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ARTICLE INFO ABSTRACT

Keywords: Quinolinic acid (QUIN) is an excitotoxic and pro-oxidant molecule used in the study of neurodegenerative
Nrf2 disorders because it reproduces certain biochemical characteristics present in these diseases. The use of anti-
Keapl oxidant molecules in the QUIN model reduces cellular damage through the nuclear factor erythroid 2-related to
p62 factor 2 (Nrf2) pathway. The Nrf2 transcription factor is considered the master regulator of antioxidant genes
gili):olinic acid expression, and its activation occurs by an increase in the reactive oxygen species (ROS) levels or in the presence
Brain of electrophilic compounds. However, Nrf2 activation also occurs in an oxidative stress-independent process

caused by the disruption of the Keapl-Nrf2 complex by the direct interaction of Keapl with certain proteins,
such as DPP3 and p62. The aim of this study was to evaluate the effect of QUIN on Nrf2 activation over short
periods of time. QUIN administration increased Nrf2 activation at 30 min in the striatum without increasing ROS
production or modifying the redox cellular state. Moreover, QUIN increased Keapl and Nrf2 nuclear levels and
increased the protein-protein interaction between Keapl and DPP3 and Keapl and p62 30 min after QUIN ad-
ministration. Finally, we found that Nrf2 activation primarily occurs in striatal neurons. Our results show that
QUIN administration in vivo stimulates Nrf2 expression and activation in the absence of oxidative stress pri-
marily in neurons and increases the interaction of p62 and DPP3 with Keapl, which could participate in Nrf2

activation.

1. Introduction

Quinolinic acid (QUIN) is an endotoxin produced in the human
brain through the kynurenine pathway, which is the primary pathway
for the production of NAD" and NADP* by tryptophan catabolism
(Braidy et al., 2009). QUIN treatment is used as an excitotoxic/pro-
oxidant model to study neurodegeneration. QUIN stimulates the N-
methyl-p-aspartate receptors (NMDAT), producing an increase in Ca®*
influx and activating enzymes associated with reactive oxygen species
(ROS) production and cellular damage, finally leading to cellular death
(Aguilera et al., 2007; Maldonado et al., 2010; Pérez-Severiano et al.,
2004; Santamaria et al., 2001). There are reports indicating that the
intrastriatal administration of 240 nmol of QUIN increases hydroxyl
radical ("OH) levels at 1 h (Santamaria et al., 2001), lipoperoxidation
and superoxide anion radical (O, ~) at 2h (Maldonado et al., 2010;
Santamaria and Rios, 1993), the activity of calcium-dependent nitric
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oxide synthase at 3h (Aguilera et al., 2007), protein oxidation at 6 h
(Colin-Gonzalez et al., 2013; Santana-Martinez et al., 2014) and de-
creases glutathione levels at 4 h (Cruz-Aguado et al., 2000; Santamaria
etal., 2001; Santana-Martinez et al., 2014). All of this evidence suggests
a pro-oxidant effect of QUIN starting at least 1h after its striatal ad-
ministration; however, the pro-oxidant capacity of QUIN at times less
than 1h has not been evaluated.

The nuclear factor erythroid 2-related to factor 2 (Nrf2) is a tran-
scription factor that regulates the cellular redox state (reviewed in
Hayes and Dinkova-Kostova, 2014). Nrf2 regulates approximately 1055
genes, including proteins and phase 2 enzymes, antioxidant enzymes
and proteins involved in cellular development, metabolism, immune
system and cellular signaling (Malhotra et al., 2010).

Nrf2 activation is a highly regulated process (Papp et al., 2012).
Kelch-like ECH-associated protein 1 (Keapl) regulates the cellular le-
vels of Nrf2 by sequestering and retaining Nrf2 in the cytoplasm

Received 28 November 2018; Received in revised form 26 February 2019; Accepted 10 March 2019

Available online 12 March 2019
0161-813X/ © 2019 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/0161813X
https://www.elsevier.com/locate/neuro
https://doi.org/10.1016/j.neuro.2019.03.003
https://doi.org/10.1016/j.neuro.2019.03.003
mailto:maldonado.perla@gmail.com
https://doi.org/10.1016/j.neuro.2019.03.003
http://crossmark.crossref.org/dialog/?doi=10.1016/j.neuro.2019.03.003&domain=pdf

C.A. Silva-Islas, et al.

through the interaction of the ETGE and DLG motifs in Nrf2 and the
Kelch domain in Keapl, causing the ubiquitination and subsequent
degradation of Nrf2 by the 26S proteasome (McMahon et al., 2006).
Nrf2 is activated by two mechanisms. In the canonical pathway, free
radicals and electrophilic compounds induce the release of Nrf2 from
Keapl (reviewed in Hayes and Dinkova-Kostova, 2014; Surh et al.,
2008). In the more recently described non-canonical pathway, Nrf2
activation occurs independently of free radicals or electrophilic com-
pounds (reviewed in Hayes and Dinkova-Kostova, 2014). Ho et al.
(2005) reported that tetrafluoroethylcysteine activates Nrf2 in the ab-
sence of oxidative stress. Moreover, some non-electrophilic molecules,
such as tetrahydroisoquinoline, thiopyrimidine, naphthalene, carba-
zone or urea, can interact with Keapl, preventing Nrf2 sequestration
(Richardson et al., 2015). Other studies report that some proteins can
interact with Keapl and prevent Keapl-Nrf2 complex formation. Liu
et al. (2007) reported that the phosphotyrosine-independent ligand for
the Lck SH2 domain of 62kDa (p62 or SQSTM1) and dipeptidyl pep-
tidase 3 (DPP3) can activate the Nrf2-ARE pathway in an oxidative
stress-independent manner in the neuroblastoma cell line IMR-32 and
in mouse-derived primary cortical neurons.

DPP3 is a zinc aminopeptidase able to hydrolyze the N-terminus of
oligopeptides containing 3-10 amino acid residues (reviewed in
Prajapati and Chauhan, 2011). DPP3has an ETGE motif, similar to
Nrf2, through which it interacts with Keapl. DPP3 can compete with
Nrf2 for Keapl binding. An increase in DPP3 levels decreases Nrf2
ubiquitination and increases its activation. Accordingly, if DPP3 levels
decrease, Nrf2 activation is down-regulated (Hast et al., 2013).

Additionally, p62 is a protein that acts as a receptor to selective
autophagy of ubiquitinated proteins, organelles and microtubules that
are sequestered by phagosomes (Katsuragi et al., 2015). p62has a
DPSTGE motif, similar to the ETGE motif present in Nrf2, which enables
the p62-Keapl interaction. This interaction increases when the
mTORC1 complex and the mitogen-activated protein kinase kinase ki-
nase 7 (TAK1) phosphorylate the Ser351 of DPSTGE motif (Hashimoto
et al., 2016). There are reports indicating that overexpression of p62
increases the nuclear translocation and activation of Nrf2 in the absence
of oxidative stress. Moreover, the p62-Keapl interaction promotes
Keapl degradation via autophagy (Hashimoto et al., 2016; Lau et al.,
2010).

