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Abstract
Introduction: The treatment of such primary brain tumours such as glioblastoma multiforme
(GBM) presents numerous difficulties, considerably impacting patient survival rates. The search
for new compounds with therapeutic potential focuses on the identification of molecules that
can be produced through chemical and enzymatic processes and that present anticancer effects
in different types of tumours.
Methods: Given the need for new treatments for GBM, we conducted a study to synthesise
ortho-coumaric acid alkyl esters (OCAAE) and to evaluate them in an appropriate study model, a
three-dimensional (3D) culture using the Matrigel extracellular matrix. We tested cytotoxicity
with the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) technique and by
determining phosphatidylserine externalisation with annexin V and active caspase-3 expression
as markers of apoptosis, and the subsequent degradation of DNA as a marker of cell death.
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Results: Medium-chain OCAAEs, such as butyl-o-coumarate (BOC) and its isomer, showed the
greatest effect on most of the parameters evaluated in 3D cultures of GBM, followed by methyl-,
propyl-, and ethyl-o-coumarate (MOC, POC and EOC); these compounds showed effects both in
reducing cell viability and in increasing the expression of active caspase-3 and annexin V and the
degradation of DNA, in comparison with the first-line treatment for GBM, temozolomide.
Conclusion: These results, together with those of previous researchers, show that the different
OCAAEs have a potential therapeutic effect on GBM, and that 3D culture of GBM cells is an
appropriate model for the study of new antitumour molecules.
n 2021 Sociedad Española de Neurología. Published by Elsevier España, S.L.U. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).
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Resumen
Introducción: Los tumores cerebrales primarios como el Glioblastoma multiforme (GBM)
presentan muchas dificultades para su tratamiento, lo que repercute considerablemente en la
tasa de supervivencia del paciente. La búsqueda de nuevos compuestos con potencial
terapéutico se enfoca en la identificación de moléculas, mismas que pueden ser producidas
química y enzimáticamente; y que muestren efectos anticancerígenos en distintos tipos de
tumores.
Metodología: La necesidad de nuevos tratamientos para el GBM, nos lleva a sintetizar alquil-
ésteres del ácido orto-cumárico (ae-AOC) y a evaluarlos en un modelo de estudio apropiado
como es el cultivo en tercera dimensión (3D) empleando la matriz extracelular, Matrigel™,
mediante pruebas de citotoxicidad celular como el Bromuro de 3-(4,5-dimetiltiazol-2-il)-2,5-
difenil tetrazolio (MTT), externalización de la fosfatidilserina, con Anexina V y la expresión de
caspasa-3 activa como marcadores de apoptosis y la subsecuente degradación de ácido
desoxirribonucleico (ADN) como marcador de muerte celular.
Resultados: Los ae-AOC de cadena mediana, como el butil-o-cumarato (BOC) y su isómero,
presentaron un efecto significativo mayor en la mayoría de los parámetros evaluados en los
cultivos en 3D de GBM, siguiendo de forma significativa el metil, el propil y el etil-o-cumarato
(MOC, POC y EOC), presentaron efectos tanto en la reducción de la viabilidad celular como en el
incremento en la expresión de caspasa-3 activa, Anexina V y la degradación del ADN, en
comparación con el tratamiento de primera línea para los GBM, temozolomida (TMZ).
Conclusión: Estos resultados, aunados a investigaciones previas, muestran que los diferentes ae-
AOC poseen un potencial efecto terapéutico, en los GBM, y que el cultivo de células de GBM en
3D es un modelo apropiado para el estudio de nuevas moléculas antitumorales.
n 2021 Sociedad Española de Neurología. Publicado por Elsevier España, S.L.U. Este es un
artículo Open Access bajo la licencia CC BY-NC-ND (http://creativecommons.org/licenses/
by-nc-nd/4.0/).
Introduction

Glioblastoma multiforme (GBM) is one of the most relevant
primary malignant brain tumours given its high mortality
rate (90%); the mean survival time after diagnosis is no
longer than 18 months, mainly due to the limited therapeu-
tic options: not all chemotherapy agents cross the blood–
brain barrier or cause resistance, surgical management is not
always possible due to tumour location, and response to
radiotherapy is poor.1

Brain tumours present an incidence rate of 23.79 cases
per 100,000 person-years (7.08 for malignant tumours and
16.71 for benign tumours); GBM is the most frequent
malignant tumour. In 2020, 24,970 cases of malignant
tumours were recorded, and 81,246 patients died due to
this type of tumour between 2013 and 2017.1

The first-line treatment for GBM is temozolomide (TMZ),
an alkylating agent belonging to the imidazotetrazine class
of drugs; as it presents a physiological pH, it is converted via
2

hydrolysis to the active metabolite 3-methyl-(triazen-1-yl)
imidazole-4-carboxamide, which acts through DNA methyl-
ation and acetylation to induce cell-cycle arrest of cancer
cells.2,3 However, many tumours are resistant to this drug,
reducing patients' life expectancy. Thus, researchers have
sought other molecules, including monoclonal antibodies,
that may act as coadjuvant agents in the treatment of
GBM.4,5

The search for new molecules for comprehensive treat-
ment of GBM has focused on the following issues: 1) reducing
drug resistance6–8; 2) inhibiting angiogenesis to prevent
blood supply to the tumour9,10; 3) preventing progression,
migration, and metastasis; and 4) promoting cell-cycle
arrest or inducing apoptosis.11–13

