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Abstract: Leishmaniasis is a neglected vector-borne disease; there are different manifestations of the
diseases and species involved, and cutaneous leishmaniasis caused by Leishmania (L.) mexicana is the
most prevalent in Mexico. Currently, the drugs available for the treatment of leishmaniasis are toxic,
expensive, and often ineffective; therefore, it is imperative to carry out research and development
of new therapeutic alternatives, with natural products being an attractive option. In particular,
oregano is a plant with worldwide distribution; in Mexico, two species: Lippia berlandieri Schauer
and Poliomintha longiflora Gray are endemic. Both essential oils (EO’s) have been reported to have
antimicrobial activity attributed to their main components, thymol and carvacrol. In this research, the
leishmanicidal effect and mechanism of cell death induced by L. berlandieri EO, P. longiflora EO, thymol,
and carvacrol in L. mexicana promastigotes were determined in vitro. Additionally, the cytotoxic
activity in mammalian cells was evaluated. L. berlandieri EO presented higher leishmanicidal activity
(IC50 =41.78 ug/mL) than P. longiflora EO (IC5¢ = 77.90 pug/mL). Thymol and carvacrol were the major
components of both Mexican oregano EO’s. Thymol presented higher leishmanial inhibitory activity
(IC5p = 22.39 ug/mL), above that of carvacrol (ICsy = 61.52 pug/mL). All the EO’s and compounds
evaluated presented lower cytotoxic activity than the reference drug; thymol was the compound with
the best selectivity index (SI). In all cases, apoptosis was identified as the main mechanism of death
induced in the parasites. The leishmanicidal capacity of the Mexican oregano EO is an accessible and
affordable alternative that can be further explored.

Keywords: leishmanicidal; Lippia berlandieri; Poliomintha longiflora; essential oils

1. Introduction

Leishmaniasis is a vector-borne disease caused by different species of protozoa of the
genus Leishmania, and they are transmitted to humans and animals through the bite of
infected female sandflies of the Lutzomyia genus in the Americas [1]. The disease is directly
linked to poverty, host immune status, and environmental and climatic factors influencing
its epidemiology; the WHO considers leishmaniasis a neglected tropical disease (NTD) [2,3].
It is estimated that more than 12 million people are infected worldwide, with an average of
1.3 million new cases, 20 to 30 thousand deaths, and 350 million people at risk of infection
per year [1,4].

The clinical manifestations of leishmaniasis are classified as cutaneous (CL), mucocuta-
neous (ML), or visceral (VL). CL is the most common presentation and causes lifelong scars,
ML causes partial or complete nose and mouth mucous membrane destruction and can lead
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to disability, and VL presents irregular episodes of fever, weight loss, hepatosplenomegaly,
and anemia and can cause death in more than 90% of untreated cases [4]. In Mexico, the
protozoan Leishmania (Leishmania) mexicana is endemic in the central-southwestern region
of the country; it mainly causes CL, affecting the ear and face of workers in the forest in
most cases (popularly known as Chiclero’s ulcer) [5,6].

The treatment for leishmaniasis is chemotherapy; pentavalent antimonials are the
first-line drugs, in addition to amphotericin B, miltefosine, pentamidine, and paromomycin
as second-line drugs. Unfortunately, the available treatments are strongly related to high
toxicity, multiple side effects, and long administration periods that limit their clinical use
and favor non-adherence to treatment [7,8]. Nowadays, it is necessary to investigate new
therapeutic alternatives; some research groups have directed the search for new compounds
with biological activity toward natural sources such as the extracts and essential oils (EOs)
of medicinal and aromatic plants with no or minimal adverse effects. There are many
endemic species in Mexico, and an ancient tradition is deeply rooted in their medicinal
use [9].

Oregano is a plant of worldwide distribution; in Mexico, at least 40 endemic species are
known. Lippia berlandieri Schauer or Lippia graveolens Kunth (Verbenacea family) are impor-
tant culinary ingredients and the most important economically, having a wide distribution
in the arid and semi-arid areas of the country [10]. Poliomintha longiflora Gray (Laminacea
family) is another species traded as “Mexican oregano” and grows wild in the northeast of
the country [11]. Oregano chemotypes have been identified based on the concentration of
their main components: thymol and carvacrol [12]. The EOs of L. berlandieri and P. longiflora
have been chemically characterized, and their biological activity has been widely studied
and reported by our research group [11-17]. The antimicrobial properties are mainly at-
tributed to their major components, thymol and carvacrol [18]; their effectiveness may vary
by the EO composition and the microorganisms cellular structure [17].

There are some reports of the parasiticidal effect of the EOs of oregano on different
species of Leishmania. [19-21]. Recently, we reported the biological evaluation of several
EOs in different microorganisms, including the effect of Mexican oregano Lippia berlandieri
EO on L (L.) mexicana; our results showed its leishmanicidal activity by inhibiting cell
metabolism [17]. However, it is necessary to perform a complementary analysis to char-
acterize the induced death mechanism. The purpose of this research was to characterize
the effect induced by two Mexican oregano EOs, Lippia berlandieri Schauer and Poliomintha
longiflora Gray, as well as their major components, thymol and carvacrol, on the pro-
tozoan L. mexicana to identify the specific cellular damage caused and the type of cell
death induced, as a first step to elucidate the mechanism of action and to determine their
therapeutic targets.

