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BACKGROUND AND PURPOSE
Neurodegenerative diseases are a major problem afflicting ageing populations; however, there are no effective treatments to
stop their progression. Oxidative stress and neuroinflammation are common factors in their pathogenesis. Nuclear factor
(erythroid-derived 2)-like 2 (Nrf2) is the master regulator of oxidative stress, and melatonin is an endogenous hormone with
antioxidative properties that reduces its levels with ageing. We have designed a new compound that combines the effects of
melatonin with Nrf2 induction properties, with the idea of achieving improved neuroprotective properties.

EXPERIMENTAL APPROACH
Compound ITH12674 is a hybrid of melatonin and sulforaphane designed to exert a dual drug–prodrug mechanism of action.
We obtained the proposed hybrid in a single step. To test its neuroprotective properties, we used different in vitro models of
oxidative stress related to neurodegenerative diseases and brain ischaemia.

KEY RESULTS
ITH12674 showed an improved neuroprotective profile compared to that of melatonin and sulforaphane. ITH12674 (i)
mediated a concentration-dependent protective effect in cortical neurons subjected to oxidative stress; (ii) decreased reactive
oxygen species production; (iii) augmented GSH concentrations in cortical neurons; (iv) enhanced the Nrf2–antioxidant
response element transcriptional response in transfected HEK293T cells; and (v) protected organotypic cultures of
hippocampal slices subjected to oxygen and glucose deprivation and re-oxygenation from stress by increasing the expression
of haem oxygenase-1 and reducing free radical production.

CONCLUSION AND IMPLICATIONS
ITH12674 combines the signalling pathways of the parent compounds to improve its neuroprotective properties. This opens a
new line of research for such hybrid compounds to treat neurodegenerative diseases.
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Abbreviations
AD, Alzheimer’s disease; ARE, antioxidant response element; GST, GSH S-transferase; H2DCFDA, 2′,7′-
dichlorodihydrofluorescein diacetate; HO-1, haem oxygenase-1; MTT, 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-
tetrazolium bromide; NDDs, neurodegenerative diseases; Nrf2, nuclear factor (erythroid-derived 2)-like 2; OGD/reox,
oxygen and glucose deprivation plus re-oxygenation; OHCs, organotypic hippocampal cultures; PD, Parkinson’s disease;
PI, propidium iodide; Rot/olig, rotenone and oligomycin A combination; SnPP, tin-protoporphyrin IX; SULF,
sulforaphane; TBH, tert-butyl hydroperoxide

Introduction
Due to an increased ageing population, neurodegenerative
diseases (NDDs) such as Alzheimer’s disease (AD), Parkinson’s
disease (PD) as well as ischaemic stroke are an increasing
burden to society because of their cumulative morbidity and
mortality. Common features of NDDs are cognitive and/or
motor deficits, selective loss of neurons, the appearance of
aberrant protein aggregates. In addition, there is abundant
evidence of lipid peroxidation, protein nitration and nucleic
acid oxidation (Di Carlo et al., 2012).

Oxidative damage and mitochondrial dysfunction are
thought to play a key role in the onset and development of
NDD (Lin and Beal, 2006). For instance, the brains of AD
patients are subjected to high oxidative stress, as demon-
strated in post-mortem AD temporal cortex and hippocampus
(Schipper et al., 2006), and in astrocytes and neurons (Ramsey
et al., 2007). Similar results have been obtained for PD and
other NDDs (Dasuri et al., 2013). In normal conditions, cells
respond to oxidative stress through an endogenous mecha-
nism regulated mainly by the nuclear factor (erythroid-
derived 2)-like 2 (Nrf2). Nrf2 is a member of the Cap ‘n’ Collar
family of transcription factors that bind to the antioxidant
response element (ARE) to regulate the antioxidant response
(Nguyen et al., 2010). It is sequestered in the cytosol by the
Keap1 protein, which targets it for ubiquitination by CUL3–
ROC1 ligase and subsequent degradation by the proteasome
(Furukawa and Xiong, 2005). In the presence of oxidative
stress, Nrf2 is released from Keap1, translocates into the
nucleus and binds to the ARE sequences forming a complex
with a small Maf protein to induce the ‘phase II antioxidant
response’ (Zhang et al., 2013). Phase II genes induced by Nrf2
include, among others, haem oxygenase-1 (HO-1) and GSH
synthetic enzymes (Zhang et al., 2013). Interestingly, despite
abundant evidence for the occurrence of oxidative stress in
NDDs, the Nrf2–ARE signalling pathway is attenuated or
deleted in several neurodegenerative pathological conditions

(Ramsey et al., 2007). Therefore, there is increasing evidence
supporting the use of the Nrf2–ARE transcriptional pathway
as a key target for the treatment of NDDs. For example, in
animal models of AD, induction of the Nrf2–ARE transcrip-
tional pathway has been demonstrated to improve spatial
learning (Kanninen et al., 2009) and attenuate inflammation
(Thimmulappa et al., 2006) and oxidative stress. In PD,
several inducers of Nrf2 have been shown to have the ability
to protect cells and ameliorate symptoms in vitro (Jakel et al.,
2007) and in vivo (Chen et al., 2009). There is also evidence of
the therapeutic potential of the Nrf2–ARE pathway in Hun-
tington disease (Calkins et al., 2005; Ellrichmann et al., 2011),
amyotrophic lateral sclerosis (Vargas et al., 2008) and brain
ischaemic damage. Sulforaphane, a potent Nrf2 inducer iso-
lated from sprouting broccoli, has been extensively studied in
several NDD models. It has been found to have a wide neu-
roprotective profile (Tarozzi et al., 2013) in numerous in vitro
and in vivo oxidative stress models of AD (Kim et al., 2013),
PD (Jazwa et al., 2011; Morroni et al., 2013), cerebral ischae-
mia (Zhao et al., 2006) and inflammation (Innamorato et al.,
2008); this effect is thought to be mediated by the induction
of the Nrf2–ARE pathway.

