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Abstract The development of hybrids from natural products is
a promising strategy for drug discovery. In cancer therapy, there
is a need to discover novel agents that can induce apoptosis in
cancer cells. To contribute to this field of interest, we investi-
gated the effect of a synthetic hybrid from cativic acid and
caffeic acid (5) on viability, proliferation, and apoptosis in hu-
man neuroblastoma cells (IMR-32). Three hybrids were pre-
pared via Mitsunobu esterification from 17-hydroxycativic acid
(1) and natural phenols. Cell viability was analyzed by MTT
assay. SYTOX green and LDH leakage were used to determine
the cytotoxic effect. Caspase-3 activity, cell cycle phases, and
proliferation were analyzed in order to characterize the biolog-
ical effects of hybrid 5. The mitogen-activated protein kinase
(MAPK) status was evaluated for elucidating the potential
mechanisms involved in hybrid 5 effect. Hybrid 5 reduced the
viability of IMR-32 cells in a time- and concentration-
dependent manner (IC50 = 18.0 ± 1.3 μM) as a result of its
antiproliferative effect through changes in the cell cycle distri-
bution and induction of apoptosis associated with activation of
caspase-3. Exposure to 5 triggered ERK1/2 activation and

nuclear translocation. Hybrid 5 also promoted an increase in
nuclear localization of the transcription factor c-Jun. Inhibition
of ERK1/2 and JNK potentiated 5-induced inhibition of IMR-
32 viability. Hybrid 5 displays cell growth inhibition by pro-
moting cell cycle arrest and apoptosis, through ERK1/2 and
JNK participation.
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Introduction

Natural products (NP) play a leading role in drug discovery
and development as the source of therapeutic products, espe-
cially as anticancer and anti-infective agents (Newman and
Cragg 2016). A range of hybrids is possible to develop from
a limited number of NP, which could be in the millions, each
hybrid exhibiting inherent biological activities that may be
different from the original monomers (Berube 2016; Tietze
et al. 2003). The development of artificial hybrids from NP
has therefore emerged as a novel approach in the field of drug
discovery (Tietze et al. 2003).

Labdanes are characteristic constituents of Grindelia
(Asteraceae) (Mahmoud et al. 2000; Hoffmann et al. 1988;
Ahmed et al. 2001), a genus represented in South America
by 26 species (Zuloaga et al. 2008). In a previous study, we
isolated 17-hydroxycativic acid (1) using a bioassay-guided
fractionation of the ethanolic extract of Grindelia ventanensis
which showed in vitro acetylcholinesterase inhibitory activity
(Alza et al. 2014). To enhance this activity, a series of deriv-
atives of 1 were prepared by simple transformations in the
carboxylic group, introducing a C2-C6 linker and a tertiary
amine group.
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In the present study, we analyzed the effect of labdane 1
and three semisynthetic hybrids (3–5) with the natural phenols
coniferyl alcohol, ferulic acid, and caffeic acid, respectively,
on a cell line derived from human neuroblastoma (IMR-32).
Cytotoxicity, antiproliferative effect, and apoptosis induction
of hybrid 5were also investigated along with the regulation of
MAPK signaling pathways.

Materials and methods

Chemistry

General procedures and materials

NMR spectra were recorded with a Bruker ARX300 spec-
trometer operated at 300 and 75 MHz for 1H and 13C, respec-
tively, in CDCl3. High-resolution mass spectra (HRMS) were
obtained on a QTOF mass spectrometer (micrOTOF-QII
Series, Bruker). UV spectra were recorded on a JASCO-
V630BIO spectrophotometer. All derivatives were rigorously
characterized by NMR spectroscopy and mass spectrometry.
Compounds 2–5 are described here for the first time and 2D
NMR spectra were used for the unequivocal assignments
(Table 1 and Supplementary material). Log P values were
estimated using ChemDraw Ultra 11.

Plant material

Aerial parts ofG. ventanensiswere collected from Sierra de la
Ventana, Province of Buenos Aires, Argentina (November
2014). A voucher specimen was identified by Dr. María
Gabriela Murray and deposited under the label Murray,
M.G. 546, in Herbarium BBB of the Universidad Nacional
del Sur, Bahía Blanca, Argentina.