2. Results
2.1. Chemical Composition of Essential Oils of Mexican Oregano

The two essential oils (EOs) of Mexican oregano were analyzed to determine the
relative concentration of the carvacrol and thymol. The chemical characterization of the
EOs was performed by gas chromatography /mass spectrometry [16]. Thymol and carvacrol
were the most abundant components in both EOs; however, L. berlandieri had a higher
percentage of relative concentration of carvacrol (33.78%) than thymol (7.86%). On the
other hand, P. lonfliglora presented a higher relative concentration of thymol (23.46%) than
carvacrol (18.35%) (Table S1).

2.2. Leishmanicidal and Cytotoxic Activity of Essential Oils of Mexican Oregano and Their Two
Major Components

The evaluation of the biological activity of the EOs of Mexican oregano Lippia berlandieri
and Poliomintha longiflora as well as their pure major components, thymol and carvacrol, on
the metabolism of promastigotes of L. mexicana was carried out by the fluorometric method
with Alamar Blue. Different concentrations were evaluated to determine the 50% inhibitory
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concentration (ICsg) of each. Both EOs and the pure compounds showed a concentration-
dependent inhibitory effect; L. berlandieri presented the best leishmanicidal activity of both
essential oils (ICs = 41.78 ng/mL) (Table 1). Regarding the evaluation of the pure major
components, thymol presented a higher inhibitory activity, with an ICsy = 22.39 pg/mL,
than carvacrol (ICsp = 61.52 pg/mL) and both essential oils. In contrast, the EOs of P. longi-
flora presented the lowest effect (ICsg = 77.90 pg/mL). Amphotericin B (ICsy = 0.41 ug/mL)
was used as a reference drug, and none of the compounds exceeded its in vitro leishmanici-
dal activity.

Table 1. Leishmanicidal activity of Mexican oregano essential oils and their pure major compounds.

Leishmania mexicana Macrophages J774 A.1 SI
ICso (ug/mL) CCsp (ug/mL) (CCs/CI5p)
Lippia berlandieri EO (36:;;2.09) (144.%)?3(2;1516.77) 3:59
Poliomintha longiflora EO (74.29—.872.80) (159.1726_'16763.55) 2.01
Thymol (16.7272;32%.01) (108.1124—'1139.80) >10
Carvacrol (56.8631;5626.22) (142.17{'13572.02) 2.39
Amphotericin B (0.3%(}.43) (107.%)112—;L 157.89) 276

The values in parentheses represent the confidence interval determined by the probit method with 95% confidence.

The cytotoxic effect in murine macrophage cell line was evaluated, and 50% cyto-
toxic concentration (CCsp) was determined. The P. longiflora EO presented the lowest
cytotoxic effect (CCsp = 166.66 ug/mL), followed by L. berlandieri (CCsg = 150.41 ng/mL)
and carvacrol (CCsg = 147.37 pug/mL), with similar results among them. On the other hand,
thymol exhibited the highest cytotoxic effect (CCsp = 114.13 pg/mL). Interestingly, the four
substances had less cytotoxic effect than Amphotericin B (CCsp = 112.45 nug/mL).

Finally, the selectivity indexes (SI = CCsy/ICsp) for both EOs of Mexican oregano,
thymol and carvacrol were determined. Thymol was the most selective compound with an
SI = 5.10. The selectivity index reflects the impact of the compound on the microorganism.
For oral administration, an SI > 10 is considered adequate. In this case, both thymol and
carvacrol showed SI < 10, suggesting that topical administrations are a better option for
further in vivo evaluations [22].

2.3. Pharmacodynamic Interaction of Thymol and Carvacrol

The possible interaction of the leishmanicidal effect between thymol and carvacrol
was determined in vitro by combining different concentrations. Thirty-six different combi-
nations of thymol and carvacrol were evaluated from six concentrations of each (200, 100,
50, 25, 12.5, 6.25 ng/mL). The fractional inhibitory concentration (FIC) values obtained
with the different combinations of monoterpenes concentrations ranged from FIC = 0.75
to FIC = 1.13, where the average was FIC = 0.92. The latter value indicates an additive
leishmanicidal effect between thymol and carvacrol at different concentrations [23]. Some
other authors omit the term “additive interaction”, and they classify the result obtained
in the range of “indifference effect (FIC = 0.5-4)” [24,25]. However, in both cases, the
interpretation is the same, and the combination of thymol and carvacrol lacks antagonistic
or synergistic effect; they can be used alone or in combination and their leishmanicidal
effect does not change.

2.4. Metabolic Inhibition and Loss of Cell Membrane Integrity

After confirming the metabolic inhibitory capacity of EOs and thymol and carvacrol
in promastigotes of L. mexicana, we were interested in knowing their effect on the integrity
of the parasite plasma membrane. Propidium iodide (PI) is an impermeable compound
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that binds to DNA. In non-viable cells with membrane rupture, the fluorochrome diffuses
into the cell and intercalates with DNA, showing positive fluorescence in a flow cytometer;
in cells with an intact plasma membrane, the fluorescence is negative [26].

