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Abstract Carnosic acid (CA; CyoH,304) is a phenolic
diterpene found in rosemary (Rosmarinus officinalis L.)
and exhibits protective properties, e.g., antioxidant, anti-
inflammatory, antitumor, and antimicrobial activities. In
this context, CA has been viewed as a neuroprotective
agent due to its ability in rescuing neuronal cells from pro-
oxidant and pro-apoptotic challenges. In the present work,
we found that CA pretreatment at 1 pM for 12 h sup-
pressed the mitochondria-related pro-oxidant and mito-
chondria-dependent pro-apoptotic effects of chlorpyrifos
(CPF) in human neuroblastoma SH-SY5Y cells. CA pre-
vented mitochondrial membrane potential disruption and
decreased the levels of oxidative stress markers in
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mitochondrial membranes obtained from cells exposed to
CPF. CA also inhibited cytochrome c release and activation
of the caspases-9 and -3, as well as decreased DNA frag-
mentation, in CPF-treated cells. CA upregulated the con-
tent of glutathione (GSH) in mitochondria by a mechanism
involving the activation of the phosphoinositide-3-kinase
(PI3K)/Akt/nuclear factor erythroid 2-related factor 2
(Nrf2) signaling pathway, since inhibition of PI3K/Akt or
silencing of Nrf2 using siRNA strategy abolished the
protection exerted by CA in SH-SYSY cells. Therefore, CA
protected mitochondria of SH-SYSY cells through the
activation of the PI3K/Akt/Nrf2 axis, causing upregulation
of the mitochondrial GSH content and consequent antiox-
idant and anti-apoptotic effects.

Keywords Carnosic acid - Chlorpyrifos - Mitochondria -
Antioxidant - Nrf2

Introduction

Carnosic acid (CA; C,0H,304) is a phenolic diterpene
isolated mainly from rosemary (Rosmarinus officinalis L.)
and exhibits antioxidant, anti-inflammatory, antitumor, and
antimicrobial activities (Yanagitai et al. 2012; Satoh et al.
2013; Birti¢ et al. 2015; Gonzalez-Vallinas et al. 2015).
Furthermore, CA is a neuroprotective agent, as recently
reviewed by our research group (de Oliveira 2015). CA
crosses the blood-brain barrier and may reach concentra-
tions ranging from 1.5 to 1.9 pg/g in rat brain after sub-
chronic exposure to a 40 % CA enriched diet, as
demonstrated by Romo Vaquero et al. (2013). In this
context, Satoh et al. (2008) found CA in mice brain in
concentrations between 2.4 and 4.8 pmol/kg tissue after
oral administration of CA. Furthermore, CA administration
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protected mice brain against KCN (Zhang et al. 2015) and
traumatic brain injury (Miller et al. 2015).

CA is a pro-electrophilic molecule, i.e., CA becomes
electrophilic after reacting with oxidants, generating a
quinone form that is able to activates the nuclear factor
erythroid 2-related factor 2 (Nrf2) transcription factor, the
redox master regulator in mammalian cells (Satoh et al.
2008). Nrf2 activation leads to upregulation of antioxidant
enzymes, such as 7y-glutamyl cysteine ligase (y-GCL),
heme oxygenase-1 (HO-1), NAD(P)H:quinone oxidore-
ductase 1 (NQOI), glutathione peroxidase (GPx), glu-
tathione reductase (GR), thioredoxin (Trx), and Mn-
superoxide dismutase (Mn-SOD) (de Oliveira 2015;
O’Connell and Hayes 2015; Espinosa-Diez et al. 2015).
Nrf2 is also involved with the maintenance of the bioen-
ergetics status in mammalian cells (Dinkova-Kostova et al.
2015; Dinkova-Kostova and Abramov 2015). Recently, we
reported that CA activated Nrf2 in SH-SYSY cells, causing
upregulation of both catalytic (GCLC) and regulatory
(GCLM) subunits of y-GCL (de Oliveira et al. 2015, 2016),
the rate-limiting enzyme in glutathione (GSH) synthesis
(Lu 2013). CA exhibited the ability to protect SH-SY5Y
cells against paraquat (de Oliveira et al. 2016) and
methylglyoxal (de Oliveira et al. 2015) through the acti-
vation of the phosphoinositide-3-kinase (PI3K)/Akt/Nrf2
axis. Other research groups have previously demonstrated
that CA mediated cytoprotective effects by exerting an
antioxidant action using other experimental models (Chen
et al. 2012; Lin et al. 2014; Wu et al. 2015). Nonetheless,
whether CA would prevent mitochondrial dysfunction
induced by other pro-oxidant agents remains to be
determined.