Extraction and isolation of 17-hydroxycativic acid (1)

Compound 1 was isolated and identified by 1H and 13C NMR
as previously described, with slight modifications (Alza et al.
2014). Briefly, dry ethanolic extract (90.0 g) of aerial parts of
G. ventanensis (980.0 g) was subjected to column chromatog-
raphy (CC) on Silica gel 60 (70–230 mesh, 800.0 g) eluting
with mixtures of hexane/EtOAc. From the fractions eluted
with hexane/EtOAc 50:50 (vol/vol) and hexane/EtOAc
40:60 (vol/vol), 1 crystallized spontaneously (1.7 g of 1,
0.17% w/w of plant material).

Preparation of compound 2

Compound 1 (2.0 mmol) and K2CO3 (4.0 mmol) were
added to DMF (23.5 ml) and stirred at RT for 10 min,
after which ICH3 (8.0 mmol) was added. The reaction

mixture was stirred for another 24 h and subsequently
evaporated to dryness. The residue was subjected to CC
on silica gel with hexane/EtOAc. Fractions eluted with
hexane/EtOAc 80:20 (vol/vol) afforded methyl ester 2
(591.4 mg, 1.8 mmol, yield 86.0%).

Table 1 1H and 13C NMR spectroscopic data for hybrids 3–5 in
CDCl3, δ in parts per million

3 4 5

δ(C) δ(H) δ(C) δ(H) δ(C) δ(H)

1 39.2 1.85 os
0.97 os

39.2 1.87 os
1.00 os

39.2 1.85 os
0.98 os

2 18.9 1.47 os 18.9 1.48 os 18.9 1.47 os

3 42.4 1.41 os
1.15 os

42.4 1.43 m
1.17 os

42.4 1.41 m
1.18 os

4 33.2 33.1 33.1

5 50.1 1.21 os 49.9 1.26 os 49.9 1.24 os

6 23.8 2.05 os
1.96 os

24.0 2.10 os
1.93 os

24.0 2.09 os
1.94 os

7 125.7 5.74 m 129.0 5.85 m 129.2 5.85 m

8 139.4 134.4 134.3

9 52.6 1.77 os 52.8 1.81 os 52.8 1.79 os

10 37.0 37.0 37.1

11 24.4 1.50 os
1.20 os

24.0 1.52 os
1.21 os

24.1 1.51 os
1.20 os

12 38.7 1.50 os
1.19 os

38.7 1.52 os
1.21 os

38.8 1.53 os
1.19 os

13 31.5 1.96 os 31.2 1.94 os 31.3 1.93 os

14 41.6 2.36 dd
2.20 dd

41.4 2.32 dd
2.09 os

41.6 2.33 dd
2.10 os

15 173.4 173.8 174.2

16 20.1 0.98 d 20.1 0.94 d 20.0 0.94 d

17 66.0 4.12 d
3.95 d

67.7 4.68 d
4.55 d

68.0 4.68 d
4.56 d

18 33.2 0.85 s 33.2 0.86 s 33.2 0.86 s

19 22.1 0.88 s 21.9 0.89 s 22.0 0.89 s

20 13.8 0.74 s 13.8 0.78 s 13.8 0.77 s

21 51.5 3.62 s 51.7 3.63 s

1′ 65.3 4.71 dd 167.1 167.4

2′ 121.1 6.14 dt 115.8 6.30 d 116.0 6.27 d

3′ 134.6 6.58 d 145.0 7.61 d 144.9 7.57 d

4′ 129.0 127.2 127.8

5′ 108.6 6.93 os 109.5 7.06 os 114.5 7.12 br s

6′ 146.8a 148.1a 146.4a

7′ 146.1a 146.9a 143.9a

8′ 114.6 6.87 os 114.8 6.91 d 115.6 6.87 d

9′ 120.8 6.91 os 123.2 7.08 os 122.6 7.00 d

10′ 56.1 3.91 s 56.1 3.93 s

os: overlapped signal; s: singlet; br s: broad singlet; d: doublet; dd: dou-
blet of doublets; dt: doublet of triplets; m: multiplet
a Interchangeable signals
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General preparation of hybrids 3–5