Figure 1 compares the effect of L. berlandieri EO, P. longiflora EO, thymol, and carvacrol
on the parasite’s metabolic inhibition and plasma membrane integrity at different con-
centrations. In most cases, the percentage of parasites with metabolic inhibition is higher
than the percentage of parasites with loss of plasma membrane integrity; this difference is
most marked at higher concentrations. To both EOs and pure compounds, the 50% lytic
concentration (LCsp), or concentration that causes plasma membrane rupture of 50% of the
parasites, is greater than 200 pg/mL, highlighting that LCs>>ICs.
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Figure 1. (a) Effect of Lippia berlandieri EO, (b) Poliomintha longiflora EO, (c) thymol, and (d) carvacrol
on metabolic inhibition and loss of plasma cell membrane integrity of Leishmania mexicana promastig-
otes. Parasites were treated with 0, 12.5, 25, 50, 100, and 200 pg/mL of EOs or pure compounds and
incubated for 24h. Each bar represents the mean =+ standard deviation of three experiments (1 = 3).
Statistical comparison was performed with two-way ANOVA (concentration x effect) with Sidak’s
multiple comparison test, * p < 0.05, ** p < 0.01, and *** p < 0.001.

Accordingly, the EOs of Mexican oregano and the pure compounds can promote
the inhibition of the metabolism in the promastigotes of L. mexicana while maintaining
the integrity of the plasma membrane even at high concentrations. This phenomenon
suggests the ability to induce a cell death process by apoptosis. To evaluate this hypothesis,
we proceeded to analyze the morphological changes and different markers of cell death
induced by the EOs, thymol, and carvacrol.
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2.5. Effects on Cellular Morphology

To evaluate the effect of the EOs of L. berlandieri, P. longiflora, thymol, and carvacrol on
the cellular morphology of L. mexicana promastigotes, two strategies were used: structural
analysis by light microscopy and changes in size by flow cytometry.

The analysis by light microscopy revealed that the compounds induced morpholog-
ical changes compared with the morphology of the untreated promastigotes. In control
promastigotes (0 pg/mL), the typical morphology of L. mexicana promastigotes showed
elongated cells with well-defined flagellum, nucleus, and kinetoplast (Figure 2).

Control
(a) Lippia (b) Poliomintha
berlandieri EO longiflora EO (¢) Thymol (d) Carvacrol
. Y

#h

b
.

Figure 2. Effect of (a) Lippia berlandieri EO, (b) Poliomintha longiflora EO, (c) thymol, and (d) carvacrol
on morphological changes in Leishmania mexicana promastigotes. Parasites were treated with 0, 12.5,
25, 50, 100, and 200 pg/mL of EOs or pure compounds, incubated for 24h, stained with Giemsa, and
analyzed by light microscopy at 100X.

Regarding the treated promastigotes, a concentration-dependent effect was observed
for the EOs and pure compounds. No morphological changes were identified at the lowest
concentration (12.5 pg/mL) compared to the untreated control. At 25 ug/mL, a slight
rounding in the posterior portion of the parasites was observed; this effect was more evident
as concentration increased. In the case of L. berlandieri EO and P. longiflora EO, a mixture of
rounded and elongated cells was observed at 50 pig/mL. At the highest concentrations, cell
density decreased drastically, and the cells were mainly rounded and shrunken, without
definition of the organelles and with retraction of the flagellum.

The morphological alterations were consistent with the changes in size obtained by
flow cytometry. Figure 3 shows the distribution of untreated parasites (0 ug/mL), with a
central population in the FSC vs. SSC dot plot, a characteristic pattern of viable cells. In the
promastigotes treated with the different concentrations of EOs and the pure compounds, a
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gradual decrease in size (FSC) and complexity (SSC) was observed, and cells with reduced
size and complexity were grouped at the origin of the graph; a concentration-dependent
effect was confirmed. At the highest concentration, 200 ug/mL, thymol and carvacrol
showed a more significant effect by reducing the size of most of the cell population with
respect to L. berlandieri EO and P. longiflora EO.

Control
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Figure 3. Effect of (a) Lippia berlandieri EO, (b) Poliomintha longiflora EO, (c) thymol, and (d) carvacrol
on size (FSC) and granularity (S5C) of Leishmania (L.) mexicana promastigotes. Parasites were treated
with 0, 12.5, 25, 50, 100, and 200 ug/mL of EOs or pure compounds, incubated for 24 h, and analyzed
by flow cytometry. Images are representative of three independent experiments.

In Figure 3, a decrease in cell density is not appreciated because the same number of
cells were acquired per sample. However, in the evaluation at the highest concentrations,
the acquisition time rose considerably due to the decreased number of cells present in
the sample.

2.6. Characterization of the Mechanism of Induced Cell Death

According to the previous results, it was demonstrated that L. berlandieri EO, P. longiflora
EQ, and their major components thymol and carvacrol induced inhibition of metabolism
with preservation of the integrity of the plasma membrane in L. mexicana promastigotes
(Figure 1) and size reduction (Figures 2 and 3). Subsequently, we performed a complemen-
tary analysis to determine whether the mechanism of cell death induced in the parasite is
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apoptosis, as suggested above. The parasites were exposed to five concentrations for 24 h,
and later, different cell death markers were evaluated by flow cytometry.

