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Abstract

Mycetoma is a devastating neglected tropical infection of the subcutaneous tissue and
most commonly caused by the fungus Madurella mycetomatis. Treatment of mycetoma
consists of a combination of a long term antifungal treatment with itraconazole and sur-
gery. However, treatment is associated with low success rates. Therefore, there is a need
to identify novel treatments for mycetoma. CIN-102 is a synthetic partial copy of cinnamon
oils with activity against many pathogenic bacteria and fungi. In this study we determined
the in vitro activity of CIN-102 against 21 M. mycetomatis isolates and its in vivo efficacy
in a M. mycetomatis infected Galleria mellonella larval model. In vitro, CIN-102 was active
against M. mycetomatis with MICs ranging from 32 ug/mL to 512 ug/mL. 128 ug/mL was
needed to inhibit the growth in 50% of tested isolates. In vivo, concentrations below the
MIC of 40 mg/kg and 80 mg/kg CIN-102 prolonged larval survival, but higher concentra-
tions of CIN-102 did not.

Author summary

Mycetoma is a tropical infection causing large tumorous lesions on mainly the foot. This
infection is most commonly caused by the fungus Madurella mycetomatis. Mycetoma is
treated with antifungal agents and surgery but with low success rates. In our search for
novel treatments for mycetoma we determined if CIN-102, a synthetic oil that resembles
cinnamon oil, would be therapeutic in mycetoma. We therefore determined the activity of
this oil against the fungus in vitro. We found that CIN-102 could inhibit M. mycetomatis
growth in vitro. To determine if CIN-102 was also active against the mycetoma grain in
vivo, we determined the efficacy in our Galleria mellonella grain model. Interestingly,
CIN-102 was found to be effective in the larvae at a low concentrations.
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of their knowledge. All other authors have none to
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Introduction

Mycetoma is a chronic, granulomatous infection of the subcutaneous tissue which eventually
leads to destruction of deep tissue and bone [1]. The infection is prevalent in tropical and sub-
tropical regions and can be caused by either bacteria (actinomycetoma) or fungi (eumyce-
toma). The fungus Madurella mycetomatis is the most common causative agent world-wide
[2]. For actinomycetoma success rates up to 90% are achieved when treated with antibiotics
[1,3]. For eumycetoma a combination of surgery and prolonged antifungal medication is
required, with itraconazole as the drug of choice. However, treatment of eumycetoma results
in recurrence rates of 25-50%, often with greater complications, and the need for amputation
in up to a quarter of patients [4,5]. This, in its turn, leads to social stigma, loss of employment
and a dependency on family members. In order to improve treatment, there is a need to iden-
tify novel compounds with activity against fungal mycetoma causative agents.

In the search for new antifungal agents, natural products are seen as a rich source of possi-
ble inhibitory compounds [6]. Essential oils obtained from plants have been traditionally used
in many cultures, and it has been shown that these oils contain antifungal activity [7,8]. Previ-
ous studies have already demonstrated the ability of different plant extracts and essential oils
to inhibit the growth of M. mycetomatis [9,10]. Essential oils are a mixture of multiple, poten-
tially synergistic, compounds which derive from plants as secondary metabolites. The chemical
composition of these oils depends on multiple factors, such as geographical location, the envi-
ronment, the maturity of the plant and the extraction method, which all subsequently effect
the biological activity [11,12]. These uncertainties in the standard of quality all together limits
their use clinically. Even though essential oils still have some drawbacks in clinical use, the
chemical properties of most essential oils are in line with Lipinski’s rule of five on important
physicochemical parameters of druggability [13,14]. Based on these oils, a more reproducible,
chemically well-defined synergistic blend called CIN-102 has been developed by Septeos. CIN-
102 has cinnamaldehyde as its major component (86,7% w/w) and resembles the composition
of two cinnamon oils of which the genotoxins have been removed (Table 1) [15]. Henceforth,
our aim is to determine if CIN-102 is able to inhibit the growth of the fungus M. mycetomatis
in vitro and determine its in vivo efficacy within the established Galleria mellonella grain
model [16].

Methods
Cin-102
CIN-102 is a chemical blend composed of 86.7% trans-cinnamaldehyde, 5.35% Trans-2-meth-

oxycinnamaldehyde, 2.5% cinnamyl acetate, 2.4% linalool, 1.7% B-caryophyllene, 1.0% cineol

Table 1. Chemical composition of CIN-102. A well-defined synergistic blend with antibacterial and antifungal
activity.

Component % (w/w)
Trans-cinnamaldehyde 86.7
Trans-2-methoxycinnamaldehyde 5.35
Cinnamyl acetate 2.5
Linalool 2.4
B-Caryophyllene 1.7
Cineol 1.0
Benzyl benzoate 0.35

https://doi.org/10.1371/journal.pntd.0009488.t001
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and 0.35% benzyl benzoate (Table 1). The CIN-102 (LOT 17-110F10) used in this study was
provided by Septeos (Paris, France).

Fungal isolates

To determine if CIN-102 was able to inhibit the fungal growth of M. mycetomatis, 21 clinical
isolates of M. mycetomatis, including the genome isolate MM55, were tested. These isolates
originated from Sudan (n = 13), India (n = 2), Algeria (n = 1), Mali (n = 1), Somalia (n = 1) and
Chad (n = 1). The origin of two isolates are unknown. All isolates were previously identified on
the basis of morphology, PCR and sequencing of the internal transcribed spacer (ITS) [17,18].

