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NQO1 (NAD(P)H dehydrogenase quinone 1), GST-𝜶1
(glutathione S-transferase 𝜶-1) and EH (epoxide hydrolase) and has a knockdown effect on E-cadherin. In
summary, the Nrf2/ARE (antioxidant response element)
pathway appears to be a novel promising therapeutic target for FXS and NNZ2566 appears to be acting as an activator of the Nrf2/ARE pathway and suggests a potential
beneﬁt across multiple symptoms that could be associated with the pathobiological processes underlying FXS.
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Fragile X-associated disorders are a family of genetic
conditions resulting from the partial or complete loss
of fragile X mental retardation protein (FMRP). Among
these disorders, fragile X syndrome (FXS) is the most
common cause of inherited intellectual disability and
autism. Progress in basic neuroscience has led to identiﬁcation of molecular targets for treatment in FXS;
however, there is a gap in translation to targeted therapies in humans. This study introduces a novel therapeutic
target for FXS, nuclear factor (erythroid-derived 2)-like 2
(Nrf2), a transcription factor known to induce expression
of over 100 cytoprotective genes. We also show that
NNZ2566, a drug that has successfully completed a
phase 2 clinical trial in FXS, is effective in modulating
this target in FXS, partially reversing the FXS phenotype; NNZ2566 has a therapeutic role as Nrf2 activator.
Effectively, treatment with NNZ2566 normalizes the
translocation of Nrf2 to the nucleus, inducing expression
of numerous oxidative stress-related genes including

Fragile X syndrome (FXS), the most commonly inherited form
of mental retardation and the most common genetic cause
of autism, is caused by the loss of the fragile X mental retardation protein (FMRP) encoded by the fragile X mental retardation 1 (Fmr1) gene (Verkerk et al. 1991). The FMRP regulates neuronal RNA metabolism, and its absence or mutations in the gene leads to FXS (Hagerman 1997). Fundamental research on the Fmr1 knockout (KO) mouse (The
Dutch-Belgian Fragile X Consortium et al. 1994) has provided
promising insights into the cellular and molecular underpinnings of the disease, suggesting several targets for pharmacological therapies. For instance, treatments aimed at
reversing a protein synthesis phenotype, through inhibition
of metabotropic glutamate receptors and downstream signaling kinases such as Mitogen-activated protein kinase 1
(MAPK1) (ERK1/2), have been shown to ameliorate mutant
phenotypes (Dölen et al. 2007; Michalon et al. 2012). Similarly, treatments built on the observation that the density
and morphology of dendritic spines are abnormal in humans
with FXS and Fmr1 KO mice have also been shown to ameliorate mutant phenotypes (Dolan et al. 2013; Hayashi et al.
2007). Despite much research in these areas, there is a gap
in translation to targeted therapies in humans, and an effective treatment has not yet been developed (Berry-Kravis et al.
2013). Further investigation into identifying additional therapeutic avenues for the treatment of FXS is needed.
Increased oxidative stress is a phenotypic component
of FXS (Bechara et al. 2009; Davidovic et al. 2011; de
Diego-Otero et al. 2009; El Bekay et al. 2007). Oxidative
stress results from an imbalance between the formation and
neutralization of pro-oxidants and leads to the dysregulation
of the cellular physiology. The Fmr1 KO mice develop altered
free radical production, abnormal glutathione homeostasis and high lipid and protein oxidation, accompanied by
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in the FXS brain although further work would be needed to
conﬁrm this. More importantly, we have detected a decrease
in E-cadherin levels in the FXS mice when they were treated
with NNZ2566.
In summary, this study introduces Nrf2 as a novel therapeutic target for FXS and shows that restoration of this novel target appears as promising therapeutic approach for FXS. Also,
we show that NNZ2566, a successful clinical stage molecule
being developed for FXS, is effective in modulating Nrf2 and
reversing the FXS phenotype.
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Materials and methods
Mice
Fmr1 KO2

