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Absłracł 
Polyenes are one of the most commonly used drugs in the treatment of myco­

ses. In the polyenes group we can find amphotericin B, nystatin, and natamycin. 
The resistance of pathogenic fungi is rare, but more visible than a few years ago. 
Several mechanisms of resistance have been described, concerning ergosterol in cell 
membrane, biofilm formation, and others. The aim of this paper was to describe the 
polyenes and try to explain mechanisms which may lead to resistance of fungi. 
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InŁroduction 

Mycoses are very common. Estimated data say that over one billion people 
suffer because of mycosis [1]. One of the most commonly used groups of anti­
fungal drugs are polyenes, which have been present in medieine from the mid-
20th century. Data from Center s for Medicare & Medicaid Services says that in 
1991-2009 in the United States of Ameriea polyenes were the second most often 
prescribed group of antifungal drugs (generally azoles were first). They were 
on about 120 000 prescriptions. In the last 18 years patients in the USA paid for 
polyenes about 490 mln dollars [2]. Polyenes are effective against most of hu­
man's pathogenic fungi. They are used in the treatment of superficial mycosis 
(nystatin, natamycin), and systemie mycosis as well (amphotericin B) [3]. Am­
photericin B is called the "gold standard" in the treatment of systemie mycosis 
and has the widest range of action among all available antifungal drugs [4]. 

The aim of this paper is to describe polyene drugs, including their structure 
and mechanism of action, and explain the processes which are the basis of anti­
fungal resistance for this group of drugs. 

Zdigitalizowano i udostępniono w ramach projektu pn. 
Rozbudowa otwartych zasobów naukowych Repozytorium Uniwersytetu w Białymstoku – kontynuacja,  

dofinansowanego z programu „Społeczna odpowiedzialność nauki” Ministra Edukacji i Nauki  
na podstawie umowy BIBL/SP/0040/2023/01



POLYENES IN THERAPY OP MYCOSIS - CHARACTERISTIC AND MECHANISMS... 147 

Polyenes structure and their antifungal mechanism of 
action 

Polyenes antibiotics are natura l products of the aerobie metabolism of Gram­
positive bacteria from the genus Streptomyces spp. [4, 5]. They are made of a 
macrocyclic lacton ring, which contains 4-7 conjugated double bonds. The ring 
is connected by a glycosidic bond with an aminosaccharide [6]. There are also 
many hydroxyl groups in the polyene structure [7]. These drugs are sensitive to 
light; that's why they are easily oxidized [6]. 

