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AB STR AC T
Tropane alkaloids are specialized plant metabolites mostly
found in the Erythroxylaceae and Solanaceae families.
Although tropane alkaloids have a high degree of structural
similarity because of the tropane ring, their pharmacological
actions are quite distinct. Brazil is one of the main hotspots
of Erythroxylum spp. diversity with 123 species (almost 66 %
of the species catalogued in tropical America). Erythroxylum
pungens occurs in the Caatinga, a promising biome that provides bioactive compounds, including tropane alkaloids. As
part of our efforts to investigate this species, 15 alkaloids in
specimens harvested under different environmental conditions are presented herein. The occurrence of 3-(2-methylbutyryloxy)tropan-6,7-diol in the stem bark of plants growing in
their natural habitat, greenhouse controlled conditions, and
after a period of water restriction, suggests that it is a potential chemical marker for the species. This alkaloid was evaluated for several parameters in zebrafish (Danio rerio) as a
model organism. Regarding toxicity, teratogenic effects were
observed at 19.5 µM and the lethal dose for embryos was
18.4 µM. No mortality was observed in adults, but a behavioral screen showed psychostimulatory action at 116.7 µM.
Overall, the alkaloid was able to cause zebrafish behavioral
changes, prompting further investigation of its potential as a
new molecule in the treatment of depression-like symptoms.
In silico, targets involved in antidepressant pathways were
identified by docking.
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Introduction
Erythroxylum P. Browne is the largest genus in the Erytroxylaceae
family, and its center of endemism is South America, notably Brazil, Bolivia, and Venezuela. In Brazil, 123 species of Erythroxylum
were described among a catalogue of 187 species in tropical
America [1]. Erythroxylum spp. produce tropane alkaloids with important therapeutic activities such as stimulants, anticholinergics,
antiemetics, anesthetics, and antidepressants [2, 3]. The bestknown species of this genus are cocaine producers such as
Erythroxylum coca and Erythroxylum novogranantense. The coca
plant is an integral part of South American native culture, especially in high altitude places such as Peru and Colombia. As a historical tradition in these regions, the plant is consumed as a tea or
chewed mainly to help fight mountain sickness [2, 3].
Erythroxylum pungens O. E. Shulz (Erythroxylaceae), popularly
known as “Rompe-gibão”, is a shrub or small tree endemic in the
Caatinga, a Brazilian exclusive biome that covers almost all of the
northeast region [4]. Eleven tropane alkaloids, among them 3-(2methylbutyryloxy)tropan-6,7-diol, were reported in E. pungens, as
well as the unprecedented occurrence of N,N-dimethyltryptamine
in Erythroxylaceae [5]. These findings raised a number of questions regarding chemodiversity and alkaloid accumulation profile,
both in natural habitats and in growth-controlled conditions. In
addition, the biological potential of tropane alkaloids in vivo
should also be addressed.
The search for biologically active compounds from biological
screenings has been successfully applied in the discovery of several types of drugs [6]. In this context, zebrafish (Danio rerio
Hamilton, 1822) has been established as an integrative experimental model that closes the gap between in vitro and in vivo testing [7]. Zebrafish has also attracted scientific attention in recent
years due to the relatively high genetic similarity with humans
(70 % homologous genes), small size, high fecundity, and short
developmental cycle, all of which are practical advantages of this
vertebrate as a model [8]. Since its reproduction is external and
the eggs are transparent, the toxicology of diverse compounds at
specific embryonic stages can be easily determined without further developmental interference. Moreover, the phylogenetic
conservation of significant neurotransmitters, hormones, and receptors between the zebrafish and mammals [9, 10] confers substantial translational relevance to this model.
Herein, the biological effect of 3-(2-methylbutyryloxy)tropan6,7-diol) on zebrafish embryos and adults is described. The occurrence of this in the stem bark of plants growing in their natural
habitat, in greenhouse controlled conditions, and after a period
of water restriction suggest its potential as a reliable chemical
marker for the species. Furthermore, a phytochemical analysis of
E. pungens by GC‑MS yielded 15 tropane alkaloids.