Fungal preparation and in vitro susceptibility testing

The antifungal activity of CIN-102 against M. mycetomatis was determined with the previously
described 2,3-bis (2-methoxy-4-nitro-5-sulfophenyl)-5-[ (phenylamino) carbonyl]-2H-tetrazo-
lium hydroxide (XTT) assay [19]. In short, isolates were cultured for three weeks on Sabour-
aud Dextrose Agar (SDA) at 37°C after which the mycelium was harvested and sonicated for

5 seconds at 28 micron (Soniprep 150, Beun de Ronde, the Netherlands) and inoculated in
RPMI 1640 medium containing 0.35 gram/Liter L-glutamine and 1.98 mM 4-morpholinepro-
panesulfonic acid (MOPS). The isolates were further incubated for 7 days at 37°C. The myce-
lium was harvested by centrifugation, washed and sonicated using the same settings. A fungal
inoculum of 70% +2% transmission (Novaspec II spectrophotometer) was prepared in RPMI
1640 medium containing 0.35 gram/Liter L-glutamine and 1.98 mM MOPS. In a 96-wells
microtiter plate containing the antifungal agents in DMSO, 100 pL of the fungal suspension
was added. Drug concentrations used in this assay ranged from 32 pg/mL to 16384 ug/mL for
CIN-102 (Septeos, France) and from 0.008 pg/mL to 4 pg/mL for itraconazole (Janssen & Jans-
sen, Belgium). As a growth control the fungal suspension with the solvent (1% DMSO) was
used. As a negative control the culture medium with solvent but without fungal suspension
was used. The plates were sealed with tape and incubated for 7 days at 37°C. After incubation,
100 pl of XTT work solution (5 mL XTT (Sigma) Img/mL in NaCl, 0,6 mL menadione
(Sigma) 1 mM and 4,4 mL NaCl) was added to each well, followed by incubation at 37°C for

2 hours and room temperature for 3 hours. The extinction of the supernatant was measured at
450 nm in a microplate reader (Epoch2, Biotek, United States). The reduction of the absor-
bance was calculated and the MIC endpoints for each antifungal agent were defined as the first
concentration at which spectrophotometrically at least an 80% reduction was measured. The
minimal fungicidal concentration was determined by culturing the hyphal fragments of all
wells where no visible growth was observed after 7 days of incubation at 37°C. These hyphal
fragments were cultured on SDA at 37°C. The MFC was considered the lowest concentration
of CIN-102 were no growth was observed after 2 weeks of incubation.

In vivo toxicity and efficacy testing in Galleria mellonella larvae

In order to determine the toxicity and efficacy of CIN-102, 45 larvae/concentration were
injected with CIN-102 via the left last proleg and monitored for 10 days. The tested CIN-102
concentrations were 800 mg/kg, 400 mg/kg, 80 mg/kg and 40 mg/kg solved in 10% tween-80
in PBS. To determine the efficacy of CIN-102, 15 larvae/concentration were infected with a
hyphal suspension of the genome isolate M. mycetomatis MM55. To obtain a hyphal suspen-
sion, MM55 was cultured on SDA at 37°C for three weeks. The mycelium was harvested, soni-
cated for 30 seconds at 28 micron (Soniprep 150, Beun de Ronde, the Netherlands) and
incubated in RPMI 1640 medium containing 0.35 g/L L-glutamine, 1.98 mM 4-morpholine-
propanesulfonic acid (MOPS) and 100 mg/L chloramphenicol at 37°C for two weeks. To
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obtain the fungal mycelia, the culture was filtered through a 22 um filter (Whatman), the bio-
mass was scraped from the filter, weighed, re-suspended in PBS and sonicated for 2 minutes at
28 microns. Followed by centrifugation at 3400 rpm for 5 minutes, the biomass was adjusted
with PBS to a concentration of 1 g/10 mL. Larvae were injected with 40 ul of inoculum via the
last left pro-leg, resulting in a final concentration of 4 mg wet weight of fungi per larvae. Larvae
were divided into groups of 15 and each group was treated on three consecutive days at 4, 28
and 52 hours post-infection. Administered dosages consisted of either 40 mg/kg, 80 mg/kg,
400 mg/kg or 800 mg/kg CIN-102 solved in 10% tween-80 in PBS. Additionally, 5.71mg/kg
itraconazole (which results to a human equivalent pharmacokinetic dosages) and solvent only
(10% tween-80 in PBS) control groups were included [3]. Larvae survival was monitored for
10 days. Three biological replications were performed.

Histological examination of M. mycetomatis infected larvae and assessment
of the fungal burden

To determine the fungal burden within the larvae, larvae were infected and treated as
described above. At 24 and 72 hours post-infection, five larvae from each group were sacrificed
for histological examination and assessment of fungal burden. The larvae were fixed in 10%
buffered formalin for 24 hours, dissected longitudinally into two halves with a scalpel and
fixed for another 48 hours before further routine histological processing [20]. The two halves
were stained with hematoxylin and eosin (HE) and Grocott methanamine silver for further
histological examination. Assessment of the fungal burden was performed by manually count-
ing of the grains by three independent scientists, under a light microscope mounted with a
Canon EOS70D camera (Canon Inc). Visualization of the grains was done on the computer
screen using EOS Utility software (Canon Inc.). Under 40x magnification with a light micro-
scope, the grains were categorized into large (>0.02mm?), medium (0.01-0.019 mm?) and
small (0.005-0.009 mm?) sizes as described by Lim et al. [21]. The sum of all large, medium
and small grains represents the total amount of grains observed within the larvae. In order to
determine the total size of the grains, the sum of the all grains were multiplied by the minimum
size of their respected categories [21].

