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Antifungals

Yeasts and Molds

Fungi are eukaryotes, meaning they have true, discrete nuclei just like animal and plant cells. They’re also heterotrophic, digesting their food externally with secreted enzymes and absorbing the released nutrients. There are two morphologic variants of fungi: yeasts and molds. Some fungi can live as both yeasts and molds, depending on temperature or other environmental factors – these are creatively referred to as dimorphic fungi. Fungi can’t fix nitrogen from the atmosphere like some bacteria can, so they have to get it from other sources for metabolism – and the different ways in which they use nutrients for metabolism help differentiate one species of fungus from another.

Yeasts (column 1)

Yeasts are single-celled fungi that reproduce mostly by asexual budding. Examples of medically important yeasts include Candida species and Cryptococcus neoformans. They’re classified by the presence or absence of capsules; the size and shape of the cells; the mechanism of daughter cell formation; whether or not they make true hyphae or pseudohyphae; and the presence of absence of sexual spores. In general, morphology defines the genus and metabolic differences help determine the species.

Pseudohyphae develop when buds don’t separate entirely from their parent cell, resulting in long, non-septate filaments that closely resemble true hyphae.

Molds (column 2)

Unlike yeasts, molds are multicellular and form elongated, slender branches called hyphae. The total mass of hyphae is referred to as a mycelium, and it has two parts: vegetative hyphae, which anchor the mold and absorb nutrients, and aerial hyphae, which are specialized for producing asexual spores. Most are obligate aerobes, meaning they can only live in the presence of oxygen. Classification depends largely on morphology and the method of conidiogenesis – the production of reproductive units. Similar to yeasts, molds reproduce principally by asexual structures, the most common of which are called conidiospores (tiny buds that grow off a specialized aerial hypha called a conidiophore), sporangiospores (developing inside a sac on a specialized aerial hypha called a sporangiophore), and arthrospores (produced by the fragmentation of vegetative hyphae).

Medically important molds include the dermatophytes, like Malassezia furfur (tinea versicolor), Microsporum species, and Trichophyton species; the dimorphic fungi, including Coccidioides immitis, Histoplasma capsulatum, and Blastomyces dermatidis; and opportunistic fungi like Aspergillus and the blood-vessel invading agents of zygomycosis (formerly called mucormycosis) – usually Rhizopus species.

Fungal Cell Structure

More complex than those of bacteria, cell walls of fungi feature microfibrils of chitin embedded in a thick matrix of polysaccharides, lipids, proteins, and pigments. Instead of bacterial peptidoglycan, fungi have chitin, a polymer of n-acetyl-d-glucosamine that’s synthesized in cytosolic organelles (chitosomes) and then transported to the cell wall. Most of the polysaccharides are glycogen-like polymers of mannose (mannans), glucosamine (chitosan), galactose (galactan), or glucose (glucans). These polysaccharide moieties are generally the epitopes that generate an immunologic response against the fungus in vivo. The number of layers of material and its composition varies from fungus to fungus.

Also important to remember is that fungal plasma membranes have ergosterol instead of cholesterol for purposes of membrane fluidity. This difference accounts for the selective toxicity of many of the antifungals that target ergosterol – either already present in the membrane or along sterol biosynthetic pathways.

Another cellular structure that is important for understanding antifungals is the microtubule, which is involved in the movement or trafficking of organelles, as well as for chromosomal alignment and division during meiosis and mitosis.

Cell Wall Disruption: Polyenes (Amphotericin B)

Amphotericin B (AmphoB) is a naturally occurring compound produced by Streptomyces nodosus fungi, first isolated in 1955. Another polyene antifungal, liposomal nystatin, is under development and not currently available.

Mechanism of Action

The polyenes have a unique mechanism of action: they bind to ergosterol and cause disruption of the fluidity of the fungal cell membrane. The drug molecules tend to aggregate, creating pores that allow electrolytes to leech out, dissipating membrane potentials used to transport molecules into the cell. This eventually results in so much damage to the lipid bilayer that cellular contents leak out – a lethal injury.

Pharmacodynamics

AmphoB has a long, cylindrical structure, as shown in the figure. In comparison to cholesterol, which has a curved shape, ergosterol is fairly linear or cylindrical itself – and this in part explains the preferential binding of AmphoB to ergosterol instead of cholesterol. This selectivity is limited, however, and amphotericin can and does cause toxicity to mammalian cells. The kidney is especially sensitive, and acute tubular necrosis (ATN), renal tubular acidosis (RTA – specifically type 1, or distal hypokalemic RTA), and drop in the GFR all may be seen. The most common adverse effects of the original AmphoB (which is still a mainstay of therapy today) include rigors, fevers, and myalgias – earning amphotericin the nicknames “Amphoterrible” or “Shake-and-Bake.”

