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A B S T R A C T

The new alkene lactone, (3E)-5,6-dihydro-5-(hydroxymethyl)-3-docdecylidenefuran-3(4H)-one (1), named ma-
joranolide B, and three alkene lactones known as majorenolide (2), majoranolide (3) and majorynolide (4) were
obtained from the aerial parts of Persea fulva (Lauraceae). The structures were elucidated in light of extensive
spectroscopic analysis, including 1D, 2D NMR (1H, 13C, 1H-1H-COSY, HMBC and HSQC) and HR-ESI-MS. These
compounds were screened for their in vitro antiproliferative activity in rat C6 glioma and astrocyte cells using
MTT assay and in silico by molecular docking against targets that play a central role in controlling glioma cell
cycle progression. Majoranolide (3) is the most active compound with IC50 6.69 µM against C6 glioma cells,
followed by the compounds 1 (IC50 9.06 µM), 2 (IC50 12.04 µM) and 4 (IC50 41.90 µM). The alkene lactones 1–3
exhibited lower toxicity in non-tumor cells when compared to glioma cells. Molecular docking results showed
that majoranolide establishes hydrogen bonds with all targets through its α,β-unsaturated-γ-lactone moiety,
whereas the long-chain alkyl group binds by means of several hydrophobic bonds. In the present study, it can be
concluded from the anti-proliferative activity of isolates against C6 glioma cells that lactone constituents from P.
fulva could have a great potential for the control of C6 glioma cells.

1. Introduction

Malignant gliomas are the most common and aggressive central
nervous system tumors. Currently, the standard procedure for malig-
nant gliomas consists of surgical resection followed by adjuvant che-
motherapy [1,2]. Considering the lack of recent progress in the treat-
ment, the development of new agents able to reactivate cell cycle or cell
death programs is important for the new therapies focusing on

malignant gliomas [3,4]. In this scenario, medicinal plant species and
their secondary metabolites inhibit the progression and development of
tumor cells [5].

The genus Persea of the family Lauraceae, comprising about 190
species, is widely distributed throughout Mesoamerica, South America
and Southeastern Asia [6]. Previous phytochemical investigation of the
genus Persea revealed the presence of terpenoids, flavonoids, lignans,
alkaloids and steroids [7–16]. Alkene lactones also have been reported
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in Persea species and have showed antitumoral and cytotoxic activities
[17–20].

Due to the traditional medicinal importance of the genus and the
few investigations with Persea fulva L.E. Koop., the aerial parts of this
species were investigated, what yielded four alkene lactones (1–4)
(Fig. 1). Herein, we described the isolation, structural elucidation and
evaluation of the effects of these compounds on C6 glioma cell growth
(in vitro and in silico).

2. Results and discussion

2.1. Isolation of alkene lactones

The leaves of P. fulva were collected from the Brazilian semiarid
region and extracted with 80% ethanol. The EtOH extract was sus-
pended in H2O and partitioned successively with hexane, EtOAc and n-
ButOH. The EtOAc fraction was subjected to column chromatography to
yield 15 fractions (Fr1-Fr15). The Fr 9-10 was subjected to purification
by semi-preparative HPLC with DAD detection to afford the new natural
compound (3E)-5,6-dihydro-5-(hydroxymethyl)-3-docdecylidenefuran-
3(4H)-one, named majoranolide B (1), together with two other known
alkene lactones: majorenolide (2) and majoranolide (3). Additionally,
the Fr 8 was subjected to further column chromatography to afford
another known alkene lactone, majorynolide (4). The elucidation of the
compound structures was performed by 1D- and 2D-NMR techniques
(1H, 13C, HSQC, HMBC, 1H-1H-COSY) (Table 1) as well as IR, HRESIMS
and comparison with literature data.