Results and Discussion
The cytotoxic potential and the structure-based docking results
[5] pointed at 3-(2-methylbutyryloxy)tropan-6,7-diol being an aliphatic bioactive tropane alkaloid. In order to better understand
this occurrence, some alkaloid-enriched fractions from plants
grown in different conditions were evaluated by GC‑MS: (i) plants

harvested in their natural habitat, (ii) plants growth in a greenhouse with regular irrigation, and (iii) plants growth in a greenhouse without water for 20 days. In all experimental conditions,
3-(2-methylbutyryloxy)tropan-6,7-diol was detected in the stem
bark (Table 1S, Supporting Information). Tropane alkaloids were
produced by 12-month-old plants under greenhouse control conditions and up to 20 days without irrigation in both leaves and
stem barks. However, some alkaloids occurred in an organ specific
way regarding T3, T10, and T20 experimental times (Fig. 20S,
Supporting Information). The plant growth is slow, therefore no
important change in this parameter was observed during the experiment, but in T10 and T20, the leaves were withered with color
alterations. The phytochemical profile was similar to that of adult
plants harvested in a semiarid natural environment (Table 1S,
Supporting Information), with discrete structural differences in
the tropane alkaloids identified.
The differences in alkaloid profiles between adult field-grown
plants and those cultivated in the greenhouse may be the result
of a number of factors. Developmental aspects related to plant
age (i.e., 12-month-old juveniles versus adult phase with reproductive activity) may regulate specialized metabolites profiles
both quantitively and qualitatively, particularly in perennial species. This has been observed in a number of plants, including alkaloid accumulating ones such as Delphinium ajacis [11]. On the other hand, differences in environmental conditions may also impact
alkaloid composition involving variables such as irradiance, temperature, water and mineral relations, and pathogen and herbivore attack, among others [12]. The differences in environmental
factors, both biotic and abiotic, may have driven different alkaloid
signatures in the field versus greenhouse grown E. pungens. The
adaptive value of the differences in tropane alkaloid composition
observed in E. pungens is not clear at present but may be relevant
for overall fitness.
The absence of overt differences in the alkaloid profile and
growth (Fig. 20S, Supporting Information) among plants cultivated under the different irrigation regimens may reflect the fact
that E. pungens is highly adapted to water restriction, being able to
efficiently balance growth and alkaloid metabolism in a wide
range of irrigation conditions. However, differences in the profile
may change only quantitatively facing the tested conditions.
Considering all samples analyzed, six tropane alkaloids (3, 7, 9,
11, 14, and 15), in addition to nine alkaloids previously reported
in E. pungens (1, 2, 4–6, 8, 10, 12, and 13), were identified [5].
The tentative characterization was based on literature reports on
alkaloids in Erythroxylaceae [13–17], a GC‑MS library search
(NIST), and mass spectra analysis (▶ Fig. 1 and Figs. 1S–15S, Supporting Information). The mass spectrum of the tropane alkaloids
obtained by eletronic ionization (EI, 70 eV) afforded typical fragmentation patterns, which have historically proven useful in the
characterization of unknown members of this class [18–21].
Some diagnostic fragments and described metabolites to the
genus have been used to support the structural assignment of
tropane alkaloids, mainly because of a shortage of biomass that
prevented the isolation and application of other analytical techniques to confirm the orientation of the substituents attached to
tropane nucleus. Even with the analytical tool limitation, a general
fragmentation pathway in tropane alkaloids by EI is shown in
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▶ Fig. 1. In order to substantiate this way, the detailed EI fragmen-

