
Abstract
!

Epigenetic enzymes such as histone deacetylases
play a crucial role in the development of ageing-
related diseases. Among the 18 histone deacety-
lase isoforms found in humans, class III histone
deacetylases, also known as sirtuins, seem to be
promising targets for treating neurodegenerative
conditions. Recently, Psychotria alkaloids, mainly
monoterpene indoles, have been reported for
their inhibitory properties against central ner-
vous system cholinesterase and monoamine oxi-
dase proteins. Given the multifunctional profile
of these alkaloids in the central nervous system,
and the fact that the indole scaffold has been pre-
viously associated with sirtuin inhibition, we hy-
pothesized that these indole derivatives could al-

so interact with sirtuins. In the present study, al-
kaloids previously isolated from Psychotria spp.
were evaluated for their potential interaction
with human sirtuin 1 and sirtuin 2 by molecular
docking and molecular dynamics simulation ap-
proaches. The in silico results allowed for the se-
lection of five potentially active compounds,
namely, prunifoleine, 14‑oxoprunifoleine, E‑val-
lesiachotamine, Z‑vallesiachotamine, and valle-
siachotamine lactone. The sirtuin inhibition of
these compounds was confirmed in vitro in a
dose-response manner, with preliminary infor-
mation on their pharmacokinetics properties.
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Introduction
!

Sirtuins (SIRTs) are NAD+‑dependent enzymes be-
longing to the class III histone deacetylase (HDAC)
family. A total of seven SIRT human isoforms have
been identified so far and classified into SIRT sub-
classes: Ia (SIRT1), Ib (SIRT2–3), II (SIRT4), III
(SIRT5), and IV (SIRT6–7). In general, SIRTs are
known to exert a deacetylase activity on the N-
acetyl‑lysine tails of histones and key cell signal-
ing proteins, and have therefore been associated
with the so‑called epigenetic regulation [1]. In
the specific case of neurodegenerative diseases,
SIRTs have emerged as a potential pharmaceutical
target as disease modifiers, since some of them
have been found in functions related to ageing,
memory, and neurodegenerative cascades. For in-
stance, the activation of SIRT1, a predominantly
nuclear enzyme, resulted in the proteolysis of
amyloid precursor protein (APP) in the brain by
* These authors contributed equally to the work.

Sacconnay L et a
triggering the transcription of the α‑secretase
ADAM10. APP proteolysis by α‑secretase has been
associated with neuroprotection in Alzheimerʼs
disease in in vivomodels, resulting in lower levels
of Aβ peptides, the precursors of senile plaques
observed in this neurodegenerative condition
[2–4]. On the other hand, the nonspecific SIRT in-
hibitor nicotinamide was able to restore cognitive
deficits in a mouse model of Alzheimerʼs disease
expressing both Aβ peptide and tau protein fea-
tures [5]. Both nicotinamide and sirtinol, another
nonspecific SIRT inhibitor, were able to reduce
IGF‑1/IRS‑2/Ras/ERK1/2 signalling and protect
neurons [6]. Moreover, SIRT2 inhibition has been
considered a promising target for neurodegener-
ative diseases. Indeed, ageing is one of the main
risk factors for neurodegenerative diseases, and
SIRT2 is a tubuline deacetylase, predominantly
found in the cytoplasm, which has been shown
to accumulate in the ageing brain [7]. The role of
SIRT modulation in various neurodegenerative
diseases has been extensively reviewed by others
[8,9]. As part of our continuing interest in com-
l. Alkaloids from Psychotria… Planta Med 2015; 81: 517–524



Fig. 2 Residues characterizing the two SIRT catalytic pockets are repre-
sented in capped sticks and colored in rose (SIRT1) and gray (SIRT2). Punc-
tual differences between the two proteins are highlighted. (Color figure
available online only.)

