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Curcumin restores Nrf2 levels and prevents quinolinic acid-induced neurotoxicity™
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Abstract

Neurological diseases comprise a group of heterogeneous disorders characterized by progressive brain dysfunction and cell death. In the next years, these
diseases are expected to constitute a world-wide health problem. Because excitotoxicity and oxidative stress are involved in neurodegenerative diseases, it
becomes relevant to describe pharmacological therapies designed to activate endogenous cytoprotective systems. Activation of transcription factor Nrf2
stimulates cytoprotective vitagenes involved in antioxidant defense. In this work, we investigated the ability of the antioxidant curcumin to induce transcription
factor Nrf2 in a neurodegenerative model induced by quinolinic acid in rats. Animals were administered with curcumin (400 mg/kg, p.o.) for 10 days, and then
intrastriatally infused with quinolinic acid (240 nmol) on day 10 of treatment. Curcumin prevented rotation behavior (6 days post-lesion), striatal morphological
alterations (7 days post-lesion) and neurodegeneration (1 and 3 days post-lesion) induced by quinolinic acid. Curcumin also reduced quinolinic acid-induced
oxidative stress (measured as protein carbonyl content) at 6 h post-lesion. The protective effects of curcumin were associated to its ability to prevent the
quinolinic acid-induced decrease of striatal intra-nuclear Nrf2 levels (30 and 120 min post-lesion), and total superoxide dismutase and glutathione peroxidase
activities (1 day post-lesion). Therefore, results of this study support the concept that neuroprotection induced by curcumin is associated with its ability to

activate the Nrf2 cytoprotective pathway and to increase the total superoxide dismutase and glutathione peroxidase activities.

© 2013 Elsevier Inc. All rights reserved.

Keywords: Nrf2; Curcumin; Quinolinic acid; Oxidative stress

1. Introduction

Neurodegeneration is the result of pathological processes produc-
ing severe and specific patterns of brain cell damage in a concerted
manner [1,2]. Neurodegenerative events constitute a major cause for
development of neurological disorders. Human diseases coursing
with neurodegeneration involve excitotoxicity as a triggering event
for the initiation of deadly cascades [3-5]. Excitotoxicity is currently
defined as a toxic process characterized by a sustained stimulation of
excitatory amino acid receptors [6-8], mainly involving N-methyl-D-
aspartate receptors (NMDATr). Different toxic events derived from
excitotoxicity have been characterized in experimental models, and
they include upregulation of detrimental signaling pathways, dis-
rupted Ca?™ homeostasis, and recruitment of reactive oxygen and
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nitrogen species (ROS/RNS), with further oxidative/nitrosative stress
[2,8-11], ultimately leading to cell death.

Quinolinic acid (QUIN) is a glutamatergic agonist acting on
NMDAr, preferentially in discrete populations of these receptors
containing the NR2A and NR2B subunits. This metabolite is
synthesized in the kynurenine pathway, and is normally present
at nanomolar concentrations in human and rat brains [12].
However, under pathological conditions, kynurenine pathway is
stimulated to increase the levels of QUIN, therefore augmenting
the risk for excitotoxic events. Then, this toxic metabolite exerts
excessive excitation of NMDAr and recruits enhanced cytoplasmic
Ca%* concentrations, mitochondrial dysfunction, decreased ATP
levels, cytochrome c release and oxidative stress, further leading to
selective loss of GABAergic and cholinergic neurons [13]. Indeed,
when injected into the brain, QUIN reproduces neurodegenerative
events in rodents, resembling those observed in the brains of
patients with Huntington's disease [14]. In addition, the intras-
triatal infusion of QUIN to rodents stimulates lipid peroxidation in
this region at short times [15], and these findings are related to
increased extracellular levels of hydroxyl radical (OH-) in the
same brain region [16]. Furthermore, QUIN is known to generate a
dysregulation in the oxidant/antioxidant ratio by affecting the


http://www.sciencedirect.com/science/journal/09552863
http://dx.doi.org/10.1016/j.jnutbio.2011.12.010
http://dx.doi.org/10.1016/j.jnutbio.2011.12.010
http://dx.doi.org/10.1016/j.jnutbio.2011.12.010
mailto:maldonado.perla@gmail.com
http://dx.doi.org/10.1016/j.jnutbio.2011.12.010

I. Carmona-Ramirez et al. / Journal of Nutritional Biochemistry 24 (2013) 14-24 15

reduced glutathione:oxidized glutathione (GSH:GSSG) ratio, as well
as depleting the activity of Cu,Zn-SOD at different post-lesion
times [17], also recruiting the early and time-dependent formation
of peroxynitrite (ONOO™) as a key RNS contributing to this
paradigm [18]. Noteworthy, these and other alterations induced
by QUIN can be prevented by different antioxidants such as
melatonin, sodium selenite, L-carnitine, epigallocatechin gallate,
etc. [15,19-21]. This evidence highlights a substantial contribution
of oxidative stress to the toxic pattern elicited by QUIN.
Consequently, it can be assumed that agents exhibiting antioxidant
properties may have potential therapeutic value at experimental
level in this and other models.

