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Abstract: Dermatophyte infections represent an important public health concern, affecting up to 25%
of the world’s population. Trichophyton rubrum and T. mentagrophytes are the predominant dermato-
phytes in cutaneous infections, with a prevalence accounting for 70% of dermatophytoses. Although
terbinafine represents the preferred treatment, its clinical use is hampered by side effects, drug–
drug interactions, and the emergence of resistant clinical isolates. Combination therapy, associating
terbinafine and essential oils (EOs), represents a promising strategy in the treatment of dermatophy-
tosis. In this study, we screened the potential of selected Apiaceae EOs (ajowan, coriander, caraway,
and anise) to improve the antifungal activity of terbinafine against T. rubrum ATCC 28188 and T. men-
tagrophytes ATCC 9533. The chemical profile of EOs was analyzed by gas chromatography. The
minimal inhibitory concentration (MIC) and minimal fungicidal concentration (MFC) of EOs/main
compounds were determined according to EUCAST-AFST guidelines, with minor modifications. The
checkerboard microtiter method was used to identify putative synergistic combinations of EOs/main
constituents with terbinafine. The influence of EOs on the viability and pro-inflammatory cytokine
production (IL-1β, IL-8 and TNF-α) was determined using an ex vivo human neutrophils model. The
binary associations of tested EOs with terbinafine were found to be synergistic against T. rubrum,
with FICI values of 0.26–0.31. At the tested concentrations (6.25–25 mg/L), EOs did not exert cyto-
toxic effects towards human neutrophils. Anise EO was the most potent inhibitor of IL-1β release
(46.49% inhibition at 25 mg/L), while coriander EO displayed the highest inhibition towards IL-8
and TNF-α production (54.15% and 54.91%, respectively). In conclusion, the synergistic combinations
of terbinafine and investigated Apiaceae EOs could be a starting point in the development of novel
topical therapies against T. rubrum-related dermatophytosis.
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1. Introduction

Dermatophytes are filamentous fungi with a high affinity for the keratinized tissue
of the skin, nails, and hair, causing superficial infections with different degrees of in-
flammation known as dermatophytoses [1,2]. According to data from the World Health
Organization, dermatophytosis has become a public health issue, affecting up to a quarter
of the global population; its incidence is influenced by different factors, e.g., age, sex,
the season, socioeconomic status, and geographical region [3]. Trichophyton species are
the main causative agents of dermatophytosis, accounting for up to 70% of total cases;
Trichophyton rubrum is the major etiological agent of the cutaneous infection of the feet,
nails, and body, followed by T. mentagrophytes [4,5].

Terbinafine, a synthetic allylamine derivative, is currently the “golden standard” treat-
ment in dermatophytosis and acts as a potent inhibitor of the fungal squalene epoxidase, an
enzyme involved in ergosterol biosynthesis [6]. Still, its oral use is hampered by common
side effects such as gastrointestinal complaints, rash, headache, and loss of taste. The
emergence of recalcitrant dermatophytoses that require a long-term treatment regimen can
lead to severe hepatotoxicity, making the monitoring of the liver function mandatory [6–8].
Moreover, in numerous cases, systemic therapy is not recommended due to putative drug–
drug interactions and patient co-morbidities [9]. In addition, the topical use of terbinafine
in onychomycosis is hampered by its poor nail penetration and low efficacy, as revealed
in several clinical trials, which evaluated the potency of terbinafine nail solutions and
sprays [10,11]. Even though, in the late 2010s, terbinafine-resistant dermatophytes were
seldomly reported, nowadays an alarming number of clinical isolates that are resistant to
terbinafine have emerged as a consequence of misused or repeated topical and systemic
treatments. Thus, dermatophytosis cases have become refractory to antifungal drugs, with
frequent relapses and the chronicity of fungal infection [6,12,13].

Combinatorial strategies associating conventional antifungals with plant-derived
products represent a promising approach to increase the efficacy of extant treatment reg-
imens in dermatophytosis and to overcome fungal resistance [14,15]. In this context,
synergistic combinations can exert a multi-target antifungal activity, thus increasing the po-
tency of conventional drugs and tackling multi-drug microbial resistance. In addition, such
associations have the advantage of reducing the effective doses of conventional drugs, thus
minimizing their toxicity and side effects [16,17]. Among plant-derived products, essential
oils (EOs) possess valuable biological properties and their potent and broad-spectrum
antimicrobial activities generate impressive reports in the scientific literature [18–20]. Dis-
tillation or pressing are physical processes used to obtain EOs, which comprise a blend
of small volatile molecules that act as signaling agents in plants (e.g., attraction of pol-
linators, antifeedant agents, and protection against microorganisms) [21,22]. The anti-
dermatophytic propensities of EOs are also well-documented and include the disruption
of the cell wall/membrane; the inhibition of spore germination, ergosterol and cellular
proteins synthesis; efflux pumps, and biofilm formation [23,24]. Moreover, EOs exhibit
anti-inflammatory effects, thus supporting lesion healing and alleviating symptoms related
to dermatophytosis [14,15].

