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Abstract
Introduction: Despite the number of deaths and the significant economic and social costs associated with Chagas,
Leishmaniasis and Malaria diseases worldwide, available drugs are limited and have serious side effects and high toxicity for the patient. Therefore, there is an urgent need for safe, low-cost, and effective treatments. Natural products are
an important source of bioactive compounds and there is current interest in finding natural bioactive molecules that
can be used for treating these parasitic diseases. In the present study we proposed to evaluate the in vitro antiparasitic activity of new menthol derivatives against Trypanosoma cruzi, Leishmania braziliensis and Plasmodium falciparum;
moreover, we propose to explore their mode of action through in silico approaches.
Material and methods: A series of carbonate prodrugs (1–9) were synthesized from menthol with different aliphatic
alcohols. Spectroscopic techniques were used to confirm the structures of the synthesized compounds. The cytotoxicity of the compounds was assessed using U-937 cells. In vitro trypanocidal, leishmanicidal and antiplasmodial activity were evaluated using a T. cruzi, L. braziliensis and P. falciparum organism, respectively. In addition, in silico studies
were also performed through molecular dynamics simulations and MM-PBSA analysis.
Results: The assay revealed that most of the compounds were highly active against intracellular amastigotes of T.
cruzi and L. braziliensis, and had moderate activity against the total forms of P. falciparum. Compound 2 was one of the
drugs that showed a high selectivity index (SI) for the three organisms evaluated. The prediction of the ADME properties suggests that all the compounds have drug-like molecular properties and the probability to be lead candidates.
Finally, molecular dynamics simulations, and MM-PBSA studies indicate that menthol at the substrate binding site of
TcDHODH, LbDHODH and PfDHODH is structurally stable in the same order as the natural substrate; also, interactions
of menthol with residues involved in the inhibition of TcDHODH and PfDHODH proteins were predicted.
Conclusions: The present study demonstrates that menthol prodrugs are promising antiparasitic agents; however,
the mechanisms of action proposed in this study need to be experimentally verified by future enzymatic assays.
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Introduction
Chagas disease, Leishmaniasis and Malaria are parasitic
diseases that have common risk factors for transmission
and disease development, such as poor housing, malnutrition, population mobility, lack of access to health services, and a weak immune system. These diseases are a
major global health problem affecting more than one
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billion people worldwide, especially in low-income countries. In addition, population movements are currently
spreading these diseases to other countries [1]. The current pharmacological treatment of these three parasitic
infections has many disadvantages such as high toxicity, resistance, low efficacy in different life cycle stages of
the parasites, and numerous side effects [2–5]. For this
reason, the discovery of effective, safer, and inexpensive
drugs is necessary.
Plants have been used for therapeutic purposes for
centuries. Essential oils are complex aromatic mixtures
of volatile compounds extracted from different parts of
plants, such as flowers, buds, seeds, leaves, and others.
90% of the compounds in essential oils are monoterpenes
[6]: Kolossa emphasizes that the chemistry, pharmacodynamics, and pharmacokinetics of terpenic compounds
are different and explains that menthol differs from other
components of terpenic essential oils [7].
Menthol (2-isopropyl-5-methylcyclohexano) is a cyclic
alcohol monoterpene found as a major component in the
essential oils of Mentha canadensis L. and M. x piperita L., among others. Extracts of these essential oils are
used in traditional medicine to treat various conditions,
including infections, and also as insect repellent. Currently, several in vitro and in vivo studies have reported
different biological properties of menthol such as analgesic, antibacterial, antifungal, anesthetic, and penetrationenhancing activity, as well as its chemopreventive and
immunomodulatory actions [8, 9].
Recent studies demonstrated the high potential of
menthol as an antiparasitic agent. Zaia et al. (2016) found
that a formulation composed of menthol (30–55%) and
menthone (14–32%) was able to decrease the number of
Schistosoma mansoni eggs in feces, liver, and intestine
of infected mice but also reduced the number of hepatic
granulomas; a reduction of eosinophilia in blood and a
decrease of IL-4 and IL-10 levels in the blood after treatment were also observed [10]. Subsequently, Feitosa et al.
(2018) found that a combination of menthol and menthone associated with acetylsalicylic acid reduces the
hepatic inflammation and fibrosis in the murine schistosomiasis model [11]. Furthermore, Mohammad et al.
(2020) reported that the M. pulegium L. extract composed of menthol (99.23%) and limonene (0.227%) has
low cytotoxicity and high activity against the Toxoplasma
gondii [12]. Additionally, Nikitin et al. (2021) reported
in vitro activity of two dithiophosphoric derivatives of
menthol against for Caenorhabditis elegans with death
of 89.5–98.5% of the parasites after 24 h of exposure at a
concentration of 2000 μg/mL [13].
Fabbri et al. (2020) reported that the menthol associated with pentanol showed a greater protoscolicidal
effect than menthol in Echinococcus multilocularis
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protoscoleces but also a clinical efficacy similar to Albendazole. Thus, defining the menthol-pentanol prodrug as
a promising candidate for its potential alternative for the
treatment of alveolar echinococcosis [14].
Despite the diverse biological activities attributed to
menthol, it exhibits poor physicochemical stability, limited aqueous solubility, and poor bioavailability which
hamper its therapeutic use in medicine [15].
Continuing our studies on the development of antiparasitic agents using the pharmaceutical strategy of prodrugs [14, 16, 17] and taking into account what has been
described above, we report the synthesis and in vitro
antiprotozoal evaluation of new menthol carbonates
against Trypanosoma cruzi, Leishmania braziliensis and
Plasmodium falciparum.
Besides, a theoretical computational ADME study of
the compounds and an in silico analysis of molecular
dynamics simulations were performed to investigate a
possible interaction of menthol at the substrate-binding
site of the enzymes dihydroorotate dehydrogenases from
T. cruzi (TcDHODH), L. braziliensis (LbDHODH), and P.
falciparum (PfDHODH).

