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Introduction

As modern medicine develops, patients are becoming

more vulnerable to microbial infiltration as we gain the

ability to manage diseases that have previously been

refractory to medical and surgical intervention [1, 2]. The

widespread adoption of organ transplantation, tracheal

intubation and endoscopic techniques, broad application of

immunosuppressants, corticosteroids and antibiotics have

increased the chances of fungal infections. Anticancer

chemotherapy, new monoclonal antibodies with immuno-

logical properties, immunosuppressive drugs, and a broad

spectrum of antimicrobials can disturb or violate the immune

surveillance system [1, 3]. Invasive fungal infections have

increased significantly, coincident with the rising number

of immunocompromised patients [3, 4]. In fact, more

people die from these fungal infections all over the world

at present than from tuberculosis or malaria [5]. Despite

current treatments, fungal infections are a significant threat

to severely ill individuals (e.g., due to immunosuppressive

therapy after leukemia, organ transplantation or AIDS) [6,

7]. Most fungal infections were acquired by invasive

candidiasis due to Candida spp. and invasive aspergillosis

due to Aspergillus spp. [8-10].

Despite the incidence of a wide range of fungal pathogens,

only a limited number of antifungal agents are prescribed

[5]. However, currently available antifungal therapies vary

considerably in terms of pharmacological properties, drug-

drug interactions and potential for toxicity [11]. The limited

armamentarium of currently available antifungal drugs is

polyenes, azoles, and echinocandins and pyrimidine

analogues [1, 11]. Allylamines are also present, but this

class of compounds is only used for the treatment of

superficial dermathophytic infections [1]. Unfortunately,
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The emergence of multidrug-resistant microorganisms, as well as fungal infectious diseases

that further threaten health, especially in immunodeficient populations, is a major global

problem. The development of new antifungal agents in clinical trials is inferior to the

incidence of drug resistance, and the available antifungal agents are restricted. Their

mechanisms aim at certain characteristics of the fungus in order to avoid biological similarities

with the host. Synthesis of the cell wall and ergosterol are mainly targeted in clinical use. The

need for new approaches to antifungal therapeutic agents or development alternatives has

increased. This review explores new perspectives on mechanisms to effectively combat fungal

infections and effective antifungal activity. The clinical drug have a common feature that

ultimately causes caspase-dependent cell death. The drugs-induced cell death pathway is

associated with mitochondrial dysfunction, including mitochondrial membrane depolarization

and cytochrome c release. This mechanism of action also reveals antimicrobial peptides, the

primary effector molecules of innate systems, to highlight new alternatives. Furthermore, drug

combination therapy is suggested as another strategy to combat fungal infection. The proposal

for a new approach to antifungal agents is not only important from a basic scientific point of

view, but will also assist in the selection of molecules for combination therapy.
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continued overuse and misuse of these drugs in clinical

applications cause serious problems. Due to inherent

characteristics, microorganisms with low sensitivity to

conventional drugs have appeared [7]. Although these drugs

target a marked fungal pathway, there is an urgent need to

develop new antifungal agents that are more effective, fungal-

specific, have no or reduced toxicity, and simultaneously

do not cause resistance [7]. Important considerations in the

development of antifungal drug products include tissue

site penetration, absorption, metabolic pathways, the

effects of long-term dysfunction on medications and the

need to monitor therapeutic drugs [11].

The antifungal drug pipeline is mostly dry [6].

Development of antifungal therapy has been a challenge

due to the limited availability of novel targets, owing to the

similarity of the metabolic pathways in pathogenic fungi

and their higher eukaryotic hosts, such as humans [12].

Thus, identification of novel strategies for combating

fungal infections and the development of broad-specificity

antifungal drugs is urgently needed [12]. This review

addresses approach strategies on the development of

antifungal drugs.