Statistical analysis

To compare the survival lines and determine if there was a statistical difference between the
different treatment groups, the Log-rank test was performed with GraphPad Prism 8 (version
8.2.0, GraphPad Inc.). A Mann-Whitney test was performed to determine if the number of
grains or the size of the grains within the larvae differed between larvae treated with CIN-102,
ITZ or solvent. A p-value smaller than 0.05 was deemed significant.

Results
In vitro M. mycetomatis is inhibited by CIN-102

As shown in Fig 1, MIC values for itraconazole ranged from <0.008 pg/mL to 1 pg/mL and
those for CIN-102 ranged from <32 pg/mL to 512 pg/mL, this corresponds to <28 ug/mL-

444 ug/mL cinnamaldehyde (Table 2). The MIC for genome isolate MM55 was 256 pug/ml, this
corresponds to 222 pg/mL cinnamaldehyde. The MIC50 and MIC90 of itraconazole were

0.03 pg/mL and 0.25 pg/mL respectively. To inhibit the growth of all tested isolates, 1 pg/mL
itraconazole was required For CIN-102, the MIC50 and MIC90 were 128 pg/mL CIN-102

(111 pg/mL cinnamaldehyde) and 256 ug/mL CIN-102 (222 pug/ml cinnamaldehyde). 512 ug/mL
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Fig 1. Antifungal susceptibility of 21 M. mycetomatis isolates to CIN-102 and itraconazole expressed as MICs, determined by the
XTT assay.

https://doi.org/10.1371/journal.pntd.0009488.9001

Table 2. In vitro susceptibility of all included M. mycetomatis isolates to CIN-102 and itraconazole expressed in pg/mL. The country of isolation and accession num-
ber for each isolate is s The corresponding concentrations of cinnamaldehyde have been calculated and shown in pg/mL. The MIC ranges, MIC50 and MIC90 to M.
mycetomatis are shown in pg/mL.

Isolate Country of isolation Accession number ITS region CIN-102 (ug/mL) Cinnamaldehyde (ug/mL) Itraconazole (ug/mL)

MM13 Sudan ]X280866.1 256 222 0.06
MM14 Sudan MW513510 128 111 0.03
MM25 Sudan MW494400 128 111 0.03
MM26 Sudan MW538038 128 111 0.25
MM30 Sudan MW520456 64 56 0.06
MM35 Sudan MW513693 64 56 0.03
MM36 Sudan MW520454 64 56 0.03
MM41 Sudan MW520455 256 222 0.03
MM44 Sudan MW520452 32 28 0.03
MM52 Sudan JN573179.1 64 56 <0.008
MM54 Sudan JN573180.1 32 28 0.016
MM55 Sudan JN573181.1 256 222 0.06
MM56 Sudan JN573182.1 32 28 <0.008
ALl Algeria MW541888 64 56 0.03
SO1 Somalia MW493233 512 444 0.06
P1 Mali MW520453 128 111 0.06
11 India JX280864.1 256 222 1
111 India MW541890 128 111 0.125
CBS116298 Chad MW542679 256 222 0.125
CBS247.48 unknown ]X280745.1 256 222 0.25
1606931 Unknown MW541889 128 111 0.03
MIC range 32-512 28-444 <0.008-1
MICs, 128 111 0.03
MICy, 256 222 0.25

https://doi.org/10.1371/journal.pntd.0009488.t002
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CIN-102 was required to inhibit the growth of all tested isolates. For CIN-102, the observed min-
imal fungicidal concentrations were similar to the respective MIC values.

Administering sub-MIC concentrations CIN-102 significantly prolongs
larval survival

As can be seen in S1 Fig, after multiple dosing the highest concentration of 800 mg/kg CIN-
102 (694 mg/kg cinnamaldehyde) appeared to be toxic to the larvae and resulted in a decreased
survival in uninfected as well as infected larvae (Log-Rank, p = 0.0003 and p = 0.03 respec-
tively). No signs of toxicity were noted with 40, 80 and 400 mg/kg (S1 Fig). CIN-102 concen-
trations at 40 mg/kg (35 mg/kg cinnamaldehyde) and 80 mg/kg (70 mg/kg cinnamaldehyde)
resulted in a significantly enhanced larvae survival (Fig 2)(Log-Rank, p = 0.0133 and

p = 0.0091, respectively). 5.71 mg/kg Itraconazole did not enhance larvae survival (Log-Rank,
p = 0.77), which was in agreement with our earlier findings [22,23].

CIN-102 does not significantly reduce the number or the size of the grains

To assess the fungal burden within the larvae, the number and the size of the grains were deter-
mined by histological examination 24 and 72 hours after fungal infection. As shown in Fig 3,
no difference in either the total number or in the total size of the grains was noted 24 and 72
hours after infection between larvae treated with 80 mg/kg CIN-102 and the control (Mann-
Whitney, total number of grains p = 0.39 and p = 0.57 and total grain size p = 0.31 and

p = 0.69 after 1 and 3 days respectively).For itraconazole, a reduction in the total number and
the total size was noted (Mann-Whitney, total number of grains p = 0.01 and p = 0.05 and total
grain size p = 0.03 and p = 0.22 after 1 and 3 days respectively), which was in agreement with
our earlier findings [21].