As mentioned, the evaluation of the integrity of the plasmatic membrane was carried
out using PI fluorochrome. Figure 4a reports the percentage of parasites with loss of plasma
membrane integrity at different concentrations. A concentration-dependent effect was
observed; L. berlandieri EO, thymol, and carvacrol reached around 20% of parasites with
loss of plasma membrane integrity at the highest concentration (200 pug/mL). Regarding
the effect of P. longiflora EO, the number of cells with membrane damage in the plasma
membrane at both highest concentrations (100 and 200 pg/mL) is almost twice the others,
which suggests that it is due to the combined effect of all the essential oil components.
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Figure 4. Characterization of the effect induced on Leishmania mexicana promastigotes by Lippia
berlandieri EO, Poliomintha longiflora EO, thymol, and carvacrol. Parasites were treated with 0, 12.5, 25,
50, 100, and 200 pg/mL of EOs, thymol, or carvacrol; incubated for 24 h; and stained and analyzed
by flow cytometry. (a) Loss of plasma membrane integrity, (b) loss of mitochondrial membrane
potential, (c) inner membrane phospholipids (PL) exposition, and (d) DNA fragmentation. Data
represent the mean and SD of three experiments. Statistical comparison was performed with two-way
ANOVA (concentration x effect) with Tukey’s multiple comparison test, * p < 0.05, ** p < 0.01, and
***p < 0.001.

The mitochondrial membrane potential ({,) was evaluated with the cationic fluo-
rochrome Rhodamine 123 (Rho 123), which accumulates in the mitochondria of viable
cells due to the negative mitochondrial membrane potential. EOs, thymol, and carvacrol
showed a gradual loss of mitochondrial membrane potential in a concentration-dependent
way. The results obtained from P. longiflora EO, thymol, and carvacrol presented a similar
tendency (Figure 4b); at the lowest concentrations (12.5 and 25 ug/mL), most parasites
(>80%) showed active mitochondrial membrane potentials. However, at 100 pg/mL (>ICs),
about 50% of cells lost mitochondrial membrane potential, and finally, at the highest con-
centration, 200 pg/mL, most cells (>90%) showed no mitochondrial activity. Mitochondria
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were less affected by L. berlandieri EO as 200 ug/mL caused alteration in the mitochondrial
membrane potential in 67% of the parasites. The results suggest that the mitochondrion is
a vulnerable organelle for the compounds and EOs of interest.

Phosphatidylserine (PS) is a phospholipid found on the inner side of the plasma
membrane of eukaryotic cells. When there is a membrane rupture caused by necrotic
death or translocation of PS by apoptotic death, PS can be identified by the binding of the
annexin V molecule (AnnV) coupled to a fluorochrome. In protozoa such as Leishmania
spp., Weingértner et al. described that PS could be absent, but the presence of other
anionics phospholipids (FL) responsible for the Ann V binding effect observed in cell death
processes was observed [27]. It has been reported that phosphatidylcholine (FC) is the most
abundant phospholipid in Leishmania spp [27,28]. Figure 4c shows that EOs and both pure
compounds induced the exposure of internal anionic phospholipids as the concentration
increased; at 100 pg/mL, thymol and carvacrol presented greater effects than the EO’s.

DNA fragmentation is considered a hallmark of cell death. The parasites treated
were permeabilized and stained with a PI/RNAse solution for flow cytometric analysis.
The fluorescence intensity is proportional to the stoichiometric binding of fluorochrome
to nucleic acids; the different phases of the cell cycle and cells with DNA fragmentation
(Sub-GO peak) due to cell death were identified. With a concentration-dependent effect,
L. berlandieri EO, P. longiflora EO, thymol, and carvacrol induced DNA fragmentation
(Figure 4d). The pure compounds thymol and carvacrol induced a higher percentage of
cells with fragmented DNA from 50 pg/mL.

The integration of the evaluation results of the different parameters confirmed that
the leishmanicidal effect of the L. berlandieri EO and P. longiflora EO is due to the biological
activity of its major components (Figures S1 and S2, respectively). Thymol and carvacrol
induced cell death by the apoptosis mechanism, with a reduction in cell volume, loss of
mitochondrial membrane potential, exposure of internal membrane phospholipids, and
DNA fragmentation but with a maintaining of the integrity of the plasma membrane
(Figures S3 and 54, respectively). The induced cell death by the pure compounds is
maintained in both EOs despite the presence of other components.

3. Discussion

The results obtained in this study show that two EOs of Mexican oregano have poten-
tial leishmanicidal activity. L. berlandieri EO and P. longiflora EO inhibited the growth of
L. mexicana promastigotes. The terpenes thymol and carvacrol are the main components in
both EOs; however, their proportions and effect were different. The chemical characteriza-
tion showed that 41.64% of L. berlandieri EO is constituted by thymol and carvacrol, where
carvacrol is the most abundant (33.78%). In addition to the leishmanicidal activity, the
antimicrobial activity of the carvacrol-rich chemotype of L. berlandieri EO has previously
been reported [12,16]. The EO of L. berlandieri is characterized by its flavor and pungent
smell due to its higher content of carvacrol; this characteristic is quality-related and is the
most commercialized and exported species in Mexico.