Coumaric acid is a phenolic compound belonging to the
class of hydroxycinnamic acids. It is usually found in three
bioactive forms, according to the position of the hydroxyl
group (-OH) in the aromatic ring: ortho-coumaric (if -OH is
located at the second carbon [C2]), meta-coumaric (C3), or
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para-coumaric acid (C4). The latter form has been studied
most extensively due to its abundance in nature, whether
free or bound to other molecules; these compounds are
present in the roots, flowers, fruit, or seed of many
plants.14,15 Potentially useful derivatives of these acids can
be obtained through chemical, enzymatic, or microbiologi-
cal processes.16–18 Coumaric acid and its derivatives present
considerable antioxidant activity due to the hydroxyl groups
on the phenolic ring. They also present anti-inflammatory,
antiproliferative, proapoptotic, and antitumour properties,
among others, depending on the compound under study, the
method of extraction or synthesis, dose, and other factors
affecting their biological activity.19,20

Ortho-coumaric acid (OCA) has attracted the least
research attention; however, in cells from breast and colon
cancers, melanomas, hepatocellular carcinomas, and other
types of tumour, it is reported to activate such genes as p53
and Bax and to increase the expression of proteins that
promote caspase-dependent and caspase-independent apo-
ptosis. It has also been observed to inhibit procarcinogenic
genes, induce cell-cycle arrest, and inhibit matrix metallo-
proteinases 2 and 9, potentially conferring anticarcinogenic
properties.19–21 In this study, we evaluated the therapeutic
potential of chemically synthesised OCA alkyl esters (OCAAE)
as antitumour agents in a three-dimensional (3D) cell growth
model using an extracellular matrix with GBM cells; this type
of cell culture partially imitates the molecular, phenotypic,
and cytohistological properties of the microenvironment
present in brain gliomas in vivo.22 This model represents a
better experimental platform for cell characterisation and
quantification of biomarkers, and serves as a pharmacolog-
ical model, among other functions, and its results are
comparable to the processes occurring in vivo. Therefore,
these models enable preclinical studies to obtain more
reliable results.23,24

Material and methods

Study design

In this study, we synthesised several OCAAEs (methyl-o-
coumarate [MOC], ethyl-o-coumarate [EOC], propyl-o-
coumarate [POC], butyl-o-coumarate [BOC], and isobutyl-
o-coumarate [IOC]) and analysed their effect on the viability
of GBM cells with different doses and exposure times, in
monolayer and 3D cell cultures. We determined cell
viability, externalisation of phosphatidylserine, expression
of activated caspase-3, and DNA degradation; these proce-
dures are described in greater detail below.

The outcome variables measured were the effect of alkyl
chain elongation on the viability of GBM cells, the median
lethal dose of each OCAAE, and the exposure time required
for this effect to occur. We also determined which cell
culture model best resembled the tumour environment for
the analysis of the potential antitumour molecules under
study.

GBM cell culture

The U-138 MG HTB-16 human GBM cell line was procured
from American Type Culture Collection (ATCC; Rockville,
3

USA) and cultivated in Dulbecco's Modified Eagle Medium
(DMEM; Sigma-Aldrich, catalogue no. D6429) supplemented
with 10% fetal bovine serum (Corning™, catalogue no. 35-
016-CV) and 1% antibiotic-antimycotic (Gibco®, catalogue
no. 15240062).

Cells were incubated at 37 °C and 5% CO2; the medium
was changed daily.

Three-dimensional cultures with Matrigel and
monolayer culture

Matrigel base layer culture: Matrigel™ (Matrigel basement
membrane matrix, catalogue no. 354234; Corning) was
diluted at 50% with the culture medium and added to each
well of a 96-well plate, then allowed to polymerise in an
incubator at 37 °C for 15 min; we subsequently added cells
diluted in the culture medium (5000 cells in 200 μL of
medium in each well).

Matrigel-embedded cell culture: 5000 cells were diluted
in 20 μL of medium and added to 20 μL of Matrigel (1:1
ratio), gently agitated without forming bubbles, and
deposited in each well of a 96-well plate; the mixture was
allowed to polymerise in an incubator at 37 °C for 15 min,
then another 200 μL of medium was added.

Monolayer culture: 5000 cells diluted in 200 μL of
medium were added to each well. All three cultures were
incubated at 37 °C and 5% CO2. We changed the medium and
evaluated cell growth every day for 8 days.

On day 8, we repeated each culture, seeding three
additional wells for each culture, with 5000 cells per well, as
described above, and incubated for 6 h.

Subsequently, we tested the cell viability of each culture
using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide method (Sigma-Aldrich, Tox1, in vitro toxicol-
ogy assay kit, MTT based), according to the manufacturer's
instructions. MTT was converted to water-insoluble forma-
zan crystals in viable cells; these were dissolved with
dimethyl sulfoxide (DMSO) and studied at 570 nm in a
microplate reader (Bio-Rad); the percentage of viable cells
was calculated according to the following formula: optical
density (treatment) × 100/optical density (control). After
8 days of growth, we compared the 3D and monolayer
cultures, using the recently seeded monolayer wells (5000
cells per well) as the control condition.

Synthesis and purification of ortho-coumaric acid
alkyl esters

The different types of OCAAE (MOC, EOC, POC, BOC, and
IOC) were synthesised by Fischer esterification, using
hydrogen chloride (HCl) as a catalyst.26 Starting with 10%
OCA dissolved homogeneously in the corresponding alcohol
(ie, methanol, ethanol, propanol, butanol, or isobutanol),
we added 5% HCl (at a concentration of 37%) and left the
reaction in reflux for 12 to 24 h. Subsequently, the excess
alcohol was evaporated in a Büchi rotavapor. The recovered
oil was rinsed 3 times with 100 mL of a mixture of petroleum
ether and ethyl ether 50% (v/v) to remove unreacted excess
OCA.27 The organic phase was recovered and the mixture of
solvents removed with a Büchi rotavapor until we obtained a
volume of approximately 6 mL of the sample, which was



Y.K. Gutiérrez Mercado, J.C. Mateos Díaz, D.D. Ojeda Hernández, et al.