Fig. 1 Chemical structures of the Psychotria alka-
loids vallesiachotamine lactone (1), E‑vallesiachot-
amine (2), Z‑vallesiachotamine (3), prunifoleine (4),
and 14‑oxoprunifoleine (5). The chemical structure
of the nonspecific SIRT inhibitor sirtinol (6) is also
shown.
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pounds with multifunctional biological activities targeting the
central nervous system (CNS) [10,11], indole alkaloids from Psy-
chotria spp. (Rubiaceae) have previously been studied for their
inhibitory activity on acetyl and butyrylcholinesterases (AChE
and BuChE, respectively), and monoamine oxidases A and B
(MAO‑A and MAO‑B, respectively) [12–14]. The monoterpene in-
dole alkaloids vallesiachotamine lactone (1; l" Fig. 1), E‑vallesia-
chotamine (2; l" Fig. 1), and Z‑vallesiachotamine (3; l" Fig. 1) iso-
lated from Psychotria laciniata were BuChE and MAO‑B inhib-
itors, while pauridianthoside (Fig. 1S, Supporting Information)
inhibited MAO‑A, and lyaloside (Fig. 1S, Supporting Information)
was a BuChE inhibitor. The alkaloids prunifoleine (4;l" Fig. 1) and
14‑oxoprunifoleine (5; l" Fig. 1) from Psychotria prunifolia were
shown to inhibit AChE and MAO‑A with IC50 values ≤ 10 µM, and
were also able to inhibit BuChE and MAO‑B at higher concentra-
tions. Finally, strictosamide (from P. laciniata), vincosamide (from
Psychotria leiocarpa), strictosidinic acid (from Psychotria myrian-
tha), brachycerine (from Psychotria brachyceras), and psycholla-
tine (from Psychotria umbellata) (Fig. 1S, Supporting Informa-
tion) were not able to inhibit these enzymes [14]. Considering
the multifunctional in vitro effects displayed by these indole al-
kaloids from Psychotria on targets related to neurodegeneration,
and considering the potential SIRT inhibition by compounds pos-
sessing an indole scaffold [15], the capacity of the abovemen-
tioned alkaloids to bind SIRTs is herein investigated by following
a computational structure‑based approach. Enzymatic and cell-
based results are also presented for corroborating the computa-
tional data in order to bring to light SIRT inhibition as a new
mechanism of action of some of these multi‑target natural prod-
ucts.
T
hi

s

Results
!

By taking into account crystallographic information of the pro-
ductive forms suitable for docking studies [16], structural fea-
tures of human SIRT1 and SIRT2 were analysed and compared.
These proteins, sharing 39% of sequence identity, are the closest
isoforms among class III HDACs [17]. This identity increases up to
70% when the catalytic area, composed by the A–C subpockets, is
considered. The two active sites, superimposed in l" Fig. 2, pre-
sented similar volume cavity values (1554 Å3 and 1638 Å3, re-
spectively) [18] and only punctual differences among residues.
Whereas Arg466 in SIRT1 is replaced by Lys287 in SIRT2, preserv-
ing the physicochemical properties of this area in both isoforms,
the electropositive Lys444 from SIRT1 is replaced by the polar but
non‑charged Gln265 in SIRT2 (l" Fig. 2). The redocking of NAD+ in
Sacconnay L et al. Alkaloids from Psychotria… Planta Med 2015; 81: 517–524
SIRT1 [19] demonstrated that the GOLD genetic algorithm was
able to reproduce the crystallographic complex in silico, with
RMSD values lower than 1.5 Å (Fig. 2SA, Supporting Information).
Interestingly, the same interaction network was retrieved for
NAD+ in SIRT2 (Fig. 2SB, Supporting Information). Differences in
terms of PLP score, slightly lower in the SIRT2 pocket, were ob-
served. Indeed, this may be due to the fact that the SIRT1 pocket,
which co‑crystallized with the co‑substrate and is considered a
rigid body during docking calculations, presented side chain con-
formations optimized for NAD+ accommodation [19]. SIRT2, crys-
tallized in the complex with ADP‑ribose [20], characterized by a
different organization of the C subpocket, influenced the binding
of the nicotinamide moiety predicted by docking at this specific
site, leading to lower PLP values (Fig. 2SB, Supporting Informa-
tion).
After the successful validation step, the docking of the 12 Psycho-
tria alkaloids shown in Fig. 1S (Supporting Information) was then
carried out and their binding mode evaluated by visual inspec-
tion, also taking into account the PLP score values as a qualitative
criterion for understanding the potential strength of interaction.
All these compounds shared a tetrahydro‑β‑carboline or a β‑car-
boline scaffold: chemical modifications and substitutions on the
scaffold are expected to determine whether the different binding
behavior and affinities with the two targets is possible. It was



