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Miconazole and terbinafine induced reactive oxygen species

accumulation and topical toxicity in human keratinocytes

There are an estimated 1 billion cases of superficial fungal infection globally.
Fungal pathogens form biofilms within wounds and delay the wound healing
process. Miconazole and terbinafine are commonly used to treat fungal infections.
They induce the accumulation of reactive oxygen species (ROS) in fungi, resulting
in the death of fungal cells. ROS are highly reactive molecules, such as oxygen
(0»), superoxide anion (O»*—), hydrogen peroxide (H>O,) and hydroxyl radicals
(*OH). Although ROS generation is useful for killing pathogenic fungi, it is
cytotoxic to human keratinocytes. To the best of our knowledge, the effect of
miconazole and terbinafine on HaCaT cells has not been studied with respect to
intracellular ROS stimulation. We hypothesized that miconazole and terbinafine
have anti-wound healing effects on skin cells when used in antifungal treatment
because they generate ROS in fungal cells. We used sulforhodamine B protein
staining to investigate cytotoxicity and 2 ~,7 ~ -dichlorofluorescein diacetate to
determine ROS accumulation at the 50% inhibitory concentrations of miconazole
and terbinafine in HaCaT cells. Our preliminary results showed that topical
treatment with miconazole and terbinafine induced cytotoxic responses, with
miconazole showing higher cytotoxicity than terbinafine. Both the treatments
stimulated ROS in keratinocytes, which may induce oxidative stress and cell death.
This suggests a negative correlation between intracellular ROS accumulation in
keratinocytes treated with miconazole or terbinafine and the healing of fungi-

infected skin wounds.
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Introduction

According to recent global estimates, there are approximately 1 billion cases of
superficial (skin, hair, and nail) fungal infections (Bongomin et al. 2017). Superficial
fungal infections affect approximately 1.7 billion people and 10-20% of people in the

United States (Lam et al. 2018). Superficial fungal infections are commonly caused by



dermatophytes (Hay 2017), a group of fungi that infect keratinized tissues such as skin,
hair, and nails (Khurana et al. 2019). These fungal pathogens from biofilms within
wounds and contribute to delayed healing (Kalan et al. 2016). The antimycotic drugs
miconazole and terbinafine are used to treat fungal infections, including otomycosis
(Zarei Mahmoudabadi et al. 2015) and vaginal candidiasis (Daniel et al. 2018).
Miconazole belongs to the imidazole family of antifungal drugs that have a broad
spectrum of activity. Its effect is based on decreasing the ability of fungi to produce
ergosterol, an important part of their cell membranes, via the inhibition of lanosterol-14a-
demethylase, a cytochrome P450 dependent enzyme (Ramirez-Villalva et al. 2015,
Campoy and Adrio 2017). This dependent enzyme has an iron protoporphyrin unit at its
active site. Miconazole binds to the iron of the porphyrin and disrupts the biosynthesis of
fungal ergosterol, resulting in the accumulation of 14a-methylated sterols (Campoy and
Adrio 2017). The depletion of ergosterol and accumulation of 14a-methylated sterols lead
to the leakage of intracellular contents, thereby inhibiting fungal growth and replication
(Ramirez-Villalva et al. 2015). Terbinafine is an allylamine antifungal agent (Tolomeotti
et al. 2015, Campoy and Adrio 2017). It disrupts the synthesis of ergosterol via the
inhibition of fungal squalene epoxidase, an enzyme that catalyzes the conversion of
squalene into squalene-2,3-epoxide, which is then converted into lanosterol and
ergosterol (Campoy and Adrio 2017). Recent studies have shown that both miconazole
and terbinafine inhibit fungal growth by inducing the production of reactive oxygen
species (ROS). Miconazole triggers the generation of ROS via the activation of cyanide-
insensitive NADH oxidase and avoids the enzyme-mediated breakdown of H202
(mediated by cytochrome peroxidase and catalase), which result in toxic levels of H202
in yeasts (Francois 2007). It also acts on the organization of the actin cytoskeleton in

yeasts and leads to actin clumping prior to the induction of an increase in endogenous



ROS levels. The production of ROS subsequently causes fungal cell death (Thevissen et
al. 2007). Terbinafine also induces the intracellular production of ROS in yeasts. The
accumulation of ROS subsequently causes mitochondrial lipid peroxidation, thus

inhibiting fungal growth (Shekhova et al. 2017).