In this study, we evaluated the effect of QUIN administration in vivo
on Nrf2 activation over short periods of time. We determined that QUIN
induces Nrf2 activation at 30 min in a ROS-independent pathway, pri-
marily in striatal neurons, and increases the Keapl-DPP3 and Keapl-
p62 interaction. These data suggest the possible participation of p62
and DPP3 proteins in QUIN-induced Nrf2 activation at 30 min, possibly
through the non-canonical pathway.

2. Experimental procedure
2.1. Reagents

Quinolinic acid (QUIN) was purchased from Spectrum. 2°,7°-di-
chlorofluorescein diacetate (DCF-DA), 2,7 -dichlorofluorescein (DCF),
dihydroethidium (DHE), salmon testes DNA, Hoechst, bovine serum
albumin (BSA), N-succinyl-Leu-Tyr-7-amido-4-methyl coumarin, re-
duced glutathione (GSH), oxidized glutathione (GSSG), glutathione
reductase (GR), B-Nicotinamide adenine dinucleotide 2’-phosphate re-
duced (NADPH), 1-chloro-2,4-dinitrobenzene (CDNB), 2,3-naphthale-
nedicarboxaldehyde (NDA), o-phthaldehyde, N-ethylmaleimide (NEM),
p-formaldehyde (PFA), phosphatase inhibitor cocktail 3, mowiol and
mouse anti-a-tubulin (T9026) antibody were obtained from Sigma (St.
Louis, MO, USA). Protein A/G plus agarose (sc-2003), rabbit anti-Nrf2
(H300; sc-13032), goat anti-Nrf2 (T-19; sc-30915), rabbit anti-Keapl
(H-190; sc-33569), goat anti-Keapl (E-20; sc-15246) and mouse anti-
PCNA (P-10; sc-56) antibodies were obtained from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Donkey-anti rabbit IgG

Neurotoxicology 73 (2019) 120-131

horseradish peroxidase-conjugate (711-035—152) and donkey-anti
mouse IgG horseradish peroxidase-conjugate (715-035—150) anti-
bodies were from Jackson ImmunoResearch Laboratories Inc.
(Jennersville, PA, USA). Rabbit anti-p62 (ab101266), rabbit anti-DPP3
(ab133735), mouse anti-GFAP (ab10062), donkey-anti rabbit IgG Alexa
Fluor 488 (ab150073) and donkey-anti mouse IgG Alexa Fluor 594
(ab150108) antibodies were obtained from Abcam (Cambridge, MA,
USA). Mouse anti-NeuN (MAB377) antibody was purchased from
Millipore (Temecula, CA, USA). The TransAM Nrf2 ELISA kit was from
Active Motif (Carlsbad, CA, USA). All other reagents were obtained
from other known commercial local sources.

2.2. Animals

One hundred and eighty male Wistar rats (280-320g) were ob-
tained from the bioterium of the School of Medicine of the National
Autonomous University of Mexico. Animals were housed under con-
trolled light conditions (12h light/dark cycles) and temperature
(25°C = 3°C) in an acrylic box (4 rats per cage) with food (Laboratory
Rodent Diet 5001; PMI Feeds Inc., Richmond, IN, USA) and water ad
libitum. All procedures with animals were carried out strictly according
to the National Institutes of Health Guide for the Care and Use of
Laboratory Animals and the Local Guidelines on the Ethical Use of
Animals from the Health Ministry of Mexico (NOM-062-ZOO —1999
SAGARPA). INNN 44/15 project. All efforts were made to optimize the
number of animals used and to minimize their suffering.

2.3. Experimental design

Animals were randomly divided into three groups (n = 4) as fol-
lows: 1) isotonic saline solution group (Saline); 2) 120 nmol of QUIN
group (QUIN 120); and 3) 240nmol of QUIN group (QUIN 240).
Animals were sacrificed 15, 30 and 60 min and 3 and 24 h after ad-
ministration of saline or QUIN, and the nuclear enriched fraction was
obtained for the evaluation of Nrf2 activation by ELISA (Fig. 1A).

Because the major activation of Nrf2 was observed 30 min after
QUIN administration, subsequent experiments were performed at this
time. First, we evaluated whether Nrf2 activation is a dose-response
effect after QUIN administration. For this, animals were divided into six
groups (n = 4) as follows: 1) isotonic saline solution group (Saline); 2)
15 nmol of QUIN group (QUIN 15); 3) 30 nmol of QUIN group (QUIN
30); 4) 60 nmol of QUIN group (QUIN 60); 5) 120 nmol of QUIN group
(QUIN 120); and 6) 240 nmol of QUIN group (QUIN 240). The nuclear
enriched fraction was obtained for the evaluation of Nrf2 activation by
ELISA (Fig. 1A, dotted square).

Finally, animals were randomly divided into three groups (n = 4-8)
as follows: 1) isotonic saline solution group (Saline); 2) 120 nmol of
QUIN group (QUIN 120); and 3) 240 nmol of QUIN group (QUIN 240).
Independent groups of animals were used to evaluate: 1) ROS produc-
tion by DCF assay; 2) ROS production by DHE assay, NADPH oxidase
(NOX) and xanthine oxidase (XO) activity; 3) calpain activity; 4) pro-
tein localization by immunofluorescence; 5) total protein levels by
western blot and protein-protein interaction by immunoprecipitation;
6) nuclear protein levels by western blot; and 7) redox cellular state by
GSH and GSSG levels and the enzyme activity of GR, glutathione per-
oxidase (GPx), y-glutamyl cysteine ligase (GCL), catalase (CAT), glu-
tathione S-transferase (GST) and glucose 6-phosphate dehydrogenase
(G6PDH) (Fig. 1B). The protein concentration was determined by the
Lowry method.

2.4. Quinolinic acid injection

Animals were anesthetized with sodium pentobarbital (40 mg/kg ip)
and placed in stereotaxic equipment from Stoelting Co. (Wood Dale, IL,
USA). Animals received 1 pL of isotonic saline solution or QUIN with a
Hamilton syringe (Hamilton Co., Reno, NV, USA) in the right striatum
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according to the following stereotaxic coordinates: + 0.5 mm anterior
to bregma, -2.6 mm lateral to bregma and -4.5mm ventral to dura
(Paxinos and Watson, 1998; Santana-Martinez et al., 2014).

2.5. Preparation of total homogenates

Samples were homogenized in cold lysis buffer (10 mM Tris HCI pH
7.6, 15mM NaCl, 0.25mM sucrose, 1 pg/mL aprotinin, 1 pug/mL leu-
peptin, 1pg/mL pepstatin A, 1 mM PMSF and 1% Triton X100) and
centrifuged at 10,621 x g for 20 min at 4 °C. The supernatants were used
in western blotting and immunoprecipitation assays and in the mea-
surement of the glutathione levels and enzyme activities of GR, GCL,
GST, GPx, CAT and G6PDH.