Compound (1) was obtained as a green oil, whose molecular for-
mula was determined to be C17H30O3 by HRESIMS (m/z 283.2204, [M
+H]+) with a degree of unsaturation of 3. The 13C NMR and DEPT-
135° spectra showed 17 carbons, including twelve methylenes at δC

26.3 (C-4), 63.2 (C-6), 29.6 (C-8), 27.8 (C-9), 29.4–29.0 (C-10 to C-15),
31.7 (C-16) and 22.3 (C-17), two quaternary carbons at δC 171.9 (C-2)
and 126.8 (C-3), two methines at δC 78.2 (C-5) and 140.2 (C-7) and one
methyl group at δC 13.0 (C-18).

One olefinic hydrogen was assigned the signal at δ 6.67 (m, H-C(7))
and three CH2-group signals were observed δ 2.25 (q, J=7.4, CH2(8)),
1.53 (qu, J=7.4, CH2(9)), 1.30–1.45 (m, CH2(10–17)). The presence of
the signal at δ 0.92 (t, J=6.8 CH3(18)) confirms the presence of a
terminal methyl. One set of contiguous hydrogens was detected at δ
2.93 (m), 2.74 (m), for CH2(4), 4.66 (m) for H-C(5) and 3.78 (dd,
J=12.3, 3.2) and 3.60 (dd, J=12.3, 4.5) for CH2(6). In addition, the
α-alkylidene-γ-(hydroxymethyl)-γ-lactone moiety was deduced by the
HMBC correlations of H-7 to C-2 and C-4; H-8 to C-2, C-3 and C-7 and
H-4 to C-2, C-3, C-5, C-6 and C-7 (Fig. 2). The CH2(4) hydrogens were
also coupled to H-C(8) due to an allylic 4J-coupling, what suggested
that 1 contains an α-alkylidene-γ-(hydroxymethyl)-γ-lactone moiety.
Further spectral data (UV, HRESIMS, 1H and 13C NMR) confirmed the
structure of 1 as (3E)-5,6-dihydro-5-(hydroxymethyl)-3-doc-
decylidenefuran-3(4H)-one, a new alkene lactone, named majoranolide
B [17,19,21].

Compound 2 differs from 1 in the C-17 and C-18 terminal carbons,

which in 2 show double bond signals and three additional olefinic
hydrogens were assigned. Thus, according to the literature data, the
structure of 2 was elucidated as majorenolide. The 1H and 13C NMR
spectra for compound 3 were similar to those of 1, except for the two
additional carbons present in the side chain of 3. Further spectral data
confirmed the structure of 3 as majoranolide. The 1H and 13C NMR
spectra of 4 were similar to those of majorenolide 2 and have the same
α-alkylidene-γ-(hydroxymethyl)-γ-lactone moiety. The major difference
was the presence of a terminal acetylene group. All spectral data con-
firmed the structure of 4 as majorynolide [17–19,21].

The High-Resolution Mass spectrometry multistage analysis (HR-
ESI-MS/MS) of the alkene lactones 1–4 showed pseudo-molecular ion
peak [M+H]+ at m/z 283.2204, 281.2142, 311.2612 and 279.1966,
respectively. MS2 fragmentation of [M+H]+ resulted in the formation
of product ions from dehydration (1a, 2a, 3a and 4a), and neutral loss
of formic acid (1b, 2b, 3b and 4b), respectively. The Fig. S1 showed a
proposal of fragmentation route of these compounds.

2.2. Antiproliferative activity

Unrestricted cell growth and resistance to cell death are typical
hallmarks of tumor cells [22]. All isolated alkene lactones were eval-
uated for their effects on rat C6 glioma cell growth. The effect of alkene
lactones on the metabolic activity of rat C6 glioma cells after 24 h of
treatment was tested using the MTT reduction assay, which measures
the dehydrogenase function in the mitochondrial metabolism. In order
to calculate IC50 values (concentration that causes 50% growth in-
hibition), the cells were incubated with increasing concentrations of the
isolated compounds for 24 h.

When compared to control (DMSO 0.05%), it was observed that all
the alkene lactones were cytotoxic (p < 0.05) to C6 cells, inducing
significant decreases on mitochondrial activities (Fig. 3). Proliferation
of C6 cells was significantly inhibited by alkene lactones in a con-
centration-dependent manner (Fig. 4), with more than 90% suppres-
sion. Majoranolide (3) is the most active compound with IC50 6.69 µM
against C6 glioma cells, followed by the 1 (IC50 9.06 µM), 2 (IC50
12.04 µM) and 4 (IC50 41.90 µM) compounds.