Mechanism of Action of Conventional Antifungal

Drugs

Unlike bacteria, which are prokaryotes, fungi are

eukaryotes, so they have many similarities in host cells and

metabolic pathways. The biological similarity between

eukaryotic host and fungal pathogens has led to drug

development focused on the functions and structures

unique to fungi. Indeed, fungal cell walls, ergosterol, and

cytosine deaminase are restricted [1, 13]. Effective antifungal

agents are classified into three drug classes. Those drugs are

the polyenes, azoles, and echinocandins (Table 1) [14-16].

Polyenes 

Amphotericin B is the first antifungal agent developed

and approved for the treatment of a broad spectrum

of invasive fungal infections, including aspergillosis,

candidiasis, blastomycosis, cryptococcosis, mucormycosis,

histoplasmosis and sporotrichosis [11]. Amphotericin B

formulations are recommended for the initial treatment of

many unique fungal infections, especially those that are

severe and life-threatening [11]. Typically, amphotericin B

binds primarily to the ergosterol of the cytoplasmic

membrane and inserts into the cytoplasmic membrane.

After the formation of the pore-like structure, the integrity

of the membrane is lost and the proton gradient gets

destroyed, resulting in leakage of ions in the cell, causing

osmotic instability [13, 14, 17, 18]. The biological activity of

amphotericin B depends mainly on the presence of sterols

on the membrane lipids. The interaction of amphotericin B

with ergosterol is more powerful than with cholesterol.

This difference can be regarded as directly responsible for

the specific selectivity of amphotericin B for the fungal

membranes containing ergosterol. On the other hand, the

drug’s interaction with cholesterol, and its nonspecific

binding to lipid membranes or other biomolecules are

associated with apparent toxicity to patients [19]. However,

pore formation is an insufficient mechanism to induce cell

death [20]. The apoptotic pathway is reported as a process

that takes place within the cell through arresting at the G2/M

cell cycle stage, abnormal morphology of mitochondria,

oxidative stress and other hallmarks of apoptosis at

therapeutic doses [20-24]. Studies on apoptosis by the

intracellular mechanism of polyene are still poorly

understood, but reports of apoptosis continue to accumulate

[20-23, 25, 26].

Azoles

The azoles mainly consist of two subclasses based on the

number of nitrogen atoms in the ring. One class comprises

imidazoles having two nitrogen atoms in the azole ring and

the other class comprises triazoles containing three nitrogen

atoms in the cyclic ring [11, 27]. The first azoles, the

Table 1. Conventional antifungals reported to induce fungal apoptosis.

Classification Mechanisms of action Compound Reference

Polyene Artificial pore formation through interacting with ergosterol Amphotericin B [22, 23]

Nystatin [80, 81]

Azole Interferes with sterol 14-α-demethylase, a cytochrome P450 dependent enzyme Fluconazole [34, 36]

Itraconzole [33, 82]

Miconazole [29, 83]

Echinocandins Inactivates cell wall biosynthesis by inhibiting the β-1,3-glucan Micafungin [24, 39]

Caspofungin [37, 38, 47]
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imidazoles (clotrimazole and miconazole), were marketed

in 1969 as topical alternatives to nystatin, one of the

polyenes, and griseofulvin for cutaneous and mucocutaneous

infection [28]. The first-generation triazole drugs were

released in the 1990s [11]. In the last few decades, several

azole drugs have been used against various fungal

diseases. Blocking the biosynthetic pathway of ergosterol is

a major mechanism of azole along with the accumulation of

a toxic methylated sterol that stops cell growth [15, 29, 30].

This enzyme is encoded by the ERG11 gene. Its inactivation

leads to the accumulation of methylated sterols such as the

toxic 14-α-methyl-ergosta-8-ene-3,6-diol in fungal cells by

blocking ergosterol production [11, 13, 18]. The sterols

inserted between the phospholipids moderate the fluidity,

and the decrease in the ergosterol content interferes with

the integrity and functionality of the cell membrane [31].