tation of the alkaloid 3-(2-methylbutyryloxy)tropan-6,7-diol, further identified by NMR, is presented in the Supporting Information. ▶ Table 1 lists the detailed relative abundance of each ion
for alkaloids tentatively identified in E. pungens extracts.
The presence of ions m/z 110 and 124 are classic in distinguishing nortropane and tropane alkaloids [5]. Besides, some notable
fragments are related to the elimination of C6–C7 and its substituents, when present, as well as the substituents in the tropane
nucleus, especially at C-2 and C-3 [19–21]. The structure of substituents may afford some characteristic fragments such as tropylium for aromatics and a MacLafferty rearrangement for aliphatic
chains larger than four carbons [22–25]. One of these fragmentation mechanisms may influence the presence of other characteristic ions. Usually, the substituent at C-3 is an ester, and some
characteristics fragments, i.e., alpha cleavage, allow for recognizing the substituent [26, 27]. However, CO2 elimination, which is
common to esters, may not be observed after the McLafferty rearrangement [28], and the 44 amu loss could be related to C6–C7
elimination if there is a hydroxyl group at this position. The loss for
C6–C7 can have different mass losses, as mentioned before, and
may be 60 amu for two hydroxyl groups or higher if there is a substituent attached to a hydroxyl [5]. The attribution of the hydroxylation at C-6 and/or C-7 and the substitution pattern will require
further detailing. However, considering that in Erythroxylaceae
the occurrence of C-6 being substituted in tropane alkaloids is
more frequent than C-7 as well as the hypothesis that esterifica-
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tion in C-7 occurs after the stereospecific reduction of the ketone
at C-3 [14], in this study, the results were discussed regarding C-6
being preferentially substituted for both oxygenation and esterification. Even though this issue requires experimental support regarding the biosynthesis of tropane alkaloids in Erythroxylum, the
mass spectra show a lot of important information about structure
and disclose the GC‑MS analysis as a relevant tool to characterize
tropane alkaloids.
The mass spectrum of alkaloid 3 showed [M]+. at m/z 243, corresponding to the molecular formula C12H21NO4. The base peak
at m/z 94 and the occurrence of a peak at m/z 183 [M-60]+. is
characteristic of a monoester of 3,6,7-trihydroxytropane. Also,
this fragment indicates an attachment of two hydroxyl groups to
C-6 and C-7 [5, 13, 18]. The esterifying acid was tentatively identified as isobutyric acid by the presence of m/z 156 [M – C4H7O2]
and m/z 43 (C3H7) as well as the absence of a peak at m/z 211
[M – 28], which would be produced as the McLafferty rearrangement of n-butyric acid [14]. Therefore, alkaloid 3 is an undescribed alkaloid tentatively identified as 3-isobutyryloxytropan6,7-diol and has the same substituent observed for alkaloid 1 at
C-3.
Alkaloid 14 was tentatively identified as 3-phenylacetoxytropan-6-propionyl-7-ol, an unprecedented tropane alkaloid. The
[M]+. at m/z 347 corresponds to the molecular formula
C19H25NO5 and the base peak at m/z 94 indicated an ester
function attached to C-3 of the di/trisubstituted tropane nucleus.
The occurrence of m/z 212 and 228 suggested the attachment of
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▶ Fig. 1 Overview of the fragmentation pathway used in the structural proposition of the tropane alkaloids present in E. pungens species.
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▶ Table 1 Tropane alkaloids tentatively identified in E. pungens. Numbers I–X represent the fragments afforded by GC‑MS regarding the general scheme presented in ▶ Fig. 1.
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one hydroxyl group and a propionyl group at C-6 and C-7 [5, 13,
14]. The esterifying acid was identified as phenylacetic acid by
the presence of ions corresponding to [M‑C8H7O2]+. in addition
to m/z 91 (C7H7) [14, 15, 29–31].
The EI mass spectral fragmentations of alkaloids 7 and 15 were
consistent with those of a benzoic acid ester (m/z 105, 77). The
same fragmentation route was observed for 11, with the substituents at aromatic ring (m/z 181 and 153). The occurrence of fragment ion peaks of [M – C6H5CO]+. and [M – C6H5CO2]+. confirmed
the presence of benzoic acid as the esterifying acid attached to
C‑3 [5, 13, 14]. The differences among these alkaloids are located
at the C-6 and C-7 substitution. The mass spectrum of alkaloid 15
showed the base peak and molecular ion at m/z 94 and [M]+. and
m/z 333, respectively, corresponding to the elemental composition C18H23NO5 [13, 31]. The occurrence of a peak at [M – 116]+.,
besides m/z 212, and 228, suggested the attachment of one hydroxyl group and a propionyl group at C-6 and C-7 [5, 13, 14] in
the same way that explained alkaloid 14. Therefore, 15 was tentatively identified as 3-benzoyloxytropan-6-propionyl-7-ol. To our
knowledge, this alkaloid is reported for the first time in Erythroxylum. The occurrence of peaks at [M – 60]+. suggested the attachment of two hydroxyl groups at C-6 and C-7 in alkaloid 9, with a
molecular ion at m/z 277 and a base peak at m/z 94, consistent
with C15H19NO4. Therefore, alkaloid 9 was tentatively identified
as 3-benzoyloxytropane-6,7-diol.
Alkaloid 7 gave a mass spectrum consistent with the molecular
formula C15H19ON3, [M]+. m/z 261 and the base peak at m/z 94.
The peak at [M – 44]+. indicated the attachment of the hydroxyl
group at C-6 or C-7 and, thus, alkaloid 7 would be 3-benzoyloxytropan-6-ol.
Finally, alkaloid 11 showed the same fragmentation pattern of