Melatonin is a well-known multifunctional molecule that
influences the circadian rhythms (Hardeland et al., 2012), the
immune response (Mauriz et al., 2013), the cardiovascular
(Dominguez-Rodriguez et al., 2012) and digestive systems
(Palileo and Kaunitz, 2011). Additionally, over the last
decade, it has been extensively investigated because of its
benefits in the CNS (Wang, 2009). The neuroprotective
profile of melatonin is related, in part, to its potent antioxi-
dant and scavenger effect (Tan et al., 1993; Reiter et al., 2009;
Kilic et al., 2012). As a scavenger, melatonin reacts with free
radicals to form several metabolites that can also trap free
radicals; this is known as the ‘scavenger cascade of melatonin’
(Tan et al., 2007). A single molecule of melatonin is able to
trap up to 10 free radicals (Tan et al., 2001; 2007; Rosen et al.,
2006). Furthermore, melatonin increases the activity of
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several antioxidant enzymes (Luchetti et al., 2010). Because
of its antioxidant and neuroprotective activities, melatonin
has been suggested as a possible treatment for oxidative
stress-related disorders such as NDDs (Pandi-Perumal et al.,
2013).

In the light of the pleiotropic profile of melatonin and
the interesting neuroprotective results obtained with sul-
foraphane, we have hypothesized that the combination of
these compounds in one molecule could eventually result in
complementary, additive neuroprotective effects with a
potential therapeutic application for NDDs. Hence, we have
generated a melatonin–sulforaphane hybrid, ITH12674
(Figure 1), designed to react with cysteines present in Keap1
to liberate Nrf2, which then acts as a drug and also to be
conjugated with GSH inside the cell to generate a potent
melatonin-like antioxidant compound, a prodrug of this
conjugate. This drug–prodrug mechanism resulted in an
improved pharmacological profile with therapeutic potential
for the treatment of NDDs.

Methods

Chemistry
Compound ITH12674 was synthesized in our laboratories
using an optimized synthetic protocol. A solution of N,N′-
thiocarbonyldiimidazole (0.26 mmol, 46.8 mg) in THF
(2 mL) was added to a solution of 2-(5-methoxy-1H-indol-3-
yl)-ethanamine (0.26 mmol, 50 mg) in dry tetrahydrofuran
(3 mL) at 0°C for 10 min. The resulting solution was allowed
to warm-up to room temperature and stirred for 3 h until
completion. Thereafter, the solvent was eliminated under
reduced pressure and purified by flash chromatography on
silica gel (hexane : CH2Cl2 0–60%) to yield the product

(ITH12674) as a pale yellow oil (54.4 mg, 90% yield); Rf 0.87
(dichloromethane, 100%); 1H NMR and 13C NMR data were in
agreement with previously reported findings (Singh et al.,
2007); Rf 0.87 (DCM, 100%); 1H NMR (300 MHz, CDCl3) δH

7.91 (1H, bs, NH), 7.20 (1H, d, J = 8.6 Hz, H7), 7.01 (1H, d,
J = 2.4 Hz, H4), 6.91 (1H, d, J = 2.4 Hz, H2), 6.81 (1H, dd,
J = 2.4 Hz, J = 8.6 Hz, H6), 3.81 (1H, s, OCH3), 3.69 (2H,
t, J = 6.8 Hz, OCH2CH2NCS ), 3.06 (2H, t, J = 6.8 Hz,
OCH2CH2NCS); 13C NMR (75 MHz, CDCl3) δC 154.2, 131.4,
127.3, 123.8, 112.5, 112.2, 110.9, 56.1, 45.7, 26.5; HRMS (ES+)
mass calc’d. For C12H12N2SO 232.0670; found [(M + H)+]
233.0740, found [(M + Na)+] 255.0567; Anal. Calcd. For
C12H12N2SO: C, 62.04; H, 5.21; N, 12.06, S, 13.80. Found: C,
62.26; H, 5.38; N, 11.88; S, 13.56.

Animal experiments
All experimental procedures were performed following the
Guide for the Care and Use of Laboratory Animals and were
previously approved by the institutional Ethics Committee of
the Autonomous University of Madrid, Spain, according to
the European Guidelines for the use and care of animals for
research in accordance with the European Union Directive of
22 September 2010 (2010/63/UE) and with Spanish Royal
Decree of 1 February 2013 (53/2013). All efforts were made to
minimize animal suffering and to reduce the number of
animals used. All studies involving animals are reported in
accordance with the ARRIVE guidelines for reporting experi-
ments involving animals (Kilkenny et al., 2010; McGrath
et al., 2010).

Isolation and culture of rat cortical neurons
Cortical neuron culture was performed as previously
described (Lorrio et al., 2013). Briefly, pregnant rats (Sprague
Dawley, SD) were decapitated and 18-day-old embryos were

Figure 1
Rational design of melatonin–sulforaphane hybrid ITH12674.
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quickly removed. The cortex was dissected under a stereomi-
croscope in PBS at 4°C. The tissue was digested with
0.5 mg·mL−1 papain and 0.25 mg·mL−1 DNAse dissolved in
Ca2+- and Mg2+-free PBS containing 1 mg·mL−1 BSA and 6 mM
glucose at 37°C for 20 min. The papain solution was replaced
by 5 mL of neurobasal medium supplemented with 10% FBS.
Cells were resuspended in 5 mL neurobasal medium and
plated at the desired density on plates coated with poly-D-
lysine (0.1 mg·mL−1). After 2 h of culture in the presence of
FBS, the medium was replaced by fresh serum-free medium
containing B27 supplement with antioxidants. Under these
conditions, standard cell survival was 4 weeks; experiments
were performed after 7–10 days in culture.