Apiaceae (Umbelliferae) family comprises 446 genera of 3540 herbaceous species dis-
tributed worldwide, many of them used in the food, pharmaceutical, and cosmetic indus-
tries [25,26]. A characteristic feature of Apiaceae members is the presence of volatile com-
pounds which are found both in aerial parts and the underground systems of plants [27].
Apiaceae-derived essential oils are rich sources of monoterpenes, sesquiterpenes, and
phenylpropanoids endowed with significant antibacterial, antifungal, and anti-inflammatory
activities [28–31].
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Among Apiaceae species, ajowan (Trachyspermum ammi L.), coriander (Coriandrum
sativum L.), caraway (Carum carvi L.), and anise (Pimpinella anisum L.) are widely used as
spices and flavoring agents and are also employed as remedies to treat various human
ailments [20,27,29,31–36]. Their fruits are rich sources of EOs endowed with significant an-
tibacterial and antifungal properties against a broad spectrum of microorganisms, including
dermatophytes [20,29,31,37–40].

The treatment failure and resistance to terbinafine are key elements in driving re-
search into alternative therapies for dermatophyte infections. As mentioned above, the
effective strategies to treat recalcitrant infections include combination therapy. Considering
the known antidermatophytic effects of selected Apiaceae species, the association with
terbinafine might display a multi-target activity, increasing its potency and tackling fungal
resistance. Hence, the aim of the present study was to assess, for the first time, the potential
of EOs derived from the fruits of ajowan, coriander, caraway, anise, and their main con-
stituents, and to enhance the terbinafine activity against T. rubrum and T. mentagrophytes. In
addition, the influence of EOs on the viability and pro-inflammatory cytokine production
in an ex vivo human neutrophils model was evaluated.

2. Materials and Methods
2.1. Chemicals

The following chemicals were purchased from Sigma-Aldrich (Steinheim, Germany):
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) (HEPES), 3-(N-morpholino) propane-
sulphonic acid (MOPS), anethole, anhydrous glucose, carvone, chloramphenicol, cyclohex-
imide, dimethyl sulfoxide (DMSO), dextran, fetal bovine serum (FBS), L-glutamine, linalool,
limonene, propidium iodide, RPMI 1640 medium, terbinafine hydrochloride, thymol and
urolithin A. Phosphate-buffered saline (PBS) was bought from Gibco (Hong Kong, China).
The (Ca2+)-free PBS was acquired from Biomed (Lublin, Poland). The Human Pancoll
(1.077 g/mL) was from PAA Laboratories (Pasching, Austria). Penicillin-streptomycin was
purchased from Biowest (Nauillé, France). Lipopolysaccharide (LPS) from Escherichia coli
0111:B4 was purchased from Merck (Kenilworth, NJ, USA). Human ELISA sets (IL-1β, IL-8,
TNF-α) were acquired from BD Biosciences (Franklin Lake, NJ, USA). Sabouraud dextrose
agar (SDA) was bought from Biolab (Budapest, Hungary).

2.2. Plant Material

Dried plant materials (fruits of ajowan, coriander, caraway, and anise) were purchased
from local pharmacies and their botanical identity was confirmed by one of the authors
(A.T.). Voucher specimens (AJ 1/2019, CO 2/2019, CA 3/2019, AN 4/2019) were deposited
in the Department of Pharmacognosy, Faculty of Pharmacy, “Grigore T. Popa” University
of Medicine and Pharmacy Iasi, Romania.

2.3. Essential Oil Extraction

The powdered plant materials (100 g each) were subjected to hydrodistillation for 3 h
in a Clevenger apparatus. EOs were dried over anhydrous sodium sulfate and stored in
dark glass tubes at a temperature of 4 ◦C until further analysis.

2.4. Essential Oils Analysis

EOs analysis was undertaken by gas chromatography (GC) using an Agilent 6890N
gas chromatograph coupled with a mass spectrometer (MS) detector (Agilent model 5975
inert XL) and a flame ionization detector (FID). TRB-5MS capillary columns (30 m length,
0.25 mm internal diameter, 0.25 µm film thickness) were used for each detector. The GC-MS
conditions were as follows: injection volume of 0.2 µL, EOs samples being injected in the
split mode (1:200); helium as carrier gas, with a flow rate of 0.5 mL/min; injector/detector
temperature of 230 ◦C. Oven temperature was raised from 60 ◦C to 220 ◦C at a rate of
4 ◦C/min, and then to 320 ◦C at 20 ◦C/min; the final temperature was isothermally held
for 7.5 min. MS was operated in full scan mode, with an ionization energy of 70 eV, and
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mass spectra were recorded in the range m/z 15–450. GC-FID conditions were similar to
those used in GC-MS analysis, except for the carrier gas flow that was equal to 1.8 mL/min,
and the splitting ratio (1:100). Retention indices were calculated for individual compounds
using a standard solution of n-alkanes C8–C20 (Sigma-Aldrich). EOs constituents were
identified by comparing their mass spectra with those from the NIST 11 mass spectra library,
accepting only the quality of recognition above 80%, and by comparing their retention
indices with those from the literature [41,42]. The relative percentages of individual
constituents were obtained from the FID peak areas without correction factors.