Compounds 3–5 were prepared by the Mitsunobu protocol
(Appendino et al. 2002). Triphenylphosphine 0.15–0.2 mmol)
and diisopropyl azodicarboxylate (0.15–0.2 mmol) were
added to a cooled (0 °C) solution of alcohol (0.1–0.2 mmol)
and the corresponding acid (0.15–0.3 mmol) in dry THF
(2 ml). For preparation of hybrid 3, 29.4 mg of coniferyl alco-
hol and 102.7 mg of 1 were used. Hybrids 4 and 5 were
obtained from 2 (34.0 and 62.2 mg, respectively) and ferulic
and caffeic acid (29.3 and 54.2 mg, respectively). The reaction
mixture was stirred at RT for 48 h, worked up by removal of
THF, dissolved on EtOAc, and extracted with saturated
NaHCO3. The organic phase was washed with brine, dried
(MgSO4), and evaporated. The crude reaction was subjected
to CC on Silica gel 60 (200–425 mesh) with DCM/MeOH
99:1 (vol/vol) as eluent to obtain hybrids 3 (5.7 mg) and 5
(12.6 mg) or with DCM to obtain hybrid 4 (25.2 mg). The
purity of compounds 3–5 was determined by HPLC (95.1,
97.5, and 98.0%, respectively).

Biological assays

Cell culture

IMR-32 was obtained from ATCC. HCT-116 and MDA-MB
231 were kindly provided by Dr. Maria Marta Facchinetti and
Dr. Alejandro Curino (INIBIB-CONICET). Cells were cul-
tured in Dulbecco’s high-glucose modified Eagle’s medium
(DMEM,Gibco, Thermo Fisher Scientific, Argentina) supple-
mented with 10% fetal bovine serum (FBS, Natocor,
Argentina), 100 U/ml penicillin, 100 μg/ml streptomycin,
and 0.25 μg/ml amphotericin B (Gibco, Thermo Fisher
Scientific, Argentina) at 37 °C in humidified atmosphere con-
taining 5%CO2. Prior to treatments, the mediumwas replaced
by serum-free medium.

Cell viability assay

The MTT reduction assay was used to assess cell viability.
Metabolically, viable cells reduce water-soluble tetrazolium
salt, MTT, to a colored, water-insoluble formazan salt. Cells
were seeded in 96-well plates at a density of 5000 cells/well
and, 24 h later, were treated with different concentrations
ranging from 0.5 to 50 μM of the tested compounds. After
24, 48, or 72 h of incubation, MTT (5 mg/ml in PBS) was
added to the medium (final concentration 0.5 mg/ml). The
assay was stopped after incubation for 2 h at 37 °C in a 5%
CO2 atmosphere. The viable cell number was correlated with
formazan production, which was dissolved with 20% SDS
(pH 4.7) and measured spectrophotometrically at 570 and
650 nm in the microplate spectrophotometer (Multiskan GO,

Thermo Scientific). IC50 values were calculated by nonlinear
regression analysis using GraphPad Prism 5.

SYTOX green nucleic acid stain

SYTOX green, a DNA-binding dye, is a useful indicator of
dead cells within a population because it only enters cells with
a compromised plasma membrane and becomes fluorescent
when bound to nucleic acid. Cells were grown onto glass
coverslips and incubated with 10–25 μM 5 overnight. They
were subsequently treated with SYTOX green dye for 15 min
at RT (final concentration 1 μM), rinsed 3 times in PBS, and
fixed with 4% paraformaldehyde. Nuclei were counterstained
with Hoechst. Coverslips were mounted and slides were ob-
served in the fluorescence microscope.

Measurement of LDH release

LDH leakage was determined as previously described
(Uranga et al. 2009), with slight modifications. IMR-32 cells
were treated with 10–25 μM 5, and after 24 h, the incubation
medium was collected and centrifuged (1000×g for 10 min at
4 °C). The resulting supernatant was used to determine LDH
activity, which was measured spectrophotometrically using an
LDH-P UV AA kit. Briefly, the conversion rate of reduced
nicotinamide adenine dinucleotide to oxidized nicotinamide
adenine dinucleotide was followed at 340 nm.

BrdU immunofluorescence assay

IMR-32 cells were seeded on glass coverslips. After treatment
with 10, 15, and 20 μM 5 for 12 and 24 h, 5-bromo-2-
deoxyuridine (BrdU; Sigma) was added (final concentration
1 μM) and the cells were incubated for 150 min. They were
then washed with DMEM, fixed for 30 min in cold 70%
ethanol (−20 °C), incubated with 2 N HCl for 10 min at RT,
and finally washed with PBS followed by incubation with a
borate solution (1:1 ratio of A:B; A: 1.9 g/100 ml borax; B:
1.3 g/100 ml boric acid) for 10 min at RT. Cells were further
incubated with a primary sheep antibody against BrdU (1:200,
Biodesign International) overnight at 4 °C and subsequently
incubated with anti-sheep-Alexa 594 (1:300, Molecular
Probes) for 1 h at RT. After DAPI staining, coverslips were
mounted and slides were observed in the fluorescence micro-
scope. The percentage of BrdU-positive cells was calculated
in 10 microscopic fields of three different experiments.