The antifungal mechanism of action of all polyenes is based on the disrup­
tion of the integrity of the fungal cell membrane. The amphiphilic structure of 
the molecule lets polyenes bind to ergosterol - the main sterol of fungal cell 
membranes - creating pores, thereby increasing permeability, for example for 
potassium and magnesium ions (Fig. 1). As a result, the membrane is destabi­
lized and the cell dies [8, 9]. 
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Fig. 1. Mechanism of action of polyenes [10] 
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Amphotericin B. Amphotericin B (Fig. 2) has been present in medicine from 
1959, and it's called the "gold standard" of mycosis treatment [11, 12]. Despite 
the development of many new antifungal agents, amphotericin B is still the 
most commonly used antifungal agent in hospitals due to its strong antifungal 
activity. It's a life-saving drug in the treatment of serious systemie fungal infec­
tions [7]. It's produced by Streptomyces nodosus [13]. It has a wide spectrum of 
activity against most species of the genus Candida spp. and Aspergilus spp. In ad­
dition, it exhibits antifungal activity against Cryptococcus spp. , Histoplasma capsu­
latum, Blastomyces dermatitidis, Coccidioides immitis and posadasii, Paracoccidioides 
spp. [4, 6]. Despite many decades of clinical use, resistance to amphoteriein B 
is very rare. It's exhibited by strains such as Candida lusitanie, Candida guillier­
mondi, Aspergillus terreus, Trichosporon beigelii, Scedosporium apiospermum [3, 4, 7, 
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9]. Amphotericin B is ineffective in the treatment of monosporiosis and tricho­
sporiosis [14]. However, it's characterized by its effective action in the treatment 
of candidiasis: oral cavity, digestive system, urinary system, lungs, meninges, 
pancreas or spine. Amphotericin B is present in various pharmaceutical forms: 
lozenges, washing suspensions, suspensions for intravenous administration 
[15]. Due to its insolubility in water, it's practieally not absorbed from the diges­
tive system, therefore it's usually administered intravenously. Chemie al mo d­
ification of the antibiotic by combining it with sodium deoxycholate allowed 
obtaining a water-soluble pharmaceutical - Fungizone [13]. The daily dose of 
amphotericin B for the treatment of systemie fungal infections ranges from 0.5 
to 1 mg I kg I day (in severe cases up to 1.5 mg I kg I day). In central nervous 
system infections, the antibiotic is given intrathecally due to its poor penetration 
into the cerebrospinal fluid [13, 14]. This antibiotie has a high toxicity associ­
ated with similarity in the structure of fungal and human cell membranes and 
with the mechanism of cytokine activation [3, 6]. During therapy it can cause 
many side effects, e.g. fever, chills, or shortness of breath, and in almost every 
patient after long-term therapy causes kidney damage [14]. It's characterized by 
a long half-life and high degree of spread in tissues [3]. Amphotericin B, despite 
a wide spectrum of activity, causes many serious si de effects. It's the most toxie 
compound among polyene antibiotics. It's characterized by high neurotoxieity. 
During therapy, many patients have adverse reactions, such as fever, nausea, 
headache, muscle and joint pain, chills, hypotension, dyspnoea, hepatotoxie­
ity, hypokalaemia, hypomagnesemia and anemia. Long-term therapy almost 
always end s in impaired renal function [6, 7, 14]. Too high doses can bind to 
the cholesterol of human cell membranes, disrupting their integrity and struc­
ture [6]. There are many contraindications regarding the use of amphotericin B, 
including renal failure, hypocalcaemia, or liver damage [3]. This limit s the pos­
sibilities of its use in long-term therapies [14]. Research shows an antagonism 
between amphotericin B and azoles. H's likely that azoles inhibit the effective­
ness of amphotericin B as a result of lowering the sterol content in fungal cell 
membranes [7]. In addition, the mechanism of amphotericin B and other toxicity 
may be associated with the activation of cytokines and the secretion of TNFa 
(tumor necrosis factor) by macrophages [3]. 

To reduce si de effects, amphotericin B is often combined with other sub­
stances, such as flucytosine ar fluconazole [14]. In addition, to minimize cyto­
toxicity - and increase its penetration into tissues - lipid forms of amphoteriein 
B were introduced: AmBisome (liposomai amphotericin B), Amphocil (colloidal 
suspension, amphotericin B with cholesteryl sulfate), Abelcet (amphotericin B 
in the form of a lipid complex). Because of the use of those preparations, higher 
doses of the active substance (AmBisome - 3mg/kg bw I d, Amphocil- 3-6 mgl 
kg bw I d, Abelcet - 5 mg/kg bw I d) can be used [7, 14]. Research is also being 
carried out on nanoparticles as carriers of amphotericin B, whieh after interac­
tion with macrophages would release the drug gradually, thereby reducing side 
effects [3]. 
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Fig. 2. Chemical structure of amphotericin B 