Larval Survival

Solvent

5.71 mg/kg ITZ

80 mg/kg CIN-102

40 mg/kg CIN-102

MM55+ Solvent

MM55+ 5.71 mg/kg ITZ
MM55+ 80 mg/kg CIN-102**

1 MM55+ 40 mg/kg CIN-102*
0o 1 2 3 4 5 6 7 8 9 10

Time in days

Percent survival

Fig 2. In vivo efficacy and toxicity of different dosages CIN-102 and the used treatment dosage itraconazole within G. mellonella larvae,
compared to the solvent (PBS 10% tween80). Dotted lines indicate uninfected larvae as toxicity controls, which were treated at the same time
points as the infected groups. It is observed that none of the shown dosages effect the survival of uninfected larvae. The full lines indicate
infected larvae treated with the corresponding dosages 4-, 28- and 52-hours post-infection. Larvae treated with solvent and itraconazole survive
up until day 8, while larvae treated with 40 mg/kg and 80 mg/kg survive up until day 10 and significantly differ from the PBS control

(*p = 0.0133**p = 0.0091).

https://doi.org/10.1371/journal.pntd.0009488.g002
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Fig 3. The total number and size of grains in M. mycetomatis infected G. mellonella larvae treated with solvent (black dots), 80 mg/kg CIN-
102 (grey dots), or 5.71mg/kg itraconazole (brown dots). Total number of grains counted in CIN-102 treated larvae do not differ at both
one- and three-days post-infection (Man-Whitney, p = 0.39 and p = 0.57 respectively). The same is found for total grain size, for which no
difference is found between CIN-102 treated larvae and the control, both one- and three-days post-infection (Man-Whitney, p = 0.31 and

p = 0.69 respectively). Total number of grains counted in itraconazole treated larvae differed both one- and three-days post-infection (Man-
Whitney, p = 0.01 and p = 0.05 respectively). Similarly, the total grain size differed between itraconazole and the control in both one- and
three-days post-infection (Man-Whitney, p = 0.03 and p = 0.22 respectively).

https://doi.org/10.1371/journal.pntd.0009488.9003

Although treatment with CIN-102 did not result in a difference in the size and number of
grains, differences were observed regarding the physiology surrounding the fungal grain. After
treatment with 80 mg/kg CIN-102, encapsulation occurred earlier and a decrease in the
cement material was observed compared to the controls. Similar findings were observed for
itraconazole. However, unique to treatment with CIN-102 was the observation of hemocytes
with a larger morphology surrounding the grain. These were not present in the control group
or the itraconazole treated group (Fig 4).

Discussion

In this experimental work we explored the possibility of the synthetically well defined, syner-
gistic blend CIN-102 as a potential novel therapeutic for mycetoma. As demonstrated in this
study, CIN-102 was able to inhibit M. mycetomatis growth with MICs ranging from 32 pg/mL
(28 pg/mL cinnamaldehyde) to 512 ug/mL (444 pg/mL cinnamaldehyde). A concentration of
256 pg/mL (222 pg/mL cinnamaldehyde) was needed to inhibit the growth of 90% (MICy,) of
the isolates. This was comparable to the activities found of different essential oils generated
from Cinnamomum spp. against other fungal species where for most of these essential oils,

40 pg/mL to 310 pug/mL was needed to inhibit the growth of Candida spp., Cryptococcus
neoformans, Trichophyton spp., Microsporum spp. and Aspergillus fumigatus determined

by broth microdilution following CLSI guidelines [24]. The main antifungal compound of
CIN-102, cinnamaldehyde, has been described with comparable inhibitory activities as well.
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Fig 4. M. mycetomatis grains in Galleria mellonella larvae, 200x magnification. A: M. mycetomatis grain 24h after
infection and treated with solvent. Cement material (CM) is present. No clear capsule is formed surrounding this
grain. Some individual hemocytes (H) are present in the cement material. B: M. mycetomatis grain 24h after infection
and treated with 80mg/kg CIN-102. Cement material is present. A capsule (C) is surrounding the grain, individual
hemocytes are found in the grain. C: M. mycetomatis grain 24h after infection and treated with 5.71 mg/kg
itraconazole (ITZ). Partial formation of cement material and encapsulation of the grain are observed. Individual
hemocytes (H) are present in the cement material. D: M. mycetomatis grain 72h after infection and treated with
solvent. Dense cement material seen, no individual hemocytes inside the grain. A capsule is surrounding the grain. E:
M. mycetomatis grain 72h after infection and treated with 80mg/kg CIN-102. Cement material is less dense compared
to the control (panel C). Capsule is surrounding the grain. Some large hemocytes (LH) are seen surrounding the grain
and is not seen in solvent or itraconazole treated larvae. F: M. mycetomatis grain 72h after infection and treated with
5.71 mg/kg itraconazole (ITZ). Both cement material (CM) and encapsulation (C) of the grain are observed.

https://doi.org/10.1371/journal.pntd.0009488.g004

A concentration of 100 ug/mL to 500 pg/mL (determined by microdilution) and 40 ug/mL to
138 pg/mL (determined by disc diffusion and gradient plate method) was sufficient for the
inhibition of Candida spp. and Aspergillus spp. growth, respectively [25-27].