Curcumin (CUR), the polyphenolic non-flavonoid yellow bioac-
tive component of turmeric - the powered rhizome of Curcuma
longa Linn -, has been shown to produce a wide range of positive
biological effects through its antioxidant and anti-inflammatory
properties [22,23]. CUR is non-toxic and has been shown to be a
potent free radical scavenger [24,25]. In addition, CUR, like other
polyphenols commonly found in plants, fruits and vegetables,
competes in efficacy with vitamins C and E [26], although recent
findings have attributed part of its anti-inflammatory efficacy to its
more stable metabolite tetrahydrocurcumin [27]. Nevertheless, CUR
itself has been shown to cross the blood-brain barrier to exert
neuroprotective effects, such as those reported against homocyste-
ine-induced cognitive impairment and oxidative stress in rats [25]. CUR
also inhibits amyloid toxicity in vivo [28] and improves memory
functions in a streptozotocin-induced dementia model in rats through
insulin receptors [29]. One of the most relevant findings on CUR
research is the description of its capacity to upregulate the master
antioxidant coordinator, transcription factor nuclear factor erythroid 2-
related factor 2 (Nrf2), which in turn is responsible for phase 2
antioxidant and detoxification genes expression, such as heme
oxygenase-1, and this effect of CUR is able to protect the rat brain
from focal ischemia [23].

Despite a few groups have already described protective effects of
CUR on QUIN-induced toxicity - including antiperoxidative actions
in rat brain homogenates [30], as well as antiexcitotoxic and
antioxidant effects in primary cultures of human neurons [21] -,
to our knowledge there are no reports on the effects of this
polyphenolic compound in the toxic model induced by QUIN under
in vivo conditions, nor on a possible involvement of Nrf2 in CUR-
induced neuroprotection. Therefore, the aim of this work was to
evaluate if CUR can attenuate or prevent the QUIN-induced in vivo
toxicity in rats, and whether this effect is dependent on Nrf2
upregulation. Our results support a role of the Nrf2 pathway in the
neuroprotective actions of CUR in this paradigm.

2. Methods and materials
2.1. Reagents and chemicals

CUR, QUIN, apomorphine, 2,4-dinytrophenilhydrazine (DNPH), guanidine hydro-
chloride, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), sodium fluo-
ride (NaF), phenylmethylsulfonyl fluoride, sodium pyrophosphate, sodium vanadate
(NasVO0,), ethylenediaminetetraacetic acid (EDTA), ethylene glycol tetraacetic acid
(EGTA), Nonidet P-40, glycerol, sodium dodecyl sulfate (SDS), leupeptin, glutathione
(GSH), glutathione reductase, NADPH, xanthine, xanthine oxidase, nitroblue tetrazo-
lium (NBT), and bovine serum albumin (BSA), were obtained from Sigma-Aldrich (St.
Louis, MO, USA). Fluoro-jade B (F-JB) was obtained from Millipore (Bedford, MA, USA).
Anti-Nrf2 antibody used for immunofluorescence (C-20, sc-722) and Western blot (sc-
13032), anti-Lamin B1 antibody (sc-20682), and 4’,6-diamidino-2-phenylindole
dihydrochloride (DAPI, sc-3598) were obtained from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). Anti-B3-tubulin antibody (ab-11307) was from Abcam (San
Francisco, CA, USA). Alexa Fluor 488 goat anti-rabbit IgG secondary antibody was
obtained from Invitrogen (Carlsbad, CA, USA). Goat-anti rabbit IgG horseradish
peroxidase-conjugate (62-6120) and goat-anti mouse IgG horseradish peroxidase-
conjugate (sc-2005) secondary antibodies used for Western blot were from Zymed
(San Francisco, CA, USA) and Santa Cruz Biotechnology (Santa Cruz, CA, USA),
respectively. Vectashield mounting medium was obtained from Vector Labs (Burlin-

game, CA, USA). All other reagents were purchased from other known commercial
sources. Deionized water from a Milli-Q System of Millipore (Bedford, MA, USA) was
used for the preparation of all solutions.

2.2. Animals

Male Wistar rats initially weighing 250 - 300 g, were used throughout the study.
For all experimental purposes, animals were housed five per cage in acrylic boxes and
provided with standard commercial rat chow (Lab Rodent Diet 5001; PMI Feeds Inc.,
Richmond, IN, USA) and water ad libitum. The housing room was maintained under
constant conditions of humidity (50% 4 10%), temperature (25°C43°C) and lighting
(12 h dark-light cycles). All procedures with animals were carried out strictly
according to the National Institutes of Health Guidelines for the care and use of
laboratory animals and the local guidelines on the ethical use of animals from the
Health Ministry of Mexico. During the experiments, all efforts were made to
minimize animal suffering.