This is a new null allele at Fmr1 generated by deletion of the promoter and ﬁrst exon of Fmr1 (Mientjes et al. 2006). It is both protein
and mRNA null. The Fmr1 KO2 and wild-type (WT) littermate control
mice were obtained from Professor David Nelson, Baylor College,
USA. The mice were generated on a C57BL/6J background and
repeatedly backcrossed on to a C57BL/6J background for more than
eight generations. The fmr1 KO and WT littermates control mice
were housed in the same facility in groups of the same genotype
in a temperature and humidity controlled room with a 12-h light:dark
cycle (lights on 0700 h). Testing was conducted during the light
phase. Food and water were available ad libitum. Ten male mice,
14 weeks of age, were used per treatment group for the behavioral
experiments and 8 male mice, 14 weeks of age, were used per
treatment group for the protein analysis studies. Mice were housed
in commercial plastic cages and experiments were conducted in line
with the requirements of the UK Animals (Scientiﬁc Procedures) Act,
1986. All experiments were conducted with the experimenter blind
to genotype and drug treatment.
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stress-dependent behavioral abnormalities and pathological
changes in the ﬁrst months of postnatal life (de Diego-Otero
et al. 2009). This work ﬁnds a common factor for these
observations in FXS neurons: inhibition of the translocation
of the nuclear factor Nrf2 (nuclear factor (erythroid-derived
2)-like 2) to the nucleus. The Nrf2 is a key transcription
factor that co-ordinates the stress response by activating a
consensus antioxidant response element (ARE) in the promoter regions of over 100 cytoprotective genes (Suzuki et al.
2013; Zhang 2006) such as phase II detoxiﬁcation enzymes
including NAD(P)H dehydrogenase quinone 1 (NQO1) (Son
et al. 2015), microsomal epoxide hydrolase (EH) (Liu et al.
2006) and glutathione S-transferase 𝛼-1 (GST-𝛼1) (Pang &
Panee 2014).
We have identiﬁed for the ﬁrst time a novel therapeutic target in the FXS brain, Nrf2, a master regulator of oxidative
stress. The Nrf2 is a transcription factor that co-ordinates the
stress response by activating a consensus ARE in the promoter regions of numerous phase II detoxiﬁcation genes. In
normal conditions, Nrf2 interacts with Kelch-like E3 ubiquitin
ligase complex formed by CUL3 and RBX (ECH)-associated
protein 1 (Keap1), limiting Nrf2-mediated gene expression by
sequestering Nrf2 in the cytoplasm. Under oxidative stress
conditions, the Keap1–Nrf2 complex dissociates, allowing
Nrf2 translocation to the nucleus where it can modulate transcription of a group of detoxifying genes (Suzuki et al. 2013).
These include NQO1 (Son et al. 2015), microsomal EH (Liu
et al. 2006) and GST-𝛼1 (Pang & Panee 2014).
This study also investigates the modulation of Nrf2 by
NNZ2566, a drug that has successfully completed a phase
2 clinical trial in FXS. The NNZ2566 (troﬁnetide is the International Proprietary Name assigned by the World Health Organization) is a peptidase-resistant analog of N-terminal tripeptide
of Insulin-like growth factor 1 (IGF-1) (tripeptide Gly-Pro-Glu
(GPE)), which is capable of crossing the blood–brain barrier and may help improve brain function by enhancing
functions normally performed by GPE such as decreasing astrogliosis and neuroinﬂammation (Alexi et al. 1999;
Baker et al. 2005; Bickerdike et al. 2009; Guan & Gluckman
2009; Joseph D’Ercole & Ye 2008; Svedin et al. 2007). The
NNZ2566 has shown beneﬁcial effects on a wide range of
FXS symptoms, improving performance in tests of behavior and cognition with Fmr1 KO mice (Deacon et al. 2015).
Furthermore, a consistent pattern of clinical beneﬁt was
observed in a recently completed, randomized, double-blind,
placebo-controlled, phase 2 clinical trial (ClinicalTrials.gov
Identiﬁer Number: NCT01894958).
We have also observed for the ﬁrst time in FXS increased
levels of E-cadherin in the brain. Interestingly, Claudia Bagni’s
Laboratory has previously reported an increase in E-cadherin
in the absence of FMRP linked to cancer (Lucá et al. 2013).
Moreover, it is well recognized that E-cadherin interacts with
Nrf2, repressing the activity of Nrf2 by inhibiting its nuclear
translocation (Kim et al. 2012). In particular, E-cadherin binds
to the C-terminus of Nrf2 and this interaction is likely to
prevent nuclear accumulation of Nrf2, because Nrf2 has
a putative nuclear localization signal and a nuclear export
signal at its C-terminus (Kim et al. 2012). Based on these
observations, we hypothesize a possible role of E-cadherin
in regulating some key Nrf2-dependent cellular processes
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Drug administration
The NNZ2566 (100 mg/kg), made up fresh daily, was administered
daily by intraperitoneal injections for 28 days. Controls only received
the vehicle (water).