Material and methods
Chemistry

All chemicals, reagents, and solvents were of analytical
grade. 2-Isopropyl-5-methylcyclohexanol (menthol purest ≥ 99%, Sigma-Aldrich) and 1,1-carbonyldiimidazole
(CDI, purest ≥ 97%, Sigma-Aldrich) were used without
purification. Dichloromethane 
(CH2Cl2) was distilled
and dried over 4 Å molecular sieves. All solid reagents
were dried for several hours under a high vacuum. TLC
was performed on Merck Sil G/UV254 silica gel plates
with fluorescent indicators. The chromatoplates were
observed with UV light at 254 nm. All glassware was
oven-dried at 130 °C overnight and cooled in a desiccator
over anhydrous C
 aSO4 [16, 17]. The 1H and 13C nuclear
magnetic resonance (NMR) spectra were recorded on
a 400 MHz Brüker Advance II spectrometer. Chemical shift values are reported in d units relative to tetramethylsilane as internal standard and coupling constants
(J) are given in hertz (Hz). The splitting pattern abbreviations are as follows: s for singlet signal, d for doublet
signal, t for triplet signal, and m for multiple signal. All
13
C-NMR spectra were proton decoupled. The structure
of each compound was elucidated by a combined analysis
of Fourier transform infrared spectroscopy (FTIR). The
clear formation of carbonate and methylation occurred in
all cases. High-resolution accurate mass (HRMS) measurements were performed using a micrOTOF QII quadrupole time-of-flight mass spectrometer (QTOF; Bruker
Daltonics). The individual data are described below:
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2-Isopropyl-5-methylcyclohexanol (Menthol). 1HNMR (400 MHz, C HCl3) (ppm): 3.40 (m, 1H, H-1),
2.6 (m, 1H, H-7), 1.97–1.10 (m, 9H, H-2, H-3,
H-4, H-5, H-6, H-7), 0.85–0.80 (m, 9H, H-8, H-9,
H-10), 13C-NMR (101 MHz, C
 HCl3) (ppm): 71.6
(C-1), 50.2 (C-2), 45.1 (C-6), 34.5 (C-4), 31.6 (C-5),
25.8 (C-7), 23.2 (C-3), 22.2 (C-10), 21.0 (C-9), 16.1
(C-8), IR-FTIR (cm-1): 3245.3 (OH), HRMS m/z
calculated for C10H20O [M-H] + 156.1514, found:
156.2655.
Metyl(2-Isopropyl-5-methylcyclohexanol)carbonate (1). 1H-NMR (400 MHz, CHCl3) (ppm): 4.85 (m,
1H, H-1), 4.13 (s, 3H, H-1’), 2.13–1.20 (m, 9H, H-2,
H-3, H-4, H-5, H-6, H-7), 0.91–0.76 (m, 9H, H-8,
H-9, H-10), 13C-NMR (101 MHz, 
CHCl3) (ppm):
148.8 (C-11), 91.4 (C-1), 54.6 (C-1’), 47.0 (C-2), 44.4
(C-6), 33.6 (C-4), 31.6 (C-5), 26.5 (C-7), 23.5 (C-3),
21.7 (C-10), 20.9 (C-9), 16.3 (C-8), IR-FTIR (cm1): 1753.0 (OC(O)O), HRMS m/z calculated for
C12H22O3 [M-H] + 215.1568, found: 217.1424.
Etyl(2-Isopropyl-5-methylcyclohexanol)carbonate
(2). 1H-NMR (400 MHz, C
 HCl3) (ppm): 4.81 (m,
1H, H-1), 4.41 (m, 2H, H-1’), 2.09–1.07 (m, 12H,
H-2, H-3, H-4, H-5, H-6, H-7, H-2’), 0.87–0.72 (m,
9H, H-8, H-9, H-10), 13C-NMR (101 MHz, CHCl3)
(ppm): 148.6 (C-11), 79.3 (C-1), 64.3 (C-1’), 47.0
(C-2), 40.5 (C-6), 33.9 (C-4), 31.3 (C-5), 26.5 (C-7),
23.5 (C-3), 21.8 (C-10), 16.4 (C-8, C-9), 14.0 (C-2’),
IR-FTIR (cm-1): 1752.00 (OC(O)O), HRMS m/z
calculated for C
 13H24O3 [M-Na] + 250.1725, found:
251.1375.
Propyl(2-Isopropyl-5-methylcyclohexanol)carbonate (3). 1H-NMR (400 MHz, C
 HCl3) (ppm) 4.86 (m,
1H, H-1), 3.57 (m, 2H, H-1’), 2.14–1.12 (m, 11H,
H-2, H-3, H-4, H-5, H-6, H-7, H-2’), 0.90–0.77 (m,
12H, H-8, H-9, H-10, H-3’), 13C-NMR (101 MHz,
CHCl3) (ppm): 148.3 (C-11), 79.5 (C-1), 69.2 (C-1’),
47.0 (C-2), 40.5 (C-6), 33.9 (C-4), 31.4 (C-5), 26.5
(C-7), 23.5 (C-3), 21.8 (C-10), 20.6 (C-2’), 16.4
(C-8, C-9), 10.2 (C-3’), IR-FTIR (cm-1): 1752.00
(OC(O)O), HRMS m/z calculated for C
14H26O3
[M-H] + 243.1881, found: 243.3623.
Isopropyl(2-Isopropyl-5-methylcyclohexanol)carbonate (4). 1H-NMR (400 MHz, CHCl3) (ppm): 5.26
(m, 1H, H-1), 4.87 (m, 1H, H-1’), 1.89–1.50 (m, 15H,
H-2, H-3, H-4, H-5, H-6, H-7, H-2’, H-3’), 0.93–0.78
(m, 9H, H-8, H-9, H-10), 13C-NMR (101 MHz,
CHCl3) (ppm): 148.3 (C-11), 73.2 (C-1. C-1’), 47.0
(C-2), 40.5 (C-6), 33.9 (C-4), 31.4 (C-5), 26.5 (C-7),
23.5 (C-3), 21.8 (C-10), 20.6 (C-2. C-3’), 16.4 (C-8,
C-9), IR-FTIR (cm-1): 1752.00 (OC(O)O), HRMS
m/z calculated for 
C14H26O3 [M-H] + 242.1881,
found: 242.1954.
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Butyl(2-Isopropyl-5-methylcyclohexanol)carbonate (5). 1H-NMR (400 MHz, C
 HCl3) (ppm): 4.82
(m, 1H, H-1), 3.33 (m, 2H, H-1’), 2.11–1.18 (m,
13H, H-2, H-3, H-4, H-5, H-6, H-7, H-2’, H-3’),
0.87–0.74 (m, 12H, H-8, H-9, H-10, H-3’), 13C-NMR
(101 MHz, CHCl3) (ppm): 148.2 (C-11), 79.4 (C-1),
71.0 (C-1’), 47.0 (C-2), 40.5 (C-6), 33.9 (C-4), 31.4
(C-5), 29.7 (C-2’), 26.5 (C-7), 23.5 (C-3), 21.8 (C-10),
20.6 (C-8, C-9, C-3’), 16.4 (C-4’), IR-FTIR: 1743.56
(OC(O)O), HRMS m/z calculated for C
 16H28O3
[M-H] + 257.2038, found: 257.3889.
Pentyl(2-Isopropyl-5-methylcyclohexanol)carbonate (6). 1H-NMR (400 MHz, C
 HCl3) (ppm): 4.43
(m, 1H, H-1), 4.03 (m, 2H, H-1’), 2.14–1.25 (m,
15H, H-2, H-3, H-4, H-5, H-6, H-7, H-2’, H-’3, H-4’),
0.82–0.73 (m, 12H, H-8, H-9, H-10, H-5’), 13CNMR (101 MHz, CHCl3) (ppm): 155.1 (C-11), 78.2
(C-1), 71.0 C-1’), 47.0 (C-2), 40.5 (C-6), 33.9 (C-4),
31.4 (C-5), 29.7 (C-2’), 26.5 (C-7), 23.5 (C-3), 21.8
(C-10), 20.6 (C-8, C-9, C-3’), 16.4 (C-4’), 14.0 (C-5’),
IR-FTIR (cm-1): 1742.1 (OC(O)O), HRMS m/z calculated for 
C16H30O3 [M-H] + 271.2194, found:
271.4156. This compound was previously characterized by Fabbri et al. [12].
Hexyl(2-Isopropyl-5-methylcyclohexanol)carbonate (7). 1H-NMR (400 MHz, C
 HCl3) (ppm): 5.18
(m, 1H, H-1), 3.52 (m, 2H, H-1’), 2.07–1.19 (m,
17H, H-2, H-3, H-4, H-5, H-6, H-7, H-2’, H-’3, H-4’,
H-5’), 0.85–0.70 (m, 12H, H-8,H-9, H-10, H-6’),
13
C-NMR (101 MHz, C
 HCl3) (ppm): 148.5 (C-11),
79.4 (C-1), 68.8 (C-1’), 46.9 (C-2), 40.5 (C-6), 33.8
(C-4), 31.5 (C-4’), 31.3 (C-5), 28.2 (C-2’), 25.5 (C-7),
25.2 (C-3’), 23.4 (C-3), 22.5 (C-5’), 21.7 (C-10), 20.4
(C-8, C-9), 16.3 (C-6’), IR-FTIR (cm-1): 1743.5
(OC(O)O), HRMS m/z calculated for C
 17H32O3
[M-Na] + 307.2351, found: 307.2638.
Heptyl(2-Isopropyl-5-methylcyclohexanol)carbonate (8). 1H-NMR (400 MHz, CHCl3) (ppm): 4.41 (m,
1H, H-1), 3.61 (t, J = 6.7 Hz, 2H, H-1’), 1.56–1.28
(m, 19H, H-2, H-3, H-4, H-5, H-6, H-7, H-2’, H-’3,
H-4’, H-5’, H-6’), 0.96–0.81 (m, 12H, H-8, H-9, H-10,
H-7’), 13C-NMR (101 MHz, CHCl3) (ppm): 148.6
(C-11), 79.4 (C-1), 68.5 (C-1’), 47.0 (C-2), 40.5 (C-6),
34.0 (C-4), 32.7 (C-5’), 31.5 (C-5), 29.0 (C-2’), 28.8
(C-4’), 26.5 (C-3’), 25.7 (C-7), 23.5 (C-3), 22.5 (C-6’),
21.8 (C-10), 20.5 (C-8, C-9), 16.3 (C-6’), 14.0 (C-7’),
IR-FTIR (cm-1): 1758.0 (OC(O)O), HRMS m/z calculated for C18H34O3 [M-Na] + 320.9507, found:
321.2341.
Octyl(2-Isopropyl-5-methylcyclohexanol)carbonate (9), 1H-NMR (400 MHz, C
 HCl3) (ppm) 4.76 (m,
1H, H-1), 4.27 (m, 2H, H-1’), 2.04–1.14 (m, 21H, H-2,
H-3, H-4, H-5, H-6, H-7, H-2’, H-’3, H-4’, H-5’, H-6’,
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H-7’), 0.80–0.67 (m, 12H, H-8, H-9, H-10, H-8’), 13CNMR (101 MHz, C
 HCl3) (ppm): 155.3 (C-11), 79.3
(C-1), 68.4 C-1’), 46.9 (C-2), 40.4 (C-6), 33.8 (C-4),
32.7 (C-6’), 31.4 (C-5), 28.9 (C-4’), 28.3 (C-5’), 26.4
(C-3’), 25.7 (C-7), 23.4 (C-3), 22.4 (C-7’), 21.7 (C-10),
20.4 (C-8, C-9), 13.8 (C-8’), IR-FTIR (cm-1): 1743.0
(OC(O)O), HRMS m/z calculated for C
19H36O3
[M-Na] + 335.2664, found: 335.2549.
General procedure for the synthesis of carbonates
of menthol.

