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a b s t r a c t

Kynurenic acid (KYNA), one of the main product of the kynurenine pathway originating from tryptophan,
is considered to be neuroprotective. Dysregulation of KYNA activity is thought to be involved in
neurodegenerative diseases, the physiopathology of which evokes excitotoxicity, oxidative stress and/or
protein aggregation. The neuroprotective effect of KYNA is generally attributed to its antagonistic action
on NMDA receptors. However, this single target action appears insufficient to support KYNA beneficial
effects against complex neurodegenerative processes including neuroinflammation, b-amyloid peptide
(Ab) toxicity and apoptosis. Novel insights are therefore required to elucidate KYNA neuroprotective
mechanisms. Here, we combined cellular, biochemical, molecular and pharmacological approaches to
demonstrate that low micromolar concentrations of KYNA strongly induce neprilysin (NEP) gene
expression, protein level and enzymatic activity increase in human neuroblastoma SH-SY5Y cells.
Furthermore, our studies revealed that KYNA exerts a protective effect on SH-SY5Y cells by increasing
their viability through a mechanism independent from NMDA receptors. Interestingly, KYNA also
induced NEP activity and neuroprotection in mouse cortical neuron cultures the viability of which was
more promoted than SH-SY5Y cell survival under KYNA treatment. KYNA-evoked neuroprotection dis-
appeared in the presence of thiorphan, an inhibitor of NEP activity. NEP is a well characterized metal-
lopeptidase whose deregulation leads to cerebral Ab accumulation and neuronal death in Alzheimer’s
disease. Therefore, our results suggest that a part of the neuroprotective role of KYNA may depend on its
ability to induce the expression and/or activity of the amyloid-degrading enzyme NEP in nerve cells.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

More than 95% of L-tryptophan in the brain is catabolized
through the kynurenine pathway, resulting in the production of
several neuroactive intermediates (Moroni, 1999). Kynurenic acid
(KYNA) is one of these compounds, produced from kynurenine by
kynurenine aminotransferases and available in the brain at sub-
micromolar concentration (Ogaya et al., 2010). It has been shown
that KYNA exerts neuroprotective effects via its antagonistic action
at glutamate receptors (NMDA and AMPA), but also at cholinergic
a7 nicotinic receptors that mediate presynaptic release of

glutamate (Sas et al., 2007). These data suggest that the neuro-
protective effects of KYNA may result from its inhibitory action at
glutamatergic excitatory synapses. KYNA itself can cross the blood
brain barrier to a limited extend, but its potential use in neuro-
protection against ischemic brain damages has been suggested
(Fulop et al., 2009). Beneficial effects of KYNA against complex
neurodegenerative processes have also been proposed in experi-
mental models of Alzheimer’s disease, lateral amyotrophic scle-
rosis, Huntington disease and Parkinson disease (Zadori et al.,
2009). In these neurodegenerative disorders, the neuroprotective
action of KYNA is attributed to its beneficial influence against
neuroinflammatory processes, cerebral b amyloid peptides (Ab)
accumulation, excitotoxicity and apoptosis leading to irreversible
histopathological alterations of the brain. Therefore, it appears that
the hypothesis of a single inhibitory action of KYNA on gluta-
matergic excitatory synapses cannot be sufficient to fully explain
the complex neuroprotective effects of KYNA. Additional data and
new insights are necessary to clarify the mechanisms of action of
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KYNA in neuroprotection. Because it is clearly demonstrated that
metalloproteinases play an important role in neuroprotection by
controlling the detoxification and elimination of deleterious pro-
teins accumulated in the brain (Carson and Turner, 2002), wemade
the hypothesis that KYNA may exert its neuroprotective effects
through the stimulation of brain protease expression and/or
enzymatic activity. The present study was therefore undertaken to
check our hypothesis and verify whether or not KYNA is able to
increase human neuroblastoma SH-SY5Y cell and mouse cortical
neuron survival via the induction of neprilysin (NEP) gene
expression and/or enzymatic activity. NEP is a metalloproteinase
well characterized as capable of decreasing neurotoxicity and
premature neuronal death through the degradation of b-amyloid
peptides (Carson and Turner, 2002).