2.3. Experimental design

All experiments were performed during the morning (starting every day at
8:00 AM). The animals were randomly divided into four groups, as mentioned below:
1) control group (CT), treated with vehicle plus saline; 2) CUR group, treated with CUR
plus saline; 3) QUIN group, treated with vehicle plus QUIN; and 4) CUR + QUIN group,
treated with CUR plus QUIN. Animals from CUR and CUR + QUIN groups received CUR
(100, 200 or 400 mg/kg/day, p.o.) for 10 consecutive days. CT and QUIN groups received
vehicle for 10 days. CUR was dissolved in carboxymethylcellulose 5% (vehicle). On day
10, animals were intrastriatally infused with 1 pl of QUIN or saline. QUIN-treated rats
received a single infusion of QUIN (240 nmol/pL) in the right striatum, according to the
following stereotaxic coordinates: 4+ 0.5 mm anterior to bregma, -2.6 lateral to bregma,
and +4.5 mm ventral to the dura [31]. The effects of increased doses of CUR (100, 200
and 400 mg/kg) on circling behavior (6 days post-lesion) and histological alterations
(7 days post-lesion) induced by QUIN were first evaluated to select an optimum
protective dose of CUR. The most prominent protective effect was observed with
400 mg/kg, so this dose was used from this point on for further assays. Neurodegenera-
tion (1 and 3 days post-lesion), protein carbonyl levels (6 h post-lesion), Nrf2 activation
(30 and 120 min post-lesion), and activities of total superoxide dismutase (SOD) and
glutathione peroxidase (GPx) (1 day post-lesion) were determined.

2.4. Circling behavior

Motor alterations, assessed as rotation behavior, were evaluated in animals from
all experimental groups, according to previous reports [20,32]. Six days after QUIN
infusion, animals were administered with apomorphine (1 mg/kg, s.c.) and separated
into individual acrylic box cages. Five minutes later, the number of ipsilateral rotations
to the lesioned side was recorded for 1 h. Each rotation was defined as a complete turn
(360°). Data are expressed as the total number of ipsilateral turns in 1 h.

2.5. Histological examination

Brain tissues were collected and histologically processed according to previous
descriptions [20,32]. Seven days after intrastriatally lesioned, animals from all groups
were anesthetized i.p. with 0.5 mL of sodium pentobarbital and perfused transcardially
with 0.9% saline solution containing heparin (200/1 v/v), followed by 4% p-
formaldehyde at 4°C. Brains were removed, post-fixed in 4% p-formaldehyde for 7
days and embedded in paraffin. Fixed tissues were serially sectioned in an 820
HistoSTAT microtome (American Instrument Exchange, Inc., Haverhill, MA, USA).
Striatal sections (5 pm-thick) were obtained every 100 um, covering a total distance of
300 pm (100 pm anterior and 100 pm posterior to the needle tract). All sections were
stained with hematoxylin-eosin (H&E) to visualize cell bodies, using an image analyzer
IM100 (Leica Cambridge, UK).

2.6. Quantitative assessment of lesions

Cell counting in histologically prepared sections was performed as previously
described [32]. The general criteria to score damaged cells included pyknotic nuclei,
cytoplasmic vacuolation, neuronal atrophy, interstitial edema and necrosis. The
number of damaged and preserved neurons was obtained from 5 randomly selected
fields in three section slides per brain. Data are expressed as percentage of damaged
neurons per field.

2.7. Detection of neurodegeneration using F-JB staining

Brain tissue was collected and processed according to previous reports [33,34].
One and three days after intrastriatally lesioned, animals from all groups were
anesthetized ip. with 0.5 mL of sodium pentobarbital and transcardially perfused
with 0.9% saline solution containing heparin (200/1 v/v), followed by 4% p-
formaldehyde at 4°C. Brains were removed and post-fixed in 2% p-formaldehyde
and 30% sucrose for 7 days at 4°C. Tissues were then submerged in optimal cutting
temperature compound and frozen over liquid nitrogen, followed by cryosection at
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-25°C in a cryostat microm HM520 (Thermo Scientific, Pittsburg, PA, USA). Sections
(22 pm-thick) were mounted onto glass slides coated with 0.5% gelatin and
immersed in 1% NaOH and 80% ethanol for 5 min, followed for 2 min in 70%
ethanol. Slides were transferred to 0.06% KMnO,4 for 10 min on a shaking table to
assess consistent background suppression between sections, and then rinsed in
distilled water for 2 min. Sections were stained in a 0.0004% F-JB plus 0.0002% DAPI
solution for 20 min. Slides were rinsed thrice with distilled water for 1 min each step.
Excess water was removed, placing the sections on a slide warmer at 50°C until fully
dry (5-10 min), and then cleared by further immersion in xylene for at least 1 min
before cover slipping with a non-aqueous, nonfluorescent plastic mounting media.
Immunofluorescence was visualized with an image analyzer IM100 (Leica Cambridge,
UK) using a green filter for F-JB and blue filter for DAPIL