One equiv of menthol (200 mg, 1.2 mmol) under the N2
stream was added to 1.2 equiv of 1,1-carbonyldiimidazole (CDI; 233 mg; 1.44 mmol) in dried dichloromethane (CH2Cl2, 10 mL). The mixture reaction was stirred
at room temperature for 2 h leading to an intermediate of menthol (menthol-1-carbonylimidazole). The
progress of the reaction was monitored by thin-layer
chromatography (TLC) n-hexane/AcOEt, 6:4 v/v. Once,
aliphatic alcohol (1.5 equiv) was added, and the reaction mixture was maintained in the same conditions
until total conversion of menthol-1-carbonylimidazole
with the formation of the corresponding carbonate
product. The organic phase was successively washed
with water (3 × 20 mL). The organic layer was dried
over Na2SO4, filtered, and the solvent was evaporated
under reduced pressure [16, 17].
Biological activity assays

All compounds (menthol, 1–9) were subjected to in vitro
evaluation of their cytotoxicity against U-937 human
macrophages and leishmanicidal, trypanocidal, and
antiplasmodial activities in intracellular amastigotes of
L. braziliensis, T. cruzi, and P. falciparum, respectively.
Compounds were solubilized in DMSO (1 mg/mL, w/v).
Stock solutions at 200 g/mL (v/v) in complete RPMI1640 medium were prepared and then four-fold serial
dilutions of each compound were prepared. At the end,
each compound was tested at different concentrations
(200, 50, 12.5, 3.125 and 0.78 µg/mL) [16, 17].
In vitro cytotoxicity

Human macrophages of the U-937 cell line were maintained in culture in RPMI-1640 medium enriched with
10% fetal bovine serum (FBS) and 1% penicillin–streptomycin solution. The cells were adjusted at 1 × 105 cells/
mL in enriched RPMI–1640. Then, 100 µL of cell suspension and 100 μL of each concentration of the compounds
were placed in each well of 96-well tissue culture microplate, and plates were incubated again at 37 °C, 5% C
 O2.
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After 72 h of incubation 20 μL (0.5 mg/mL) of MTT dissolved in serum-free RPMI-1640 medium were added
to each well and plates were incubated for 3 h at 37 °C,
5% CO2. The reaction was stopped with 100 μL/well of
DMSO and absorbance was recorded at 570 nm (Varioskan Flash, Thermo Scientific, Waltham, MA, USA).
Doxorubicin (DOXO) was used as positive control and
enriched RPMI-1640 medium was used as a negative
control. A blank solution (enriched RPMI-1640 medium
plus 0.2% DMSO) was used to correct the absorbance.
Each measurement was done in triplicate in two independent experiments [16, 17].
In vitro activity for T.cruzi amastigotes

The U-937 cells were adjusted at 2.5 × 106 cells/ml in
enriched RPMI–1640 plus 0.1 µg/mL phorbol myristate
acetate (PMA) and 100 µL were placed in each well of
96-well tissue culture microplate. Plates were incubated at 37 °C, 5% CO2. After 72 h of incubation, cells
were infected with 5:1 epimastigotes of Tulahuen strain
(24 h of growing) per cell ratio. Plates were incubated
at 37 °C, 5% CO2. After 24 h of incubation 100 μL of
each compound concentration were added to each
well and plates were incubated again at 37 °C, 5% C
 O 2.
After 72 h of incubation 100 μL of chlorophenol redβ-D-galactopyranoside (CPRG) at 100 µM and 0.1%,
Nonidet P-40 was added, and after 3 h of incubation,
absorbance was read at 570 nm (Varioskan, Thermo)
[18]. Infected cells exposed to Benznidazole (BZN)
were used as a control for trypanocidal activity (positive control) while infected and non-treated cells were
used as a control for infection (negative control). Nonspecific absorbance was corrected as described above.
Each measurement was done in triplicate in two independent experiments [16, 17].
In vitro activity against L. braziliensis amastigotes

The U-937 cells were adjusted at 1
 05 cells/mL of enriched
RPMI-1640 plus 0.1 µg/mL PMA. One ml was dispensed
into each well of a 24-well culture plate. After 72 h,
cells were infected with promastigotes of L. braziliensis
(HMOM/COL/88/UA301-EGFP) in a proportion of 15:1
(parasites per cell ratio). Plates were incubated at 34 °C,
5% CO2, and 3 h after non-internalized promastigotes
were removed by washing twice with phosphate buffer
(PBS). Plates were incubated again at 34 °C, 5% C
 O2,
and 24 h later cells were washed with warm PBS and
medium replaced. One-hundred μl/well of each compound dilution (having as a starting point twice the L
 C50
of the corresponding compound) were added to each
well and plates were incubated at 37 °C with 5% CO2.
After 72 h, cells were removed using trypsin/EDTA solution and washed twice with PBS by centrifuging 10 min
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at 1100 rpm, 4 °C. Cells were read by flow cytometry at
488 nm excitation and counting 10.000 events. The percentage of infected cells was calculated using dot plot
analysis according to positive events for green fluorescence and then parasite load in these infected cells was
calculated by histogram analysis according to the mean
fluorescence intensity (MFI). Infected cells were used as
control of infection (negative control) and infected cells
exposed to Amphotericin B (AMB) were used as control
of antileishmanial activity (positive control) [19, 20].
In vitro antiplasmodial activity

Unsynchronized P. falciparum (3D7 strain) culture was
adjusted to 0.5% parasitemia and 1% hematocrit in RPMI
medium enriched with 3% lipid-rich bovine serum albumin-Albumax II. In each well of a 96-well tissue culture
plate, 100 µl of parasite suspension and 100 µl of each
dilution of the compounds were added. Plates were incubated for 48 h at 37 °C, 90% N2, 5% CO2, 5% O2. After
incubation, supernatants were harvested and parasites
were subjected to three 20–minute freeze–thaw cycles.
In a second flat–bottomed 96-well microtiter plate were
dispensed 100 µL of Malstat reagent, pH 9.0, 25 µL of
NBT/PES solution, and 15 µL of lysed parasites. Plates
were incubated in the dark at 37 °C for 90 min and color
development of the pLDH reaction was read at 650 nm
(Varioskan, Thermo) [21]. Chloroquine (CQ) was used
as a positive antiplasmodial drug control. Parasites cultured in enriched RPMI-1640 were used as a control of
both growth and viability (negative control). Nonspecific
absorbance was corrected by subtracting optical density
(OD) of the blank. Nonspecific absorbance was corrected
as described above. Each measurement was done in triplicate in two independent experiments.
Data analysis

To calculate the cytotoxicity, the percentages of mortality
for each concentration tested were calculated according
to Eq. 1:
[
]
%Mortality = 100 − (OD exposed cells∕OD non exposed cells)x 100

(1)

Then, these percentages of mortality were used to calculate the median lethal concentrations (LC50) by Probit
analysis using Graphpad Prism 8 software. In the case of
antiparasitic activity (L. braziliensis, T. cruzi and P. falciparum), the percentage in the reduction of parasites for
each concentration tested was quantified using Eq. 2:
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The preference of the activity for each compound was
determined according to the IS which corresponds to the
ratio between cytotoxicity and antiparasitic activity and
calculated as the quotient when dividing the LC50 and the
EC50, Eq. 3:

IS = LC50 / EC50

(3)

All experiments were performed in triplicate. Both
cytotoxicity and antiparasitic activity were classified as
high, moderate, or low, according to ranges previously
established based on the own hit criteria. High cytotoxicity: LC50 < 50 μM, moderate: LC50 > 50 μM < 100 μM)
and low cytotoxicity: 
LC50 > 100 μM). Similarly, the
anti-protozoal activity was classified grouped according to EC50 values, based on the own criteria into high
(EC50 < 50 μM), moderate (EC50 > 50 μM < 100 μM) and
low activity (EC50 > 100 μM). Compounds with IS of 3 or
more were considered selective.
Computational chemistry
Drug‑likeness

The drug-likeness and ADME properties for menthol and
its prodrugs were calculated using the SwissADME webserver [22].
Molecular docking and dynamics studies

All proteins were collected from the Protein Data Bank
[23] (PDB, http://www.rcsb.org/). The proteins selected
were Trypanosoma cruzi dihydroorotate dehydrogenase
(TcDHODH, PDB: 2E68/Chain B), Leishmania braziliensis dihydroorotate dehydrogenase (LbDHODH, PDB:
4WZH/Chain B), and Plasmodium falciparum dihydroorotate dehydrogenase (PfDHODH, PDB: 4CQA/
Chain B). All the molecules that are not part of the structure of the protein were removed. Hydrogen atoms were
added to the proteins and converted to pdbqt format
using the MGL tools of the AutoDockTools4 software
[24] for later analysis. The 2D structures of the ligands
were downloaded from PubChem (https://pubchem.
ncbi.nlm.nih.gov) in SDF format and then converted to
PDB format using the Open Babel [25] software. Hydrogen atoms were added to the ligands, the energy was
minimized and converted to pdbqt format using the
MGL tools of the AutoDockTools4 software [24] for further analysis. To select the preferred orientation of the
ligands in the most energetically favorable pose with the
complexes, we used Autodock Vina [24] at maximum