2.6. Nuclear enriched fraction

Samples were homogenized in HB buffer (20 mM HEPES pH 7.4,
1mM EDTA, 1 mM DTT, 1 mM PMSF, 1ug/mL pepstatin A, 1 ug/mL
aprotinin, 1 pg/mL leupeptin and 1X phosphatase inhibitor cocktail 3)
plus 0.5% Nonidet P40 and incubated on ice for 15min. The homo-
genates were centrifuged at 850 x g for 10 min at 4 °C, and the pellets
were resuspended in HB buffer, incubated on ice for 10 min followed by
the addition of 15 puL of 10% Nonidet P40 and incubated for 5 min. The
samples were centrifuged at 14,000 x g for 2 min at 4 °C, and the pellets
were resuspended in complete lysis buffer (TransAM, Nrf2), vortexed
on ice and incubated for 30 min at 150 rpm. The samples were vortexed
for 30s and centrifuged at 14,000 x g for 10 min at 4 °C, and the su-
pernatant (nuclear enriched fraction) was collected and used in a
western blot analysis and ELISA.

2.7. ROS detection by DCF

The right striatum was incubated in dissect solution (9.84 mM
HEPES pH 7.3, 136.7 mM NaCl, 5mM KCl, 0.1 mM Na,HPO,, 0.2 mM
KH,POy4, 16.6 mM bp-glucose and 21.9 mM sucrose) plus 0.25% trypsin
for 15min at 37 °C. Tissues were passed through syringes of different
calibers (20 G, 21 G, 22 G and 25 G) and incubated with 20 uM DCF-DA
for 30 min at 37 °C. Samples were washed 3 times with PBS, lysed in
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Fig. 1. Experimental design. A) Nrf2 activation was
evaluated by ELISA after isotonic saline solution
(Saline) or quinolinic acid (QUIN 15, 30, 60, 120 and
240 nmol) administration at 15, 30 and 60 min and 3
and 24 h. B) The subsequent experiments were per-
formed at 30 min. Individual boxes represent an in-
dependent group of animals for each evaluation. Rats
in different colors represent the specific groups studied
in each experiment. The number of animals used in all

QUIN 30 nmol

QUIN 120 nmol  the groups studied in each experiment (n) is indicated.
QUIN 240 nmol ROS-DCF: Reactive oxygen species by dichloro-
fluorescein, ROS-DHE: Reactive oxygen species by di-
hydroethidium, XO: xanthine oxidase, NOX: NADPH
oxidase, GSH: reduced glutathione, GSSG: oxidized
glutathione, GR: glutathione reductase, GPx: glu-
GSH GCL tathione peroxidase, GCL: y-glutamyl cysteine ligase,
GSSG CAT CAT: catalase, GST: glutathione S-transferase, GGPDH:
GR GST glucose 6-phosphate dehydrogenase, IF: immuno-
GPx G6PDH fluorescence, WB: Western blot, IP: immunoprecipita-
tion.
n=4
(anCanCam

lysis buffer (19.62mM KH,PO,, 30.38 mM K,HPO, pH 7.4 and 1%
Triton X100) and sonicated. Fluorescence was measured at A. 488 nm of
excitation and A 515nm of emission in a fluorescence plate reader
(Synergy HT, BioTek, Winooski, VT, USA) and compared with a stan-
dard curve using DCF. The results were expressed as pmol of DCF/ug of
protein.

2.8. ROS detection by DHE

ROS production by DHE was determined as previously reported by
Maldonado et al. (2010). We used an exogenous positive control with
healthy striatum plus an O, ~ generator system (2 mM xanthine and 0.5
U/mL XO) and an endogenous positive control with kidneys from rats
treated with 1 dose of 15 mg/kg of potassium dichromate for 24 h. ROS
production was expressed as DHE fluorescence/mg of protein vs con-
trol.

2.9. NOX and XO activity

Sixty microliters of the supernatant remaining from ROS evaluation
by DHE assay were transferred to a 96-well plate, and 1.8 uL. of 1 mM
DHE, 4.4 pL of 10 mg/mL salmon testes DNA, 11.38 pL of distilled water
and 8.62 pL of 1 mM NADPH or 8.62 pL of 1 mM xanthine were added
to measure the NOX and XO activities, respectively. The plate was in-
cubated for 30 min at 37 °C in darkness, and the fluorescence intensity
was measured at A 480 nm of excitation and A 610 nm of emission in a
fluorescence plate reader (Synergy HT, Biotek, Winooski, VT, USA).
NOX and XO activities were expressed as DHE fluorescence/mg of
protein vs control.

2.10. Calpain activity

The calpain activity was quantified as an indirect indicator of in-
tracellular calcium levels. The striata were isolated and homogenized in
500 uL of hypotonic buffer (25 mM HEPES pH 7.4, 5mM MgCl,,
1.3mM EDTA and 1 mM EGTA) plus 1 mM DTT, 0.1% Triton X100,
1 ug/mL aprotinin and 1 pg/mL pepstatin A. The homogenates were
centrifuged at 10,621 x g for 20 min at 4 °C, and 15 pL of supernatants
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were transferred to a fluorescence 96-well plate, and 135 pL of buffer A
(63 mM imidazol —HCI pH 7.3, 10 mM 2-mercaptoetanol, 1 mM EDTA
and 10 mM EGTA) was added. The plate was incubated for 10 min at
37 °C followed by the addition of 1.52 uL of 10 mM N-succinyl-Leu-Tyr-
7-amido-4-methyl coumarin, and the fluorescence was measured at A
380 nm of excitation and A 460 nm of emission every min for 40 min.
The activity of calpain was expressed as the change in fluorescence
(AAUF)/min/mg of protein.

2.11. GR activity

Fifty microliters of samples were added to 950 pL of reaction mix
(62 mM KH,PO,4, 38 mM Na,HPO, pH 7.6, 0.5 mM EDTA, 1.1 mM GSSG
and 1 mM NADPH), and the absorbance was measured immediately at
340 nm. Absorbance was recorded every 30s for 3min. Phosphate
buffer (62 mM KH,PO,4, 38 mM Na,HPO, pH 7.6) was used as a blank.
The activity was calculated from the slope of these lines (umoles of
NADPH oxidized per min) using a molar extinction coefficient of
NADPH (6.22 x 1073 M em™). GR activity was expressed as U/mg of
protein.

2.12. GST activity

Eighty microliters of samples were added to 850 puL of phosphate
buffer (41.8 mM KH,PO,, 8.2mM Na,HPO, pH 6.5) and 20puL of
50 mM GSH dissolved in phosphate buffer pH 6.5. The reaction was
initiated by the addition of 50 pL of 20 mM CDNB dissolved in DMSO.
Absorbance at 340 nm was recorded every 30s for 3 min. Blank reac-
tion was prepared using distilled water replacing homogenates. The
activity was calculated from the slope of these lines (umoles of GS-DNB
formed per min) using a molar extinction coefficient of the conjugate
oxidized glutathione-2,4-dinitrobenzene (GS-DNB, 9.6 x 1073 M'tem
1). GST activity was expressed as U/mg of protein.