In the EO of P. longiflora, thymol and carvacrol accounted for 41.81% of its composition
(similar to L. berlandieri EO); however, the most abundant compound was thymol (23.46%).
P. longiflora EO has a milder flavor due to its low carvacrol content; for this reason, it is
commonly used to substitute European oregano (Origanum vulgare) in the culinary field [29].

For Leishmania (L.) mexicana promastigotes, the L. berlandieri EO was more effective
(ICs5p = 41.78 pg/mL) that P. longiflora EO (ICsp = 79.70 pg/mL). The leishmanicidal ac-
tivity of different EOs of Lippia spp. has been documented. The inhibitory effect of the
different chemotypes of Lippia gracilis EO and its effect on promastigotes of Leishmania
chagasi has been reported; the carvacrol-rich chemotype (ICs5p = 77.26 ng/mL) was more
active than the thymol-rich chemotype (ICsy = 86.32 ng/mL) [30]. Similarly, carvacrol-rich
Lippia sidoides EO (ICsy = 54.8 ng/mL) was more effective on Leishmania chagasi promastig-
otes than the thymol-rich chemotype (IC59p = 74.1 pg/mL) [31]. In other reports, the
thymol-rich chemotype also presented leishmanicidal activity. Thymol-rich Lippia orig-
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anoides EO showed inhibitory effect in L. chagasi promastigotes (ICsy = 4.4pug/mL) [21], and
thymol-rich L. sidoides EO presented significant activity against promastigotes of L. chagasi
(IC50 = 89 pg/mL) [19] and L. amazonensis (IC59 = 44.38 ug/mL) [32].

Interestingly, ethanolic extracts of L. sidoides showed no leishmanicidal activity in
L. amazonensis promastigotes [20], suggesting that the EO is more effective than the extracts,
since there are more components and the concentrations are different.

In the evaluation of the pure compounds, L. mexicana promastigotes were more sus-
ceptible to thymol (ICsy = 22.39 nug/mL) than carvacrol (ICsp = 61.52 pg/mL); the same
occurred in previous reports for Leishmania infantum [33]. In contrast, Leishmania chagasi was
more sensitive to carvacrol than thymol [30,31], suggesting that the selectivity of terpenes
depends the Leishmania species involved.

The cytotoxicity evaluation was carried out in mammalian macrophages because they
are the target cells for Leishmania spp. infection in vertebrates as intracellular amastig-
otes [34]. Both EOs and the pure compounds presented less cytotoxic effect than the
reference drug, but thymol exhibited the highest cytotoxic effect. Other investigations have
also reported the cytotoxic effect of thymol, which was evaluated in peritoneal macrophages
and L. amazonensis promastigotes and presented a low SI. By contrast, when L. sidoides
EO was evaluated, no cytotoxic effect was observed, and there was a notable decrease in
intracellular amastigotes in infected macrophages [32]. This suggests that the interactions
between the rest of the components present in L. berlandieri EO, P. longiflora EO, or L. sidoides
EO reduced the cytotoxic effect of thymol.

Thymol and carvacrol are isomeric terpenes, and they differ in the position of the
hydroxyl group in the aromatic ring concerning the isopropyl group [35]. In this report,
thymol has better biological activity than carvacrol. The presence of the hydroxyl group in
the ortho position reduces almost three times the leishmanicidal activity with respect to
carvacrol with the hydroxyl group in the meta position; the cytotoxic effect is less affected,
favoring an acceptable SI.

The EOs of Mexican oregano and the pure compounds thymol and carvacrol presented
alow IS (<10), being discarded for in vivo evaluations by enteral or parenteral routes. How-
ever, due to the high lipophilicity of the terpenes, topical or transcutaneous administration
can be considered [36]. The demonstration of a local effect favors the treatment of cutaneous
leishmaniasis caused by L. mexicana and others.

Topical application of thymol can be considered a good alternative of natural origin
and with local effect that is easy to apply, convenient, economical, and safe for the patient.
In addition, antibacterial properties of terpenes have been described [35] that would favor
the treatment of bacterial infections associated with leishmaniasis ulcers. According to
the above, thymol has advantages over first-line drugs, such as pentavalent antimonials,
or second-line drugs, such as Amphotericin B. Finally, terpene molecules, mainly thymol,
serve as a structural basis for the rational design of more effective and safer molecules with
lower toxicity.

Thymol was the molecule with the highest leishmanicidal activity; although the
P. longiflora EO has a higher proportion of thymol, it showed less biological activity than
the L. berlandieri EO (carvacrol rich). When thymol and carvacrol are in the EO mixture,
their effect is modified by one or more of the remaining components. The leishmanicidal
effect of the Mexican oregano EOs varies according to the number and proportion of their
main compounds and the rest of their components. They were indifferent when evaluating
the pharmacological interaction between thymol and carvacrol. Therefore, the EOs of
L. berlandieri and P. longiflora presented a greater leishmanicidal effect than the mixture
of thymol and carvacrol in different proportions. EOs tend to have higher activity than
mixtures of their major components, suggesting that minor components are critical for
synergistic activity, although antagonistic and additive effects have also been observed [37].