C6 cells are still largely used in vitro and in vivo experimental models
to develop new glioblastoma treatment strategies. Thus, some authors
consider that results obtained from studies using C6 cells would be si-
milar to responses observed in human glioblastomas [23].

Since the toxicity of the anticancer agents in the normal tissues
reduces the possibilities of chemotherapy, the influence of the alkene
lactones (1–4) on the viability of normal astrocytes was assessed. The
results (Fig. 5) showed that alkene lactones 1–3 did not produce toxi-
city in astrocyte cells at concentrations greater than the IC50 values for
tumoral cells. Therefore, the results obtained for alkene lactones are
promising in the search for new compounds with antitumor activity.

Majorenolide, majoranolide and majorynolide were isolated for the
first time from the EtOH extract of the bark of Persea major and were all
active in bioassays showing brine shrimp lethality inhibition of crown
gall tumors on potato discs and cytotoxicity to human tumor cells (A-

Fig. 1. Alkene Lactones (1–4) isolated from P. fulva. majoranolide B (1), majorenolide (2), majoranolide (3) and majorynolide (4).
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549 lung carcinoma, MCF-7 breast carcinoma, HT-29 colon
adenocarcinoma) [17,18]. Falodun et al. [20] described the isolation of
one novel alkene lactone (4-hydroxy-5-methylene-3-un-
decyclidenedihydrofuran-2(3H)-one) from the root bark of P. americana
and reported a stimulatory effect on non-tumorigenic MCF-12A cells
regarding cell adhesion while tumorigenic MCF-7 cells detached con-
tinuously. These results corroborate with the abovementioned results
for the alkene lactones isolated from P. fulva.

2.3. Molecular docking

A molecular docking approach can explain the interaction between
molecules and proteins, which allows the characterization of the be-
havior of molecules at the binding site of target proteins [24]. In this
study, we investigated pathways that play a central role in controlling
glioma cell cycle progression. Four targets were selected, which are:
Focal Adhesion Kinase (FAK) and Ribosomal protein S6 Kinase 1 (S6K1)
because these targets are involved in multiple cellular functions such as
cell proliferation, survival and metastasis [25–27]; Cyclooxygenase-2
(COX-2), because it has been reported to be overexpressed in several
different tumor cells and hence has a crucial role in carcinogenesis and

in the progress of disease [28]; and Extracellular signal Regulated Ki-
nase 1 and 2 (ERK1/2) because they control the output of the MAPK
pathway, which plays a central role in controlling mammalian cell cycle
[24]. The crystallographic proteins used in the molecular docking stu-
dies are presented in the Table 2.

The efficiency and reproducibility of the docking protocol was
checked by re-docking the native ligands in the active site of three
enzymes. Docking success is observed when the pose is within 2 Å
RMSD of the crystal ligand [29]. The RMSD of the predicted con-
formation was 0.95 Å for the S6K1, 0.18 Å for the FAK, 0.82 Å for the
COX-2 and 0.36 Å for the ERK1/2 (Fig. S2). The results indicate that the
DOCK 6.8 software was able to approach the structure experimentally
determined.

Majoranolide (3) has shown the highest binding affinity with all
targets in comparison to other alkene lactones tested (Table 3). For the
FAK target, majoranolide (3) long-chain alkyl group forms hydrophobic
interactions with the side chain of Leu567, Leu553, Ala452 and Glu506
residues, while hydrogen bonds were made from the oxygen of the
majoranolide α,β-unsaturated-γ-lactone moiety and the N-terminal re-
sidue of the Asp564 and the oxygen atom of C-terminal residue of
Glu500 (Fig. 6A). Literature data suggest that chiral and lactone ring
compounds may have a strong interaction with this protein because
lactone rings were responsible for hydrogen bonds with the binding
pocket residues [26].