Cell cycle analysis by flow cytometry

Approximately 1.2 × 106 IMR-32 cells were incubated with or
without 10–20 μM 5 for 24 and 72 h. Cells were removed
with PBS/EDTA followed by centrifugation (800×g at 4 °C
for 5 min). After being washed once with PBS, cells were
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resuspended in 300 μl of PBS, fixed with 700 μl of cold
ethanol (70%) for 1 h, rewashed with PBS, and centrifuged
as above. After suspending the cell pellet in 500 μl of PBS,
5 μl of 10 mg/ml RNase A was added and the pellet was
incubated at 37 °C for 30 min. Finally, 10 μl of 1 mg/ml of
propidium iodide (PI) was subsequently added (final concen-
tration 10 μg/ml). DNA content of cells was analyzed using a
flow cytometer (FACSCalibur, Becton Dickinson, CA, USA).

Caspase-3 activity

Caspase-3 activity was assessed following Hanzel and
Verstraeten (Hanzel and Verstraeten 2009) with minor modifi-
cations. Briefly, IMR-32 cells were grown on 35-mm diameter
cell culture dishes and incubated at 37 °C for 8 hwith or without
the addition of 10–25μM 5. Cells from two disheswere scraped
into PBS and centrifuged (10 min at 1000×g at 4 °C). Pellets
were suspended in a 50 mMHEPES buffer (pH 7.4) containing
0.1% NP-40, 1 mM dithiothreitol (DTT), 0.1 mM EDTA, and
150 mM NaCl and incubated on ice for 5 min. Samples were
centrifuged (12,000×g for 10 min at 4 °C). Protein content was
measured in supernatants (Bradford 1976). Supernatants con-
taining 150–200 μg protein were incubated in the presence of
10% (v/v) glycerol and 0.2 mM of caspase-3 chromogenic sub-
strate (Ac-DEVD-pNA) overnight at 37 °C. The formation of p-
nitroanilide was monitored at 405 nm.

Western blot analysis

After treatments, cells were rinsed with PBS, scraped, and
centrifuged. The pellet was resuspended in 80 μl of RIPA
buffer (Uranga et al. 2013). Samples were exposed to one
cycle of freezing and thawing, incubated at 4 °C for 60 min,
and centrifuged (10,000×g for 20 min). The supernatant was
decanted and lysates containing 25–50 μg protein were sepa-
rated by reducing 10% polyacrylamide gel electrophoresis and
electroblotted to polyvinylidene difluoride membranes.
Membranes were blocked with 5% nonfat dry milk in TBS-
T buffer for 1 h at RT and then incubated with primary anti-
bodies (Cell Signaling Technology) overnight at 4 °C, washed
three times with TBS-T, and then exposed to the HRP-
conjugated secondary antibody for 1 h at RT. Membranes
were washed three times with TBS-T and immunoreactive
bands were detected by enhanced chemiluminescence (ECL,
GE Healthcare Bio-Sciences) using standard X-ray film.
Immunoreactive bands of three independent experiments were
quantified using image analysis software (ImageJ, a freely
available application in the public domain for image analysis
and processing, developed andmaintained byWayne Rasband
at Research Services Branch, National Institute of Mental
Health, USA).

Immunofluorescence microscopy

IMR-32 cells were grown onto glass coverslips and treated
with 10–25 μM 5 for 24 h. They were fixed with 4% parafor-
maldehyde for 20 min at RT, followed by several washes with
PBS, 30 mM glycine/PBS (pH 7.4), and PBS again. For im-
munostaining, cells were permeabilized and nonspecific sites
were blocked with 5% BSA/0.3% Triton X-100/PBS (pH 7.4)
at RT for 1 h. After 1 h incubation at RT with the appropriate
primary antibody (1:50 in 1% BSA/0.3% Triton X-100/PBS),
cells werewashed three timeswith PBS and incubatedwith the
appropriate Alexa Fluor® 488-conjugated secondary antibody
(1:200 in 1% BSA/PBS; 1 h at RT) and Hoechst for nuclear
staining. After washing with PBS, coverslips were mounted
and slides were observed with a Nikon Eclipse E-600 micro-
scope. Quantification was performed using ImageJ and at least
50 cells of three independent experiments were analyzed.