The mechanism of action of EOs on protozoa has not been fully elucidated. In addition
to the evaluation of metabolic inhibition, some studies reported ultrastructural analysis.
In the case of L. sidoides EO, it induced drastic morphological changes in promastigotes
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of L. chagasi and L. amazonensis, such as cellular swelling, lipid accumulation, wrinkled
cells, and increased volume of the acidocalcisoma [19,32]. The evidence of morphological
changes is important. However, completing the analysis with the identification of the
mechanism of cell death induced in the parasite by leishmanicidal compounds provides
valuable information on metabolism and targets in the parasite to elucidate the mechanism
of action [38,39].

The ability of the essential oils of Mexican oregano, thymol and carvacrol, to trigger
changes associated with apoptosis in promastigotes of L. mexicana was notable. Initially,
regulated cell death (RCD) was thought to occur only in multicellular organisms; however,
a RCD process has been shown to also occur in unicellular eukaryotic organisms such as
trypanosomatids [40].

During apoptosis, similar morphological changes occur in unicellular and multicellular
organisms in response to different stimuli. In 2019, Basmaciyan and Casasola described
“apoptosis” as a cell death phenotype and suggested avoiding the terms “apoptosis-like”
or “programmed cell death”; in addition, they proposed unified criteria for the decision of
“apoptosis” in Leishmania protozoa. They proposed two stages; initially, they demonstrated
parasite death by assessing the loss of plasma membrane integrity by PI staining. As the
second stage, for the characterization of apoptosis, they suggest the detection of two or
more of the following markers: DNA fragmentation, cell rounding, cell shrinkage, plasma
membrane modifications, and mitochondrial depolarization [40].

Our results demonstrated that L. berlandieri EO, P. longiflora EO, thymol, and carvacrol
induced apoptosis cell death in L. mexicana promastigotes according to the above criteria.
In the first stage, we determined that EOs and the major compounds induced the inhibition
of cellular metabolism with the preservation of the integrity of the plasmatic membrane.
The metabolic inhibition was determined by the fluorometric method with Alamar Blue
and the integrity membrane with fluorochrome PI by flow cytometry. Figure 1 shows the
increasing metabolic inhibition concerning concentrations as well as the low percentage of
cells with loss of plasma membrane integrity. It is important to note that when the effect is
necrotic, a high percentage of PI-positive parasites are observed [41,42].

In the second stage, EOs, thymol, and carvacrol presented more than two of the criteria
considered to confirm apoptosis. The treated parasites presented cell rounding and shrink-
age, inner plasma phospholipids exposition, mitochondrial membrane depolarization, and
DNA fragmentation; all effects were concentration-dependent (Figure 4, Figures S1-54).
Other reports have also documented the induction of apoptosis death in Leishmania spp.
due to the effect of different EOs [43,44].

The mechanism of action of EOs is unknown. They have a large number of chemical
compounds, and their pharmacological action is not likely attributable to a single specific
mechanism, but the proportions of the components and their interactions are responsible
for the final biological activity [45]. The biological activity of thymol and carvacrol followed
the same pattern as the EOs, suggesting that the rest of the components do not modify the
cell death mechanism induced by the major compounds but only modify the potency of
the effect.

Regarding the mechanism of action of monoterpenes (including citral, geraniol,
linalool, carvacrol, p-cymene, eucalyptol, and eugenol, among others), it has been reported
that they can cause structural and functional alterations in eukaryotic cells. Monoterpenes
have high lipophilicity and low density; they can diffuse rapidly across cell membranes and
accumulate inside cells. Subsequently, they cause apoptosis with plasma membrane desta-
bilization, mitochondrial membrane permeability damage, and DNA fragmentation [33,46].

Additionally, it has been reported that monoterpenes can induce apoptosis in many
types of cancer cells. The proposed mechanism involves several processes such as inter-
action and inhibition of mitochondrial membrane potential, impaired ATP synthesis, and
DNA fragmentation [47]. The suggested mechanism of action of thymol and carvacrol in
protozoa and cancer cells is similar because they are eukaryotic cells with the purpose of
multiplication. The results obtained coincide with those reported in the literature [37,48],
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where it is suggested that thymol and carvacrol are internalized and accumulate in L.
mexicana promastigotes. The initial effects are related to alterations in the mitochondrial
membrane potential, triggering changes in the redox ratio, effects on the cell membrane
and cell morphology, and DNA fragmentation, leading to apoptosis death. The final event
is a late apoptosis, in which the cellular architecture is destabilized by rupturing the cyto-
plasmic membrane, increased permeability, and the release of metabolites leading to the
destruction of the parasite [37,48].

