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Abstract

Methylglyoxal (MG) is a reactive dicarbonyl presenting both endogenous (e.g. glycolysis) and exogenous (e.g. food cooking)
sources. MG induces neurotoxicity, at least in part, by affecting mitochondrial function, including a decline in the oxida-
tive phosphorylation (OXPHOS) system activity, bioenergetics failure, and redox disturbances. Sulforaphane (SFN) is an
isothiocyanate found mainly in cruciferous vegetables and exerts antioxidant and anti-inflammatory effects in mammalian
cells. SEN also decreases mitochondrial vulnerability to several chemical stressors. SFN is a potent activator of the transcrip-
tion factor nuclear factor erythroid 2-related factor 2 (Nrf2), which is a master regulator of the mammalian redox biology.
Here, we have investigated whether and how SFN would be able to prevent the MG-induced mitochondrial collapse in the
human neuroblastoma SH-SYS5Y cells. The cells were exposed to SFN at 5 uM for 24 h prior to the administration of MG at
500 uM for additional 24 h. We found that SFN prevented the MG-induced OXPHOS dysfunction and mitochondrial redox
impairment. SFN stimulated the activity of the enzyme y-glutamylcysteine ligase (y-GCL), leading to increased synthesis
of glutathione (GSH). Inhibition of y-GCL with buthionine sulfoximine (BSO) or silencing of Nrf2 using small interfer-
ing RNA (siRNA) against this transcription factor reduced the levels of GSH and abolished the mitochondrial protection
promoted by SFN in the MG-treated cells. Thus, SEN protected mitochondria of the MG-challenged cells by a mechanism
involving the Nrf2/y-GCL/GSH axis.
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Introduction

Methylglyoxal (MG; C;H,0,) is a reactive dicarbonyl
and induces cellular dysfunction by different mecha-
nisms [1]. The endogenous sources of MG include the
glycolytic pathway (from the triose phosphates glyceral-
dehyde-3-phosphate and dihydroxyacetone phosphate),
the degradation of certain amino acids (such as glycine
and threonine), and acetone (which is originated from the
ketone body acetoacetate) [2, 3]. Thus, hyperglycemia (or
impaired glycolysis, leading to accumulation of its inter-
mediates) and catabolic states (resulting or not from insu-
lin resistance or deficiency) favor the production of MG
[3]. Those events are observed mainly during the onset and
progression of both types of diabetes mellitus, in which
the levels of MG are high [4]. Nonetheless, MG has been
viewed as an important toxic agent also in the case of
neurodegenerative diseases, such as in Alzheimer’s disease
[5] and in Parkinson’s disease [6]. Exogenous sources of
MG include food cooking and foodstuff autoxidation [7,
8], cigarette smoking [9-11].

MG impairs the mammalian redox biology by both direct
and indirect ways. This dicarbonyl generates the reactive
species radical anion superoxide (O, ™), hydrogen peroxide
(H,0,), and hydroxyl radical (OH) by undergoing autoxida-
tion [12]. Furthermore, the conversion of pyruvate (as well
as aminoacetone or acetol) to MG leads to the formation of
H,0, [13]. By impairing the mitochondrial function, MG
promotes the production of reactive species by an indirect
way. It has been demonstrated that the exposure to MG
causes an increase in the generation of O, and H,O, by the
organelles [14, 15]. At least in part, the mechanism by which
MG promotes mitochondrial dysfunction includes impaired
oxidative phosphorylation (OXPHOS) and loss of mitochon-
drial membrane potential (MMP), consequently affecting
the production of adenosine triphosphate (ATP) by those
organelles [16, 17]. In the cellular level, MG stimulates
cell death by a mitochondria-related pathway involving the
release of cytochrome c to the cytoplasm [16]. Even though
these events have been described in virtually any nucleated
cell type exposed to MG, neurons have been seen as a major
target of MG, since the glycolytic rates and the consumption
of ketone bodies are high in these cells [18]. In this context,
MG levels are high in the plaques and neurofibrillary tangles
samples, as well as in the cerebrospinal fluid, obtained from
the brain of patients suffering from Alzheimer’s disease [19,
20]. Therefore, administrating the toxicity induced by MG is
pharmacologically relevant in both prevention and treatment
of diseases associated with this reactive molecule [21, 22].