[
]
%Parasite reduction = 100 (OD or MFI exposed parasites∕ OD or MFI control parasites) x100

(2)
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Fig. 1 Synthesis general of menthol carbonates (1–9). Reagents and conditions: a CH2Cl2, N2, 25 °C, stirring, 1 h

exhaustiveness of 20 for blind protein–ligand docking.
We identified the location of the substrate-binding site
for each protein from UniProtKB [26] and catalytic site
Atlas annotations [27]. The box size remained the same
for all runs: 30 × 30 × 30 Å. For the analysis of the 3D visualization PyMol [28] was used.
The best interaction binding energy (kcal/mol-1) was
selected for molecular dynamics simulations. All MD
simulations were run using the AMBER20 software
package [29] with the protein being assigned ff99SB [30]
parameters and docked ligands being assigned GAFF
[31] parameters augmented by AM1-BCC [32] partial
charges. Solvation of the systems were carried out using
the TIP3P [33] explicit water model and the AMBER
pmemd module was used to perform energy minimizations and MD. A two-stage solvent energy minimization
was performed. In the first stage, an energy minimization was performed in order to relax the solvation structure, thus restricting the protein atoms leaving it fixed in
order to allow the solvent in the solvent box to move and
relax around the protein, this stage consisted of 2.000
steps. In the second step, another minimization of the
energy of the solvent was performed but without any
restrictions to obtain the optimization of the geometry
of the whole system (protein and solvent), this process
consisted of 8.000 steps. Then, the thermalization of the
system was performed according to the AMBER forcefield, the system was heated from 0 to 298 K gradually.
A temperature ramp was generated for this purpose,
which was increased until the expected temperature
was achieved, using the SHAKE [34] algorithm in 10.000
steps. After heating, an equilibration for 20 ns was
obtained at constant temperature and pressure (298 K
and 1 Bar) to accommodate the system volume to obtain
an adequate density. Finally, the well-equilibrated complexes were then subject to the production phase without any restraints for a period of 120 ns with a time step
of 2 fs, and after every 2 ps the strutural coordinates

were saved. The CPPTRAJ module [35] of AmberTools
was used to calculate the root mean square deviation
(RMSD).
MM‑PBSA binding free energy calculation

Molecular Mechanics-Poisson Boltzmann surface area
(MM-PBSA) analyses were carried out by using the
MMPBSA.py [36] python script implemented in the
AMBER20 package with the aim to estimate the binding free energy. The binding free energies (reported in
kcal/mol) in MM-PBSA method calculate the difference
between bound and unbound state of solvated conformations of a molecule, Eq. 4:

(
)
△Gbind,solv = △Gbind,vacuum + △Gsolv,complex − △Gsolv,ligand + △Gsolv,receptor

(4)
The energy terms were extracted every 20 ns of each
respective MD trajectory (120 ns) by selecting 1.000 uniformly spaced out snapshots.

Results
Chemistry

The synthesis strategy was based on the modification of
menthol hydroxyl group with different aliphatic alcohols by carbonate linkage. The new menthol derivatives obtained (1-5,7-9) were synthesized by a two-step
method previously reported, as shown in Fig. 1 [14, 16,
17].
The first step was to obtain the carbamate intermediate (menthol-1-carbonilimidazole) by the addition of
1,1′-carbonyldiimidazole (CDI) and menthol. Stirring the
carbamate intermediate with the corresponding alcohol
under constant N
 2 conditions gives compound 1–9 with
good yields (85-90%).
The IR spectra of novel derivatives obtained from menthol (1–9) showed characteristic absorption bands in the
region of 1760–1778 cm−1 corresponding to the OC(O)
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O group and it is not observed the band corresponding
to the hydroxyl group present in menthol (3511 cm−1).
The 1H-NMR spectra of compounds (1–9) showed ring
protons (H-2, H-3, H-4, H-5 and H-6) between 2.0 and
1.0 ppm. We also observed the presence of proton signals corresponding to aliphatic alcohols at 0.8–0.6. These
signals correlated well with menthol and the corresponding alcohols. These results confirm the proposed structure of menthol and compounds 1–9. 13C-NMR spectra
of compounds (1–9) confirm the formation of menthol
carbonates. The most significant features in 13C-NMR
spectra of 1–9 were the signal at 148 ppm corresponding
to the C(O) carbon. Other 13C-NMR signals are also in
concordance with those of menthol and the corresponding aliphatic alcohol. HRMS spectra of all compounds are
characterized by the presence of distinctive molecular
ion peaks at the expected m/z values.
Stability studies are important requirements of prodrug screening. Therefore, regarding the chemical stability of these compounds, it is important to note that the
conversion rates of compounds 1–9 to menthol at pHs
1.2, 5.8 and 7.4 at 37 °C were found to be independent of
the length of the aliphatic chains. All of them showed a
half-life of approximately 60 min at pH 1.2, while at pH
5.8 and 7.4 the half-life was higher (48 h and 24 h respectively), confirming their behavior as prodrugs (Clemente
et al., unpublished).
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Biological activities

Determination of the toxicity and biological effectiveness
of the prepared derivatives is one of our main objectives
in this work, so we have tested all prepared derivatives
against amastigotes of T. cruzi and L.braziliensis; and
total forms of P. falciparum. Cytotoxicity activity was
measured by determining the median lethal concentration (LC50) that corresponds to the concentration of the
drug that gives the half-maximal mortality of cells. Biological effectiveness was measured by determining the
median effective concentration (EC50) that corresponds
to the concentration of the drug that gives the half-maximal reduction of the number of parasites. The results of
in vitro cytotoxic and biological activity are summarized
in Table 1.
Computational chemistry
Drug‑likeness

The aim of calculating drug-likeness profiles is to provide, with reasonable accuracy, a preliminary prediction
of the in vivo behavior of a compound to assess its potential to become a drug. The prodrugs used in this study
were subjected to the calculation of their absorption, distribution, metabolism, and excretion (ADME) properties.
In addition, physicochemical properties, such as molecular hydrogen bond acceptor (HBA), hydrogen bond
donor (HBD), molecular weight (MW), topological polar

Table 1 In vitro cytotoxicity and antiprotozoal activity of menthol and its prodrugs
Compound

Cytotoxicity
a

LC50 (μΜ)
Menthol
1

265.7 ± 188.1

68.5 ± 6.7

2

103.3 ± 35.8

3

57.0 ± 14.4

4

145.2 ± 74.5

5

207.3 ± 38.2

6

221,51 ± 21,07

7

73.3 ± 15.8

8

48.4 ± 6.1

9
DOXOd
CQ

f

BNZg
AMBh

Antiplasmodial activity
EC50 (μΜ) b
358.5 ± 51.0

127.4 ± 9.9

28.4 ± 0.4

60.7 ± 1.2

60.7 ± 1.0

56.3 ± 1.0

59.1 ± 2.6

432.5 ± 238.7

67.4 ± 5.8

2.4
3.7
3,7
0.2
0.7
0.7

NAe

NA

485.3 ± 16.3
> 768.5

10.5 ± 1.3

53.9 ± 7.4

1.7 ± 0.2

Median effective concentration
IS Index of Selectivity = LC50/EC50

EC50 (μΜ) b
173.4 ± 28.9

105.45 ± 34.52

33.8 ± 4.3

33,83 ± 2,84

2061.7 ± 175.4

121.7 ± 21.4

29.6 ± 1.2

46.3 ± 4.9

27.6 ± 4.4

Leishmanicidal activity
IS

c

EC50 (μΜ) b

ISc

1.5

> 128.0

> 2.1

0.6

22.9 ± 2.8

3.0

3.1
1.7
0.1
1.7
7.4
1.6
1.8

28.4 ± 0.4

31.8 ± 4.1

43.2 ± 0.3

59.3 ± 1.4

96.7 ± 0.6

3.6
1.8
3.4
3.5
2,3

28.2 ± 1.1

2.6

> 23.5

> 2.1

463.3 ± 205.7

0.1

26.7 ± 4.6

1.7

NA

NA

NA

NA

46.2

NA

NA

NA

NA

NA

NA

NA

NA

NA

60.1 ± 12.2

12.8

NA

NA

0.4 ± 0.1

134.8

Median lethal concentration

c
d

3.6
0.9

62.4 ± 6.5

b

e

0.7
0.5

44.1 ± 3.8

Data represent the lethal and effective concentration for each compound
a

IS

Trypanocidal activity
c

DOXO Doxorubicin

NA No apply, CQ Cloroquine, BNZ Benznidazole, AMB Amphotericin B

NA
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Table 2 ADME molecular descriptors of compounds designed
Compound

MW (g/mol)