4. Materials and Methods
4.1. Essential Oils and Pure Compounds

Mexican oregano, Lippia berlandieri Schauer, and Poliomintha longiflora Gray, were
provided by the Center of Research for Natural Resources (CIReNa) Municipality of Lopez,
Chihuahua, Mexico. EOs of L. berlandieri and P. longiflora were obtained by steam distillation
and characterized as described by Zapien-Chavarria et al. [16]; a Varian (CP3800) gas
chromatography coupled to a mass spectrometer (Saturn 2000, USA), using an Agilent J&W
5MS column (30 m x 0.25 mm L.D. x 0.25 um), which was used for the analysis. Helium
was used as the carrier gas, at 1 mL/min flux, and the following conditions were used for
the analysis: a 1 uL essential oil sample was injected and diluted inside the equipment
(split, 50). The temperature of the injector was 200 °C. The initial oven temperature was
50 °C, maintained for 2 min, followed by an initial ramp-up of 10 °C/min up to 130 °C,
the second ramp-up of 5 °C/min up to 150 °C, and the third ramp-up of 30 °C/min up to
190 °C, and held at the final temperature for 3 min. The main components, thymol and
carvacrol, were identified by their retention time and the mass profile of the compounds
available from the US National Institute of Standard Technology (NIST) library.

The pure chemicals thymol, and carvacrol were acquired from Sigma-Aldrich (St.
Louis, MI, USA). The reference drug Amphotericin B (Amp B; in Vitro S.A., Mexico City,
Mexico) was used as control of leishmanicidal activity.

The EOs, thymol, and carvacrol were dissolved in dimethylsulfoxide (DMSO; Sigma-
Aldrich, St. Louis, MO, USA) to prepare a stock solution at 50 mg/mL concentration; the
different dilutions for biological evaluation were made in the same cell culture medium at
the time of use. DMSO did not exceed the final concentration of 1%, which is considered
acceptable to avoid toxicity in the vertebrate host [49].

4.2. Parasites Culture

Parasite strain L. mexicana MNYC-BZ/62/M379 ATCC was used; the promastigotes
were cultured at 27 °C in darkness in RPMI 1640 medium (Gibco, Carlsbad, CA, USA)
supplemented with 10% heat-inactivated fetal bovine serum (FBS; Gibco, Grand Island, NY,
USA) and 100 U/mL penicillin/streptomycin (In vitro S.A, Mexico City, Mexico) [39].

4.3. Cell Culture

Murine macrophage cell line J774A.1 (TIB-61 ATCC) was cultured in RPMI 1640
medium (Gibco, Carlsbad, CA, USA) supplemented with 10% heat-inactivated fetal bovine
serum (FBS; Gibco, Grand Island, NY, USA), 1% MEM-NEAA medium (Gibco Invitrogen,
Carlsbad, CA, USA) and 100 U/mL penicillin/streptomycin (In vitro S.A, Mexico City,
Mexico) at 37 °C, humidity, and 5% CO; [39].

4.4. In vitro Evaluation of Leishmanicidal Activity

The metabolic inhibition in L. mexicana promastigotes was evaluated by the Alamar
Blue (Invitrogen, Carlsbad, CA, USA) fluorometric method. Metacyclic parasites (7-day
culture) were seeded (5x10° parasites) in a 96-well plate in 100 uL of medium and treated
with five different concentrations obtained by serial two-fold dilutions of the pure com-
pounds and EOs (200-12.5 pg/mL). Amphotericin B (Amph B) was the reference drug and
parasites in the presence of 0.5% DMSO (vehicle control) were the positive viability control.
Each experiment was performed in triplicate.
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After 24 h incubation, 10 pL of Alamar Blue (10% v/v) were added to each well and
incubated for a further 24 h. The microplates were analyzed on a spectrophotometer
(Spectramax Plus 384; Molecular Devices Corp, Sunnyvale, CA, USA) at 544 nm excitation
and 590 nm emission. The absorbance of each treated well was compared with the vehicle
control and was expressed as a percentage of metabolic inhibition; the 50% inhibitory
concentration (ICsp) was determined with probit statistical tool [17,39].

4.5. In vitro Evaluation of Cytotoxic Activity and Selectivity Index (SI)

Murine macrophages were seeded (5 x 10* cells) in a 96-well plate and incubated for
24 h for monolayer formation. Subsequently, the concentration-response evaluation was
carried out for the EOs, and the pure major components thymol and carvacrol were evalu-
ated at different concentrations obtained by serial two-fold dilutions (200-12.5 ug/mL). As
a negative cytotoxicity control, cells were incubated only in the presence of 0.5% DMSO.
Each concentration was evaluated in triplicate. The microplate was incubated for 20 h,
then 10 pL of Alamar Blue were added, and the microplate was left for an additional 4 h
incubation. The metabolic inhibition analysis was performed as described previously in
the leishmanicidal evaluation; finally, the cytotoxic concentration of 50% of the population
(CCsp) was obtained, and the selectivity index (SI) was calculated (CCsy/ICs) [39,50].