The detoxification of MG is dependent on the tripeptide
glutathione (GSH), which is also the major non-enzymatic
antioxidant in human cells [23]. GSH is involved in the

conversion of MG to D-lactate by the glyoxalase system
[24]. The enzyme y-glutamylcysteine ligase (y-GCL) is
the rate-limiting step in the GSH synthesis and its expres-
sion is modulated by the transcription factor nuclear fac-
tor erythroid 2-related factor 2 (Nrf2) [25]. Importantly,
Nrf2 also upregulates the expression of enzymes asso-
ciated with the detoxification of MG [26-28]. In that
context, stimulating the Nrf2/y-GCL/GSH axis would
be strategic to suppress the MG-induced mitochondrial
and cellular dysfunctions observed in mammalian cells.
Sulforaphane (SFN, C¢H,;NOS,) is an antioxidant found
in the cruciferous vegetables (broccoli and caulifiower,
among others) and also exerts detoxifying-related effects,
as observed in several experimental models [29, 30]. SEN
is a potent inducer of Nrf2, leading to the upregulation of
cytoprotective enzymes involved in the maintenance of
the redox homeostasis and in cell survival [14]. We have
demonstrated that SFN promotes mitochondrial protection
against the pro-oxidant agent H,O, [31]. However, it was
not previously checked whether SFN would be able to pro-
tect mitochondria in the case of exposure to MG. Thus, we
investigated here whether and how SFN would be able to
counteract the mitochondrial dysfunction induced by MG
in the human neuroblastoma SH-SY5Y cells.

Materials and Methods
Materials

We acquired the analytical grade reagents and Ham’s F-12
nutrient mixture from Sigma Chemical Co. (MO, USA). The
plastic materials used to culture the cells were purchased
from Corning, Inc. (NY, USA) and Beckton Dickson (NJ,
USA). Dulbecco’s modified Eagle medium (DMEM) were
obtained from Gibco/BRL (Grand Island, USA). The assay
kits herein utilized were purchased from Abcam (MA, USA)
or Cayman Chemical (MI, USA), as described below in
details.

Experimental Model

We acquired the human neuroblastoma SH-SYSY cells
from the American Type Culture Collection (Manassas,
VA, USA). The cells were maintained in Dulbecco’s modi-
fied Eagle’s medium (DMEM)/F-12 HAM nutrient medium
(1:1 mixture) presenting fetal bovine serum (FBS, 10%),
2 mM L-glutamine, 1000 units/mL penicillin, 1000 pg/mL
streptomycin, and 2.5 pug/mL amphotericin B in a 5% CO,
humidified incubator at 37 °C.

In order to induce a 50%-decrease in cell viability, we
have utilized MG at 500 uM, as previously reported by
us [32] and by others [14, 33, 34]. MG at 500 uM impairs
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mitochondrial function and redox biology, leading to
decreased function of the OXPHOS system, loss of the mito-
chondrial membrane potential (MMP), decreased synthesis
of ATP, and increased production of reactive species, among
other effects that we aimed to investigate in this work [35].
SFN was tested at 0.625-5 uM for different periods of incu-
bation, according to the specificities of each assay. Aiming
to reveal whether and how SFN would be capable to prevent
the MG-induced mitochondrial collapse, SFN was admin-
istrated to the cells for 24 h before the challenge with MG
for additional 24 h. The synthesis of GSH was inhibited by
buthionine sulfoximine (BSO) at 400 uM, which was admin-
istrated to the cells in the presence or absence of SFN for
24 h. Silencing of the transcription factor Nrf2 was achieved
by performing cell transfection using the Lipofectamine
RNAiIMAX Reagent (Life Technologies, CA, USA) with
small interfering RNA (siRNA) against Nrf2 or with siRNA
against non-target mRNA (scrambled sequence), based on
the recommendations of the manufacturer (Santa Cruz, CA,
USA).

Cell Viability and Cytotoxicity

The viability of the SH-SYSY cells was assayed by utilizing
an assay kit based on the recommendations of the manu-
facturer (Abcam, MA, USA; catalog number ab211091). In
brief, the formazan originated from 3-(4,5-dimethylthiazol-
2-y1)-2,5-diphenyltetrazolium bromide (MTT) reagent was
recorded at 590 nm in a plate spectrophotometer. The activ-
ity of the enzyme lactate dehydrogenase (LDH, which is
cytoplasmic) was tested in the culture medium was used as
an index of plasma membrane integrity (cytotoxicity) by
using an assay kit. After the reaction of the samples with the
WST reagent, the signal was recorded at 450 nm in a plate
spectrophotometer (SpectraMax M5e, Molecular Devices,
USA), following the protocol provided by the manufacturer
(Abcam, MA, USA; catalog number ab65393).