ARTICLE IN PRESS+Model
NEUROP-49; No. of Pages 12
loaded into a glass column (2 × 52 cm). Prior to this, the
column was packed with 50 g of silica suspended in
petroleum ether, with 0.5 g of quartz sand at the top. The
alkyl ester was eluted with an increasing gradient of ethyl
ether (0%–50% v/v) in petroleum ether. The output of the
column was recovered in fractions of 8 mL using a Büchi
vacuum pump. We used thin-layer chromatography (TLC) to
analyse the fractions, and mixed only those containing the
alkyl ester in question. Finally, the solvent was slowly
evaporated in a fume hood to allow the reaction products to
crystallise. The recovered crystals were stored at −20 °C in
amber glass jars.18
Qualitative analysis by thin-layer chromatography

Qualitative analysis of the synthesis products and the
fractions recovered was conducted on silica gel TLC plates
with a fluorescent indicator (20 × 10 cm) (SIGMA; catalogue
no. Z193291-1PAK); 5–10 μg of sample was manually
injected 1 cm from the base of the plate. The different
compounds were separated in a glass TLC chamber, which
was previously equilibrated with a 2:1 (v/v) mixture of
hexane and ethyl acetate. Excess solvent was evaporated in
a fume hood and bands were viewed at 254 nm with a UVP
handheld ultraviolet lamp.18
Working concentrations of study molecules

The molecules studied were: MOC, EOC, POC, BOC, IOC, and
TMZ (Sigma-Aldrich, catalogue no. PHR1437-1G), used as the
positive control; these molecules were diluted to the
following working concentrations: 50 μM, 100 μM, 200 μM,
300 μM, 500 μM, and 1200 μM.
Evaluation of cell viability

GBM U-138-MG cells were seeded on a 96-well plate
according to the monolayer and 3D Matrigel base layer
culture, with 5000 cells per well; cultures were incubated
for 3 days at 37 °C and 5% CO2. On day 3, we removed the
culture medium and added the working dilutions of OCAAEs,
TMZ, vehicle (DMSO), and culture medium (control condi-
tion), in triplicate. Cultures were subsequently incubated
for 24 h at 37 °C and 5% CO2. After 24 h' exposure to the
study molecules, we tested cell viability with the MTT
technique described above.

We also conducted other experiments using only the 3D
Matrigel base layer culture, using the same culture condi-
tions, molecules, and dilutions, but with incubation periods
of 24 h, 12 h, 6 h, and 3 h. After this period, the MTT assay
was conducted.
Effect of combining ortho-coumaric acid alkyl esters
and temozolomide

We repeated the cell viability study described above, except
the 3D cultures of GBM cells were incubated for 24 h with
each study molecule (BOC, IOC, MOC, POC, or EOC; 200, 300,
or 500 μM) combined with 600 μM of TMZ on one plate, and
4

with 1200 μM of TMZ on another plate. The MTT procedure
was conducted after incubation.

Induction of apoptotic cell death secondary to
ortho-coumaric acid alkyl esters

Detection of phosphatidylserine externalisation second-
ary to ortho-coumaric acid alkyl esters

This test used the monolayer culture of GBM cells at a
density of 200,000 cells per well on a 24-well plate in
triplicate. After 24 h' incubation, the medium was removed
and the study molecules were added at the following
concentrations: MOC, POC, and EOC at 300 μM; BOC at
200 μM; and TMZ at 600 μM. Cultures were incubated with
the study molecules for 3 and 6 h. After incubation, the
study molecules were removed and plates were washed with
EDTA (2 mM) according to the annexin V protocol (Alexa
Fluor 488 annexin V conjugate; Invitrogen, catalogue no.
3201 PHN1010 and PHN1008). Samples were studied by flow
cytometry at 533 nm and 575 nm (Guava easyCyte 5,
Millipore).

Caspase-3 activation
The 3D Matrigel base layer culture was cultured in an 8-

well chamber slide (Thermo-Scientific, catalogue no.
154461-PK, Nunc Lab-Tek™ II Chamber Slide System) at a
density of 20,000 cells per well; cultures were incubated for
72 h in culture medium at 37 °C and 5% CO2. Subsequently,
we added the following molecules: BOC at 200 μM; MOC,
POC, and EOC at 300 μM; and TMZ at 600 μM. Cultures were
incubated for 6 h, 12 h, and 24 h. After incubation, we
removed the culture medium with the study molecules and
added 4% paraformaldehyde in phosphate buffer solution
(0.1 M, pH 7.4) for 2 h. For the immunofluorescence study,
anti–caspase-3 antibodies (Abcam; ab13847 cysteine-
protease-3) were added at a dilution of 1:500; the mixture
was incubated overnight at 4 °C. The Alexa Fluor 488
secondary antibody (1:500, Vector Laboratories) was added
and the mixture was stored in the dark for 2 h, protected
with a drop of mounting medium with 4′,6-diamidino-2-
phenylindole dihydrochloride (Fluoroshield, Abcam; ab104139);
samples were analysed under a fluorescence microscope
(Leica DM4 DF7000T; Leica Biosystems, Wetzlar, Germany).
Analysis was conducted with the Leica Application Suite
(LAS) X software (version 3.1.1.15751; Leica Biosystems) and
images were acquired with a 40× objective and a Leica
DFC7000T camera (Leica Biosystems). We ensured that the
intensity of fluorescence was the same for each image
acquisition and each group. For each image, we counted the
total number of cells (DAPI) and caspase-3–labelled cells
(green) in 10 fields (1.5 mm2) in each well (3 wells) for each
group, and calculated the percentage of labelled cells,
following a double-blinded methodology.

