increase in antimi-
crobial-resistant zoonotic pathogens in the environment
[52,53].

Primarily, overuse of antibiotics is the primary
cause of resistance evolution. Although the overuse
of antibiotics is strongly discouraged, the problem of
over-prescription across the globe still exists [54]. Across
countries, antibiotic prescriptions differ. For low-and
middle-income countries, the majority of the populace
acquires antibiotics over the counter without a prescrip-
tion or proper diagnosis [55]. This practice also leads to a
high consumption rate of antibiotics. Research shows that
antibiotics prescribed to humans are used at home and
finally end up in the sewage. The presence of antibiotics
in sewage and wastewater makes urban wastewater treat-
ment plants (WWTPs) and sewage a significant source
of antibiotic-resistant bacteria (ARB) and antibiotic-re-
sistant genes (ARG) [56]. It is worth noting that although
antimicrobial-resistant organisms occur naturally in the
environment, human activities and the presence of antibi-
otics in sewage and wastewater contribute to the distribu-
tion of drug-resistant bacterial genes to the environment
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[56,57]. Some purification processes in the WWTPs are
inefficient as they cannot eliminate the resistant genes of
concern. Most WWTPs are hotspots for the spread of an-
tibiotic resistance determinants in the environment, which
is a great threat as final effluent is usually introduced into
surface waters. WWTPs also constitute a crucial interface
between humans and the environment. WWTPs harbor a
large microbial community, enhancing the exchange of
ARGs by horizontal gene transfer (HGT) [58,59].

Also, the use of antibiotics in agriculture allows the
permeation of antibiotics into soil and water sources from
crop treatments. Currently, the aquatic environment has
become a reservoir for ARB and ARG and serves as a
channel that sustains and enhances the transformation
and persistence of antibiotic residues and ARB and their
genes. The aquatic environment harbors genetic elements
such as plasmids, integrons, transposons, and other
mobile genetic elements that enable bacteria to acquire
resistance capacity and quick adaptation in the presence
of antimicrobials to which they are supposed to have been
susceptible [60]. Integrated farming, drug residue accu-
mulation, and consumption of contaminated food and
food products are other major factors that lead to ABR
and ARGs dissemination [61]. The dissemination of both
the ARB and ARGs to humans can occur directly through
the exposure of humans to infected animals and biolog-
ical substances and indirectly through the consumption
of contaminated food products (eg, meat, dairy products,
and eggs).

All these described issues show that antimicrobial
drug resistance and the associated infections will pose
a more severe health and economic burden if adequate
plans are not put in to overcome the crisis. Notably, the
reality is that bacteria are very versatile and adaptive. So,
AMR seems likely to increase in the near future unless
all hands are on deck towards renewing research efforts,
unraveling more virulence and resistant markers, and de-
signing more effective alternative treatment approaches.
So far, the use of antimicrobial peptides, together with
other emerging biomaterials, is offering hope in reducing
the AMR crisis. These AMPs have good activity against
bacterial pathogens, and they are promising alternatives
to antibiotics.

CLASSIFICATION OF ANTIMICROBIAL
PEPTIDES

Gramicidin was the first described AMP. It was
discovered in 1939 from Bacillus brevis isolated from
the soil and was shown to be effective against bacterial
pathogens [62-65]. Currently, there are several cata-
logued AMP [66], and different criteria are used to clas-
sify antimicrobial peptides. They can be classified based
on source (mammalian, amphibians, insects, microor-
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Antimicrobial peptides
(AMPs)

Figure 1. Mechanism of action of the antimicrobial peptide against bacteria. AMP interacts with bacterial mem-
brane via electrostatic interactions. This approach makes it difficult for bacteria to develop resistance to it. Some AMP
acts on membrane, while others do not. Membrane peptides have cationic peptides that disrupt the bacterial membrane
when interacting with it. On the other hand, non-membrane peptides translocate across the membrane without causing
any damage. There is also some AMP that creates trans-membrane pores on the membrane. Others AMP does not
disrupt cell functions as they translocate across the membrane. Protein synthesis, several enzymatic activities, cell
signaling activities, and other critical intercellular functions are also disrupted by AMPs (A). Some AMP also disrupts
biofilm formation (B). While interacting with bacterial membrane, some AMP usually undergoes some conformational
changes. Currently, three different models are used to define AMP mechanisms of action across the bacterial mem-
brane. (C) Barrel stave model: aggregation of AMP with each other. This aggregate is inserted into the lipid bilayer of
the cell and then arranged parallel to the phospholipids leading to the formation of a channel (D). Toroidal pore model:
AMPs embedded in the cell membrane. Accumulation of these AMPs leads to the formation of the ring hole (E). Carpet
model: AMP accumulates on the cell surface leading to damage to the membrane in the form of a detergent [161,162].

ganisms) [66-68], the activity (antiviral, antiparasitic,
antibacterial, antifungal, antihuman immunodeficiency
virus (HIV), antitumor, anticancer) [69,70], structural
characteristics [70], and amino acid constituents [71].
Interestingly, bacteria can produce some antibacterial
peptides. The most researched and notable of these pep-
tides are the bacteriocins. Several studies have shown
the antibacterial potential of bacteriocins. Although the
antimicrobial potentials of bacteriocins are beyond the
scope of this review, readers are encouraged to read the
following papers [72,73].