a previously described alkaloid, 3-(3′,5′-dimethoxy-4′-hydroxy)
benzoyloxytropane (13) [5]. However, important differential features are ions m/z 307 (molecular ion) and m/z 110 (base peak)
and the absence of m/z 124 in the mass spectrum of alkaloid 11
(see Supporting Information). Therefore, alkaloid 11 is 3-(3′,5′-dimethoxy-4′-hydroxy)benzoyloxynortropane, a tropane alkaloid
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without the N-methyl substitution that afforded the characteristic
ion m/z 110.
E. pungens stem bark afforded 3-(2-methylbutyryloxy)tropan6,7-diol (5), which was isolated from the alkaloid-enriched
fraction, as previously described [5], and was used in biological assays. The toxicity test on zebrafish embryos indicated that morphological changes were observed after 48 hpf (hours post-fertilization). Following 96 h of exposure, the alkaloid lethal toxic concentration (LC50) was estimated at 18.4 µM with a significative
dose-response curve [LC50 = 18.4 ± 1.7 µM, curve b: (Intercept)
t = − 6.03, p < 0.01; e: (Intercept) t = 10.54, p < 0.01] (Fig. 22S,
Supporting Information). The results showed that at 19.5 µM, a
variety of malformations in embryos was induced, including yolk
sac edema (YE), pericardial edema (PE), tail bending (TB), spine
curvature (SC), and dispersion of melanin (DM), suggesting that
this alkaloid could affect the heart and central nervous system development in zebrafish embryos (▶ Fig. 2 a, c). PE of zebrafish was
the typical cardiac malformation. Melanin cell dispersion and caudal curvature observed in this study may be indicative of the central nervous system/backbone malformation [32]. At a concentration of 19.5 µM, the percentage of malformations was 41 % while
the higher concentration of 38.9 µM caused the mortality of all
embryos.
The embryonic stage is a more sensitive phase of the fish life
cycle, as is the case in all vertebrates. Metabolic detoxification at
this stage is very slow compared to adult individuals [32], and the
developing nervous system is a major target to external factors
that affect its proper formation. The zebrafish embryo presents
fast development, as neural induction initiates at the early embryonic phase and the neural tube is formed at 24 hpf [33]. These features have made zebrafish a suitable model for neurotoxicity research. Embryos exposed to ethanol develop malformations
similar to fetal alcohol spectrum disorder in humans [34] and early
contact with contaminants such as rotenone and MPTP (1-methyl4-phenyl-5-tetrahydropyridine) lead to the loss of dopaminergic
neurons, similar to what takes place in Parkinsonʼs disease [35].
Not only the encephalon but also the heart has its formation during initial zebrafish development. Heart formation initiates as
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▶ Fig. 2 a Zebrafish embryo control individual. b and c Embryo malformations observed at the concentration of 19.5 µM. Teratogenic effects:
pericardial edema (PE), yolk sac edema (YE), tail flexion (TB), dispersion of melanin (DM), and spinal curvature (SC).
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early as 5 hpf and the heart is functional at 24 hpf when circulation is started [33]. From this point on, the presence of external
disruptors with cholinergic activity, such as 3-(2-methylbutyryloxy)tropan-6,7- diol, can affect heart function and growth, as
well as over stimulate the brain. The apoptosis that is commonly
observed during the first developmental phase may be augmented in the presence of exogenous stimulants.
In adult zebrafish, organs are already formed, and apoptosis
plays specific functions in normal physiology. However, apoptosis
is profoundly affected by external environmental compounds
[36]. For the adult, tropane alkaloid (5) exposure for 96 h did not
promote a lethal response in any of the concentrations (19.5,
38.9, and 116.7 µM. On the other hand, the higher concentrations
caused behavioral changes in adult fish.
One-way ANOVA showed statistical significance between the
groupsʼ swimming speed (F = 3.40, p = 0.0188). The Tukey test indicated that all concentration of the tropane alkaloid increased zebrafish speed compared to the control (p < 0.05) (▶ Fig. 3 a). No
statistical significance was observed for maximum swimming
speed (one-way ANOVA, F = 2.45, p = 0.0647). The last locomotor
parameter, total distance traveled, was also evaluated and oneway ANOVA showed a statistical significance between groups
(F = 3.28, p = 0.022). The Tukey test revealed that 116.7 µM increased zebrafish distance traveled compared to the other concentrations (p < 0.05) (▶ Fig. 3 b).
For the two parameters that are used to indicate fear/anxietylike responses, one-way ANOVA showed a statistical significance
between groups regarding freezing behavior (F = 2.65, p =
0.044), but no statistical significance for distance from the bottom of a tank (F = 2.35, p = 0.0739). The Tukey test indicated that
all concentration of the tropane alkaloid decreased freezing, and
116.7 µM reduced this behavior the most (p < 0.05) (▶ Fig. 3 c).
The increase in swimming velocity observed in zebrafish exposed to the tropane alkaloid 3-(2-methylbutyryloxy)tropan-6,7diol was associated with a reduction in the behavioral parameter
related to fear/anxiety; the freezing behavior is indicative of the
stimulant effect of this alkaloid. It is known that anxiolytic agents
generally decrease anxiety-like behaviors [37], which was corroborated by our data. Zebrafish exposed to the tropane alkaloid 3(2-methylbutyryloxy)tropan-6,7-diol showed decreased freezing/