The integrity of the cell membrane is also impaired by the

accumulation of sterol precursors and the reduction of

ergosterol [7, 11]. Maintaining membrane integrity in

membrane function is important for cell survival. Membranes

protect cells from the external environment and regulate

cellular responses [32]. The loss of membrane fluidity can

disrupt with the interaction between the cell wall and the

plasma membrane, affecting the biosynthesis of the cell

wall, and thereby weakening it [18]. Fluconazole, one of the

triazoles, induces alterations in cell wall proteomes,

including abundant protein changes associated with cell

wall integrity [18]. Changes in metabolite pools and

oxidative damage and mitochondrial dysfunction have

been reported [33-35]. These physiological disorders

suggested that some azoles (fluconazole, itraconazole)

trigger mitochondria-mediated apoptosis [33, 36].

Echinocandins

Echinocandin is the latest class of antimycotic substances

and semi-synthetic lipopeptides consisting of N-linked

cyclic hexapeptides in the fatty acid alkyl side chains [11,

29]. This class includes caspofungin, micafungin, and

anidulafungin. These lipopeptides act on glucans, a major

component of the fungal cell wall [11, 13, 29]. Composed

mainly of glucan and chitin, the fungal cell wall is

considered to be a unique feature that has a protective

effect against environmental stress factors and host

immunity [7]. Common molecules such as chitin, glucan,

mannan and glycoproteins are contained in the cell walls of

yeast and filamentous fungi. These components are critical

to protecting cells from environmental stress and osmotic

pressure, and they are crosslinked to preserve cell

integrity and shape [18]. Echinocandins inactivate cell wall

biosynthesis by inhibiting β-1,3-glucan synthase enzyme

responsible for β-1,3-glucan biosynthesis. β-1,3-glucan is a

fungal cell wall component and affects cell integrity due to

a decrease in β-glucan levels [7, 18, 37]. The 1,3-β-glucan

synthase enzyme consists of three FKS subunits called

FKS1, FKS2, and FKS3 [11, 13, 29]. Echinocandins act as

non-competitive inhibitors of β-1,3-glucan synthase and

are not cytotoxic to mammalian cells. Their action reduces

the thickness of the cell wall and ultimately makes them

osmotically sensitive [24, 27, 38]. The mode of action of

echinocandins is known, but the physiological mechanism

is unknown. As an indication of the intracellular response,

caspofungin and micafungin have reported triggering

caspase-dependent apoptosis [38, 39].

The Resistance Machinery

The emergence of resistance to multiple antimicrobial

agents in pathogenic bacteria, fungi, viruses and parasites

has become a serious threat [40]. The molecular mechanisms

that cause antifungal resistance are complex. Fungal cells

generally have to adapt to the presence of toxic drugs.

Molecular survival strategies include mutations of drug

targets that reduce the affinity for drugs, overexpression of

targeted proteins by the expression of the efflux system,

modification of the promoter region of the gene, drug

degradation, and polymorphic drug responses [13]. In

fungi, two drug release systems are regulated during drug

removal in the cytoplasm, the ATP-coupled cassette (ABC)

superfamily and the major facilitator superfamily (MFS)

[41]. Activation of the membrane-associated efflux pump

reduces the intracellular concentration by releasing the

drug outside the cell, so the amount of drug at the site of

action is small [6, 16, 41, 42].

The ERG11 gene encodes the enzyme lanosterol 14α-

demethylase in yeast, the target enzyme of azoles. Thus,

the point mutation of this gene reduces the affinity or

inability to bind the drug enzyme by altering the azole

binding site [16, 43, 44]. Besides the mutation of the gene

encoding the lanosterol 14α-demethylase enzyme, the

mechanism of resistance changes other enzymes in the

same biosynthetic pathway. The effect of azole reduces

ergosterol in the cell membrane and accumulates 14α-

methyl-3,6-diol, a toxic product [16, 44]. Mutations in the

ERG3 gene prevent the formation of 14α-methyl-3,6-diol

from 14α-methylpelecosterol and accumulate precursors

that can replace cytoplasmic ergosterol. Mutations in

ergosterol biosynthesis genes such as ERG2, ERG6, and

ERG24 are also associated with decreased susceptibility to
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azole. Changes in the ergosterol biosynthetic pathway and

low ergosterol level can no longer effectively inhibit

ergosterol synthesis by the usual therapeutic concentrations

of azole [16]. 