2.13. GCL activity

Twenty microliters of samples were added to 50 uL of reaction mix
(400 mM Tris-base, 20 mM r-glutamic acid, 2mM EDTA, 20 mM boric
acid, 2 mM t-serine, 10 mM MgCl, and 40 mM ATP). Reaction was in-
itiated by the addition of 50 pL of 2 mM L-cysteine dissolved in TES-SB
buffer (20 mM Tris-base pH 8.0, 1 mM EDTA, 250 mM sucrose, 2 mM L-
serine and 20 mM boric acid), and samples were incubated for 20 min at
37 °C. The reaction was stopped by the addition of 50 uL of 200 mM
sulfosalicylic acid followed by incubation at 4 °C for 20 min. Samples
were centrifuged at 1300 x g for 5min at 4 °C, and 20 pL of supernatant
was transferred to a 96-well plate. Then, 180 uL of 10 mM NDA was
added to the supernatants followed by incubation for 15 min in dark-
ness at room temperature to allow the formation of the NDA-Glu-Cys
complex (NDA-y-GC). The fluorescence intensity of the NDA-y-GC
complex was measured at A 485nm of excitation and A 535nm of
emission in a fluorescence plate reader (Synergy HT, Biotek, Winooski,
VT, USA). In parallel, each sample was treated to remove the basal GSH
levels. In these tubes, L-cysteine was added after sulfosalicylic acid.
Fluorescence levels were compared with a GSH standard curve, and
GCL activity was expressed as g NDA-y-GC/mg protein.

2.14. G6PDH activity

Ninety microliters of samples were added to 470 uL of buffer A
(55mM Tris—HCI pH 7.8 and 3.3 mM MgCl,), 20 uL. of 6 mM NADP
dissolved in buffer A and 20 uL of 100 mM glucose-6-phosphate dis-
solved in buffer A. Absorbance at 340 nm was recorded every 30s for
6 min. Buffer A was used as a blank. The activity was calculated from
the slope of these lines (umoles of NADPH oxidized per min) using a
molar extinction coefficient of NADPH (6.22 x 10" 3 M cm™). GGPDH
activity was expressed as U/mg of protein.
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2.15. CAT activity

Twenty-five microliters of samples were added to 725 pL of reaction
mix (6 mM KH,PO,4, 4 mM Na,HPO, pH 7.0 plus 30 mM H,0,), and the
absorbance was measured immediately at 240 nm every 15 s for 3 min.
The activity was calculated in the time period where the reaction was
lineal. A blank reaction with distilled water replacing homogenates was
subtracted from each assay. The activity was calculated from the slope
of these lines (umoles of H,0, consumption per min) using a molar
extinction coefficient of H,O, (40 M™'em ™). CAT activity was ex-
pressed as U/mg of protein.

2.16. GPx activity

One hundred microliters of samples were added to 800 uL of reac-
tion mix (30 mM KH,PO,4, 20 mM Na,HPO, pH 7.0, 1 mM EDTA, 1 mM
NaN3, 0.2 mM NADPH, 1 mM GSH and 1 U/mL GR) and incubated for
5min at room temperature. The reaction started by the addition of
100 pL of 0.25 mM H,0, solution. Absorbance at 340 nm was recorded
every 30 s for 3min. In parallel, the absorbance of an unspecific tube
(100 uL. of distilled water, 800 uL of reaction mix and 100puL of
0.25 mM H,0, solution) was measured, and the value was subtracted
from each assay. The activity was calculated from the slope of these
lines (umoles of NADPH oxidized per min) using a molar extinction
coefficient of NADPH (6.22 x 102 M em™). GPx activity was ex-
pressed as U/mg of protein.

2.17. GSH and GSSG levels

GSH levels: 100 uL of the supernatant of total homogenates was
added to 900 pL of GSH buffer (0.12 M NaH,PO,4, 0.26 M Na,HPO, pH
8.0 and 0.006 M EDTA) and was mixed. Twenty microliters of this mix
was added to 360 uL of GSH buffer followed by the addition of 20 uL of
1 mg/mL o-phthaldehyde, and the samples were incubated for 15 min
at room temperature in darkness. The fluorescence intensity was mea-
sured at A 350 nm of excitation and A 420 nm of emission in a fluor-
escence plate reader (Synergy HT, Biotek, Winooski, VT, USA).

GSSG levels: 40 uL. of 5mg/mL NEM was added to 100 pL of su-
pernatant of total homogenates, and the samples were incubated for
30 min at room temperature in the darkness, then 860 pL of 0.1 N NaOH
were added. Twenty microliters of this mix was added to 360 puL of
0.1 N NaOH and 20 pL of 1 mg/mL o-phthaldehyde, and the samples
were incubated for 15min at room temperature in darkness. The
fluorescence intensity was measured at A 350 nm of excitation and A
420 nm of emission in a fluorescence plate reader (Synergy HT, Biotek,
Winooski, VT, USA).

Fluorescence levels of GSH and GSSG were compared with a stan-
dard curve of GSH and GSSG, respectively. Levels of GSH and GSSG
were expressed as pug of GSH/mg of protein or pug of GSSG/mg of pro-
tein, respectively.

2.18. Western blot

Fifty micrograms of total homogenate, 80 ug of nuclear enriched
fraction or all supernatant from immunoprecipitation were run in
polyacrylamide gels and transferred to PVDF membranes. Membranes
were blocked with 5% nonfat milk and incubated with primary anti-
body against goat anti-Nrf2 (1:1000), rabbit anti-p62 (1:5000), rabbit
anti-DPP3 (1:10,000), rabbit anti-Keapl (1:500), mouse anti-a tubulin
(1:10,000) or mouse anti-PCNA (1:500) overnight followed by the in-
cubation of the secondary antibody against rabbit (1:10,000), mouse
(1:10,000) or goat (1:10,000). Membranes were revealed using an
Immobilon Western kit (Millipore Co, Billerica, MA, USA), and images
were obtained with a Photodocumenter (Vilber Lourmat, Eberhardzell,
Deutschland).
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2.19. Immunoprecipitation

Thirty microliters of protein A/G plus agarose were preblocked with
200 pL of 1% BSA for 1 h with agitation. Three hundred micrograms of
whole striatum homogenate were added to preblocked protein A/G plus
agarose and incubated for 2h at room temperature with agitation. At
the same time, in a second series of tubes one microgram of goat anti-
Keapl antibody was added to preblocked protein A/G plus agarose and
incubated for 2 h at room temperature with agitation and washed once
with PBS. Samples were centrifuged at 1000 x g for 3 min at 4 °C and the
supernatant was added to the tubes containing goat anti-Keapl anti-
body and protein A/G plus agarose. Tubes were incubated overnight
with agitation at 4 °C and washed with wash buffer (10 mM Tris —HCI
pH 7.4, 1mM EDTA, 1mM EGTA, 150 mM NaCl, 0.2mM Nas3VO,,
1 mM PMSF, 1ug/mL pepstatin A, 1ug/mL aprotinin, 1pg/mL leu-
peptin, and 1% Triton X100). Samples were resuspended in 25 pL of
Laemmli buffer, boiled for 8 min and loaded in polyacrylamide gel.
Western blotting was performed as previously described.