RNA extraction and cDNA synthesis
RNA was isolated from frozen brain samples using EZNA Total RNA
Isolation kit (Omega Bio-tek, 400 Pinnacle Way #450, Norcross,
GA 30071, USA) according to the manufacturer’s instructions. Total
RNA isolated was quantiﬁed by spectrophotometry (NanoQuant,
Seestrasse 103. 8708 Männedorf, Switzerland; TECAN, Seestrasse
103. 8708 Männedorf, Switzerland) and the integrity was evaluated
by electrophoresis through denaturing agarose/formaldehyde gels
(Ausubel et al. 1993). For cDNA synthesis, 1 μg of total RNA was
incubated with 0.5 mg of oligodT (Invitrogen, Faraday Ave Carlsbad,
CA 92008, USA) for 5 min at 65∘ C. Then, a mix containing 15 U of
ThermoScript reverse transcriptase (Invitrogen), 12.5 mM of dNTPs,
0.1 M dithiotreitol (DTT) and diethyl pyrocarbonate (DEPC)-treated
water was added followed by incubation at 55∘ C for 60 min. The
cDNAs were then quantiﬁed and stored at −20∘ C.

Real-time qRT-PCR
Primers were designed using Primer3Plus software version 4 (www
.primer3plus.com) with the following parameters: 18–23 length,
59–61∘ C temperature of melting (Tm) and 50–70% of GC content. Quantitative reverse transcriptase polymerase chain reactions
(qRT-PCRs) were carried out with a Stratagene Mx3000p instrument
(Agilent, 350-370 West Trimble Road, San Jose CA 95131, USA)
using 2X Brilliant II SYBR Green QPCR Master Mix (Agilent), 0.5 μM
of each primer, 100 ng of cDNA and DEPC-treated water to a reaction
volume of 20 μl. The qRT-PCR cycling parameters consisted of the
following steps: 10 min at 95∘ C for initial denaturation; followed by 35
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Preparation of nuclear and cytosolic extracts

Cleaning apparatus
In many behavioral papers, the apparatus is described as being
cleaned with detergent, alcohol or disinfectant solutions ‘to remove
the odors from the previous animal’. Experienced rodent researchers,
however, realized that it is almost impossible to remove rodent odor,
let alone to prove that this has actually been achieved. To remove or
change the odor, the apparatus ﬁrst washed with water and then with
alcohol solution to mask any residual odors.

Statistics

All values in Figures are expressed as mean ± SEM. One-way analysis
of variance (ANOVA) test (GraphPad Prism version 5.0, GraphPad Software, San Diego, CA, USA) was used to analyze the data and P < 0.05
was considered statistically signiﬁcant.
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Western blot analysis was used for the evaluation of nuclear and
cytosolic contents of Nrf2 and Keap1, in addition to protein target
of Nrf2 in cytosolic contents. Brain samples (200–300 mg) frozen in
liquid nitrogen were prepared according to Deryckere and Gannon
(Deryckere & Gannon, 1994), homogenized and suspended in buffer
A solution (pH 7.9) containing 10 mM HEPES, 0.6% Nonidet P-40,
150 mM NaCl, 0.5 mM phenylmethylsufonylﬂuoride (PMSF), protease
inhibitors (1 mg/ml aprotinin, 1 mg/ml leupeptin) and phosphatase
inhibitor (1 mM orthovanadate) and centrifuged for 3 min at 448 g,
4∘ C. The supernatant was incubated for 5 min on ice and centrifuged
for 5 min at 2800 g, 4∘ C. The supernatant corresponding to cytosolic
extract was stored at −80∘ C and the pellet was resuspended in buffer
B containing 20 nM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES) (pH 7.9), 25% glycerol, 420 mM NaCl, 1.2 mM MgCl2, 0.2 mM
ethylenediaminetetraacetic acid, 0.5 mM DTT and the protease
inhibitors 0.5 mM PMSF, 2 mM benzamide and leupeptin (5 μg/ml)
and aprotinin (5 μg/ml), incubated on ice for 20 min and centrifuged
(3 min at 112 g) at 4∘ C. The supernatant corresponding to the nuclear
extract was stored at −80∘ C. Protein concentration was determined
by the protein assay of Bradford (1976).