Based on their cell target activity, AMPs are catego-
rized into two groups: the extracellular targeting group
(damage outer cell membrane) and the intracellular tar-
geting groups [11]. The membrane-disrupting peptides
exert their effects in multiple mechanisms [10]. Some
peptides can also act both on the intracellular and extra-
cellular target and can also switch from one mechanism
to another depending on the peptide concentration,
membrane makeup of the target pathogen, and the exist-
ing growth phase [11]. So far, peptide classification has

been limited by diverse information and nomenclature.
Different methods for classifying peptides from plants,
animals, and bacteria are also utilized. However, a recent
report by Wang [74] describes unifying the classification
of AMP in the AMP database. The criteria for this unified
classification include the source of the peptide, method
of biosynthesis, biological potentials, sequence of ami-
no acid, and mechanism of action, in addition to their
three-dimensional structure.

MECHANISMS OF ACTION OF PEPTIDES

Peptides exert their effect either by compromising
the integrity of the bacterial cell wall or through inter-
ferences with intracellular metabolic processes [10,75].
Also, peptides’ exact mechanisms of action against all
pathogens are not the same. While the initiation of in-
teraction depends solely on electrostatic forces [76,77],
the effects AMPs exert on the membrane are dependent
on the properties of the peptides, such as the structure,
size, net charge, amphipathicity, and composition of the
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membrane itself [76].

Generally, two major mechanisms are considered in
the activity of peptides: direct cell killing through cell
membrane disruption and immunomodulatory action.
About three different models, such as the Barrel-stave,
Carpet, and Toroidal-pore have been described over the
years to define the mechanism of cell membrane disrup-
tion by AMPs [23,78,79] (Figure 1). In bacteria species,
AMPs initiate cell disruption in three major steps; first,
the attraction phase involves the interaction of the cat-
ionic peptides with the bacterial surface. The cationic
peptide binds to the bacterial outer membrane surfaces
using lipopolysaccharide as a receptor. Since the AMPs
are positively charged, attachment makes it displace cat-
ionic ions such as Ca*" and Mg?, causing a disruption
of the outer membrane, allowing the AMPs to reach the
intracellular target (negatively charged phospholipids)
[23,80]. The second is the attachment, which involves the
penetration of the polysaccharides and their attachment
and interaction with cellular targets such as the protec-
tive capsular coats (lipopolysaccharides in gram-neg-
ative bacteria or the teichoic and lipoteichoic acids in
gram-positive bacteria) [23]. Once successful in crossing
the cell membrane, AMPs interact with the lipids in the
cytoplasmic membrane, such as phosphatidylglycerol
and cardiolipin, destabilizing the bonds of the phospho-
lipids, resulting in disintegration or permeability [79].
Furthermore, there is the insertion stage, where the pep-
tides position themselves within the membrane bilayer,
leading to membrane thinning, curvature, and disruption
of the membrane barrier [79].

In addition to permeabilizing the lipid bilayers, recent
studies show AMPs with the non-lipid target inside the
cell [81]. Moreover, inside the cytoplasm, peptides can
further exert complex effects like inhibition of protein,
nucleic acid biosynthesis, enzymatic activities, cell wall
synthesis, protease activity, and inhibition of DNA and
RNA [71,77,78,82]. The non-membrane targeting group
of peptides usually employs this mechanism. This group
of AMPs can penetrate freely into bacterial membrane
without causing any damage [83]. This is because they
have non-membrane permeabilizing (non-lytic) activity
[84,85]. For this group of peptides, bacterial cell mem-
brane permeabilization and subsequent cell killing occur
rapidly and simultaneously [86]. However, non-lytic
peptides often have a lag phase period between mem-
brane permeabilization and cell killing [87]. Although
the mechanism of non-lytic peptide interaction is still not
completely clear, it is known that this group of peptides
enters the cell via spontaneous translocation [88,89]. This
translocation event leads to the formation of pores in the
membrane through which the peptides pass. The route is
only transiently breached, and the smooth movement of
the peptide across helps to sustain membrane integrity.
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Another mechanism that has been reported in pro-
line-rich AMP is membrane translocation facilitated by
proteins secreted by the bacteria [90,91]. While some
AMP acts on bacterial membranes and others target
intracellular components, some peptides have multiple
modes of action. For example, a recent study reported
a peptide NP-6 with dual mechanisms of action against
Staphylococcus aureus [92]. In addition to compromising
the bacterial membrane integrity with a resulting increase
in membrane permeability, the peptide also binds to the
DNA and RNA and disrupts intracellular f-galactosidase
activity in S. aureus.