2.5. Microbial Strains

The antifungal activities of the EOs (ajowan, coriander, caraway, and anise), their
main constituents (thymol, linalool, carvone, limonene, and anethole), and terbinafine
were investigated against standard strains from the American Type Culture Collection
(Trichophyton rubrum ATCC 28188, Trichophyton mentagrophytes ATCC 9533). Prior to testing,
fungi were grown on SDA and incubated up to 15 days at 30 ◦C. All strains were checked
during incubation, and they were used when a maximal number of conidia were formed.

2.6. Antifungal Susceptibility Testing

The MIC values were assessed by the broth microdilution method using 96-well plates,
according to The European Committee on Antimicrobial Susceptibility Testing Subcom-
mittee on Antifungal Susceptibility Testing (EUCAST-AFST) guidelines [43] and following
the methodology described by Saunte et al. [12] and Markantonatou et al. [44], with slight
modifications. Serial double dilutions of EOs and volatile compounds (thymol, linalool,
carvone, limonene, anethole), ranging from 4 to 2048 mg/L, were prepared in a RPMI
1640 medium 2% glucose buffered with 0.165 M MOPS, and supplemented with chloram-
phenicol 50 mg/L and cycloheximide 300 mg/L, followed by inoculation (105 CFU/mL).
Final concentration of DMSO did not exceed 1%. Terbinafine was used as reference drug
(concentration range 0.015–8 mg/L). Fungi growth control and sterility control were used
in order to assure the reliability of the tests. The incubation was performed at 30 ◦C for
7 days. The MIC was considered as the lowest concentration with no visual growth of the
tested fungi. The MFC was assessed by inoculating 10 µL from wells that did not show
growth in the MIC assay onto SDA plates, followed by incubation at 30 ◦C for 72 h. The
MFC was considered as the lowest concentration with no growth or less than five colonies
in the case of subculture (corresponding to ~99.9% killing activity). Experiments were run
in triplicate.

2.7. Checkerboard Assay

The checkerboard broth microdilution method was used to evaluate putative inter-
actions between EOs/volatile compounds (thymol, linalool, carvone, limonene, anethole)
and terbinafine against T. rubrum and T. mentagrophytes. Serial double dilutions of EOs,
volatile compounds and terbinafine were prepared as previously described for determina-
tion of MIC. EOs/volatile compounds were dispensed in increasing concentrations along
the X-axis (1/128xMIC–4xMIC), while terbinafine was dispensed in increasing concentra-
tions along the Y-axis (1/16xMIC–4xMIC), followed by inoculation (105 CFU/mL) [12,45].
The plates were incubated at 30 ◦C for 7 days. Assays were performed in duplicate and
repeated at least three times. The interactions between EOs/volatile compounds and
terbinafine were interpreted based on the fractional inhibitory concentration index (FICI)
values determined using the following equation:

FICI = FICEO/compound + FICterbinafine

where:

FICEO/compound = MICEO/compound in combination/MICEO/compound alone
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and:
FICterbinafine = MICterbinafine in combination/MICterbinafine alone

Synergy was defined by FICI ≤ 0.5: addition was considered when 0.5 > FICI ≤ 1;
was indifference considered if 1 > FICI ≤ 4 and antagonism for FICI > 4 [17,22].

2.8. Evaluation of Cytokine Production in Human Neutrophils
2.8.1. Neutrophils Isolation

The protocol used to prepare the buffy coat was in accordance with the principles
stated in the Declaration of Helsinki; peripheral venous blood was collected from healthy
male volunteers (ages 20–35 years) at the Warsaw Regional Blood Centre. Human neu-
trophils were isolated by dextran sedimentation and Pancol centrifugation [46], allowing
a neutrophil preparation with over 97% purity. Neutrophils were suspended in PBS and
kept at a temperature of 4 ◦C until subsequent analysis.

2.8.2. Evaluation of Neutrophils Viability

Flow cytometry using propidium iodide (PI) staining was undertaken to evaluate
the influence of Apiaceae EOs on neutrophils viability, following a previously described
method [47]. Briefly, neutrophils (2.0 × 106/mL) were cultured for 24 h in RPMI 1640
medium (supplemented with 10% FBS, 2 mM L-glutamine and 10 mM HEPES) in the
absence/presence of EOs (6.25–25 mg/L) added 30 min before stimulation with 100 ng/mL
LPS. After incubation, cells were centrifuged, washed, and re-suspended in PI solution
0.5 µg/mL, followed by incubation in the dark at room temperature (15 min). The neu-
trophils were analyzed using a BD FACSCalibur flow cytometer (BD Biosciences, San Jose,
CA, USA) by recording 10.000 events for each sample. Cells showing high permeability
to PI were considered PI+ cells. Neutrophils viability was calculated using the following
formula: 100% − PI+ cells%. Triton X-100 (0.1%) was used as positive control.