2.8. Protein carbonyl content

As an index of protein oxidation, protein carbonyl content in the striatal tissue (6 h
post-lesion) was determined as previously described [32]. Assessment of carbonyl
formation was done on the basis of formation of protein hydrazone by reaction with
DNPH. Striatal homogenates were incubated with 10% streptomycin sulfate to remove
nucleic acids overnight and centrifuged at 21,000 x g at 4°C for 20 min. Further, striatal
homogenates were treated with 10 mM DNPH (in 2.5 M HCI) for 1 h at room
temperature, and 10% trichloracetic acid was added and centrifuged at 2,500 x g at 4°C
for 10 min. Pellet was washed three times with ethanol/ethyl acetate (1:1), dissolved
with 6 M guanidine hydrochloride (in phosphate buffer 20 mM, pH 7.4), and
centrifuged at 5,000x g at 4°C for 3 min to remove insoluble material. Absorbance was
measured at 370 nm. Protein carbonyl content is expressed as nmol DNPH/mg protein,
using the molar absorption coefficient of DNPH (22,000 M' cm™). Total protein
concentration was obtained by reading optical density at 280 nm in blank tubes
prepared in parallel (treated only with 2.5 M HCl), using a standard curve of BSA (0.25-
2 mg/ml) prepared in 6 M guanidine hydrochloride.

2.9. Detection of Nrf2 by immunofluorescence

Thirty and 120 min after intrastriatally lesioned, animals from all groups were
anesthetized with 0.5 mL sodium pentobarbital and transcardially perfused with 0.9%
saline solution containing heparin (200/1 v/v), followed by 4% p-formaldehyde at 4°C.
Brains were removed, post-fixed in a solution of 2% p-formaldehyde and 30% sucrose
for 10 days. Then, tissues were submerged in optimal cutting temperature compound
and frozen over liquid nitrogen, followed by cryosection at -25°C in a cryostat microm
HM520 (Thermo Scientific, USA). Sections (6-10 pm-thick) were mounted onto glass
slides coated with 0.5% gelatin, permeabilized with 0.1% triton for 10 min and
incubated with 5% BSA in PBS to block non-specific immunoreactivity for 1.5 h at room
temperature. Slides were incubated with anti-Nrf2 antibody in 5% BSA (1:100)
overnight at 4°C, and then incubated with Alexa Fluor 488 goat anti-rabbit secondary
antibody in 5% BSA (1:500) for 1 h at room temperature. Finally, the slides were
incubated with DAPI (1:1,000) for 10 min to stain nuclei and mounted in medium
Vectashield. Immunofluorescence was visualized using an image analyzer IM100 (Leica
Cambridge, UK) using a green filter for detection of Nrf2 positive cells and blue filter for
DAPI. Data are expressed as positive cells to Nrf2 and the intra-, peri- or extra-nuclear
localizations are indicated.

2.10. Preparation of cytosolic/nuclear fractions and quantification of Nrf2 by Western blot

Striatal tissue was washed once with cold PBS and lysed on ice with cold buffer A
(250 mM sucrose, 20 mM HEPES pH=7.0, 0.15 mM EDTA, 0.015 mM EGTA, 10 mM

£ 300 a
=
=
o
% 200-
E *k
-
@
S 1004 Heokek
[
=
@
(=5
2 Ll
I
ST N

)
& & &
F & &

Fig. 1. Effect of curcumin (CUR) on quinolinic acid (QUIN)-induced rotation behavior.
CT: control group. Doses of CUR were 100, 200 and 400 mg/kg. Data are expressed as
mean values 4+ SEM. n= 6. °P<.001 vs. CT, **P<.01 and ***P<.001 vs. QUIN.