In the S6K1 docking, majoranolide forms hydrophobic interactions
with the side chain of Leu13, Ala37, Val21, Lys39 and Lys157 and
hydrogen bonds with the oxygen atom of the C-terminal residue of Lys-
157 and the N-terminal residues of the Gly19 and Tyr18 (Fig. 6B).
Thiyagarajan et al. [27] described that ligands form hydrogen bonds,

Table 1
1H (500MHz) and 13C (125MHz) NMR spectral data for alkene lactones (1–4) including results obtained by heteronuclear 2D shift-correlated HSQC (1JCH) and
HMBC (nJCH, n=2 and 3), in methanol-d4 as solvent. Chemical shifts in δ (ppm), coupling constants (J in Hz, in parenthesis) and TMS as internal standard.

1 2 3 4

C/H δ (13C) δ (1H) δ (13C) δ (1H) δ (13C) δ (1H) δ (13C) δ (1H)

C
2 171.9 – 171.9 – 171.9 – 171.9 –
3 126.8 – 126.8 – 126.8 – 126.8 –
17 – – – – – – 82.8 –
CH
5 78.2 4.66 (m) 78.2 4.66 (m) 78.2 4.66 (m) 78.2 4.65 (m)
7 140.2 6.67 (m) 140.2 6.67 (m) 140.2 6.67 (m) 140.2 6.67 (m)
17 – – 138.7 5.82 (m) – – – –
18 – – – – – – 67.9 2.17 (m)
CH2
4 26.3 2.93 (m), 2.74 (m) 26.3 2.95 (m), 2.74 (m) 26.3 2.94 (m), 2.74 (m) 27.8 2.94 (m), 2.74 (m)
6 63.2 3.78 (dd, 12.4, 3.3)

3.60 (dd, 12.4, 4.4)
63.2 3.78 (dd, 12.3, 3.3)

3.60 (dd, 12.4, 4.5)
63.2 3.78 (dd, 12.3, 3.3)

3.60 (dd, 12.4, 4.4)
63.2 3.78 (dd, 12.3, 3.2)

3.59 (dd, 12.3, 4.6)
8 29.6 2.25 (∼q, 7.4) 29.6 2.25 (q, 7.4) 29.6 2.25 (∼q, 7.4) 29.6 1.50 (m)
9 27.8 1.53 (qu, 7.4) 27.8 1.52 (qu, 7.4) 27.8 1.53 (qu, 7.4) 28.2 1.54–1.25
10 29.4a 1.45–1.30 29.2b 1.40–1.30 29.4c 1.40–1.30 29.1d 1.54–1.25
11 29.4a 1.45–1.30 29.1b 1.40–1.30 29.4c 1.40–1.30 29.0d 1.54–1.25
12 29.2a 1.45–1.30 29.1b 1.40–1.30 29.4c 1.40–1.30 29.0d 1.54–1.25
13 29.1a 1.45–1.30 29.0b 1.40–1.30 29.4c 1.40–1.30 28.7d 1.54–1.25
14 29.0a 1.45–1.30 28.8 1.40–1.30 29.2c 1.40–1.30 28.3d 1.54–1.25
15 29.0a 1.45–1.30 28.7 1.40–1.30 29.1c 1.40–1.30 28.2d 1.54–1.25
16 31.7 1.45–1.30 33.4 2.06 (qu, 6.9) 29.0c 1.40–1.30 17.5 2.24 (m)
17 22.3 1.45–1.30 – – 29.0c 1.40–1.30 – –
18 – – 113.3 4.98 (dq, 17.1, 1.6)

4.93 (dm, 10.1)
31.7 1.40–1.30 – –

19 – – – – 22.0 1.40–1.30 – –
20 – – – – – – – –
CH3 – – – – – – –
18 13.0 0.92 (t, 6.8) – – – – – –
19 – – – – – – – –
20 – – – – 13.0 0.92 (t, 6.8) – –

Number of hydrogens bound to carbon atoms deduced by 13C-DEPTQ NMR spectra. Chemical shifts and coupling constants (J) obtained of 1D 1H NMR spectra.
Superimposed 1H signals are described without multiplicity and chemical shifts deduced by HSQC, HMBC and 1H-1H-COSY spectra.
a,b,c,d The δ (13C) values with the same letter can be interchanged.