immobility compared to control fish in the paradigm of the novel
tank.
The novel tank test is a commonly used protocol to obtain behavioral data related to animal locomotion and anxiety. This kind
of task helps to identify pharmacological effects of drugs applied
to various species such as rodents [38, 39], primates [40, 41], and
fish [37, 42–44]. When previously applied to zebrafish, the novel
tank protocol disclosed similarities between animal models regarding strategies adopted in the exploration of the novel environment.
Freezing, that is the complete absence of movements (except
gills and eyes), is a common indicator of anxiety [43, 44] and usually the result of high anxiety/stress when associated with hypoactivity. On the contrary, hyperactivity has been observed in zebrafish undergoing cocaine withdrawal, as well as other psychostimulants drugs [45]. Thus, it seems that the tropane alkaloid
used in this study presents psychostimulant activity in zebrafish,
leading to a condition of high agitation (observed by the locomotor parameters) and reduced fear/anxiety-like response (observed
by the reduced freezing). Furthermore, we observed a concentration-dependent response. That is, the higher the concentration,
the higher the increase in animal excitation. In this sense, it is important to continue investigations on the biological properties of
3-(2-methylbutyryloxy)tropan-6,7-diol, including future studies
on the effects of the alkaloid on the neurotransmitter system in
order to better understand its activity and long-term exposure.
In this regard, new and specific therapies need to be devised for
specific interventions, and 3-(2-methylbutyryloxy)tropan-6,7-diol
may be beneficial as in cases of treatment-resistant depression.
In order to contribute to the investigation of the pharmacological potential of (5), an in silico assay indicated that the alkaloid
showed a better theoretical interaction with targets from Homo
sapiens, mainly in anti-inflammatory and antidepressant pathways, using the structure-based strategy (Table 2S, Supporting
Information), and in the antiproliferative pathway according to
the ligand-based in silico approach (Table 3S, Supporting Information). A ranking with the best 25 results in a Reverse Virtual
Screening was performed (Fig. 21S, Supporting Information).
Among the targets pointed out by both inverse virtual screening
methodologies, the similarity between the tropane alkaloid (5)
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▶ Fig. 3 Locomotor and anxiety-like behavior of adult zebrafish treated acutely with tropane alkaloid 3-(2-methylbutyryloxy)tropan-6,7-diol.
Bars indicate average zebrafish behavior for 30 min in the novel tank test. a Average speed, b total distance traveled, c freezing. *Statistical significance (one-way ANOVA; p < 0.05). Different letters indicate statistical differences between groups (one-way ANOVA; p < 0.05).