speciﬁed, mice were brought to the experimental room a minimum
of 5 min beforez testing.
The open ﬁeld test can be adapted in several ways: to assess
general behavior and activity (similar to a primary screen in the
pharmaceutical industry) or to measure memory (habituation)
or anxiety (Deacon 2006). The open ﬁeld can also be used to
assess habituation, a simple form of (largely) non-associative
learning and memory. Each animal is given an initial 3-min trial
(Trial 1) and then another trial (2) run 10 min later in exactly
the same way as Trial 1. Trial 3 is run 24 h later. Thus, Trial 2
measures short-term memory and Trial 3 measures long-term memory. The exact times may be varied depending on experimental
requirements.
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cycles of denaturation of 30 seconds at 95∘ C, annealing at 60∘ C for
30 seconds, extension at 72∘ C for 30 seconds and 10 min at 72∘ C for
ﬁnal extension. A melting curve was carried out in each reaction to
evaluate speciﬁc ampliﬁcation. Data were normalized with the mRNA
levels of Rpl32 (ribosomal protein L32) housekeeping gene (NCBI
accession: NM_172086.2), to evaluate the relative mRNA expression
of Nrf2 gene (NCBI accession: NM_010902.4). We implemented
the Pfafﬂ mathematical model for relative gene expression analysis
(Pfafﬂ 2001).

Western blot analysis of Nrf2, Keap1, EH, GST-𝜶1,
NQO1 and E-cadherin
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Our results are derived from homogenized whole brain. The risk
of using whole brain is that changes can be masked if there is an
increase in one region and a decrease in another, but we could
argue that on balance the alteration is in the direction of that change.
The overall aim of this work was to determine whether previously
reported changes in oxidative stress in FXS mouse whole brains could
be because of repressed Nrf2 signaling.
Nuclear protein extracts (35 μg) and cytosolic protein fractions
(50 μg) were separated on 12% polyacrylamide gels using sodium
dodecyl sulfate–polyacrylamide gel electrophoresis (Laemmli 1970)
and transferred onto nitrocellulose membranes (Towbin et al. 1979)
which were blocked for 1 h at room temperature with Tris-buffered
saline (TBS) containing 5% bovine serum albumin. In all gels, molecular mass markers in the range of 20–118 kDa were used, and Ponceau
S staining was employed prior to immunoblotting to show that equivalent amounts of protein were loaded in each lane. The blots were
washed with TBS containing 0.1% Tween 20 and incubated with
rabbit polyclonal antibodies for Nrf2, Keap1 and EH, goat polyclonal
primary antibody to GST-𝛼1, mouse monoclonal antibody for NQO1
and E-cadherin (ABcam, Cambridge, MA, USA) and rabbit polyclonal
antibodies for 𝛼-tubulin and lamin A/C (Cell Signaling Technology, Inc.,
Danvers, Massachusetts, NY, USA).
After extensive washing, the antigen–antibody complexes were
detected using horseradish peroxidase goat anti-rabbit IgG and a
SuperSignal West Pico Chemiluminescence kit detection system
(Pierce, Rockford, IL, USA). In all determinations, anti-𝛼-tubulin was
used as an internal control for cytosolic fractions, whereas anti-lamin
A/C was employed as the internal control for nuclear fractions. Bands
were quantiﬁed by densitometry using a gel documentation system,
BiosensSC-750 (Shanghai Bio-Tech Co Ltd., Shanghai, China). Results
are expressed as relative units (individual protein/𝛼-tubulin to cytosolic
fractions and protein/lamin A/C to nuclear fractions).

