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A B S T R A C T

The sesquiterpene nerolidol is a membrane-active compound that has demonstrated antitumor, antibacterial,
antifungal and antiparasitic activities. In this study, we used electron paramagnetic resonance (EPR) spectro-
scopy and biophysical parameters determined via cell culture assays to study the mechanisms underlying the in
vitro antileishmanial activity of nerolidol. The EPR spectra of a spin-labeled stearic acid indicated notable in-
teractions of nerolidol with the cell membrane of Leishmania amazonensis amastigotes. The nerolidol IC50 values
in L. amazonensis amastigotes and promastigotes were found to depend on the cell concentration used in the
assay. This dependence was described by an equation that considers various cell suspension parameters, such as
the 50% inhibitory concentrations of nerolidol in the cell membrane (cm50) and the aqueous phase (cw50) and the
membrane-water partition coefficient of nerolidol (KM/W). Via cytotoxicity (CC50) and hemolytic potential
(HC50) data, these parameters were also determined for nerolidol in macrophages and erythrocytes. With a cw50

of 125 μM, macrophages were less sensitive to nerolidol than amastigotes and promastigotes, which had mean
cw50 values of 56 and 74 μM, respectively. The estimated cm50 values of nerolidol for amastigotes and pro-
mastigotes and macrophages were between 2.6 and 3.0M, indicating substantial accumulation of nerolidol in
the cell membrane. In addition, the spin-label EPR data indicated that membrane dynamic changes occurred in L.
amazonensis amastigotes at concentrations similar to the nerolidol IC50 value.

1. Introduction

Cutaneous leishmaniasis is the most common form of leishmaniasis,
and over two-thirds of the new cases in 2015 occurred in 6 countries:
Afghanistan, Algeria, Brazil, Colombia, Iran (Islamic Republic of) and
the Syrian Arab Republic; moreover, it is estimated that between
600,000 and 1 million new cases occur annually worldwide [1]. The
treatment options are pentavalent antimonials, amphotericin B deox-
ycholate, lipid formulations of amphotericin B, paromomycin, penta-
midine isethionate and miltefosine; however, all of these medications
have strong side effects [2].

Nerolidol is an aliphatic sesquiterpene alcohol that is present in the
essential oils of many plants; thus, it is common in the human diet and
has been approved by the U.S. Food and Drug Administration as a food
flavoring agent. A recent report [3] indicated that nerolidol exhibits in
vitro activity against cancer cells [4], bacteria [5], fungi [6,7] and

Trypanosoma [8], Leishmania [9], Malaria [10,11] and Babesia [12]
parasites. Nerolidol has been shown to increase the lipid fluidity in the
stratum corneum, the most superficial layer of the skin [13,14], and the
lipid fluidity in fibroblast membranes [15] as well as membrane models
[16]. Nerolidol is considered an effective skin permeation enhancer
with the ability to increase percutaneous permeation in vitro of the
drugs nicardipine hydrochloride, hydrocortisone, carbamazepine and
tamoxifen [17] as well as diclofenac sodium [18].

A recent report demonstrated that the half maximal inhibitory
concentration (IC50) of hydrophobic molecules, such as nerolidol [19]
and miltefosine [20], in Leishmania (Leishmania) amazonensis culture is
dependent on the cell concentration that is used in the assay. The
equation describing this behavior involves the membrane-water parti-
tion coefficient of the drug (KM/W) and the drug concentrations that
inhibit 50% of the growth in the aqueous (cw50) and membrane (cm50)
phases. Importantly, these biophysical parameters obtained from the fit
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of this equation to the experimental data do not depend on the cell
concentration used in the experiment and allow a more comprehensive
analysis of the mechanisms of action of the drug [20]. Although the
mode of action of nerolidol is not yet well established, the mode of
action of miltefosine is associated with membrane-lipids interactions,
cytochrome c oxidase inhibition and apoptosis-like cell death [21]. This
equation indicates that the drug IC50 values increase with the cell
concentration only until reaching the value necessary to achieve the
critical drug concentration in the membrane (cm50) that decreases the
parasite population by 50%. This type of behavior was also observed in
an erythrocyte suspension by analyzing the miltefosine concentration
necessary for 50% hemolysis at different cell concentrations. In this
case, a cm50 of 111mM was found, which is the miltefosine con-
centration in the erythrocyte membrane that causes 50% hemolysis
[22].