Mitochondria are the major site of ATP production in
mammalian cells and also coordinate cell survival and
death-associated signaling pathways (Green et al. 2014;
Galluzzi et al. 2014). Mitochondrial dysfunction takes a
central role in several pathologies, including cardiovascular
and neurodegenerative diseases (Nicholls and Budd 1998;
Naoi et al. 2005; Brown and Bal-Price 2003; Bernardi et al.
1998; Rosca and Hoppel 2010; Griffiths 2012). Further-
more, mitochondrial disturbances may be consequence of
exposure to toxic agents, such as drugs and pollutants
(Chen et al. 2015; de Oliveira and Jardim 2016; Varga et al.
2015; Abdolghaffari et al. 2015; Yang et al. 2015). In this
context, there is increasing interest in natural and synthetic
agents that would be useful in preventing mitochondrial
dysfunction.

Chlorpyrifos (CPF) is an organophosphate pesticide that
inhibits acetylcholinesterase, causing neurotoxicity in
humans (Whitney et al. 1995; Moser 2000). Due to its
chemical structure, CPF is lipophilic and easily enters cells
by crossing the plasma membrane (Ki et al. 2013). CPF
induces redox impairment by increasing the production of
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reactive species in animal cells, as evidenced in several
in vitro and in vivo experimental models (Ma et al. 2013;
Nishi and Hundal 2013; Jasna et al. 2014; Lee et al. 2014a;
Jang et al. 2015; Khalil 2015; Deng et al. 2016). Addi-
tionally, CPF elicits lipid peroxidation and DNA damage in
neuronal cells, causing cell death through apoptosis (Geter
et al. 2008; Saulsbury et al. 2009; Yu et al. 2008). CPF also
causes mitochondrial dysfunction by interfering with the
electron flux between the components of the respiratory
chain (Salama et al. 2014) and by altering mitochondrial
dynamics and the movement of these organelles in neu-
ronal cells (Middlemore-Risher et al. 2011).

Therefore, based on previously findings from our
research group and others, we examined here whether and
how CA would prevent mitochondrial dysfunction induced
by CPF in human neuroblastoma SH-SYS5Y cells.

Materials and Methods
Materials

Plastic materials utilized in cell culture were obtained from
Corning, Inc. (NY, USA) and Beckton Dickson (NJ, USA).
Culture analytical grade reagents and CPF were purchased
from Sigma (MO, USA). All other chemicals and assay kits
utilized here were obtained as described below.

Cell Culture and Chemical Treatment

Human dopaminergic neuroblastoma cell line (SH-SY5Y)
was purchased from the American Type Culture Collection
(Manassas, VA, USA) and cultured in Dulbecco’s modified
Eagle’s medium (DMEM)/F-12 HAM nutrient medium
(1:1 mixture) supplemented with 10 % fetal bovine serum
(FBS) and 2 mM L-glutamine in a 5 % CO, humidified
incubator at 37 °C. The cells were plated at an appropriate
density according to the different experimental protocols
utilized in this work. All data were obtained by performing
three or five independent experiments each done in
triplicate.

CPF (dissolved in DMSO) was utilized at 25-100 puM,
depending on the experiment, in order to induce cytotoxi-
city, as previously described (Ki et al. 2013; Lee et al.
2014a; Raszewski et al. 2015). CA was utilized at 1 pM,
since this concentration elicited cytoprotection efficiently
against several chemical stressors in previous works, as
reported by our research group (de Oliveira et al. 2015,
2016) and others (Chen et al. 2012; Lin et al. 2014; Wu
et al. 2015). CA was added to the medium 12 h before
CPF, which was used for additional 6 or 24 h, depending
on the experiment. LY294002 (5 uM) was added to the
culture medium 1 h before CA whenever necessary.
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Specific concentrations and periods of treatment are indi-
cated in figure legends.