DNA fragmentation secondary to ortho-coumaric acid
alkyl esters

In this experiment, 200,000 GBM cells per well were
seeded on a Matrigel base layer in a 24-well plate, in
triplicate. After 72 h of incubation, we added BOC and IOC
at 200 μM; MOC, POC, and EOC at 300 μM; and TMZ at
600 μM. After 6 or 12 h of incubation, the samples were
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washed with TrypLE Express (Gibco, catalogue no.
12604013); DNA was subsequently extracted with the
QIAamp kit (Qiagen, catalogue no. 51304), and quantified
via spectrophotometry under ultraviolet/visible light
(Thermo Scientific NanoDrop 2000). Subsequently, 500 ng/
μL of DNA were homogenised and run in agarose gel at 1.8%
with SYBR Safe (1 μL/10 mL) (Invitrogen, catalogue no.
S33102) at 100 V for 30–45 min, and viewed in a transillu-
minator with photo documentation function.
Statistical analysis

Data on phosphatidylserine externalisation and on cell
viability from the 3D cell culture were compared to those
from the monolayer culture. We conducted a one-way
analysis of variance. Cell viability data from the OCAAE
experiments were compared with two-way analysis of
variance. We used the post-hoc Tukey test to make
intergroup comparisons. The significance threshold was set
at P < .05, and data are reported as mean (standard
deviation [SD]). Statistical analysis was conducted with the
GraphPad Prism software, version 6 (GraphPad Software,
San Diego, CA, USA).
Results

Matrigel three-dimensional and monolayer cultures

In this study, we compared both 3D cell culture models
(Matrigel base layer and Matrigel-embedded cells) and the
monolayer cell culture model. The greatest growth was
observed in the Matrigel base layer culture (Fig. 1A), which
presented more cells and better redistribution and
cytohistological development; cells in this culture showed
Fig. 1 Cell culture models: Three-dimensional (3D) and monolay
cells/well on a 96-well plate; cell growth was monitored for 8
Photomicrographs of the 3D Matrigel base layer culture at different
results on day 8. G) 3D Matrigel-embedded culture of GBM cells. H–K
MTT results on day 8. M) Monolayer cell culture. N–Q) Photomicro
Images D, E, F, P, and R are shown at 20× magnification; the remain
percentage of viable cells at 8 days for the different GBM cell cultur
and monolayer cell culture) compared to the initial number of cells
cells used at the beginning of the study; the percentage of growth in
mean (SD) with differences significant at P < .005 (one-way ANOVA)

5

greater numbers of ramifications, characteristic of GBM
cells, throughout the study (Fig. 1B, C, D, and E). The
Matrigel-embedded cell culture (Fig. 1G) showed good
development in the number of cells. However, cells did not
show the ramifications characteristic of GBM cells during the
8 days of growth (Fig. 1H, I, J, and K). The monolayer
culture (Fig. 1M) reached confluence before 8 days and cells
began to detach; GBM cells showed all the cytohistological
characteristics of a monolayer culture, with no neurosphere
or dendritic spine formation or cell migration, as well as the
other morphological characteristics shown in the photomi-
crographs (Fig. 1N, O, P, and Q).

The photomicrographs taken at the time the MTT assay
was performed (Fig. 1F, L, and R) show that the salts were
able to penetrate all cells throughout the 3D culture
scaffold, and were not trapped in the Matrigel. MTT results
from day 8 of growth show that 3D cell cultures presented
good viability, with a greater percentage of growth than the
monolayer cell culture (400% vs 200%) over the initial 5000
cells (at 6 h, with 100% viability); this difference was
statistically significant (P < .005; Fig. 1S).

Synthesis and purification of ortho-coumaric acid
alkyl esters

The OCAAEs evaluated in this study were obtained by
chemical synthesis with Fischer esterification. The alcohols
used were selected to evaluate the effect of alkyl chain
elongation on the biological activity of the compounds.
Thus, alkyl chain length ranged from 1 to 4 carbons, in the
following order: MOC, EOC, POC, BOC/IOC. Furthermore, we
used an isomer with 4 carbons (isobutanol) in order to
evaluate the effect of this molecule's geometry, with
greater steric hindrance in the alkyl chain, on biological
activity (Fig. 2A). Alkyl chain elongation not only affects the
er cultures of glioblastoma multiforme (GBM) cells, with 5000
days. A) 3D Matrigel base layer culture of GBM cells. B–E)
stages of development, with cells visible on the surface. F) MTT
) Photomicrographs of the 3D Matrigel-embedded cell culture. L)
graphs of the monolayer cell culture. R) MTT results on day 8.
ing images are shown at 10× magnification. S) Chart showing the
es (3D Matrigel base layer and Matrigel-embedded cell cultures,
(5000 per well at 6 h). The 6-h cultures represent the number of
each culture was compared after 8 days. Data are expressed as
versus the control group.



Fig. 2 Alkyl esters obtained by esterification of ortho-coumaric acid by Fischer synthesis. A) Molecular structure of the ortho-
coumaric acid alkyl esters synthesised for the study. R = methyl, ethyl, propyl, butyl and isobutyl. B) Thin-layer chromatography
visualisation of o-coumaric acid (AOC or OCA) and its alkyl esters: methyl-o-coumarate (MOC), ethyl-o-coumarate (EOC), propyl-o-
coumarate (POC), butyl-o-coumarate (BOC), and isobutyl-o-coumarate (IOC). Visualisation under ultraviolet light (254 nm).
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size and weight of the molecule, but also its octanol–water
partition coefficient (logP), and therefore its capacity to
penetrate lipid membranes and spread across different
tissues.