Electron paramagnetic resonance (EPR) spectroscopy has been used
to show that terpenes at concentrations near their IC50 values cause
marked increases in the plasma membrane fluidity of L. (L.) amazo-
nensis promastigotes [19]. Furthermore, the terpenes nerolidol,
(+)-limonene, α-terpineol and 1,8-cineole at concentrations close to
their IC50 values caused cell lysis of 4 to 9%, and this percentage was
approximately 50% for terpene concentrations that were double or
triple the IC50 values [19]. Scanning electron microscopy (SEM) of L.
(Viannia) braziliensis promastigotes showed that nerolidol treatment at
double the IC50 concentration caused shrinkage and roundness of the
parasite cell body after 24 h [23]. In addition, the cytotoxicity of seven
monoterpenes and nerolidol in cultured fibroblast cells showed a cor-
relation with the concentrations of terpenes causing 50% hemolysis
[20].

In this study, EPR spectroscopy was used to evaluate the interaction
of nerolidol with Leishmania amastigote membranes at low cell con-
centrations to determine whether nerolidol concentrations that alter the
parasite membrane are in the range of the usual inhibitory growth
concentrations, such as 60 μM. The hemolytic potential of nerolidol was
assessed for RBC in PBS and directly assessed using whole blood. In
addition, the biophysical parameters cm50, cw50 and KM/W for nerolidol
in L. (L.) amazonensis promastigotes and amastigotes, mouse macro-
phages and human erythrocytes were assessed for comparison with the
data reported for miltefosine to obtain a more comprehensive under-
standing of the mechanisms underlying the antiparasitic activities of
these two compounds.

2. Materials and methods

2.1. Chemicals

Grace's insect medium, RPMI-1640 medium, L-glutamine, penicillin,
streptomycin, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide (MTT), sodium bicarbonate, nerolidol (98% purity, a mixture
of cis and trans nerolidol, MW=222.37 g/mol, CAS Number 7212-44-
4) (Fig. 1) and 5-doxyl-stearic acid (5-DSA) (Fig. 1) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Miltefosine was purchased
from Avanti Polar Lipids Inc. (Alabaster, AL, USA).

2.2. Cells

Promastigotes and amastigotes of L. (L.) amazonensis (MHOM/BR/
75/Josefa) reference strains were grown in 24-well microtiter plates
containing 2mL of Grace's insect medium supplemented with 20% FCS,
2mM L-glutamine, 100 U/mL penicillin and 100 μg/mL streptomycin as
previously described [24]. As reported, axenic L. (L.) amazonensis has
been used because its morphology, structure and infectivity are similar
to those of intracellular amastigotes and inconsistent with those of
promastigotes [25–27]. Compared to the in vitro process used to obtain
parasites directly from lesions, this method can provide higher con-
centrations of amastigotes and eliminate possible contamination by

elements of vertebrate hosts. The tests were performed once these
parasites reached the logarithmic phase of growth (6th day). The
J774.A1 murine macrophage cell line was obtained from the cell bank
of Rio de Janeiro (NCE/UFRJ). Cells were maintained in RPMI-1640
medium supplemented with 10% FCS, 2mM L-glutamine, 100 U/mL
penicillin and 100 μg/mL streptomycin at 37 °C in a humidified in-
cubator containing 5% CO2.

2.3. In vitro assays of antiproliferative activity and cytotoxicity in
macrophages

Parasites or macrophages at several cell concentrations were treated
with increasing concentrations of nerolidol (Fig. 1), which were in-
itially diluted three times in ethanol and then diluted in culture medium
supplemented with 10% FCS. The samples were incubated for 24 h in
96-well culture dishes (100 μL for parasites and 200 μL for macro-
phages) at 26 °C for promastigotes, 32 °C for amastigotes and 37 °C for
macrophages in the presence of 8 different concentrations of nerolidol.
Cell viability was assessed based on the reduction of MTT to formazan
by mitochondrial reductases. The mean percentage of viable cells re-
lative to the control was calculated for each nerolidol concentration,
and the IC50 was then determined by fitting the concentration response
to a sigmoid curve.

2.4. J774.A1 macrophage infection

J774.A1 cells were cultured in RPMI 1640 medium supplemented
with 10% FCS, 2mM L-glutamine, 11mM sodium bicarbonate, 100 U/
mL penicillin and 100 μg/mL streptomycin. Then, 4×106 cells/mL
were infected for 3 h with GFP-transfected L. amazonensis (IFLA/BR/
67/PH8; 5 parasites:1 cell) on the 6th day of growth. GFP (green
fluorescent protein)-transfected L. amazonensis promastigotes were
cultivated in vitro in Grace's insect medium supplemented as described
above. Frequently, the GFP parasites were selected with 30 μg/mL
Hygromycin B [28].