2.20. Immunofluorescence

Animals were perfused transcardially with isotonic saline solution
plus heparin (5000 U/L) followed by 4% PFA solution. Brains were
removed and placed in a 4% PFA solution plus 10% sucrose for 24 h,
then placed in 4% PFA plus 20% sucrose for 24 h and finally in 4% PFA
plus 30% sucrose for 24 h. Brains were embedded in Tissue-Tek, and
10 um slices were obtained using a cryostat (GMI, Ramsey, MN, USA).
Sections were boiled in 10 mM sodium citrate pH 6 for 45 min, cooled
at room temperature and incubated in 0.1 M glycine for 1 h at room
temperature followed by permeabilization with PBS plus 0.1% Triton
X100 for 30 min. Sections were blocked with 3% fetal bovine serum for
1h at room temperature followed by the incubation of primary anti-
body against rabbit anti-Nrf2 (1:25) or rabbit anti-p62 (1:500) over-
night at 4°C. Sections were incubated with the second primary anti-
body against mouse anti-GFAP (1:500) or mouse anti-NeuN (1:100)
plus Hoechst (1:1000) overnight at 4 °C followed by incubation with
secondary antibody anti-mouse Alexa fluor 594 (1:250) and anti-rabbit
Alexa fluor 488 (1:250) for 2 h at room temperature and the addition of
10 uL. of mowiol. Finally, sections were visualized in a fluorescence
microscope Nikon E 200 (Nikon, Melville, NY, USA) using a 40X ob-
jective.

2.21. Nrf2 activation

The active Nrf2 bound to the ARE sequence (Nrf2 activation) was
determined by ELISA according to the manufacturer’s instructions
(TransAM Nrf2 Active Motif) using the nuclear enriched fraction. The
results were expressed as optical density (OD) at 450 nm/mg protein vs
saline.

2.22. Statistical analysis

All data are presented as the mean + SEM. Data were analyzed by
one-way ANOVA and post hoc Tukey’s test using Prism 5.0 software
(GraphPad, San Diego, CA. USA). Values of P < 0.05 were considered
to be statistically significant.

3. Results
3.1. QUIN activates Nrf2 at 30 min

QUIN was unable to induce Nrf2 activation at 15 min, whereas at
30 min, Nrf2 activation increased compared to the saline group. At
60 min, Nrf2 activation returned to basal levels and remained at these
levels at 3 and 24 h compared to the saline group (Fig. 2A).

Additionally, we evaluated whether Nrf2 activation by QUIN is a
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Fig. 2. Effect of quinolinic acid (QUIN) on Nrf2 activation in the striatum. A)
Animals were administered in the right striatum with 1 pL of isotonic saline
solution (saline group, dotted line, normalized to 1) or QUIN (120 and
240 nmol), and samples were collected at 15, 30 and 60 min and 3 and 24 h.
Nuclear enriched fractions of striatum were used to evaluate the active Nrf2
bound to the ARE sequence in the ELISA plate (Nrf2 activation). B) Animals
were administered with 1 uL of isotonic saline solution (saline group, dotted
line, normalized to 1) or QUIN (15, 30, 60, 120 and 240 nmol) in the right
striatum, and samples were collected at 30 min. Nuclear enriched fractions of
striatum were used to evaluate Nrf2 activation by ELISA. Data are expressed as
the mean + SEM of four animals per group. *P < 0.05 and ***P < 0.001 vs.
Saline group.

dose-dependent process at 30 min. QUIN at 15 nmol was unable to in-
duce the activation of Nrf2; however, with 30 nmol, the Nrf2 activation
increased, reaching a maximum activation level with 60 nmol of QUIN
and remaining with 120 and 240 nmol of QUIN (Fig. 2B). Based on this
evidence and the commonly used doses of QUIN in this model, we se-
lected 120 and 240 nmol doses of QUIN at 30 min in subsequent ex-
periments.

3.2. QUIN does not increase ROS production

QUIN is a molecule widely used as an excitotoxic/pro-oxidant
model, and there is considerable evidence suggesting its role as an
oxidative stress inducer. For this reason, we evaluated ROS production
as a possible mechanism of Nrf2 activation by quantification of DCF
fluorescence 30 min after the administration of 120 and 240 nmol of
QUIN. QUIN (120 and 240 nmol) was unable to increase ROS levels at
30 min compared to the saline group (Fig. 3A); to confirm these results,
we evaluated ROS levels using the oxidation of DHE fluorescent probe.
QUIN (120 and 240 nmol) was unable to increase ROS levels at 30 min
compared to the saline group. We used the O, generator system
xanthine/XO and kidneys from rats administered with potassium di-
chromate as positive controls (Fig. 3B).

3.3. QUIN does not induce oxidative stress

To corroborate the absence of ROS production observed previously
(Fig. 3), we measured other markers of cell redox status, such as GSH
and GSSG levels, the activity of phase 2 and antioxidant enzymes and
the activity of NOX, XO and calpain (Table 1). As expected, QUIN did
not modify GSH levels compared to the saline group, as well as the
GSSG levels and the GSH/GSSG ratio. Also, QUIN was unable to change
the activity of GR, GPx, GCL and CAT at 30 min; nevertheless, an in-
crease in the GST activity and a slight decrease in the activity of GGPDH
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Fig. 3. Effect of quinolinic acid (QUIN) on ROS production in the striatum using
A) dichlorofluorescein (DCF) and B) dihydroethidium (DHE) assays at 30 min.
Animals were administered in the right striatum with 1 pL of isotonic saline
solution (saline) or QUIN (120 and 240 nmol). In B: an exogenous positive
control (C+) using a superoxide anion generator system (xanthine/XO) and an
endogenous positive control (Kidney) using the kidney of rats treated for 24 h
with 15 mg/kg of potassium dichromate were used. Data are expressed as the
mean + SEM of four animals per group.

with 240 nmol of QUIN were observed. Additionally, no changes were
observed in the NOX and XO activities at 30 min after QUIN adminis-
tration. Finally, the activity of calpain increased with QUIN 120 nmol at
30 min (Table 1). Taken together, these results suggest that QUIN does
not change the redox cellular state.