Mitochondria-Related Apoptotic Parameters

The levels of cytochrome c in the cytoplasm (i.e.,
cytochrome c released from the mitochondria) were uti-
lized as an index of the mitochondria-related apoptotic
changes observed in during cell death [36]. Cytoplas-
mic cytochrome c was assayed based on the protocol by
Borutaite et al. [37]. Briefly, mitochondria were extracted
from the cells, as described below, and the cytosolic frac-
tion was utilized to measure the levels of cytochrome c.
The ascorbate-reduced-minus-ferricyanide-oxidized sig-
nal was checked via the wavelength pairs 550/535 nm
(e = 18.5 mM~! cm™! for cytochrome c) in a plate reader
(SpectraMax M5e, Molecular Devices, USA), as previ-
ously published by Rieske [38]. We have quantified the
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activity of the pro-apoptotic enzymes caspase-9 and cas-
pase-3 by utilizing assay kits according to the protocol
provided by the manufacturer (Abcam, MA, USA; cata-
log numbers ab65607 and ab39383, respectively). Briefly,
cells were lysed on ice and incubated with LEDH-AFC
(AFC: 7-amino-4-trifluoromethyl coumarin; for caspase-9)
or DEVD-AFC (for caspase-3), which are specific sub-
strates of the enzymes, during 1 h at 37 °C. The signal
was recorded in a plate reader at 400 nm/505 nm (EX/EM)
(SpectraMax MS5e, Molecular Devices, USA). The levels
of cleaved poly [ADP-ribose] polymerase 1 (PARP1) were
quantified by utilizing a commercial assay kit as described
by the manufacturer (Abcam, MA, USA; catalog number
ab174441). After the incubations, the signal was read
in a plate reader (450 nm; SpectraMax M5e, Molecular
Devices, USA). DNA fragmentation was assayed through
the utilization of an assay kit based on the recommenda-
tions of the manufacturer (Roche, Germany; catalog num-
ber 11585045001). The 5’-bromo-2'-deoxy-uridine (BrdU)
reagent, a thymidine analogue, was incorporated into the
genomic DNA and the signal of the BrdU-labeled DNA
fragments was recorded in the cytoplasmic fraction of the
samples by using an anti-BrdU antibody at 370 nm in a
plate reader (SpectraMax M5e, Molecular Devices, USA).

Isolation of Mitochondria and Submitochondrial
Membranes

Mitochondria were extracted from the SH-SYSY cells by
using the protocol published by Wang et al. [39]. Brief,
cells were washed and homogenized in a buffer present-
ing sucrose at 250 mM, KCI at 10 mM, EGTA at 1 mM,
EDTA at 1 mM, MgCl, at 1 mM, dithiothreitol (DTT) at
1 mM, phenylmethylsulphonyl floride (PMSF) at 1 mM,
benzamidine at 1 mM, pepstatin A at 1 mM, leupep-
tin at 10 mg/mL, aprotonin at 2 mg/mL, and HEPES at
20 mM (pH 7.4). After that procedure, the samples were
centrifuged at 1000xg during 10 min at 4 °C in order to
remove cellular contaminants. Then, functional mitochon-
dria were obtained after centrifuging the supernatants at
11,000xg during 20 min at 4 °C. We have utilized mito-
chondria at 1 mg/mL and protein content was quantified
by the Bradford method. We quantified the activity of the
LDH enzyme in the mitochondrial samples to check the
purity of that fraction (Fig. S1). The submitochondrial
particles (SMP), i.e. the membranes of functional mito-
chondria containing all the components of the OXPHOS
system, were obtained after freeze and thawing (three
times) functional mitochondria, as reported by Poderoso
et al. [40]. We utilized the SMP to assess the production
of O, and the levels of redox impairment markers in the
mitochondria.
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Redox Impairment Markers

Both total and mitochondrial levels of malondialdehyde
(MDA) were assessed here by using a commercial assay kit
according to the instructions of the manufacturer (Abcam,
MA, USA; catalog number ab233471). Briefly, the cells
(2% 10° were harvested and washed in phosphate buffered
saline (PBS, pH 7.4). The cells were homogenized in a lysis
buffer provided in the kit and centrifuged at 13,000xg for
10 min (4 °C) to remove debris. MDA from the samples
interacts with a specific color reagent leading to a product
with blue color, whose signal is recorded at 695 nm in a
plate reader (SpectraMax M5e, Molecular Devices, USA).
Similarly, the levels of protein carbonyl groups were meas-
ured in both total and mitochondrial samples after reacting
with dinitrophenylhydrazine (DNPH) by using an ELISA
assay kit, following the instructions of the manufacturer
(Abcam, MA, USA; catalog number ab238536). The sig-
nal was recorded at 450 nm in a plate reader (SpectraMax
M5e, Molecular Devices, USA). A reduced/oxidized bovine
serum albumin (BSA) standard curve was utilized to calcu-
late the amounts of carbonylated proteins in the samples.
Total and mitochondrial levels of 3-nitrotyrosine were
assayed through the utilization of an indirect ELISA assay
[32]. Before quantifying the levels of DNA-incorporated
8-hydroxy-2'-deoxyguanosine (8-OHdG), DNA was purified
by using an extraction kit as recommended by the manu-
facturer of an assay kit (Roche, Germany; catalog number
11,814,770,001). After this step, the levels of 8-OHdG were
assessed in the samples by using an ELISA assay kit follow-
ing the protocol provided by the manufacturer (Abcam, MA,
USA; catalog number ab201734).