Fig. 3 Molecular docking results of Psychotria al-
kaloids in the SIRT1 catalytic pocket (pink ribbons).
Vallesiochotamine derivatives (1, brown sticks; 2,
magenta sticks; 3, cyan sticks) are reported in (a),
whereas prunifoleine derivatives (4, gray sticks; 5,
white sticks) are reported in (b). Residues involved
in the stabilization of the complexes are repre-
sented as red sticks and labeled according to the
same color code. (Color figure available online
only.)
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pointed out by the docking that the presence of a β‑glucopyrano-
syl moiety determines an unfavorable binding mode, as also sug-
gested by the negative/low PLP scores (Table 1S, Supporting In-
formation). The steric hindrance created by this relatively rigid
moiety prohibited the accommodation of compounds listed in
Fig. 1S (Supporting Information) in the hydrophobic SIRT pock-
ets. Despite these first negative results, this study showed that
vallesiachotamine and prunifoleine derivatives presented a fa-
vorable steric complementarity with the proteins, with a con-
served orientation of their tetrahydro‑β‑carboline and β‑carbo-
line scaffolds, respectively. Indeed, according to l" Fig. 2, itʼs not
surprising that these ligands could bind both SIRT isoforms in a
similar way. The common cyclic moiety accommodated in the
SIRT1 hydrophobic niche was composed of Ala262, Phe273,
Phe297, Ile347, and Val445 residues (l" Fig. 3). In the SIRT1–Z–
vallesiachotamine (3) complex, two additional hydrogen bonds
were observed: the acetyl group of the natural chemical inter-
acted with the Ser442 backbone, as also observed for E‑vallesia-
chotamine (2). Moreover, the carbonyl group of compound 3 in-
teracted with the Lys444 lateral chain. The same polar network
was retrieved for vallesiachotamine lactone (1;l" Fig. 3a) where-
as, for the prunifoleine derivatives (4 and 5), no polar contacts
were detected (l" Fig. 3b). Docking results in the SIRT2 pocket
(Fig. 3S, Supporting Information) highlighted Ala85, Phe96,
Ile69, Phe119, and Val266 as key residues for alkaloid binding.
Polar interactions involving 3 were mediated by Gln265 and
Ser263, with the latter also being involved in the stabilization of
1. Nomore contacts were found between alkaloids 2, 4, and 5 and
SIRT2. According to these structural analyses (Fig. 4S and 5S, Sup-
porting Information), the five selected alkaloids (l" Fig. 1) seem to
behave as potential nonselective SIRT binders. Molecular docking
for sirtinol (6; l" Fig. 1), a pan‑SIRT inhibitor, suggested that this
compound fit into both SIRT pockets through nonpolar interac-
tions, showing slightly higher PLP score values with respect to
the docked alkaloids (Table 1S, Fig. 2S C and D, Supporting Infor-
mation). With the PLP score being a qualitative parameter to
evaluate the interaction strength of a complex, and docking re-
sults being a fast but an approximate way to predict interactions
between biological partners, molecular systems obtained by
docking were embedded in a box of explicit water molecules
and their molecular and energetic features were monitored as a
function of time through MD simulations. During the first
800 ps, energy, pressure, temperature, and density values
reached a plateau, indicating a successful equilibration of all the
molecular systems in water (Fig. 6S and 7S, Supporting Informa-
tion). This stable behavior also characterized the production
phase; no unexpected fluctuations were detected in the com-
plexes, as indicated by the low RMSD and standard deviation
(SD) values (< 1.5 Å) of ligand atoms and residues characterizing
the catalytic pockets (Table 2S, Supporting Information). In line
with these observations, the key interactions previously high-
lighted by docking were kept along simulations (data not shown).
MM‑GBSA analyses were successively carried out for estimating
the free energy of binding ΔGMM‑GBSA of the complexes, using
1000 snapshots extracted from each production phase. The re-
sulting negative energies indicated a favorable binding mode,
with higher affinities for vallesiachotamine derivatives (1–3;
l" Fig. 4). Whereas energetic values associated to 3–5 were in the
same range in the two enzymatic isoforms, compounds 1 and 2
showed slightly lower energies in SIRT1 with respect to SIRT2.
This can be due to the missing polar network between SIRT2
and the alkaloids 1 and 2, stabilized only by hydrophobic interac-
tions. The reference compound 6 showed a ΔGMM‑GBSA value close
to that obtained for vallesiachotamine derivatives, indicating a
similar mechanism of action for these natural products related
to a nonspecific SIRT inhibition.
In order to confirm the theoretical results, in vitro enzymatic as-
says were conducted on SIRT1. Enzymatic activity was deter-
mined bymeasuring the amount of deacetylated substrate gener-
ated in the enzymatic assay at different concentrations (10, 50,
100, and 150 µM). The inhibitory profile of these alkaloids was
comparable to 6 in a dose‑response manner (l" Fig. 5). Alkaloids
1 and 5were significantly (p < 0.05) less potent than 6 at the high-
est concentrations (100 and 150 µM). This weaker inhibitory po-
tential may be linked to solubility issues.
We have previously demonstrated that the nonspecific SIRT inhi-
bition by 6 induces higher cytotoxicity than the specific SIRT1 in-
hibition in HEK 293 and HeLa cells [21]. In this study, compounds
2 and 3 displayed a reduced viability of HEK 293 cells comparable
to 6 at the tested concentrations (Fig. 8S, Supporting Informa-
tion), which was in line with the nonselective SIRT mechanism of
inhibition hypothesized for 1–5. For compounds 1 and 4, it was
not possible to observe a dose response, since they did not show
enough cytotoxicity. By analyzing their structural features
(l" Fig. 1), it was possible to note that 4 and 5 are charged at a
physiological pH, whereas lactones were reported to be poten-
tially unstable upon slight pH changes in biological cultures, en-
abling the opening of the lactone cycle and the formation of a de-
Sacconnay L et al. Alkaloids from Psychotria… Planta Med 2015; 81: 517–524