Statistical analysis

Values were expressed as the mean ± SD. Results were
analyzed by one-way analysis of variance (ANOVA) to
determine group differences, followed by Tukey’s post
hoc analysis to determine specific differences between
conditions. Statistical significance for all analyses was
accepted at p < 0.05, and *, **, and *** represent
p < 0.05, p < 0.01, and p < 0.001, respectively.
Western blots and immunocytochemistry images are rep-
resentative of at least three analyses performed on sam-
ples from at least three separate experiments.

Results

Chemistry

17-Hydroxycativic acid (1) is a labdane diterpenoid iso-
lated from the aerial parts of G. ventanensis as previously
described (Alza et al. 2014). To analyze additional prop-
erties of semisynthetic derivatives of 1, we synthesized
hybrids of this privileged structure and natural phenols
using the Mitsunobu protocol (Appendino et al. 2002), a
highly chemoselective esterification method. Ester 3 was
obtained from 1 and coniferyl alcohol, whereas esters 4
and 5 were prepared from the methyl ester of 1 (2) and
ferulic acid and caffeic acid, respectively (Fig. 1). All
compounds were rigorously characterized by NMR spec-
troscopy and mass spectrometry (Supplementary informa-
tion). Hybrids 3–5 are described here for the first time and
2D NMR spectra were used for the unequivocal assign-
ments (Table 1).
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Effect of cativic acid hybrids on IMR-32 cell viability

In order to analyze the effects of 1 and hybrids 3–5 on cell
growth, cell viability of the IMR-32 cell line was assessed using
the MTT reduction assay (Uranga et al. 2013). Paclitaxel was
used as a positive control (IC50 = 2.3 ± 0.2 μM). IMR-32 is a
cell line derived from human neuroblastoma and established
from an abdominal mass occurring in a 13-month-old male.
Diterpenoid 1 and natural phenols (coniferyl alcohol, ferulic
acid, or caffeic acid) yielded no effect on cell viability even
after 72 h of treatment (Fig. 2a, b). Hybrid 3 did not affect cell
viability at the tested concentrations (Fig. 2c). As shown in Fig.
2d, after 72 h of treatment, compound 4 reduced cell growth at
25 and 50 μM but increased cell viability at concentrations in
the range of 0.5–10μM.Compound 5 inhibited cell growth in a
dose- and time-dependentmanner (Fig. 2e, f), showing themost
potent inhibitory effect against IMR-32 cell growth, with an
IC50 value of 18.0 ± 1.3 μM. Similar results were observed in
relation to the viability of cancer cell lines HCT116 and MDA-
MB 231 as well as of human embryonic kidney HEK 293 cells
after treatment with 5 for 72 h (Table 2). Taking into account
these results, the potential mechanisms involved in the biolog-
ical effect displayed by hybrid 5 were further studied.

Characterization of cell death after hybrid 5 exposure

To characterize the cytotoxic effect of hybrid 5 on human
neuroblastoma IMR-32 cells, the probe SYTOX green
(permeant to compromised membranes characteristic of dead
cells) was used. Treatment with 5 (10–25 μM) increased the
number of dead cells in a dose-dependent manner (Fig. 3a). In
addition, the number of total nuclei, analyzed with Hoechst,
decreased at both concentrations of hybrid 5 (Fig. 3b) in cor-
relation with the results derived from the MTT assay. In line

with these findings, IMR-32 cells exposed to 5 (25 μM) in-
creased LDH leakage, an indicator of cell membrane perme-
ability, whereas 10μM 5 had no effect compared to the control
condition (Fig. 3c). In order to determine whether the biolog-
ical effect of hybrid 5 also implied apoptotic death, activation
of caspase-3, a crucial player in apoptosis that cleaves most of
caspase-related substrates, was evaluated. As shown in Fig.
3d, caspase-3 activity was significantly higher (1.5-fold) in
5-exposed conditions with respect to control conditions. In
order to reinforce these results, we also checked the presence
of cleaved caspase-3 by immunocytochemistry at two differ-
ent concentrations of 5 (Fig. 3e). The increase of the cleaved
caspase-3 levels was in accordance with the enhancement in
the enzyme activity observed at 10 and 25 μM 5.