2.8.3. Evaluation of IL-1β, IL-8 and TNF-α Secretion

The evaluation of cytokine release from LPS-stimulated neutrophils was carried out
following a protocol previously described [47]. Thus, neutrophils were incubated at 37 ◦C in
a 96 well-plate in RPMI 1640 medium (prepared as described in Section 2.8.2), with/without
the tested EOs (concentrations of 6.25, 12.5, and 25 mg/L) added 30 min prior to neutrophils
stimulation with LPS (100 ng/mL). After 24 h, the plates were centrifuged, the supernatants
were collected, and the cytokines release was determined by ELISA assay kits using a
Synergy 4 microplate reader, according to the manufacturer’s instructions (BD Biosciences,
San Jose, CA, USA). The effect on cytokine production was determined as percentage of
released cytokines relative to the control without the investigated EOs. Urolithin A (a
substance with known anti-inflammatory properties [48,49]) at concentrations of 12.5, 25,
and 50 µM was used as a positive control.

2.9. Statistical Analyses

The results were calculated as a mean ± standard error of the mean (SEM) of the
indicated number of experiments. One-way analysis of variance (ANOVA) with Tukey’s
and Dunnet’s post hoc tests was used to evaluate the statistical significance that was set at
p < 0.05.

3. Results
3.1. Yield and Chemical Composition of Essential Oils

The highest essential oil yield, as calculated on the basis of the weight of the dry fruits
(triplicate experiments, percentage ± SEM), was determined for ajowan (7.23 ± 0.09%),
followed by anise (3.13 ± 0.07%), caraway (2.83 ± 0.03%), and coriander (2.13 ± 0.09%).
The phytochemical compositions of the four Apiaceae EOs assessed by GC are summarized
in Table 1.
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Table 1. Main constituents of essential oils isolated from Apiaceae fruits.

RI * Compound Ajowan
(%)

Coriander
(%)

Caraway
(%)

Anise
(%)

Monoterpene hydrocarbons

928 α-Thujene 0.54 - - -

931 α-Pinene 0.27 8.13 0.03 -

943 Camphene - 1.02 - -

960 β-Phellandrene - - 0.06 -

965 Sabinene - 0.40 - -

970 β-Pinene 2.48 0.72 0.02 -

979 Myrcene 0.62 1.80 0.41 -

1016 m-Cymene 21.09 0.92 - -

1023 β-Thujene 0.18 - - -

1033 Limonene - 2.36 42.74 -

1047 γ-Terpinene 23.18 5.77 - -

1088 α-Terpinolene - 0.57 - -

Oxygenated monoterpenes

1104 Linalool - 67.87 - 0.32

1150 Terpinen-4-ol 0.17 - - -

1157 Camphor - 3.82 - -

1230 Geraniol - 1.67 - -

1238 Carvone - - 55.40 0.32

1242 Perillaldehyde - - 0.24 -

1275 Thymol 49.32 - - -

1278 Carvacrol 0.24 - - -

1323 Methyl geranate - - 0.12 -

1360 Geranyl acetate - 3.71 - -

Sesquiterpene hydrocarbons

1480 Germacrene D - - - 2.95

1490 Zingiberene - - - 0.29

1499 β-Himachalene - - - 0.14

1505 β-Bisabolene - - - 0.26

1542 σ-Himachalene - - - 0.19

Oxygenated sesquiterpenes

1601 Spathulenol - - - 0.09

Phenylpropanoids

1180 Estragole - - - 1.94

1249 p-Anisaldehyde - - - 0.78

1280 Anethole - - - 90.01

1831 Isoeugenyl acetate - - - 1.19
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Table 1. Cont.

RI * Compound Ajowan
(%)

Coriander
(%)

Caraway
(%)

Anise
(%)

Monoterpene hydrocarbons 48.36 21.69 43.26 -

Oxygenated monoterpenes 49.73 77.07 55.76 0.64

Sesquiterpene
hydrocarbons - - - 3.83

Oxygenated sesquiterpenes - - - 0.09

Phenylpropanoids - - - 93.92

Total 98.09 98.76 99.02 98.48
* Retention indices relative to a series of C8–C20 n-alkanes calculated on TRB-5MS column. “-” not detected.

In the case of ajowan EO, up to 98.09% of the total constituents were identified, with
thymol as the main compound (49.32%), followed by γ-terpinene (23.18%), and m-cymene
(21.09%). From the total constituents, 98.76% were identified in coriander EO; linalool
was the major detected compound (67.87%), alongside several minor constituents, such
as α-pinene (8.13%), γ-terpinene (5.77%), camphor (3.82%), and geranyl acetate (3.71%).
Carvone and limonene were the main compounds identified in caraway EO (55.40% and
42.74%, respectively), plus additional volatiles found in trace amounts, together making up
to 99.02% of the total constituents. Anise EO was characterized by the presence of anethole
as the major compound (90.01%), followed by germacrene (2.95%), estragole (1.28%), and
other minor constituents, representing 98.48% of the total volatile fraction. The EOs were
mainly characterized by the presence of monoterpenes (monoterpene hydrocarbons and
oxygenated monoterpenes) in the case of ajowan, coriander, and caraway EOs; meanwhile,
the anise EO comprised phenylpropanoids and sesquiterpene hydrocarbons.