After 3 h of infection, the cells were washed with 1× PBS for the
removal of non-internalized parasites and cultured for an additional
24 h in the presence of nerolidol at different concentrations and ethanol
as control. Miltefosine was used as a control. The cells were then col-
lected and analyzed by flow cytometry using a BD Accuri™ C6 Flow
cytometry system (BD Bioscience, San Jose, CA, USA). The data were
analyzed using FlowJo software (Tree Star, Ashland, OR, USA).
Macrophages were selected by forward scatter versus side scatter (FSC
vs SSC), and the percentage of cells expressing GFP+ was evaluated.

nerolidol

Fig. 1. Chemical structures. Nerolidol (represented in its cis isomer) and the
spin label 5-DSA used in this study.
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2.5. Hemolytic potential of nerolidol

Blood was donated by laboratory researchers and placed into EDTA-
coated blood collection tubes under vacuum. One volume of blood was
diluted in three volumes of PBS and centrifuged at 800×g for 10min at
4 °C. The plasma and white blood cells were removed by aspiration, and
the pellet was resuspended in PBS. This washing procedure was re-
peated three times. Hemolytic tests with nerolidol were performed with
five concentrations of erythrocytes: 1.11, 5.55, 11.11, 22.22 and
55.55× 108 cells/mM. To calculate the cell concentration in the sus-
pension, a volume of 90 fL was considered for the erythrocytes.
Nerolidol was initially diluted three times in ethanol and then in PBS
containing ethanol to a final ethanol concentration of 5% (v/v); further
dilutions were performed in PBS with 5% ethanol. For each erythrocyte
concentration, 100 μL volume samples containing different concentra-
tions of nerolidol were prepared and incubated for 2 h at 36.5 ± 1 °C.
After incubation, 1.4mL of PBS was added to each tube, and the sam-
ples were centrifuged again. The percentage of hemolysis was de-
termined based on the absorbance of hemoglobin in the supernatant at
540 nm. The nerolidol concentration that caused 50% hemolysis (HC50)
was then determined by fitting the concentration response to a sigmoid
curve.

To measure the hemolytic potential of nerolidol in whole blood, the
plasma was separated by centrifugation at 2000×g for 10min at 4 °C,
and 10 samples of 58 μL of plasma containing nerolidol at different
concentrations were prepared. Then, 42 μL of erythrocytes at 100%
hematocrit was added to each sample to reconstitute total blood. The
samples were incubated for 24 h at 7 ± 1 °C, and during this period,
the samples were gently stirred several times. Hemolysis percentages
were determined as described above.

2.6. Spin labeling and EPR spectroscopy

Amastigotes of L. (L.) amazonensis in suspension at
4× 107 parasites/mL (2mL) were incubated in culture medium
without FCS for 2 h at 32 °C in the presence of eight nerolidol con-
centrations. After incubation, each sample was centrifuged at 1800×g
for 10min to increase the cell concentration to 8×107 parasites/mL
and decrease the final volume to 50 μL. Then, the lipid spin label 5-DSA
(Fig. 1) was incorporated into the Leishmania membranes. To label the
membrane, a spin-label film was first prepared on the bottom of a test
glass tube using a 1 μL aliquot of a 5-DSA ethanolic solution (4mg/mL);
after evaporation of the solvent, the samples containing 50 μL of
amastigotes were added to the spin-label film and gently agitated. For
the EPR measurements, each sample was transferred to a 1-mm-i.d.
capillary tube, which was sealed using a flame.

A Bruker EMX Plus spectrometer (Rheinstetten, Germany) equipped
with an ER4102ST cavity was used to perform the EPR measurements.
Spectra were acquired using the following instrument settings: micro-
wave power, 2 mW; modulation frequency, 100 kHz; modulation am-
plitude, 1.0 G; magnetic field scan, 100 G; sweep time, 168 s; and
sample temperature, 25 °C. The best-fit EPR spectra were obtained
using the nonlinear least-squares (NLLS) software developed by Freed
JH and coworkers [29]. As in other studies [30,31], the motion para-
meter τc, i.e., the rotational correlation time, was calculated using the
following equation:

=τ
Rbar

1
6

,c (1)

where Rbar represents the rate of rotational Brownian diffusion and was
given as an output from the NLLS program after the best-fit process. In
this study, the best-fit spectra were calculated using a two-spectral-
component model. The principal values of the g- and A-tensors were
optimized and fixed in the simulations of all spectra. The values used
for components 1 and 2 were as follows: gxx (1)= 2.0080, gyy
(1)= 2.0060, gzz (1)= 2.0017, Axx (1)= 6.5 G, Ayy (1)= 6.2 G, Azz

(1)= 33.1 G, gxx (2)= 2.0082, gyy (2)= 2.0062, gzz (2)= 2.0027, Axx

(2)= 5.7 G, Ayy (2)= 5.6 G and Azz (2)= 31.2 G.
The average value of the motion parameter τC was calculated from

parameters generated by the simulations using the following equation
[32]:

= +f fτ τ τ ,C 1 C1 2 C2 (2)

where f1 and f2 represent the relative fractions of the spin label in the
less (1) and more (2) mobile components, respectively; and τC1 and τC2
are the respective rotational correlation times.