LogP

HBA

HBD

TPSA(Å2)

RB

MR

RL

GR

VR

Synth. Acce

Menthol

156.27

2.58

1

1

20.23

1

49.23

Yes

Yes

Yes

2.63

1

214.31

3.04

3

0

35.54

4

60.44

Yes

Yes

Yes

3.49

2

228.33

3.33

3

0

35.54

5

65.25

Yes

Yes

Yes

3.64

3

242.36

3.74

3

0

35.54

6

70.06

Yes

Yes

Yes

3.75

4

242.36

3.64

3

0

35.54

5

70.06

Yes

Yes

Yes

3.75

5

256.39

3.98

3

0

35.54

7

74.86

Yes

Yes

Yes

3.86

6

270.41

4.42

3

0

35.54

8

79.67

Yes

Yes

Yes

3.97

7

284.44

4.68

3

0

35.54

9

84.48

Yes

Yes

Yes

4.08

8

298.47

5.15

3

0

35.54

10

89.28

Yes

Yes

Yes

4.20

9

312.49

5.39

3

0

35.54

11

94.09

Yes

Yes

No

4.31

MW Molecular weight, LogP octanol/water partition coefficient, HBA Hydrogen Bond Acceptor, HBD Hydrogen Bond Donor, TPSA Topological Polar Surface Area, RB:
Rotatable Bond, and MR Molar Refractivity. LR Lipinski Rules, GR Ghose Rules, VR Veber Rules, and Synth. Acce. Synthetic accessibility

surface area (TPSA), number of rotational bonds (RB),
octanol/water partition coefficient (LogP), and molar
refractivity (MR), using the SwissADME web server [22].
The toxicological properties of the compounds were analyzed taking into account the empirical toxicity rules of
Lipinski [37], Ghose [38] and Veber [39].
To evaluate if the designed molecules can be selected
as potential drugs we predicted some pharmacokinetic
properties (Table 2 and Figure S1). From this, it was corroborated if the compounds comply with the rules of
Lipinski, Ghose and Veber. If any of the compounds only
satisfied two of the three rules, we took it as a precaution;
if it satisfied only one rule, that molecule was not a good
candidate.
According to the results shown in Table 2, it is observed
that all the prodrugs met the expected values for the

Lipinski parameters. Therefore, their bioavailability and
absorption are not deficient, and they are expected to
be orally active. Similarly, all compounds complied with
Ghose’s rule. With respect to Veber’s rule, all of them are
fulfilled except compound 9 because it has 11 rotatable
bonds and the rule allows up to 10 rotatable bonds.
Molecular docking and dynamics studies

Pyrimidines are essential for cell survival and proliferation in parasitic organisms such as T. cruzi, L. braziliensis and P. falciparum. In human cells, pyrimidines are
synthesized through de novo or salvage biosynthesis
pathways, which is an efficient way to recycle pre-existing nucleotides. Due to the fact that a large number of
parasitic organisms lack pyrimidine rescue pathways for
pyrimidine nucleotides, blocking de novo biosynthesis is

Fig. 2 Predicted binding modes of menthol and natural substrate in complex with (A) TcDHODH, (B) LbDHODH and (C) PfDHODH
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considered an effective therapeutic strategy to selectively
target the parasite without affecting the human host [40].
Dihydroorotate dehydrogenase (DHODH) is emerging
as a new molecular target of interest for antiparasitic
drugs against neglected infectious diseases [40–42]. This
protein is the only redox enzyme of the six involved in
the de novo biosynthetic pathway of pyrimidines; this
protein catalyzes the oxidation of (S)-dihydroorotate to
orotate.
Due to the mentioned and several reports indicating that natural compounds with structures similar to
enzyme substrates of parasite biosynthetic pathways
could exhibit inhibitory properties [42–46]; we report
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the results of molecular docking and molecular dynamics simulations to analyze the binding energies and
intermolecular interactions between menthol and TcDHODH, LbDHODH and PfDHODH. The compounds
designed, synthesized, characterized and evaluated (1–
9) are defined as prodrugs because the carbonate linkers are susceptible to be hydrolyzed chemically and by
enzymes present in the organism [47–50], for this reason the in silico studies were carried out with the parent
compound.
Following validation of AutodockVina (see Material and Methods), menthol and natural substrate were
docked to the substrate-binding site of TcDHODH,

Fig. 3 RMSD of the backbone atoms of the docked complexes. In red menthol complexes and in black natural substrate complexes
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LbDHODH and PfDHODH. The most energetically
favorable conformation of each ligand was selected to
form the protein–ligand complex that will subsequently
be submitted to molecular dynamics simulations (Fig. 2).
Molecular dynamics (MD) simulations will allow us
to observe the dynamic behavior of the complexes, analyzing the stability of the complex and its interactions.
MD simulation studies of 120 ns for each complex were
carried out. The trajectories obtained for simulations
were analyzed using RMSD, and ligand–protein interactions in terms of binding free energy calculations
(MM-PBSA).
Root mean square deviation (RMSD), is a useful
parameter to quantify the overall structural stability of
a ligand–protein complex after binding of the ligand
within substrate-binding site, in the function of a period
of time. It can be seen in the RMSD protein graphs
(Fig. 3 A-C) that the three complexes analyzed show
deviations within the RMSD range of 0.5 Å to 2.0 Å during the whole simulations. Values up 3–4 Å are completely satisfactory for globular proteins, indicating that
their bindings are significantly stable in all the analyzed
systems.
The average RMSD values of the protein backbone in
the simulated complexes for natural substrate and menthol in PfDHODH were 1.20 and 1.27, in TcDHODH 0.85
and 1.01, in LbDHODH were 0.95 and 0.99, respectively.
Based on these average RMSD values, we can clearly infer
those complexes with menthol are conformational stable
since they have close values to the complexes simulated
with the natural substrate. It was noticed that in the TcDHODH-Menthol complex there is a small difference with
respect to the behavior with the natural substrate, however the RMSD values are still significantly stable.
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MM‑PBSA binding free energy calculation

As the docking revealed some clear trends in the type of
interaction, the MD simulations provided a more detailed
understanding of the nature, strength and persistence of
interactions with key residues. The binding free energy
(MM-PBSA) was carried out on all complexes to predict
their binding affinities, the results are given in Table 3.
All simulated complexes obtained favorable binding
energy, this suggests that menthol would be able to bind
favorably to TcDHODH, LbDHODH and PfDHODH.
TcDHODH-Menthol complex obtained a higher binding
energy than the TcDHODH-(S)-dihydroorotate complex,
-10.62 kcal/mol-1 and -9.17 kcal/mol-1 respectively. Furthermore, this could indicate that in the presence of both
(S)-dihydroorotate and menthol, the latter may have a
higher binding affinity for the substrate binding site.
Several components of the binding free energy were
analyzed to identify the mechanisms of interaction of
these molecules with the substrate binding site, as well
as the relevant interactions that explain in particular
their binding specificity. In all complexes the energy of
intermolecular interactions of the gas phase (nonpolar
solvation) was the most important contribution to binding. Favorable interactions with respect to van der Waals
energy and electrostatic energy were also recorded in all
cases. On the other hand, these favorable contributions
were counteracted by the polar solvation energy.
The energetic decay of the ΔG was calculated in terms
of the contribution of each substrate binding site residue
in all complexes over the 120 ns of the molecular dynamics simulations (Figure S2). The main favorable interactions originated predominantly at residues contributing
binding energies greater than -0.5 kcal/mol. From the
complex with TcDHODH-Menthol it was observed that
the predominant energetic contributions of Menthol

Table 3 Predicted binding free energies (kcal/mol−1) and individual energy terms, calculated from molecular dynamics simulation
through the MM/PBSA protocol for TcDHODH, LbDHODH and PfDHODH complexes
Ligand

Energy Component (kcal/mol−1)
ΔEvdw

ΔEle

ΔGgas

ΔGsol

ΔGtotal

-17.41 ± 2.00

-17.18 ± 3.94

-34.60 ± 4.46

25.42 ± 4.22

-9.17 ± 3.44

-20.44 ± 1.98

-27.20 ± 3.18

-47.65 ± 3.05

33.76 ± 2.21

-13.88 ± 0.34

-18.63 ± 2.98

-60.50 ± 5.21

-79.14 ± 4.00

50.44 ± 2.69

-28.69 ± 3.65

TcDHODH
(S)-dihydroorotate
Menthol
LbDHODH
(S)-dihydroorotate
Menthol
PfDHODH
(S)-dihydroorotate
Menthol

-22.33 ± 1.44

-26.22 ± 1.23

-26.58 ± 1.83

-4.65 ± 3.45

-1.45 ± 0.73

-13.65 ± 1.54

-26.99 ± 2.54

-27.68 ± 1.49

-40.23 ± 1.85

16.37 ± 3.42

19.19 ± 276

19.13 ± 1.74

ΔEvdw Van der Waals energy, Δele Electrostatic energy, ΔGgas Gas-phase free energy, Δgsol Solvation free energy., Δgtotal Total binding free energy

-10.62 ± 3.63

-8.48 ± 2.62

-21.10 ± 2.06
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were Ala19 (-0.72 kcal/mol), Leu22 (-0.65 kcal/mol),
Ser195 (-0.80 kcal/mol) and Ala273 (-0.73 kcal/mol).
We highlight the contribution of the Ser195 residue as
it was reported as a residue that could inhibit the protein through its interaction [51]. With respect to the
LbDHODH-menthol complex, the following favorable
energetic contributions were observed: Ala19 (-0.82 kcal/
mol), Val22 (-1.14 kcal/mol) and Thr273 (-0.80 kcal/mol).
In terms of the PfDHODH-Menthol complex, the following favorable energetic contributions were identified
Leu172 (-1.03 kcal/mol), Phe188 (-0.91 kcal/mol), Ile272
(-0.93 kcal/mol), Ser529 (-1.32 kcal/mol) and Val532
(-1.29 kcal/mol). The interaction found with Leu172 and
Phe188 is significant because Booker et al. reported that
different PfDHODH inhibitors generated interaction
with these residues [52].