The resistance to echinocandins is often acquired by

modifying amino acid residues in the FKS1 and FKS2

subunits of β-1,3-glucan synthase, efflux pumps and

degradation pathways [13]. The mutations in FKS1 and

FKS2 that code for catalytic subunit genes can be amino

acid substitutions accompanied by a dramatic reduction in

glucan synthase activity [45-47]. The FKS1 and FKS2 amino

acid residue substitutions can vary depending on fungal

species, but also cause echinocandin resistance [13, 48].

Dimorphic fungi have a natural resistance to echinocandins

during the pathogenic phase, but the resistance mechanisms

of the β-glucan synthase inhibitors remain to be elucidated

[44]. Also, their susceptibility was reduced in vivo owing to

the elevation of chitin levels in the cell wall [49]. In turn,

polyene resistance generally involves the depletion of

ergosterol attributable to the loss of function of the ergosterol

biosynthetic gene [41, 44, 50].

Exploration of Novel Antifungals and Targets 

The metabolic processes of ergosterol biosynthesis,

membrane stability and maintenance and cell wall

remodeling are long-established drug targets. Proposing to

be promising alternative strategies, several efforts are

underway to discover and develop new natural and

synthetic antimicrobial agents.

Programmed Cell Death (PCD) in Fungi

The antifungal drugs mentioned above have one thing in

common in that they trigger the apoptotic cell death

pathway [22, 33, 36, 38, 39]. Awareness of the importance

of PCD in fungi has led to a reassessment of the mode of

action of working antifungal agents. This phenomenon

suggested that induced PCD could be a common mode of

action for many antifungal agents [51]. PCD is induced by

various triggers and is accompanied by most of the

typical characteristics of multicellular apoptotic cell death.

Nonetheless, yeast systems have important differences

compared to mammalian apoptosis. Most significantly, the

entire extrinsic pathway is not found in fungi [51, 52].

The intrinsic pathway is characterized by an increase of

permeability in mitochondrial outer membrane [52].

Organelle swelling and rupture of inner mitochondrial outer

membranes are due to the opening of calcium and voltage-

dependent channels in the inner mitochondrial membrane

[52, 53]. Permeabilization of the outer mitochondrial

membrane is followed by the release from mitochondrial

proteins of cytochrome c, Smac/DIABLO, OMI/HtrA2,

Apoptosis Inducing Factor (AIF) and endonuclease G [52,

54]. The released cytochrome c binds to Apaf1, triggering

oligomerization, followed by pro-caspase-9 recruitment

and autoactivation [52, 55]. The release of cytochrome c

from yeast was first demonstrated to express the human

pro-apoptotic protein Bax. The expression of Bax significantly

decreased cytochrome c oxidase and cytochrome c release

to cytosol [52, 56]. Dysfunction of mitochondrial function

such as AIF and cytochrome c release, channel opening

upon human Bax expression, mitochondrial fragmentation,

and changes in mitochondrial membrane potential [57].

Release of cytochrome c into the cytoplasm provokes the

caspase-cascade as a representative of other apoptotic

proteases. Cytochrome c released from mitochondria binds

to apoptotic protease-activating factors in the cytosol [55].