Microbial infection is one of the most common causes of chronic skin wounds
(Mangoni et al. 2016). Antifungal drugs, such as miconazole and terbinafine, are
commonly used for the topical treatment of fungal skin infections. Previous studies have
shown that miconazole and terbinafine exert their antifungal actions via the stimulation
of intracellular ROS production in fungal cells (Francois 2007, Thevissen et al. 2007,
Shekhova et al. 2017). ROS may be deleterious and cause oxidative stress, possibly
leading to cell damage and cell death (Ghosh et al. 2018). However, ROS accumulation
is not only detrimental to fungal cells but also to skin cells. Skin, rich in unsaturated fatty
acids, is vulnerable to damage caused by ROS. ROS, especially the hydroxyl radical
(*OH), induce oxidative damage to biological macromolecules, such as DNA,
carbohydrates, lipids, and proteins. Among the most susceptible targets are
polyunsaturated fatty acids, as ROS induces the initiation of lipid peroxidation. Oxidative
damage to the lipids that constitute the cell membrane affects cellular components, which
ultimately leads to cell death (Pillai et al. 2005). Furthermore, cytotoxicity to human skin
HFF-1 cells (Ghaderi-Shekhi Abadi et al. 2018) and HaCaT cells (Ali et al. 2018) is

proportional to intracellular ROS production.

This raises a question on the impact of ROS-inducing antimycotic drugs (i.e.,
miconazole and terbinafine) on skin wound healing, considering that the generation of
ROS can cause topical toxicity. We hypothesized that miconazole and terbinafine have
anti-wound healing effects on skin cells when used in antifungal treatment because they

have been recently demonstrated to have a strong ability to generate ROS. Therefore, they



are believed to inhibit fungal growth via the inhibition of ergosterol synthesis, and owing
to the ability of miconazole and terbinafine to produce ROS in fungi, we suspect that
when used topically, they may also stimulate ROS generation in skin cells. Of note,
keratinocytes are the predominant cell type in the epidermis (Jang et al. 2017, Bhushan
et al. 2019) and are fundamental to the structural and barrier functions of the epidermis
(Kim et al. 2018, Choi et al. 2019). To the best of our knowledge, the effect of miconazole
and terbinafine on HaCaT cells (an immortalized human keratinocyte line) has not been
studied previously with respect to intracellular ROS stimulation. Thus, in this study, we
aimed to investigate whether miconazole and terbinafine exert anti-wound healing effects

on HaCaT cells.

Materials and Methods
In vitro cytotoxicity

HaCaT cells (Cell Lines Service, Eppelheim, Germany) were removed from cell culture
flasks and washed with phosphate-buffered saline. After centrifugation, they were re-
suspended in complete cell culture medium (Dulbecco’s Modified Eagle Medium with
10% fetal bovine serum), and the number of cells was adjusted to approximately 1 x 10°
cells/mL. Cells were seeded in 96-well microtiter plates for 24 h prior to the evaluation
of each antifungal drug (miconazole and terbinafine, both from Sigma-Aldrich, St. Louis,
MO). These drugs were incubated with keratinocytes (1 x 10> cells/mL) for 24 h at the
concentration gradients 50, 25, 12.5, 6.25, 3.125, and 1.56 ug/mL. Dimethyl sulfoxide
(DMSO) (1%) and doxorubicin added in decreasing order (10, 5, 2, 1, and 0.5 pg/mL)
were used as vehicle and positive controls, respectively. To evaluate the cytotoxicity to
HaCaT cells, the sulforhodamine B protein (SRB) staining assay was conducted. Briefly,

cells were fixed with trichloroacetic acid, washed with distilled water, stained with SRB



at room temperature for 30 min, and washed with acetic acid. Optical images of treated
cells were captured. Finally, cells were dissolved in Tris buffer, and optical absorbance
was measured using a microplate reader. Each experiment (miconazole, terbinafine, and
doxorubicin) was conducted in triplicate. The 50% inhibitory concentrations (ICso) of
miconazole, terbinafine, and doxorubicin were calculated from these experimental results

(Lam et al. 2016a and 2016b).