Discussion
Despite the high impact of Chagas, Leishmaniasis and
Malaria diseases on morbidity and mortality, there are
still no treatments with high efficacy and low toxicity for
the patient. In this study, we evaluated the in vitro and
in silico antiparasitic activity of new menthol prodrugs
against T. cruzi, L. braziliensis and P. falciparum.
Only compounds 8 and 9 were shown to be cytotoxic
to U-937 cells, with LC50 values of 48.4 µM and 44.1 µM,
respectively; this observed cytotoxicity is caused by compounds with more lipophilic carbon chains. Also as
expected, DOXO showed high cytotoxicity (1.7 µM). The
remaining compounds showed moderate to low cytotoxicity.
The dose–response relationship significantly revealed
that the majority of the compounds were highly active
against intracellular amastigotes of T. cruzi and L. braziliensis. Compound 2 was one of the drugs that showed a
high SI for the three organisms evaluated.
For T. cruzi, we observed that compounds 2, 6–9
showed high trypanocidal activity from 26.7 to 46.3 µM,
while menthol obtained a low activity with an E
 C50 of
173.4 µM. BNZ, used as a control compound for antitrypanocidal activity, showed a EC50 of 60.1 µM. Therefore, the aforementioned compounds with high activity
were not only more active than the parent compound
but also more active than the reference drug used for the
treatment of T. cruzi.
In addition, compounds 1–4, and 7 demonstrated
promising high activity against intracellular amastigotes of L. braziliensis, with E
 C50 values of 22.9 µM and
43.2 µM. Compounds 5 and 6 showed moderate activity with EC50 values of 53.3 µM and 96.7 µM, respectively. Although several menthol prodrugs are reported
to exhibit high antileishmanial activity, none was more
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active than AMB with an 
EC50 0.4 µM. Silva et al.
(2017) reported that menthol had a weaker antiparasitic action against Leishmania amazonensis promastigotes compared to the phenolic compound eugenol
(EC50 1272.87 uM and 504.87 respectively) [53]. Analyzing previous studies, we found a similar trend to that
reported by Silva, as the EC50 reported for L. branziliensis of menthol was higher than 128 and that of eugenol was 60.4 [53].
In terms of antiplasmodial activity, it was found that
only compound 2 and CQ were shown to have high
activity, with 
EC50 values of 28.4 µM and 10.2 µM,
respectively. The rest of the compounds (3, 4–6, 8, and
9) showed moderate activity from 56.3 to 67.4 µM. It is
highlighted that these compounds with high and moderate activity resulted in better antiplasmodial activity than
the starting compound menthol with an E
 C50 358.5 µM.
In contrast, compounds 1 and 7 showed low antiplasmodial activity.
To observe the relationship between cytotoxicity and
the biological activity reported, the SI was used as an
indicator, which corresponds to the coefficient between
the EC50 in the different stages of the parasite and the
LC50 in U-937 cells. Compounds with a selectivity index
of 3 or more were considered selective. It was observed
that the compounds 2, 5 and 6 were selective for P. falciparum. For T. cruzi, compounds 2 y 6 were selective,
compound 6 was the most selective with an IS of 7.4. In
the case of L. braziliensis, compounds 1, 2, 4 and 5 were
selective.
In other studies, Fabbri et al. evaluated the in vitro
efficacy against E. multilocularis protoscolices and the
in vivo efficacy against the murine model of alveolar echinococcosis. Compound 6 was found to have a greater
protoscolicidal effect than menthol. In addition, the
novel compound demonstrated similar clinical efficacy to
albendazole. Thus, compound 6 was defined as a promising candidate as a potential alternative for the treatment
of alveolar echinococcosis [14].
Based on the results obtained, the use of a carbonate
bond at the -OH position of menthol combined with the
use of n-alcohols appears to be a promising strategy to
improve the potency and safety of this monoterpene.
In terms of the ADME property predictions performed, all the new compounds are found to have druglike molecular properties and the probability to be lead
candidates. Furthermore, the prediction of drug-likeness
properties showed the potential of all the synthesized
compounds to be orally active candidates. The above
results suggest that the compounds synthesized in this
work are promising and should be further evaluated in
in vivo studies.
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Molecular dynamics simulations and MM-PBSA binding free energy calculation performed with the TcDHODH, LbDHODH and PfDHODH proteins revealed
that menthol is stable in the structural conformation of
the proteins in the same order as the natural substrate.
It was also predicted that the parent compound has a
higher binding energy than the natural substrate in binding to the substrate binding site of TcDHODH. Finally,
interactions of menthol with residues involved in the
inhibition of TcDHODH and PfDHODH proteins were
predicted; furthermore, these results should be experimentally verified through enzymatic assays.

Conclusion
In the present study, the synthesis, characterization, evaluation of antiparasitic activity and prediction of the possible
mechanism of action of menthol prodrugs were performed.
Compounds 1–9 showed promising in vitro activity against
intracellular amastigotes of L. braziliensis and T. cruzi;
regarding the activity against P. falciparum the compounds
presented moderate antiplasmodial activity. Furthermore,
the prediction of drug-likeness properties showed the
potential of all the synthesized compounds to be orally
active candidates. The above results suggest that the compounds synthesized in this work are promising and should
be further evaluated in in vivo studies.
Abbreviations
SI: Selectivity Index; TcDHODH: Trypanosoma cruzi Dihydroorotate Dehydrogenase; LbDHODH: Leishmania braziliensis Dihydroorotate Dehydrogenase;
PfDHODH: Plasmodium falciparum Dihydroorotate Dehydrogenase; TLC: Thinlayer Chromatography; CDI: 1,1-Carbonyldiimidazole; NMR: Nuclear Magnetic
Resonance; J: Coupling Constants; Hz: Hertz; HRMS: High-Resolution Accurate
Mass; FTIR: Fourier Transform Infrared Spectroscopy; FBC: Fetal Bovine Serum;
DOXO: Doxorubicin; CQ: Chloroquine; AMB: Amphotericin B; BZN: Benznidazole; PMA: Phorbol Myristate Acetate; CPRG: Chlorophenol red-β-Dgalactopyranoside; PBS: Phosphate Buffer; MFI: Fluorescence intensity; PDB:
Protein Data Bank; RMSD: Root Mean Square Deviation; MM-PBSA: Molecular
Mechanics-Poisson Boltzmann Surface Area; ADMET: Absorption, Distribution,
Metabolis and Excretion (ADME); HBA: Molecular Hydrogen Bond Acceptor; HBD: Hydrogen Bond Donor; MW: Molecular Weight; TPSA: Topological
Polar Surface Area; LogP: Octanol/water partition coefficient; RB: Number of
rotational bonds; MR: Refractivity; LR: Lipinski Rules; GR: Ghose Rules; VR: Veber
Rules; Synth. Acce: Synthetic accessibility; MD: Molecular Dynamics.

Supplementary information
The online version contains supplementary material available at https://doi.
org/10.1186/s12906-022-03636-8.
Additional file 1: Fig. S1. Analysis of six physicochemical properties
(lipophilicity, size, polarity, solubility, flexibility, and saturation) using
bioavailability radar plot representations. The shaded area represents the
range of properties to be considered drug-like. Thered line represents the
properties of the test molecules.
Additional file 2: Fig. S2. Decomposition of the MD free energy of
binding in terms of per residue contribution. Residues showing the most
negative peaks correspond to stronger stabilizations.
Additional file 3. Menthol carbonates as potent antiparasitic agents:
synthesis and in vitro studies along with computer-aided approaches.