3.4. QUIN modifies the cellular localization of Nrf2 and Keapl

QUIN induced an increase in Nrf2 activation at 30 min (Fig. 2);
however, as observed in Fig. 3, QUIN was unable to induce an increase
in ROS production at this experimental time, indicating that Nrf2
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activation occurs in the absence of ROS, possibly through the non-ca-
nonical pathway. To test this possibility, we evaluated the changes in
Nrf2, Keapl, p62, and DPP3 protein levels and their nuclear translo-
cation in response to QUIN (120 and 240 nmol) at 30 min. In total
homogenates, no changes were observed in Nrf2, p62 and DPP3 levels
after QUIN administration (Fig. 4A, B, D and E); nevertheless, Keapl
levels increased with 240 nmol of QUIN (Fig. 4A and C).

Nuclear translocation of Nrf2 and Keapl was tested, and it increased
in response to 240 nmol QUIN (Fig. 5A, B and C). Nuclear levels of p62
showed a tendency to increase in response to 240nmol of QUIN;
however, there was no significant difference (Fig. 5A and D). Nuclear
levels of DPP3 were not evaluated because this protein does not have a
nuclear localization signal.

3.5. QUIN increases DPP3-Keap1 and p62-Keap1 protein-protein
interactions

Since Nrf2 activation increased in the absence of ROS production,
we hypothesized that the increase in Nrf2 activation occurs by the
disruption of the Keapl-Nrf2 complex. To support this hypothesis, an
immunoprecipitation assay was performed to evaluate whether Keapl
interacts with DPP3 or p62 30 min after QUIN administration (15, 30,
60, 120 and 240 nmol). QUIN (15-240 nmol) induced an increase in
DPP3 and p62 interaction with Keapl in a dose-dependent manner
(Fig. 6); however, the major increase was observed using 120 and
240 nmol of QUIN (Fig. 6). These results indicate that QUIN activates
Nrf2 in the absence of oxidative stress and increases DPP3 and p62
interaction with Keapl in striatal tissue, suggesting the participation of
DPP3 and p62 in Nrf2 activation.

3.6. QUIN induces p62 and Nrf2 expression mainly in neurons

To determine in which type of striatal cells occurs Nrf2 expression
in response to QUIN, the Nrf2 and p62 levels in neurons and astrocytes
were measured by immunofluorescence. A marked localization of Nrf2
in the nucleus of neurons was observed (Fig. 7A), while in astrocytes,
Nrf2 expression was scarce (Fig. 7B), suggesting that Nrf2 activation is
primarily carried out in neurons (Fig. 7A and 7B). The p62 expression
was observed primarily in the nucleus of neurons; however, a low signal
was also observed in the cytoplasm, specifically in the perinuclear area,
in animals administered with saline and QUIN (120 and 240 nmol)
(Fig. 8A). In contrast, the p62 expression in astrocytes was low
(Fig. 8B).

Table 1
Effect of quinolinic acid (QUIN) on the cellular redox state at 30 min.
Group
Determination Saline

QUIN 120 QUIN 240

0.4295 * 0.01564
0.5710 = 0.05161
0.7697 * 0.07061
0.0019 =+ 0.0001
0.0013 = 0.0002
0.0827 * 0.0031

GSH (ug/mg protein)

GSSG (ug/mg protein)

GSH/GSSG ratio

GR (U/mg protein)

GPx (U/mg protein)

GCL (ug NDA-y-GC/mg protein)

CAT (U/mg protein)

GST (U/mg protein)

G6PDH (U/mg protein)

NOX (Fluorescence DHE/mg protein vs control)
XO (Fluorescence DHE/mg protein vs control)
Calpain (AAUF/min/mg protein)

0.0025 * 0.0003
0.0071 = 0.0002
1.0380 + 0.20450
1.1630 + 0.15050
32.20 + 0.5351

0.0004 = 5.7 x 10™°

0.4359 + 0.01548
0.4968 + 0.02924
0.8900 + 0.07833
0.0019 + 0.0002
0.0013 + 0.0001
0.0857 + 0.0147
0.0003 + 2.3 x 107°
0.0029 + 0.0002
0.0058 + 0.0002
0.8001 + 0.09974
0.8598 + 0.04896
43.17 + 1.3900"

0.4084 + 0.03882
0.5399 + 0.05017
0.7674 + 0.06886
0.0023 + 0.0003
0.0014 + 0.0001
0.0851 + 0.0085
0.0003 = 4.0 x 10~°
0.0055 + 0.0004""
0.0043 + 0.0005"
1.2220 + 0.29520
1.2290 + 0.15250
37.47 + 2.55700

Data are expressed as the mean = SEM of four animals per group. *P < 0.05 and ***P < 0.001 vs. Saline group.
GSH: reduced glutathione, GSSG: oxidized glutathione, GR: glutathione reductase, GPx: glutathione peroxidase, GCL: y-glutamyl cysteine ligase, NDA-y-GC: NDA-
Glu-Cys complex, CAT: catalase, GST: glutathione S-transferase, GGPDH: glucose 6-phosphate dehydrogenase, NOX: NADPH oxidase, XO: xanthine oxidase, DHE:

dihydroethidium, AAUF: change in fluorescence.
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Fig. 4. Effect of quinolinic acid (QUIN) on Nrf2, Keapl, p62 and DPP3 levels at 30 min in striatum total homogenate. Animals were administered with 1 pL of isotonic
saline solution (Saline) or QUIN (120 and 240 nmol) in the right striatum, and western blotting was performed. Representative images of WB analysis (A) and

densitometric quantification of all samples analyzed for Nrf2 (B), Keapl (C), p62 (D) and DPP3 (E) proteins are shown. Data are expressed as the mean + SEM of
eight animals per group. *P < 0.05 vs. saline group.
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Fig. 5. Effect of quinolinic acid (QUIN) on the nuclear amount of Nrf2, Keap1 and p62 proteins in striatum at 30 min. Animals were administered in the right striatum
with 1puL of isotonic saline solution (Saline) or QUIN (120 and 240 nmol). The nuclear enriched fraction was isolated, and western blotting was performed.

Representative images of WB analysis (A) and densitometric quantification of all samples analyzed for Nrf2 (B), Keap1 (C) and p62 (D) proteins are shown. Data are
expressed as the mean = SEM of eight animals per group. *P < 0.05 vs. saline group.

4. Discussion sulforaphane and curcumin show protection against the damage in-

duced by QUIN due to their ability to decrease ROS levels through Nrf2
activation, indicating the importance of this pathway (Santana-
Martinez et al., 2014; Singh and Kumar, 2016).