Preparation of organotypic hippocampal slice
cultures (OHCs)
Cultures were prepared according to the methods described
by Stoppini et al. (1991) with some modifications. Briefly,
300 μM thick hippocampal slices were prepared from SD rats
(8–10 days old) using a Mcilwain tissue chopper (Ted Pella,
Inc., Redding, CA, USA) and separated in ice-cold HBSS. Four
to six slices were placed per Millicell 0.4 μM culture insert and
placed on a 6-well culture tray with media where they
remained for 7 days. The culture media consisted of 50%
MEM, 25% HBSS and 25% heat-inactivated horse serum. The
medium was supplemented with 3.7 mg·mL−1 D-glucose,
2 mmol·L−1 L-glutamine and 2% of B27 supplement minus
antioxidants and 100 U·mL−1 penicillin. OHCs were cultured
in a humidified atmosphere at 37°C and 5% CO2, and the
medium was changed twice a week.

Cell treatment with compound solutions
Stock solutions were dissolved in DMSO at a concentration of
10−2 M. All solutions were stored in aliquots at −20°C. Once
defrosted for a given experiment, the aliquot was discarded.
The final concentrations of DMSO used (always <0.1%) did
not cause neuronal toxicity.

Neuroprotection experiments
Toxicity elicited by rotenone/oligomycin A or TBH in cortical
neurons. Rat cortical neurons were plated at a density of
60 000 cells per well in 96-well plates. The cells were treated
with neuroprotective compounds at the desired concentra-
tions for 24 h. Thereafter, the compounds were withdrawn
and the toxins added: (i) 30 μM rotenone plus 10 μM oligo-
mycin A or (ii) 30 μM TBH for another 24 h. Toxins were
incubated in 10% B27 minus antioxidant medium. At the end
of the experiments, cell death was assessed by following the
MTT reduction method.

Quantification of cell viability by MTT reduction. MTT was
added (5 mg·mL−1 per well) to the cell samples, which were
then incubated in the dark at 37°C for 2 h. The formazan
produced was dissolved by adding 100 μL of DMSO, resulting
in a coloured compound; the optical density of this com-
pound was measured in an ELISA reader at 540 nm. All MTT
assays were performed in triplicate. Data are expressed as a
percentage of MTT reduction, with the maximum control
capability in each individual experiment taken as 100%.

Oxygen and glucose deprivation in OHCs. The inserts with
OHCs were placed into 1 mL of the oxygen and glucose dep-
rivation (OGD) solution composed of (in mM): NaCl 137.93,
KCl 5.36, CaCl2 2, MgSO4 1.19, NaHCO3 26, KH2PO4 1.18 and
2-deoxyglucose 11. The OHCs were then placed into an air-
tight chamber (Billups and Rothenberg, Del Mar, CA, USA) and
were exposed to 95% N2/5% CO2 gas flow for 5 min to ensure
oxygen deprivation. After that, the chamber was sealed for
15 min at 37°C. Control cultures were maintained for the same
time under normoxic atmosphere in a solution with the same
composition as that described above (OGD solution) but con-
taining glucose (11 mM) instead of 2-deoxyglucose. After the
OGD period, slice cultures were returned to their original
culture conditions for 24 h (reoxygenation period).

Quantification of cell death in OHCs by PI and Hoechst 33342
staining. At the end of the experiment, the OHCs were
loaded with 1 μg·mL−1 PI and Hoechst 33342 (Hoechst)
during the last 30 min of incubation. Mean PI and Hoechst
fluorescence in the CA1 region in each slice, after a given
treatment, were analysed. Fluorescence was measured in a
fluorescence inverted NIKON eclipse T2000-U microscope
(Nikon Instruments, Tokyo, Japan). Wavelengths of excita-
tion and emission for PI and Hoechst were 530 or 350 and
580 or 460 nm respectively. Fluorescence was analysed using
the Metamorph programme version 7.0 (Molecular Devices,
Sunnyvale, CA, USA). Data were normalized with respect to
control values that were considered as 1.

Luciferase assays
To monitor the expression of Nrf2–ARE, HEK 293T cells were
seeded on 24-well plates (100 000 cells per well), cultured for
16 h and transfected using calcium phosphate. Transient
transfections of HEK293T cells were performed with the
expression vectors pTK-Renilla and ARE-LUC (a gift from Dr J
Alam, Department of Molecular Genetics, Ochsner Clinic
Foundation, Baton Rouge, LA, USA). After transfection, cells
were treated with ITH12674 at the indicated doses for 16 h.
As a control, transfected cells were treated with sulforaphane
(0.3 μM) for 16 h. Then, cells were lysed and assayed for
luciferase activity with the dual luciferase assay system
(Promega) according to the manufacturer’s instructions. Rela-
tive light units were measured in a GloMax 96 microplate
luminometer (Promega, Madrid, Spain) with dual injectors.

Immunocytochemistry
Cortical neurons were seeded in 6 multiwell plates (50 000
cells per well) on poly-D-Lys-covered slides. Neurons were
incubated with treatments for 2 h and then were fixed with
2% paraformaldehyde dissolved in PBS for 15 min and
washed three times with PBS every 5 min. Later, they were
permeabilized with 0.5% Triton X-100 for 1 min and washed
three times with PBS. Cells were incubated with primary
antibody (anti-Nrf2, H-300, SC-13032, Santa Cruz Biotech-
nology, Dallas, TX, USA) overnight. Then, three consecutive
washes with PBS were performed before the samples were
incubated with secondary antibody (45 min). To visualize the
nuclei, cells were counterstained with Hoechst (5 μg·mL−1)
during the second wash (Invitrogen, Madrid, Spain). Finally,
the slides were covered with coverslips, glycerol-PBS (1:1 v
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v−1) added and they were viewed with a confocal microscope
(TCS SPE, Leica, Wetzlar, Germany).

Intracellular GSH measurement
To quantify free GSH we used monochlorobimane (Kamencic
et al., 2000). Cells were incubated with monochlorobimane
(100 μM) at a final volume of 50 μL of neurobasal media
without B27 for 1 h. Then, cells were washed twice with
Krebs–HEPES solution and fluorescence intensity was meas-
ured in a Fluostar optima microplate reader (BMG Labtech
Offenburg, Germany) at excitation and emission wavelengths
of 410 and 485 nm respectively. All measurements were per-
formed in triplicate in five different cell cultures.