Nystatin. Nystatin (Fig. 3) was the first antifungal drug from the polyenes 
group in treatment. H's been used since 1949 [7]. H's used in treatment of super­
ficial infections of the skin, nails, vagina, mucosa of the digestive system, mouth 
and eyeball [3, 6, 15]. H's produced by Streptomyces noursei [8]. This antibiotic 
works mainly against fungi of the genus Candida spp. , Cryptococcus spp. , Fusari­
um spp. , Aspergillus spp. H's not effective against dermatophytes [7, 8]. Nystatin 
is insoluble in water, therefore it's used for prophylaxis after antibiotic therapy, 
in cancer patients, or before surgery [6]. This drug is present in different forms: 
gel, ointments, rinse suspensions, and vaginal balls. H has different trade names; 
it's sold e.g. as Moronal or Mycostatin. H's the only antifungal drug used in the 
treatment of vaginal and vulvar candidiasis in the first trimester of pregnancy 
[15, 16]. H has high toxicity after parenteral administration. The developed lipo­
somal form of nystatin has higher vitro activity than standard nystatin [7]. 
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Fig. 3. Chemical structure of nystatin 
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Natamycin. Natamycin (Fig. 4) was first isolated in 1955 from the bacterium 
Streptomyces natalensis [8, 17]. H's used locally in vaginal and vulvar candidiasis, 
onychomycosis of the feet, nails, mucous mebranes, urinary and sex organs in 
men, yeast skin folds or keratitis [13, 16]. H has in vitro activity against fungi 
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from genus Aspergillus spp., Candida spp., Penicilium spp., Cephalosporium spp. , 
Fusarium spp. , Cladosporium spp., Scopulariopsis spp. [18]. Natamycin is insoluble 
in water and it can't be absorbed from the digestive system. It's applied in the 
form of creams (in combination with e.g. glucocorticosteroids), globules, oint­
ments or solutions [13, 16]. Commercial preparation appears as Pimafucin. Na­
tamycin is highly sensitive to ultraviolet light. The daily dose of this drug is 0.3 
mg / kg / day. Besides in medicine, natamycin is used in the food industry as 
a preservative in food (such as cheese, yogurt, sausages, wine and juice). Maxi­
mum concentration of this antibiotic can be 52 mg / l, but the growth of fungi is 
inhibited for 16 weeks in four times lower concentrations [18]. 
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Fig. 4. Chemical structure of natamycin 
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Mechanisms of resistance of fungi to polyenes 

Changes in ergosterol content in fungal cell membrane. The mechanism of 
the action of polyenes is combined with the content of ergosterol in cen mem­
branes. That's why one of the basic mechanisms of resistance is connected with 
the content of this sterol in fungal cen membranes, or even its complete absence. 
In the results drugs can't be stuck to the compounds of a cell and make pores in 
it. It has been shown that ergosterol in cen membranes is replaced by episterol 
or fecosterol (intermediates of the ergosterol biosynthesis pathway) [19]. Ex­
tremely significant, genetic changes underlying the resistance of fungi to azoles, 
may aIs o be appropriate for re si stance to polyenes [20-22]. The most common 
mutations connected with resistance to polyenes are point mutations in the 
ERG3, ERG6, ERG4 or ERGll genes [20, 23-24], coded enzymes compatible with 
the synthesis of some intermediates of the ergosterol biosynthesis pathway. 

Research has been done that includes this correlation of fungal resistance 
levels and content of ergosterol and other sterols in cen membranes. Analysis 
of the content of Cryptococcus neoformans cen membrane before and after am­
photericin B treatment in the analysis of infection in AIDS patients shows fungi 
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isolated before treatment had 75% ergosterol content in membranes, and after 
treatment - only 4%. 

Furthermore, the accumulation of intermediates of the ergosterol biosynthe­
sis pathway, e.g. fecosterol [23] has been demonstrated. Studies which were done 
on Candida glabrata with nonsense mutation in the ERG6 gene showed that this 
kind of mutation leads to increased resistance and reduced content of ergosterol 
in celI s [25]. Other studies concerned S. cerevisiae and C. albicans. Scientists have 
shown that changes in the composition of ERGll affect the reduced sensitivity 
to amphotericin B, as well as being needed in the increasing range of accumulate 
intermediates of the ergosterol biosynthesis pathway [23, 26]. Studies carried 
out on C. albicans in 2003 by Geraghty and Kavanagh showed that mutants that 
had changes at the level of the respiratory chain were aIs o less sensitive to the ef­
fects of amphotericin B [27]. In addition, these mutants had a significantly lower 
ergosterol content in the cells than the other variants [27], which may be due to 
the association of this organelle with the ergosterol biosynthesis pathway [28]. 
A decrease in mitochondrial activity may aIs o reduce the production of free 
radicals. Thanks to this, the damage they cause will be reduced [28]. 