Reactive Oxygen and Nitrogen Species

As described above, the SMP were obtained after extract-
ing functional mitochondria from the cells. The produc-
tion of O, was assayed by using the SMP, as reported by
Poderoso et al. [40]. In brief, the SMP were incubated in
a reaction buffer presenting mannitol at 230 mM, sucrose
at 70 mM, HEPES-KOH at 10 mM, succinate at 4.2 mM,
KH,PO, at 0.5 mM, catalase at 0.1 pM, and adrenaline
at 1 mM (pH 7.4). The generation of adrenochrome from
adrenaline after undergoing autoxidation (in a process
that gives rise to O, ') was recorded at 480 nm in a plate
reader (SpectraMax M5e, Molecular Devices, USA). NO
production was assessed through the utilization of an
assay kit based on the instructions of the manufacturer
(Abcam, MA, USA; catalog number ab65327). Nitrate
reductase generates nitrite, that reacts with the probe DAN
(2,3-diaminonaphthalene) and the signal is recorded in a
fluorescence plate reader at 360 nm/450 nm (EX/EM)
(SpectraMax M5e, Molecular Devices, USA). In order to

assess the production of H,O, in the samples, we have
utilized the probe OxiRed in the presence of the enzyme
horseradish peroxidase as recommended by the manufac-
turer of the assay kit (Abcam, MA, USA; catalog number
ab102500). The signal was recorded in a fluorescence plate
reader at 535 nm/587 nm (EX/EM) (SpectraMax M5e,
Molecular Devices, USA).

Mitochondrial Function

Different assays were utilized to test mitochondrial function
in this experimental model. The activity of the Complex I
was checked by using an assay kit based on the protocol
provided by the manufacturer (Abcam, MA, USA; catalog
number ab109721). A microplate pre-coated with capture
antibodies against Complex I was utilized to ensure speci-
ficity. Complex I converts NADH into NAD*, reducing a
dye (e = 25.9/nM/well) whose signal is read at 450 nm in a
plate reader (SpectraMax M5e, Molecular Devices, USA).
The activity of Complex V was assessed by using an assay
kit following the instructions of the manufacturer (Cayman
Chemical, MI, USA; catalog number 701,000). This assay
kit uses the conversion of ATP into ADP by Complex V to
detect the activity of this complex. Pyruvate kinase, which
is provided in the assay kit, converts phosphoenolpyruvate
into pyruvate, generating ATP from that ADP. Then, lac-
tate dehydrogenase, which is also present in the assay Kkit,
converts this pyruvate into lactate, consuming NADH and
generating NAD™. The signal resulting from the oxidation
of NADH into NAD™ is recorded at 340 nm in a plate reader
(SpectraMax M5e, Molecular Devices, USA). Alterations
in the MMP were investigated through the utilization of the
cationic dye tetraethylbenzimidazolylcarbocyanine iodide
(JC-1) following the instructions of the manufacturer of an
assay kit (Abcam, MA, USA; catalog number ab113850).
Aiming to quantify the levels of ATP, the samples were
deproteinized following the protocol recommended by the
manufacturer of an assay kit (Abcam, MA, USA; catalog
number ab83355). After specific incubations, the signal was
read at 570 nm in a plate reader (SpectraMax M5e, Molecu-
lar Devices, USA).

GSH Levels

The levels of GSH were assessed through the utilization of
an assay kit following the recommendations of the manu-
facturer of an assay kit (Abcam, MA, USA; catalog number
ab138881). In this assay, the GSG present in the samples
reacts with a dye and the signal is read at 490/520 nm (EX/
EM) in a fluorescence microplate reader (SpectraMax M5e,
Molecular Devices, USA).
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Y-GCL Activity

We have quantified the activity of y-GCL, which is the rate-
limiting step in the production of GSH in mammalian cells,
based on the protocol reported by White et al. [41]. In sum-
mary, after homogenization of the cells in a buffer (20 mM
Tris—HCI, 1 mM EDTA, 250 mM sucrose, 10 mM sodium
borate, and 2 mM serine at pH 7.4), the samples were centri-
fuged at 10,000xg during 10 min at 4 °C. We have collected
the supernatants and centrifuged it again at 15,000xg during
20 min at 4 °C. The supernatants were collected and used in
the y-GCL assay. The signal resulting from formation of an
2,3-naphthalenedicarboxaldehyde (NDA)-y-glutamylcysteine
(y-GC) compound was read in a fluorescent plate reader at
472 nm/528 nm (EX/EM) (SpectraMax M5e, Molecular
Devices, USA).

Nucleus Isolation

Cell nucleus was isolated after collecting the cells by scraping
as recommended by the manufacturer of an assay kit (Cayman
Chemical, MI, USA; catalog number 10,009,277). Purified
nuclei were used to check the activity of the transcription fac-
tor Nrf2. Protein determination was performed according to
the Bradford assay protocol.