To understand whether Nrf2 participates as a possible mechanism of
protection after acute QUIN administration (15 min to 24 h), we studied
the effect of QUIN on Nrf2 activation. Our results show that Nrf2 ac-
tivation (binding of nuclear Nrf2 to the ARE sequence) occurs 30 min
after QUIN in a dose-dependent response between 15-60 nmol of QUIN,
similar to previous studies (Huang et al., 2012; Lee et al., 2012). A

The QUIN model is widely used in the study of excitotoxic and
oxidant events associated with neurological diseases. The intrastriatal
administration of QUIN (120-240 nmol) induces cellular damage to the
middle spiny neurons through the activation of NMDAr, resulting in an
increase in intracellular Ca®* levels and ROS generation. Previous
studies have measured ROS effects using in vivo QUIN administration in
periods varying from 1 h to 7 days; however, at periods shorter than 1 h,
the ROS effects are poorly studied. Moreover, antioxidants such as

126



C.A. Silva-Islas, et al.

Neurotoxicology 73 (2019) 120-131

Keapl

DPP3

p62

MW  input NS NA saline QUINIS QUIN30 QUIN60 QUIN120 QUIN240
— 3
75 KDa
75 KDa _——
L —
—

——————————

50 KDa - : .
* -
: .8 R

e

Fig. 6. Effect of quinolinic acid (QUIN) on the protein-protein interaction of Keapl with DPP3 and p62 in the striatum at 30 min. Animals were administered in the
right striatum with 1 pL of isotonic saline solution (saline) or different doses of QUIN (15, 30, 60, 120 and 240 nmol). An immunoprecipitation assay was performed
on the total homogenate of four animals per group, to evaluate the interaction between Keapl and DPP3 or p62. Keapl was immunoprecipitated, and the Keapl,
DPP3 and p62 western blot analyses were performed. Molecular weight marker (MW); negative control of IP without sample (NS); negative control of IP without

antibody (NA).

maximum Nrf2 activation was observed with 120 and 240 nmol of
QUIN. This fast Nrf2 activation suggests a possible protective me-
chanism to counteract the damage induced by QUIN at times over
30 min, since Nrf2 is implicated in the expression of around 1055 genes
including those coding for antioxidant enzymes, phase II enzymes, or
other proteins involved in the metabolism, the immune system and the
cellular signaling (Malhotra et al., 2010). Previous reports have de-
scribed a similar effect, that is, a rapid Nrf2 nuclear translocation after
different stimuli, such as 4-hydroxynonenal (Huang et al., 2012), tu-
nicamycin (Cullinan et al., 2003), pantoprazole (Lee et al., 2012) and
tert-butylhydroquinone (Alarcon-Aguilar et al., 2014).

Based on the evidence that QUIN is an excitotoxic and pro-oxidant
molecule (Colin-Gonzélez et al., 2013; Santamaria and Rios, 1993;
Santamaria et al., 2001; Santana-Martinez et al., 2014), we expected
that Nrf2 activation observed 30 min after QUIN administration could
be related to an increase in oxidative state. However, the ROS levels did
not show changes at these conditions. Moreover, no changes in the
main oxidative stress markers GSH, GSSG levels and GSH/GSSG ratio
were observed, indicating that QUIN is unable to induce ROS produc-
tion before 30 min. Additionally, the activity of antioxidant (CAT, GPx,
GR, GCL and G6PDH) and phase 2 (GST) enzymes was measured to
evaluate their possible participation in ROS remotion. The activity of
the antioxidant enzymes CAT, GPx, GR and GCL did not change,
whereas GST activity increased and G6PDH activity decreased 30 min
following treatment with QUIN (240 nmol). The biological significance
of these changes is unknown. We propose that the increase in GST ac-
tivity and the decrease in G6PDH activity are independent of both,
oxidative stress and Nrf2 activation, but more experiments must be
done to elucidate their role after QUIN exposure at this time. GST is a
typical phase 2 detoxification enzyme that conjugates GSH with sub-
strate molecules in order to promote its clearance. However, it is also
involved in other processes such as intracellular binding and transport
of hydrophobic compounds, catalysis of some steps in the synthesis of
leukotrienes, prostaglandins and steroid hormones, as well as cell sig-
naling regulation (Pljesa-Ercegovac et al., 2018). Regarding G6PDH,
this enzyme has an indirect antioxidant function, since it produces the
NADPH used by GR in order to reduce GSSG to GSH (Stanton, 2012).

Additionally, we determined the NOX and XO activities, since these
enzymes are the primary ones responsible for increasing ROS levels
after an excitotoxic event, such as QUIN treatment (Maldonado et al.,
2010). QUIN administration does not increase the activity of NOX and
XO, indicating that the absence of ROS at 30 min is a consequence of
QUIN’s inability to induce the activity of these enzymes. NOX and XO
activities increase in response to cytoplasmic Ca®>™ levels, and the lack
of change in its enzyme activity could be associated with the inability of
QUIN to increase cytoplasmic Ca** levels at 30 min. To explore this
mechanism involved in the absence of ROS production, we evaluated
the intracellular Ca®* levels, since the increase in ROS production after

excitotoxic events is a consequence of the increase in Ca®* levels. The
intracellular Ca®>* levels were measured indirectly by recording the
calpain activity, a Ca>*—dependent enzyme (reviewed in Yildiz-Unal
et al., 2015), as an indicator of NMDAr activation. The calpain activity
did not show changes in response to QUIN, indicating that the absence
in ROS production is due to a poor increase in cytoplasmic Ca®* at
30 min. The lack of cytoplasmic Ca®* increment after QUIN exposure
was previously observed in striatal slices at 30 min (Pierozan et al.,
2014), corroborating that QUIN is unable to increase the cytoplasmic
Ca®™* levels and subsequent ROS levels at 30 min. It is important to note
that these results do not indicate that QUIN is unable to induce ROS
production; rather, they indicate that ROS production is an event that
occurs after 30 min (Vandresen-Filho et al., 2015).

These results together with the Nrf2 observations indicate that Nrf2
activation at 30 min occurs in the absence of ROS and the oxidative
stress state. In previous works, Liu et al. (2007) observed that Nrf2
activation in cells from the central nervous system is carried out
through the non-canonical pathway by an increase in DPP3 and p62
protein levels and in the absence of oxidative stress. For this reason, we
evaluated the participation of DPP3 and p62 in the activation of Nrf2 at
30 min after QUIN.

The total levels of Nrf2, Keapl, p62 and DPP3 and their nuclear
translocation were evaluated, except that of DPP3, since these proteins
participate in non-canonical Nrf2 activation. The total levels of Nrf2 at
30 min did not increase in response to QUIN; however, nuclear trans-
location of Nrf2 increased only in response to 240 nmol of QUIN. Our
results correlate with previous observations that indicate that sulfor-
aphane and quercetin, two well-described Nrf2 inducers, increase Nrf2
nuclear translocation without changes in the total Nrf2 protein content
(Xue et al., 2015). Furthermore, we did not observe an increase in Nrf2
nuclear levels after 120 nmol of QUIN, despite the activation observed
with this dose. A similar response was previously reported in primary
cultured astrocytes after tert-butylhydroquinone administration
(Alarcon-Aguilar et al., 2014). These findings indicate that Nrf2 acti-
vation is not only dependent on its nuclear accumulation, since not all
Nrf2 translocated to the nucleus is able to bind to the ARE sequence
(Velichkova and Hasson, 2005). In fact, the binding of Nrf2 to ARE
sequences depends on several other factors, such as the hetero-
dimerization of Nrf2 with small Maf proteins (reviewed in Surh et al.,
2008), the acetylation of Lys residues in Nrf2 (Kawai et al., 2011) or the
repression of Bach proteins through its binding to ARE sequences
(Ishikawa et al., 2005; Oyake et al., 1996).