2.7. Statistical analysis

All data are presented as the mean ± S.D. of at least three in-
dependent experiments. The means were compared through a one-way
analysis of variance (ANOVA). Tukey's test was used to identify sig-
nificant differences (P < 0.05) between means among the different
treatments.

3. Results

3.1. Growth inhibitory and cytotoxic nerolidol concentrations are
dependent on the cell concentration used in the assay

The nerolidol IC50 values measured for promastigotes and amasti-
gotes of L. amazonensis were dependent on the cell concentration used
in the experiment (Fig. 2). Additionally, the nerolidol CC50 values
measured in the J774.A1 murine macrophage cell line exhibited a cell
concentration-dependent behavior (Fig. 3). Notably, for L. amazonensis
promastigotes, the IC50 values ranged from ~80 μM when an initial cell
concentration of 5× 106 parasites/mL was used in the assay to> 1mM
when the test was started with 1× 109 parasites/mL (Fig. 2). Sig-
nificant variations in CC50 values were also observed when the con-
centration of macrophages in the assay was increased 20-fold (Fig. 3).

Fig. 2. IC50 values of nerolidol with Leishmania amazonensis amastigotes and
promastigotes at several cell concentrations used at the beginning of the ex-
periment. The best-fit curves presented for the amastigotes and promastigotes
data are based on Eq. (6).
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This type of behavior is generally observed for hydrophobic drugs that
accumulate in the cell membrane and when the response in cell po-
pulation reduction is associated with a critical concentration of the drug
in the cell membrane. In previous works [20], the equation describing
this behavior was presented, and it includes important cell suspension
parameters, such as the membrane-water partition coefficient (KM/W),
which can be determined by fitting the parameters of this equation to
the experimental data as shown in Figs. 1 and 2. The derivation of this
equation can be understood as follows.

Consider a cell suspension with nw moles of the test molecule in
aqueous medium and nm moles in the cell membrane. The molar con-
centration in the cell suspension (csus) can be calculated as follows:

= +
+

c n n
V V

,sus
w m

w m (3)

where Vw is the volume of aqueous medium and Vm is the membrane
volume of the cells in the suspension. Introduction of the molar con-
centration in the membrane (cm) and in the aqueous phase (cw) as well
as the cell membrane-water partition coefficient KM/W (KM/W= cm / cw)
to Eq. (3) yields the following:

=
+

+
c

c V K c V
V Vsus

w w M/W w m

w m (4)

or

= ⎡
⎣⎢

+
+

⎤
⎦⎥

c
(V /V ) K

(V /V ) 1
c .sus

w m M/W

w m
w

(5)

The value of the term in brackets approaches 1 for well-diluted
samples (Vw≫Vm) or for hydrophilic drugs (low KM/W values). In these
cases, csus = cw. However, for hydrophobic molecules and higher cell
concentrations, the suspension can no longer be considered homo-
geneous and csus can be quite different from cw.

The plasma membrane volume (Vmc) of each cell studied was esti-
mated previously [20] from the cellular volume measured via optical
microscope images. The estimated Vmc for amastigotes and

promastigotes of L. amazonensis and rat macrophages were 2.98, 8.17
and 41.4× 10−13 mL, respectively [20]. The volume of membrane in-
side the cell was neglected due to a lack of reliable data. In a 1-mL
suspension, Vm is equal to Vmc multiplied by the number of cells per mL
(cc). Vw is approximately equal to 1mL, the total volume of the sus-
pension, because the value of Vm is very small (< 1×10−3 mL).
Therefore, substituting Vw / Vm with (Vmc · cc)−1, we can rewrite Eq. (5)
as follows:

= ⎡
⎣⎢

∙ +
∙ +

⎤
⎦⎥

−

−c
(V c ) K

(V c ) 1
c .sus

m c
1

M/W

m c
1 w

(6)

Notably, the IC50 (Fig. 2) and CC50 (Fig. 3) data correspond to the
csus values in Eq. (6), and in these cases, the values of cw can be con-
sidered equivalent to cw50 because these values represent the nerolidol
concentration in the aqueous phase of the cell suspension that resulted
in a 50% cell population decrease. In addition, the cm50 value calculated
using KM/W= cm50 / cw50 is the critical concentration in the cell mem-
brane that decreases the cell population by 50%. Compared with IC50,
the cw50 and cm50 values are independent of the cell concentration used
in the assay, and this fact demonstrates that these cell suspension
parameters are more suitable for comparing the effects of a drug on
different cell types. It should be mentioned that the volume of the
membrane inside the cell was neglected; thus, if this value is equal to
the plasma membrane volume, then the values of KM/W and cm50 would
fall by half.