In order to mitigate some of these adverse effects, different manufacturers formulated amphotericin in combination with lipids. Two of these are routinely used: liposomal AmphoB (AmBisome), in which amphotericin is contained within a spherical lipid monolayer; and AmphoB lipid complex (ABLC, Abelcet), where the drug is complexed with a ribbon-like lipid. Both tend to collect in the reticuloendothelial system, but liposomal AmphoB achieves higher plasma concentrations for a longer period of time than its cousins – and concentrates in brain tissue. Although ABLC reaches lower plasma levels of drug than even plain old AmphoB, it concentrates much better in the lungs, spleen, and liver.

Clinical Uses

AmphoB has a broad range of activity against both pathogenic yeasts and fungi in vivo. In general, most Candida albicans are susceptible – but more exotic species, like C. glabrata, and C. krusei, have variable resistance, and C. guilliermondi and C. lusitaniae are resistant. Aspergillosis, coccidiomycosis, cryptococcosis, and blastomycosis in their more severe forms all can be treated with amphotericin in lieu of an azole. Dermatophytes are not generally susceptible.

Glucan Synthesis Interference: Echinocandins (Caspofungin, Micafungin, Anidulafungin)

The echinocandins are the newest antifungal class available. As of late 2005, only caspofungin (Cancidas) is available for clinical use.

Mechanism of Action

These drugs target a very specific enzyme (ß-1,3-d-glucan synthase), which is responsible for producing some of the polysaccharide that goes into the fungal cell wall. How much or how little of this enzyme is present in different species determines the efficacy of echinocandins against the organism.

Pharmacodynamics

All of the echinocandins are given IV. Caspofungin’s volume of distribution is not known, and it takes a long time – up to 2 weeks or more – for steady state levels to be achieved after a standard 70 mg loading dose with 50 mg daily maintenance dosing. There are far fewer drug-drug interactions with the echinocandins than with the major antifungal drug class, the azoles. Toxicities, when compared to amphotericin, is considerably less, and include: histamine release (“red man”); hepatotoxicity (manifested by elevated alanine aminotransferase levels); phlebitis and local irritation at the site of infusion; and, rarely, hemolytic reactions.

Clinical Uses

Echinocandins should be thought of as anti-Candida and anti-Aspergillus drugs. They are fungicidal only against Candida – including resistant organisms like C. glabrata, C. krusei, C. parapsilosis, C. lusitaniae, and C. guilliermondii. Against Aspergillus, these drugs are only fungistatic. The echinocandins have no activity against Cryptococcus neoformans or the dermatophytes.

Ergosterol Synthesis Interference: Terbinafine

Terbinafine is marketed as Lamisil, in both topical and pill form.

Mechanism of Action

Similar to the azoles, terbinafine blocks a step in the synthesis of ergosterol – specifically, a very early step involving an enzyme called squalene epoxidase. Without an enzymatic “sink,” squalene accumulates in the cell wall and is toxic to the fungus. Studies in Trichophyton suggest that the arthrospore’s (arthroconidia’s) cell wall is the principal target of action, limiting reproduction of the fungus.

Pharmacodynamics

While topically applied terbinafine has very little systemic absorption, oral administration yields excellent bioavailability (upwards of 70%) – and has a large volume of distribution, making it into most body tissues and fluids. Terbinafine makes it rapidly to the hair, nails, and stratum corneum of the skin after an oral dose. Distal nail clippings have detectable drug within a week of oral therapy. Terbinafine is highly protein bound and undergoes metabolism (oxidation) in the liver, via cytochrome P450 (specifically, CYP1A2). Although only a small portion of this particular cytochrome is involved in metabolism at any given time, terbinafine may affect levels of other drugs that CYP1A2 metabolizes, including theophylline. Dosage adjustments must be made for both renal and hepatic disease.

Clinical Uses

Terbinafine has its best efficacy in onychomycosis – fungal infection of the nails. Most cases are caused by dermatophytes (especially Trichophyton rubrum), but some Candida species are culprits, as well. Tinea capitis – fungal infection of the scalp – always requires systemic therapy, while cutaneous mycoses, like tinea pedis (athlete’s foot), typically respond well to topical therapy.

Ergosterol Synthesis Interference: Azoles (Ketoconazole, Fluconazole, Itraconazole, and Voriconazole)

The azoles – made up of two classes, imidazoles and triazoles – are the largest single class of antifungals available. Ketoconazole was the first agent, an imidazole compound introduced in 1981. Itraconazole and fluconazole joined the arsenal in the early 1990s, constituting the first generation of the triazoles. Voriconazole was introduced as a second-generation triazole in the late 1990s, and two others – posaconazole and ravuconazole – are in the pipeline towards clinical availability. (In case you were wondering, an imidazole ring is a five-member ring structure containing two nitrogens – while a triazole ring is also five-membered, but has three nitrogens.)

Mechanism of Action

The azoles affect a step in the synthesis of ergosterol by inhibiting 14a-demethylase, a cytochrome P450 enzyme that participates in the conversion of lanosterol to ergosterol. As with other cytochromes, there’s a protoporphyrin iron-containing ring (like hemoglobin) at its center. A nitrogen on the imidazole or triazole ring binds to this iron atom, and the rest of the drug molecule occupies the active site. Because different fungi have different cytochrome molecules, different azoles have variable activity from species to species.