CIN-102 was able to prolong larval survival in M. mycetomatis infected larvae. Within these
larvae, characteristic mycetoma grains are formed. Furthermore, the antifungal efficacy studies
performed in this model appeared to be predictive of the efficacy studies performed in mice
[23,28]. Interestingly, prolonged larval survival was only noted when larvae were treated with
relatively low concentrations of CIN-102 and not with the higher concentration of 400 mg/kg.
In fact, the effective dosages of 40 mg/kg and 80 mg/kg CIN-102 were below the MIC of
256 pg/ml (corresponds to 256 mg/kg) obtained for genome isolate MM55 from our in vitro

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0009488  June 9, 2021 8/12


https://doi.org/10.1371/journal.pntd.0009488.g004
https://doi.org/10.1371/journal.pntd.0009488

PLOS NEGLECTED TROPICAL DISEASES The synthetic cinnamon oil CIN-102 is active against Madurella mycetomatis

data. Furthermore, despite the enhanced survival, no reduction in the total number of grains
or the size of the grains was noted. The observation of earlier encapsulation of the grains and
enlarged hemocytes in the larvae suggested a possible influence of CIN-102 on the G. mello-
nella immune response. A limitation of the current study is that we did not investigate the
immune reaction of the G. mellonella larvae towards CIN-102. However, some clues can be
obtained from literature. Cinnamaldehyde, the major compound of CIN-102, has been
described to up-regulate expression and production of anti-inflammatory cytokines IL-10 and
TGEF-B, while down-regulating pro-inflammatory cytokine expression and production [29].
CIN-102 component 2-methoxycinnamaldehyde has been described to inhibit the pro-inflam-
matory cytokine TNF-a, while anti-inflammatory properties have been described for CIN-102
components linalool, B-caryophyllene and cineol [30-33]. It was shown that upon CIN-102
treatment, decreased mRNA levels of the pro-inflammatory cytokines IL-1p and TNF-o and
increased expression of IL-6 was noted in colonic tissue in mice suffering from colitis.
Although it was not clear if the decrease in infection was directly linked to the antimicrobial
effect of CIN-102, or as an indirect result of CIN-102 its anti-inflammatory effect [15].

The importance of the host immune system in treatment outcome was recently demon-
strated by the remarkable cure of a mycetoma patient upon the addition of non-steroidal anti-
inflammatory drug (NSAID) diclofenac to the treatment alongside posaconazole and 5-flucy-
tosine [34]. It is therefore plausible that the observed enhanced survival of the G. mellonella lar-
vae was not only due to the immediate fungicidal effect of CIN-102 to the fungus but the
combination of fungicidal activity and an altered immune response of the larvae towards the
mycetoma grain.

In conclusion, CIN-102 showed promising in vitro potency against M. mycetomatis and
in vivo efficacy was demonstrated within M. mycetomatis infected Galleria mellonella larvae.
This study shows the potential of chemically well-defined blends, which offer an interesting
alternative to current single-drugs screening approaches. As mentioned earlier, this study was
not designed to evaluate the immunological response upon treatment. Following this major
limitation, more studies are required to determine the mechanism of action of CIN-102, the
potential of other synergistic blends and the involvement of the immune response during fun-
gal mycetoma infections.

Supporting information

S1 Fig. In vivo toxicity (panel A) and efficacy (panel B) of different dosages CIN-102 and the
used treatment dosage itraconazole within G. mellonella larvae, compared to the solvent (PBS
10% tween80). In panel A, A concentration of 800 mg/kg CIN-102 is significantly different
from the solvent control (***p = 0.0003), none of the other dosages effect the survival of unin-
fected larvae. In panel B, the dotted line indicates uninfected larvae as toxicity controls, which
were treated at the same time points as the infected groups. The full lines indicate infected lar-
vae treated with the corresponding dosages 4-, 28- and 52-hours post-infection. Larvae treated
with solvent and itraconazole survive up until day 8, while larvae treated with both 40 mg/kg
and 80 mg/kg survive up until day 10 and significantly differ from the PBS control
(*p=0.0133 and **p = 0.0091).

(TTF)

Author Contributions
Conceptualization: Wendy W. J. van de Sande.

Data curation: Nicolas Tesse, Wendy W. J. van de Sande.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0009488  June 9, 2021 9/12


http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0009488.s001
https://doi.org/10.1371/journal.pntd.0009488

PLOS NEGLECTED TROPICAL DISEASES The synthetic cinnamon oil CIN-102 is active against Madurella mycetomatis

Formal analysis: Mickey Konings, Wendy W. J. van de Sande.
Funding acquisition: Johan Mouton, Nicolas Tesse, Wendy W. J. van de Sande.
Investigation: Mickey Konings, Kimberly Eadie, Wilson Lim.

Methodology: Mickey Konings, Kimberly Eadie, Wilson Lim, Ahmed H. Fahal, Johan Mou-
ton, Nicolas Tesse, Wendy W. J. van de Sande.

Project administration: Mickey Konings, Wendy W. J. van de Sande.
Resources: Johan Mouton, Nicolas Tesse, Wendy W. J. van de Sande.
Software: Mickey Konings, Wendy W. J. van de Sande.