KCl, 1 mM phenylmethylsulfonyl fluoride, 20 mM NaF, 1 mM sodium pyrophosphate,
1 mM NasVO,, 1% Nonidet P-40, and 1 pg/mL leupeptin). Homogenates were then
centrifuged at 500xg for 5 min, the supernatants were recovered as cytosolic
fractions, and the nuclear pellets were washed in cold buffer B (10 mM HEPES
pH=38.0, 0.1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 20 mM NaF, 1 mM
sodium pyrophosphate, 1 mM NasVO,4, 25% glycerol, 0.1 M NaCl, and 1 pg/mL
leupeptin). After a second stept of centrifugation at 500 x g for 5 min, the nuclei were
resuspended in 2% SDS hypertonic cold buffer C (10 mM HEPES pH=28.0, 0.1 mM
EDTA, 1 mM phenylmethylsulfonyl fluoride, 20 mM NaF, 1 mM sodium pyrophos-
phate, 1 mM NasVO,, 25% glycerol, 0.4 M NaCl, and 1 pg/mL leupeptin), and
sonicated. Cytosolic and nuclear fractions were resolved in SDS-PAGE (10%), using 60 ug
(cytoplasmic fraction) or 80 pg (nuclear fraction) protein/lane, transferred into
Immobilon-P membranes (PVDF, Millipore), and immunoblotted with primary
antibodies: anti-Nrf2, anti-B-tubulin and anti-Lamin B1 (1:1,000). Peroxidase-conju-
gated secondary antibodies (1:10,000) were used to detect the proteins of interest by
enhanced chemiluminescence, according to a previous report [35]. The corresponding
bands were quantified by densitometry.

2.11. SOD activity

Total SOD activity (MnSOD and CuZnSOD) in homogenates was determined using
xanthine-xanthine oxidase system to reduce NBT. Mixture reaction contained in a final
concentration: 0.122 mM EDTA, 30.6 pM NBT, 0.122 mM xanthine, 0.006% BSA, and
49 mM sodium carbonate. Five hundred pl of homogenates (1:20) were added to
2.45 ml of the mixture described above, then 50 pl xanthine oxidase, in a final
concentration of 2.8 U/, were added and incubated in a water bath at 27°C for 30 min.
The reaction was stopped with 1 ml of 0.8 mM cupric chloride and the optical density
was read at 560 nm. One hundred percent of NBT reduction was obtained in a tube in
which the sample was replaced by distilled water. The amount of protein that inhibited
NBT reduction to 50% of maximum was defined as one unit of SOD activity. Results
were expressed as U/mg protein.

2.12. GPx activity

Reaction mixture consisted of 50 mM potassium phosphate pH=7.0, 1 mM EDTA,
1 mM NaNs, 0.2 mM NADPH, 1 U/ml of glutathione reductase, and 1 mM GSH. One
hundred pl of homogenates were added to 0.8 ml of mixture and allowed to incubate
for 5 min at room temperature before initiation of the reaction by the addition of 0.1 ml
0.25 mM H,0; solution. Absorbance at 340 nm was recorded for 5 min, and the activity
was calculated from the slope of these lines as umoles of NADPH oxidized per min.
Blank reactions with homogenates replaced by distilled water were subtracted from
each assay. GPx activity was expressed as U/mg protein.

2.13. Statistical analysis

All results are presented as mean values + SEM. Data were analyzed by one-way
ANOVA followed by post-hoc Tukey's test, using the software Prism 5.0 (GraphPad, San
Diego, CA, USA). Values of P<.05 were considered statistically significant.

3. Results
3.1. CUR treatment diminished the rotational behavior induced by QUIN

QUIN group reached an average of 233466 ipsilateral turns,
whereas CUR treatment significantly attenuated this marker since a
dose of 100 mg/kg (CUR100+QUIN: 155 425 ipsilateral turns). The
most prominent protective effect was observed with 400 mg/kg
(CUR400 + QUIN: 54 414 ipsilateral turns). Neither CT, nor CUR400
groups exhibited any circling behavior after apomorphine challenge
(Fig. 1).

3.2. CUR treatment prevented the histological damage and
neurodegeneration induced by QUIN in the striatum

In contrast to the well-preserved appearance of the striatal tissues
from CT animals, the infusion of QUIN resulted in cellular damage
revealed by extensive neuronal cell loss along the dorsal striatum,
abundant pyknosis, shrunken cells, retraction of neuropil and
interstitial edema. All CUR doses tested were able to prevent the
morphological alterations evoked by QUIN (Fig. 2, upper panel). The
administration of CUR alone presented a normal appearance of
striatal tissue similar to that of CT group. These findings were
strengthened by the quantitative assessment of nerve tissue damage.
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Fig. 2. Effect of curcumin (CUR) on quinolic acid (QUIN)-induced neuronal damage in the rat striatum. Five-um thick sections were stained with hematoxilin-eosin and observed under
light microscopy. Representative photomicrographs of each group are shown in upper panel. Interstitial edema and retracted neuropil (black stars), pyknotic nuclei (black triangles),
and preserved cells (black arrows) are shown. Graph shows the damaged cell counting. CT: control group. Doses of CUR were 100, 200 and 400 mg/kg. Data are expressed as mean

values 4+ SEM. n = 6. °P<.001 vs CT, *P<.05, **P<.01 and ***P<.001 vs. QUIN.

Animals from the CUR100 + QUIN group showed a decrease of 8% in
the number of damaged cells per field produced by QUIN in the
striatum, but the most prominent neuroprotective effect was
observed in the CUR400 + QUIN group, showing a decrease of 53%
(Fig. 2, lower panel).