In vitro GSH conjugation and
LC-IT-MS analysis
Reactions were performed in vitro using a glutathione
S-transferase (GST) enzyme. GSH (5 mM, final concentration),
ITH12674 (1 mM, final concentration) and 10 U of GST were
added to PBS (10 mM, pH 6.5) at a final volume of 500 μL. The
reaction was maintained at 37°C for 1 h. As control, non-
enzymatic reaction (mixture lacking GST) was incubated for
2 h at 37°C. Reactions were stopped by adding 100 μL of 20%
trifluoroacetic acid. Samples were prepared for analysis by
adding 400 μL of a 50:50 mixture of MeOH : CH3CN. The
reaction mixtures were analysed using an API QSTAR pulsar I
LC-MS/MS system (Applied Biosystems, Madrid, Spain)
equipped with an electrospray ionization source and con-
nected to a LC system 1100 series (Agilent Technologies,
Madrid, Spain). Sample components were separated in a 150 ×
2.1 mm BetaBasic-18 C18 column using a linear gradient
mobile phase of 80% water with 0.1% formic acid and 20%
acetonitrile. The LC-IT-MS was operated in positive ion mode.

Measurement of reactive oxygen species
(ROS) production
To measure the generation of ROS, we used the molecular
probe H2DCFDA (Ha et al., 1997). H2DCF reacts with intrac-
ellular ROS to form dichlorofluorescein, a green fluorescent
dye. Neurons were seeded in 96-well clear bottom-black
plates for 7–8 days. After the treatments, neurons were loaded
with 10 μM H2DCFDA for 45 min. Subsequently, neurons
were washed twice with Krebs solution and kept for 15 min
before the beginning of the experiment. Then, neurons were
exposed to the ROS generator (rotenone and oligomycin A
combination, rot/olig) for 4 h. Fluorescence was measured in
a fluorescence microplate reader (Fluostar optima; BMG
Labtech). Wavelengths of excitation and emission were 485
and 520 nm respectively. The fluorescence of control was
normalized as 100% and the increase in fluorescence induced
by a 4 h exposure to the ROS generator (rot/olig) was
expressed as % control cells.

Western blot analysis
Slices of each experimental group were lysed in 100 μL ice-
cold lysis buffer (1% Nonidet P-40, 10% glycerol, 137 mM
NaCl, 20 mM Tris-HCl, pH 7.5, 1 μg·mL−1 leupeptin, 1 mM
PMSF, 20 mM NaF, 1 mM sodium pyrophosphate and 1 mM
Na3VO4). Proteins (30 μg) from these lysates were resolved by
SDS-PAGE and transferred to Immobilon-P membranes (Mil-

lipore Corp.). Membranes were incubated with anti-HO-1
(1:1000) and anti-β-actin (1:50 000). Appropriate peroxidase-
conjugated secondary antibodies (1:10 000) were used to
detect proteins by enhanced chemiluminescence. Protein
bands were scanned and density was analysed using the Scion
Image analysis software (Scion Corporation, NIH, Bethesda,
MD, USA). Control value was considered as 1.

Data analysis
Data are presented as means ± SEM. Comparisons between
experimental and control groups were performed by one-way
ANOVA followed by Newman–Keuls post hoc test. Differences
were considered to be statistically significant when P ≤ 0.05. All
statistical procedures were carried out using GraphPad Prism
software version 5.0 (GraphPad Software, La Jolla, CA, USA).

Chemicals
The fluorescent dyes propidium iodide (PI), Hoechst 33342 and
2′,7′-dichlorodihydrofluorescein diacetate (H2DCFDA), neu-
robasal, FBS, B27 supplement, B27 minus antioxidants (AO),
minimal essential medium (MEM), HBSS and heat-inactivated
horse serum were from Life Technologies (Madrid, Spain).
Anti-HO-1 was purchased from Millipore (Madrid, Spain). Rote-
none, oligomycin A, tert-butyl hydroperoxide (TBH), SULF,
anti-β-actin, monochlorobimane, GSH S-transferase (GST),
melatonin, MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-
tetrazolium bromide), 2-deoxyglucose and poly-D-lysine were
from Sigma-Aldrich (Madrid, Spain). Tin-protoporphyrin IX
(SnPP) dichloride was from Tocris (Biogen, Madrid, Spain).
pTK-Renilla was from Promega (Madison, WI, USA).

Results

ITH12674 protects primary cortical neurons
against oxidative stress
To evaluate the neuroprotective profile of ITH12674 we first
used two different in vitro models of oxidative stress, the
combination of rot/olig (Egea et al., 2007) and TBH (Kurz
et al., 2004). Rotenone and oligomycin A block complexes I
and V, respectively, of the mitochondrial electron transport
chain generating free radicals. In this study, we selected a
pre-incubation protocol in order to evaluate the potential
neuroprotective effect of ITH12674 derivative depending on
its Nrf2 induction capability. Cortical neurons were pre-
incubated for 24 h with increasing concentrations of
ITH12674 and reference compounds [melatonin (1 μM) and
sulforaphane (1 μM)] before the addition of toxic stimuli.
Thereafter, treatments were removed and the correspondent
toxic stimuli were added in fresh medium, without any com-
pound and maintained for another 24 h. Neuronal viability
was measured by the MTT reduction method (Figure 2A).
Exposure of cortical neurons to rot/olig (30/10 μM) for 24 h
significantly increased cell death to 33% with respect to
untreated control (Figure 2B). Melatonin and sulforaphane
significantly increased neuronal viability eliciting 40 and
44% protection, respectively, and their combination resulted
in a similar protection of 35%. ITH12674 reduced the toxicity
of rot/olig in a concentration-dependent manner, inducing
20% protection at a concentration of 100 nM; at 0.3 μM this
protection increased to 41%. The highest neuroprotective
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effect was reached at 1 μM (72%), which was more potent
than reference compounds, either separately or combined.