The purification process produced high-purity compounds
(Fig. 2B); AOC (or OCA) and its alkyl esters were able to
migrate long distances due to the difference in polarity
between molecules. We analysed the relative migration of
the different compounds, finding the following retention
factors: AOC: 0.22; MOC: 0.62; EOC: 0.67; POC: 0.71; BOC:
0.73; IOC: 0.75. AOC is the most polar molecule, and
therefore presents the least migration.25
Evaluation of cell viability

The results on cell viability showed the cytotoxic effect of
OCAAEs at different concentrations and exposure times.
Cytotoxicity was more pronounced in the monolayer culture
than in the 3D Matrigel base layer culture (Fig. 3, panels A1, A2,
C1–C4). Table 1 shows all mean (SD) values for cell viability; for
example, the monolayer culture with BOC at 100 μΜ presented
a cell viability value of 64% (1.2), as compared to 73.3% (1.3)
for the 3D culture (P < .005). BOC and IOC showed a higher
degree of cytotoxicity than MOC, POC, and EOC, in both the
monolayer and the 3D cultures (P < .005). However, in
comparison to TMZ, all OCAAEs significantly reduced cell
viability (P < .001). Likewise, all OCAAEs showed a consider-
able difference when compared to the control condition
(P > .0001; Fig. 3, panels A1 and A2; Table 1).

In the experiments aiming to find the optimal exposure time
and response, no significant differences were observed after
3 h of exposure, for any study molecule at any concentration
(Fig. 3, panel B1). At 6 h of exposure to OCAAE at 300 or
500 μM, cells presented 85%–90% viability (ie, cytotoxicity of
10%–15%); this difference was significant with respect to the
control condition (P < .005; Table 1; Fig. 3, panel B2). At 12 h
of exposure (Fig. 3, panel B2), most compounds started to show
6

a much greater effect with respect to the control group
(P < .001 and P < .0001), particularly at concentrations of 300
and 500 μM, with cytotoxicity of 25%–35% (viability of 65%–
75%); the experiment with TMZ continued not to present
significant differences (Table 1).

At 24 h of exposure, the 3D culture (Fig. 3, panel A2)
showed that, for all OCAAEs, the minimum concentration
needed to observe a significant effect was 100 μM, and a
concentration of 1200 μM is highly cytotoxic (P < .0001),
whereas TMZ only presented 40% cytotoxicity (60% cell
viability); OCAAEs reached their mean level of cytotoxicity
at a concentration of 200–500 μM (Table 1).

Effect of combining ortho-coumaric acid alkyl esters
and temozolomide

The experiment studying the combination of OCAAEs and
TMZ at different concentrations found that administration of
TMZ only (600 μM) was associated with cell viability of 86.0%
(2.6) (P < .05 against the control condition), whereas the
combination of TMZ plus OCAAEs was associated with a
considerable decrease in cell viability: 31% (1.53) for
BOC + TMZ (200/600 μM), 34% (2.33) for IOC + TMZ (200/
600 μM) (P < .0001), 63% (1.21) for MOC + TMZ (300/
600 μM), 66% (0.3) for POC + TMZ (300/600 μM), and 51%
(1.45) for EOC + TMZ (300/600 μM) (P < .0001; Fig. 3, panel
D1; Table 1). Results for OCAAEs plus TMZ at 1200 μM are not
reported, as all absorbance values were close to zero
(complete cytotoxicity).

Induction of apoptotic cell death secondary to
ortho-coumaric acid alkyl esters

Detection of phosphatidylserine externalisation second-
ary to ortho-coumaric acid alkyl esters

This experiment showed that 3 h of exposure to
OCAAEs promoted binding of annexin V to externalised



Fig. 3 Charts of mean glioblastoma multiforme (GBM) cell viability after exposure to ortho-coumaric acid alkyl esters (OCAAE).
Charts show the mean (SD) percentage of viable cells according to MTT results for different doses of OCAAEs, with temozolomide as a
positive control, compared to the control condition (negative stimulus). A1) Monolayer GBM cell culture at 24 h of exposure. A2) 3D
Matrigel base layer culture. B1 and B2) 3D culture with 3 and 6 h of exposure, respectively. C1–C4) Comparison of the monolayer and
3D cultures after 24 h' exposure to OCAAEs at the different concentrations used. D) Percentage of viable cells after 24 h' exposure to
OCAAE plus temozolomide. Results are expressed as means (SD), evaluated with the two-way ANOVA and post-hoc Tukey test.
* P < .05, ** P < .005, *** P < .001, **** P < .0001.
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phosphatidylserine; the percentage of cells positive for this
labelling was as follows: 43.6% (0.33) for cells exposed to
MOC, 67.0% (2.8) for EOC, 42.6% (0.33) for POC, 52.6% (3.7)
for BOC, and 34.0% (8.08) for TMZ; all differences were
significant at P < .0001 versus the control condition (0.18%
[0.1]) (Fig. 4, panels A1–A7). However, the percentage of
annexin V-positive cells decreased at 6 h of exposure: 19.3%
(2.4) for MOC, 24.6% (2.02) for EOC, 17.3% (2.8) for POC,
24.3% (0.1) for BOC, and 14.6% (1.76) for TMZ; all
7

differences were significant at P < .005 versus the control
condition (4.66% [0.88]) (Fig. 4, panel A7).