In immunomodulation, peptides act through the re-
cruitment and activation of leukocytes, autoinflammation,
degradation of protective coats such as lipopolysaccha-
rides, and phagocytosis [93]. AMPs can cause a reduction
in the expression of inflammatory cytokines, while mod-
ulation of the expression of chemokines has also been
reported [77] (Figure 2). Allomyrinasin obtained from
Dynastid beetle was shown to induce anti-inflammatory
activities [94]. In a study by Nagaoka et al. [95], LL-37
was reported to trigger the production of pro-inflamma-
tory cytokines (IL-1B) by suppressing LPS/ATP-induced
macrophages pyroptosis. This AMP was also reported to
trigger neutrophils to produce ectosomes (antimicrobial
microvesicles), demonstrating the potential therapeutic
potential of cathelicidin LL-37. AWRKS6, a synthetic
cationic peptide from AMP, inhibits LPS-induced in-
flammatory response [96]. In a more recent investiga-
tion, gcIFN-20 peptide suppresses bacterial load and
mortalities significantly. Importantly, using both in vivo
and in vitro approaches, LPS-induced pro-inflammatory
cytokines were also inhibited [97]. This study by Xiao
et al. demonstrates that AMP can interact with LPS, con-
sequently leading to LPS aggregation and neutralization
and thereby showing the therapeutic potential of AMPs.
In a study by Wei et al. [98], the cathelicidin-PY peptide
not only damaged bacterial membrane but also inhibited
the production of nitric oxide (NO). There was also in-
hibition of TNF-a, IL-6, and monocyte chemoattractant
proteins-1 (MCP-1). The peptide was also shown to bind
to LPS, triggering the activation of Toll-like receptors
(TLR4) inflammatory response pathways.

A novel peptide sparanegtin was also reported to
exhibit antimicrobial activity against both gram-positive
and gram-negative bacteria. Interestingly, the peptide was
also reported to display an immunoprotective role in ad-
dition to exerting immunomodulatory effects in an in vivo
infection model experiment [99]. Other studies reporting
host antimicrobial immune responses when treated with
peptides are also available [100,101]. Therefore, more
studies detailing the mechanisms of action of membrane
and non-membrane targeting peptides are needed to de-
sign better peptides targeting extensively drug-resistant
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Figure 2. Inmunological response of antimicrobial peptide against bacteria. (A) Enhance phagocytosis (B) Naive
T cell (C) Induce chemokines (D) Induce pro-inflammatory cytokines (E) Suppress pro-inflammatory cytokines (F) In-
duce anti-inflammatory cytokines (G) Promote dendritic cell differentiation (H) Recruitment of monocytes, mast cells,
and Macrophages which promotes cell differentiation. AMP exhibits antibacterial and immunomodulatory activities
against pathogens. Peptides can also enhance bacterial phagocytosis of IgG-opsonized bacteria and suppress neutro-

phil apoptosis [163,164].

pathogens. Understanding the exact mechanisms of the
actions of peptides is the major avenue or route to easily
using peptides in treating AMR infections.

APPLICATION OF PEPTIDES AGAINST
DRUG-RESISTANT BACTERIA

Multi-drug resistant pathogens can be made to be
susceptible to antibiotics when treated with AMP. The
cell-membrane permeabilization activity of AMP makes
it possible for a peptide to sensitize bacteria to antibiotics.
The peptide basically acts like an enhancer, enhancing
the activity of antibiotics originally not effective against
resistant pathogens [102]. Razquin-Olazaran et al. [103]
demonstrated the potentiating activity of peptides. Three
different commercially prepared peptides, namely P4-8,
P4-9, and P4-18, were used against multi-drug resistant
P. aeruginosa (ps4). This pathogen was found to employ
different antibiotic resistance mechanisms, including the
acquisition of cephalosporinase AmpC and the efflux

pump MexAB-OprM. Exposure to P4-9 triggered rapid
changes in the bacterial cell membrane. Interestingly,
the descendants of the cells that survived the exposure
remarkedly showed permeability to certain hydrophobic
compounds up to 20 h, even when grown in the absence
of the peptide. The peptide P4-9 did potentiate the effect
of antibiotic novobiocin in a process the authors referred
to as “Post-Antibiotic Effect-associated Permeabiliza-
tion.” Similarly, administration of other antibiotics such
as macrolide, cephalosporins, ciprofloxacin, rifampin,
and fosfomyecin after the withdrawal of P4-9 also showed
“Post-Antibiotic Effect-associated Permeabilization” at a
varying magnitude. This study demonstrates the potential
of AMP in overcoming drug-resistant strategies employed
by pathogens. It explicitly demonstrates the therapeutic
outcomes of a combined AMP-antibiotic treatment.
Therefore, AMP can induce a post-antibiotics effect. This
effect could be enough to influence the susceptibility of
the bacteria to antibiotics. More importantly, a peptide
might not even be needed to enhance antibiotics activity,
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provided the target bacteria sustains its sensitization to
the antibiotics previously induced by a peptide.