Nrf2 Activity

An assay kit was used to quantify the activity of the transcrip-
tion factor as recommended by the manufacturer (Abcam, MA,
USA; catalog number ab207223). Isolated nuclear extracts
were added to the wells of a plate containing the specific dou-
ble stranded DNA sequence with the Nrf2 consensus bind-
ing site (5'-GTCACAGTGACTCAGCAGAATCTG-3"). The
signal was recorded at 450 nm in a plate reader (SpectraMax
M5e, Molecular Devices, USA).

Statistical Analyses

We have utilized the software GraphPad 5.0 to analyze
our data statistically. Data presented here are shown as the
mean + standard error of the mean (SEM) of three or five inde-
pendent experiments (performed in triplicate). The p values
were considered significant when p <0.05. The differences
between the experimental groups were assessed after perform-
ing the one-way ANOVA analysis followed by the post hoc
Tukey’s test.

@ Springer

Results

SFN Prevented Loss of Viability, Cytotoxicity,
and Apoptosis in MG-Exposed SH-SY5Y Cells

As depicted in Fig. 1a, the pretreatment with SFN at 5 uM
alleviated the effect of MG on the viability of SH-SY5Y
cells (p<0.01). Besides, SFN pretreatment attenuated
the MG-induced cytotoxicity in this experimental model
(p<0.01; Fig. 1b). It was also checked whether SFN would
be able to prevent the MG-elicited mitochondria-related
apoptosis in the SH-SYSY cells. SEN prevented the MG-
induced release of cytochrome c¢ from the mitochondria
(p<0.01; Fig. S2A). SEN pretreatment also suppressed the
the MG-elicited upregulation in the activity of the pro-apop-
totic caspases-9 and -3 (p<0.01; Fig. S2B and C, respec-
tively). SFN pretreatment also reduced the levels of cleaved
PARP and of DNA fragmentation (p <0.001; Fig. S2D and
E, respectively).

SFN Prevented the MG-Induced Redox Impairment
in SH-SY5Y Cells

It was next evaluated whether SFN would be able to induce
an antioxidant effect in SH-SYSY cells exposed to MG. We
found that SFN pretreatment decreased the levels of lipid
peroxidation (Fig. 2a), protein carbonylation (Fig. 2b), pro-
tein nitration (Fig. 2¢), and DNA oxidation (Fig. 2d) in the
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Fig. 1 Sulforaphane (SFN) prevented the loss of cell viability (a) and
cytotoxicity (b) induced by methylglyoxal (MG) in SH-SYS5Y cells.
Cells were treated with SFN at 5 pM for 24 h before the administra-
tion of MG at 500 uM for additional 24 h. Data are presented as the
mean +SEM of three or five independent experiments each done in
triplicate. One-way ANOVA followed by the post hoc Tukey’s test,
*#p <0.01 vs. the control group, *p <0.01 vs. MG-treated cells
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Fig.2 Sulforaphane (SFN) prevented lipid peroxidation (a), pro-
tein carbonylation (b), protein nitration (c¢), and DNA oxidation
(d) induced by methylglyoxal (MG) in SH-SYS5Y cells. Cells were
treated with SFN at 5 puM for 24 h before the administration of MG

SH-SYSY cells exposed to MG (p <0.01 for all). A simi-
lar effect was observed in the membranes of mitochondria
extracted from the SH-SYSY cells challenged with MG.
SEN prevented the MG-induced lipid peroxidation (Fig. 3a),
protein carbonylation (Fig. 3b), and protein nitration in the
mitochondrial membranes isolated from SH-SYSY cells
(p<0.01 for all). SFN pretreatment also reduced the pro-
duction of reactive species in the MG-challenged cells. SFN
prevented the MG-induced increase in the production of O,™
(Fig. 4a), H,0, (Fig. 4b), and NO' (Fig. 4c) in the SH-SY5Y
cells (p<0.01 for all).

SFN Prevented the MG-Induced Mitochondrial
Dysfunction in SH-SY5Y Cells

We next examined whether SFN would be able to prevent
the mitochondrial impairment in the cells that were exposed
to MG. We found that a pretreatment with SFN suppressed
the MG-induced decline in the activities of the complexes I
and V (p<0.01; Fig. 5a and b, respectively). SFN also pre-
vented the MMP collapse in the MG-treated cells (p <0.01;
Fig. 5c). The MG-elicited decrease in the production of ATP
was also abolished in the cells that were pretreated with SFN
(p<0.01; Fig. 5d).

at 500 uM for additional 24 h. Data are presented as the mean+SEM
of three or five independent experiments each done in triplicate. One-
way ANOVA followed by the post hoc Tukey’s test, *p <0.01 vs. the
control group, *p <0.01 vs. MG-treated cells