Determination of ROS

HaCaT cells were seeded at a concentration of approximately 1x10° cells/mL and counted
manually using a haematocytometer under an inverted microscope. After 24 hours, the
culture medium was changed and incubated with the antifungal drugs (miconazole and
terbinafine) and doxorubicin at their ICso values on HaCaT cells. DMSO at 1% was used
as a vehicle control. After a further incubation of 24 hours, H>O; at 100 uM was added
as the positive reference. All the culture media were changed after 2 h and cells were
incubated with 2',7'-dichlorofluorescein diacetate (DCFH-DA, Molecular Probe) for a
further of 30 min. Skin keratinocytes were washed and collected. Cells were subsequently
lysed and total cellular protein was collected while debris was discarded. Protein content
was determined by using the Bradford reagent. The relative level of ROS from each of
20 g of total protein sample was determined by measuring its fluorescence units at 515
nm after an excitation at 485 nm using a microplate reader (Chui et al., 2009).

Experiments were performed in triplicate.

Statistical analysis

A Student’s t-test was conducted, and the p-value was used to determine the statistical

significance of the results.



Results

In vitro cytotoxicity to human keratinocytes

The SRB assay was used to determine the ICso of miconazole and terbinafine on HaCaT
cells. Figure 1 shows the possible cytotoxic responses of miconazole and terbinafine at
various concentrations. High degrees of cell rounding, cellular shrinkage, and
condensation were observed in cells treated with miconazole at 50 and 25 pg/mL (Figures
lc and 1d), terbinafine at 50 pg/mL (Figure 1g), and doxorubicin at 2 pg/mL (Figure 1j).
The ICso values of miconazole and terbinafine on HaCaT cells were 6.25-12.5 pg/mL
and 12.5-25 pg/mL, respectively. Moderate degrees of cell rounding and cell shrinkage
were shown with the ICso values of miconazole (Figures le and 1f) and terbinafine
(Figures 1h and 1i) compared to the untreated control (Figure 1a) and vehicle control (1%
DMSO) (Figure 1b), which displayed a high integrity of cellular morphology. As the

positive control, doxorubicin achieved an ICso of 0.5—1 pg/mL (Figures 1k and 11).

ROS generation in human keratinocytes

The effect of miconazole and terbinafine on intracellular ROS production in HaCaT cells,
evaluated using the DCFH-DA assay, is shown in Figure 2. The fluorescence intensity in
HaCaT cells treated with 12.5 pg/mL miconazole and 25 pg/mL terbinafine was
significantly higher (p < 0.05) that that in the untreated control. The fluorescence intensity
of DCFH-DA, a fluorimetric probe for the detection of oxidative stress, was proportional
to the ROS generation in HaCaT cells. The intracellular ROS level induced by the 1Cso of
miconazole (12.5 pg/mL) in HaCaT cells was approximately three-fold higher than that
of the untreated control and approximately two-fold higher than that induced by the ICso

of terbinafine (25 pg/mL) (Figure 1). The treatment with doxorubicin (at the ICso of 1



ng/mL) caused a significant increase in fluorescence intensity, which was comparable

with that of the positive control (100 pM of H>O) with respect to the untreated control.