Fig. 4 Free energies of binding (ΔGMM‑GBSA) esti-
mated for the selected Psychotria alkaloids during
1 ns MD production phase. Energies were also esti-
mated for 6, a nonselective SIRT inhibitor.

Fig. 5 Enzymatic SIRT1 activity measured for Psy-
chotria alkaloids and the nonspecific inhibitor 6
after 30min of incubation at 10 µM, 50 µM,
100 µM, and 150 µM. Values are presented as % of
the non‑treated control wells. * Significantly differ-
ent (p ≤ 0.05) using the post hoc Dunnettʼs test.
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protonated carboxylic form [22]. It is known that charged com-
pounds typically suffer from low cellular permeability. This may
explain the missing cytotoxicity detection for these alkaloids. By
applying an in‑house passive blood brain barrier (BBB) perme-
ability model developed in MOE (Chemical Computing Group,
available upon request), it was possible to highlight the capability
of all the compounds, with the exception of 1, 4, and 5, to cross
the barrier. Indeed, for having a central effect, an ideal neurother-
apeutic agent should cross the BBB. In order to check the cyto-
toxic effects of these alkaloids in cells from the CNS, the effects
on the viability and integrity of astrocyte cells submitted to treat-
ments with 2 and 4were evaluated by theMTT reduction, neutral
red (NR) uptake, and propidium iodide (PI) exclusion assays. The
tested concentrations were chosen based on the results verified
in the SIRT enzymatic assays. As expected, viability and integrity
experiments revealed that 4 did not impair the viability and in-
tegrity of astrocyte cells. This may be due to the low cell perme-
ability of the compound as discussed previously. Nevertheless, 2
impaired the cell viability and integrity in theMTT (l" Fig. 6a), NR
Sacconnay L et al. Alkaloids from Psychotria… Planta Med 2015; 81: 517–524
(l" Fig. 6b), and PI (Fig. 9S, Supporting Information) assays when
evaluated at 100 µM.
Discussion
!

Neurodegenerative disorders such as Parkinsonʼs disease (PD)
and Alzheimerʼs disease (AD) are the result of multiple physiopa-
thological processes regulating the neurodegenerative cascade.
For this reason, multi‑target drug candidates are of great interest
for the treatment of such diseases [11,23]. It is known that nature
is a rich source of phytochemicals possessing multifunctional
properties [24]. Considering the inhibitory effects described for
alkaloids from Psychotria on cholinesterases and monoamine ox-
idases [12–14] and the role of these enzymatic targets on the CNS
and in neurodegenerative conditions [25], the present work pro-
posed the investigation of the inhibitory activity of 12 Psychotria
alkaloids (l" Fig. 1; Fig. 1S, Supporting Information) against SIRT
isoforms 1 and 2, recently identified as potential targets to fight
against neurodegeneration [9]. First, a molecular docking study