3.2. Antifungal Susceptibility Results

The antifungal activity of Apiaceae EOs and their major constituents (thymol, linalool,
carvone, limonene, anethole) was assessed using the microdilution method. The MIC and
MFC values obtained for EO/main compounds against T. rubrum and T. mentagrophytes are
shown in Table 2.

Table 2. Antifungal activity (MIC, MFC expressed as mg/L) of Apiaceae essential oils and their
main constituents.

Sample/Positive Control Trichophyton rubrum ATCC
28188

Trichophyton mentagrophytes
ATCC 9533

MIC MFC MIC MFC

Ajowan essential oil 256 512 256 512
Coriander essential oil 512 1024 512 1024
Caraway essential oil 512 512 512 512
Anise essential oil 1024 2048 1024 2048
Thymol 1024 1024 1024 1024
Linalool 1024 1024 1024 2048
Carvone 1024 2048 1024 2048
Limonene 2048 2048 2048 2048
Anethole 2048 2048 2048 2048
Terbinafine 0.031 0.031 0.031 0.031

MIC = minimum inhibitory concentration; MFC = minimum fungicidal concentration.

Ajowan EO exhibited the highest antifungal potential against the tested strains, with
MICs of 256 mg/L. Coriander and caraway EOs showed a similar antifungal activity
pattern, inhibiting the growth of both dermatophytes, with MIC values of 512 mg/L.
Anise EO was the least active among the investigated EOs, displaying fungistatic effects at
1024 mg/L. With respect to the antidermatophytic activity of EOs, the main compounds,
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thymol, linalool, and carvone, acted similarly towards both Trichophyton strains, with
MICs of 1024 mg/mL; meanwhile, limonene and anethole exhibited a lower degree of
dermatophytic growth inhibition (MIC 2048 mg/L). Compared to the investigated EOs
and their main constituents, terbinafine was highly active against dermatophytes (MIC
0.031 mg/L). Based on the MFC values, all EOs/main compounds were found to display a
fungicidal activity against strains of T. rubrum and T. mentagrophytes (Table 2).

3.3. In Vitro Effects of Essential Oils/Main Constituents and Terbinafine Combinations
against Dermatophytes

In order to evaluate the putative synergistic combinations of EOs and their main
constituents with terbinafine, the checkerboard microtiter assay was performed. Con-
sidering their high sensitivity to terbinafine, in vitro experiments using T. rubrum and
T. mentagrophytes strains were undertaken. The combinatorial effects of the investigated
EOs/compounds with terbinafine are reported in Table 3. As revealed by the checkerboard
testing, the binary associations of all the tested EOs with terbinafine were found to be
synergistic against the T. rubrum strain, with FICI values of 0.26 (coriander and anise
EOs), 0.28 (caraway EO), and 0.31 (ajowan EO), respectively. Moreover, EOs significantly
potentiated the activity of terbinafine in combinatorial therapy, with a 4-fold reduction in
their MIC, from 0.031 to 0.007 mg/L. In addition, the MIC of EOs significantly decreased
in combination with terbinafine; a 64-fold reduction in the case of coriander and anise
EOs, while MICs of caraway and ajowan EOs underwent a 32-fold and a 16-fold reduction,
respectively. The main constituents of the EOs showed only additive effects in combination
with terbinafine (FICI values range of 0.53–0.56). Similar additive interactions were dis-
played by the associations between the EOs/volatile compounds and terbinafine against
T. mentagrophytes, with FICI values ranging from 0.56 to 0.75.

Table 3. Combinatorial effects (FIC and FICI values) between Apiaceae essential oils/main constituents and terbinafine
assessed by checkerboard method.

Combination

Trichophyton rubrum
ATCC 28188

INT
Trichophyton mentagrophytes ATCC 9533

INT
MIC *

in combination
(mg/L)

FIC FICI MIC *
in combination

(mg/L)
FIC FICI

Ajowan essential oil 16 0.06
0.31 S

16 0.06
0.56 Ad

Terbinafine 0.007 0.25 0.015 0.50

Coriander essential oil 8 0.01
0.26 S

32 0.06
0.56 Ad

Terbinafine 0.007 0.25 0.015 0.50

Caraway essential oil 16 0.03
0.28 S

64 0.12
0.62 Ad

Terbinafine 0.007 0.25 0.015 0.50

Anise essential oil 16 0.01
0.26 S

128 0.12
0.62 Ad

Terbinafine 0.007 0.25 0.015 0.50

Thymol 64 0.06
0.56 Ad

128 0.12
0.62 Ad

Terbinafine 0.015 0.5 0.015 0.5

Linalool 32 0.03
0.53 Ad

256 0.25
0.75 Ad

Terbinafine 0.015 0.5 0.015 0.5

Carvone 32 0.03
0.53 Ad

256 0.25
0.75 Ad

Terbinafine 0.015 0.5 0.015 0.5

Limonene 64 0.03
0.53 Ad

256 0.12
0.62 Ad

Terbinafine 0.015 0.5 0.015 0.5

Anethole 128 0.06
0.56 Ad

512 0.25
0.75 Ad

Terbinafine 0.015 0.5 0.015 0.5

Ad—addition; FIC—fractional inhibitory concentration; FICI—fractional inhibitory concentration index; INT—interpretation; S—synergism.
* MIC of tested agent in most effective combination.