Fig. 2. HMBC correlations (blue arrows, from 1H to 13C) of Majoranolide B (1).
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Pi-cation and hydrophobic interactions with S1K6; these results confirm
the abovementioned interactions between majoranolide and the S1K6
active site.

For COX-2, majoranolide (3) forms hydrophobic interactions with
the side chain of Tyr84, Val85, Leu61, Tyr324, Leu500, Ala496 and
Val318. The majoranolide (3) hydroxyl group forms a hydrogen bond
with the oxygen atom of Met491 residue (Fig. 6C). Hydrophobic in-
teractions account for the main interactions formed between ibuprofen
(co-crystalized ligand) and the active site residues of COX-2 [30].

At last, for the ERK1/2 target, majoranolide (3) forms hydrophobic
interactions with the benzene ring of Tyr36 and the side chain of
Asp167, Val39, Ile31 and Leu156. A hydrogen bond was observed be-
tween the ligand hydroxyl groups and Met108, Lys114 and Glu109
(Fig. 6D).

For the all abovementioned interactions, majoranolide forms hy-
drogen bonds through its α,β-unsaturated-γ-lactone moiety, whereas
the long-chain alkyl group coordinates with the target by means of
several hydrophobic bonds. Hence, the bio-evaluation results indicated

majoranolide as the compound with the lowest IC50 and these results
were further confirmed through docking studies. This compound
showed the best affinity energy for all the targets.

3. Conclusion

One new and three already-known alkene lactones from Persea fulva
were isolated and screened for their antitumor potential against C6
glioma cells. Among all compounds screened against C6 glioma cells,
majoranolide (3) portrayed the potent activity followed by major-
anolide B (1), majorenolide (2) and majorynolide (4). The molecular
docking confirms majoranolide (3) as the most active and its interac-
tions with the active site in four possible targets involved in antitumoral
activity. Hence, from the anti-proliferative activity of isolates against
C6 glioma cells, it can be concluded that lactone constituents from P.
fulva could have a great potential for the control of C6 glioma cells.

Control (DMSO 0.05%),

1 2

3 4

Fig. 3. Visual field of C6 cells treated with control (DMSO 0.05%), majoranolide B (1), majorenolide (2), majoranolide (3) and majorynolide (4) after 24 h after
exposure with 10, 12, 7 and 40 µM, respectively.
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4. Experimental section

4.1. General experimental procedures

Methanol was obtained from J.T. Baker (Deventer, The
Netherlands). Milli-Q water was used for high-performance liquid
chromatography (HPLC) analysis. HPLC was conducted using a
Shimadzu Prominence Chromatograph, CMB-20A model (Shimadzu
Corporation, Kyoto, Japan) equipped with a UV–vis detector (SPD-
20A), column oven (CTO-20A), solvent pump (LC-20AD) and Luna
Phenomenex C-18 column (Phenomenex, Aschaffenburg, Germany)
(250×4.6mm; 5 μm). The solvents H2O (A) and methanol (B) were
used as the mobile phase in the following gradient elution: 0–4min,
80–100% B; 4–10min, 100% B; 10–12min, 90% B. A semi-preparative
HPLC system with DAD was used for the isolation of pure compounds
and comprised a Luna Phenomenex C-18 column (Phenomenex,
Aschaffenburg, Germany) (250mm×21.2mm×4 μm) with a 16-mL/
min flow rate, with a binary gradient phase of H2O and methanol in the
same conditions.