Fig. 6 Cytotoxic effects of alkaloids 2 and 4 on
primary astrocytes cell cultures. Both alkaloids were
tested in concentrations of 1, 10, and 100 µM and
incubated for 24 h. Cellular viability was accessed by
MTT reduction (a) and neutral red uptake (b) assays.
Each value is the mean ± SEM of three independent
experiments performed in triplicate. * Significantly
different (p ≤ 0.05) using the Studentʼs t‑test.
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was carried out to verify possible interactions of these phyto-
chemicals with the two enzymatic targets. Computational results
suggested a favorable binding mode for the non‑glycoside mono-
terpene indole alkaloids (l" Fig. 1). Such compounds, as the non-
selective SIRT inhibitor 6, occupied the catalytic B–C subpockets
of the two isoforms in a similar way, and were mainly stabilized
through hydrophobic contacts. This structural information sug-
gested a competitive mechanism of inhibition for the five alka-
loids; their position in the pockets would prevent NAD+ binding.
This was not the case for the synthetic indole inhibitor EX527, for
which crystallographic details are available [19]. The latter, occu-
pying part of the C subpocket of SIRT1, allowed the simultaneous
presence of NAD+ and revealed a novel mechanism of inhibition
(Fig. 10S, Supporting Information) [19]. 1 ns MD simulations al-
lowed for the relaxation of the complexes in a hydrated environ-
ment. The molecular systems demonstrated certain stability over
time, with low RMSD fluctuations (Table 2S, Supporting Informa-
tion). Thermodynamic calculations confirmed the favorable
binding of the five alkaloids, suggesting a higher affinity for 1–3
at the SIRT1 binding site, probably due to the presence of the ad-
ditional polar contacts retrieved by docking and maintained dur-
ing the simulations (l" Fig. 4). In order to confirm these hypothe-
ses, enzymatic and cellular assays were carried out. The five com-
pounds selected in silico demonstrated a SIRT1 inhibitory profile
comparable to that of 6 (l" Fig. 5). As cytotoxicity is one of the
mechanisms associated with nonselective SIRT inhibition, IC50
values on HEK 293 and on rat astrocyte primary cells were esti-
mated. Only alkaloids 2 and 3 were able to impair the cell viabil-
ity and integrity of both cellular lines at low (HEK 293) and high
(astrocytes) concentrations (l" Fig. 6; Fig. 8S and 9S, Supporting
Information). These findings were in line with a recent study in
which 2 was evaluated for its effects on cell viability and cell
death on cultured human melanoma cells SK‑MEL‑37. Treatment
of melanoma cells with this compound (50 µM) for 24 h caused
extensive cytotoxicity and necrosis [26]. The quaternary β‑carbo-
lines (4, 5), as well as compound 1, demonstrated no apparent
toxicity. This behavior may be due to their physicochemical prop-
erties leading to poor cell permeability, as also confirmed by a
passive BBB prediction test conducted in silico.
The present work demonstrated for the first time the inhibitory
properties of monoterpene indole alkaloids from Psychotria on
SIRT enzymes, identified first through an in silico driven ap-
proach and then confirmed experimentally. Such evidences fur-
ther prove the multifunctional effects of Psychotria alkaloids on
the CNS, whose scaffold could be considered not only for the de-
velopment of novel compounds with central activities, but also
for the conception of chemical probes for SIRT target validation
in neurodegeneration.
Materials and Methods
!

Protein and ligand structures preparation
Crystallographic structures of the productive forms of human
SIRT1 (PDB ID: 4I5I) and SIRT2 (PDB ID: 3ZGV) were retrieved
from the Protein Data Bank (wwPDB; http://www.wwpdb.org/)
[19,20]. The missing loop in SIRT2 was modelled according to
our previously published protocol [21]. Both isoform structures
were then prepared for structural inspection and docking in
MOE 2012.10 by removing the crystallized water molecules and
ligands, and by adding the missing hydrogen atoms. Three‑di-
mensional structures of sirtinol (6) and the alkaloids of interest
(l" Fig. 1; Fig. 1S, Supporting Information) were constructed in
MOE and their initial conformation optimized using the Amber
force field [27,28]. Stereochemistry for all ligands was carefully
checked, and the protonation state at pH 7.4 was assigned using
the Protonate 3Dmodule of MOE [29].