Caspases, cysteine-dependent aspartate-specific proteases,

play an important role in the apoptotic signaling pathway

and are generally activated in the early stages of

apoptosis [10, 52]. Saccharomyces cerevisiae, C. albicans, and

Schizosaccharomyces pombe have a single metacaspase

encoding gene Yca1p, one ortholog of mammalian caspases

[10, 58]. A. fumigatus, A. nidulans, Neurospora crassa, and

Cryptococcus neoformans have genes encoding two

metacaspases [10]. Although the proteolytic specificity of

the metacaspases differs from that of caspase, it degrades

similar death-related molecules in that it is hydrolyzed

after a basic amino acid residue that is not an acidic residue

[10, 54]. Metacaspases are also followed by the loss of

ubiquitination control, the incomplete initiation of DNA

replication and alteration of mRNA stability [54].

DNA nicking, the accumulation of reactive oxygen species,

and intracellular activation of fungal caspases accompany

PCD. The accumulation of reactive oxygen species is

observed in almost all fungicidal cell death scenarios and

plays an important role as an early signaling pathway for

apoptosis [59-61]. The rate of early apoptosis was

corroborated by the externalization of phosphatidylserine,

reactive oxygen species production and loss of

mitochondrial membrane potential, and the rate of late

apoptosis was supported by nuclear fission, DNA damage,

cytochrome c and ATP release and increased intracellular

calcium ion levels [52, 62, 63]. Although the full extent of

the role remains, many fungicidal drugs induce the

apoptotic cellular death pathway that involves a genetic

and metabolic cascade and then eventually damaged

nucleic acid, proteins and lipid [15]. Amphotericin B,



Mechanisms of Action and Approach to Developing New Antifungals 1775

November 2018⎪Vol. 28⎪No. 11

itraconazole, and caspofungin, which are the most

commonly used antifungal agents, have recently been

shown to process a yeast apoptosis [23, 36, 38]. More

research is needed to show how metacaspase 1 or other

proteases contribute to this process, but they proceed

through the caspase-dependent pathway. Several caspase-

like proteases such as Kex1 and Esp1 are involved in

apoptotic cell death independent of caspase Yca1p [38].

Future studies are needed to determine whether the

caspase-independent pathway is also involved in apoptosis

control at the exposures of antifungal drugs.

Use of Drug Combinations 

A promising therapeutic strategy to increase drug

efficacy and overcome the emergence of resistant fungi is

to use drug combinations [3, 64]. This pragmatic strategy

emphasizes the disruption of biofilms and the reduction of

drug resistance development and bypasses the pipeline,

which is costly and time-consuming for new drug development

[42, 65, 66]. Especially, biofilm-related infection requires

clinical studies to support the benefits of combination

therapy over antifungal monotherapy [65]. Despite the

improved activity of antifungals, complete eradication of

sessile organisms within mature biofilms has not been

demonstrated [67, 68]. Combinations of some antifungal

drugs themselves or new potential antifungal agents against

A. fumigatus biofilms in vitro have been shown to cause

enhancement of antifungal activity, but the susceptibility

was lower than that of planktonic cells [69]. Therefore, new

therapeutic strategies against biofilm-associated mycoses

are urgently needed [65, 69].

The most common reason to use or investigate

combinations of antifungal agents is to achieve the potential

for synergy effect. However, harmful effects including

activity attenuation, increased tolerance or toxicity, and

increased costs and drug interactions show the risk of

combination therapy. Application should be carefully

considered with the difficulty of interpreting much in vitro,

animal and clinical data [70]. For instance, the combination

of flucytosine and amphotericin B for the treatment of

cryptococcal meningitis has a higher rate of recurrence and

less frequent relapses than with amphotericin B monotherapy

[11, 16]. In addition, this combination therapy showed lower

renal toxicity than monotherapy. However, amphotericin

B-induced glomerular filtration reduced hepatic toxicity

and reduced flucytosine elimination [16].