The XEVO-G2XSQTOF mass spectrometer (Waters, Manchester, UK)
was connected to the ACQUITY UPLC system (Waters, Milford, MA,
USA) via an electrospray ionization (ESI) interface. The analytical de-
tector was a Waters Acquity PDA detector, which was set to a wave-
length range of 200–400 nm. Chromatographic separation of com-
pounds was performed on the ACQUITY UPLC with a conditioned
autosampler at 4 °C, using an Acquity BEH C18 column
(50mm×2.1mm i.d., 1.7-μm particle size) (Waters, Milford, MA,
USA). The column temperature was kept at 40 °C. The mobile phase
consisting of 0.1% formic acid in water (solvent A) and methanol
(solvent B) was pumped at a flow rate of 0.4mLmin−1. The gradient
elution program was as follows: 0–4min, 80–100% B; 4–10min, 100%
B; 10–11min, 90% B. The injection volume was 10 μL. MS analysis was
performed on a Xevo G2 QTOF (Waters MS Technologies, Manchester,

UK), a quadrupole time-of-flight tandem mass spectrometer coupled
with an electrospray ionization source in positive ion mode. The scan
range was from 50 to 1200m/z for data acquisition. Source conditions
were as follows: capillary voltage, 2.0 kV; sample cone, source tem-
perature, 100 °C; desolvation temperature 250 °C; cone gas flow rate 20
Lh−1; desolvation gas (N2) flow rate 600 L h−1. All analyses were
performed using the lockspray (10 µLmin−1), which ensured accuracy
and reproducibility.

1H (500MHz) and 13C (125MHz) NMR data were obtained on a
Bruker Advance II 9.4 T instrument (Centro de Ciências e Tecnologia,
UENF) using methanol-d4 as solvent. Data are reported as follows:
chemical shift (δ), multiplicity (s= singlet, d= doublet, t= triplet,
q= quartet, br= broad, m=multiplet), integration, coupling con-
stants (J=Hz) and assignment. Measure of IR data was on Shimadzu
IRAffinity-1.

4.2. Plant material

Leaves of P. fulva (1050 g) were collected in Rio de Contas (Latitude
13°22′26.9″S; Longitude 41°53′27.5″W), Bahia, Brazil, in August 2012.
The plant material was identified by PhD Francisco Haroldo Feitosa do
Nascimento (State University of Feira de Santana). A voucher specimen
(n. 201.418) was deposited in the Herbarium of State University of
Feira de Santana.

4.3. Extraction and isolation

Leaves of P. fulva (1050 g) were ground into a powder, then ex-
tracted with EtOH-H2O (3000mL, 80:20 v/v, 5 days each time) at room
temperature for three times. After removal of the combined solvents, a
crude extract (193 g) was obtained. The crude extract was suspended in
H2O and partitioned with hexane, EtOAc and n-ButOH (each 900mL) in
succession. The resulting three fractions were evaporated in vacuum

Fig. 4. C6 Cell viability was measured after 24 h using MTT activity assays. Error bars indicate means ± SD and IC50 values were calculated using Graph Pad Prism
5. majoranolide B (1), majorenolide (2), majoranolide (3) and majorynolide (4).
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drying to yield hexane (7 g), EtOAc (62 g) and n-ButOH (34 g).
Subsequently, the EtOAc fraction was subjected to silica gel CC using as
mobile phase, solvents of increasing polarity (hexane, EtOAc, MeOH
and H2O) to yield subfractions 1–15.

The fractions 9–10 (2.9 g) were submitted to semi-preparative
HPLC-DAD analysis for the isolation of compounds 1 (tR. 11.5 min;
146mg, purity > 78% by HPLC), 2 (tR. 10.8 min; 1900mg, purity >
95% by HPLC), 3 (tR. 12.7 min; 223mg, purity > 95% by HPLC). The
fraction 8 was purified by silica gel column chromatography (hexane:
EtOAc, 9:1/7:3) to yield compound 4 (35mg, purity > 95% by HPLC).