Supervision: Wendy W. J. van de Sande.

Validation: Mickey Konings, Wilson Lim, Ahmed H. Fahal, Nicolas Tesse, Wendy W. J. van
de Sande.

Visualization: Mickey Konings, Kimberly Eadie, Wilson Lim.
Writing - original draft: Mickey Konings, Wendy W.J. van de Sande.

Writing - review & editing: Mickey Konings, Wilson Lim, Ahmed H. Fahal, Nicolas Tesse,
Wendy W.]. van de Sande.

References

1. Zijlstra EE, van de Sande WWJ, Oliverio Welsh O, Mahgoub ES, Goodfellow M, Fahal AH. Mycetoma:
a unique neglected tropical disease. The Lancet. 2016. https://doi.org/10.1016/S1473-3099(15)00359-
X PMID: 26738840

2. vande Sande WW. Global burden of human mycetoma: a systematic review and meta-analysis. PLoS
Negl Trop Dis. 2013; 7(11):e2550. https://doi.org/10.1371/journal.pntd.0002550 PMID: 24244780

3. Welsh O, Al-Abdely HM, Salinas-Carmona MC, Fahal AH. Mycetoma medical therapy. PLoS Negl Trop
Dis. 2014; 8(10):e3218. https://doi.org/10.1371/journal.pntd.0003218 PMID: 25330342

4. Wadal A, Elhassan TA, Zein HA, Abdel-Rahman ME, Fahal AH. Predictors of Post-operative Mycetoma
Recurrence Using Machine-Learning Algorithms: The Mycetoma Research Center Experience. PLoS
Negl Trop Dis. 2016; 10(10):e0005007. https://doi.org/10.1371/journal.pntd.0005007 PMID: 27798643

5. ZeinHA, Fahal AH, Mahgoub el S, El Hassan TA, Abdel-Rahman ME. Predictors of cure, amputation
and follow-up dropout among patients with mycetoma seen at the Mycetoma Research Centre, Univer-
sity of Khartoum, Sudan. Trans R Soc Trop Med Hyg. 2012; 106(11):639—44. https://doi.org/10.1016/.
trstmh.2012.07.003 PMID: 22854685

6. Radulovic NS, Blagojevic PD, Stojanovic-Radic ZZ, Stojanovic NM. Antimicrobial plant metabolites:
structural diversity and mechanism of action. Current medicinal chemistry. 2013; 20(7):932-52. PMID:
23210781

7. Cowan MM. Plant products as antimicrobial agents. Clin Microbiol Rev. 1999; 12(4):564—82. https://doi.
org/10.1128/CMR.12.4.564 PMID: 10515903

8. Feng W, Zheng X. Essential oils to control Alternaria alternata in vitro and in vivo. Food Control. 2007;
18(9):1126-30.

9. vande Sande WW, Fahal AH, Riley TV, Verbrugh H, van Belkum A. In vitro susceptibility of Madurella

mycetomatis, prime agent of Madura foot, to tea tree oil and artemisinin. J Antimicrob Chemother.
2007; 59(3):553-5. https://doi.org/10.1093/jac/dkl526 PMID: 17324961

10. Elfadil H, Fahal A, Kloezen W, Ahmed EM, van de Sande W. The In Vitro Antifungal Activity of Suda-
nese Medicinal Plants against Madurella mycetomatis, the Eumycetoma Major Causative Agent. PLOS
Neglected Tropical Diseases. 2015; 9(3):e0003488. https://doi.org/10.1371/journal.pntd.0003488
PMID: 25768115

11. O JE. Comparison of the impact of environmental stress on male and female skin. 2012; 166(2).

12. Nazzaro F, Fratianni F, Coppola R, Feo VD. Essential Oils and Antifungal Activity. Pharmaceuticals
(Basel). 2017; 10(4):86. https://doi.org/10.3390/ph 10040086 PMID: 29099084

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0009488  June 9, 2021 10/12


https://doi.org/10.1016/S1473-3099%2815%2900359-X
https://doi.org/10.1016/S1473-3099%2815%2900359-X
http://www.ncbi.nlm.nih.gov/pubmed/26738840
https://doi.org/10.1371/journal.pntd.0002550
http://www.ncbi.nlm.nih.gov/pubmed/24244780
https://doi.org/10.1371/journal.pntd.0003218
http://www.ncbi.nlm.nih.gov/pubmed/25330342
https://doi.org/10.1371/journal.pntd.0005007
http://www.ncbi.nlm.nih.gov/pubmed/27798643
https://doi.org/10.1016/j.trstmh.2012.07.003
https://doi.org/10.1016/j.trstmh.2012.07.003
http://www.ncbi.nlm.nih.gov/pubmed/22854685
http://www.ncbi.nlm.nih.gov/pubmed/23210781
https://doi.org/10.1128/CMR.12.4.564
https://doi.org/10.1128/CMR.12.4.564
http://www.ncbi.nlm.nih.gov/pubmed/10515903
https://doi.org/10.1093/jac/dkl526
http://www.ncbi.nlm.nih.gov/pubmed/17324961
https://doi.org/10.1371/journal.pntd.0003488
http://www.ncbi.nlm.nih.gov/pubmed/25768115
https://doi.org/10.3390/ph10040086
http://www.ncbi.nlm.nih.gov/pubmed/29099084
https://doi.org/10.1371/journal.pntd.0009488