F-]B staining for assessment of neurodegeneration at 1 and 3 days
post-lesion is shown in Fig. 3, upper and lower panel, respectively. CT
and CUR groups virtually showed no fluorescence in striatal tissue,
while rats treated with QUIN exhibited an abundant fluorescence
associated with positivity to F-]B, suggesting degeneration of striatal
cells. Animals treated with CUR and exposed to QUIN presented less
fluorescence than the QUIN group alone, although these tissues still
displayed some fluorescence, thus suggesting that degenerative
events remained active.

3.3. QUIN-induced oxidative stress was decreased by CUR treatment

Administration of QUIN to rats increased the striatal protein
carbonyl content by 157% above the CT group, whereas CUR
treatment decreased the QUIN-induced protein carbonyl content to

basal levels (Fig. 4). Animals receiving CUR alone exhibited no
significant changes.

3.4. CUR treatment increased Nfr2 levels and prevented the decrease in
Nfr2 induced by QUIN

We examined the immunolocalization of Nrf2 protein at 30 (Fig. 5,
upper panel) and 120 min (Fig. 6, upper panel) after QUIN or saline
infusion. Quantification of positive cells to Nrf2 showed that QUIN
treatment diminished the intra-nuclear localization of Nrf2 by 62% at
30 min, and 76% at 120 min, while increased its peri- and extra-
nuclear localization compared to CT group. CUR administration
prevented this decrease above basal levels. CUR alone significantly
increased intra-nuclear Nrf2 localization by 113% at 30 min, and 69%
at 120 min, when compared to control group (Figs. 5 and 6, lower
panel). Similar results were observed by Western blot: QUIN
administration decreased the cytosolic Nrf2 levels by 43.6% and
51.8% at 30 and 120 min, respectively (Fig. 7A), and depleted nuclear
Nrf2 levels by 55.5% and 65.4% at 30 and 120 min, respectively (Fig.
7B). CUR treatment prevented this decrease above basal levels
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Fig. 3. Effect of curcumin (CUR) on quinolinic acid (QUIN)-induced neurodegeneration at 1 (upper panel) and 3 days (lower panel) post-lesion. Twenty-two-um thick sections were
stained with fluorojade-B (FJ-B) and DAPI for evidencing positive nuclei. Green fluorescence is proportional to neuronal degeneration.
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Fig. 4. Effect of curcumin (CUR) on quinolinic acid (QUIN)-induced protein oxidation
(measured as protein carbonyl content). CT: control group. Data are expressed as mean
values 4+ SEM. n = 6. *P<.05 vs. CT, **P<.01 vs. QUIN.

(nuclear Nrf2). In turn, CUR alone increased cytosolic Nrf2 levels by
159.2% and 98.2% at 30 and 120 min, respectively (Fig. 7A), and
enhanced nuclear Nrf2 levels by 171% and 163.3% at 130 and 20 min,
respectively (Fig. 7B).

3.5. CUR treatment increased total SOD and GPx activities and prevented
the QUIN-induced decrease in total SOD and GPx activities

QUIN administration decreased the activity of total SOD (28%) and
GPx (20%) when compared with the CT group, whereas CUR
treatment prevented this decrease down to basal levels. CUR alone
increased the activity of total SOD (129%), and to a lesser extent GPx
activity (30%) compared to CT group (Table 1).

4. Discussion

While redox activity is necessary for the development and
adequate functioning of the brain, the central nervous system
(CNS) is particularly susceptible to be attacked by ROS/RNS due to
a limited antioxidant defense system, a high demand of oxygen
accompanied by a considerable dependency on a redox metabo-
lism, and an enriched content of polyunsaturated fatty acid chains
in cell membranes [36]. It is therefore accepted that even though
the brain possesses endogenous tools to handle and use ROS for its
own benefit, when toxic conditions create scenarios of triggered
intracellular deleterious signals and aberrant oxidative activity,
excessive ROS lead to cell damage and death. The pro-oxidant
activity of QUIN is well documented: is known to induce lipid
peroxidation [37], increases OH™ production [16], activates NADPH
oxidase [32], nitric oxide synthase [38], and poly(ADP-ribose)
polymerase-1 [39], and increases the intracellular Ca?* concentra-
tion [40], hence generating a highly oxidizing profile. Oxidative
and nitrosative stress can cause deleterious effects in cells,
especially for its ability to damage biomolecules such as DNA,
lipids and proteins. When the later are damaged, either by direct
effect of ROS or by products of lipid peroxidation [41], the amount
of carbonyl groups in side chains, especially in histidine and
cysteine residues, is increased, further leading to its inactivation
[42]. Tt is known that QUIN infusion increases the protein carbonyl
content since 3 h post-lesion [32], and here we observed that this
marker remained high at 6 h (Fig. 4). This suggests that lesioned
tissue is constantly subjected to oxidative stress in this toxic
model. In this regard, CUR treatment prevented the increase in
oxidized proteins, therefore suggesting that this antioxidant is able
to reduce a wide spectrum of oxidative events that are generated
after QUIN intrastriatal infusion. A few groups have already