Behavioral analysis
Animals were housed in the same hallway as the experimental rooms
to minimize the disruption of transporting them. Unless otherwise
Genes, Brain and Behavior (2017)

Results

Cytosolic and nuclear Nrf2
Cytosolic and nuclear Nrf2 protein levels in whole brain were
assessed by Western blots in WT littermate controls and
Fmr1-deﬁcient mice with and without NNZ2566 administration (Fig. 1a). No signiﬁcant difference by a one-way ANOVA
was detected in the cytosolic samples of Fmr1 KO2 and WT
littermate control samples. Figure 1b shows a signiﬁcant
increase in nuclear Nrf2 by one-way ANOVA (P < 0.0001;
F 3,20 = 79.59) with a signiﬁcant difference between the
means of P < 0.005 in the Fmr1 KO2 brain samples when
compared with the controls. Turkey’s multiple comparisons
tests indicated a signiﬁcant difference in the nuclear levels
of Nrf2 between Fmr1 KO2 untreated and treated mice
(P < 0.0001; F 3,20 = 79.59), clearly indicating an activation
of Nrf2 translocation to the nucleus by NNZ2566. Interestingly, there were no difference between NNZ2566 treated
and untreated WT samples. Nuclear/cytosolic Nrf2 ration in
Fig. 1c clearly indicates that Nrf2 translocation to nucleus
is reduced in the NNZ2566 untreated Fmr1-deﬁcient mice.
Thus, NNZ2566 appears as an Nrf2 activator, having the
ability to protect neurons from oxidative stress in the Fmr1
KO2 mouse model of FXS by signiﬁcantly increasing nuclear
levels of Nrf2.

Cytosolic and nuclear Keap1
Cytosolic and nuclear Keap1 protein levels in brain were
assessed by Western blots in WT and Fmr1 KO2 mice. The
difference between Keap1 expression in WT and Fmr1 KO2
mice was not found to be signiﬁcant for either cytosolic
(Fig. 2a) or nuclear Keap1 protein levels (Fig. 2b). The ratio
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Figure 1: Cytosolic and nuclear Nrf2 protein levels. Representative Western blots of cytosolic (a) and nuclear (b) Nrf2 protein levels
from brain lysates from WT and fmr1 KO mice treated for 28 days once daily with 100 mg/kg i.p. NNZ2566 or with vehicle, and sacriﬁced
after 12 days of behavioral testing. Data are Mean + SEM, n = 8 mice per time-point. *P < 0.001. (c) Nuclear/cytosolic Nrf2 ratio.

of cytosolic Keap1 to cytosolic Nrf2 protein levels shows
no signiﬁcant difference between WT and Fmr1 KO2 mice
(Fig. 2c), indicating no involvement of Keap1 in the cytosolic decrease in Nrf2 protein levels. Statistical analysis by
one-way ANOVA shows no signiﬁcant difference between
cytosolic and nuclear Keap1 levels. Turkey multiple comparisons between NNZ2566 treated and untreated Fmr1 KO2
samples showed no signiﬁcant difference and the same
was observed for littermate control samples treated and
untreated with NNZ2566.
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Interestingly, with NNZ2566 administration, the ratio of
nuclear Keap1 to nuclear Nrf2 protein levels is smaller in
Fmr1 KO2 mice as compared with WT mice (Fig. 2d) reﬂecting the increase in nuclear Nrf2 shown above (P < 0.008;
F 3,10 = 13.01), indicating no involvement of Keap1 in the
nuclear decrease of Nrf2 protein levels.

Nrf2 targets: NQO1, GST-𝜶1 and EH
The expression of NQO1 (P < 0.0002; F 3,10 = 81.52), GST-𝛼1
(P < 0.001; F 3,10 = 115.8) and EH (P < 0.001; F 3,10 = 45.58)
Genes, Brain and Behavior (2017)
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Figure 2: Cytosolic and nuclear Keap1 protein levels. Representative Western blots of cytosolic (a) and nuclear (b) Keap1 protein
levels from brain lysates from WT and fmr1 KO mice treated for 28 days once daily with 100 mg/kg i.p. NNZ2566 or with vehicle,
and sacriﬁced after 12 days of behavioral testing. Data are mean ± SEM, n = 8 mice per time-point. *P < 0.05. (c) Nuclear/cytosolic
Keap1 ratio. Cytosolic (c) and nuclear (d) Nrf2/Keap1 ratios from WT littermate and fmr1 KO mice treated after 28 days once daily with
100 mg/kg i.p. NNZ2566 or with vehicle, and sacriﬁced after 12 days of behavioral testing. Eight male mice were analyzed per time-point.
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protein levels was signiﬁcantly decreased in Fmr1 KO2 mice
as compared with WT littermate controls (Fig. 3a–c, respectively). With NNZ2566 administration, a signiﬁcant increase
of NQO1 (P < 0.0001), GST (P < 0.0001) and EH (P < 0.0001)
expression was detected in brains of Fmr1-deﬁcient mice
treated with NNZ2566 (Fig. 3a–c, respectively) suggesting
that the Nrf2-ARE signal pathway was activated by NNZ2566
in FXS neurons.
A direct correlation was found between nuclear Nrf2 levels and Nrf2 gene targets, NQO1, GST-𝛼1 and EH, with r
coefﬁcients of 0.74, 0.70 and 0.88, as shown in Fig. 3e–g,
respectively. Importantly, by Turkey’s multiple comparisons
analysis we did not observed a signiﬁcant difference between
NNZ2566 WT littermates control samples. The increase in
Nrf2 nuclear translocation in neurons was directly correlated
with the expression of antioxidant target genes.