Biofilm formation. A biofilm is a structure that is created not only by bac­
teria, but also by fungi. It is believed that fungal organisms are relatively easily 
organized into structures composed of many layers of cells and extracellular 
substances. The structure of individual biofilms as well as the chemical com­
position of the extracellular matrix determines the level of sensitivity of these 
structures to the effects of drugs [29]. They usually cover solid surfaces, but 
there are also biofilms appearing on the surface of the water (liquid-air interfac­
es) [30]. In studies on Candida fungi it has been shown that biofilms had about 8 
times higher resistance to amphotericin B than cells that don't form these kinds 
of structures [31]. Unfortunately, biofilm-forming cells may be resistant to most 
of the currently used drugs (the exception among polyenes are amphotericin B 
lipid compounds) [32]. In addition, patient-safe drug levels do not guarantee 
sterilization, which is likely to cause biofilm regrowth [31]. Monitoring the de­
velopment of resistance of these structures is aIs o important for patient safety. 

The biofilm structure determines the reduced availability of fungicidal com­
pounds to cells. The extracellular matrix includes, among others, polymers of 
glucan, which is responsible for the retention of antimicotic molecules outside 
the celI, which completely or partially prevents them from entering the cells. 
As a result, it is necessary to use a higher concentration of the drug for biofilm­
forming fungi than for cells that don't form them [31]. In studies conducted on 
biofilms of Candida albicans mutants, it was noted that changes in the expres­
sion of the FKSl gene affect changes in sensitivity, both to amphotericin B as 
well as to other antimicotics [33]. Increased expression of this gene reduces the 
sensitivity of these structures to the compounds used [33]. In addition, in the 
biofilm structure persisters are presented, which have high tolerance to anti­
micotics [34]. The reduced sensitivity of these cells to amphotericin B may be 
due to changes in the level of signaling pathways. In studies on S. cerevisiae, a 
correlation was observed in the increase in resistance to this compound and the 
inhibition of TORCI, EGO and RAS complexes [35]. In addition, it was shown 
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that mutants having mutations in the rasl and ras2 genes had definitely more 
persisters than wild forms [35]. These cells can form the basis for a new biofilm 
that is being formed [36]. Due to their location, these cells receive a much lower 
dose of drugs than cells in the outer part of the biofilm. In addition, because of 
their presence, structures can survive in high concentrations of antifungal drugs 
[37]. Due to these features, biofilms are considered to be the main mechanisms 
of resistance of fungi in chronic infections [38]. 

In the case of biofilms and their resistance to polyenes, attention is ais o paid 
to the rate of its growth. It's believed that the low growth rate in relation to 
non-biofilm-forming celI s may reduce the sensitivity of these structures to the 
effects of antimicotics [39]. Comparing celI density ofe. glabrata, e. tropicalis and 

e. parapsilosis in biofilms, the first species usually shows higher resistance to 
amphotericin B than the others, which can be correlated with higher density in 
the structure being created [30]. 

Antioxidant protection. Polyenes have a significant effect on the level of oxi­
dative stress within cells. In addition to forming pores in the celI membrane, 
polyenes also increase the lipid peroxidation in this structure, which increases 
the therapeutic effect of these compounds. Disorders within the celI membrane 
may be the result of the action of hydroxyl radicals or hydro gen peroxide [23]. 
The exact role of amphotericin B in celI oxidative stress is not entirely known. 
However, it is recognized that this compound may aiso have antioxidant activity 
[28]. It is currently believed that one of the mechanisms that may underlie poly­
ene resistance is greater activity of antioxidant enzymes (for example catalase 
[19]). Studies on e. albicans have shown that resistant strains produced greater 
amounts of catalase, both intra- and extracellular, than control [23]. In addition, 
studies conducted on strains of Candida fungi resistant and sensitive to ampho­
tericin B showed higher activity of both catalase and superoxide dismutase in 
strains resistant to the tested drug [40]. In studies on Trichophyton rubrum, in­
duction of genes coding for GSS (glutathione synthetase) or AOX (alternative 
oxidase) proteins was observed in response to amphotericin B [41]. In the case of 
glutathione peroxidase (GPX), amphotericin B reduced the transcription of the 
gene encoding this protein [41]. 