Analyses of Cellular Viability, Cytotoxicity,
and Apoptosis-Related Parameters

Cellular viability was assayed by 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) assay (Mos-
mann 1983). The cells were plated onto 96-well plates, and
when the culture reached 70-80 % confluence, the medium
was removed and the treatments were applied. After the
treatment of the cells with each chemical, 20 pL of MTT
solution (5 mg/mL sterile stock solution) was added to
each well (final concentration of 0.5 mg/mL MTT). The
cells were left for 4 h at 37 °C in a humidified atmosphere
of 5 % CO,. Then, the medium was removed and 100 puL.
DMSO for 30 min was utilized to dissolve the formazan
crystals. The optical density of each well was measured at
570 nm in a plate reader (Molecular Devices, CA, USA).
Lactate dehydrogenase (LDH) leakage assay was per-
formed based on the manufacturer instructions (CytoTox
96-NonRadioactive Cytotoxicity Assay, Promega).

Caspase-9 enzyme activity was measured using a fluo-
rimetric assay kit (Abcam, MA, USA; EX: 400 nm, EM:
505 nm). Caspase-3 enzyme activity was quantified using
an assay kit (Sigma, MO, USA; EX: 360 nm, EM:
460 nm). We utilized a commercial ELISA kit that detects
DNA fragmentation in cell lysates (Roche, Germany). The
cells were incubated with 5'-bromo-2'-deoxy-uridine
(BrdU) to label nuclear DNA. The BrdU-labeled DNA
fragments are released from the cells to the cytoplasm
during apoptosis and into cell culture during necrosis. We
measured here the levels of cytoplasmic BrdU-labeled
DNA fragments according to the instructions of the man-
ufacturer. After each incubation, the samples were read at
450 nm (reference wavelength 690 nm) in a plate reader
(Molecular Devices, CA, USA).

Determination of Intracellular Reactive Oxygen
Species (ROS) Production

Intracellular ROS production was measured using the
nonpolar compound 2’-7'-dichlorodihydrofluorescein diac-
etate (DCFH-DA) (LeBel et al. 1992). In the final 30 min
of each incubation time with specific chemicals (CPF and/
or CA, with or without L.Y294002 co-treatment), the cells
were loaded with 100 uM DCFH-DA dissolved in medium
and were incubated for 30 min at 37 °C to allow cellular
incorporation. After this period, the medium was removed
and fresh medium was added to the cells, and the oxidation
of intracellular DCFH was monitored during 30 min with
1 min intervals at 37 °C in a fluorescence plate reader
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Fig. 1 The effects of chlorpyrifos at different concentrations for 24 h
on SH-SYSY cell viability (a) and cytotoxicity (b). Data are presented
as the mean % SD of three or five independent experiments each done
in triplicate. One-way ANOVA followed by the post hoc Tukey’s test,
*p < 0.05 versus the control group, **p < 0.001 versus the control

group

(Molecular Devices, USA; EX: 485 nm, EM: 535 nm)
(Wang and Joseph 1999).

Mitochondrial Isolation

After the incubation with specific treatments, the cells were
washed and resuspended in buffer (250 mM sucrose,
20 mM HEPES—pH 7.4—10 mM KCI, 1 mM EGTA,
1 mM EDTA, 1 mM MgCl,, 1 mM dithiothreitol, 1 mM
phenylmethylsulphonyl fluoride, 1 mM benzamidine,
1 mM pepstatin A, 10 mg/mL leupeptin, and 2 mg/mL
aprotinin) (Wang et al. 2014). After this, cells were
homogenized and nuclei, unbroken cells, and cell debris
were obtained after centrifugation (1000x g, 10 min, 4 °C).
To isolate cytosolic fraction, the supernatant resulting from
the previous centrifugation was centrifuged again
(13,000x g, 20 min, 4 °C). The final supernatant was used