Page 12 of 14

Acknowledgements
This work used computational resources from CCAD – Universidad Nacional
de Córdoba (https://ccad.unc.edu.ar/), which are part of SNCAD – MinCyT,
República Argentina. All the authors acknowledge and thank their respective
Universities and Research Centers for all supporting this research. The authors
thank Dra. Gloria Bonetto from INFICQ-UNC and Dr. Nicolás Wolovick from
FAMAF-UNC for their cooperation.
Authors’ contributions
Conceptualization: CMC and SR; Methodology: CMC; Investigation: CMC;
Validation: CMC; Formal analysis: CMC and SMR; Data Curation: CMC; Writing
Original Draft: CMC; Writing Review & Editing: SMR and SR; Visualization: CMC;
Supervision: SMR and SR; Project administration: SR; Funding acquisition: SR.
The authors read and approved the final manuscript.
Funding
This work was supported by the Universidad Nacional de Villa Maria, CórdobaArgentina and Universidad de Antioquia, Medellín-Colombia. Camila M.
Clemente and Soledad Ravetti acknowledge CONICET.
Availability of data and materials
All analyzed data during this research are included in the published manuscript. The generated datasets during this research is not publicly available
though it can be providable from the corresponding author upon reasonable
request.

Declarations
Ethics approval and consent to participate
Not applicable.
Consent for publication
Not applicable.
Competing interests
The authors declare that they have no competing interests.
Author details
1
Instituto Multidisciplinario de Investigación y Transferencia Agroalimentaria y
Biotecnológica (IMITAB), Instituto Académico Pedagógico de Ciencias Básicas
y Aplicadas, Universidad Nacional de Villa María, Córdoba, Argentina. 2 Programa de Estudio y Control de Enfermedades Tropicales‑PECET, Universidad
de Antioquia, Medellín, Colombia. 3 Centro de Investigaciones y Transferencia
Villa María (CIT VM), Instituto Académico Pedagógico de Ciencias Humanas,
Universidad Nacional de Villa María, Arturo Jauretche 1555, X5900 Villa María,
Córdoba, Argentina.
Received: 16 March 2022 Accepted: 2 June 2022

6. References
1. World Health Organization. Neglected diseases (“https://www.who.int/
neglected_diseases/diseases/”)
2. Lascano F, Garcı́a Bournissen F, and Altcheh J. “Review of pharmacological options for the treatment of chagas disease”. British J Clin Pharmacol,
2020. https://doi.org/10.1111/bcp.14700
3. Barabadi H, Alizadeh Z, Rahimi MT, Barac A, Maraolo AE, Robertson LJ,
et al. “Nanobiotechnology as an emerging approach to combat malaria: A
systematic review”. Nanomedicine: Nanotechnol, Biol Med, 18, 221–233,
2019. https://doi.org/10.1016/j.nano.2019.02.017
4. Bekhit AA, El-Agroudy E, Helmy A, Ibrahim TM, Shavandi A, Bekhit AE. Leishmania treatment and prevention: Natural and synthesized drugs. Eur J Med
Chem. 2018;160:229–44. https://doi.org/10.1016/j.ejmech.2018.10.022.
5. Field MC, Horn D, Fairlamb AH, Ferguson MA, Gray DW, Read KD, et al.
Anti-trypanosomatid drug discovery: An ongoing challenge and a
continuing need. Nat Rev Microbiol. 2017;15(4):217–31. https://doi.org/
10.1038/nrmicro.2016.193.

Clemente et al. BMC Complementary Medicine and Therapies

6.
7.
8.
9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.
24.

(2022) 22:156

Bakkali F, Averbeck S, Averbeck D, Idaomar M. Biological effects of essential oils–a review. Food Chem Toxicol. 2008;46(2):446–75. https://doi.org/
10.1016/j.fct.2007.09.106.
Kolassa N. Menthol differs from other terpenic essential oil constituents.
Regul Toxicol Pharmacol. 2013;65(1):115–8. https://doi.org/10.1016/j.
yrtph.2012.11.009.
Kamatou GP, Vermaak I, Viljoen AM, Lawrence BM. Menthol: A simple
monoterpene with remarkable biological properties. Phytochemistry.
2013;96:15–25. https://doi.org/10.1016/j.phytochem.2013.08.005.
Singh M, Kumar S, Kumar A, Kumar P, Narasimhan B. Synthesis, antimicrobial evaluation, and qsar analysis of 2-isopropyl-5-methylcyclohexanol
derivatives. Med Chem Res. 2012;21(4):511–22. https://doi.org/10.1007/
s00044-011-9550-3.
Zaia MG, Cagnazzo TDO, Feitosa KA, Soares EG, Faccioli LH, Allegretti SM,
Afonso A, Anibal FDF. Anti-inflammatory properties of menthol and menthone in Schistosoma mansoni infection. Front Pharmacol. 2016;7:170.
https://doi.org/10.3389/fphar.2016.00170.
Feitosa KA, Zaia MG, Rodrigues V, Castro CA, Correia RDO, Pinto FG, Rossi
KNZP, Avó LRS, Afonso A, Anibal FF. Menthol and menthone associated
with acetylsalicylic acid and their relation to the hepatic fibrosis in Schistosoma mansoni infected mice. Front Pharmacol. 2018;8:1000. https://
doi.org/10.3389/fphar.2017.01000.
Mohammad Rahimi H, Khosravi M, Hesari Z, Sharifdini M, Mirjalali H, Zali
MR. Anti-Toxoplasma activity and chemical compositions of aquatic
extract of Mentha pulegium L. and Rubus idaeus L.: An in vitro study.
Food Sci Nutr. 2020;8(7):3656–64. https://doi.org/10.1002/fsn3.1648.
Nikitin E, Shumatbaev G, Gatiyatullina A, Egorova A, and Salikhov R.
“Nematicidal activity of menthol and its dithiophosphoric derivatives”. In
E3S Web of Conferences (Vol. 254, p. 09012). EDP Sciences, 2021. https://
doi.org/10.1051/e3sconf/202125409012
Fabbri J, Clemente CM, Elissondo N, Gambino G, Ravetti S, Hergert LY, Elissondo MC, et al. Anti-echinococcal activity of menthol and a novel prodrug, menthol-pentanol, against echinococcus multilocularis. Acta Trop.
2020;205: 105411. https://doi.org/10.1016/j.actatropica.2020.105411.
Phunpee S, Saesoo S, Sramala I, Jarussophon S, Sajomsang W, Puttipipatkhajorn S, et al. A comparison of eugenol and menthol on encapsulation
characteristics with water-soluble quaternized β-cyclodextrin grafted
chitosan. Int J Biol Macromol. 2016;84:472–80. https://doi.org/10.1016/j.
ijbiomac.2015.11.006.
Clemente CM, Ravetti S, Allemandi SA, Hergert LY, Pineda T, Robledo SM.
Synthesis, in vitro antiprotozoal activity and cytotoxicity of new thymol
carbonate derivatives. ChemistrySelect. 2021;6(25):6597–600. https://doi.
org/10.1002/slct.202101461.
Clemente CM, Pineda T, Yepes LM, Upegui Y, Allemandi DA, Robledo SM,
and Ravetti S. “Eugenol carbonate activity against Plasmodium falciparum,
Leishmania braziliensis, and Trypanosoma cruzi.” Archiv der Pharmazie,
e2100432, 2021. https://doi.org/10.1002/ardp.202100432
Cuartas V, Robledo SM, Vélez ID, Crespo MDP, Sortino M, Zacchino S, et al.
New thiazolyl-pyrazoline derivatives bearing nitrogen mustard as potential
antimicrobial and antiprotozoal agents. Arch Pharm. 2020;353(5): e1900351.
https://doi.org/10.1002/ardp.201900351.
Pulido SA, Muñoz DL, Restrepo AM, Mesa CV, Alzate JF, Vélez ID, et al.
Improvement of the green fluorescent protein reporter system in Leishmania spp. For the in vitro and in vivo screening of antileishmanial drugs. Acta
Trop. 2012;122(1):36–45. https://doi.org/10.1016/j.actatropica.2011.11.015.
Murillo JA, Gil JF, Upegui YA, Restrepo AM, Robledo SM, Quiñones W, et al.
Antileishmanial activity and cytotoxicity of ent-beyerene diterpenoids.
Bioorg Med Chem. 2019;27(1):153–60. https://doi.org/10.1016/j.bmc.2018.
11.030.
Nkhoma S, Molyneux M, and Ward S. “In vitro antimalarial susceptibility profile and prcrt/pfmdr-1 genotypes of plasmodium falciparum field isolates
from malawi”. The American journal of tropical medicine and hygiene, vol.
7[6, no. 6, pp. 1107–1112, 2007. https://doi.org/10.4269/ajtmh.2007.76.1107
Daina A, Michielin O, Zoete V. SwissADME: A free web tool to evaluate pharmacokinetics, drug-likeness and medicinal chemistry friendliness of small
molecules. Sci Rep. 2017;7(1):1–13. https://doi.org/10.1038/srep42717.
Protein Data Bank. Protein data bank. Nature New Biol. 1971;233:223.
Trott O, Olson AJ. AutoDock vina: Improving the speed and accuracy of
docking with a new scoring function, efficient optimization, and multithreading. J Comput Chem. 2010;31(2):455–61. https://doi.org/10.1002/jcc.
21334.