2. Methods

2.1. SH-SY5Y cell treatment

SH-SY5Y neuroblastoma cells were maintained in a humidified atmosphere of
95% air and 5% CO2 at 37 �C (Wang et al., 2009). Cells were seeded into plates or
dishes in Dulbecco’s modified Eagle’s medium, supplemented with 10% (v/v) fetal
bovine serum, 100 U/mL penicillin, 100 mg/mL streptomycin and 0.5% dime-
thylsulfoxide (DMSO). SH-SY5Y cells were seeded into 100 mm dishes. Different
concentrations of chemical substances were added to the cultures 24 h before
harvest. Final concentrations of DMSO inmediumwere 0.5%. Same concentrations of
DMSO were added to the cultures made in control conditions.

2.2. Primary neuronal culture

Cortical neurons were prepared from E15 mouse embryos as previously
described (Gonthier et al., 2009) In brief, cerebral hemispheres were dissected in
cold DPBS (Invitrogen-Life Technologies). They were placed in 5 ml of a solution of
HBSS/glucose þ 2.5% trypsin (Invitrogen-Life Technologies), for 25 min, under
agitation at 37 �C. The cells were centrifuged 5 min at 800 rpm in a Universal 320
centrifuge (Hettich). The pellet was recovered in 1 ml of Neurobasal Medium
(Invitrogen-Life Technologies) supplemented with glutamine, antibiotics, glucose
and 2% B27 (Invitrogen-Life Technologies). The cells were mechanically dissociated
using a micropipette, filtered through 48 mmdiameter pores. A cellular counting was
carried out and the cells were plated in poly-L-lysine-coated (100 mg/ml) 12-well or
96-well plates (Falcon) at a density of 106 cells/ml. Cultures were kept in an incu-
bator with a humidified atmosphere of 95% air and 5% CO2 at 37 �C. Different con-
centrations of KYNA were added to the cultures 48 h before harvest.

2.3. Sandwich ELISA measurement of neprilysin protein level

SH-SY5Y cells were lysated with Lysis Buffer containing protease inhibitor
cocktail (P8430; Sigma). NEP protein level was measured by using DuoSet ELISA kit
(Miners et al., 2009). Briefly, the Neprilysin DuoSet ELISA kit (R&D Systems Europe,
Oxford, UK) was used according to the manufacturer’s guidelines with minor
modifications. Goat anti-human NEP (1.6 mg/mL) diluted in PBS (pH 7.4) was coated
overnight on a high-binding 96-well plate (R&D Systems Europe) at room temper-
ature (RT). The plates were washed 3 times in PBS containing 0.5% Tween 20 (Sigma
Aldrich). Nonspecific binding of antibody was blocked by addition of 1% PBS bovine
serum albumin (BSA) (Sigma Aldrich) for 3 h at RT, then the plates were washed a
further 3 times. Serial dilutions of recombinant human NEP or crude homogenates
diluted in 1% PBS-BSA or 1% PBS-BSA alone as a control, were incubated for 2 h with
continuous shaking at RT. After a further 3 washes, biotinylated anti-NEP (1.6 mg/mL)
was added for 2 h before another wash and incubationwith streptavidin-peroxidase
(1:100) for 20 min in the dark. Substrate solution (tetramethyl benzidine; R&D
Systems Europe) was added for 30 min, and the optical density for each well was
read at 450 nm and at 540 nm or 570 nm in a plate reader (Elisa reader model Sigma
960, Metertech, Taipei, Taiwan). The NEP protein levels were interpolated from the
standard curve generated from serial dilutions of recombinant human NEP (R&D
Systems Europe). Each measurement was repeated on 3 occasions, and the average
value was calculated.

2.4. Assay for neprilysin activity

Briefly, SH-SY5Y cells or primary cultures of mouse cortical neurons were son-
icated and the proteins in whole cell lysates were quantified using the BCA protein
assay kit (Pierce, Rockford, IL, USA). Thewhole cell lysates were separately incubated
in a standard assaymixture consisted of 50 mg of cell lysates, 50 mMZ-Ala-Ala-Leu-p-
nitroanilide (Peptide Institute, Osaka, Japan) as substrate, and 50 mM MES buffer
(pH 6.5) in a total volume of 100 ml. The reaction was initiated by addition of sub-
strate to the assay mixture, and carried out at 37 �C for 45 min. The NEP activity was

determined from the absorbance of the liberated p-nitroanilide at 405 nm and from
the decrease in the rate of digestion caused by 10 mM thiorphan, a specific enke-
phalinase inhibitor (El-Amouri et al., 2007; Li and Hersh, 1995).