@ Springer



Neurotox Res (2016) 30:367-379

[ Control

O cAat1uM
1 =3 CPF 100 uM
a @B CPF+CA

370

A 150- B 250,

3 g

£ - £ 2001

<]

S 100 —= a <

5 S 150

= 2

> . 3

£ I 2 100

:

> T 50

S =
oll— . . 0

Cc D

200 . 800

E T

E

3 1504 S 600

o a =

£ 8

S 100+ L - ‘s 400

3 8

§ 501 S 2001

2 =

w

w

Q

e ol . . 0

E 500+

400

300+

2004

1001 ——

Carbonyl level (% of control)

o

Fig. 2 The effects of a pretreatment with carnosic acid at 1 uM for
12 h on cell viability (a), cytotoxicity (b), ROS production (c), total
lipid peroxidation (d), and total protein carbonylation (e). Chlorpyri-
fos was utilized at 100 pM for 24 h. Data are presented as the

as cytosolic fraction and the final pellet contains the
mitochondrial fraction.

Lipid Peroxidation and Protein Carbonyl
Measurement

The levels of malondialdehyde (MDA, a lipid peroxidation
marker) and protein carbonyl were quantified in the sam-
ples at the end of each incubation using commercial kits
(Abcam, MA, USA). After reaction with the samples, DNP
hydrazones (for protein carbonyl detection) and MDA were
read in a plate reader (Molecular Devices, CA, USA) at
375 and 532 nm, respectively. The same procedures were
applied in order to verify the levels of MDA and protein
carbonyl in mitochondrial membranes after isolation of
mitochondria.
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mean £ SD of three or five independent experiments each done in
triplicate. One-way ANOVA followed by the post hoc Tukey’s test,
*p < 0.05 versus the control group, a different from chlorpyrifos-
treated group; *p < 0.05 versus chlorpyrifos-treated cells

Mitochondrial Membrane Potential

Mitochondrial membrane potential (MMP) was examined
using a commercial kit that uses tetraethylbenzimidazolyl-
carbocyanide iodine (JC-1), which is a lipophilic cationic
dye that accumulates in mitochondria depending on its
membrane potential. JC-1 is predominantly found in a
monomer form that yields green fluorescence at low MMP
(emission of 530 £ 15 nm). On the contrary, JC-1 aggre-
gates at high MMP yielding a red to orange fluorescence
(emission of 590 £+ 17.5 nm). The cells (1.5 x 104) were
stained with JC-1 (20 pM) in dilution buffer for 10 min
(37 °C) in the dark. The cells were washed twice with dilu-
tion buffer. The treatments were applied and incubated for
desired period of time. The samples were read at EX:
485 nm, EM: 540, and 590 nm and cut-off at 530 nm in a
fluorescence plate reader (Molecular Devices, USA).
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Fig. 3 The effects of a pretreatment with carnosic acid at 1 uM for
12 h on mitochondrial membrane a MDA content, b protein carbonyl
content, ¢ mitochondrial membrane potential (MMP), and d ATP
levels. Chlorpyrifos was utilized at 100 pM for 24 h. Data are

Quantification of ATP Levels

We detected ATP levels in the samples after the end of
each treatment using a commercial kit following the
instructions of the manufacturer (Abcam, MA, USA). After
the reaction of the samples with ATP probe, the samples
were read in a fluorescence plate reader (Molecular Devi-
ces, USA; EX: 535 nm, EM: 590 nm).

Detection of the Immunocontent of Mitochondrial
and Cytosolic Cytochrome c

Mitochondrial and cytosolic cytochrome ¢ immunocontents
were detected by utilizing ELISA assay kits following the
instructions of the manufacturer (Abcam, MA, USA).

Measurement of cleaved PARP

The levels of cleaved PARP were analyzed using a com-
mercial kit following the instructions of the manufacturer
(Cell Signaling, MA, USA).

Measurement of reduced glutathione

After each experiment, the cells were washed and collected
and GSH was quantified following the protocol of a com-
mercial kit (Abcam, MA, USA). GSH was detected after
reaction with Thiol Green Indicator and the samples were

presented as the mean £ SD of three or five independent experiments
each done in triplicate. One-way ANOVA followed by the post hoc
Tukey’s test, *p < 0.05 versus the control group; “p < 0.05 versus
chlorpyrifos-treated cells

read in a fluorescence plate reader (Molecular Devices,
USA; EX: 490 nm, EM: 520 nm).