Effect of ortho-coumaric acid alkyl esters on the expres-
sion of active caspase-3 in glioblastoma multiforme cells

Photomicrographs showing labelling of caspase-3 with
Alexa-Fluor 488 (green) (Fig. 4, panels B1–B6) show the
difference with respect to unlabelled cells, which only
present DAPI labelling of the nucleus (blue). The mean



Table 1 Mean percentage of viable cells after exposure to ortho-coumaric acid alkyl esters at different concentrations, alone or
in combination with temozolomide, with different exposure times.

Monolayer culture, 24 h' exposure

OCA 50 μM 100 μM 200 μM 300 μM 500 μM 1200 μM

MOC – 84 (1.7)** 83 (0.9)** 78 (3.9)*** 62 (2.7)**** –
EOC – 88 (2.5)** 81 (0.1)** 80 (0.7)*** 58 (2.1)**** –
POC – 84 (3.5)** 87 (4.1)** 84 (2.7)** 71 (1.3)**** –
BOC – 64 (1.2)**** 34 (2.2)**** 26 (0.1)**** 26 (0.2)**** –
IOC – 64 (1.9)**** 70 (0.5)*** 52 (0.9)**** 34 (0.7)**** –
TMZ – 98 ± 0.6 99 ± 1.1 91 (1.5)* 86 (1.5)*** –

3D Matrigel base layer culture, 24 h' incubation

MOC – 91 (2.2)* 94 (1.8) 74 (1.1)**** 65 (3.2)**** –
EOC – 93 (1.9) 86 (2.5)** 75 (1.7)*** 75 (3.2)*** –
POC – 92 (0.3)* 91 (3.1)* 77 (2.3)*** 70 (1.1)**** –
BOC – 73 (1.3)*** 54 (1.1)**** 40 (0.3)**** 31 (0.7)**** –
IOC – 74 (3.1)*** 73 (1.8)*** 41 (0.8)**** 41 (0.6)**** –
TMZ – 99 (0.9) 99 (1.3) 94 (2.5) 85 (1.9)*** –

3D Matrigel base layer culture, 24 h' incubation

MOC 93 (1.0) 88 (2.1)** 82 (2.6)*** 76 (0.9)*** 66 (0.9)**** 32 (4.7)****
EOC 91 (0.1) 86 (4.2)** 78 (2.1)*** 59 (3.9)**** 59 (1.9)**** 28 (3.2)****
POC 93 (1.0) 87 (3.8)** 84 (1.9)** 74 (2.2)*** 67 (3.2)**** 37 (4.3)****
BOC 92 (3.3) 68 (2.3)**** 58 (2.3)**** 41 (3.1)**** 23 (3.5)**** 7 (1.5)****
IOC 90 (2.4) 86 (2.3)** 70 (0.6)*** 52 (0.7)**** 34 (0.6)**** 6 (0.9)****
TMZ 100 (1.5) 96 (1.8) 97 (1.2) 94 (1.9) 87 (1.5)** 60 (0.9)****

3D Matrigel base layer culture, 12 h' incubation

MOC – 92 (0.9) 89 (1.2)* 97 (1.4) 91 (1.8) –
EOC – 92 (2.0) 87 (1.1)** 83 (0.9)** 84 (3.1)** –
POC – 95 (1.9) 90 (1.2)* 89 (1.3)* 81 (1.8)** –
BOC – 88 (1.9)** 82 (1.6)** 84 (2.8)** 77 (3.9)*** –
IOC – 88 (1.8)** 89 (1.9)** 86 (2.6)** 79 (2.1)*** –
TMZ – 97 (2.8) 102 (2.1) 98 (2.1) 94 (2.2) –

3D Matrigel base layer culture, 6 h' incubation

MOC – 98 (2.4) 95 (3.2) 92 (1.6)* 93 (1.2)* –
EOC – 100 (1.2) 99 (0.3) 93 (1.7)* 92 (1.8)* –
POC – 99 (0.8) 98 (2.4) 94 (1.9) 91 (0.6)* –
BOC – 97 (1.1) 92 (1.4)* 89 (0.1)** 88 (0.7)** –
IOC – 96 (2.4) 92 (0.5)* 89 (1.1)** 88 (1.3)** –
TMZ – 101 (1.1) 100 (0.4) 98 (1.7) 100 (1.3) –

3D Matrigel base layer culture, 3 h' incubation

MOC – 100 (0.9) 99 (1.5) 99 (1.1) 96 (3.4) –
EOC – 99 (0.6) 97 (1.9) 97 (1.3) 98 (3.8) –
POC – 97 (2.5) 96 (1.1) 99 (2.3) 99 (1.1) –
BOC – 97 (1.0) 97 (0.6) 95 (2.8) 95 (2.8) –
IOC – 99 (1.7) 94 (2.8) 97 (1.1) 100 (0.6) –
TMZ – 100 (1.2) 100 (2.9) 100 (3.1) 101 (1.1) –

3D culture exposed to OCA + TMZ

MOC (300 μM) 65 (2.52)*** MOC (300 μM) + TMZ (600 μM) 63 (1.21)****
EOC (300 μM) 79 (0.88)*** EOC (300 μM) + TMZ (600 μM) 51 (1.45)****
POC (300 μM) 76 (3.93)*** POC (300 μM) + TMZ (600 μM) 66 (0.30)***
BOC (200 μM) 61 (1.45)*** BOC (200 μM) + TMZ (600 μM) 31 (1.53)***
IOC (200 μM) 68 (2.08)*** IOC (200 μM) + TMZ (600 μM) 34 (2.33)*****
TMZ (600 μM) 86 (2.65)**