Plants 2021, 10, 2378 9 of 17

3.4. Effects on Cytokine Production in Human Neutrophils

Based on the MIC values obtained from the synergistic combinations with terbinafine,
the four EOs (concentration range 6.25–25 mg/L) were next assessed for their ability to
influence the viability of human neutrophils and the production of pro-inflammatory
cytokines in LPS-stimulated neutrophils.

3.4.1. Effects on Neutrophils Viability

None of the tested EOs concentrations induced cytotoxic effects in human neutrophils
as compared to negative control cells (LPS-) (Figure 1). For instance, at 25 mg/L, the cell
viabilities ranged from 96.82% to 97.68%. In addition, the activation of neutrophils with
LPS did not significantly reduce their viability (cell viability: 92.20%). Furthermore, the
treatment with urolithin A, used as the positive control in the following cytokine production
assays, did not display cytotoxic effects towards neutrophils (viability of neutrophils
97.62–98.06%). Meanwhile, Triton X-100 (0.1%) caused a very strong reduction in the cell
viability, with only 1.63% viable cells (data not shown).

Figure 1. Neutrophils viability (%) following 24 h-treatment with essential oils of ajowan, corian-
der, caraway, and anise (6.25–25 mg/L), as well as urolithin A (12.5, 25 and 50 µM). Results are
expressed as mean ± SEM of three separate experiments performed with cells isolated from four
independent donors.

3.4.2. Effects on Pro-Inflammatory Cytokine Secretion

The effects of EOs on the release of pro-inflammatory cytokines, namely IL-1β, IL-8,
and TNF-α, were assessed by ELISA in an ex vivo, LPS-stimulated neutrophil model
(Figure 2).

When tested at non-cytotoxic concentrations (6.25, 12.5, and 25 mg/L), the four
Apiaceae EOs exhibited a concentration-dependent reduction in IL-1β release (Figure 2a).
At 25 mg/L, the EOs reduced the IL-1β levels to 66.64% (ajowan), 55.62% (coriander),
47.50% (caraway), and 46.49% (anise), when compared to LPS-stimulated neutrophils.
Nevertheless, the EOs potency was lower when compared to urolithin A, which decreased
the IL-1β production to 13.64% of the LPS+ control at 50 µM. The potential of EOs to act as
IL-8 inhibitors is depicted in Figure 2b. Out of the four tested EOs, the coriander EO was
the most active, interfering with IL-8 release in a concentration-dependent manner; the IL-8
levels at 25 mg/L were decreased to 54.15% of LPS+ control. A similar effect was observed
for urolithin A at 25 µM (57.61% of LPS+ control). Ajowan EO was found to slightly inhibit
the IL-8 production at the highest tested concentration (76.74% of LPS+ control). The
effects of the preincubation of human neutrophils with Apiaceae EOs upon TNF-α release
after stimulation with LPS is presented in Figure 2c. At the highest tested concentration
(25 mg/L), only coriander and caraway EOs were able to produce a slight to moderate
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decrease in TNF-α levels (54.91% and 73.42% of LPS+ control, respectively), whereas the
other two EOs were inactive over the tested concentration range. In contrast, urolithin A
produced strong TNF-α inhibitory effects, especially at 50 µM (14.77% of LPS+ control).

Figure 2. Effects of essential oils of ajowan, coriander, caraway, and anise (6.25–25 mg/L), and
urolithin A (12.5, 25 and 50 µM) on IL-1β (a), IL-8 (b), and TNF-α (c) secretion in LPS-stimulated
neutrophils. Results were expressed as mean ± SEM of three separate experiments performed
with cells isolated from four independent donors. Statistical significance: # p < 0.001 compared to
the non-stimulated control (LPS-); * p < 0.05, ** p < 0.01, *** p < 0.001 compared to the stimulated
control (LPS+).
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4. Discussion

Even though combinatorial strategies including antifungal drugs and EOs are already
recommended to improve monotherapy, the literature reports regarding terbinafine’s
association with these plant-derived products are scarce [50–52]. Our study aimed to
identify putative synergistic combinations of terbinafine using the selected Apiaceae EOs
(ajowan, coriander, caraway, anise) and their major compounds (thymol, linalool, carvone,
limonene, and anethole) against the main causative agents of dermatophytosis, T. rubrum,
and T. mentagrophytes.