To assess the mechanism involved in the decrease of cell
viability triggered by hybrid 5, we performed the MTT assay
in the presence of the antioxidant N-acetylcysteine (NAC).
NAC was able to partially prevent the reduction in IMR-32 cell
viability exerted by 5, thus suggesting that the production of
reactive oxygen species could be responsible for its biological
activity (Fig. 3f). To further characterize the events involved in
the toxicity of 5, log P values were calculated to estimate mem-
brane penetrance. As observed in Fig. 3g, hybrid 5 presented the
highest log P value compared to its constituent monomers.
These results suggest that 5 has enhancedmembrane penetration.

Effect of hybrid 5 on cell proliferation

To further study the biological effects of hybrid 5, we next in-
vestigated cell proliferation status by using the BrdU assay.
Figure 4a shows that exposure to 5 (10, 15, and 20 μM) de-
creased the number of BrdU-positive cells relative to untreated
cells after 12 and 24 h of incubation. The antiproliferative effect
was dependent on hybrid 5 concentration. Considering the effect
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of 5 on cell proliferation, we next analyzed cell cycle distribution
of human neuroblastoma cells by flow cytometry with detection
of PI-stained DNA. IMR-32 cells were treated with two concen-
trations of 5 (10 and 20 μM) for 24 and 72 h. Figure 4b shows
that treatment with 5 induced a differential cell cycle distribution
which showed to be dependent on the concentration of 5 and the
time of incubation. An increase in the S phase population was
observed at 10 μM 5 only after 72 h of incubation. At 20 μM 5,
we observed an arrest in S phase after 24 and 72 h of incubation.
G2/M phase population was also increased at 20μM 5 after 72 h
of incubation, with a consequent decrease in the G0/G1 phase.
The appearance of sub-G0/G1 phase was evident when the cells
were treated with 5 at all the assayed concentrations. Thus, treat-
ment of IMR-32 cells with hybrid 5 not only induced cell cycle
changes but also triggered apoptotic cell death.

Signaling pathways involved in hybrid 5 cellular effects

To shed more light on the biological effect of hybrid 5, we next
investigated the state of MAPK signaling: signal regulated ki-
nase 1 and 2 (ERK1/2) and c-Jun NH2 terminal kinase (JNK).

ERK1/2 phosphorylation levels were higher in IMR-32
cells exposed to 5 (10–25 μM) for 12 and 24 h (Fig. 5a).
Additionally, ERK1/2 activation was accompanied by their
cellular redistribution after treatment with 5. As shown in
Fig. 5b, c, compound 5 triggered ERK1/2 translocation from
the cytosol to the nucleus and increased c-Jun nuclear content
compared to the control condition.

Cell viability in the presence of specific inhibitors of
ERK1/2 and JNK was also analyzed. IMR-32 cells were pre-
incubated with either ERK 1/2 inhibitor, U0126 (10 μM), or
JNK inhibitor, SP600125 (10 μM), and then subsequently
treated with 10–25 μM 5 for 72 h. Both MAPK inhibitors,
U0126 and SB600125, reduced cell viability compared with
hybrid 5 treatment alone (Fig. 5d).

Discussion

Labdane diterpenoids are a large class of NP mainly distrib-
uted among higher plants within botanical families such as
Labiatae, Asteraceae, Acanthaceae, Euphorbiaceae,
Chloranthaceae, and Zingiberaceae (Frija et al. 2011). A vari-
ety of bioactivities has been attributed to labdanes, including
anti-inflammatory, antibacterial, antifungal, antiprotozoal, cy-
totoxic, cardiotonic, antiviral, enzyme inducing, and hypoten-
sive activities and modulation of immune cell functions (Frija
et al. 2011; Demetzos and Dimas 2001). Few labdane hybrids
have been reported in the literature. Pseudolaridimers A and
B, isolated from the cones of Pseudolarix amabilis, were
formed via a [4 + 2] Diels-Alder cycloaddition between a

Table 2 Effect of hybrid
5 on the viability of
different cell lines

Cell line IC50 (μM)

IMR-32 18.0 ± 1.3

HCT-116 22.9 ± 1.5

MDA-MB-231 16.0 ± 2.3

HEK 293 25.8 ± 1.3

Fig. 2 Effect of 17-hydroxycativic acid (1) and hybrids 3–5 on viability
of human neuroblastoma cells. IMR-32 cells were treated with different
concentrations of 1 (a), natural phenols (b) and hybrids 3 (c), 4 (d), and 5