described protective effects of CUR on QUIN-induced toxicity in
vitro, and this protection has been associated to its direct
antioxidant properties. For instance, Dairam et al. [30] showed
the in vitro antioxidant and metal-binding properties of CUR, and
postulated it as an important tool for the prevention or attenuation
of neurodegenerative diseases, such as Alzheimer disease. Shortly
thereafter, Braidy et al. [21] reported the antiexcitotoxic and
antioxidant effects of CUR in primary cultures of human neurons
treated with QUIN. However, to our knowledge this is the first
report on the effect of this polyphenolic compound (CUR) in the
toxic model induced by QUIN under in vivo conditions.

In previous studies, it has been shown that the unilateral
intrastriatal infusion of glutamate agonists to nerve tissue of animals
induces deafferentation of the dopaminergic system and striatal
degeneration, causing hypersensitivity to dopamine receptors [7,43].
The subsequent systemic administration of dopamine agonists causes
hyperactivation of dopamine receptors in the injured hemisphere,
thereby inducing circling behavior due to neurochemical imbalance.
In the experimental model produced by QUIN, it has been shown that
the subcutaneous administration of apomorphine induces an
increase in the number of ipsilateral turns at 6 days after the
intrastriatal lesion [37,44]. In turn, CUR administration prevented the
increase in the number of ipsilateral turns in a dose-dependent
manner (Fig. 1). These results are consistent with other models of
excitotoxicity [25] demonstrating that CUR (50 mg/kg) ameliorates
neurotoxicity and improves learning and memory deficits by
protecting the nervous system against homocysteine toxicity. In
this regard, it has been shown that pretreatment with an antioxidant
can prevent the behavioral alterations induced in the model with
QUIN [15].

During the occurrence of excitotoxic events, overactivation of
NMDAr causes ion entry into the cell, including Na™ and Ca2™,
thereby causing an osmotic imbalance that eventually induces
rupture and cell death [45]. QUIN is a glutamatergic agonist acting
on the NR2B subunit of NMDAr and its intrastriatal infusion leads to
overactivation of these receptors, allowing the massive entry of Ca®*
and unleashing a series of events that eventually culminate in cell
death [18,46]. This process is intimately linked to neurodegenerative
disorders and causes loss of function and neuronal death by necrosis
or apoptosis [47]. In this study, pretreatment with CUR to rats
improved cell viability and prevented the histological changes
characteristic of QUIN-induced neurotoxicity in a dose-dependent
manner (Fig. 2). Considering that CUR exerted a neuroprotective
effect — mainly at high doses -, we decided to use a 400 mg/kg dose
for subsequent experiments. CUR treatment significantly prevented
the QUIN-induced neurodegeneration, especially at 3 days after the
intratestriatal infusion of QUIN. Noteworthy, QUIN promoted rapid
neurodegeneration in a manner that was sustained over time (Fig. 3),
thus implying that those QUIN toxic effects responsible for neurode-
generation are occurring at early times after its infusion.

Despite the protective effect of CUR on QUIN-induced neurotox-
icity has previously been associated with its direct antioxidant
properties — an effect that should be not discarded at all [30] -, in
this study we explored the possible involvement of Nrf2 signaling
pathway in CUR-induced neuroprotection. Subcellular localization of
Nrf2 shows that, under physiological conditions, Nrf2 is present both
inside and outside the nucleus, thus suggesting a balanced dynamics
of active/inactive forms; however, during excitotoxic conditions,
Nrf2 levels are significantly reduced in the nucleus (Fig. 5, 6 and 7).
These findings suggest that QUIN induces Nrf2 degradation and
avoids its internalization to the nucleus. This is relevant since it
would be expected that, in response to oxidative stress induced by
QUIN, Nrf2 could be translocated from the cytoplasm into the
nucleus and transactivates the expression of genes with antioxidant
activity, but this is not really occurring, or not at least under the
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Fig. 5. Effect of curcumin (CUR) on induction of transcription factor Nrf2 at 30 min after the intrastriatal infusion of quinolinic acid (QUIN) to rats. Upper panel shows representative
photomicrographs for each group; positive cells to Nrf2 are shown in green and stained nuclei are shown in blue. The right column is a merge of Nrf2 with DAPI. Graph shows counting
of positive cells to Nrf2 and localization with respect to nuclei. Data are expressed as mean values 4+ SEM. n= 3. *¥P<.,01 and ***P<.001 vs CT group.