TYR 250
SER 153

▶ Fig. 4 Binding mode of the tropane alkaloid (blue) at the binding
site of the GABA receptor (PDB ID: 4MS1), and tridimensional comparison with the inhibitor (orange).

and an inhibitor of the GABA receptor stands out. This receptor
plays an important role in the neurotransmission in the brain,
and its inhibition is related with antidepressant and anxiolytic actions [46]. In order to better investigate this particular bioactive
potential, the intermolecular interactions between the alkaloid
and the amino acid residues of GABA were investigated. In fact,
the high similarity with the GABA inhibitor was reflected by the
promising occupation at the active site of the receptor, and important hydrogen bonds were observed involving SER 153 and
TYR 250 (▶ Fig. 4).
Overall, the results highlight the chemodiversity of E. pungens
harvested from its natural semiarid environment of the Caatinga
as well as harvested from greenhouse culture conditions. The
aliphatic tropane alkaloid 3-(2-methylbutyryloxy)tropan-6,7-diol,
displayed a teratogenic/lethal effect on zebrafish embryos, but it
was not lethal in adults. The novel tank assay performed to evaluate locomotor/anxiety responses in adult fish indicated that the
alkaloid had psychostimulant activity. The results show that zebrafish present ontogenetic and concentration-dependent behavioral alterations when in contact with the tropane alkaloid 3-(2methylbutyryloxy)tropan-6,7-diol. Neurological effects should be
evaluated to confirm the toxicity of the alkaloid in this animal
model, such as the possibility of hallucinogenic effects.

Materials and Methods
Plant material
Fresh stems bark (200 g) and leaves (250 g) of E. pungens O. E.
Shulz (Erythroxylaceae), as well as seeds from ripe fruits, were harvested at Estação Ecológica do Seridó (ESEC), [6°34′48.15′′S; 37°
15′16.69′′W], Serra Negra do Norte, Rio Grande do Norte, Brazil,
in May 2018 (vegetative organs) and in January 2014 (seeds) at
the end of the rainy season. Authorization for harvesting the plant
material was granted by SISBIO (32749-2) and permission to access the Brazilian genetic patrimony was provided by SISGEN
(A4D2E0B). The species was identified by botanist Msc. Alan de
Araújo Roque and voucher number UFRN 21666 was deposited
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Extraction and isolation
The extraction of fresh stem bark and fresh leaves of E. pungens
harvested in their natural habitat was initiated by a process of turbolysis by using ethanol 99.6 % in 1 : 10 (w/v). That means 1 g of
plant material for 10 mL of extractor solvent. After that, the maceration method was used at room temperature (23 ± 2 °C) with renewal of the solvent every 24 h. The samples harvested from the
growth-controlled greenhouse were ground with a pestle and
mortar in liquid nitrogen and the ethanolic extraction was carried
out in the same way for the field-harvested material. The maceration method used was repeated 4 times at room temperature
(23 ± 2 °C) for 24 h. The crude extracts were concentrated under
reduced pressure and submitted to filtration using Celite to remove chlorophyll, other pigments, and waxes. The post-filtration
extract was acidified with 10 % HCl and then subjected to acidbase extraction using n-hexane at pH 2. Then, the extract was
basified up to pH 11 with NH4OH and extracted with CHCl3 in order to afford an alkaloid-enriched fraction. The isolation of 3-(2methylbutyryloxy)tropan-6,7-diol was carried out through TLC
(10 × 20 cm and thickness of 0.5 mm with silica gel 60 GF254;
Macherey-Nagel). In order to carry out the biological assay with
zebrafish, the alkaloid was dissolved in water at pH 6.0 adjusted
with HCl.