PLOS NEGLECTED TROPICAL DISEASES The synthetic cinnamon oil CIN-102 is active against Madurella mycetomatis

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

Feyaerts AF, Luyten W, Van Dijck P. Striking essential oil: tapping into a largely unexplored source for
drug discovery. Scientific Reports. 2020; 10(1):2867. https://doi.org/10.1038/s41598-020-59332-5
PMID: 32071337

Lipinski CA. Lead- and drug-like compounds: the rule-of-five revolution. Drug Discovery Today: Tech-
nologies. 2004; 1(4):337—41. https://doi.org/10.1016/j.ddtec.2004.11.007 PMID: 24981612

Nieto-Bobadilla MS, Siepmann F, Djouina M, Dubuquoy L, Tesse N, Willart JF, et al. Controlled delivery
of a new broad spectrum antibacterial agent against colitis: In vitro and in vivo performance. Eur J
Pharm Biopharm. 2015; 96:152—61. https://doi.org/10.1016/j.ejpb.2015.07.012 PMID: 26209123

Kloezen W, van Helvert-van Poppel M, Fahal AH, van de Sande WWJ. A Madurella mycetomatis Grain
Model in Galleria mellonella Larvae. PLOS Neglected Tropical Diseases. 2015; 9(7):e0003926. https://
doi.org/10.1371/journal.pntd.0003926 PMID: 26173126

Ahmed AO, Mukhtar MM, Kools-Sijmons M, Fahal AH, de Hoog S, van den Ende BG, et al. Develop-
ment of a species-specific PCR-restriction fragment length polymorphism analysis procedure for identi-
fication of Madurella mycetomatis. Journal of clinical microbiology. 1999; 37(10):3175-8. https://doi.
org/10.1128/JCM.37.10.3175-3178.1999 PMID: 10488173

van de Sande WW, Gorkink R, Simons G, Ott A, Ahmed AO, Verbrugh H, et al. Genotyping of Madurella
mycetomatis by selective amplification of restriction fragments (amplified fragment length polymor-
phism) and subtype correlation with geographical origin and lesion size. J Clin Microbiol. 2005; 43
(9):4349-56. https://doi.org/10.1128/JCM.43.9.4349-4356.2005 PMID: 16145076

Ahmed AOA, van de Sande WWJ, van Vianen W, van Belkum A, Fahal AH, Verbrugh HA, et al. In vitro
susceptibilities of Madurella mycetomatis to itraconazole and amphotericin B assessed by a modified
NCCLS method and a viability-based 2,3-Bis(2-methoxy-4-nitro-5- sulfophenyl)-5-[(phenylamino)car-
bonyl]-2H-tetrazolium hydroxide (XTT) assay. Antimicrobial agents and chemotherapy. 2004; 48
(7):2742-6. https://doi.org/10.1128/AAC.48.7.2742-2746.2004 PMID: 15215141

Perdoni F, Falleni M, Tosi D, Cirasola D, Romagnoli S, Braidotti P, et al. A histological procedure to
study fungal infection in the wax moth Galleria mellonella. Eur J Histochem. 2014; 58(3):2428. https://
doi.org/10.4081/ejh.2014.2428 PMID: 25308852

Lim W, Melse Y, Konings M, Phat Duong H, Eadie K, Laleu B, et al. Addressing the most neglected dis-
eases through an open research model: The discovery of fenarimols as novel drug candidates for
eumycetoma. PLoS neglected tropical diseases. 2018; 12(4):e0006437—e. https://doi.org/10.1371/
journal.pntd.0006437 PMID: 29698504

Eadie K, Parel F, Helvert-van Poppel M, Fahal A, van de Sande W. Combining two antifungal agents
does not enhance survival of Galleria mellonella larvae infected with Madurella mycetomatis. Tropical
Medicine & International Health. 2017; 22(6):696—702.

Kloezen W, Parel F, Briiggemann R, Asouit K, Helvert-van Poppel M, Fahal A, et al. Amphotericin B
and terbinafine but not the azoles prolong survival in Galleria mellonella larvae infected with Madurella
mycetomatis. Med Mycol. 2018; 56(4):469—-78. https://doi.org/10.1093/mmy/myx064 PMID: 28992315

Jantan |, Moharam B, Santhanam J, Jamal J. Correlation Between Chemical Composition and Antifun-
gal Activity of the Essential Oils of Eight Cinnamomum. Species. Pharmaceutical Biology. 2008;
46:406—12.

Shreaz S, Bhatia R, Khan N, Muralidhar S, Basir SF, Manzoor N, et al. Spice oil cinnamaldehyde exhib-
its potent anticandidal activity against fluconazole resistant clinical isolates. Fitoterapia. 2011; 82
(7):1012-20. https://doi.org/10.1016/j.fitote.2011.06.004 PMID: 21708228

Matan N. Growth Inhibition of Aspergillus niger by Cinnamaldehyde and Eugenol. Walailak Journal of
Science and Technology. 2007; 4.