SFN Depends on GSH to Prevent Mitochondrial
Impairment in MG-Treated SH-SY5Y Cells

Aiming to reveal the mechanism by which SFN prevented
mitochondrial collapse in the MG-challenged SH-SY5Y
cells, we checked whether the inhibition of the synthesis
of GSH with BSO would alter the SFN-induced effects
seen here. According to Fig. 6a, BSO abolished the effect
of the pretreatment with SFN on the activity of complex
I in MG-exposed cells (p <0.01). Moreover, the SFN-
induced prevention of the MMP collapse was suppressed
by BSO in the MG-treated cells (p < 0.01; Fig. 6b). Simi-
larly, BSO abrogated the effects of SFN on the levels
of ATP in the MG-challenged cells (p <0.01; Fig. 6¢).
BSO also abolished the effects of SFN on the release of
cytochrome ¢ from the mitochondria and on lipid peroxi-
dation in the membranes of the organelles obtained from
the MG-treated SH-SYSY cells (p<0.01; Fig. S3A and
3B, respectively). Besides, BSO blocked the effect of the
pretreatment with SFN on the viability of the SH-SYS5Y
cells exposed to MG (p <0.01; Fig. 7).
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Fig.3 Sulforaphane (SFN) prevented lipid peroxidation (a), protein
carbonylation (b), and protein nitration (c) induced by methylglyoxal
(MG) in the membranes of mitochondria isolated from the SH-SY5Y
cells. Cells were treated with SFN at 5 uM for 24 h before the admin-
istration of MG at 500 uM for additional 24 h. Data are presented as
the mean+ SEM of three or five independent experiments each done
in triplicate. One-way ANOVA followed by the post hoc Tukey’s test,
*#p <0.01 vs. the control group, *p <0.01 vs. MG-treated cells

SFN Upregulates the Levels of GSH by an Nrf2/
y-GCL-Dependent Manner

We next checked whether and how SFN would modulate
the levels of GSH in the SH-SYS5Y cells. It was observed
that SFN (at 2.5-5 puM for 24 h) stimulated the production
of GSH in this experimental model (p <0.01; Fig. 8a).
Administration of BSO blocked the SFN-induced increase
in the levels of GSH in the SH-SY5Y cells (p <0.01;
Fig. 8b). Moreover, silencing of the transcription factor
Nrf2 suppressed the SFN-promoted upregulation in the
levels of GSH (p <0.01; Fig. 8c). As depicted in Fig. 9a,
SFN also upregulated the activity of y-GCL in the SH-
SYSY cells (p<0.01). BSO was also efficient in inhibit-
ing this enzyme in this experimental design (p <0.01;
Fig. 9b). The activity of y-GCL was also significantly
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Fig.4 Sulforaphane (SFN) prevented the MG-induced increase in the
production of radical anion superoxide (O,) (a), hydrogen perox-
ide (H,0,) (b) and nitric oxide (NO’) (c) in the SH-SYS5Y cells. The
production of O, was assayed using submitochondrial membranes
(SMP), as described in “Materials and methods” section. Cells were
treated with SFN at 5 uM for 24 h before the administration of MG
at 500 uM for additional 24 h. Data are presented as the mean+SEM
of three or five independent experiments each done in triplicate. One-
way ANOVA followed by the post hoc Tukey’s test, * p<0.01 vs. the
control group, *p<0.01 vs. MG-treated cells

decreased in the SFN-treated cells in which Nrf2 was
silenced (p < 0.01; Fig. 9c). We next investigated whether
Nrf2 would be involved in the mitochondrial protec-
tion promoted by SFN in this experimental model. We
found that silencing of Nrf2 suppressed the effects of
the pretreatment with SFN on the activity of complex I
(Fig. 10a), and on the levels of MMP (Fig. 10b) and ATP
(Fig. 10c) in the cells exposed to MG (p <0.01 for all).
Nrf2 silencing also blocked the cytoprotection induced
by a pretreatment with SFN in this experimental model
(p<0.01; Fig. 11). The effects of the siRNA targeting
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Fig.5 Sulforaphane (SFN) prevented the MG-induced decrease in the
activities of complexes I (a) and V (b), and in the levels of MMP (c)
and ATP (d). Cells were treated with SFN at 5 uM for 24 h before the
administration of MG at 500 uM for additional 24 h. Data are pre-

Nrf2 on the activity of this transcription factor may be
seen in Fig. S4 (Fig. 12).