TBH simulates the oxidative stress generated by com-
plexed metals outside the cells (Kurz et al., 2004). We used the
same protocol described earlier (see protocol in Figure 2A).
Incubation of cortical neurons with TBH for 24 h increased
cell death to 40% (Figure 2C). ITH12674 significantly reduced
TBH toxicity at concentrations of 0.3 and 1 μM, but not at
0.1 μM. In contrast, melatonin and sulforaphane elicited 33
and 47% protection, respectively. When given in combina-

tion, the protection decreased to 29%. In contrast, ITH12674
at 1 μM increased cell viability by 57%, being more potent
than melatonin and sulforaphane at the same concentration.

Short-term decrease in GSH levels by
ITH12674 due to GST-mediated conjugation
with GSH
To evaluate the mechanism of action of ITH12674, we first
focused on the GSH content of the treated neurons. GSH is
the most important antioxidant inside the cells and its con-
centration is dependent on the expression of phase II
enzyme. Electrophilic compounds decrease the levels of GSH
by direct conjugation, which is catalysed by GST. Then, the
redox system of the cell detects the GSH depletion, liberates
Nrf2 that then translocates to the nucleus inducing the phase
II antioxidant response. This mechanism is well documented
for sulforaphane which, after conjugating with GSH, accu-
mulates inside the cells (Ye and Zhang, 2001).

Thus, we were interested in measuring the time course for
the changes in levels of GSH in response to, first, GSH deple-
tion, and second, de novo synthesis of GSH due to phase II
gene overexpression. Cortical neurons were incubated with
increasing concentrations of ITH12674 (0.1, 0.3, 1.0 μM) and
reference compounds melatonin or sulforaphane over three
periods of time (1, 3 and 6 h). Following pre-incubation,
treatments were removed and neurons were loaded with the
dye monochlorobimane. As shown in Figure 3A, GSH con-
centrations after a 1 h pre-incubation with melatonin, sul-
foraphane or their combination were the same as those in
untreated neurons. Incubation with each treatment over a
period of 3 h resulted in a decreased GSH concentration in
the presence of sulforaphane (8%) and more markedly in the
presence of ITH12674, 15% decrease at 1 μM. Larger differ-
ences were observed with 6 h pre-incubation periods, where
sulforaphane decreased the levels of GSH by 10%. ITH12674
decreased GSH levels in a concentration-dependent fashion
showing a 20% decrease at 1 μM.

To demonstrate the conjugation of ITH12674 with GSH,
we performed in vitro experiments in the presence of GST; the
formation of the conjugate was analysed using LC-IT-MS.
ITH12674 (1 mM) was mixed with reduced GSH (5 mM) in
the presence of GST for 1 h at 37°C. The same conditions
without GST were used as control reaction (data not shown).
The expected molecular ion [M + 1]+ of ITH12674–GSH con-
jugate (m/z = 540) appears in the peak at 11.4 min (data not
shown). The fragmentation pattern of this peak demonstrates
its structure (Figure 3B) showing a characteristic peak of glu-
tamate loss (−129) of the conjugate (m/z = 411).

Long-term induction of GSH levels by
ITH12674 is due to Nrf2–ARE
transcriptional regulation
The melatonin–sulforaphane hybrid ITH12674 was designed
with the intention of combining the pharmacological prop-
erties of melatonin and the Nrf2 inducer abilities of sul-
foraphane. To confirm the Nrf2 inducer activity of ITH12674,
we first studied the nuclear translocation of Nrf2 in the pres-
ence of ITH12674. Cortical neurons were treated with the
hybrid compound (1 μM) or culture media for 2 h, then
neurons were fixed and double stained with anti-Nrf2 and

Figure 2
ITH12674 exhibits concentration-dependent protection in cortical
neurons against neuronal toxicity elicited by oxidative stress. (A)
Experimental protocol: cortical neurons were pre-incubated with
different treatments at defined concentrations for 24 h. Thereafter,
neurons were subjected to toxic stimuli for another 24 h in the
absence of the protecting compounds. (B) Cell death induced by the
combination of rotenone (30 μM) and oligomycin A (10 μM) (rot/
olig) and protection mediated by melatonin (1 μM), sulforaphane
(SULF, 1 μM) and increasing concentrations of ITH12674 (0.1, 0.3
and 1 μM). (C) Cell death induced by TBH (30 μM) and its reduction
induced by the previous compounds at the same concentrations.
Data are expressed as cell death calculated as 100 minus % of
viability assessed by the MTT technique and data were normalized as
% basal. Data are mean ± SEM of triplicates of six independent
experiments ###P < 0.001 comparing basal and toxic injured neurons;
*P < 0.05, **P < 0.01, ***P < 0.001 comparing toxic stimulus group
in the absence of drugs; $$P < 0.01; $$$P < 0.001 comparing
ITH12674 group with reference compounds.
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Hoechst. As shown in Figure 4A, in untreated neurons the
Nrf2 was predominantly present in the cytosol; however, in
the presence of 1 μM ITH12674 Nrf2 was predominantly
located in the nucleus. Next, we tested the relative potency of
ITH12674 with respect to melatonin and sulforaphane.
HEK293T cells were transfected with ARE–LUC, and after
overnight recovery, cells were stimulated for 16 h with
increasing concentrations of ITH12674 (0.1, 0.3 and 1 μM),
sulforaphane (0.3 μM) or melatonin (1 μM). ITH12674
increased reporter gene activity at the concentration of 1 μM,
showing a 1.4-fold increase with respect to basal conditions
(Figure 4B). sulforaphane, used as a control, almost doubled
ARE expression at 0.3 μM and melatonin was not able to
increase reporter gene activity in this model. As previously
stated, de novo synthesis of GSH is regulated by phase II
antioxidant genes as rate-limiting GSH synthetic enzymes are

regulated by the ARE response. Thus, we measured GSH levels
after 24 h. As shown in Figure 4C, a 24 h incubation of
neurons with melatonin or sulforaphane increased the con-
centration of GSH by 17 and 20%, respectively, with respect
to untreated controls. ITH12674, 0.3 and 1 μM, also increased
the concentration of GSH after 24 h by 22 and 25%, respec-
tively, with respect to control conditions (Figure 4C).