Cytosolic E-cadherin
Signiﬁcantly higher cytosolic levels of E-cadherin protein
were found in the Fmr1 KO2 mice as compared with WT
animals (P < 0.0008; F 3,10 = 22.32) (Fig. 3d). Treatment with
NNZ2566 decreased cytoplasmic levels of E-cadherin showing no signiﬁcant differences between NNZ2566-treated
Fmr1 KO2 and WT littermates (P < 0.2272) by Turkey’s multiple comparison analysis. Importantly, NNZ2566 treated and
untreated WT samples showed no signiﬁcant difference
(P > 0.9999).
An inverse correlation between nuclear Nrf2 protein levels and E-cadherin protein levels was observed with an r
Genes, Brain and Behavior (2017)

coefﬁcient of −0.77 for both WT and KO animals (Fig. 3h),
suggesting that a decrease in cytosolic E-cadherin results in
increased Nrf2 nuclear translocation in the Fmr1 KO2 mouse
brains.
The NNZ2566 treatment showed no effect on the WT
control samples.

Correlation between Nrf2 and correction of learning
and memory deﬁcits
We assessed two of the key FXS clinical characteristics:
hyperactivity and memory. The open ﬁeld was used to test
habituation to a novel environment, one of the most elementary forms of learning, in which decreased exploration as a
function of repeated exposure to the same environment is
interpreted as an index of memory (Deacon et al. 2015). After
an initial exposure to the novel open ﬁeld (Trial 1), mice were
subsequently exposed to the now familiar open ﬁeld after 10
min (Trial 2; P < 0.005) or 24 h (Trial 3; P < 0.02). Full results of
behavioral testing of the Fmr1 KO2 mice with NNZ2566 have
been published separately (Deacon et al. 2015).
Increased locomotor activity in the Fmr1 KO2 mice was normalized after treatment with NNZ2566 (Fmr1 KO2 vs. Fmer1
KO2 + NNZ2566, P < 0.01), suggesting an improvement of
short-term memory. An improvement in short-term memory
in Fmr1 KO2 mice could be correlated with brain Nrf2 mRNA
levels with an r = −0.50 (Fig. 4a).
The open ﬁeld 24-h habituation test showed a signiﬁcant improvement in learning and long-term memory in the
Fmr1 KO mice after treatment with NNZ2566 (Fig. 4b). The
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Figure 3: NQO1 (a), GST-𝛼1 (b), EH (c) and E-cadherin (d) protein levels. Representative Western blots from brain lysates from WT and fmr1 KO mice treated for 28 days
once daily with 100 mg/kg i.p. NNZ2566 or with vehicle, and sacriﬁced after 12 days of behavioral testing. Data are mean ± SEM, n = 8 mice per time-point. *P < 0.05. Correlation
between nuclear Nrf2 and NQO1 (e), GST-𝛼1 (f), EH (g) and E-cadherin (h) protein levels: y-axis is nuclear Nrf2/lamin A/C (white circles). Correlation between nuclear/cytosolic
Nrf2 ratio and NQO1 (e), GST-𝛼1 (f), EH (g), E-cadherin (h) protein levels: y-axis is nuclear/cytosolic Nrf2 in arbitrary units (black circles).
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Figure 4: Correlation between brain
short-term and long-term memory
and Nrf2 mRNA levels. (a) Correlation
between nuclear Nrf2 and short-term
memory measures in fmr1 KO mice: black
circles (KO-V) and black squares (KO-NNZ),
and in WT mice: white circles (WT-V) and
white squares (WT-NNZ). (b) Correlation
between nuclear Nrf2 and long-term
memory measures in fmr1 KO mice: black
circles (KO-V) and black squares (KO-NNZ),
and in WT mice: white circles (WT-V) and
white squares (WT-NNZ).