Therefore, the antifungal potential was first tested using broth microdilution method.
According to de Oliveira Lima et al. [53], the antimicrobial potential of plant extracts is
correlated with their MIC values, as follows: strong activity (MIC 50–500 mg/L), moderate
activity (500 mg/L > MIC < 1500 mg/L), and weak activity (MIC > 1500 mg/L). Thus,
ajowan EO was highly active against all tested fungi (MIC 256 mg/L), while coriander,
caraway, and anise EOs displayed a moderate activity (MIC > 500 mg/L). Among the tested
volatile compounds, thymol, linalool, and carvone also had a moderate antifungal potential
(MIC 1024 mg/L); meanwhile, limonene and anethole possessed a low antimicrobial
activity (MIC 2048 mg/L). Compared to the parent EOs, the antifungal potential of their
main constituents was lower, suggesting that other minor compounds might contribute,
via phytosynergic interactions, to the overall bioactivity of EOs. Even though several
studies assessed the antidermatophytic potential of investigated Apiaceae EOs and their
major components [54–59], a direct comparison between the MICs obtained in the present
study and the literature data is hampered as a consequence of the implementation of
different protocols (e.g., obtaining the serial dilutions, fungi growth phase and vitality,
inoculum volume, culture medium and pH, temperature, and incubation time). In addition,
our results showed that EOs and their main compounds acted as fungicides against both
T. rubrum and T. mentagrophytes strains. This is of the highest importance in clinical settings
of recurrent and multi-drug resistant dermatophytoses, as the use of fungistatic agents is
commonly associated with fungal resistance [10,14].

Still, even if the antifungal effects of the investigated EOs do not justify their use as
stand-alone antimicrobial agents, it is noteworthy that, at significantly lower subinhibitory
concentrations (1/16xMIC–1/64xMIC), EOs induced a 4-fold enhancement of terbinafine
activity against T. rubrum. The observed synergistic effects may be due to the ability
of EOs to facilitate terbinafine entry into the cell with an enhancement in its inhibitory
effects towards ergosterol biosynthesis. The Apiaceae EOs investigated in our study
mostly comprised monoterpene hydrocarbons and oxygenated monoterpenes (ajowan,
coriander, and caraway EOs), and phenylpropanoids (anise EO). It is known that such
compounds are lipophilic and have a small molecular size which enable their passive
diffusion through fungi membranes [16]. Volatile compounds exert their fungicidal activity
through different mechanisms of action that include, among others, the perturbation of
the lipid membrane organization [60] followed by the increased permeability of the fungal
cell wall/membrane, the extravasation of cell constituents, the inhibition of ergosterol
synthesis, and cell lysis [15,23]. Moreover, it was reported that several main constituents
of the Apiaceae EOs included in our study acted on the virulence factors and resistance
mechanisms of T. rubrum. For example, Ponte et al. [54] showed that linalool, the major
compound of coriander EO, acts as an efflux pump inhibitor and is able to increase the
susceptibility to azoles of Trichophyton multi-drug resistant strains. Thymol, the main
constituent of ajowan EO, enhanced fluconazole efficacy against the clinical isolates of
T. rubrum by inhibiting the activity of proteinases (elastase and keratinase) that contribute
to fungal virulence [61]. Furthermore, thymol displayed an inhibitory activity towards
efflux pumps, which are one of the fungal resistance mechanisms [62]. Obaid et al. [63]
demonstrated that anethole, identified as the main compound in the anise EO, was able to
down-regulate the keratinase gene expression in T. rubrum strains.

Herein, we reported for the first time the synergistic combinatorial effects of terbinafine
with EOs derived from the fruits of ajowan, coriander, caraway, and anise. As of now, the
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literature data on terbinafine’s synergistic associations with EOs is scarce. To the best of
our knowledge, only two studies reported on the ability of Lavandula luisieri and Schinus
lentiscifolius-derived EOs to enhance terbinafine’s activity against the clinical isolates of
T. rubrum [49,50]. One must note that these species grow spontaneously in specific habitats:
L. luisieri is endemic to the Iberic Peninsula, while S. lentiscifolius grows in southern Brazil,
therefore representing a limited supply that could hamper their industrial use [51,52]. Our
study included species which are commonly used as spices and are cultivated on a large
scale [23]. Thus, the plant material for the essential oil isolation is readily available and can
be constantly supplied to the pharmaceutical industry. In addition, the development of
Apiaceae EOs-based formulations should also consider the quality and standardization of
EOs. It is known that the chemical variability of EOs is mainly due to the plant phenotype,
pedoclimatic conditions, harvesting and storage conditions. To overcome batch-to-batch
variability, valuable cultivars might supply a plant material with a constant chemical
profile, thus a reliable source for the pharmaceutical industry. Our results are of utmost
importance in the case of recalcitrant dermatophytoses when higher doses of terbinafine
and long-term treatment are required, which in turn entail hepatotoxic events and a poor
adherence to therapy regimens [6]. Therefore, the association with EOs could minimize
the side effects of the dose-related toxicity of terbinafine and increase the efficacy of the
treatment compared to monotherapy. In addition, such combinations could prove useful
in the topical treatment of onychomycosis, as EOs are blends of molecules with a low
molecular weight that act as nail permeation enhancers for terbinafine, thus ensuring a a
higher efficacy of the treatment [18,64,65]. Moreover, considering that EOs act concurrently
towards different microbial targets due to their multicomponent nature, the selection of
resistant fungal strains can be overcome [16,66].