Discussion

We have shown in the present work that SFN upregulated
the Nrf2/y-GCL/GSH axis preventing the MG-induced mito-
chondrial impairment in the SH-SYS5Y cells. Inhibition of
the synthesis of GSH or silencing the transcription factor
Nrf2 abolished the SFN-promoted protection seen here. It
was previously reported that SFN stimulates the synthesis
of GSH in different cell types [42—45]. Moreover, it was also
published that SFN prevented the cytotoxicity induced by
certain toxicants, including MG [14, 42]. Nonetheless, it was
not evaluated whether GSH would take a role in the SFN-
induced mitochondrial protection in mammalian cells. GSH
is an important part of the detoxification of MG, in which
the enzymes glyoxalase I and II converts MG into D-lactate,
a non-toxic metabolite that can be excreted from the cells
[24]. Even though GSH is not excreted from the cells when
utilized in that pathway, reduced levels of GSH may limit the
detoxification of MG, leading to its accumulation and conse-
quently affecting the cellular functions [3]. In that context,
it was shown that MG scavengers alleviated the endothelial

sented as the mean+SEM of three or five independent experiments
each done in triplicate. One-way ANOVA followed by the post hoc
Tukey’s test, *p <0.01 vs. the control group, *p <0.01 vs. MG-treated
cells

dysfunction caused by MG in aortic rings, indicating that
strategies leading to reduced levels of MG result in tissue
protection [21]. Recently, Tate et al. have demonstrated that
MitoGamide, a mitochondria-targeted agent able to seques-
ter MG, exerted cardioprotective effects in an experimental
model of spontaneous diabetic cardiomyopathy, suggesting
an important role for the mitochondria in the progression of
the MG-induced cardiac intoxication [22]. Also, MG is a
potent inducer of the formation of advanced glycation end
products (AGEs), which may cause mitochondrial dysfunc-
tion in several cell types, including neurons and glia [46,
47]. Indeed, Angeloni et al. proposed that SFN would be a
neuroprotective agent due to its antiglycative activity [48].
It was previously reported that SFN induced only a slight,
but significant, increase in the activity of the enzyme glu-
tathione reductase (GR), which is involved in the recycling
of GSH in mammalian cells [25, 26]. Thus, the SFN-depend-
ent increase in the synthesis of GSH observed here would
be more important than the induction of the GR-mediated
recycle of GSH in preventing cytoprotection (or even mito-
chondrial protection). Actually, it was confirmed, at least
in part, by inhibiting the synthesis of GSH by the enzyme
v-GCL. Besides, Tarozzi et al. also reported that SFN did not
upregulated the activities of the antioxidant enzymes super-
oxide dismutase (SOD), catalase (CAT), and glutathione

@ Springer



748 Neurochemical Research (2021) 46:740-754
= 150+ 1504
A g 3
S # € #
5 3
2 1004 2 100-
< o
2 * ° xX * °
S
S =
< 50+ E 50
2 >
Q. =
£ o
o o
° ot T T T T 0-H— T T T T T
SFN (5 M - + - - + +
B 150- (5 um)
Methylglyoxal (500 M) - - + - + +
= #
S BSO (400 uM) - - - + - +
c 100-
o * o
o
9\3 Fig.7 Buthionine sulfoximine (BSO) suppressed the cytoprotection
& 504 induced by a pretreatment with sulforaphane (SEFN) in cells exposed
E to methylglyoxal (MG). BSO at 400 uM was administrated to the
cells for 24 h in the absence or presence of SFN at 5 uM. Then, the
0 cells were exposed to MG for further 24 h. Data are presented as the
' ' ' ' mean=+SEM of three or five independent experiments each done
in triplicate. One-way ANOVA followed by the post hoc Tukey’s
15- test, *p <0.01 vs. the control group, *p <0.01 vs. MG-treated cells,
C _ °p<0.01 vs. SFN + MG-treated cells
-E #
£ 104
o * °
E
°
E 5
b peroxidase (GPx) in the SH-SYSY cell line [42]. SOD con-
< verts O, into H,0,, which generates H,O in the reaction
0~ T T T T T mediated by CAT or GPx [49]. Taken together, it may be
SFN (5uM) _ + } _ + + suggested that SFN strongly depends on the y-GCL/GSH
Methylglyoxal (500 M) axis to prevent the MG-induced mitochondrial collapse.
e xal - - + - + + .. .
ave : Importantly, the antioxidant effects seen here regarding the
BSO (400 uM) - - - + - +

Fig.6 Buthionine sulfoximine (BSO) suppressed the effects induced
by a pretreatment with sulforaphane (SFN) on the activity of com-
plex I (a) and on the levels of MMP (b) and ATP (c) in cells exposed
to methylglyoxal (MG). BSO at 400 uM was administrated to the
cells for 24 h in the absence or presence of SFN at 5 uM. Then, the
cells were exposed to MG for further 24 h. Data are presented as the
mean+SEM of three or five independent experiments each done
in triplicate. One-way ANOVA followed by the post hoc Tukey’s
test, *p <0.01 vs. the control group, *p <0.01 vs. MG-treated cells,
°p<0.01 vs. SFN + MG-treated cells
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reduced production of both mitochondrial (O,") and total
(H,0, and NO’) reactive species may be a consequence of
the mitochondrial protection elicited by SEN in this experi-
mental model, since major enzymes involved in the detoxi-
fication of these pro-oxidant agents were not modulated by
SFN in this cell line. Nevertheless, it remains to be better
examined in further research.