In another encouraging investigation demonstrat-
ing the therapeutic potentials of AMP, D-enantiomeric
protease-resistant peptides (DJK-6) were used to both
prevent and eradicate preformed biofilms in the K. preu-
monia-resistant strain [104]. The peptide potentiated the
activity with B-lactam antibiotics meropenem, imipenem,
and cefepime, inhibiting K. pneumonia. The ability of
the peptides to prevent and/or disrupt biofilms formed
by this pathogen demonstrates the therapeutic potential
of AMP. A similar study using D-enantiomeric peptides
showed that the peptides eradicated wild-type and multi-
drug resistant biofilm and protected against infection due
to P. aeruginosa [105]. A recent study by Denardi et al.
[106] reported the antibacterial activity of several AMPs
(MSI-78, h-Lfl-11, LL-37, magainin-2, and fengycin
2B). From the results, the AMPs showed bactericidal
activity against all the tested clinical bacterial strains (£.
coli, MRSA, P. aeruginosa, Acinetobacter baumannii,
and carbapenem-resistant K. pneumoniae).

Furthermore, a brevinin-1 peptide derived from the
skin secretion of frog and its analog was tested against
diverse pathogens. Properties such as the antibiofilm,
antimicrobial, and hemolytic activity of the peptides and
their analogs were evaluated. The peptide was designed
by adjusting the conformational structure, hydrophobic-
ity, and net charge. This approach led to the production
of a peptide with enhanced therapeutic potential. The
peptide and its derivatives had a broad-spectrum activity
against the pathogens, inhibited biofilm formation, and
eradicated mature biofilms of Methicillin-resistant S. au-
reus (MRSA) and Enterococcus faecalis. These peptides
were also proven to permeate E. coli outer membrane
dose-dependently. In the in vitro analysis, the analog of
the peptide also reduced mortality in the Galleria mel-
lonella larva infected with MRSA [107].

On the other hand, AMP can also be modified for
improved therapeutic potential. Specifically, chemical
modifications and the use of non-coded amino acids could
be viable approaches to overcome the limitations associ-
ated with the use of peptides. For example, a study by
Li et al. [108] using a modified N6NH2 peptide showed
promising antimicrobial activity. This peptide was mod-
ified to increase its stability and antibacterial activity.
Analog (N6PNH2 and V112N6NH2) were generated by
substituting some amino acids in formulating the AMP.
At a higher concentration of 2xMIC, the parent peptides
and their analog, with the exception of V112N6NH2,
showed bacteriolytic activity against Aeromonas veronii,
with DNO6NH2 having the strongest activity. In addition,
biofilm formation was significantly decreased. The ana-
log Guo-N6NH2 displayed low toxicity in the mice and
protected the infected mice from bacterial killing. For
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the mechanisms of action of the peptide, it was reported
that the analogs exhibited different antimicrobial activity
through cell permeabilization, interaction with DNA, and
the formation of outer membrane vesicles (OMVs) [108].
An interesting finding of the study was that the formu-
lated peptide had a significantly higher outer membrane
penetration ability. Also, the peptide prevents bacterial
translocation, inhibits proinflammatory cytokines, and
increases the expression of anti-inflammatory cytokines,
which all help to alleviate multiple-organ damage.
This study provided a novel method for peptide design
targeting multi-drug resistant pathogens. A more recent
study by Shang et al. [109] showed that tryptophan-con-
taining peptides could attenuate the quorum sensing in
P. aeruginosa MRPAO108 by downregulating the ex-
pression of some genes (lasA, lasB, rhi4, and rhiB) in
a dose-dependent manner. The peptides disrupted LasB
elastase expression and LasA protease enzymes by 24%
and 44%, respectively. It also prevented the 74/ gene from
producing pyocyanin and rhamnolipids by 73% and 44%,
respectively, and Psl (a crucial biofilm matrix polysac-
charide). Overall, the study demonstrated the roles of
AMP in changing bacterial tolerance to antibiotics.