Antioxidant effect of ITH12674 in cortical
neurons once conjugated with GSH
To correlate the neuroprotective effect of ITH12674 with its
ability to induce Nrf2 and accumulation of the conjugate, we
measured the mitochondrial ROS production induced by rot/
olig, after 4 h, with the fluorescent dye H2DCFDA. Cortical
neurons were treated with increasing concentrations of
ITH12674 (0.1, 0.3 and 1.0 μM) or reference compounds for

Figure 3
ITH12674 decreased the levels of GSH in cortical neurons due to GST-mediated conjugation with GSH up to 6 h after incubation. (A) Cortical
neurons were incubated with ITH12674 (0.3 and 1 μM) or reference compounds melatonin (1 μM), sulforaphane (SULF, 1 μM) or their mixture
for 1, 3 and 6 h. Thereafter, treatments were removed and neurons were loaded with the fluorescent dye monochlorobimane for 1 h. Then,
fluorescence intensity was measured. Data are expressed as % of fluorescence compared with vehicle control (DMSO). Data are mean ± SEM of
triplicates of five independent experiments, *P < 0.05, **P < 0.01, ***P < 0.001 compared with control conditions. (B) In vitro LC-MS/MS data for
GST-mediated ITH12648–GSH conjugation, proposed chemical structure of the conjugate m/z 540 and its MS/MS fragmentation spectrum.
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24 h. Then, treatments were removed by washing and cells
were loaded with the fluorescent dye for 45 min. After
washing away the fluorescent dye, cells were incubated with
rot/olig for 4 h (Figure 5A). Rot/olig incubation increased the
production of ROS species by 87.5% with respect to untreated
neurons. As shown in Figure 5B, ITH12674 and reference
compounds reduced the production of ROS species.

ITH12674 reduced ROS production to 31, 28 and 22% at the
concentrations of 0.1, 0.3 and 1.0 μM respectively. Melatonin
was the most potent, decreasing the production of ROS to
only 17% over basal conditions. This reduction was similar to
that produced by 1 μM ITH12674 and by the mixture of
melatonin and sulforaphane. sulforaphane alone reduced
ROS production to 39.7%.

Figure 4
ITH12674 induced Nrf2–ARE transcriptional response by nuclear translocation of Nrf2, measured as increased luciferase activity in HEK293T cells
and increased GSH levels after a 24 h pre-incubation period. (A) Cortical neurons were treated with ITH12674 (1 μM) or culture medium (Basal)
for 2 h, then they were processed for immunocytochemistry and stained with anti-Nrf2 (green) and Hoechst (blue). (B) HEK293T cells were
transfected with the ARE–LUC reporter and Renilla control vectors. After transfection, cells were treated with either ITH12674 (0.1, 0.3 and 1 μM),
sulforaphane (0.3 μM) or Mel (1 μM) for 16 h and luciferase activity was measured. Data are expressed as fold induction of luciferase activity
compared with vehicle control (DMSO). Data are mean ± SEM of quadruplicates (n = 4), **P < 0.01, ***P < 0.001 compared with basal conditions.
(C) Cortical neurons were incubated with ITH12674 (0.1, 0.3 and 1 μM) or reference compounds melatonin (1 μM), sulforaphane (1 μM) or their
mixture for 24 h. Thereafter, treatments were removed and neurons were loaded with the fluorescent dye monochlorobimane for 1 h. Then
fluorescence intensity was measured. Data are expressed as % of fluorescence compared with vehicle control (DMSO). Data are mean ± SEM of
triplicates of five independent experiments, *P < 0.05, **P < 0.01, ***P < 0.001 compared with control conditions.
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Participation of Nrf2/HO-1 in the
neuroprotective effect of ITH12674
against OGD/reox
To further investigate the neuroprotective effect evoked by
ITH12674, we selected the oxygen and glucose deprivation
plus reoxygenation (OGD/reox) model in OHCs as an in vitro
model of brain ischaemia. This model has been demonstrated
to reduce hippocampal neuron viability by ROS production
and excitotoxicity (Parada et al., 2013). After 15 min of OGD
insult, OHCs were incubated with selected concentrations of
ITH12674 (0.3 and 1 μM) and reference compounds, mela-
tonin and sulforaphane (1 μM), for the 24 h re-oxygenation
period (Figure 6A). OGD/reox increased cell death by 65%
(1.65 ± 0.7) compared with control OHCs maintained in
normoxia plus glucose conditions throughout the experi-
ment (Figure 6C), as assessed by PI fluorescence in CA1
(Figure 6B). ITH12674 significantly reduced cell death at both
concentrations, restoring OHCs to basal conditions at 0.3 μM
(1.00 ± 0.13) and similarly at 1 μM (1.12 ± 0.06). ITH12674
was more potent than melatonin; it reduced toxicity to 10%
(1.10 ± 0.13) and sulforaphane that reduced toxicity to 20%
(1.20 ± 0.15) at the concentration of 0.3 μM where ITH12674
showed maximum protection.