Thus, we have found that SFN prevented the mitochon-
drial collapse induced by MG by a mechanism involving
the activation of the Nrf2/y-GCL/GSH axis in SH-SY5Y
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Fig.8 Sulforaphane (SFN) upregulated the levels of glutathione
(GSH) in SH-SY5Y cells. The cells were incubated with SFN
at 0.625-5 puM for 24 h in order to quantify the levels of GSH (a).
Buthionine sulfoximine (BSO) at 400 uM was administrated to the
cells for 24 h in the presence or absence of SFN at 5 uM (b). The
effects of silencing Nrf2 on the levels of GSH in SFN-treated cells
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(c). Data are presented as the mean + SEM of three or five independ-
ent experiments each done in triplicate. One-way ANOVA followed
by the post hoc Tukey’s test, *p <0.01 vs. the control group, *p <0.01
vs. SEN-treated cells, a p <0.01 vs. the control group transfected with
negative control (NC) siRNA; b p<0.01 vs. SFN-treated cells trans-
fected NC siRNA
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Fig.9 Sulforaphane  (SFN) upregulated the activity of
y-glutamylcysteine ligase (y-GCL) in SH-SYS5Y cells. The cells were
incubated with SFN at 0.625-5 uM for 24 h in order to examine the
activity of y-GCL (a). Buthionine sulfoximine (BSO) at 400 uM was
administrated to the cells for 24 h in the presence or absence of SFN
at 5 uM (b). The effects of silencing Nrf2 on the activity of y-GCL in

@ Springer

SEN-treated cells (c). Data are presented as the mean+SEM of three
or five independent experiments each done in triplicate. One-way
ANOVA followed by the post hoc Tukey’s test, *p <0.01 vs. the con-
trol group, *p<0.01 vs. SFN-treated cells, a p<0.01 vs. the control
group transfected with negative control (NC) siRNA; b p<0.01 vs.
SFEN-treated cells transfected NC siRNA
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Fig. 10 Silencing of the transcription factor Nrf2 suppressed the
effects induced by a pretreatment with sulforaphane (SFN) on the
activity of complex I (a) and on the levels of MMP (b) and ATP (c)
in SH-SYSY cells exposed to methylglyoxal (MG). Data are pre-
sented as the mean+ SEM of three or five independent experiments
each done in triplicate. One-way ANOVA followed by the post hoc
Tukey’s test, a p<0.01 vs. the control cells; b p<0.01 vs. the MG-
treated cells transfected with negative control (NC) siRNA; *p <0.01
vs. MG-treated cells transfected with NC siRNA; #p<0,01 vs. the
MG and SEN-treated cells transfected with NC siRNA
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Fig. 11 Silencing of the transcription factor Nrf2 suppressed the
effects induced by a pretreatment with sulforaphane (SFN) on the
viability of SH-SY5Y cells exposed to methylglyoxal (MG). Data
are presented as the mean+ SEM of three or five independent experi-
ments each done in triplicate. One-way ANOVA followed by the
post hoc Tukey’s test, a p<0.01 vs. the control cells; b p<0.01 vs.
the MG-treated cells transfected with negative control (NC) siRNA;
*p <0.01 vs. MG-treated cells transfected with NC siRNA; #p <0.01
vs. the MG and SFN-treated cells transfected with NC siRNA

cells. Both mitochondria-related redox environment and
bioenergetics status were protected by SFN, leading to
general cytoprotection. Finally, the ability of SFN in pro-
moting mitochondrial protection needs to be examined
in in vivo experimental models, since the bioavailability
of this natural compound should impact of its effects in
the different mammalian tissues. Specially in the case of
studying whether SFN would be able to protect neuronal
and glial mitochondria, the blood—brain barrier should
be taken into account, since it can limit the access of
peripheral molecules to the central cells.
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Fig. 12 A summary of the effects seen in the present work. Sul-
foraphane (SFN) is found in cruciferous vegetables, such as broc-
coli and cauliflower. SFN is a potent activator of the nuclear fac-
tor erythroid 2-related factor 2 (Nrf2) transcription factor, which is
the master regulator of the redox biology in mammalian cells. Nrf2
modulates the expression of several antioxidant enzymes, such as
y-glutamylcysteine ligase (y-GCL). This is the rate-limiting step in
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the synthesis of the major non-enzymatic antioxidant in mammalian
cells, glutathione (GSH). Silencing of the transcription factor Nrf2
or inhibition of the synthesis of GSH abolished the SFN-promoted
mitochondrial protection in the cells exposed to methylglyoxal (MG),
a pro-oxidant agent whose levels are high in several human diseases.
Please, read the text for details.
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