4.4. Spectral data

Majoranolide B (1): Colorless crystals (146mg); IR (KBr) λmax:
3441, 2924, 2853, 1751, 1678, 1643, 1464 and 1213 cm−1; 1H NMR
(methanol-d4, 500MHz) and 13C NMR (methanol-d4, 125MHz) spec-
troscopic data: see Table 1. HR-ESI-MS: m/z 283.2290 [M+H]+ (calcd.
for C17H32O3 [M+H]+: 283.2267).
Majorenolide (2): Green oil (1900mg); IR (KBr) λmax: 3397, 2926,

2855, 1751, 1641, 1462, 1439 and 1200 cm−1; 1H NMR (methanol-d4,
500MHz) and 13C NMR (methanol-d4, 125MHz) spectroscopic data:
see Table 1. HR-ESI-MS: m/z 281.2119 [M+H]+ (calcd. for C17H30O3

[M+H]+: 281.2111).
Majoranolide (3): Colorless crystals (223mg); IR (KBr) λmax: 3736,

3610, 2920, 2850, 1743, 1678, 1523 and 1211 cm−1; 1H NMR (me-
thanol-d4, 500MHz) and 13C NMR (methanol-d4, 125MHz) spectro-
scopic data: see Table 1. HR-ESI-MS: m/z 311.2599 [M+H]+ (calcd. for
C19H36O3 [M+H]+: 311.2580).
Majorynolide (4): Colorless oil (35mg); IR (KBr) λmax: 3443, 3308,

2928, 2854, 1745, 1680, 1643, 1462 and 1205 cm−1; 1H NMR (me-
thanol-d4, 500MHz) and 13C NMR (methanol-d4, 125MHz)

spectroscopic data: see Table 1. HR-ESI-MS: m/z 279.1966 [M+H]+

(calcd. for C17H28O3 [M+H]+: 279.1954).

4.5. Antiproliferative activity

4.5.1. Cell cultures
Rat C6 glioma cells were cultured until confluence in 10-mm

polystyrene plates (TPP, Trasadingen, Switzerland), trypsinized and
replated on 40-mm (1.5× 105 cells/plate) or in 96-well (5× 103 cells/
cm2) polystyrene culture dishes (TPP). These cultures were cultured in
Dulbecco’s modified Eagle’s medium (DMEM; Cultilab, Campinas,
Brazil) supplemented with 100 UI/mL penicillin G, 100mg/mL strep-
tomycin, 7mmol/L glucose, 2 mmol/L L-glutamine, 0.011 g/L pyruvic
acid and 10% fetal calf serum and maintained in a humidified atmo-
sphere composed of 95% air and 5% CO2 at 37 °C.

Astrocyte cells were obtained from the cortex of Wistar newborn
rats (0–2 days old) from the Animal Facility of the Federal University of
Bahia (Salvador, Brazil) and performed according to Brazilian guide-
lines for production, maintenance and use of animals for teaching ac-
tivities and scientific research and the local Ethical Committee for
Animal Experimentation, protocol number (0272012, ICS - UFBA). In
brief, after decapitation, the forebrains of newborn Wistar rats were
dissociated mechanically and resuspended in DMEM supplemented
with 10% Fetal Bovine Serum (FBS), 10% Serum equine (HS), 4mM L-
glutamine, 100 U/mL penicillin and 100 μg/mL streptomycin. The cells
were cultured on poly-D-lysine (25 μg/mL) -coated flasks. Upon
reaching confluence (7–10 days), adherent microglial cells were har-
vested by shaking at 165 rpm at 37 °C for 3 h. After agitation to remove
microglia, the cultures enriched in astrocytes will be kept in the oven
for 48 h. After that period, they were trypsinized and seeded in 96-well
plates at a density of 3× 104/cm 2 and experiments were performed
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Fig. 5. Astrocyte cell viability was measured after 24 h using MTT activity assays. Error bars indicate means ± SD of compunds majoranolide B (1), majorenolide
(2), majoranolide (3) and majorynolide (4).
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after 24 h. In all cases, the cells were cultured at 37 °C in 5% CO2.