Discussion

Superficial fungal infections affect over 1 billion people worldwide (Bongomin et al.
2017, Lam et al. 2018). Traditionally, miconazole and terbinafine exert their antifungal
activity via interference with ergosterol biosynthesis in the fungal membrane (Ramirez-
Villalva et al. 2015, Campoy and Adrio 2017). In addition to the interference with
ergosterol biosynthesis, these agents lead to the accumulation of ROS in fungi, which
results in the death of fungal cells (Francois 2007, Thevissen et al. 2007, Shekhova et al.
2017). As many open wound injuries are prone to fungal infection and as miconazole and
terbinafine are commonly used to treat open wounds, we hypothesized that these
antifungal drugs may induce excessive ROS generation in keratinocytes. As
hypothesized, both miconazole and terbinafine stimulated excessive ROS production at
their I1Cso values of cellular cytotoxicity, at which the level of ROS production of
miconazole was higher than that of terbinafine. This suggested that considerable cell

death occurred.

The overproduction of ROS generates many highly reactive molecules, such as
02, O2*—, H20», and *OH. These species attack cellular macromolecules, which include
DNA, carbohydrates, lipids, and proteins. These chemical reactions result in the
formation of oxidized products and lead to deleterious effects, such as blockage of cell
cycle progression, induction of apoptosis, and necrosis in a cell type- or dose-dependent
manner (Lambert and Yang 2003, Collin 2019). Owing to these properties, ROS-inducing
antimycotic agents, such as miconazole and terbinafine, are commonly used to treat

superficial fungal infections. This presents a question: as miconazole and terbinafine exert



their antifungal activities via ROS generation in fungal cells, can these antimycotic agents
also prompt ROS generation in keratinocytes when applied topically? This is
therapeutically relevant because fungal infections are usually associated with chronic
wounds, such as ulcers (Morton and Phillips 2016). Therefore, on the one hand,
keratinocytes play an important role in cutaneous wound healing; thus, any substance that
is cytotoxic to keratinocytes may impair wound healing (Bhushan et al. 2019). On the
other hand, from the therapeutic point of view, fungi-infected wounds may require topical
application of antimycotic drugs. However, miconazole and terbinafine may affect the
healing of infected skin wounds, as the induction of ROS not only inhibits and kills
pathogenic fungi but also inhibits the growth of keratinocytes, which may impair wound
healing. Skin wounds usually involve microbial invasion into the tissue, which elicits a
host response, resulting in impaired wound healing (Hurlow et al. 2018). As open wounds
with microbial infection (including fungal infection) are very common, special attention
should be given to the application of antimycotic drugs during the treatment process. Our
preliminary results suggest that there is a negative correlation between miconazole- and
terbinafine-induced intracellular ROS accumulation in keratinocytes and the healing of
fungi-infected skin wounds. In conclusion, our results support our hypothesis that the
cytotoxic effects of these ROS-inducing drugs cause the death of keratinocytes, which
may delay the repair of fungi-infected wounds (Figure 3). However, all experiments were
conducted in vitro; thus, simulation of the microenvironment in vivo may fail. Therefore,

future research using in vivo experiments is necessary to verify this hypothesis.
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Figure captions

Figure 1. Representative results of cytotoxicity caused by miconazole and terbinafine in
HaCaT cells: (a) untreated control, (b) vehicle control 1% DMSO, (c) 50 pg/mL
miconazole, (d) 25 pg/mL miconazole, (¢) 12.5 ug/mL miconazole, (f) 6.25 pg/mL
miconazole, (g) 50 pg/mL terbinafine, (h) 25 pg/mL terbinafine, (i) 12.5 pg/mL
terbinafine, (j) 2 pg/mL doxorubicin, (k) 1 pg/mL doxorubicin, and (1) 0.5 pg/mL

doxorubicin. DMSO, dimethyl sulfoxide.

Figure 2. Effects of oxidative stress induced by ICso of miconazole and terbinafine in
HaCaT cells. *p < 0.05 when compared with untreated control. Experiments were

performed in triplicate. DMSO, dimethyl sulfoxide; ICso, 50% inhibitory concentration.

Figure 3. Delayed repair of fungi-infected wound due to miconazole- or terbinafine-

induced ROS accumulation in keratinocytes. ROS, reactive oxygen species.
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