In more studies demonstrating the antibiofilm po-
tential of AMP, a recent study by Elsalem et al. [110]
reported an engineered cationic AMP, WLBU2, having
a broad-spectrum activity against several multidrug-re-
sistant pathogens with significant inhibition of biofilm
formation. The AMP showed limited host cytotoxicity
and can be synergistically combined with antibiotics for
improved therapeutic activity. A previous study by El-
salem et al. [111] also reported the therapeutic potential
of the WIBU?2 peptide. Ordinarily, treating infection due
to biofilm using conventional antibiotics usually poses
some challenges. Most examples in this review demon-
strate the dual antibacterial activity of AMP, a feature not
commonly seen in conventional antibiotics.

A recent study by Degasperi et al. [112] also showed
that an elastase-activated D-BMAPI18 peptide exhibits
good antimicrobial and anti-inflammatory potentials
with low cell toxicity. Another recent study by Koch and
his colleague showed that deep mutational scanning of
DNA-encoded AMPs is a viable approach for optimiz-
ing AMPs. This was demonstrated using AMP, Bac7.
The Bac7 in the study exhibited strong activity against
drug-resistant E. coli. Interestingly, the activity was less
dependent on SbmA (an essential inner membrane protein
transporter commonly used by gram-negative bacteria to
move AMPs rich in a proline to the cytosol, where they
inhibit translation). The peptide also showed strong inhi-
bition of ribosomes with low cytotoxicity, making it a de-
sirable therapeutic candidate [113]. Another study by Lu
et al. [114] showed that the Nigrocin-PN with low hemo-
lytic and cytotoxic activity has a broad-spectrum activity
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gram-positive bacteria is another AMP resistance mechanism in some bacteria. Moreover, some pathogens, especially
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ing capsular polysaccharides [23,165].

against multi-drug resistant pathogens. The AMP in the
study did not only show efficient antimicrobial activity
but also substantially ameliorated pulmonary inflamma-
tion triggered by K. pneumonia in vivo. Nigrocin-PN also
showed synergistic effects with antibiotics (ampicillin) by
delaying resistance acquisition by S. aureus. The mecha-
nism of action of this AMP was via bacterial membrane
disruption, thus, demonstrating the mechanisms of action
of AMP in combination with antibiotics. Also, the “Rana
box” function was studied, and interestingly, it played a
crucial role in significantly lowering the toxicity of the
AMP without any influence on the antibacterial activity
of the peptide.

At this point, it is interesting to emphasize that using
a computational modeling approach can allow for effi-
cient AMP design. In addition to predicting AMP func-
tion, this in silico approach is particularly useful because
in vitro testing can be expensive and time-consuming.
Combining in silico prediction tools with in vitro testing
can be crucial in identifying AMP with good antimicrobi-
al activity. This approach is fundamental in engineering
an effective AMP and optimizing existing AMP. Several
researchers have used several computational approaches
with promising therapeutic results [115-117]. Recently,
Bobde et al. [118] used Ab initio computational approach
to design a novel narrow-spectrum PHNX AMP against



Table 1. Synergistic Combination of AMPs with Other Biomaterials (eg, Antibiotics)

References

[157]
[134]
[166]
[107]
[108]
[138]
[167]
[138]
[168]
[169]
[170]
[157]
[157]

[171]

Target organisms

Synergistic molecules

AMP

Nisin

Pseudomonas biofilms

Colistin

K. pneumonia KPM9, A. baumannii, P. aeruginosa

Polymyxin

4-hexylresorcinol

E. coli, P. aeruginosa, S. aureus
MRSA, E. coli, Enterofecalis
A. veronii, ACCC61732

A. baumannii

Dermaseptin

Dermaseptin

Brevinin-1

Rifampicin+ Streptomycin+sulfate +doxycycline

N6NH, , Analog
Tridecaptin B

rifamcipin

Extremely drug-resistant A. baumannii

S. aureus (MRSA)

Rifampicin, vancomycin, and ceftazidime

Tridecaptin M
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Endopeptidase lysostaphin

Ranalexin

E. faecium BL00239-1, PR00708-14

P. aeruginosa 27853

daptomycin

Cholestryramine
Melimine (Mel4)

Dermaseptin

Melimine +ciprofloxacin, Mel 4+ciprofloxacin

E. coli, P. aeruginosa, S. aureus

Dermaseptin

P. aeruginosa

Ciprofloxacin, ceftazidime

Lactoferricin

P10

P. aeruginosa, A. baumannii

Doripenem/Ceftazidim

P. aeruginosa

Kanamycin, ciprofloxacin

Gad-1

drug-resistant E. coli and S. aureus. The designed bio-
material showed significant activity against E. coli than
S. aureus but displayed some hemolysis in the cyto-
toxicity experiment involving human red blood cells
(RBCs). Also, Tram et al. [119] in their study designed
de novo synthetic peptides (BTT2-4 and BTT6). The
peptide (BTT1) showed broad-spectrum activity against
colistin-resistant Enterobacterales and MRSA. The inter-
action of the peptide with LPS was sufficient to induce
inner membrane lysis of the bacterial cell. Interestingly,
in addition to being non-cytotoxic, the peptide activity
was more profound in the presence of saline and trypsin,
which are proteolytic molecules that usually inhibit the
activity of peptides.