High cost and serious side effects limit the combination

of antifungal agents. In addition, contradictory results of

the synergistic or antagonistic action of various antifungal

combinations have been reported. Therefore, the focus of

the study has shifted toward examining the combination of

typical antifungal agents and non-antifungal agents [3]. For

instance, there is a combination of fluconazole with other

classes of non-antifungal agents such as calcineurin

inhibitors, heat shock protein 90 (Hsp90) inhibitors, calcium

homeostasis modulators and traditional medical drugs.

Interestingly, some of these combinations showed a

synergistic effect on conventional drug-resistant strains.

The main mechanism of this synergistic effect reveals to

increase the permeability of the cell membrane, reduce the

efflux of antifungal agents, interfere with intracellular ion

homeostasis, inhibit the protein and enzyme activity

required for fungal survival, and inhibit biofilm formation

[3]. Hsp90 is known to regulate azole resistance through the

major downstream effectors such as calcineurin, and Mkc1

kinase. Hsp90 stabilizes calcineurin by direct interaction.

Inhibition of Hsp90 depletes or inactivates calcineurin.

Interfering with the Hsp90 circuit lowers the susceptibility

of the fungus to the antimicrobial agent. Using these

characteristics, it was suggested to examine the combination

in the direction of lowering the resistance of the fungus [7].

In other cases, several antimicrobial peptides (AMPs),

HsAFP1, RsAFP2, and RsAFP1 synergize with antimicrobial

agents such as caspofungin and/or amphotericin B for both

plankton and biofilm cells, while a variety of linear

HsAFP1- derived peptides show synergistic activity (Table 2)

Table 2. Antifungal peptides induce synergistic effect.

Peptides Origin Antifungals Species Sources

Bovine Lactoferrin Bos taurus Clotrimazole, Fluconazole Candida albicans, C. glabrata [84, 85]

HsAFP1 Heuchera sanguinea Caspofungin, Amphotericin B C. albicans [86]

RsAFP1 Raphanus sativus Caspofungin C. albicans [87]

RsAFP2 R. sativus Caspofungin, Amphotericin B C. albicans [87, 88]

Bacillomycin D Bacillus subtilis B38 Amphotericin B C. albicans [89]

CaThi Capsicum annuum Fluconazole C. albicans, C. tropicalis, C. parapsilosis, 

C. pelliculosa, C. buinensis, C. mogii

[90]
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[71]. Ultimately, although hard to perform, combination

therapies should seek out efficient treatments and drive

potent, evidence-based research for evaluation [69, 72].

AMPs as Novel Antifungal Agents

A new antifungal agent candidate preferably should have

a broad spectrum of activity, selective mechanisms of action,

reduction/decrease of host toxicity, slight antagonistic

interactions with other drugs and improvement of

pharmacodynamics and pharmacokinetics [16, 73]. One

attractive class of antifungals is AMPs, which are an

important part of the innate immune system of all living

organisms for infection by pathogens [74, 75]. AMPs are

regulated through a variety of innate immune systems

rather than direct action on pathogens, and there is little

increased resistance [76]. Natural AMPs generally exhibit a

wide spectrum of activity against viruses, Gram-negative

bacteria and Gram-positive bacteria, fungi, eukaryotic

parasites and multidrug-resistant microorganisms. They do

not easily induce resistance as compared with conventional

antibiotics due to their ability to bypass the common

resistance mechanisms [74, 76]. AMPs are composed of

fewer than 100 amino acid residues commonly used for cell

transfer and are rich in cationic and hydrophobic residues

arranged in different groups depending on amino acid

composition, size and morphology [74, 77]. Although AMPs

have been classified into several groups based on structures

or sequences such as α-helical, cysteine-rich, glycine-rich

and proline-rich peptides, AMPs generally have certain

properties such as cationic charge and amphipathicity [78].