Nuclear Isolation

Nuclear isolation was performed by utilizing the Nuclear
Extraction Kit, which was purchased from Cayman
Chemical (MI, USA). Briefly, =1 x 107 cells (80-90 %
confluence) were collected in phosphate buffered saline
(PBS, ice-cold). After centrifugation (300x g, 5 min, 4 °C),
cells were pelleted and then resuspended in ice-cold
hypotonic buffer, which is responsible for inducing swel-
ling of the cells. The addition of 10 % Nonidet P-40 dis-
solved the cell membranes, then allowing access to the
cytoplasmic fraction without causing nuclear membrane
damage. Centrifugation (13,000xg for 30 s, 4 °C) was
performed in order to separate cytoplasmic fraction from
nuclei. The pelleted nuclei were lysed in ice-cold extrac-
tion buffer. Finally, another centrifugation (14,000xg for
10 min, 4 °C) was performed to isolate nuclear extracts,
which were used in the quantification of Nrf2 in the cell
nucleus.

Measurement of Nrf2 Immunocontent in Nuclear
Samples

After nuclear extraction, quantification of the nuclear
immunocontent of Nrf2 was performed by utilizing an
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ELISA assay kit following the instructions of the manu-
facturer (Active Motif, CA, USA). Briefly, samples (30 pg
protein) were added into the wells containing a monoclonal
capture antibody specific for Nrf2. Then, a detection anti-
body specific for Nrf2 was added to the wells. A horse-
radish peroxidase labeled anti-rabbit IgG was pipetted into
the wells after washing. Finally, a substrate solution (TMB)
was added, generating color that was detected in a micro-
plate reader (Molecular Devices, CA, USA) at 450 nm.

Nrf2 Knockdown by siRNA Transfection

Nrf2 silencing was obtained by the transfection of the SH-
SYS5Y cells transiently with Nrf2 siRNA (5-CCCATT-
GATGTTTCTGATCTA-3") or All Stars Negative Control
(NC) siRNA by applying the Lipofectamine RNAIMAX
reagent (Life Technologies, CA, USA) (de Oliveira et al.
2015, 2016).
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Fig. 4 The effects of a pretreatment with carnosic acid at 1 pM for
12 h on a cytosolic cytochrome c content, b mitochondrial cyto-
chrome c content, ¢ caspase-9 activity, d caspase-3 activity, e cleaved
PARP levels, and f DNA fragmentation. Chlorpyrifos was utilized at
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Statistical Analyses

Statistical analyses were performed with GraphPad 5.0
software. The results are presented as the mean + standard
deviation (SD) of three or five independent experiments
each done in triplicate; p values were considered significant
when p < 0.05. Differences in experimental groups were
determined by one-way ANOVA followed by the post hoc
Tukey’s test.

Results
Cell Viability and Cellular Redox Parameters

According to Fig. la, CPF decreased cell viability in a
dose-dependent manner. Moreover, CPF exposure for 24 h
induced cytotoxicity in SH-SYSY cells (Fig. 1b). Based on

3 Control
Ocatum
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@ CPF+CA
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100 puM for additional 24 h. Data are presented as the mean £ SD of
three or five independent experiments each done in triplicate. One-
way ANOVA followed by the post hoc Tukey’s test, *p < 0.05 versus
the control group; “p < 0.05 versus chlorpyrifos-treated cells
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these data, we utilized CPF at 100 uM for the other
experiments, we performed here.

In order to verify whether CA would protect SH-SY5Y
cells against CPF, we evaluated cell viability and redox-re-
lated parameters. CA pretreatment (1 uM for 12 h) prevented
loss of viability (Fig. 2a) and cytotoxicity (Fig. 2b) in CPF-
treated cells. CA also abrogated ROS production (Fig. 2c),
lipid peroxidation (Fig. 2d), and protein carbonylation
(Fig. 2e) in cells exposed to CPF. We utilized CA at 1 pM
because this concentration elicited better results when com-
pared to CA at lower or higher concentrations (Fig. S1).