So far, few synthetic AMP has advanced to clinical
therapeutic application despite the promises. In order
to bridge this gap, more studies are needed at all levels.
More in vivo studies involving other gram-negative and
gram-positive pathogens are needed to profile the full
range of AMP activity completely. Moreover, substitut-
ing the appropriate AMP residue could help to improve
their therapeutic index. However, despite the potential of
AMP, bacterial resistance to AMP has been reported in
several studies [7,120] (Figure 3). In addition, most of
the mechanism’s bacteria use to evade antibiotics attack
are shared with AMP. However, despite these resistance
issues, AMP offers better potential, especially when com-
bined or conjugated with other biomaterials.

Finally, the fact that AMP can act against diverse
pathogens with very little concern of toxicity and ease of
manipulation to reduce undesirable toxic effects, as we
are demonstrating, makes them particularly more promis-
ing than other biomaterials for tackling AMR pathogens.
For instance, in nanomaterials, toxicity to host cells and
their negative effects on human microbiota is a critical
concern [121]. Moreover, the ability of the biological sys-
tem to clear nanomaterials which often leads to long-term
accumulation resulting in some detrimental effects is also
amajor concern [122]. In bacteriophages, the narrow host
range is a critical factor in their use as an antimicrobial
agent because most infections are polymicrobial. More-
over, phages alone are usually not enough to induce an
immunological reaction [123]. Sometimes, virulent genes
can even be transferred to the target bacteria, making
them even more pathogenic [124]. Although scientists
are exploring diverse means to mitigate these limitations,
AMP also offers several good advantages when compared
to other biomaterials. In AMP, there is slower emergence
of resistance. Moreover, they have broad-spectrum ac-
tivity, can easily modulate immunological reactions, and
have lower synthetic costs than other biomaterials.

The immunomodulatory activity of AMP is currently
being harnessed in vaccine formulation targeting AMR
as AMP has the potential for use in vaccine design.
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Some emerging technologies use AMP as a vaccine or
as adjuvant to induce immunological responses against
microbes. Usually, the first consideration in using AMP
for a vaccine is to identify the immunodominant region
of the epitope or peptide capable of triggering adequate
immune responses [125]. For selecting candidate pep-
tides, in silico bioinformatics approach has been helpful
[126]. After identifying, selecting, and constructing
candidate epitopes or antigens, there is the synthesis of
the antigenic peptides. This is followed by conjugation to
adjuvants or carrier molecules for bioactivities improve-
ment. Finally, there is immuno-profiling of the constructs
and other preclinical and clinical trial studies. For peptide
vaccines, adjuvants and matching delivery systems are
usually needed to improve the therapeutic value [127].
So far, several peptide vaccines have shown immunolog-
ical effects against diverse drug-resistant pathogens. Few
examples of these have been seen in LL-37 used against
S. aureus, and E. coli infection [128,129], and hLF1-11
used against E. coli and P. aeruginosa [130]. Therefore,
using AMP in a vaccine is a promising approach to fully
harnessing AMP’s potential in alleviating the AMR crisis.

COMBINATION OF ANTIMICROBIAL
PEPTIDES WITH OTHER BIOMATERIALS
AND OTHER ADVANCES IN AMP’S DESIGN

Combination therapy is the simultaneous use of two
or more antibiotics or adjuvant(s) [131]. The combination
of antimicrobials is vital as it reduces dosages, attenu-
ates negative side effects, and enhances the selectivity
of compounds [75]. Due to the rapid killing activity of
AMP against diverse pathogens, they have been con-
sidered a potential alternative for combating multi-drug
resistance when used in a single or combined with other
biomaterials [8,132]. In addition, antimicrobial peptides
can be used alongside an antibiotic during treatment.
This method usually leads to an increase in the lifetime of
antibiotics. It also reduces the dosage of peptides needed
for significant activity and potentiates the effect of antibi-
otics [133]. Many studies have reported the antimicrobial
effect of peptides and their combination with common
antibiotics against clinical infections [107,134] (Table 1).