(e) for 72 h, and for 24 and 48 h for 5 (f). Cell viability was assessed by
MTT reduction assay. Data are shown as means ± SD (three replicates of
three independent experiments)
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cycloartane triterpenoid and a labdane. These compounds,
particularly pseudolaridimers A, were found to reduce the
viability of HCT-116, ZR-75-30, and HL-60 cell lines with
IC50 values of 9.62, 7.84, 8.29 μg/ml, respectively (Li et al.
2012). Semisynthetic dimers of labdane imbricatolic acid, pre-
pared using esters, ethers, and the triazole ring as linkers
(Pertino et al. 2013), were able to reduce the viability of HL-
60 and AGS human tumor cell lines.

We have previously described the acetylcholinesterase
inhibition in vitro displayed by derivatives obtained from
a bioactive labdane (1) isolated from G. ventanensis.
These compounds were prepared by connecting the
diterpenoid scaffold with tertiary amine groups through
carbon spacers of different lengths, resulting in com-
pounds with enhanced acetylcholinesterase inhibitory ac-
tivity (Alza et al. 2014).

Fig. 3 Cytotoxic effect of hybrid 5 and activation of caspase-3. a SYTOX
green staining of IMR-32 cells. Cells were incubated with 5 (10–25 μM) or
its vehicle overnight, and nuclei were stainedwithHoechst (nuclearmarker)
and SYTOX green (marker of dead cells). b Number of nuclei per field
counted from the above-described assay (means ± SD; **p < 0.01,
***p < 0.001). c LDH leakage assay was assessed in cells after exposure
to the same conditions described in a. Results are expressed as a percentage
of the control. Three independent experiments were performed
(mean ± SD; ***p < 0.001). d Caspase-3 activation in hybrid 5-treated
cells was measured spectrophotometrically and results are shown as a per-
centage of the control (mean ± SD; *p < 0.05). e Immunocytochemistry

studies were performed using the antibody against cleaved caspase-3 in
IMR-32 cells after 5 exposure. Hoechst was used as nuclear marker. One
representative image of at least three different experiments is presented.
Fluorescence intensity quantification is presented in the graph on the right
(mean ± SD; **p < 0.01with respect to the control). fMTTreduction assay.
IMR-32 cells were incubated with the antioxidantN-acetylcysteine (1 mM)
or its vehicle for 60 min and then treated with 5 (25 μM) or its vehicle, and
cell viability was assessed (three replicates of three independent
experiments). Results represent mean ± SD (*p < 0.05). g Log P
values predicted using ChemDraw Ultra
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In this work, we characterized the biological effect of
cativic acid hybrids obtained from conjugation with phenols.
Our results indicate that hybrids 4 and 5 have different bio-
logical properties with respect to their monomers, as was pre-
viously reported for the naturally occurring hybrids
cephalostatins and ritterazines (Tietze et al. 2003). Hybrid 5
is more bioactive than its constituent monomers (compound 1
and caffeic acid). Although anticancer properties have been
reported for caffeic acid and cinnamic acid derivatives (De
et al. 2011), no reduction of viability was observed when
IMR-32 cells were treated with this phenolic compound. It
can be hypothesized that the labdane moiety of 5 improves
cell permeability, as estimated by the log P values prediction,

thus enhancing growth inhibitory activity. Similarly, other nat-
ural and synthetic esters of cinnamoyl moieties have shown
anticancer activity (De et al. 2011; Li et al. 2015). Taking into
account that the 5 IC50 value is in the micromolar range and
that the desirable concentration for anticancer agents is in the
nanomolar range, hybrid 5 could constitute a promising tem-
plate for developing more potent derivatives.

Additional characterization of hybrid 5 showed that this
compound is able to induce cytotoxicity through an increase
in cell membrane permeability and to trigger apoptotic cell
death. Caspase-3 activation and the increased levels of
cleaved caspase-3 were accompanied by an antiproliferative
effect in human neuroblastoma cells exposed to hybrid 5.

