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Abstract

The aim of this study was to investigate the effect of the chronic administration of methionine (Met) and/or its metabolite,
methionine sulfoxide (MetO), on the behavior and neurochemical parameters of young rats. Rats were treated with saline
(control), Met (0.2-0.4 g/kg), MetO (0.05-0.1 g/kg), and/or a combination of Met + MetO, subcutaneously twice a day from
postnatal day 6 (P6) to P28. The results showed that Met, MetO, and Met + MetO impaired short-term and spatial memories
(P <0.05), reduced rearing and grooming (P <0.05), but did not alter locomotor activity (P >0.05). Acetylcholinesterase
activity was increased in the cerebral cortex, hippocampus, and striatum following Met and/or MetO (P < 0.05) treatment,
while Na*, K*-ATPase activity was reduced in the hippocampus (P < 0.05). There was an increase in the level of thiobar-
bituric acid reactive substances (TBARS) in the cerebral cortex in Met-, MetO-, and Met+ MetO-treated rats (P <0.05).
Met and/or MetO treatment reduced superoxide dismutase, catalase, and glutathione peroxidase activity, total thiol content,
and nitrite levels, and increased reactive oxygen species and TBARS levels in the hippocampus and striatum (P <0.05).
Hippocampal brain-derived neurotrophic factor was reduced by MetO and Met+ MetO compared with the control group.
The number of NeuN-positive cells was decreased in the CA3 in Met+ MetO group and in the dentate gyrus in the Met,
MetO, and Met+MetO groups compared to control group (P <0.05). Taken together, these findings further increase our
understanding of changes in the brain in hypermethioninemia by elucidating behavioral alterations, biological mechanisms,
and the vulnerability of brain function to high concentrations of Met and MetO.
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Introduction

Hypermethioninemia is a metabolic disorder characterized
by the accumulation of the essential amino acid, methio-
nine (Met), in tissues (Mudd et al. 2001). Six genetic condi-
tions can lead to elevated Met levels; however, methionine
adenosyltransferase I/III (MAT I/II) deficiency is the most
common cause of isolated and persistent elevated Met lev-
els (Couce et al. 2008; Mudd 2011). Hypermethioninemics
patients can present hepatic and neurological manifestations,
such as cognitive deficits, demyelination, memory impair-
ments, and cerebral edema (Chamberlin et al. 1996; Mudd
et al. 2000, 2001; Couce et al. 2008; Mudd 2011). Recently,
it was demonstrated that the secondary metabolite, methio-
nine sulfoxide (MetO), is closely associated with alterations
in hypermethioninemia (Costa et al. 2013; Dos Santos et al.
2016; Soares et al. 2017a). Studies have shown that the for-
mation of MetO via reactive oxygen species (ROS)-induced
oxidation of Met modifies its physicochemical properties,
alters its function, and leads to a loss of protein biological
activity (Tarrago et al. 2015; Suzuki et al. 2016).

There is an intrinsic relationship between Met, MetO,
and oxidative stress because they are all sulfur amino acids
(Tarrago et al. 2015; Suzuki et al. 2016). Oxidative stress is
a component of the pathophysiology of several human dis-
eases and contributes to the development and/or progression
of these pathologies (Patel 2016, Suzuki et al. 2016). High
levels of Met and/or MetO alter the oxidative status in the
liver (Stefanello et al. 2009; Costa et al. 2013; Soares et al.
2017a), kidney (Soares et al. 2017a), macrophages (Dos
Santos et al. 2016), skeletal muscle (Schweinberger et al.
2015), and brain (Stefanello et al. 2005, 2007a, b; Soares
et al. 2017b) of rats.

Cholinergic signaling is mediated by the neurotrans-
mitter, acetylcholine (ACh), which is essential for cogni-
tive performance, such as learning, behavior, and memory
(Ferreira-Vieira et al. 2016; Roy et al. 2016). Inactivation of
this signaling is promoted by acetylcholinesterase (AChE),
which cleaves ACh into choline and acetate (Ferreira-Vieira
et al. 2016). Stefanello et al. (2007a, b) have demonstrated
that acute and chronic treatment with Met increases AChE
activity in the cerebral cortex (Stefanello et al. 2007a, b).
However, little is known about the effects of MetO on AChE
activity.

Sodium-potassium adenosine triphosphatase (Na*, K*-
ATPase), an essential transmembrane enzyme responsible
for the electrochemical gradient across the cell membranes
(Moseley et al. 2007), is also important for learning and
memory-related processes. High levels of Met inhibit the
Na*, K*-ATPase activity but increase the expression and
immunocontent of Nat, Kt-ATPase a1, o2, and a3 subunits
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in the synaptic plasma membrane and brain of rat offspring
(Stefanello et al. 2011; Schweinberger et al. 2018a, b).

We have previously demonstrated that acute adminis-
tration of Met and/or MetO cause oxidative stress, reduce
cell viability, induce DNA damage, and cause cell death
by apoptosis in the cerebral cortex of young rats (Soares
et al. 2017b); however, the precise mechanisms involved in
the pathophysiology of chronic hypermethioninemia remain
unclear. Based on these studies, we aimed to investigate the
effect of chronic administration of Met and/or MetO on
memory, AChE, Na*t, K*-ATPase activity, and redox status,
brain-derived neurotrophic factor (BDNF) and neuronal cell
number in the cerebral cortex, hippocampus, and striatum
of young rats.