toxic conditions employed in this study. Instead, our findings are in
agreement with those reported by Ramsey et al. [48], who found
that Nrf2-mediated transcription is not induced in neurons of
Alzheimer's disease postmortem tissues. In contrast, in Parkinson's
disease, nuclear localization of Nrf2 is strongly induced, but this
response is apparently insufficient to protect neurons from oxidative
degeneration. We therefore hypothesizes that the toxic insult
induced by 240 nmol QUIN is strong enough to silence Nrf2
translocation, therefore avoiding any compensatory response to the
toxic condition. Moreover, our data suggests that Nrf2 transactiva-
tion induced by compounds such as CUR could be a potential
therapeutic target as it was capable of inducing Nrf2 signaling

pathway to exert neuroprotection. This appreciation is based on the
fact that CUR treatment prevented the reduction of the active form
of Nrf2 (intra-nuclear localization) observed in QUIN treated rats,
and this effect could be associated with the ability of CUR to
promote an increase in the active form of Nrf2 (Fig. 5, 6 and 7), the
one responsible for the generation of an antioxidant environment
for cells. These results are consistent with those reported by Yang
et al. [23], who showed that CUR is able to induce the active form of
Nrf2 in a model of cerebral ischemia, especially at high doses
(100 mg/kg).

In addition, the fact that CUR can act as an indirect antioxidant
through its ability to induce Nrf2 transactivation is particularly
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Fig. 6. Effect of curcumin (CUR) on induction of transcription factor Nrf2 at 120 min after the intrastriatal infusion of quinolinic acid (QUIN) to rats. Upper panel shows
representative photomicrographs for each group; positive cells to Nrf2 are shown in green and stained nuclei are shown in blue. The right column is a merge of Nrf2 with DAPL
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##p<.01 vs. QUIN.

relevant since this evidence adds major protective properties to this
molecule, a compound that has been assumed to act typically as free
radical scavenger and traditional antioxidant. Nrf2 activation stimu-
lates cytoprotective vitagenes involved in antioxidant defense, and
these enzymes act catalytically, are not consumed, have a relatively
high average life, and catalyze a wide variety of chemical reactions
that invariably lead to the detoxification of oxidants and electrophiles
[49]. Relevance is also added to the case of neurodegenerative
diseases, in which not all neuroprotective therapies have shown
efficacy this far [50]. In particular, the brain is susceptible to oxidative
damage and has shown low basal levels of Nrf2 [51,52]. This factor

3. *P< .01 and ***P<.001 vs. CT, *P<.05 and

binds to the antioxidant response element (ARE) to activate
transcription of proteins necessary for the maintenance and response
of cellular defense systems, such as detoxifying enzymes, glutathione-
related proteins, antioxidant and anti-inflammatory elements, and
NADPH-producing enzymes [53]. Noteworthy, in this work CUR alone
increased the activity of total SOD and GPx, and prevented the QUIN-
induced decrease in the activity of these enzymes (Table 1). SOD is
known to degrade superoxide anion to hydrogen peroxide, which in
turn can be catabolized to water by GPx. Both enzymes are induced by
Nrf2 and are likely to be involved in the protective effect induced by
CUR in the QUIN model. Similar results have been reported in other
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Table 1

Effect of curcumin (CUR) on total superoxide dismutase (SOD) and glutathione
peroxidase (GPx) activities 1 day after the intrastriatal infusion of quinolinic acid
(QUIN) to rats.

Total SOD (U/mg protein) GPx (U/mg protein)

CT 125+04 0.010 £+ 0.0004

QUIN 9.04+1.17 0.008 4- 0.0004*
CUR 28.7+£7.0° 0.013 4 0.0005"
CUR + QUIN 13.6 +0.6° 0.01040.0005°

3p<.01 and P<.001vs. CT group; P<.05 vs. QUIN group.

models, where CUR activates Nrf2 and related signaling through a
Keap1/Nrf2/ARE-dependent pathway, thereby inducing the transcrip-
tion of antioxidant proteins, such as heme oxygenase-1 [54] and
glutathione S-transferase [55].

Finally, CUR has the ability to induce Nrf2, a property that, in
turn, is closely related to the presence of hydroxyl groups in ortho-
position at the aromatic rings, as well as the 3-diketone function-
ality of the compound [56]. This peculiar chemical characteristic of
CUR could be related to its ability to induce Nrf2 activation via its
interaction with Keapl. Thus, it is plausible to believe that one
mechanistic possibility for our model could imply CUR interaction
with Cys residues of Keapl through hydroxyl groups at aromatic
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GST: glutathione-S-transferase; GCL: glutamate cysteine ligase; SOD: superoxide dismutase.

rings to cause a conformational change and further release of Nrf2,
which will be translocated into the nucleus (Fig. 8), as has been
observed with other inducers of Nrf2, such as sulforaphane [57].
Nevertheless, studies are needed to clarify the precise mechanism of
action inherent to CUR through Nrf2/ARE pathway.
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