As shown before (Figure 4), ITH12674 was able to induce
Nrf2 and to increase GSH. To corroborate the participation of

phase II enzymes in the neuroprotection mediated by
ITH12674, we analysed the participation of the enzyme
HO-1, one of the most important enzymes of the phase II
antioxidant and anti-inflammatory response (Cuadrado and
Rojo, 2008). After 15 min in OGD, OHCs were treated with
ITH12674 and SnPP (HO-1 inhibitor, 3 μM); this resulted in a
partial reversal of its neuroprotective effect (1.47 ± 0.07)
(Figure 6C). To verify the expression of HO-1, at the end of
the experiment, OHCs were collected and cell lysates
were resolved on SDS-PAGE and analysed by immunoblot
with anti-HO-1 (Figure 6D). Melatonin (1 μM) significantly
increased, by 1.5-fold, the expression of HO-1 with post-OGD
treatment. Sulforaphane was the most potent as, at 1 μM, it
increased the expression of HO-1 by 1.9-fold. ITH12674, at
1 μM, also increased the expression of HO-1 in a statistically
significant manner by 1.4-fold. Thus, ITH12674 exhibited
similar potency to induce HO-1 as melatonin at the same
concentration, but it was less potent than sulforaphane.

Discussion

This study focuses on the neuroprotective profile of com-
pound ITH12674 as well as on the signalling pathways
involved in such protection. ITH12674 is a hybrid of

Figure 5
ITH12674 reduces ROS production in cortical neurons induced by the toxic combination of rot/olig after a 24 h pre-incubation. (A) Cortical
neurons were pretreated with increasing concentrations of ITH12674 or reference compounds at 1 μM for 24 h. Then, treatments were removed
and neurons were loaded with the fluorescent dye H2DCFDA (45 min). Thereafter, the dye was eliminated and neurons were treated with ROS
generator (rot/olig) over a 4 h period and fluorescence intensity was measured. Untreated cells without ROS generator were used as control. (B)
Bar diagram of ROS production for basal conditions, ROS generator and treatments. Data are expressed as % of fluorescence compared with
vehicle control (DMSO). Data are mean ± SEM of triplicates of five independent experiments, ###P < 0.001 comparing control and rot/olig-treated
neurons; ***P < 0.001 compared with rot/olig conditions.
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Figure 6
Post-OGD treatment with ITH12674 elicits neuroprotection in organotypic hippocampal slice cultures and this effect is linked to HO-1
overexpression. (A) Experimental protocol: OHCs were exposed to 15 min of OGD followed by 24 h in control solution (Reox). ITH12674 or
reference compounds were present during the 24 h reox period. (B) Microphotographs (original magnification 10×) of the CA1 subfield loaded
with PI for each treatment. (C) Bar diagram of cell viability for basal conditions, OGD and treatments measured as the relationship of PI/Hoechst
fluorescence in the CA1 subfield. (D) Top part of the figure illustrates the representative bands showing the expression of HO-1 obtained from
hippocampal slices subjected to 15 min OGD and 24 h reox. Expression of HO-1 is presented as densitometric quantification using β-actin for
normalization (bottom). Data are mean ± SEM of six independent experiments ###P < 0.001 comparing basal and OGD-injured slices; *P < 0.05,
**P < 0.01, ***P < 0.001 comparing (C) OGD group in the absence of treatments (D) with control slices. $$P < 0.01 comparing OGD-injured slices
treated with ITH12674 or ITH12674 plus SnPP (3 μM).
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melatonin and sulforaphane designed to combine the broad
pharmacological profile of melatonin and the Nrf2 inducer
activity of sulforaphane in a single compound. We demon-
strated that it has neuroprotective properties and character-
ized its mechanism of action, which was shown to involve (i)
Nrf2 activation; (ii) reduction in ROS production; (iii) modu-
lation of GSH levels; and, finally, (iv) overexpression of phase
II enzymes including HO-1, a potent antioxidant and anti-
inflammatory enzyme.

Mitochondrial dysfunction and oxidative stress are
increasingly implicated in NDDs (Lin and Beal, 2006), and
are thought to be the driving force of ageing. However, due
to the participation of oxidative stress and neuroinflamma-
tion in the onset and development of NDDs and stroke,
both hallmarks are increasingly used as key targets for the
development of novel therapies for these pathologies. In this
context, we focused our efforts to develop a new compound
that is able to use both pathological hallmarks as targets.
Thus, we first considered melatonin due to its neuroprotec-
tive profile in several models of oxidative stress related to
neurodegeneration (Srinivasan et al., 2011). Melatonin is
able to protect from oxidative stress in different models by
increasing the levels of Nrf2 protein (Wang et al., 2012), and
the subsequent activation of the Nrf2–ARE pathway and
overexpression of phase II enzymes like HO-1 (Ding et al.,
2014; Parada et al., 2014). Phase II enzyme induction by
melatonin has been directly related to the nuclear translo-
cation of Nrf2 rather than to an increase in its levels, but it
depends on the model used (Ding et al., 2014). The circulat-
ing levels of melatonin in aged patients have been found to
be one-half of those of younger controls (Hardeland, 2013).
Moreover, the production of melatonin decreases in aged
individuals (Bubenik and Konturek, 2011), which suggests
that decreased levels of this hormone are primary contrib-
uting factor for the development of NDDs (Reiter, 1994;
Karasek, 2007).

Sulforaphane has also been demonstrated to reduce oxi-
dative stress and this protective effect is mediated by the
expression of phase II genes (Han et al., 2007; Innamorato
et al., 2008). Sulforaphane is also able to increase the protein
levels of Nrf2 (Fan et al., 2013). Thus, ITH12674 might also
increase Nrf2 protein levels. However, the induction of the
Nrf2–ARE pathway has been directly related to the nuclear
translocation of Nrf2 rather than to its levels in the cytosol.
Sulforaphane is able to protect cells against oxidative stress by
increasing the expression of phase II antioxidant enzymes
(Danilov et al., 2009). Kassahun et al. (1997) described the
conjugation of the isothiocyanate moiety of sulforaphane
and GSH to induce Nrf2 (Kassahun et al., 1997). In that study,
they demonstrated that the sulforaphane–GSH conjugate is
metabolized by two peptidases that eliminate the γ-glutamyl
(GTP) and the glycyl (C-glycyl peptidase) residues to generate
a sulforaphane–Cys derivative. Finally, N-acetyl-transferase
acetylates the sulforaphane–Cys derivative (Kassahun et al.,
1997). Furthermore, Zhang (2000) demonstrated that isothio-
cyanates are accumulated in several cell lines upon exposure
to these compounds, causing the activation of phase II
enzymes by the generation of GSH conjugates. It was also
demonstrated that the accumulation of isothiocyanates and
induction of Nrf2 were dependent on GSH (Ye and Zhang,
2001).