3.2. Hemolytic potential of nerolidol in PBS with 5% ethanol (v/v) and
whole blood

The concentration of nerolidol that produces 50% hemolysis (HC50)
is also affected by the erythrocyte concentration used in the assay, and
the experimental data shown in Fig. 4 also exhibit the behavior de-
scribed by Eq. (6). Reducing the erythrocyte concentration in the sus-
pension by 50-fold caused the nerolidol HC50 to decrease from ap-
proximately 2300 to 300 μM. It is important to mention the
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Fig. 3. CC50 values of nerolidol in the J774.A1 murine macrophage cell line for
several cell concentrations used to start the assay. The best-fit curve shown is
based on Eq. (6).
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Fig. 4. Experimental data and a theoretical curve calculated using Eq. (6) (see
text for details) for the nerolidol concentration that produces 50% hemolysis
(HC50) versus the erythrocyte concentration used in the experiment.
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experimental difficulties encountered in performing the hemolysis ex-
periments using nerolidol diluted in PBS. The experimental results were
more reproducible and reliable when nerolidol was initially diluted in
ethanol, and a final concentration of 5% ethanol was maintained in the
experiments.

Fig. 5 shows the hemolysis curve of nerolidol in whole blood com-
pared with the curve for miltefosine under similar conditions [22].
Nerolidol was added to plasma, and red blood cells were then added to
the plasma to reconstitute whole blood. The nerolidol and miltefosine
concentrations in whole blood that resulted in 50% hemolysis were 2.4
and 32mM, respectively.

3.3. Best-fit parameters obtained from fittings using Eq. (6)

The parameters KM/W, cw50 and cw50 obtained from the fitting of the
curves shown in Figs. 1, 2 and 3 are presented in Table 1. The data for
miltefosine reported in a previous work [20] are also shown for com-
parison. The KM/W values indicated that the affinity of nerolidol for
Leishmania and macrophage membranes were markedly higher than the
affinity for the erythrocyte membrane, whereas in miltefosine, the
differences in KM/W values for these three types of cells were not as
pronounced. On the other hand, the critical concentration that causes
disruption in the erythrocyte membrane (cm50= 0.3M) was also
markedly lower than that in Leishmania (cm50= 2.6–3.0M). From the
cw50 values, it can be inferred that the concentrations of nerolidol that
inhibit growth are approximately 5 to 6 times greater than those of
miltefosine; however, the concentration of nerolidol that causes 50%
hemolysis in PBS is approximately 100 times greater than that of mil-
tefosine.

To estimate the membrane-plasma partition coefficient (KM/P) for
nerolidol in blood, we first estimated the erythrocyte membrane vo-
lume as Vm=1.05× 10−12 mL, assuming an average erythrocyte sur-
face area of 135 μm2 [33] and an erythrocyte membrane thickness of
78 Å [34]. This volume, Vm, is 85.7 times smaller than the average
erythrocyte volume (90×10−12 mL). Because the concentration of

nerolidol in aqueous medium is much lower than the concentration in
the membrane (KM/W=35,300, Table 1), we can neglect the amount of
nerolidol inside the erythrocyte (also assuming that the volume of the
inner membrane is small relative to that of the plasma membrane).
Assuming a 42% hematocrit blood, the nerolidol concentration in
plasma (cp50) can be calculated as follows:

+ ⎛
⎝

⎞
⎠

=c c HC0.58 ( ) 0.42
85.7

.p
m

50
50

50 (7)

Eq. (7) expresses that the HC50 value is given by the sum of the
plasma fraction in blood (0.58) multiplied by the cp50 and the fraction
of cells (0.42) multiplied by the average concentration of the molecule
in the cell. Because the concentration of the molecule inside the cell was
neglected, the average concentration in the cell was considered the
membrane concentration (cm50) diluted 85.7 times.

Because the cm50 was 300mM (Table 1) and HC50 was 32mM for
nerolidol, the cp50 was 52.6mM. Thus, the KM/P was equivalent to the
cm50/cp50 at 5.7 (assuming that the cell has an internal membrane vo-
lume three times larger than that of the plasma membrane, this cal-
culation would result in KM/P= 6.7). A similar estimate for miltefosine
produce a value of KM/P of 59 [22], indicating that in the blood, the
affinity of nerolidol for the erythrocyte membrane is much less than
that of miltefosine.

3.4. EPR spectroscopy

High cell concentrations are necessary to obtain good spectra in
spin-label EPR experiments. Generally, 50 μL samples containing
1×108 cells are used, which corresponds to 2× 109 cells/mL. Based
on the cw50 and KM/W values shown in Table 1 for amastigotes, the
corresponding nerolidol IC50 calculated for this cell concentration
(using Eq. (6)) would be 1.84mM.