Other mechanisms of resistance to polyenes. Studies carried out on T. ru­
brum have shown diverse expression of genes encoding enzymes involved in 
the metabolism of lipid compounds [41]. In response to this compound, both an 
increase (e.g. IVD gene) and a decrease in expression of these genes (e.g. EL02 
or MVD1 genes) has been observed [41]. Further analysis of the differentiation 
in expression of these genes will allow a broader look at the cellular response of 
fungi to polyenes as well as at the problem of resistance. 

IŁ turns out that the celI wall structure can affect the sensitivity of fungal cells 
to polyenes. Studies on e. albicans have shown that the low content of chitin in 
the celI wall was associated with increased resistance to amphotericin B [42-
43]. Research on the chemical composition of the A. flavus celI wall has shown 
that strains sensitive to amphotericin B had a lower content of glucans than in 
resistant strains [44]. However, in studies carried out on T. rubrum, amphotericin 
B inhibited the expression of the FKSl gene encoding 1,3-glucan synthase [41]. 
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These results may suggest that increased 1,3-g1ucan synthase activity may be 
one of the mechanisms of fungal resistance to polyenes, e.g. as a result of brief 
contact with amphotericin B. However, the effect of celI wall structure on the 
sensitivity of fungi to polyenes, as well as the role of the compounds, isn't en­
tirely elear and requires further research. The role of heat shock proteins (HSPs) 
in building resistance to polyenes aIs o requires additional analysis. Currently, 
attention is on the potential impact of their presence and synthesis on reduced 
sensitivity to drugs from this gro up [45]. Studies on T. rubrum have shown that 
amphotericin B induces a number of genes that are responsible for the response 
of cells to stres s, ineluding gene coding for HSP70 or HSP104 proteins [41]. In 
the case of the HSP10 gene, a reduction in transcription was observed under 
the influence of this drug [41]. Researchers also point out the importance of 
yeast life cyele stages to their sensitivity to amphoteriein B. Research shows that 
cells in the steady-state growth phase are more resistant than in the exponential 
phase [23]. 

Conclusion 

Mycosis appears very often. In treatment, we can use only a few groups of 
antifungals. One of the most commonly used are polyenes. Those compounds 
work very well, but using them has many side effects. The aim of using polyenes 
is to disrupt the integrity of the fungal celI membrane (by binding molecules 
of the drug to ergosterol in celI membrane and creating pores). The membrane 
becames destabilized whieh causes the death of the celI. Nowadays, resistance 
of pathogenic fungi is rare, but many serious infections are treated by polyenes. 
Amphotericin B is called the "gold standard" in treatment of systemie mycosis 
and has the widest range of action among all available antifungal drugs. Poly­
enes are made of a macrocyelic lacton ring, whieh contains a few conjugated 
double bonds. The ring is connected with aminosaccharide. In the structure 
polyenes have many hydroxyl groups. 

Knowledge about the possible mechanisms of resistance to polyenes is very 
narrow. However, few papers describe the several potential mechanisms of in­
creased sensitivity of fungi to polyenes. Scientists underline the role of ergoster­
ol content in celI membrane as one of the major mechanisms. Lower amount of 
ergosterol (or even lack of it) in celI membrane protects celI s from creating pores 
in this structure. Polyenes binding becomes impossible or very unsuccessful. 
A second major mechanism of resistance of fungi is the formation of biofilms. 
The structure of biofilms has a big impact on the method of treatment. Unfortu­
nately, resistance of fungal biofilms is higher than resistance of cells which don't 
make it. That's why it's necessary to use a higher concentration of the drug to 
fight with infection. Biofilms have the ability to regrow, whieh can be a basis for 
losing sensitivity to used drugs. These and other mechanisms have been basi­
cally described, but there is much more to do. Especially, because amphotericin 
B is often "the last chance drug". Creating new compounds, or using old ones 
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but in another way, may be a possible useful modification of treatment of fungal 
infections. 