4.6. Determination of Pharmacodynamic Interactions by Thymol and Carvacrol in L. mexicana

In a microplate, 5 x 10° L. mexicana promastigotes were deposited, and combined
microdilutions of different concentrations of thymol and carvacrol were added following
the method defined as “checkerboard”. Combinations of different concentrations of each
monoterpene starting from 200 pg/mL to 6.25 pg/mL (two-fold dilution series) were
assayed. Alamar Blue was used to determine the viability or inhibition of each combination
and the fractional inhibitory concentration (FIC) index was determined using the formula:
FIC index = [A]/IC50A+ [B]/ICs50B, where [A] and [B] are the ICsy values on promastigotes
of monoterpenes in combination, and ICs50A and ICsyB are the ICsj values on the promastig-
otes of each monoterpene tested alone. CFI < 0.5 is a synergistic effect, CFI > 0.5 and <1 is
an additive effect, CFI > 1 and <2 is an indifferent effect, and CFI > 2.0 is an antagonistic
effect [23].

4.7. Evaluation of Cell Death Markers on Promastigotes of L. mexicana

Promastigotes were treated with EOs, thymol, and carvacrol as described previously;
after incubation, they were harvested, washed, and stained to carry out the corresponding
analysis of cell death markers. Forward scatter (FSC) and side scatter (55C) modifications,
membrane permeability, annexin V binding, mitochondrial membrane potential, and DNA
fragmentation were evaluated in a FACSCalibur flow cytometer (Becton Dickinson, San
Jose, CA, USA) recording 10,000 events for each determination, and data were analyzed
using the CellQuest Pro software version 6.1 (Becton Dickinson, San Jose, CA, USA).

4.7.1. Forward Scatter (FSC) and Side Scatter (S§5C) Modifications

Promastigotes treated and washed were suspended in PBS and acquired by flow
cytometry. Changes in the size and complexity were analyzed by light dispersion shown in
biparametric dot plots (FSC vs. SSC) [39].

4.7.2. Membrane Permeability

The pellets of parasites were suspended in 300 pL of 0.4 ug/mL propidium iodide (PI;
Sigma- Aldrich, St. Louis, MO, USA) in PBS and incubated 10 min at room temperature in
darkness, and were subsequently acquired and analyzed by flow cytometry [39].

4.7.3. Annexin V Binding

Treated and washed promastigotes were stained using 3 pL. Annexin V-FITC (BioLe-
gend, San Diego, CA, USA) and incubated for 20 min in the dark at room temperature; the
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cells were suspended in 300 uL of annexin buffer. Data were obtained and analyzed by
flow cytometry [39].

4.7 4. Mitochondrial Membrane Potential ({pm)

After treatment whit the compounds, promastigotes were incubated for 30 min at
room temperature in darkness with 20 pL of 10 pM Rhodamine 123 (Rho 123, Sigma,
St. Louis, MO, USA), washed twice, and suspended in 300 pL of PBS. The parasites were
acquired by flow cytometry [39].

4.7.5. DNA Fragmentation

The parasite pellets harvested were treated with 500 uL of cold 70% ethanol and stored
overnight at —20 °C to fix and permeabilize. Fixed promastigotes were washed twice with
PBS and suspended in 300 uL of 50 ug/mL PI and 5 K units/mL RNAse (staining solution).
Samples were incubated for an additional 30 min at room temperature in the dark. Parasites
were acquired and analyzed by flow cytometry [39].

4.8. Morphology Analysis

Parasites treated were washed twice and resuspended in PBS, and then promastigotes
were deposited onto slides using cytospin (LaboFuge 400, Thermo Scientific, USA). They
were fixed with methanol and stained with Giemsa 1:10 diluted (Merck, Darmstadt, Ger-
many) for 30 min, and the samples were examined on a light microscope at 40 and 100 x
(Primo Star, Zeiss). Images were captured with WiFi Digital Camera model MC4KW-G1
and analyzed with Micro Capture software version 7.9.

4.9. Statistical Analysis

GraphPad Prism version 6.01 (GraphPad Software, San Diego, CA, USA) was uti-
lized for statistical analysis. Two-way analysis of variance (ANOVA) was followed by
Sidak’s or Tukey’s multiple comparisons test, as appropriate. Data are expressed as the
mean = standard error of the mean.

5. Conclusions

The Mexican oregano EOs presented leishmanicidal activity, and their effect was
attributed to the presence of thymol and carvacrol; however, their biological activity varies
according to their composition. Lippia berlandieri EO had a better leishmanicidal effect than
Poliomintha longiflora EO, and thymol was the pure compound with the best selectivity
index. The mechanism of parasite death induced by thymol and carvacrol was apoptosis,
with the same mechanism for both EOs. Mexican oregano EOs are potential sources of
bioactive natural molecules for the research and development of alternative medicines for
treating neglected diseases such as cutaneous leishmaniasis.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules27165183/s1, Table S1. Chemical compounds identified
in the essential oils of Lippia berlandieri and Poliomontha longiflora; Figure S1: Characterization of the
leishmanicidal activity of Lippia berlandieri EO by flow cytometry; Figure S2: Characterization of the
leishmanicidal activity of Poliomintha longiflora EO by flow cytometry; Figure S3: Characterization
of the leishmanicidal activity of thymol by flow cytometry; Figure S4: Characterization of the
leishmanicidal activity of carvacrol by flow cytometry.
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