HuF, Tu X-F, Thakur K, Hu F, Li X-L, Zhang Y-S, et al. Comparison of antifungal activity of essential
oils from different plants against three fungi. Food and Chemical Toxicology. 2019; 134:110821. https://
doi.org/10.1016/j.fct.2019.110821 PMID: 31533060

van de Sande WW, van Vianen W, ten Kate M, Fahal A, Bakker-Woudenberg |. Amphotericin B but not
itraconazole is able to prevent grain formation in experimental Madurella mycetomatis mycetoma in
mice. Br J Dermatol. 2015; 173(6):1561-2. https://doi.org/10.1111/bjd.14025 PMID: 26150103

Pannee C, Chandhanee |, Wacharee L. Antiinflammatory effects of essential oil from the leaves of Cin-
namomum cassia and cinnamaldehyde on lipopolysaccharide-stimulated J774A.1 cells. J Adv Pharm
Technol Res. 2014; 5(4):164—70. https://doi.org/10.4103/2231-4040.143034 PMID: 25364694

Peana A, D’Aquila PS, Panin F, Serra G, Pippia P, Moretti L. Anti-inflammatory activity of linalool and
linalyl acetate constituents of essential oils. Phytomedicine: international journal of phytotherapy and
phytopharmacology. 2003; 9:721-6.

Gertsch J, Leonti M, Raduner S, Racz |, Chen JZ, Xie XQ, et al. Beta-caryophyllene is a dietary canna-
binoid. Proc Natl Acad Sci U S A. 2008; 105(26):9099—-104. https://doi.org/10.1073/pnas.0803601105
PMID: 18574142

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0009488  June 9, 2021 11/12


https://doi.org/10.1038/s41598-020-59332-5
http://www.ncbi.nlm.nih.gov/pubmed/32071337
https://doi.org/10.1016/j.ddtec.2004.11.007
http://www.ncbi.nlm.nih.gov/pubmed/24981612
https://doi.org/10.1016/j.ejpb.2015.07.012
http://www.ncbi.nlm.nih.gov/pubmed/26209123
https://doi.org/10.1371/journal.pntd.0003926
https://doi.org/10.1371/journal.pntd.0003926
http://www.ncbi.nlm.nih.gov/pubmed/26173126
https://doi.org/10.1128/JCM.37.10.3175-3178.1999
https://doi.org/10.1128/JCM.37.10.3175-3178.1999
http://www.ncbi.nlm.nih.gov/pubmed/10488173
https://doi.org/10.1128/JCM.43.9.4349-4356.2005
http://www.ncbi.nlm.nih.gov/pubmed/16145076
https://doi.org/10.1128/AAC.48.7.2742-2746.2004
http://www.ncbi.nlm.nih.gov/pubmed/15215141
https://doi.org/10.4081/ejh.2014.2428
https://doi.org/10.4081/ejh.2014.2428
http://www.ncbi.nlm.nih.gov/pubmed/25308852
https://doi.org/10.1371/journal.pntd.0006437
https://doi.org/10.1371/journal.pntd.0006437
http://www.ncbi.nlm.nih.gov/pubmed/29698504
https://doi.org/10.1093/mmy/myx064
http://www.ncbi.nlm.nih.gov/pubmed/28992315
https://doi.org/10.1016/j.fitote.2011.06.004
http://www.ncbi.nlm.nih.gov/pubmed/21708228
https://doi.org/10.1016/j.fct.2019.110821
https://doi.org/10.1016/j.fct.2019.110821
http://www.ncbi.nlm.nih.gov/pubmed/31533060
https://doi.org/10.1111/bjd.14025
http://www.ncbi.nlm.nih.gov/pubmed/26150103
https://doi.org/10.4103/2231-4040.143034
http://www.ncbi.nlm.nih.gov/pubmed/25364694
https://doi.org/10.1073/pnas.0803601105
http://www.ncbi.nlm.nih.gov/pubmed/18574142
https://doi.org/10.1371/journal.pntd.0009488

PLOS NEGLECTED TROPICAL DISEASES

The synthetic cinnamon oil CIN-102 is active against Madurella mycetomatis

32. Juergens UR. Anti-inflammatory properties of the monoterpene 1.8-cineole: current evidence for co-

medication in inflammatory airway diseases. Drug Res (Stuttg). 2014; 64(12):638—46. https://doi.org/
10.1055/s-0034-1372609 PMID: 24831245

33. Jin YH, Kim SA. 2-Methoxycinnamaldehyde inhibits the TNF-alpha-induced proliferation and migration

of human aortic smooth muscle cells. Int J Mol Med. 2017; 39(1):191-8. https://doi.org/10.3892/jjmm.
2016.2818 PMID: 27922672

34. Dupont AD B., Poirée S., Canestri A., Boucheneb S., Fourniols E. Role of a NSAID in the apparent cure
of a fungal mycetoma. 2016; 26(2). https://doi.org/10.1016/j.mycmed.2016.03.003 PMID: 27233662

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0009488  June 9, 2021 12/12


https://doi.org/10.1055/s-0034-1372609
https://doi.org/10.1055/s-0034-1372609
http://www.ncbi.nlm.nih.gov/pubmed/24831245
https://doi.org/10.3892/ijmm.2016.2818
https://doi.org/10.3892/ijmm.2016.2818
http://www.ncbi.nlm.nih.gov/pubmed/27922672
https://doi.org/10.1016/j.mycmed.2016.03.003
http://www.ncbi.nlm.nih.gov/pubmed/27233662
https://doi.org/10.1371/journal.pntd.0009488