To determine whether spin-label EPR spectroscopy could detect the
changes caused by nerolidol in the plasma membrane of amastigotes at
concentrations as low as those generally used in cell culture, we per-
formed EPR experiments with a low concentration of cells in the sus-
pension (4×107 cells/mL) but with a large volume (2mL) to subse-
quently concentrate the cells enough to measure. Samples treated with
different concentrations of nerolidol and after 2-h incubation at 32 °C
were centrifuged to increase the cell concentration by 40 fold. The re-
sulting EPR spectra are shown in Fig. 6 and indicate that 60 μM
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Fig. 5. Hemolysis curve for nerolidol incubated in whole blood for 24 h at
7 ± 1 °C. The nerolidol data points are from five independent experiments. The
curve obtained for miltefosine in previous work is shown for comparison [22].
The estimated nerolidol concentration required for 50% hemolysis (HC50) is
indicated.

Table 1
Biophysical parameters associated with nerolidol interactions with the cell
membranes of L. amazonensis amastigotes and promastigotes as well as J774.A1
macrophages and erythrocytes.

Cells KM/W (104)a log KM/W cw50 (μM) cm50 (M)

Nerolidol
Promastigotes 3.53 ± 0.56 (A)b 4.55 74 ± 6 (A) 2.6 ± 0.5 (A)
Amastigotes 5.35 ± 0.62 (B) 4.73 56 ± 4 (B) 3.0 ± 0.4 (A)
Macrophages 2.32 ± 0.26 (C) 4.37 125 ± 8 (C) 2.9 ± 0.4 (A)
Erythrocytes 0.13 ± 0.04 (D) 3.11 255 ± 38 (D) 0.3 ± 0.1 (B)

Comparison with miltefosinec

Promastigotes 6.8 4.83 11 0.7
Amastigotes 14.4 5.16 12 1.7
Macrophagesd 2.5 4.40 132 3.3
Erythrocytes 4.8 4.68 2.3 0.1

a The best-fit parameters were obtained using Eq. (6) and the data presented
in Figs. 1, 2 and 3: KM/W, membrane-water partition coefficient; cw50 and cm50,
nerolidol concentrations in the aqueous phase and the membrane that reduce
the cell population by 50%, respectively.

b Statistical significance: in each column, the data with different capital
letters are significantly different at P < 0.05.

c Data for miltefosine (means) reported in ref. [20] are shown for compar-
ison.

d Peritoneal macrophages obtained from BALB/c mice.
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nerolidol is sufficient to increase the parasite membrane fluidity.
To compare the nerolidol effects on erythrocyte membranes of cells

suspended in PBS and whole blood, we performed several EPR experi-
ments using the spin-label 5-DSA (Fig. 7). The spectrum of 5-DSA in
plasma (Fig. 7a) is characteristic of a spin label bound to serum albumin
having an EPR 2A// parameter of 62.0 G, similar to the case of BSA
[35]. When plasma was treated with 30mM nerolidol, the spectrum
(Fig. 7b) showed two components, one indicating that most of the al-
bumin remained unchanged (2A//= 62.0 G) and another corre-
sponding to a small fraction of albumin with much greater dynamics
(2A//= 51.2 G) due to the interaction with nerolidol. The spectrum of
the spin-labeled erythrocyte membrane (Fig. 7c) indicated much
greater molecular dynamics (2A//= 57.1 G) than that of plasma. In
blood, every spin label seemed to be incorporated into albumin, and the
spin-labeled spectral component in the erythrocyte membrane was not
resolved in the spectrum (Fig. 7d). The spin-label EPR spectrum in er-
ythrocyte membranes treated with nerolidol at 1× HC50 in PBS is
shown in Fig. 7e, and this spectrum showed that the erythrocyte
membrane became much more fluid at the nerolidol concentration that
causes 50% hemolysis [15]. Fig. 7f shows the spectrum of the spin label
in blood treated with 30mM nerolidol (50% hemolysis in whole blood,
Fig. 5) and indicates that the spin labels were distributed between the
albumin (2A//= 62.0 G) and the erythrocyte membrane altered by
nerolidol (2A//= 51.0 G).

3.5. Effect of nerolidol against intracellular amastigotes

To assess whether nerolidol controlled L. amazonensis infection in
J774.A1 macrophages, we infected the cells with GFP-transfected L.
amazonensis for 3 h and treated the cells with different concentrations of
nerolidol for an additional 24 h for flow cytometry analysis. Miltefosine

was used as a positive control. Nerolidol was able to significantly re-
duce the percentage of GFP positive cells at concentrations starting at
100 μM. Miltefosine succeeded in reducing the infection rate at lower
concentrations compared to nerolidol (Fig. 8).