References 

l. Bongomin E, Gago S., Oladele R, Denning D. (2017) Global and multi-national 
prevalence of fungal diseases-estimate precision. Journal of Fungi, 3:57. 

2. Desai V.C.A., Cavanaugh T.M., Kelton C.M.L., Guo J.J., Heaton P.c. (2012) Trends 
in the Utilization of Spending on and Prices for Outpatient Antifungal Agents 
in US Medicaid Programs: 1991-2009. Clinical Therapeutics, 34: 2118-213l. 

3. Staniszewska M., Bondaryk M., Kowalska M., Magda u., Luka M., Ochal Z., 
Kurzątkowski W. (2014) Patogeneza i leczenie zakażeń Candida spp. Postępy Mi­
krobiologii, 53: 229 - 240. 

4. Nett J.E., Andes D.R (2015) Antifungal Agents: Spectrum of Activity, Pharma­
cology, and Clinical Indications. Infectious Disease Clinics of North America, 
30: 51 - 83. 

5. Bondaryk M., Kurzątkowski W., Staniszewska M. (20l3) Antifungal agents 
commonly used in the superficial and mucosal candidiasis treatment: mode of 
action and resistance development. Postępy Dermatologii i Alergologii, 5: 293 
- 301. 

6. Szymańska M., Baranowski A Płachta D. (2007) Przegląd preparatów najczęściej 
stosowanych w leczeniu chorób grzybiczych. Biuletyn Wydziału Farmaceutyc­
znego AMW, l: l - 12. 

7. Ziółkowska G., Tokarzewski S. (2007) Aktualne problemy w leczeniu i profilak­
tyce infekcji grzybic zych u ptaków. Annales UMCS Section DD 62: 71 - 79. 

8. Campoy S., Adrio J. L. (2017) Antifungals. Biochemical Pharmacology, l33: 86 
- 96. 

9. Ellis D. (2002) Amphotericin B: spectrum and resistance. Journal of Antimicro­
bial Chemotherapy, 49: 7 -10. 

10. Ghannoum M.A, Rice L.B. (1999) Antifungal Agents: Mode of Action, mecha­
nisms of resistance and correlation of these mechanisms with bacterial resis­
tance. Clinical Microbiology Reviews, 12: 501 - 517. 

11. Ostrosky-Zeichner L., Marr K.A, Rex J.H., Cohen S. H. (2003) Amphotericin B: 
time for a new" gold standard". Clinical Infectious Diseases, 37: 415 - 425. 

12. Liu M., Chen M., Yang Z. (2017) Design of amphotericin B oral formulation for 
antifungal therapy. Drug Delivery, 24: 1-9. 

l3. Maleszka R, Adamski Z. (2001) Leki przeciwgrzybicze w codziennej praktyce 
lekarskiej. Przewodnik Lekarza, 4: 48 - 56. 

14. Biliński P., Seferyńska I., Warzocha K. (2008) Diagnostyka i leczenie układowych 
zakażeń grzybiczych w onkohematologii. Onkologia w Praktyce Klinicznej, 4: 
15-24. 

15. Paczkowska 1., Wójtowicz A, Malm A (2010) Wybrane aspekty farmakoterapii 
kandydoz. Terapia i Leki, 66: 539-543. 

16. Maleszka R, Adamski Z., Szepietowski J., Baran E. (2015) Leczenie powier­
zchownych zakażeń grzybiczych-rekomendacje ekspertów Sekcji Mikologicznej 
Polskiego Towarzystwa Dermatologicznego. Przeglad Dermatologiczny, 102. 