Mitochondrial Function

CA efficiently reduced lipid peroxidation (Fig. 3a) and
protein carbonylation (Fig. 3b) in the membranes of
mitochondria isolated from CPF-treated cells. CA also
prevented MMP disruption (Fig. 3c) and ATP production
impairment (Fig. 3d) in this experimental model.

Apoptosis-Related Parameters

To determine whether CA pretreatment would prevent
CPF-triggered apoptosis, we examined apoptotic parame-
ters associated with the intrinsic apoptotic pathway (i.e.,
which is dependent on mitochondria). CA pretreatment
prevented release of cytochrome c to the cytosol (Fig. 4a)

Nrf2 SiRNA

and loss of mitochondrial cytochrome c (Fig. 4b), conse-
quently decreasing caspase-9 (Fig. 4c) and caspase-3
(Fig. 4d) activities. As expected, CA also suppressed
cleavage of PARP (Fig. 4e) and fragmentation of DNA
(Fig. 4f) in CPF-administrated cells. Therefore, CA effi-
ciently prevented mitochondria-dependent cell death in
SH-SYS5Y cells exposed to CPF.

Mitochondrial Parameters and Mechanism
of Mitochondrial Protection

To verify by which mechanism CA exerted mitochondrial
protection against CPF, we analyzed the levels of GSH in
the mitochondria of SH-SYSY cells. As depicted in
Fig. 5a, CA upregulated GSH levels in a time-dependent
manner. We also investigated the mechanism involved in
the CA-elicited increase in mitochondrial GSH levels, as
demonstrated in Fig. 5b. CA induced an increase in the
levels of GSH by a PI3K/Akt-associated mechanism, since
LY294002 (specific inhibitor of PI3K) suppressed the
effects of CA on mitochondrial GSH levels. LY294002
alone did not change the mitochondrial levels of GSH in
this experimental model. We also examined whether Nrf2
activation would be involved in the regulation of GSH
synthesis in this experimental model. As may be observed
in Fig. 5c, Nrf2 knockdown blocked the CA-induced
increase in the mitochondrial GSH.
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To evaluate whether the PI3K/Akt/Nrf2 signaling path-
way was also involved in the modulation of redox
parameters associated with mitochondria, we utilized
LY294002 as a co-treatment in SH-SY5Y cells. We found
that PI3K/Akt inhibition suppressed the antioxidant effects
elicited by CA on mitochondrial membranes, namely
inhibition of lipid peroxidation (Fig. 6a) and protein car-
bonylation (Fig. 6b). Furthermore, LY294002 blocked
MMP improvement caused by CA pretreatment in CPF-
treated cells (Fig. 6¢). LY294002 co-treatment also abro-
gated the effects of CA on cytochrome c release (Fig. 7a)
and on the levels of cytochrome c in mitochondria
(Fig. 7b).

Involvement of PI3K/Akt Signaling Pathway
in the Cytoprotective Effects Elicited by CA

Using LY294002 as a co-treatment, we investigated whe-
ther the PI3K/Akt signaling pathway would be participat-
ing in the cytoprotective effects induced by CA. According
to Fig. 8a, LY294002 abrogated the protective effect of CA
regarding cell viability. Also, LY294002 blocked the
inhibitory effect of CA on cytotoxicity (Fig. 8b). Conse-
quently, inhibition of PI3K/Akt signaling pathway sup-
pressed the effect of CA on DNA fragmentation in cells
exposed to CPF (Fig. 8c).

Involvement of Nrf2 in the Mitochondrial Protection
Exerted by CA

Nrf2 knockdown abrogated the CA-induced improvement
of MMP in CPF-treated SH-SYSY cells (Fig. 9a). Addi-
tionally, CA elicited anti-apoptotic effect through a Nrf2-
dependent mechanism, since Nrf2 knockdown prevented
the CA-triggered inhibition on DNA fragmentation in cells
exposed to CPF (Fig. 9b).