Molecular docking
The molecular docking protocol was developed by using GOLD,
version 5.2 (CCDC). SIRT1 and SIRT2 pockets were defined by con-
sidering those residues 13 Å far from the Cβ atom of Ala262-
Ala85, respectively. The docking methodology was first checked
and validated through the redocking of the inhibitor Ex‑527 and
the co‑substrate NAD+ into the SIRT1 pocket (PDB ID: 4I5I). The
latter compound was then docked in SIRT2. Interactions between
the two isoforms and compounds listed in l" Fig. 1 and Fig. 1S
(Supporting Information) were successively evaluated by apply-
ing the same protocol. One hundred docking poses for each flex-
ible ligand, obtained by using the Preset options for the GOLD ge-
netic search algorithm, were evaluated and ranked according to
the PLP score. Based on both score and visual inspection analyses,
alkaloids were selected for further in silico investigations.

Molecular dynamics simulations
Docking poses for the selected ligands were used as a starting
point for explicit water molecular dynamic (MD) simulations. All
complexes were prepared using the xleap module of Amber 12
[27]. Parameters for protein and ligands were taken from Am-
berff99SB [30] and Gaff [31] force fields, respectively. The AM1-
BCC method was used to calculate partial charges for ligands
through the antechamber module of Amber 12. Each complex
was then embedded in an octahedral box of TIP3P water mole-
cules (10 Å around the solute) [32], neutralized by Na+ ions, and
minimized along 1000 steps with restraints on the solute using
the pmemdmodule of Amber 12. Complexes were then free to re-
lax along a further 1500 steps of conjugate gradient and 1000
steps of steepest descent energy minimization cycles. 100 ps of
slow heating at a constant volume (from 10 K to 300 K) with
Sacconnay L et al. Alkaloids from Psychotria… Planta Med 2015; 81: 517–524
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weak restraints on the solute (10.0 kcal/mol/Å) was applied to all
systems, followed by 100 ps MD at constant pressure conditions
(1 atm). Equilibrium was reached for all systems after 600 addi-
tional ps monitoring, with the ptraj module of Amber12, ener-
gies, pressure, temperature, density, and RMSD values [27]. Tra-
jectories were then collected each 2 ps along 1 ns of theMD prod-
uction phase. The Particle‑Mesh‑Ewald algorithm (PME) with a
cutoff of 8 Åwas used for treating the long‑range electrostatic ef-
fects [33] along with SHAKE algorithm to constrain the bonds
connecting hydrogen atoms [34].

Molecular dynamics trajectories analysis
MD trajectories were analyzed with the ptraj module of Amber
12 through the calculation of hydrogen bonds and hydrophobic
contact occupancies together with root mean square deviation
(RMSD) values, by considering the initial equilibrate structure ex-
tracted from each MD production phase as a reference. Binding
free energies (ΔG) between the ligands and each isoform were
calculated by using an MM‑GBSA [27] single trajectory approach.
According to this method, solute internal energy contribution is
estimated using the molecular mechanics force field, whereas
the electrostatic and the nonpolar solvation energy terms are cal-
culated by applying the generalized Born [35] and the solvent ac-
cessible surface area (SASA)‑based models [36], respectively.
Here, 1000 snapshots taken every 1 ps were extracted along the
production phase and free energies of binding were estimated.

Chemicals
The five Psychotria indole alkaloids selected from the in silico
workflow were obtained from isolation procedures described
previously, after which they have been kept at − 20°C as part of
our in‑house chemical library for natural products. Vallesiachot-
amine lactone (1, purity > 90%) and E/Z‑vallesiachotamine com-
pounds (2 and 3, purity > 95% for both compounds) were isolated
from P. laciniata Vell., collected from the Atlantic forest of Cocal
do Sul (Santa Catarina, Brazil S26°80′; W48°95′; ICN 182552,
Herbarium of the Federal University of Rio Grande do Sul).
Briefly, the dried leaves were extracted with EtOH at room tem-
perature. The solvent was removed under vacuum and the resid-
ual extract dissolved in 1N HCl and exhaustively extracted with
CH2Cl2, in order to remove non‑polar constituents. Subsequently,
the acid extracts were alkalinized with 25% NH4OH (pH 9–10)
and partitioned with CH2Cl2, resulting in the P. laciniata alka-
loid-enriched extract. This extract was fractionated by reversed
phase medium pressure liquid chromatography (RP‑MPLC) with
a H2O–CH3CN gradient step, Fractions containing 1, 2 and 3were
submitted to preparative HPLC with isocratic elution (H2O:
CH3CN, 40:60, v/v), rate of 5mL/min, and detection at 280 nm,
affording the isolated compounds [14]. Prunifoleine and 14‑oxo-
prunifoleine (4 and 5, purity > 90% for both compounds) were
isolated from P. prunifolia (Kunth) Steyerm., collected from the
seasonal semi‑deciduous forest in Goiânia (Goiás, Brazil, S16°36′
12, W49°15′, Delprete 10323, Herbarium of the Federal Univer-
sity of Goiás). Briefly, an alkaloid‑enriched extract was obtained
as described for P. laciniata, and compounds were isolated by re-
peated column chromatography on silica gel 60 (CHCl3–MeOH–
NH4OH eluent system in gradient form) and successive purifica-
tion by preparative TLC on silica gel with CHCl3/MeOH (25:75)
[37]. Sirtinol (purity > 98%, Santa Cruz Biotechnology), ammo-
nium chloride (purity > 99.5%, Sigma‑Aldrich) and hydrogen per-
oxide (50% stabilized solution, Sigma‑Aldrich) were used as pos-
itive controls. Prior to enzymatic and cell‑based experiments, all
Sacconnay L et al. Alkaloids from Psychotria… Planta Med 2015; 81: 517–524
alkaloids had their purity assessed by UHPLC/HR‑TOF‑MS and
NMR spectroscopy.