Spectroscopic analysis
The GC‑MS data were acquired on a Shimadzu GC-2010 gas chromatograph coupled with a mass spectrometer with an electron
impact ionization source (EI 70 eV; Shimadzu). A Durabond-DB5
(30 m × 0.25 mm × 0.25 µm) column was used with the injector
at 250 °C, 1 : 20 split, temperature range from 90 to 300 °C at a
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at the Herbarium of Federal University of Rio Grande do Norte,
Brazil.
The seeds were immersed in water for 24 h, then disinfected
with 0.2 % sodium hypochlorite (v/v) for 5 min under occasional
agitation and washed four times in distilled water [5]. Sowing
was done using sand and bovine manure in the proportion of 3 : 1
(w/w) as the substrate. After emergence and expansion of the
cotyledons, the seedlings were transplanted into pots using the
same substrate. After 12 months of growth in a greenhouse at
the Plant Biotechnology Laboratory of the Federal University of
Rio Grande do Norte – UFRN, plants were selected with a similar
growth stage (considering plant height, stem thickness, number
of leaves) and randomly distributed into control and water restriction treatment groups. The plants were separated into 7 groups
with 7 individuals (n = 7), totaling 49 specimens of E. pungens:
growth control, T3-treated (irrigation was suspended for 3 days),
T3-control (watered on alternate days for 3 days), T10-treated
(irrigation was suspended for 10 days), T10-control (watered on
alternate days for 10 days), T20-treated (irrigation was suspended
for 20 days), and T20-control (watered on alternate days for
20 days. After days of exposure to each treatment, plant material
was collected, fast frozen in liquid nitrogen, and then stored in a
freezer at − 80 °C. The seven individuals in each group were separated by organs, and the biomass obtained was pooled, constituting an analytical sample that was extracted to obtain the alkaloidenriched fraction and was further analyzed by GC‑MS.

rate of 6 °C/min, and helium as the carrier gas. Samples were analyzed at 10 mg/mL after dissolving in CHCl3. The 1H (500 MHz)
and 13C (125 MHz) NMR spectra were recorded on a Bruker Advance DRX spectrometer (Bruker). All spectra were measured at
25 °C and samples were dissolved in CDCl3. The chemical shifts
are given on the δ (ppm) scale and were referenced to residual
CHCl3 (δH 7.24 and δC 77.23 ppm).

Structure and ligand-based inverse virtual screening
of alkaloid 3-(2-methylbutyryloxy)tropan-6,7-diol
The conformers of alkaloid 3-(2-methylbutyryloxy)tropan-6,7-diol
were drawn using the program MarvinSketch 16.9.5 (ChemAxon
Ltd.). The 3D structures were geometrically optimized using the
semi-empirical method PM7 incorporated in the software
MOPAC2016 [47].
The target library used for the structure-based inverse virtual
screening was constructed from the RCSB PDB Protein Data Bank
[48] and comprised more than 22 000 structures with bound
ligands. Molecular docking simulations were performed using
AutoDockVINA [49] automated ad hoc by shell scripting and the
bounded ligands were deleted before each simulation. The grid
boxes were constructed individually considering the size of the
binding site of each protein. The lowest score values were used
to rank the results and only the values < − 7.5 were considered as
potential targets.
In order to search for other possible targets for the alkaloid, a
ligand-based inverse virtual screening was carried out. For this
purpose, the ligand library encompassing approximately 26 000
crystallographic ligands also from the RCSB PDB Protein Data
Bank was used. The process of similarity calculation between the
alkaloid and the ligands of the library was made automatically
with a shell script developed ad hoc. Every 3D score of similarity
was calculated based on the ShaEP algorithm after the alignment
through the pharmacophore [50] algorithm. To rank the results,
only values with a similarity score > 0.5 were considered as a
promising result.