Discussion
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This study can be summarized as two main ﬁndings: (1) in
FXS neurons, the Nrf2/ARE pathway is dysfunctional – the
absence of FMRP compromises the normal translocation of
Nrf2 to the nucleus creating a toxic oxidative stress environment for FXS neurons and (2) NNZ2566, a successful
molecule that recently completed a phase 2 clinical trial in
FXS, has a therapeutic role as an Nrf2 activator, reversing
the oxidative stress environment in FXS neurons and partially
reversing the FXS phenotype.
Most of the studies in the fragile X ﬁeld focus on neurospeciﬁc molecular and cellular pathways involving FMRP
that are perturbed in FXS. However, in recent years, several studies have noted the involvement of increased oxidative stress as a phenotypic component of FXS. Davidovic
et al. (2011) has identiﬁed a marked increase in oxidative
stress markers such as lipid peroxidation products using
an High-resolution 1H Nuclear Magnetic Resonance (HR
1H-NMR) metabolomics-based approach, in line with a previous biochemical study (El Bekay et al. 2007). These molecular
species result from free radical attack of unsaturated lipids by
superoxide anion, normally detoxiﬁed by superoxide dismutase 1 (SOD1) and Nrf2. The transcription factor Nrf2 is the
guardian of redox homeostasis. Under oxidant conditions, it
activates cytoprotective and antioxidant response genes that
include NQO1, GST-𝛼1 and EH.
Here, we observed that the antioxidant enzyme NQO1, a
target gene of Nrf2 and key player in maintaining the cellular
redox state, is signiﬁcantly reduced in the FXS brain and this
results in the accumulation of reactive oxygen species. The
underlying mechanisms of low expression of Nrf2 in FXS
need to be further investigated in speciﬁc regions of the Fmr1
KO2 mouse brain.
Importantly, in this study, we have identiﬁed the transcription factor Nrf2, guardian of redox homeostasis, as a therapeutic target in FXS. This study supports the potential value
of targeting Nrf2 in the brain as a means of modulating neuroinﬂammation and oxidative stress in FXS.
In addition, we have found that NNZ2566 can promote the
nuclear translocation of Nrf2 and increase the protein expression of NQO1, GST-𝛼1 and EH in the Fmr1 KO2 neuronal