17. Shi S., Tao Y., Liu, W. (2017) Effects of Fungi Fermentation Broth on Natamycin 
Production of Streptomyces. 

Zdigitalizowano i udostępniono w ramach projektu pn. 
Rozbudowa otwartych zasobów naukowych Repozytorium Uniwersytetu w Białymstoku – kontynuacja,  

dofinansowanego z programu „Społeczna odpowiedzialność nauki” Ministra Edukacji i Nauki  
na podstawie umowy BIBL/SP/0040/2023/01



POLYENES IN THERAPY OF MYCOSIS - CHARACTERISTIC AND MECHANISMS... 155 

18. Dalhoff AA, Levy S.B. (2015) Does use of the polyene natamycin as a food pre­
servative jeopardise the clinical efficacy of amphotericin B? A word of concern. 
International jomnal of antimicrobial agents, 45: 564 - 567. 

19. Krishnasamy L, Krishnakumar S., Kumaramanickavel G., Saikumar C (2018) 
Molecular Mechanisms of Antifungal Drug Resistance in Candida Species. 
Journal of Clinical and Diagnostic Research, 12(6): 1-6. 

20. Sanglard D. (2016) Emerging Threats in Antifungal-Resistant Fungal Pathogens. 
Frontiers in Medicine,3, 11: 1-10. 

21. White T. C, Marr K A, Bowden R A (1998) Clinical, Cellular, and Molecular 
Factors That Contribute to Antifungal Drug Resistance. Clinical Microbiology 
Reviews, 11, 2: 382-402. 

22. Morio F., Jensen R H., Le Pape P., Arendrup M. C (2017) Molecular basis of 
antifungal drug resistance in yeasts. International Journal of Antimicrobial 
Agents, 50, 5: 599-606. 

23. O'Shaughnessy E., Lyman CA, Walsh T. J. (2009) Amphotericin B: Polyene Re­
sistance Mechanisms. Antimicrobial Drug Resistance: Mechaninisms of Drug 
Resistance, 295-305, DOI 10.1007/978-1-59745-180-2_25. 

24. Perlin D. S., Rautemaa-Richardson R, Alastruey-Izquierdo A (2017) The global 
problem of antifungal resistance: prevalence, machanisms, and management. 
The Lancet Infectious Diseases, 17, 12: 1-10. 

25. Vandeputte P., Trochin G., Larcher G. et al. (2008) A Nonsense Mutation in the 
ERG6 Gene Leads to Reduced Susceptibility to Polyenes in a Clinical Isolate of 
Candida glabrata. Antimicrob Agents Chemother, 52, 10: 3701-3709. 

26. Sanglard D., Ischer F., Parkinson T., Falconer 0., Bille J. (2003) Candida albicans 
mutations in the ergosterol biosynthetic pathway and resistance to several anti­
fungal agents. Antimicrob Agents Chemother, 478: 2404-2412. 

27. Geraghty P., Kavanagh K (2003) Disruption of mitochondrial function in Can­
dida albicans leads to reduced cellular ergosterol levels and elevated growth in 
the presence of amphotericin B. Archives of microbiology, 179,4: 295-300. 

28. Mesa-Arango A C, Scorzoni L, Zaragoza O. (2012) IŁ only takes one to do many 
jobs: Amphotericin B as antifungal and immunomodulatory drug. Fronties in 
Microbiology, 3: 1-10. 

29. Perlin D. S., Shor E., Zhao y. (2015) Update on Antifungal Drug Resistance. Cm­
rent Clinical Microbiology Reports, 2: 84-95. 

30. Silva S., Rodrigues C F., Araujo D., Rodrigues M. E., Henriques M. (2017) Can­
dida Species Biofilms' Antifungal Resistance. Journal of Fungi, 3,1: 1-17. 

31. Taff H.T., Mitchell KF., Edward J. A, Andes D.R (2013) Mechanisms of Can­
dida biofilm drug resistance. Future Microbiology, 8, 10: 1325-1337. 

32. Vandeputte P., Ferrari S., Coste A T. (2012) Antifungal Resistance and New 
Strategies to Control Fungal Infections. International Journal of Microbiology, 
Article ID 713687. 