To analyze whether Nrf2 would be involved in the
cytoprotective effects elicited by CA on CPF-treated cells,
we utilized Nrf2 knockdown strategy, as depicted in
Fig. 10. CA failed to prevent loss of cell viability
(Fig. 10a) and CPF-induced cytotoxicity (Fig. 10b) in SH-
SY5Y cells. Data demonstrating the efficacy of Nrf2
knockdown are shown in Fig. S2.

Discussion

CA exerts neuroprotection in both in vitro and in vivo
experimental models, at least in part, due to its antioxi-
dant property (de Oliveira 2015). CA is an Nrf2 activator
and may upregulate this transcription factor more inten-
sely than sulforaphane, as previously reported (Kraft et al.
2004; Hong et al. 2005). In the present work, CA
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chlorpyrifos-treated cells; °p < 0.05 versus CPF + CA-treated cells

pretreatment at 1 pM efficiently prevented cytotoxicity
and mitochondrial dysfunction induced by CPF, a pro-
oxidant agent with pro-apoptotic capacity (Bagchi et al.
1995; Lassiter et al. 2009; Lee et al. 2012, 2014b). CA
upregulated GSH synthesis through a PI3K/Akt/Nrf2 axis,
causing an increase in the mitochondrial content of GSH
and preventing MMP disruption, as well as abolishing the
CPF-triggered intrinsic apoptotic pathway. PI3K/Akt sig-
naling pathway inhibition or Nrf2 silencing suppressed
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Fig. 7 The effects of (5 uM; cells were exposed to LY294002 1 h
prior CA treatment for 12 h) on a cytosolic cytochrome c levels and
b mitochondrial cytochrome c levels. Cells were exposed to CPF for
additional 24 h. Data are presented as the mean + SD of three or five
independent experiments each done in triplicate. One-way ANOVA
followed by the post hoc Tukey’s test, *p < 0.05 versus the control
group; *p < 0.05 versus chlorpyrifos-treated cells; °p < 0.05 versus
CPF + CA-treated cells

the protective effects of CA in cells exposed to CPF,
demonstrating that part of the mechanism of cytoprotec-
tion elicited by CA was dependent on those signaling
pathways.

We previously demonstrated that CA prevented cyto-
toxicity against paraquat (de Oliveira et al. 2016) and
methylglyoxal (de Oliveira et al. 2015). Furthermore,
other research groups have demonstrated that CA pro-
tected neuronal cells against 6-hydroxydopamine (Chen
et al. 2012; Lin et al. 2014; Wu et al. 2015) and amy-
loid-PB peptide (Azad et al. 2011; Rasoolijazi et al. 2013;
Meng et al. 2015). CA activates Nrf2 causing an
increase in the immunocontents of antioxidant enzymes,
such as HO-1, y-GCL, NQO-1, Mn-SOD, GPx, and GR
(Chen et al. 2012; de Oliveira et al. 2015, 2016).
Additionally, CA exhibits anti-apoptotic effects, at least
in part, by preserving mitochondrial function and
inhibiting cytochrome c release to the cytosol (de Oli-
veira 2015). Actually, we observed here that CA blocked
cytochrome c release from mitochondria in CPF-treated
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Fig. 8 The effects of LY294002 (5 uM; cells were exposed to
LY294002 1 h prior CA treatment for 12 h) on a cell viability, b LDH
leakage, and ¢ DNA fragmentation. Cells were exposed to CPF for
additional 24 h. Data are presented as the mean £ SD of three or five
independent experiments each done in triplicate. One-way ANOVA
followed by the post hoc Tukey’s test, *p < 0.05 versus the control
group; “p < 0.05 versus chlorpyrifos-treated cells; °p < 0.05 versus
CPF + CA-treated cells