4. Discussion

In a previous study, spin-label EPR spectroscopy was used to ex-
amine the effects of the terpenes nerolidol, (+)-limonene, α-terpineol
and 1,8-cineole on the plasma membrane of L. (L.) amazonensis pro-
mastigotes, and the results showed that the four terpenes increased the
molecular dynamics of the parasite membrane and the concentration at
which this effect was observed for each terpene was correlated with the

Fig. 6. Experimental (black line) and best-fit (red line) EPR spectra of 5-DSA in
the plasma membrane of Leishmania amastigotes with and without treatment
with several nerolidol concentrations. The best-fit spectra were obtained using a
NLLS fit with a model of two spectral components. The values of the EPR
parameter rotational correlation time (τc) obtained from the fits are indicated.
*P < 0.05 compared to the control.

Fig. 7. EPR spectra of 5-DSA in plasma (a), plasma treated with 30mM ner-
olidol (b), erythrocytes in PBS (c), whole blood (d), erythrocytes in PBS treated
with 2mM nerolidol (e) and blood treated with 30mM nerolidol (f). The values
of the EPR parameter 2A// (outer hyperfine splitting), which is determined by
the separation in magnetic field units between the first peak and the last in-
verted peak of the spectrum, are also indicated. For the spectra in (b) and (f),
the values of the two resolved spectral components are indicated. The estimated
experimental error for the 2A// parameter is 0.5 G.

Fig. 8. Leishmanicidal action of nerolidol on L. amazonensis-infected J774.A1
macrophages. Percentage of cells expressing GFP compared to the untreated
control was analyzed on a flow cytometer. *P < 0.05 compared to the control.

L. Alonso, et al. BBA - Biomembranes 1861 (2019) 1049–1056

1054



IC50 values of the terpenes [19]. Nerolidol was the most potent among
the studied terpenes and exhibited an IC50 of 1.1 mM for
2× 109 parasites/mL and a membrane effect at this concentration [19].
Compared with miltefosine, which can bind in large amounts to Leish-
mania membrane proteins and dramatically increase their molecular
dynamics [20], nerolidol affects the lipid component of the membrane
rather than the proteins. This effect was demonstrated using EPR
spectroscopy with a spin label derived from maleimide (6-MSL) cova-
lently bound to the sulfhydryl groups of L. (L.) amazonensis membrane
proteins, and the EPR spectra indicated that miltefosine causes strong
increases in the molecular dynamics of polypeptide chains while ner-
olidol causes only small changes at concentrations well above its IC50

[20,24]. In this study, EPR spectroscopy using a fatty acid spin label (5-
DSA) demonstrated that nerolidol affects the membrane of L. amazo-
nensis amastigotes and this effect could be detected with low con-
centrations of nerolidol (60 μM) if cell concentrations as low as
4× 107 cells/mL were used in the experiment.

The affinity of nerolidol for the erythrocyte membrane was much
lower than that for Leishmania and macrophages as deduced from the
KM/W values (Table 1), and this pattern differs from that of miltefosine,
which did not demonstrate large affinity differences for the three cell
membranes. Thus, the cw50 for nerolidol was more than three-fold
higher in erythrocytes than in Leishmania, while the inverse was ob-
served in the case of miltefosine, for which the cw50 was approximately
four-fold lower in erythrocytes. One disadvantage of nerolidol over
miltefosine is that the difference between the IC50 values in Leishmania
and CC50 in macrophages is lower for nerolidol (Table 1). While the
concentration in the aqueous phase that inhibits parasite growth is in
the micromolar range, the cm50 values of nerolidol in Leishmania were
between 2.6 and 3.0M, whereas the cm50 values of miltefosine were
between 0.7 and 1.7M. These data indicating such high drug mem-
brane concentrations show the ability of these two compounds to ac-
cumulate in the plasma membrane of the parasite.

Importantly, in PBS, the HC50 valued ranged from 0.255mM for
samples with a low erythrocyte concentration (Table 1) to 2mM to a
42% hematocrit (Fig. 3), whereas in whole blood (42% hematocrit), the
HC50 was 32mM, i.e., 16-fold greater than the value in PBS. This result
indicates that albumin in the blood sequesters an appreciable percen-
tage of nerolidol. For a 42% hematocrit, the spin-label EPR data in-
dicated that the nerolidol-induced changes in the erythrocyte mem-
brane were similar to the changes in PBS and blood but occurred at
nerolidol concentrations corresponding to the HC50 values in PBS
(2mM) and whole blood (32mM). In blood, we considered that the
nerolidol cm50 was 300mM, which is equivalent to that estimated for
PBS (Table 1). This assumption seems reasonable because the values are
consistent with the membrane nerolidol changes indicated by the EPR
spectra. With this assumption, the membrane-plasma partition coeffi-
cient (KMP) for nerolidol in blood was estimated to be KMP=5.7, which
is approximately ten times smaller than that for miltefosine [22]. Ad-
ditionally, the measured nerolidol HC50 value in blood was approxi-
mately twenty times greater than that of miltefosine [22].