Zebrafish maintenance
Adult zebrafish (n = 32, both sexes, wild-type short fins) were obtained from a local farm (Natal, Rio Grande do Norte state) and
acclimated in 50 L tanks with a multistage filtration system. Ambient and water temperature were kept at 28 °C, water pH at 7.2,
oxygen at 6 mg/L, and illumination set at a 12-h light-dark cycle.
The animals were fed twice a day with commercial pelleted food
and brine shrimp (Artemia salina). All procedures were approved
by the Animal Ethics Committee of the Federal University of Rio
Grande do Norte (approved the protocol under license number
CEUA 021/2019, June 6, 2019).
Reproductive males and females were chosen for breeding following a previously established protocol. Two females and one
male were set up in each breeding tank and left overnight for
spawning at the first hour of morning light. Eggs were collected,
counted, and placed in petri dishes for alkaloid exposure.
At 24 hpf, eggs were placed in 24-microtitulation plates and
exposed to one out of four previously prepared concentrations of
the alkaloid 3-(2-methylbutyryloxy)tropan-6,7-diol. The alkaloid
was dissolved in system water to achieve the following concentra-

tions: 0.0 (control), 5.8, 7.8, 19.5, and 38.9 µM. A total of 28 eggs
were used for each concentration. Eggs were distributed randomly through 24-well microtitulation plates, 4 eggs/well, so that
each alkaloid concentration was distributed to 7 wells. Eggs were
left in the alkaloid solution for 2 h, and then washed with system
water and placed in another microtitulation plate containing only
system water. Embryo development was followed for 96 h and
malformation and death events were recorded.
To evaluate the effects of the alkaloid in adult fish, we performed a toxicity test for 96 h and used the novel tank test paradigm. Adult zebrafish of both sexes were used for this assay
(n = 32), and were randomly selected and divided into 4 groups
to be exposed to 4 concentrations of the isolated alkaloid: control
0.0 µM (n = 8), 19.5 µM (n = 8), 38.9 µM (n = 8), and 116.7 µM
(n = 8). The concentrations were prepared in 2 L tanks
(20 × 15 × 10 cm) and fish were individually placed in each tank.
Fish behavior was recorded by a video camera (Sony Digital Video
Camera Recorder DCR-SX45) positioned in front and 50 cm away
from the tank for 30 min. Behavior was analyzed by the tracking
software ZebTrack/UFRN, (developed in the MATLAB, version
R2014a, platform). The parameters evaluated were total distance
traveled, average swimming speed, distance from the bottom of
the tank, maximum swimming speed, and total time spent immobile.

Statistical analysis
Statistical analysis was performed using Statistical Package for the
Social Sciences Software – SPSS. Results are expressed as the
mean ± SEM. The experimental results were based on one-way
ANOVA (factor: concentration), and the Tukey test was used for
mean comparisons; p values > 0.05 were considered significant.
The embryo mortality rate assessment was performed from the
dose-response curve using R software (version x64 3.5.3, R Core
Team) with the command for the “drc” package.

3-(2-methylbutyryloxy)tropan-6,7-diol
White crystals, chemical formula: C13H23NO4, NMR; 1H NMR
(CDCl3, 400 MHz) δ 0.90 (3H, t, J = 7.4, H-4′), 1.13 (3H, d, J = 7.0,
H-5′), 1.43–1.50 (3H, m, H-2endo, H-4endo, H-3′a), 1.67 (1H,
doublet of quintet, J = 13.6; 7.4, H-3′b), 2.21 (2H, dt, J = 16.0,
4.8, H-2exo, H-4exo), 2.49 (3H, s, H-8), 3.05 (2H, br s, H-1, H-5),
4.42 (2H, s, H-6endo, H-7endo), 5.02 (1H, t, J = 4.8, H-3); 13C NMR
(CDCl3, 100 MHz) δ 11.8 (C4′), 16.6 (C5′), 26.2 (C3′), 26.8 (C2,
C4), 34.0 (C8), 41.5 (C2′), 65.5 (C1/C5), 66.4 (C3), 74.6 (C6/C7),
175.6 (C1′). EI, 70 eV, m/z (%): 257 (1), 197 (4), 156 (7), 94 (100),
57 (14) [5].

Supporting information
Mass spectra of alkaloids (Figs. 1S–15S) tentatively identified in
E. pungens in their natural habitat and cultivated in a greenhouse
(Figs. 16S and 17S), GC‑MS profile of E. pungens cultivated
(Fig. 19S) and wild species (Fig. 18S), a ranking of the top 25 in
silico results regarding biological targets (Fig. 20S), tables with a
structure-based strategy (Table 1S) and ligand-based in silico approach (Table 2S) are available in the Supporting Information.
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