4.5.2. Treatments and cell viability evaluation
The inhibition ratio reflecting the cytotoxicity of the compounds

was assessed through an MTT assay [31]. Confluent cancer cells cul-
tured in 96-well plates (TPP) (1x104 cells/mL, 100 µL each well) were
exposed to compounds 1–4 (1–50 µM) for 24 h. Two hours before the
end of the exposure time, the culture medium was replaced by a solu-
tion of MTT diluted in DMEM (5mg/mL) and then the plate was in-
cubated for 2 h in a humidified atmosphere with 5% CO2 at 37 °C.
Thereafter, cells were lysed with 20% (w/v) sodium dodecyl sulfate
(SDS), 50% (v/v) acetic acid and 2.5% (v/v) 1mol/L HCl. The plates
were kept overnight at 37 °C to allow the formazan crystals to dissolve.
The cell cytotoxicity was quantified by measuring the conversion of
yellow MTT into purple MTT formazan by mitochondrial dehy-
drogenases of living cells. The optical density of each sample was
measured at 540 nm using a Bio-Rad 550 PLUS Spectrophotometer (Bio-
Rad, Santo Amaro, Brazil). Control cells were treated with the same
volume of DMSO (0.1%) diluted in DMEM, which was used as a vehicle
for compounds 1–4. Three independent experiments were conducted
and eight replicate wells were used for each experimental condition.

4.5.3. Statistical analysis
Results were expressed as mean ± standard deviation and analyzed

with ANOVA followed by Tukeýs test. Values of P < 0.05 were con-
sidered as significant. The IC50 (inhibitory concentration 50%) of the
compounds was calculated through nonlinear regression analysis. All
statistical analyses were performed using the Graphprism statistical
program (version 5.0, GraphPad Software Inc., La Jolla, California,
USA).

4.6. Molecular docking

The 2D chemical structure of the alkene lactones was generated on
the Marvin Sketch 6.0.1 software, 2013, ChemAxon (http://www.
chemaxon.com) and the 2D coordinates were converted into the 3D
format with the help of the SYBYL-X 2.0 software (Tripos Associates, St.
Louis, MO, USA) [32]. The Gasteiger-Huckel charges were calculated
with the FF12SB method [33], as available in Chimera 1.10.1.

The molecular targets were taken to the Protein Data Bank (PDB)
and the selection was based on the best resolution value (Table 2). The
3D structure selected is shown in Table 2. The co-crystalized ligands
were utilized to locate the active site in the molecular targets. The
molecular targets were prepared through the DockPrep module on the
Chimera 1.10.1 software [34] for the removal of water molecules and
the addition of polar hydrogens to optimize the hydrogen bonds. The
ions and cofactors were maintained for molecular targets (4PH9 and
4L3J).

The molecular docking was performed on the DOCK 6.8 software
[35]. Initially, the solvent accessible surface of the molecular targets
was calculated using the DMS software, without hydrogen atoms, using
a probe radius of 1.4 Å [36]. Using the SPHGEN and SPHERE_SELEC-
TOR pieces of software, the docking space was defined using the co-
crystalized ligand for each molecular target. The molecular propertiesTa
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Table 3
Docking results for the isolated compounds (1–4) against each molecular tar-
gets.

Compounds Targets (GridScore – kcal mol−1)

FAK S6K1 COX-2 ERK1/2

Majoranolide B (1) −40.22 −61.66 −56.89 −61.99
Majorenolide (2) −39.72 −60.98 −56.37 −62.41
Majoranolide (3) −42.41 −65.41 −62.10 −65.40
Majorynolide (4) −39.35 −60.55 −55.53 −62.80
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(potential attraction and repulsion, solvation effects and steric contacts)
for the region were calculated using the GRID software in default set-
ting [37,38]. The molecular docking was performed using the GridScore
scoring function [39]. A redocking process was performed to verify the
accuracy of the docking method to reproduce the crystallographic or-
ientation of the complexed ligands to the selected targets. The results
were analyzed using Root-Mean-Square Deviation (RMSD) calculated
on the DOCK6.8 software. Next, a set of alkene lactones (1–4) were
docked against all the proteins.

The analysis of the intermolecular interactions for the top-ranked
molecule for each target was performed in the Protein-Ligand
Interaction Profiler software [40] and the interaction maps were de-
signed on PyMOL v0.99.
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