UHPLC/HR‑TOF‑MS analyses
UHPLC/HR‑TOF‑MS analyses were performed on a Micro-
mass‑LCT Premier time‑of‑flight mass spectrometer fromWaters
with an electrospray (ESI) interface coupled with an Acquity
UPLC system from Waters. Detection was performed in the posi-
tive ion mode in the range ofm/z 100–1000 in the centeredmode
with a scan time of 0.2 s and an interscan delay of 0.3 s for polar-
ity switching. ESI conditions were: capillary voltage 2800 V, cone
voltage 40 V, source temperature 120°C, desolvation tempera-
ture 250°C, cone gas flow 20°L/h, and desolvation gas flow
800 L/h. For the internal calibration, a solution of leucine/enke-
phalin from Sigma‑Aldrich at 5 µg/mL was infused through the
lockmass probe at a flow rate of 5 µL/min using a second Shimad-
zu LC‑10ADvp LC pump.

NMR analyses
NMR spectra were recorded on a Varian Inova 500MHz spec-
trometer. The instrument was controlled using Varian NMR soft-
ware installed on a Sun SPARCstation. The chemical shifts are giv-
en in δ (ppm) with residual solvent signal as the internal refer-
ence. The coupling constants are given in Hz. Spectral data of
the isolated alkaloids are given as Supporting Information (Table
3S).

Enzymatic assays
Reactions were carried out in 96‑well ½ volume plates. For the
SIRT1 enzymatic assay, a preincubation was conducted with
550 µM NAD+, 30 µM substrate (Fluor de Lys™ SIRT1, Enzo), and
test samples (3% DMSO final concentration) at 37°C for 15min
under agitation. The enzymatic reaction was started by the addi-
tion of 1 unit/well of human recombinant SIRT1 enzyme (Sigma
Aldrich) in assay buffer (50mM Tris/HCl pH 8.0, 137mM NaCl,
2.7mM KCl, 1mM MgCl2, 1mg/ml BSA), except for blank wells
that received buffer and vehicle only. The plate was further incu-
bated at 37°C for 30min under agitation. The reaction was
stopped by the addition of 1mM nicotinamide. Fluor de Lys de-
veloper II™ (BML‑KI176) was diluted 5‑fold in assay buffer and
added to every well. The relative amounts of deacetylated sub-
strate were obtained by fluorescence reading (FLx800™, BioTek,
excitation 360 nm, emission 460 nm). SIRT activity was calcu-
lated by comparing the amount of deacetylated substrate be-
tween the DMSO control (100% SIRT activity) and the test sam-
ple. Sirtinol was used as a positive control.