Based on the MIC values obtained from the synergistic combinations with terbinafine
(Table 3), Apiaceae EOs were evaluated for their ability to influence the secretion of pro-
inflammatory cytokines in ex vivo-stimulated human neutrophils. Human neutrophils
are primarily involved in the host defense mechanism against T. rubrum, as both clinical
setups and animal model experiments revealed a dense infiltration of neutrophils in
infected areas [67]. Following recruitment from the bloodstream, neutrophils’ activation
and responses to a fungi attack include: phagocytosis, an oxidative burst by reactive oxygen
species production, the secretion of proteases, the release of extracellular traps, the secretion
of pro-inflammatory cytokines (e.g., IL-1β, IL-6, IL-8, and TNF-α), chemokines, and growth
factors [1,68,69]. However, the prolonged activation of neutrophils hinders the resolution of
infection, sustaining a chronic inflammation which in turn can contribute to colonization of
the neighboring host tissue [70]. Therefore, therapeutic alternatives that combine selective
antifungal and anti-inflammatory activities should also be considered to tune the fine
balance between pro- and anti-inflammatory signals in human–host fungi interactions.

First, the potential deleterious effects of Apiaceae EOs were investigated towards hu-
man neutrophils, obtained ex vivo from healthy volunteers. EOs did not affect neutrophils
viability, as no cytotoxic effects were recorded at the tested concentrations (6.25–25 mg/L)
(Figure 1), thus proving the safety of EOs for pharmaceutical and cosmetic use. Moreover,
neutrophils showed a good viability and released functional, pro-inflammatory cytokines
following LPS-stimulation, such as IL-1β, IL-8, and TNF-α (Figure 2). Our results revealed
that EOs inhibited, in different degrees of potency, the production of cytokines in LPS-
stimulated neutrophils. It was observed that the inhibition of IL-1β release by EOs was
concentration-dependent (Figure 2a), with the anise EO displaying the most potent in-
hibitory activity, followed by caraway, coriander, and ajowan EOs. Regarding IL-8 and
TNF-α, coriander EO proved the highest ability to lower their production in stimulated
neutrophils (Figure 2b,c).

To the best of our knowledge, we reported herein for the first time the inhibitory
activity of EOs isolated from the fruits of ajowan, coriander, caraway, and anise, towards
IL-1β, IL-8, and TNF-α secretion in an ex vivo human neutrophils model. Our results are
in accordance with previously published data regarding the influence of the investigated
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Apiaceae EOs and their main compounds on pro-inflammatory cytokine production. Thus,
ajowan EO was shown to possess anti-inflammatory effects as assessed by in vitro studies
on murine macrophage cells, by inhibiting cyclooxygenase-2, inducible nitric oxide syn-
thase, and heme oxygenase-1 [71]. Coriander EO exhibited anti-inflammatory effects in an
in vivo model of colitis as determined by histo-pathologic evaluation and myeloperoxidase
activity [72]; meanwhile, its main constituent linalool was found to inhibit the production
of pro-inflammatory cytokines (e.g., TNF-α, IL-1β, IL-6, IL-8) in both in vitro and in vivo
settings [73,74]. Caraway EO has shown a protective activity in animal models of colitis
and renal injury by the inhibition of cytokine production and the induction of endogenous
antioxidant enzymatic systems [75,76]; its beneficial effects are mostly due to limonene
and carvone as revealed by various in vitro and in vivo studies [77–79]. As for anise EO,
it has proven in vitro anti-inflammatory propensities by the inhibition of IL-1β and IL-8
secretion in a bronchial epithelial cell line [80], while its main constituent, anethole was
shown to decrease IL-6 and TNF-α serum concentrations in an animal model of chronic
and obstructive pulmonary disease [81].

Correlating the results from the checkerboard testing, where Apiaceae EOs showed po-
tent synergistic combinations with terbinafine, alongside the inhibition of pro-inflammatory
cytokines release, we can conclude that the further development of formulations including
the investigated EOs and terbinafine are justified.

Considering the lipophilic nature of EOs components, their high volatility and chemi-
cal instability, the encapsulation in nanoformulated delivery systems could be an approach
to overcome such limitations and boost the antidermatophytic activity of EOs [15,22,82].
The additional data regarding their skin and nail permeation, elucidation of their mech-
anism of activity, and whether in vitro results translate into similar outcomes in in vivo
models, are in high demand. In addition, the development of pharmaceutical formulations
should consider several parameters, including the stability of such combinations, their
pharmacokinetic profiles, and their safety upon administration. Moreover, the mode of
administration significantly influences the availability of EOs at the infection site. Thus, a
topical use of Apiaceae EOs–terbinafine combinations is readily envisioned.

5. Conclusions

The investigated combinations of Apiaceae EOs/main compounds and terbinafine
showed synergistic and additive effects against T. rubrum and T. mentagrophytes, thus
reducing the active concentration of the antifungal drug when used together. Therefore,
the use of such mixtures might provide a better outcome than monotherapy in terms of
side effects and toxicity, but also in decreasing the emergence of resistant strains. Based
on their antifungal and anti-inflammatory activities, these combinatorial strategies could
be complementary to conventional therapy by alleviating symptoms, aiding the healing
process, and preventing dermatophytosis dissemination. Overall, our study highlights
the putative use of synergistic combinations of terbinafine and investigated Apiaceae EOs
(ajowan, coriander, caraway, and anise) as a starting point for the development of novel
topical formulations for T. rubrum-related dermatophytosis.
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