Pharmacodynamics

Fluconazole, the most “popular” azole compound used, is generally only fungistatic and has activity limited to run-of-the-mill Candida and Cryptococcus species. Candida krusei is always resistant to fluconazole, and C. glabrata has variable susceptibility. Among patients treated with the drug repeatedly – particularly HIV-positive patients with recurrent esophageal (or other) candidiasis – fluconazole-resistant strains of C. albicans are common. Cross-resistance among the triazoles is relatively common. Both oral and intravenous forms are available.

Itraconazole, which is more lipophilic than the other triazoles because of a different chemical structure, has oral bioavailability that is highly unpredictable when administered as a capsule – a deficit that’s only partially overcome when the oral solution is used instead. When given for esophageal candidiasis, it may have a topical mucosal antifungal effect as it is swallowed. Intravenous administration has much less variability. Its action against most Aspergillus isolates is an advantage over fluconazole, and itraconazole has activity against some (but not every) fluconazole-resistant strain of C. glabrata and C. krusei. The drug is active against a wide variety of organisms – especially in fatty tissue or in purulent exudates because of its lipophilic structure – but notably it doesn’t work so well against the zygomycetes (blood vessel-invading fungi like Rhizopus).

Voriconazole, the first of the second-generation triazoles, has enhanced activity against some of the more exotic fluconazole-resistant Candida species, like C. krusei, C. glabrata, and C. guilliermondi – but it’s not uniform, and some isolates may remain resistant to voriconazole, as well. As with other azoles, voriconazole isn’t particularly useful in zygomycosis. It is administered both orally and intravenously.

Both itraconazole and voriconazole have a long list of drug-drug interactions, which can be potentially problematic.

Clinical Uses

As detailed in part above, the azoles have clinical utility in a wide variety of fungal infections, but should be used with caution in zygomycosis. Although empiric therapy is common, a fungal culture with sensitivities should be sent as often as clinically feasible because of variable resistance of non-albicans Candida isolates to fluconazole (and therefore possibly other azoles as well).

Nucleic Acid Interference: Flucytosine

Flucytosine is the only antifungal drug that’s actually an antimetabolite. It has been available in the United States since 1972.

Mechanism of Action

In target cells, flucytosine (5-fluorocytosine) is deaminated to 5-fluorouracil (5-FU). The uracil pyrimidine base gets incorporated into RNA, acting as a chain terminator since it doesn’t have a structure that allows another base to be added behind/below it during elongation. The target cell must have enzymatic machinery in place to internalize the drug, convert it to 5-fluorouracil, and then synthesize a nucleic acid susbtrate from the 5-FU. DNA interference arises when another metabolite, 5-fluorodeoxyuridylic acid monophosphate, non-competitively inhibits thymidylate synthetase.

Pharmacodynamics

Flucytosine is only available in an oral formulation, and has excellent bioavailability after dosing. It has very good penetrance into the CSF, reaching levels up to almost 75% of the serum concentration of the drug.

The incidence of adverse events is relatively low when kidney, GI, and marrow function is normal. Diarrhea and abdominal pain may herald onset of enterocolitis from the drug. When a patient is in kidney failure, however – not uncommon among patients getting flucytosine and its frequent companion, amphotericin B – the drug may accumulate and cause marrow toxicity manifested by leukopenia and thrombocytopenia. If a rash or hepatotoxicity develop, the drug should be withdrawn and the patient should not be challenged with it again. Difficulties in managing flucytosine toxicities are frequently encountered among HIV/AIDS, leukemic, and bone marrow transplant patients.

Clinical Uses

Since most molds and other filamentous fungi lack the enzymes needed to convert flucytosine into 5-FU, it’s generally only useful for infections with yeasts – mostly Candida and Cryptococcus species. Older studies suggested resistance to flucytosine occurred at a high rate, and so traditionally it’s usually used as an adjunct treatment instead of monotherapy. More recent studies found very few isolates of Candida that were resistant, but it’s unlikely that flucytosine will be used as monotherapy anytime soon.

Cell Division Interference: Griseofulvin

First isolated in 1939 from Penicillium mold, griseofulvin is used to treat dermatologic fungal infections.

Mechanism of Action

Although its exact mechanism isn’t known, griseofulvin is thought to interfere with the assembly of microtubules, structures that are needed for trafficking organelles within the cell and for cell division during replication.

Pharmacodynamics

The drug is given orally, and for many years was the go-to drug for dermatophyte infections like tinea pedis, tinea corporis, and tinea capitis. It requires lengthy treatment courses, however, so once newer agents became available (like the azoles), griseofulvin was largely abandoned clinically. Toxicity is uncommon, and includes gastrointestinal upset, headache, and photosensitivity.

Clinical Uses

Griseofulvin isn’t used much anymore, but the drug works against a variety Trichophyton species, the principal agents of dermatophytosis.