In combination with an antibiotic such as streptomy-
cin sulfate, rifampicin, kanamycin sulfate, and doxycy-
cline hyclate, NONH2 showed synergistic activity against
A. veronii and an additive effect with all the antibiotics as
previously reported. The therapy showed no antagonistic
activity with any antibiotics [108]. In addition, a multi-
drug-resistant Staphylococcus epidermidis (MRSE) strain
was subjected to treatment with two peptides [IWL5SW
and [4WL5W. The two peptides were synergistic with
erythromycin, ampicillin, penicillin, and tetracycline and
had an additive effect with ceftazidime. In combination
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with penicillin, both peptides displayed high synergistic
activity against biofilm formation and minimal activity
with the other antibiotics. Notably, the peptides increased
the permeability activity of penicillin. An in vivo exper-
iment in the study using the infection model of a multi-
drug resistant strain showed a positive effect as there was
a very high healing potency on the lesion inflicted on the
model [133]. Tumor necrosis factor (TNF-a) and IL-6
in the serum of the model showed that MRSE induced a
systemic proinflammatory cytokines response with a rise
in the levels of the proinflammatory cytokines TNF-o and
IL-6. After treatment with a combination of penicillin and
1TWL5W and penicillin and 14WL5W, there was an inhi-
bition of the expression of these cytokines by 96.8% and
95.6%, respectively [133].

Another study by Kampshoff et al. [135] evaluated
the synergistic effect of three AMPs with different anti-
biotics. The result showed a significant synergistic effect
against drug-resistant P. aeruginosa when melamine and
ciprofloxacin were combined. Tridecaptins is a polypep-
tide used in the treatment of gram-negative bacteria and
has previously been reported to have a very low intrinsic
activity against 4. baumannii and cannot efficiently per-
meabilize the outer membrane [136,137]. Further study
was conducted by the author using tridecaptin M peptide
in combination with rifampicin against the same strain, 4.
baumannii ATCC 19606, to ascertain the efficacy of the
combinatorial therapy. The efficacy of the combination
was tested against the pathogen using a blood infection
model. Interestingly, tridecaptin was able to permeabilize
the pathogen’s membrane but was insufficient to cause
cell death. By using the checkerboard assay, the peptide
significantly reduces the dosage of rifampicin. In the rab-
bit blood, the combination of rifampicin and tridecaptin
eradicated the pathogen by ~1.5 logs CFU within 4 hours
of infection [138]. Antimicrobials such as those contain-
ing polypeptides families (colistin B, polymyxin BI,
polymyxin B2, bacitracin, and colistin A) have also been
used in combination therapy with AMP for the treatment
of drug-resistant pathogens. They have also been report-
ed to have synergistic activity against K. pneumonia, P.
aeruginosa, and A. baumannii, which were all multi-drug
resistant [139].

Finally, encapsulation of AMP in carbon nanotubes
could help to improve their interaction with biomole-
cules and enhance their therapeutic potential [140-142].
Furthermore, conjugating AMP with biomaterials such
as hydrogels, nanoparticles, and electrospun fibers could
help to overcome the limitations associated with several
AMPs [143]. AMPs have also been successfully decorat-
ed with nanoparticles and polymers with enhanced anti-
microbial activity [144]. Several other recent advances in
recombinant tactics and molecular engineering offer the
potential for improved AMP activity against AMR patho-
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Disruption of bacterial Phase 2

membrane

Oral

Broad spectrum antibacterial therapy

Brilacidin (PMX-30063),

defensin mimetic

Phase 2

Damage to bacterial

membrane

Intravenous

LPS/endotoxin of gram-negative bacteria

Opebacan (Rbp121,

neuprex)

Phase 2

Damage to bacterial

LPS/endotoxins of gram-negative bacteria Tropical
membrane

XOMA-629 (XMP-629)

Phase 1

Disruption of bacterial

membrane

Tropical

Bacterial infection

Novarifyn (NP432)

Protelight

Phase 1

Tropical

Bacterial vaginosis and mixed vaginitis

AMP PL-18

Pharmaceuticals

Australia PTY LTD
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gens [145]. Reports are also available on the chemical
modification of AMPs for improved therapeutic potentials
[146,147]. However, for an up-to-date understanding of
the advances in the design of AMPs conjugates targeting
AMR pathogens, readers are highly encouraged to read
Silva et al. [148].

CONCLUSION AND FUTURE
PERSPECTIVES

Despite the potential of AMPs in helping to solve
global AMR issues, several challenges remain to be ad-
dressed. Limited stability is a major issue in the full trans-
lation of AMPs for clinical use. AMPs are often suscep-
tible to degradation by protease [16,149]. Thus, their use
for tropical applications is often limited. This issue can
be overcome by adjusting or modifying their sequences.
The high extraction costs [77], lack of specificity and cy-
totoxicity [16], poor bioavailability, and short half-lives
[150] are just some of the major issues. Moreover, like
antibiotics, organisms have several mechanisms through
which they evade the action of antimicrobial peptides
(Figure 3). So far, not much has been learned about the
mechanisms of bacterial resistance to AMPs. This issue is
a major setback to the full translation of most AMP stud-
ies into clinical use. As recently reviewed by Vimberg et
al. [151], bacterial membrane plays a crucial role in resis-
tance to AMP, and this area warrants further investigation.
Considering that AMPs have been proposed as potential
alternatives to antibiotics, deep insight and understanding
into their possible mechanism of resistance by bacteria
will be of great significance in properly engineering and
modifying AMPs for use against extensive drug-resistant
pathogens.