As described in the Introduction, the inclusion of the
isothiocyanate moiety in ITH12674 was designed to imple-
ment a ‘drug–prodrug’ mechanism for the new molecule. The
isothiocyanate moiety could react with key cysteine residues
present in Keap1 to release Nrf2 (Figure 7). On the other
hand, the GST enzyme catalyses its conjugation with GSH to
generate an ITH12674–GSH conjugate (Figure 3B) that might
be a potent-free radical scavenger (prodrug mechanism),
showing a similar scavenger cascade as described for mela-
tonin (Figure 7) (Tan et al., 2007). The reaction of ITH12674
with GSH generates the conjugated compound with the
dithiocarbamate functionality (Figure 7), which mimics
the N-acetyl functionality present in melatonin. When the
ITH12674–GSH conjugate is generated, it is accumulated
inside the cell and it should be able to trap free radicals
(Figure 7). This scavenger effect has been demonstrated for
the dithiocarbamate analogue of melatonin (Pedras and
Okanga, 1998). When this analogue was subjected to oxida-
tive conditions, it was readily oxidized to the tricyclic ana-
logue of cyclic 3-hydroxymelatonin (Pedras and Okanga,
1998). Therefore, the ITH12674–GSH conjugate might gener-
ate several intermediates able to react again with free radicals,
as does cyclic 3-hydroxymelatonin, AFMK, AMK, AFM and
melatonin (Tan et al., 2007).

In support of this hypothesis (Figure 7), we demonstrated
the improved neuroprotective effect of ITH12674 with
respect to melatonin and sulforaphane. ITH12674 induced
Nrf2 translocation to the nucleus at 1 μM (Figure 4A), and it
was able to increase reporter gene activity at that concentra-
tion, being a better inducer than melatonin in this model
(Figure 4B). However, sulforaphane is a better Nrf2 inducer
than ITH12674 (Figure 4B), although sulforaphane and mela-
tonin were less potent than ITH12674 at mediating neuro-
protection against oxidative stress generated by rot/olig
(Figure 2B). Similar results were obtained with the TBH model
of oxidative stress (Figure 2C). In line with these results,
ITH12674 reduced the production of intracellular ROS in a
concentration-dependent manner to a larger extent than sul-
foraphane (Figure 3B), and this reduction might be mediated
by the accumulation of ITH12674 inside the neurons as a
GSH conjugate. This hypothesis explains the different protec-
tion evoked by ITH12674 against the rot/olig combination
and TBH. The rot/olig combination generates free radicals
inside the cell, and, therefore, the ITH12674–GSH conjugate
would be in place to trap these radicals. We also demon-
strated a decrease in the GSH content over a time period of
24 h (Figures 3A and 4C). For the first 6 h, the GSH content
was partially depleted by the incubation with sulforaphane or
ITH12674, but not with melatonin. Finally, the GSH content
was increased after a 24 h pre-incubation period with
ITH12674 in accordance with the results obtained by Zhang
et al. and others (Gao et al., 2001; Ye and Zhang, 2001).

There is compelling evidence to support the view that
oxidative stress is enhanced after cerebral ischaemia and rep-
erfusion, which in turn induces lipid peroxidation, protein
and DNA oxidation, calcium overload, activation of intracel-
lular signalling pathways, excitotoxicity and inflammation
(Soane et al., 2007). Taking into account the neuroprotective
profile of melatonin and sulforaphane against oxidative
damage in in vitro and in vivo models of cerebral ischaemia via
induction of Nrf2 (Reiter et al., 2005; Zhao et al., 2006; Soane
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et al., 2010; Hall, 2011), we also studied the neuroprotective
effect of ITH12674 in an in vitro model of brain ischaemia to
elucidate the mechanism of action of this compound, that is,
the free radical scavenger generated (prodrug mechanism,
Figure 3B) and activation of Nrf2–ARE and phase II antioxi-
dant enzymes (Figure 4A and B). Neuronal death was signifi-
cantly reduced in OHC cultures treated with ITH12674 post-
OGD (incubated during the 24 h reox period). Interestingly,
ITH12674 evoked a slightly better neuroprotective effect than
melatonin and sulforaphane at both concentrations tested.
The protective effect of melatonin and sulforaphane in these
models is, at least in part, associated with the expression of
HO-1 (Parada et al., 2014). Compound ITH12674 increased
the expression of this antioxidant and anti-inflammatory

enzyme in the post-OGD incubation protocol (Figure 6). Fur-
thermore, the neuroprotective effect of ITH12674 against
OGD/reox depends, partially, on the expression of HO-1 as
co-incubation of ITH12674 with the HO-1 inhibitor, SnPP,
reversed by 35% the neuroprotective effect of this hybrid.
The partial reversal of the neuroprotective effect upon
co-incubation with SnPP is also in line with the hypothesis
that ITH12674 generates a GSH conjugate with antioxidant
properties. Hence, the protection evoked by ITH12674 might
be related, first, to the overexpression of HO-1 (Figure 6D)
and, second, to the scavenger effect of the conjugate accu-
mulated inside the neurons.

In conclusion, we have designed a melatonin–
sulforaphane hybrid that possesses a dual drug–prodrug

Figure 7
Schematic representation of the proposed ‘drug–prodrug’ mechanism of action of compound ITH12674.
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mechanism of action (Figure 7), and has an improved neuro-
protective profile compared to melatonin and sulforaphane
in three different models of oxidative stress. Its neuroprotec-
tive action is dependent on its conjugation with GSH, the
induction of Nrf2 and the overexpression of phase II enzymes
as demonstrated by the overexpression of HO-1, a potent
antioxidant and anti-inflammatory enzyme.
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