33. Nett J. E., Crawford K, Marchillo K, Andes D. R (2010) Role of Fks1p and Ma­
trix Glucan in Candida albicans Biofilm Resistance to an Echinocandin, Pyrimi­
dine, and Polyene. Antimicrobial agents and chemotherapy, 54, 8: 3505-3508. 

34. Ramage G., Rajendran R, Sherry L, Williams C (2012) Fungal biofilm resis­
tance. International Journal of Microbiology, 2012, 528521. 

35. Bojsen R, Regenberd B., Gresham D., Flokesson A (2016) A common mecha­
nism involving the TORC1 pathway can lead to amphotericin B-persistence in 
biofilm and planktonic Saccharomyces cerevisiae populations. Scientific Reports, 
6:21874 

Zdigitalizowano i udostępniono w ramach projektu pn. 
Rozbudowa otwartych zasobów naukowych Repozytorium Uniwersytetu w Białymstoku – kontynuacja,  

dofinansowanego z programu „Społeczna odpowiedzialność nauki” Ministra Edukacji i Nauki  
na podstawie umowy BIBL/SP/0040/2023/01



156 M. Siemieniuk, E. Grabowska, U. Czyżewska, M. Bartoszewicz, A. Tylicki 

36. Taff H. T., Mitchell K E, Edward J. A., Andes D. R (2013) Mechanism of Can­
dida biofilmu drug resistance, Future Microbiology, 8,10: 1-19. 

37. Wuyts J., van Dijck P., Holtappels M. (2018) Fungal persister cells: the basis for 
recalcitrant infections? PLoS Pathog, 14, 10: e1007301. 

38. Rodrigues C. E, Ridrigues M. E., Silva S., Henriques M. (2017) Candida glabrata 
Biofilms: How Far Have We Come? Journal of Fungi, 3, 1: 11. 

39. Baillie G. S., Douglas L.J. (1998) Effect of growth rate on resistance of Candida 
albicans biofilms to antifungal drugs. Antimicrobial Agents and Chemotherapy, 
42:1900-1905. 

40. Linares C. E., Giacomelli S. R, Altenhofen D., Alves S. H., Morsch V. M., Schet­
inger M. R (2013) Fluconazole and amphotericin-B resistance are associated 
with increased catalase and superoxide dismutase activity in Candida albicans 
and Candida dubliniensis. Revista da Sociedade Brasileira de Medicina Tropical, 
46,6: 752-758. 

41. Yu L., Zhang W., Wang L. et al. (2007) Transcriptional Profiles of the Response to 
Ketoconazole and Amphotericin B in Trichophyton rubrum. 51, 1: 144-153. 

42. Bahmed K, Bonaly R, Coulon J. (2003) Relation between celI wall chitin content 
and susceptibility to amphotericin B in Kluyveromyces, Candida and Schizosaccha­
romyces species. Research in Microbiology, 154, 3: 215-222. 

43. Bahmed K, Bonaly R, Wathier M., Pucci B., Coulon J. (2002) Change of celI wall 
chitin content in amphotericin B resistant Kluyveromyces strains. FEMS Microbi­
ology Letters, 216, 1: 99-103 

44. Seo K, Akiyoshi H., Ohnishi Y. (1999) Alteration of celI wall composition leads 
to amphotericin B resistance in Aspergillus jlavus. Microbiology and immunol­
ogy, 43, 11: 1017-1025. 

45. Shishodia S. K, Tiwari S., Shankar J. (2019) Resistance mechanism and proteins 
in Aspergillus species against antifungal agents. Mycology, 10,3: 151-165. 

Zdigitalizowano i udostępniono w ramach projektu pn. 
Rozbudowa otwartych zasobów naukowych Repozytorium Uniwersytetu w Białymstoku – kontynuacja,  

dofinansowanego z programu „Społeczna odpowiedzialność nauki” Ministra Edukacji i Nauki  
na podstawie umowy BIBL/SP/0040/2023/01


	0045
	0046
	0047
	0048
	0049
	0050
	0051
	0052
	0053
	0054
	0055