We observed an increase in total levels and nuclear translocation of
Keapl using 240 nmol of QUIN. An increase in Keapl nuclear translo-
cation was previously observed in cell culture treated with diethyl-
maleate, sulforaphane and tert-butylhydroquinone (Velichkova and
Hasson, 2005), which is associated with post-activation repression of
Nrf2 through its nuclear export in a Keapl-dependent manner and its
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Fig. 7. Effect of quinolinic acid (QUIN) on the localization of Nrf2 in neurons and astrocytes. Animals were administered with 1 uL of isotonic saline solution (Saline)
or QUIN (120 and 240 nmol) in the right striatum at 30 min. Brains were collected and fixed, and 10-um coronal sections were obtained. Immunofluorescence was
performed, and microphotographs were taken to identify in A) Nrf2 (green), NeuN (red) and nucleus (blue); and in B) Nrf2 (green), GFAP (red) and nucleus (blue).
Scale bars represent 50 um. The white box shows the magnified positive cells on the right. Microphotographs are representative images of four animals per group (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

subsequent degradation (Sun et al., 2007). This finding could explain
why at over longer time periods (1, 3 and 24 h), we did not observe
Nrf2 activation.

The activation of Nrf2 through the non-canonical pathway depends
on the interaction of Keapl with DPP3 or p62 proteins, disrupting the
Keapl-Nrf2 complex. For this reason, we evaluated whether the pro-
tein-protein interaction of Keapl with DPP3 or p62 participates in Nrf2
activation. We observed an increase in Keapl-DPP3 and Keapl-p62
interaction in a dose-response manner 30 min after QUIN. Based on this
evidence, our results indicate that Nrf2 activation occurs in an oxidative
stress-independent manner and suggest the participation of DPP3 and
p62 in Nrf2 activation possibly through the non-canonical pathway at
30 min in the QUIN model. This finding correlates with previous reports
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that showed an increase in the protein-protein interaction between
Keapl and DPP3 and between Keapl and p62, promoting nuclear
translocation and activation of Nrf2 in cell culture (Hast et al., 2013;
Lau et al., 2010). However, to date, this interaction has not been ob-
served in in vivo models. Our work also describes the increase in Nrf2
activation as an endogenous response, in contrast to other works in
which Nrf2 activation depends on the overexpression of DPP3 and p62
(Hashimoto et al., 2016; Hast et al., 2013; Lau et al., 2010; Liu et al.,
2007).

There is a considerable discrepancy regarding the cell type in which
Nrf2 is activated; several works report that Nrf2 activation occurs only
in neurons (Tanaka et al., 2011); in astrocytes, neurons and microglia
(Dang et al.,, 2012; Takagi et al., 2014); or primarily in astrocytes
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Fig. 8. Effect of quinolinic acid (QUIN) on the localization of p62 in neurons and astrocytes. Animals were administered with 1 pL of isotonic saline solution (Saline)
or QUIN (120 and 240 nmol) in the right striatum at 30 min. Brains were collected and fixed and 10-um coronal sections were obtained. Immunofluorescence was
performed, and microphotographs were taken to identify in A) p62 (green), NeuN (red) and nucleus (blue); and in B) p62 (green), GFAP (red) and nucleus (blue).
Scale bars represent 50 um. The white box shows the magnified positive cells on the right. Microphotographs are representative images of four animals per group (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

(Habas et al., 2013; Jimenez-Blasco et al., 2015; Kraft et al., 2004). Our
results show that Nrf2 is expressed primarily in neuronal cells, at least
at 30 min following treatment with QUIN. This result is relevant, since
it indicates that neurons trigger a response to defend and preserve
themselves against noxious stimuli, such as QUIN, thereby maintaining
the functionality of the affected brain region.

p62 is a protein expressed mainly in the cytoplasm (Sanchez et al.,
1998) due to its function in autophagy (Zatloukal et al., 2002). How-
ever, p62 distribution varies depending on the cell/tissue studied. For
example, in HeLa cells (Bjorkgy et al., 2005) and in tissues derived from
lung and gastric carcinoma (Schlifli et al., 2015) the localization of p62
is mainly cytoplasmic although a reduced number of cells also show its
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presence in the nucleus. Our immunofluorescence results show that p62
expression is primarily in the neurons nucleus at least at 30 min fol-
lowing treatment with QUIN. The accumulation of p62 in the nucleus
has also been reported in oral mucosa tissues derived from healthy
persons (Liu et al., 2014), in brain tissue of R6/2 mice (Nagaoka et al.,
2004) and in HT1080 cells after cefotaxime treatment (Noguchi et al.,
2018). The function of p62 in the nucleus has not been thoroughly
elucidated to date. However, p62has two nuclear localization signals
and one nuclear export signal in its structure which allow it to shuttle
between cytoplasm and nucleus (Pankiv et al., 2010) and might med-
iate the crosstalk between autophagy and the UPS in DNA repair
(Hewitt et al., 2016).
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Based on our results, we suggest that the interaction between DPP3
and Keapl in the cytoplasm leads to the release of Nrf2 from Keapl
enabling the nuclear translocation and activation of Nrf2. On the other
hand, p62 interacts with Keapl in the nucleus, increasing Nrf2 nuclear
levels. This nuclear p62-Keapl association could prevent Nrf2-Keapl
interaction, and in consequence, the nuclear export of Nrf2-Keapl
complex, which also may explain the observed Nrf2 activation at
30 min. In accordance to our proposal, Sun et al. (2007) demonstrated
that in MDA-MB-231 cells treated with tert-butylhydroquinone occur
the nuclear translocation of Keapl in order to dissociate Nrf2 from the
ARE sequence, and the ulterior export of this Nrf2-Keapl complex to
the cytoplasm for the Nrf2 ubiquitination and degradation. Another
possibility is that p62 could bind Keapl promoting their nuclear
translocation, decreasing cytoplasmic Keapl levels and releasing Nrf2,
which in turn, could be translocated to the nucleus and bind ARE se-
quences. These hypothesis, however, need to be evaluated.

5. Conclusions

The present study demonstrates that Nrf2 activation in vivo at
30 min after QUIN administration occurs in the absence of ROS pro-
duction, in an oxidative stress-independent process that take place
primarily in neurons of the striatum. This Nrf2 activation could be
through the non-canonical pathway, since QUIN induces an increase in
Keap1-DPP3 and Keapl-p62 interaction.
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