Page 13 of 14

25. O’Boyle NM, Banck M, James CA, Morley C, Vandermeersch T, Hutchison
GR. Open babel: An open chemical toolbox. Journal of cheminformatics.
2011;3(1):1–14. https://doi.org/10.1186/1758-2946-3-33.
26. Uniprot Consortium. UniProt: A worldwide hub of protein knowledge. Nucleic
Acids Res. 2019;47(D1):D506–15. https://doi.org/10.1093/nar/gky1049.
27. Ribeiro AJM, Holliday GL, Furnham N, Tyzack JD, Ferris K, Thornton JM.
Mechanism and catalytic site atlas (m-csa): A database of enzyme reaction
mechanisms and active sites. Nucleic Acids Res. 2018;46(D1):D618–23.
https://doi.org/10.1093/nar/gkx1012.
28. LLC Schrodinger. The PyMOL molecular graphics system version 1.2 r3pre. 2008.
29. Case DA, et al. Amber 2021. California, USA: University of California Press; 2021.
30. Hornak V, Abel R, Okur A, Strockbine B, Roitberg A, and Simmerling C.
“Comparison of multiple amber force fields and development of improved
protein backbone parameters”. Protein: Struct, Funct, Bioinforma, 65, 3,
712–725, 2006. https://doi.org/10.1002/prot.21123
31. Wang J, Wolf RM, Caldwell JW, Kollman PA, Case DA. Development and
testing of a general amber force field. J Comput Chem. 2004;25(9):1157–74.
https://doi.org/10.1002/jcc.20035.
32. Jakalian A, Bush BL, Jack DB, Bayly CI. Fast, efficient generation of highquality atomic charges. AM1-BCC model: I. Method. J Comput Chem.
2000;21(2):132–46. https://doi.org/10.1002/(SICI)1096-987X(20000130)
21:2%3c132::AID-JCC5%3e3.0.CO;2-P.
33. Jorgensen WL, Chandrasekhar J, Madura JD, Impey RW, Klein ML. Comparison of simple potential functions for simulating liquid water. J Chem Phys.
1983;79(2):926–35. https://doi.org/10.1063/1.445869.
34. Van Gunsteren W, Berendsen HJ. Algorithms for macromolecular dynamics
and constraint dynamics. Mol Phys. 1977;34(5):1311–27. https://doi.org/10.
1080/00268977700102571.
35. Roe DR, Cheatham TE. PTRAJ and CPPTRAJ: Software for processing and
analysis of molecular dynamics trajectory data. J Chem Theory Comput.
2013;9(7):3084–95. https://doi.org/10.1021/ct400341p.
36. Miller BR, McGee TD, Swails JM, Homeyer N, Gohlke H, Roitberg AE. MMPBSA.
py: An efficient program for end-state free energy calculations. J Chem
Theory Comput. 2012;8(9):3314–21. https://doi.org/10.1021/ct300418h.
37. Lipinski CA, Lombardo F, Dominy BW, Feeney PJ. Experimental and computational approaches to estimate solubility and permeability in drug discovery and development settings. Adv Drug Deliv Rev. 1997;23(1–3):3–25.
https://doi.org/10.1016/S0169-409X(96)00423-1.
38. Ghose AK, Viswanadhan VN, Wendoloski JJ. A knowledge-based approach in
designing combinatorial or medicinal chemistry libraries for drug discovery.
1. A qualitative and quantitative characterization of known drug databases. J
Comb Chem. 1999;1(1):55–68. https://doi.org/10.1021/cc9800071.
39. Veber DF, Johnson SR, Cheng HY, Smith BR, Ward KW, Kopple KD. Molecular
properties that influence the oral bioavailability of drug candidates. J Med
Chem. 2002;45(12):2615–23. https://doi.org/10.1021/jm020017n.
40. Boschi D, Pippione AC, Sainas S, Lolli ML. Dihydroorotate dehydrogenase
inhibitors in anti-infective drug research. Eur J Med Chem. 2019;183: 111681.
https://doi.org/10.1016/j.ejmech.2019.111681.
41. Njogu PM, Guantai EM, Pavadai E, Chibale K. Computer-aided drug discovery approaches against the tropical infectious diseases malaria, tuberculosis,
trypanosomiasis, and leishmaniasis. ACS infectious diseases. 2016;2(1):8–31.
https://doi.org/10.1021/acsinfecdis.5b00093.
42. Chibli LA, Schmidt TJ, Nonato MC, Calil FA, Da Costa FB. Natural products as
inhibitors of Leishmania major dihydroorotate dehydrogenase. Eur J Med
Chem. 2018;157:852–66. https://doi.org/10.1016/j.ejmech.2018.08.033.
43. Moura IC, Wunderlich G, Uhrig ML, Couto AS, Peres VJ, Katzin AM, Kimura
EA. Limonene arrests parasite development and inhibits isoprenylation
of proteins in Plasmodium falciparum. Antimicrob Agents Chemother.
2001;45(9):2553–8. https://doi.org/10.1128/AAC.45.9.2553-2558.2001.
44. Rodrigues Goulart H, Kimura EA, Peres VJ, Couto AS, Aquino Duarte FA,
Katzin AM. Terpenes arrest parasite development and inhibit biosynthesis
of isoprenoids in plasmodium falciparum. Antimicrob Agents Chemother.
2004;48(7):2502–9. https://doi.org/10.1128/AAC.48.7.2502-2509.2004.
45. Ellis J. Coenzyme Q homologs in parasitic protozoa as targets for chemotherapeutic attack. Parasitol Today. 1994;10(8):296–301. https://doi.org/10.
1016/0169-4758(94)90079-5.
46. Isah MB, Tajuddeen N, Umar MI, Alhafiz ZA, Mohammed A, and Ibrahim
MA. “Terpenoids as emerging therapeutic agents: Cellular targets and
mechanisms of action against protozoan parasites”. Stud Nat Prod Chem,
59, Elsevier, 2018, 227–250. https://doi.org/10.1016/B978-0-444-64179-3.
00007-4

Clemente et al. BMC Complementary Medicine and Therapies

(2022) 22:156

Page 14 of 14

47. Gualdesi MS, Ravetti S, Raviolo MA, Briñón MC. Preformulation studies of
novel 5′-o-carbonates of lamivudine with biological activity: Solubility and
stability assays. Drug Dev Ind Pharm. 2014;40(9):1246–52. https://doi.org/10.
3109/03639045.2013.814064.
48. Kearney AS, Stella VJ. Hydrolysis of pharmaceutically relevant phosphate
monoester monoanions: Correlation to an established structure-reactivity
relationship. J Pharm Sci. 1993;82(1):69–72. https://doi.org/10.1002/jps.
2600820115.
49. Nassar MN, Agha BJ, Digenis GA. Effects of structural variations on the rates of
enzymatic and nonenzymatic hydrolysis of carbonate and carbamate esters.
J Pharm Sci. 1992;81(3):295–8. https://doi.org/10.1002/jps2600810321.
50. Huang TL, Székács A, Uematsu T, Kuwano E, Parkinson A, Hammock BD.
Hydrolysis of carbonates, thiocarbonates, carbamates, and carboxylic esters
of α-naphthol, β-naphthol, and p-nitrophenol by human, rat, and mouse
liver carboxylesterases. Pharm Res. 1993;10(5):639–48. https://doi.org/10.
1023/A:1018987111362.
51. Cheleski JJ, Rocha JR, Pinheiro MP, Wiggers HJ, da Silva AB, Nonato MC,
Montanari CA. Novel insights for dihydroorotate dehydrogenase class 1A
inhibitors discovery. Eur J Med Chem. 2010;45(12):5899–909. https://doi.
org/10.1016/j.ejmech.2010.09.055.
52. Booker ML, Bastos CM, Kramer ML, Barker RH, Skerlj R, Sidhu AB, et al. Novel
inhibitors of Plasmodium falciparum dihydroorotate dehydrogenase with
anti-malarial activity in the mouse model. J Biol Chem. 2010;285(43):33054–
64. https://doi.org/10.1074/jbc.M110.162081.
53. Silva AR, Scher R, Santos FV, Ferreira SR, Cavalcanti SC, Correa CB, Dolabella
SS. Leishmanicidal activity and structure-activity relationships of essential oil
constituents. Molecules. 2017;22(5):815. https://doi.org/10.3390/molecules2
2050815.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Ready to submit your research ? Choose BMC and benefit from:

• fast, convenient online submission
• thorough peer review by experienced researchers in your field
• rapid publication on acceptance
• support for research data, including large and complex data types
• gold Open Access which fosters wider collaboration and increased citations
• maximum visibility for your research: over 100M website views per year
At BMC, research is always in progress.
Learn more biomedcentral.com/submissions