Their function is primarily exerted through disruption of

viral, bacterial or fungal membranes with electrostatic

and/or hydrophobic interaction and allowing leakage

of intracellular contents [10, 18]. This physicochemical

mechanism reduces the development of resistance because

the target of AMPs is the cell membrane and redesign

for damaged membranes is inefficient. AMPs also have

multimodal mechanisms for attacking pathogens, increasing

the probability of success [76]. AMPs appear to possess

multiple mechanisms of action involving extracellular

binding, nonlytic ATP release, potassium ion efflux,

internalization, and interaction with the intracellular

targets (Table 3) [79]. They trigger signal transduction

pathways and a range of interaction with surface receptors,

to interact with specific intracellular targets such as protein,

DNA and RNA without significantly permeabilizing the cell

membrane [10, 15, 18]. 

Antifungal peptides can pass through the plasma

membrane and intracellular targets such as the mitochondrial

membrane, nucleotides (RNA and DNA), a specific enzyme,

protein synthesis machinery or a cellular protein target,

would be accessible and vulnerable to the antifungal

protein action [30]. Various AMP-based drugs are currently

being tested in clinical trials, which point to the potential

Table 3. Antifungal peptides and their mechanism of action.

Peptides Sources Sequences Mechanisms PDB ID References

Coprisin Dung beetle 

(Copris Tripartitus)

VTCDVLSFEAKGIAVNHSACALHC

IALRKKGGSCQNGVCVCRN-NH2

Apoptosis 2LN4 [91, 92]

Arenicin-1 lugworm 

(Arenicolamarina)

KWKLFKKIEKVGQNIRDGIIKAGP 

AVAVVGQATQIAK-NH2

Membrane disruption, 

Apoptosis

2JSB [93-95]

Cecropin A Silk Moth 

(Hyalophora cecropia)

KWKLFKKIEKVGQNIRDGIIKAGP

AVAVVGQATQIAK-NH2

Apoptosis ND [92, 96]

LL-37 Human 

(Homosapiens)

LLGDFFRKSKEKIGKEFKRIVQRIKDF

LRNLVPRTES

Inhibition of cell 

wall remodeling process

2K6O [97, 98]

Melittin European honeybee

(Apismellifera)

GIGAVLKVLTTGLPALISWIKRKRQQ-

NH2

Membrane 

permeabilization, 

Apoptosis

2MLT [99]

Papiliocin Swallowtail butterfly 

(Papilioxuthus)

KWKLFKKIEKVGQNIRDGIIKAGP

AVAVVGQATQIAK-NH2

Membrane perturbation, 

Apoptosis

2LA2 [100-102]

Scolopendin 1 Centipede

(Scolopendrasubspinipesmutilans)

MDSFQKIEKIGEGTYGVVYKAKDKVSG

RLVALKKIRLENESEGVPSTA-NH2

Apoptosis ND [103]

Scolopendin 2 Centipede

(Scolopendrasubspinipesmutilans)

AGLQFPVGRIGRLLRK Membrane disruption, 

Pore formation, 

Apoptosis, 

ND [104, 105]

ND: Not Determined.
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use of AMP-based peptides to treat microbial infections [71].

The antifungal agent currently used in clinical therapeutics

has also been isolated by the screening of natural products

[1]. Thus, AMPs have potent potential as a suitable

alternative to conventional antifungal agents.

Although the misuse and overuse of conventional

antifungal drugs have major drawbacks attributable to

toxic effect and evolution of antibiotic resistance, they have

been used as clinical therapeutics. For improving antifungal

efficacy, researchers and clinicians all over the world are

trying to develop new antimicrobial agents and novel

approaches. In this review, we suggested several strategies

for overcoming this problem. Antifungal mechanisms of

clinically used drugs target the cell wall and cell membrane

which are the specific characteristics of fungi. In recent

research, these drugs have been shown to share an

intracellular process by which they trigger a hallmark of

apoptosis with mitochondria- and caspase- dependence.

Moreover, combination therapy has been proposed against

various representative pathogenic fungi, and AMPs as potent

and practical antimicrobial agents. Further investigations

will be needed for clinical application, but these strategies

could be used to lead the development of effective and

short-term antifungal agents.
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