Cell culture
HEK 293 cells (ATCC® CRL‑1573™) were cultured inminimum es-
sential medium (MEM) α, no nucleosides (Gibco), supplemented
with 10% heat‑inactivated FBS, 100 units/mL penicillin, and
100 µg/mL streptomycin. Cultures were kept in 75 cm2 tissue cul-
ture flasks (NUNC, Thermo Scientific) at 37°C in a 5% CO2 incuba-
tor (HERAcell, Heraeus). Primary cortical astrocyte cultures from
Wistar rats were prepared as previously described [38]. All pro-
cedures were in accordance with the NIH guidelines for the care
and use of laboratory animals and were approved by the ethical
committee from the host institution (CEUA, UFRGS, Porto Alegre,
Brazil). Briefly, cortices of newborn Wistar rats (1–2 days old)
were removed and mechanically dissociated in Ca2+ and Mg2+‑
free balanced salt solution. The cortex was cleaned of meninges
and mechanically dissociated by sequential passage through a
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Pasteur pipette. After centrifugation at 1000 rpm for 5min, the
pellet was resuspended in DMEM (pH 7.6) supplemented with
8.39mM HEPES, 23.8mM NaHCO3, 0.1% Fungizone®, 0.032% ga-
ramicine, and 10% FCS. Cultures were maintained in DMEM con-
taining 10% FCS in 5% CO2/95% air at 37°C and allowed to grow to
confluence.

Crystal violet cell viability assay
Assays were performed in sterile 96‑well flat bottom polystyrene
TC‑treated microplates. Microplate wells were previously coated
with 50 µl/well of 20 µg/ml poly‑D‑lysine in DPBS for 30min,
washed with double distilled water, and let dry under laminar
flow. HEK 293 cells were plated at 6400 cells/well for the 24‑h as-
say. Cells were allowed to attach for 6 h before treatment with
compounds. Tested samples were diluted in DMSO leading to a
0.5% DMSO final concentration. After the incubation time (24 h),
the medium was removed and 200 µL of 0.2% crystal violet solu-
tion (in 2% ethyl alcohol) was added to each well, followed by
10min incubation. After removal of the crystal violet solution,
the wells were washed several times with tap water, and let to
dry. Crystal violet dye was solubilized by the addition of 200 µL/
well of 0.5% SDS in 50% ethyl alcohol. Microplates were read at
595 nm in a plate reader (ELx800™, Bio‑Tek). Cell cytotoxicity
was calculated from a percent relative to the DMSO control. Sirti-
nol was used as a positive control [18].

MTT reduction cell viability assay
Viability was assayed via the colorimetric MTT method (Hansen
et al., 1989). Briefly, the cells were incubated with 0.5mg/mL
MTT followed by incubation in 5% CO2 at 37°C for 30min. The
formazan product generated during the incubation was solubi-
lized in DMSO. Absorbance values were measured at 560 and
630 nm. The results are expressed as a percentage of the control.
Ammonium chloride and hydrogen peroxide were used as posi-
tive controls.

Neutral red uptake cell viability assay
Astroglial cell viability was evaluated by the neutral red uptake
assay. Briefly, rat cortical astrocytes were incubated for 24 h with
the treatments: E‑vallesiachotamine and prunifoleine at 1, 10,
and 100 µM prepared in DMEM medium. After this period, the
neutral red reagent was added to the medium, and the cells were
incubated for 30min. Then, the medium was completely re-
moved and the wells were washedwith PBS buffer (2 × 5min). Fi-
nally, after the homogenization of the wellʼs content with an acid
acetic solution, the colorimetric readings were performed at
560 nm. The results are expressed as a percentage of the control.
Ammonium chloride and hydrogen peroxide were used as posi-
tive controls.

Propidium iodide assay
Cellular damage was assessed by fluorescent image analysis of PI
exclusion assay as previously described [39]. Cells were incu-
bated with alkaloids E‑vallesiachotamine (2) and prunifoleine
(4) in concentrations corresponding to 1, 10, and 100 µM for
24 h. Concomitantly, PI (7.5 µM) was added to the culture me-
dium. After the incubation, cells were analyzed and photo-
graphed with a Nikon inverted microscope using a TE‑FM epi-
fluorescence accessory. Optical density was determined with
the Optiquant version 02.00 software (Packard Instrument Com-
pany). All images are representative fields from three experi-
ments carried out in triplicate. Ammonium chloride and hydro-
gen peroxide were used as positive controls.

Statistical analysis
Data are reported as the mean ± SEM and were analyzed by one-
way analysis of variance (ANOVA) followed by Duncanʼs test or by
Studentʼs t‑test when indicated in the results section and per-
formed in GraphPad Prism 5.0. Values of p < 0.05 were considered
significant.

Supporting information
Docking and MD calculations, together with cell viability (HEK
293 and primary astrocyte cells) and spectral data, are available
as Supporting Information.
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