The effect of nerolidol against intracellular amastigotes was de-
monstrated in cultures of J774.A1 macrophages infected with GFP-
transfected L. amazonensis from 100 μM of nerolidol after 24 h of
treatment. Previous work has shown that the inhibition of intracellular
amastigote growth assessed by counting the number of infected cells in
monolayers of macrophages after 48 h of treatment was 85, 91 and 95%
for nerolidol concentrations of 50, 75, and 100 μM, respectively [9].
This difference can be explained by the use of high-sensitivity flow
cytometry in our study and the shorter treatment time. Although the
transformation of promastigotes into amastigotes is a complex process
that lasts> 24 h [36], long-term infections with cell lines such as
J774.A1 are difficult to analyze because of the rapid proliferation of
these cells. However, the internalization of most parasites occurs over a
short time usually between 30 and 60min [37]. Nevertheless, our data
demonstrate that nerolidol is capable of interfering with parasites

already internalized by macrophages. In this work, axenic Leishmania
amastigotes were generated in a large quantity, and they presented a
uniform population, which can facilitate comparisons with experiments
with extracellular and intracellular amastigotes. The axenic Leishmania
amastigote has been characterized, and the amastigote phenotype of
most parasites is acquired based on light microscopy. However, only
certain biological and biochemical properties of these axenic amasti-
gote forms were experimentally analyzed [38].

A previous work [19] showed that the terpenes nerolidol, (+)-li-
monene, α-terpineol and 1,8-cineole at concentrations close to their
IC50 values caused cell lysis of 4 to 9%, and all of these results are
consistent with nerolidol attacking the plasma membrane of the para-
site. It is important to consider that cell lysis may reduce the cell size
and that the consequent electrolyte leakage affects the mitochondrial
membrane potential. A cell membrane attack-based mode of action for
nerolidol is consistent with its broad spectrum of activity in vitro [3].
For instance, nerolidol activity against Schistosoma mansoni adult
worms has been demonstrated in vitro, and confocal laser scanning
microscopy revealed morphological alterations in the tegument of
worms, such as disintegration, sloughing and erosion of the surface
[39]. A 24 h treatment of L. (V.) braziliensis promastigotes with ner-
olidol at the IC50 value has been shown to decrease cell size and mi-
tochondrial membrane depolarization to an extent similar to that at-
tained by treatment with amphotericin B at 2× IC50 [23]. Because
nerolidol is a small and highly hydrophobic molecule and only has
hydroxyl as a polar group, it exhibits rapid penetration and distribution
throughout the cell membrane. In contrast, miltefosine contains the
transporter LdMT and its beta subunit LdRos3, which facilitates the
intake of this drug into the intracellular space of the parasite [40]. Our
measurements were based on antiproliferative assays in which the
miltefosine transporter was in its active form; thus, any interference
from the transporter was considered in the calculations of the reported
parameters. According to The Good Scents Company Information
System, the Threshold of Concern for nerolidol is 1.8mg/person/day
[41]. Assuming an intake of nerolidol corresponding to the Threshold of
Concern for a person with 5 L of blood as well as no loss of nerolidol,
this amount would correspond to a nerolidol concentration of 1.6 μM in
the blood. This concentration is well below the nerolidol IC50 value
against leishmania identified in vitro. Because nerolidol accumulates in
the cell membrane in large amounts, the daily intake of nerolidol could
lead to its accumulation in the membranes of cells. However, due to this
daily intake limit, it would take a relatively long time before the ner-
olidol level reaches a level that would show activity against leishma-
niasis. However, nerolidol can be incorporated into an appropriately
designed carrier, and this incorporation could increase the delivery of
this agent to the target cells and potentiate its effectiveness.

5. Conclusions

Nerolidol showed a cw50 of 125 μM for J774.A1 macrophages, which
was similar to that reported for miltefosine and peritoneal macro-
phages, although the nerolidol mean cw50 values of 56 μM for amasti-
gotes and 74 μM for promastigotes of L. amazonensis were approxi-
mately 5-fold higher than that for miltefosine. The hemolytic potential
of nerolidol in whole blood (HC50= 32mM) was lower than that re-
ported for miltefosine (HC50= 2.4 mM); and in PBS, we found cw50

values of 255 and 2.3 μM for nerolidol and miltefosine, respectively.
The latter result was explained by a lower affinity of nerolidol for the
erythrocyte membrane (KM/W) and higher concentration required for
membrane rupture (cm50) in relation to miltefosine. In addition, the
estimated values of nerolidol for the amastigotes and promastigotes of
L. amazonensis and macrophages were between 2.6 and 3.0M, in-
dicating an important accumulation in the cell membrane. Spin-label
EPR data indicated considerable increases in the molecular dynamics of
the amastigote plasma membrane at concentrations similar to the ner-
olidol IC50 value. Taken together, these in vitro results suggest that the
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first attack of nerolidol occurs at the parasite membrane.
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