Interestingly, AMPs have pharmacodynamic features
that make them reduce resistant evolution in target patho-
gens. Also, they can effectively be used synergistically
with one another and with other biomaterials (antibiotics,
nanomaterials, phages, etc.) for improved therapeutic
value. Currently, several AMPs for use against bacterial
infectious agents are at different stages of clinical trials
(Table 2). Although most of these AMPs with broad-spec-
trum activity against AMR bacterial infections have been
reported, only a few have reached the market. Unfavor-
able pharmacokinetics, cytotoxicity, and several other
issues hinder successful clinical trials. Encapsulating
AMPs with other biomaterials could help prevent degra-
dation by proteases and enhance their stability [152]. For
example, AMPs could be encapsulated with nanomateri-
als [153], as we have previously mentioned in this paper.
AMPs can also be implanted into drug delivery vehicles,
thus, enhancing specific target binding [154].

Furthermore, the synergistic combination of AMP
with other biomaterials has shown promise in treating
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biofilm infection caused by S. aureus [155] and P. aeru-
ginosa [156]. Also, combining AMP with amphiphilic
hydrogels and other nanomaterials offers an attractive
approach. For example, this approach has been studied
by Atefyekta et al. [150]; in their study, AMP was co-
valently bonded to mesoporous hydrogels and tested in
vivo in S. epidermidis, S. aureus, P. aeruginosa, MDR
E. coli, and MRSA. The AMP-modified mesoporous
hydrogel showed a promising bacterial killing effect and
also increased stability as its antimicrobial activity was
sustained up to 48h in human blood serum. In a recent
exciting investigation by Jahangiri et al. [157], the thera-
peutic potential of AMP in combination with convention-
al antibiotics was also demonstrated. It was shown that
the combined effect of AMP (Nisin and P10) with five
common antibiotics (ciprofloxacin, colistin, tobramycin,
ceftazidime, and doripenem) was highly synergistic as
the combination showed strong inhibitory activity against
extensively drug-resistant 4. baumannii and colistin-re-
sistant P. aeruginosa [157]. All these promising preclin-
ical results involving AMP and other biomaterials are
enough shreds of evidence that the advances in research
and technology could offer a solid basis for engineering
innovative AMP-based antimicrobials. The combination
of AMP with other biomaterials will not only eliminate
drug-resistant bacteria but will prevent resistant develop-
ment and enhance the individual biomaterials’ therapeu-
tic effects.

The scientific community is in the age of synthetic
biology. Currently, biological materials are engineered
or manipulated to exhibit some features they ordinarily
do not possess. Therefore, genetic engineering incorpo-
rating different biomaterials should be embraced as an
integral approach to producing high-quality and highly
effective AMP and other molecules needed to overcome
the drug-resistant crisis. AMPs should be synergistically
combined with other emerging biomaterials (nanomate-
rials, phages, antibodies, etc.) while adapting structural
modification of AMPs in addition to in silico prediction
of their activity which will help in better utilization of
AMPs. Importantly, a strategy to overcome some limita-
tions of AMP could be to incorporate unnatural amino
acids, as successfully investigated in several studies
[158]. Natural amino acid rearrangement could also help
in overcoming the challenges. For example, Wang et al.
[159] work using a systematic amino acid rearrangement
generated AMP with high proteolytic resistance with a
membrane-disruptive mechanism in E. coli.

In summary, although AMPs are promising agents
with good antimicrobial activity against AMR pathogens,
research should be intensified to overcome the challenges
limiting their full implementation and translation into
clinics. Specifically, further study on the design and for-
mulation of AMP incorporating nanomaterial is needed.
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AMP-conjugated nanoparticles are a desirable approach
because of the possibility of fine-tuning the combination.
Moreover, exploiting the emerging genomic options and
bioinformatic tools could help to predict the activity of
AMPs even before synthesizing them; this could help
to prevent unnecessary synthetic efforts and wastage
of funds. Efforts should also be fortified to improve the
AMPs database. For the latest updates on the evolution
of the AMP database, readers are encouraged to read the
recent paper by Wang et al. [160].

Therefore, reducing the burden and impact of AMR
to the barest minimum could be possible, and AMPs
are one of the sharpest tools with the potential to help
achieve this feat. However, as previously mentioned,
other emerging approaches to tackling AMR bacterial
infections should also be adequately given attention.
Generally, there is no single weapon and tactic to over-
come the AMR crisis. Thus, these emerging approaches
should complement AMPs in the ongoing efforts to find a
solution to the rapidly increasing AMR infectious agents.
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