cells. Our ﬁndings strongly suggest that NNZ2566 may be
an effective treatment to reactivate the Nrf2 cell signaling in
the FXS model. This new therapeutic agent, NNZ2566, represents a breakthrough in research for a treatment of FXS.
For many years, there has been a gap in translation to targeted therapies in humans and effective therapeutic products have not been developed (Berry-Kravis et al. 2013). The
NNZ2566 is a successful molecule that has bridged the translational gap. Preclinical studies with NNZ2566 using Fmr1
KO mice as model for FXS showed signiﬁcant restoration
of the FXS phenotype (Deacon et al. 2015). This work has
led to a clinical study that show a consistent pattern of
clinical beneﬁt across multiple symptoms and domains, as
observed in a recently completed, randomized, double-blind,
placebo-controlled, phase II clinical trial.
These ﬁndings show an effect of NNZ2566 in Nrf2 activation, supporting the hypothesis that, for the ﬁrst time, Nrf2
activation promotes partial restoration of the FXS phenotype.
The results of this work are summarized in Fig. 5, which compares the Nrf2/ARE pathway under normal conditions and
in the FXS condition, without and with NNZ2566 treatment
(Fig. 5a–c, respectively).
The FMRP, amongst its targets, controls E-cadherin, an
important molecule for cell adhesive properties, cytoskeleton remodeling and consequently tumor cell behavior
(Lucá et al. 2013). It is well recognized that E-cadherin
at high levels interacts with Nrf2, repressing the activity
of Nrf2 by inhibiting its nuclear translocation (Kim et al.
2012).
Keap1 acts both as a repressor of the Nrf2 transactivation
and as a sensor of phase II inducers. Under basal conditions
without stress, Keap1 binds Nrf2 forming a Keap1–Nrf2 complex, retaining Nrf2 in the cytoplasm where it is degraded
by the proteasomes. Electrophiles and oxidants disrupt the
Keap1–Nrf2 complex, reducing Nrf2 degradation and leading
to its accumulation and translocation to the nucleus, where
it enhances the transcription of phase 2 genes via a common
upstream regulatory element, the ARE (Suzuki et al. 2013;
Zhang 2006). In this way, phase 2 detoxiﬁcation and cytoprotective proteins such as NQO1, GST-𝛼1 and EH are induced,
as illustrated in Fig. 5a.
In summary, these ﬁndings highlight the dysfunction of
the Nrf2/ARE pathway in FXS neurons, suggesting that the
absence of FMRP compromises the normal translocation
of Nrf2 to the nucleus. In this way, numerous cascades
leading to cytoprotection and antioxidant activity are hindered
(Fig. 5b).
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improvement in long-term memory can be correlated with
brain Nrf2 mRNA levels with an r = −0.41 (Fig. 4b).
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Figure 5: Proposed mechanism of action of Nrf2 and E-cadherin in (a) normal condition, (b) FXS condition and (c) FXS condition
with NNZ2566 treatment.
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In vivo treatment with NNZ2566 of Fmr1 KO mice normalized the translocation of Nrf2 to the nucleus (Fig. 1)
and the transcriptional induction of Nrf2-dependent
antioxidant and cytoprotective genes, such as NQO1,
GST-𝛼1 and EH in FXS neurons (Fig. 3), as illustrated in
Fig. 5c.
In particular, this work highlights the possible importance
of E-cadherin repression by FMRP for the normal functioning
of Nrf2. Thus, in FXS neurons, NNZ2566 is possibly acting
as an Nrf2 activator. The present results also show that the
pharmacological agent NNZ2566 has a knockdown effect on
E-cadherin.
Although we cannot rule out the possibility that NNZ2566
may induce parallel changes in other affected pathways contributing to reversal of behavioral deﬁcits and cognitive impairment, the present results support the hypothesis that activation of the Nrf2/ARE pathway is a signiﬁcant mechanism contributing to the neuroprotective effect of NNZ2566 in FXS-like
neurons in experimental mice. Interestingly, Nrf2 brain levels correlate well with short- (Fig. 4a) and long-term memory
(Fig. 4b) measures in the open ﬁeld test, suggesting that Nrf2
activation plays an important role in restoration of the behavioral phenotype by NNZ2566. We have previously reported
reversal of the FXS behavior phenotype by NNZ2566 in the
Fmr1 KO2 mice (Deacon et al. 2015).
Oxidative stress, inﬂammation (a dysregulated immune
response) and abnormal mitochondrial metabolism are inextricably linked, seemingly representing the common molecular underpinning of many neuropathies (Lintas et al. 2012;

8

Rossignol & Frye 2014). Given that oxidative stress is a common condition of these brain pathologies, Nrf2/ARE pathway activators more generally may have therapeutic potential
across multiple brain disorders (Calkins et al. 2009; Johnson & Johnson 2015; Yamazaki et al. 2015). Interestingly,
NNZ2566 has been found to reduce injury-mediated upregulation of inﬂammatory cytokines in models of traumatic brain
injury (Bickerdike et al. 2009; Cartagena et al. 2013; Wei et al.
2009), and to alleviate symptoms in human patients with Rett
syndrome (Lu et al. 2009) (ClinicalTrials.gov Identiﬁer Number: NCT01703533). Further research is needed to rationalize
the mechanism of action of NNZ2566 in these neuropathies
and to ﬁnd possible links to the mechanism of action of
NNZ2566 in FXS proposed in this work.
Finally, the lack of generally accepted end-points to assess
improvement in function in individuals with FXS has been
recently pointed out as a major obstacle to the demonstration of efﬁcacy in human trials (Berry-Kravis et al. 2013). The
present results open new perspectives for future biomarker
research considering that the basal level of Nrf2 and/or
its downstream gene expression could potentially serve as
biomarkers for predicting therapeutic response of FXS pharmaceutical treatment.
In conclusion, the results presented here highlight that the
Nrf2/ARE pathway in FXS neurons is compromised and that
NNZ2566 promotes activation of the Nrf2/ARE pathway and
partial reversal of speciﬁc molecular and cellular phenomena
that are altered by the mutations in the Fmr1 gene that
cause FXS.
Genes, Brain and Behavior (2017)
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