Values are expressed as mean (SD). Differences with the control condition are significant at *P < .05, **P < .005, ***P < .001, or
****P < .0001.
Mean percentage of viable cells according to MTT results. BOC: butyl-o-coumarate; EOC: ethyl-o-coumarate; IOC: isobutyl-o-coumarate;
MOC: methyl-o-coumarate; POC: propyl-o-coumarate; TMZ: temozolomide.
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Fig. 4 Induction of apoptotic cell death secondary to ortho-coumaric acid alkyl esters (OCCAE). A1–A6) Results of flow cytometry
testing for annexin V and propidium iodide to detect apoptosis in the monolayer culture of glioblastoma multiforme (GBM) cells
exposed for 6 h to the study compounds. A7) Percentage of cells positive for annexin V in the different study groups in triplicate, at
3 and 6 h of exposure. Data are expressed as mean (SD) with differences significant at ***P < .001 and ****P < .0001 versus the control
group. B1–B6) Expression of active caspase-3 secondary to OCAAE exposure. Immunofluorescence labelling of active caspase-3
(green) in the 3D culture of GBM cells exposed to OCAAE for 6 h. DAPI labelling of cell nuclei (blue). B1: MOC (300 μM); B2: EOC
(300 μM); B3: POC (300 μM); B4: BOC (200 μM); B5: TMZ (600 μM); B6: control. Images shown at 40× magnification; scale bar
measures 50 μm. B7) Percentage of cells expressing caspase-3 in a total of 30 fields counted in each group. Data are expressed as
mean (SD) with differences significant at ***P < .001 and ****P < .0001 versus the control group. C) DNA ladder study in agarose gel to
detect cell death after 12 h' exposure to OCAAEs. MW: molecular weight in base pairs. A: BOC (200 μM); B: IOC (200 μM); C: MOC
(300 μM); D: POC (300 μM); E: EOC (300 μM); F: TMZ (600 μM); G: vehicle (DMSO); H: control (culture medium). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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percentage of cells positive for caspase-3 after 6 h of
exposure was as follows: 73.4% (3.9) for cells exposed to
MOC, 48.4% (2.9) for EOC, 61.8% (3.5) for POC, 83.9% (6.08)
for BOC, and 30.9% (1.52) for TMZ; all differences were
significant at P < .0001 or P < .001 versus the control
condition (5.6% [1.6]) (Fig. 4, panel B7). After 12 h of
exposure, expression of active caspase-3 was reduced for
several of the study molecules: 18.8% (1.6) for MOC, 35.8%
(5.8) for EOC, 34.1% (3.03) for POC, 7.5% (1.3) for BOC, and
38.3% (2.1) for TMZ; the difference as compared to the
control condition (1.1% [0.57]; P < .005) was smaller than at
6 h' exposure. At 24 h of exposure, expression of active
9

caspase-3 was less marked for most study molecules: 3.6%
(0.82) for MOC, 11.4% (1.7) for EOC, 8.2% (0.76) for POC,
1.1% (0.5) for BOC, and 11.1% (1.16) for TMZ; differences
were significant at P < .05 versus the control condition (2.0%
[0.94]) (Fig. 4, panel B7).

DNA fragmentation secondary to ortho-coumaric acid
alkyl esters

Significant DNA fragmentation was observed after 12 h of
exposure to BOC and IOC (Fig. 4, panel C: A and B). Degraded
DNA was observed to a lesser extent in cells exposed to MOC,
POC, and EOC (Fig. 4, panel C: C, D, and E), and was not
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observed in the TMZ, vehicle, or control conditions (Fig. 4,
panel C: F, G, and H). DNA degradation was not observed at
6 h of exposure.
Discussion

In this study, we evaluated the effects of the synthesised
OCAAEs on the GBM cell line, and compared them against the
effects of TMZ, the first-line drug for these tumours. We
observed a significant reduction in cell viability after
exposure to OCAAEs with longer alkyl chains, BOC, and IOC
(4 carbons); however, MOC, POC, and EOC, with shorter
chains (1, 2, and 3 carbons, respectively), also had
significant effects at lower concentrations than TMZ, both
in monolayer and 3D cultures (Fig. 3).

The fact that greater cytotoxicity was observed in the
monolayer culture than in the 3D culture may be explained
by the similarity between the characteristics of cells in the
latter model and in in vivo conditions, as a result of which
the cells may present greater resistance to the compounds
and drugs and greater survival. They may even express a
greater quantity of proteins enabling them to imitate the
natural environment of the tumour, from adhesion mole-
cules that promote invasion and metastasis to molecules
promoting the survival of cancer cells, or extracellular
matrix proteins that promote intercellular bonds; this would
maintain their more active state.23,24 Photomicrography
images show that cells in 3D cultures presented more
pronounced growth, both in number and the form of
ramification, by which cells communicate and extend
cytoplasmic processes to establish contact between
neurospheres. These properties were not observed in the
monolayer culture (Fig. 1).26 In contrast, the Matrigel-
embedded cell culture did not show clear cytohistological
characteristics, possibly due to the pressure of the extra-
cellular matrix, which may have been somewhat higher with
this technique. However, cells in this culture presented good
growth in terms of volume and ramifications; despite this,
we opted to continue using the first 3D culture. Both
monolayer and 3D cultures presented cell viability of
approximately 50% with OCAAEs at low concentrations
(BOC and IOC at 200 μM; MOC, POC, and EOC at 300 μM),
compared to 60% viability for cells exposed to TMZ (1200 μM)
(Fig. 3).13

We repeated the experiment for OCAAE exposure at 24 h
to establish which concentrations had the greatest effect on
cell viability, ranging from 50 to 1200 μM. At 50 μM, no
significant differences were observed for any of the study
molecules, and at 100 μM only BOC and IOC had an effect on
cell viability, though limited (P < .05). On the other hand,
concentrations of 1200 μM were highly cytotoxic for all
OCAAEs. However, TMZ only reduced cell viability by 40%;
therefore, much lower doses are required for OCAAEs than
for TMZ in order to observe an effect on cell viability.