Fig. 4 Effect of hybrid 5 on human neuroblastoma cell proliferation. a
Cell proliferation was analyzed by BrdU incorporation assay after
exposure to 5 (10, 15, and 20 μM) or its vehicle for 12 and 24 h.
Images show the results after 24 h of incubation. Nuclei were stained
with DAPI. Three independent experiments were performed.
Percentage of BrdU-positive cells with respect to DAPI positive cells is
represented in the right panel (means ± SD; *p < 0.05, **p < 0.01,

***p < 0.001). b Cell cycle analysis of IMR-32 cells. After treatments,
cells were stained with PI and stained DNAwas detected by flow cytom-
etry. The data in the histograms are representative of three independent
experiments. Bar plot represents percentage of cell population in sub-G0/
G1, G0/G1, S, and G2/M phases (means ± SD; *p < 0.05, **p < 0.01,
***p < 0.001)
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Different anticancer agents have been shown to inhibit cell
proliferation through activation of many signaling pathways
that arrest the cell cycle at the G0/G1, S, or G2/M phase; at a
particular checkpoint, this arrest drives cancer cells to death
(Khan et al. 2015). We found that compound 5 suppressed cell
proliferation through a differential cell cycle distribution de-
pending on its concentration and incubation time.

Alterations in the expression or activity of ERK1/2 and JNK
have different functions related to tumorigenesis or cancer

progression. Modulation of these pathways has been an attrac-
tive target for cancer therapy although their effects depend on
the tumor type (Dhillon et al. 2007). Our results reveal that
ERK1/2 and JNK activation is a protective mechanism used
by cells to counter the effect induced by hybrid 5, thus suggest-
ing that inhibition of both MAPK potentiates the growth inhib-
itory effect of 5 in the IMR-32 cell line. Similar results were
obtained with some anticancer agents in other cancer cell lines.
Temozolomide, a drug approved to treat anaplastic astrocytoma

Fig. 5 Enhancement of growth
inhibitory effect of hybrid 5
through MAPK pathway
inhibition. a ERK 1/2
phosphorylation was assessed by
Western blot assays of IMR-32
cells exposed to 5 (10–25 μM) for
12 and 24 h. One blot image
representative of three different
experiments is shown. The data in
the graph on the right represent
the ratio between p-ERK1/2 and
ERK1/2 (percentage of the control
condition; mean ± SD of three
independent experiments) using
scanning densitometry for protein
band quantification (*p < 0.05,
**p < 0.01, ***p < 0.001 with
respect to the control). b
Intracellular distribution of ERK1/
2 was determined by
immunocytochemistry studies in
cells treated with hybrid 5 (10μM)
or its vehicle. c After treatments,
IMR-32 cells were processed for
immunocytochemistry using
antibody against c-Jun. b, c
Hoechst was used as a nuclear
marker. One representative blot
image of three different
experiments is shown. The data in
the graphs on the right represent
fluorescence intensity (mean ± SD
of three independent experiments;
***p < 0.001 with respect to the
control, n.s. = no significant
difference). CF = cytosolic
fraction; NF = nuclear fraction. d
MTT reduction assay. IMR-32
cells were treated with U0126
(ERK1/2 inhibitor) and SB600125
(JNK inhibitor) or their vehicles
for 30 min, and then exposed to
5 (10–25 μM) or its vehicle, and
cell viability was assessed (three
replicates of three independent
experiments). Results represent
mean ± SD (***p < 0.001)
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and multiform glioblastoma, displays potential cytotoxicity un-
der conditions of JNK inhibition in the glioma cell line U87MG
(Vo et al. 2014). Adriamycin-induced apoptosis in leukemia
cells HL-60 is enhanced by ERK1/2 inhibition (Zhou et al.
2010). It has also been shown that ERK1/2 inhibitor
PD98059 synergistically potentiates the ability of trichostatin
A tomediate cell cycle arrest and apoptosis of gastric carcinoma
cell line SGC7901 (Yao et al. 2012). Regarding the activity of
MAPK downstream transcription factors, it has been extensive-
ly reported that the increase in c-Jun nuclear localization leads
to apoptosis or changes in differentiation (Schreck et al. 2011).
Coincidentally, the rise in c-Jun nuclear content in the presence
of hybrid 5 reinforces its role as apoptotic modulator.

Conclusions

Taken together, our results show that compound 5, derived from
the esterification of caffeic acid with the natural labdane cativic
acid, has the ability to trigger antiproliferative signals and apo-
ptosis in human neuroblastoma cells. These biological effects
are exclusive to this hybrid, since its monomers have no bio-
logical effects. Our study also suggests that ERK1/2 and JNK
inhibition enhances the growth inhibitory effect of hybrid 5 on
neuroblastoma cells. These findings could pave the way for
further studies aimed at a better understanding of the biological
activity of cativic acid hybrids in cell proliferative disorders.
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