2.5. RNA isolation and quantitative PCR

Total RNAwas extracted from SH-SY5Y cells using the Nucleospin RNA L protocol
(Macherey-Nagel, Düren, Germany). This protocol included a treatment of isolated
RNA by DNase I. Integrity and purity of RNA was checked by spectrophotometry.
Reverse transcription was performed with 1 mg RNA using Biorad iScript� cDNA
synthesis kit. q-PCR was performed in an iCycler thermal cycler (Biorad, Hercules,
CA, USA) using SYBR Green dye (iQ SYBR green Supermix, Biorad). For each sample,
the reaction mix was a make-up of 320 nM forward primer, 320 nM reverse primer,
200 nM probe, and 0.5 ml cDNA template in a total reaction volume of 25 ml
(Benosman et al., 2007). Using the iCycler iQ optical system software (version 3.1,
Bio-Rad), a standard curve based on successive cDNA dilutions was performed and
was used to calculate starting quantities. To ensure a thorough calculation, starting
quantities of genes of interest were reported to those of a housekeeping gene in the
same plate. All samples were analyzed in triplicate, and the mean and standard
deviation were calculated. After each q-PCR, specificity of the amplification was
controlled by a melting curve ranging from 55 to 95 �C whereby a single peak
corresponding to the amplicon was present. For NEP, the following primer pairs
were used to amplify cDNAs after reverse transcription experiments: (forward) 50-
ATCCAACGAATGTGTTAAGGA-30 , (reverse) 50-GTAAGCGTGAGCGCACTAAA-30 (Wang
et al., 2011).

2.6. Cell viability and cytotoxicity

The viability of SH-SY5Y cells and mouse cortical neurons was determined using
MTTassay (Akhtar et al., 2012). In a first series of experiments, 6�104 SH-SY5Y cells/
well were seeded in 96-well plates and exposed to KYNA at the concentrations of 0,
5, 10, 30 and 100 mM for 24 or 48 h. In a second set of experiments, SH-SY5Y cells
were exposed for 48 h to KYNA at 0, 5 or 10 mM in the presence or absence of thi-
orphan 50 mM. Finally, primary cultures of mouse cortical neurons were exposed for
48 h to KYNA at 0, 5, 10 and 30 mM. At the end of the exposure time, DMEM media
was removed from each well and replaced by a new medium containing MTT so-
lution (0.6 mg/ml) and incubated for 3 h at 37 �C to get a purple colored formazan
product. The resulting formazan product was dissolved in DMSO. After mixing for
5 min, the absorbance was measured at 550 nm.

3. Results

3.1. KYNA at micromolar concentrations increases NEP mRNA levels
in SH-SY5Y cells

We examined the effect of increasing amount of KYNA (0e
400 mM) on the level of specific NEP mRNA expressed by SH-
SY5Y neuroblastoma cells cultivated under standard conditions.
KYNA was present in the incubation medium of the cells during
24 h before mRNA extraction. Quantifications of cDNA were per-
formed by reference to non-treated cells (controls), using the spe-
cific primers for human NEP. Gene expression data were analyzed
according to the quantitativemethod as described (Benosman et al.,
2007) to estimate relative fold change values. Under these condi-
tions, more than two fold increase (exactly 2.3) in NEP mRNA was
observed for KYNA concentrations above 80 mM, compared to
control levels (Fig. 1A). This maximum was the upper limit for
stimulation of NEP gene expression and non-linear curve fitting
(GraphPad Prism Program) gave an EC50 of 35.0 � 1.0 mM.

3.2. NEP protein and enzymatic activity are induced by KYNA in
SH-SY5Y cells

In accordance with the increase of NEP gene expression or NEP
mRNA, specific ELISA technique for the neutral endopeptidase NEP
(EC.3.4.24.11) confirmed the presence of elevated concentration of
NEP protein in SH-SY5Y cells 24 h after exposure to graduated doses
of KYNA (Fig. 1B). The increase of NEP protein level reached a
plateau for KYNA concentration of about 70 mM, with an EC50 of
29.2� 1.1 mM (Fig. 1B). Furthermore, in parallel to NEP protein level
enhancement, KYNA induced a rapid dose-dependent increase of
NEP/enkephalinase activities in SH-SY5Y cells (Fig. 1C). Maximum
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