cells (Fig. 4a). CPF is a pro-apoptotic agrochemical
triggering cell death by a mechanism involving JNK and
p38 protein kinases activation (Ki et al. 2013), dynamin-
related protein 1 (Drpl) migration to mitochondria, and
increased caspase-3 activity (Park et al. 2015), leading to
DNA fragmentation, a hallmark of apoptosis (Raszewski
et al. 2015). Drpl is a protein involved in the regulation
of mitochondrial fission, an event that plays an important
role during mitophagy (Fukushima et al. 2001; Zhu et al.
2004). Thus, CPF induces mitochondrial dysfunction not
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Fig. 9 The effects of Nrf2
siRNA (48 h) on mitochondrial
membrane potential (a) and
DNA fragmentation (b) of
chlorpyrifos (CPF) and/or
carnosic acid-treated cells. Data
are presented as the mean + SD
of three or five independent
experiments each done in
triplicate. One-way ANOVA
followed by the post hoc
Tukey’s test, *p < 0.05 versus
the control group; **p < 0.05
versus the CPF-treated cells
transfected with negative
control (NC) siRNA; “p < 0.05
versus the CPF-treated cells
transfected with NC siRNA;

°p < 0.05 versus the CPF and
CA-treated cells transfected
with NC siRNA

Fig. 10 The effects of Nrf2
siRNA (48 h) on cell viability
(a) and LDH leakage (b) of
chlorpyrifos (CPF) and/or
carnosic acid-treated cells. Data
are presented as the mean + SD
of three or five independent
experiments each done in
triplicate. One-way ANOVA
followed by the post hoc
Tukey’s test, *p < 0.05 versus
the control group; **p < 0.05
versus the CPF-treated cells
transfected with negative
control (NC) siRNA; “p < 0.05
versus the CPF-treated cells
transfected with NC siRNA;

°p < 0.05 versus the CPF and
CA-treated cells transfected
with NC siRNA
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only due to its intrinsic pro-oxidant capacity, but also by = of CA in preventing impairments in mitochondrial
altering mitochondrial architecture and dynamics. Further =~ dynamics resulting from exposure to CPF or other agent
research would be necessary in order to evaluate the role  able to induce mitochondrial dysfunction.
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GSH synthesis upregulation has been associated with
neuroprotection in several experimental models (Agarwal
and Shukla 1999; Bakshi et al. 2015; Mitra et al. 2015).
Moreover, GSH depletion has been linked to mitochondrial
dysfunction in brain cells (Heales et al. 1995). The control
of GSH production is exerted by signaling pathways
upstream Nrf2, such as JNK, p38, ERK1/2, and PI3K/Akt
(Forman and Dickinson 2003; Lu 2009, 2013; Satoh et al.
2013). GSH is considered the main non-enzymatic
antioxidant defense in mammalian cells due to its direct
role as antioxidant and also because this molecule is uti-
lized to convert hydrogen peroxide (H,O,) to water by
GPx, among other functions (Morris et al. 2014). Mito-
chondrial uptake of GSH is a complex event and needs to
be coordinated according to the mitochondrial needs for
this antioxidant agent (Lash 2006). In this context, CA
activates PI3K/Akt signaling pathway, but not others in
SH-SYSY cells, as previously reported by us (de Oliveira
et al. 2015, 2016) and by others (Lin et al. 2014). The
upregulation of the PI3K/Akt pathway was previously
demonstrated to take a role in the activation of Nrf2, since
PI3K/Akt inhibition suppressed Nrf2 activation in SH-
SYS5Y cells treated with CA (de Oliveira et al. 2015, 2016).
Here, we found that PI3K/Akt signaling inhibition caused a
decrease in the mitochondrial content of GSH in CA-
treated cells (Fig. 5b) and abrogated the antioxidant effects
of CA on mitochondrial membranes (Fig. 6a, b), as well as
impaired MMP (Fig. 6¢) and favored cytochrome c release
to the cytosol (Fig. 6d) in CPF-treated cells. The CA-in-
duced Nrf2-dependent increase in the content of GSH in
mitochondria was part of the mechanism by which CA
protected mitochondria against CPF, as demonstrated here.
CA failed to prevent loss of MMP in SH-SYSY cells in
which Nrf2 was silenced (Fig. 8a), favoring apoptosis in
those cells (Fig. 8b).

Overall, we demonstrated here, for the first time, that
CA was effective in preventing mitochondrial dysfunction
and redox impairment in CPF-treated SH-SYSY cells by a
mechanism involving the activation of the antioxidant and
pro-survival PI3K/Akt/Nrf2 axis.
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