MTT studies of cell viability after different exposure
times found no significant differences with respect to the
control condition after 3 h (Table 1), whereas the experi-
ments with annexin V found that BOC, MOC, POC, and EOC
did induce apoptosis after 3 h of exposure; exposure to the
latter was also associated with greater phosphatidylserine
externalisation (Fig. 4, panels A1–A7). Cell viability
10
decreased after 6 h of exposure, particularly at concentra-
tions of 300 and 500 μM; at these low concentrations, TMZ
continued not to present an effect on cell viability. While
the percentage of labelled cells was much lower at 6 than at
3 h, there continued to be a significant difference with
respect to the control condition (Fig. 4, panel A7), probably
because some cells were at a more advanced stage of
apoptosis, when phosphatyldiserine is no longer detectable,
or may have entered cell-cycle arrest.11,12,27 Similarly,
active caspase-3 expression was observed in a large number
of cells exposed to OCAAEs and TMZ, with significantly
higher percentages at 6 h for BOC, MOC, POC, and EOC (in
decreasing order of significance), compared to cells exposed
to TMZ only and to the control conditions (Fig. 4, panels B1–
B7); after 12 and 24 h of exposure to OCAAEs, active
caspase-3 expression was lower, possibly due to advanced
cell death or cell-cycle arrest.28 The gel run technique to
quantify DNA fragmentation also showed that, at 12 h of
exposure, numerous cells were in a late stage of apoptosis
(Fig. 4C); this is consistent with our results for other
techniques studying cell death.

Other researchers who have studied the effects of
hydroxycinnamic acids similar to OCA and their alkyl esters
on different tumours concur that the apoptotic pathway may
be activated: these studies have observed activation of such
proapoptotic genes as bax/bak and p53, JNK proteins,
caspases (3, 6, 7, and 9), Apaf-1, FasL, TRAIL-TNF, p21,
p16, and Bh3-only proteins.10,29,30 Similarly, other re-
searchers report silencing of Bcl-2, ERK 1/2, cyclin D1,
interaction with second messengers, and inhibition of
nucleus translocation and cyclin-dependent kinases 4 and
6, modification of the retinoblastoma protein–E2F complex,
cell-cycle arrest, and cell death by apoptosis; while these
molecular changes may also have occurred in our experi-
ments, we did not analyse molecules that may have
confirmed this hypothesis.28,31–33

The combination of OCAAEs and TMZ had a greater effect
on the viability of GBM cells (Fig. 3D), suggesting that very
low doses of OCAAEs may be combined with TMZ to
potentiate the drug's antitumour effect.34

OCAs occur naturally in various types of foods; however,
attempts to use them therapeutically have not controlled
doses or monitored effects, as they contain different
phenolic compounds; on the other hand, if OCAAEs are
synthesised, we are able to control the type and stability of
molecules, enabling these compounds to be used at
controlled doses. Furthermore, our laboratory synthesises
different hydroxycinnamic acid esters using enzymatic
techniques with yields superior to 95%, a more environmen-
tally friendly and economical alternative.18

OCAs present low liposolubility, reducing their bioavail-
ability and antitumour efficacy; on the other hand, OCAAEs,
and particularly those with longer alkyl chains, are more
liposoluble and therefore better able to penetrate mem-
branes and act on cells, for example in cell organelles.
However, their effects on healthy cells were not tested; this
would require vectorisation of the compound to make it
more selective to cancer cells, perhaps through the
administration of nanoparticles or nanovectors such as
liposomes alongside OCAAEs, which would increase their
liposolubility and distribution.35 Other possible approaches
are direct administration at the time of tumour dissection,
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or smart delivery by binding the OCAAE to a monoclonal
antibody able to identify cancer cell epitopes; this would
enable localised antitumour action.36 However, such
vectorisation may not be completely necessary, as previous
studies with different hydroxycinnamic acid alkyl esters,
including certain long-chain alkyl esters of p-coumaric acid,
have shown low cytotoxicity in non-cancerous cell lines28;
the same effect may be observed for the molecules
synthesised in our study.28

Conclusions

In most of the parameters evaluated in this study, BOC and
its isomer IOC presented a significantly greater effect than
the other OCAAE; this may indicate a direct relationship
between alkyl chain length and the reduction in GBM cell
viability, with alkyl length conferring different physico-
chemical properties to the molecules, such as increased
liposolubility. However, modifying the molecular geometry
of the butyl ester did not increase the activity of the
molecule. Nonetheless, our results suggest that all OCAAEs
had antitumour activity, with butyl esters (BOC and IOC)
presenting the greatest potential; this opens the door to
further structure–function studies and research with other
OCA derivatives.

These findings are consistent with those of previous
studies using other types of hydroxycinnamic acids. The
effects of OCAAEs mainly affect the viability of tumour cells,
inducing processes associated with apoptosis; these mole-
cules also present a synergistic effect, with their cytotoxic-
ity being increased when administered in combination with
TMZ. Furthermore, we observed a more significant effect
with BOC and its isomer in several of the parameters
studied, followed by MOC, POC, and EOC, whereas much
higher concentrations of TMZ were needed before the same
effects were observed. We also corroborated that 3D cell
cultures constitute an appropriate model for studying new
molecules with potential therapeutic effects in different
types of tumour.
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