Materials and methods
Chemicals

Met and MetO were purchased from Sigma Chemical Co.
(St. Louis, MO, USA). All other reagents used in the experi-
ments were of analytical grade and the highest purity.

Animals and ethical approval

All animal experimental protocols in this work were
approved by the Committee of Ethics and Animal Experi-
mentation of the Federal University of Pelotas, RS, Bra-
zil (protocol number: CEEA 3527). Wistar rats, male and
female (6 days old) weighing 5-10 g, were obtained from
the Central Animal House of the Federal University of Pelo-
tas. The litters (6—10 animals) and the progenitor were kept
in a density of four rats per cage (acrylic boxes measuring
40cmx34cmx17cm) in the same room under a constant tem-
perature (23 +2 °C), humidity (50-65%), and illuminated
from 7:00 a.m. to 7:00 p.m., with food and water available
ad libitum. All animals were arbitrarily assigned before start-
ing treatment without specific tools to achieve randomization
in the animal facility room. The use of the animals was in
accordance with the Brazilian Guidelines for the Care and
Use of Animals in Scientific Research Activities (DBCA),
National Council of Control of Animal Experimentation
(CONCEA), and with the NIH Guide for Care and Use of
Laboratory Animals. This study was not pre-registered.

Hypermethioninemia protocol

Forty male and female Wistar rats (6 days old) were
divided into four groups: Group I (Control/saline), Group
II (Met), Group III (MetO), and Group IV (Met + MetO).
Met and MetO were dissolved in 0.9% NaCl and were
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administered by subcutaneous injection twice a day at 8 h
intervals between postnatal day 6 (P6) and P28 (Stefanello
et al. 2007a, b; Costa et al. 2013; Soares et al. 2017a,
b). From P6 to P14, groups II and III received 0.2 g/kg
Met and 0.05 g/kg MetO, respectively. From P15 to P21,
groups II and III received 0.3 g/kg Met and 0.075 g/kg
MetO, respectively. From P22 to P28, groups II and III
received 0.4 g/kg Met and 0.1 g/kg MetO, respectively.
Group IV received a combination of the concentrations
of Met + MetO in the same concentrations. Group I was
administered an equivalent volume of saline from P6 to
P28 (Fig. 1). The doses of Met and MetO were based on
those reported in previous studies (Stefanello et al. 2007a,
b; Costa et al. 2013; Soares et al. 2017a, b). Animals were
directly killed when they met the exclusion criteria: weight
loss in combination or not with behavioral impairment
indicating pain and/or stress and suffering. No animals
had to be excluded before the end of the study due to
complications.

Behavioral procedure
Open-field test

All behavioral tests were performed by a blinded experi-
menter. Behavioral tests were performed between P23 and
P25. Locomotor behavior was evaluated using open-field
apparatus, which consisted of a wooden box. The floor of
the arena was divided into 16 equal squares (18 X 18 cm)
and placed in a sound free room. Rats were placed in the
rear left square and allowed to explore freely for 5 min. The
total number of squares crossed with all paws (crossing)
and fecal droppings were manually counted; the degree of
grooming and rearing was also evaluated. The apparatus
was cleaned and dried with a 40% alcohol solution after
testing with each rat. This test was carried out to identify
motor disabilities, which might influence the other behav-
ioral tests performed.

Object recognition test

Rats were habituated to the experimental arena 24 h before
the test. Objects, made of waterproof plastic, were placed on
the sand floor. This test was performed in two stages. Dur-
ing training, rats were placed in the arena with two identical
objects (Al and A2) and allowed to explore for 5 min. The
session was valid if rats explored each object for at least
30 s. Following this, rats were tested 120 min after training
to evaluate their short-term memory. For the testing, one of
the objects was changed to a different, novel object (B). The
rats were introduced into the arena for 5 min and allowed
to explore freely. The positions of the objects (familiar or
novel) were randomly exchanged. Exploration was defined
as smelling or touching the object with the nose and/or
forelegs. Sitting on or around the object was not considered
exploratory behavior. The apparatus and the objects were
cleaned and dried with a 40% alcohol solution after each
rat. In this task was evaluated the total exploration time (s)
in the training and test; time spent on each object—training
(s) (A1, A2); time spent on each object—test (s) (Al and B);
exploratory preference time for the novel object expressed
as a percentage evaluated in the object recognition test (Ros-
sato et al. 2007).

Y-maze test

This test measures spatial recognition memory. The appa-
ratus has three arms: start arm, in which rats were placed to
start to explore (always open); novel arm, which was blocked
during the first trial, but open during the second trial; and
other arm (always open).

Briefly, the task was performed as follows: first, rats
underwent training: they were placed in the start arm and
could explore the start and other arm. The third arm (novel
arm) remained closed during training. After 2 h, testing was
performed as follows: rats were placed in the start arm with
free access to all three arms for 5 min. The number of entries

Experimental protocol

6th 14th
day of life day of life

Groups and doses

Groups and doses

21th 28th

day of life day of life

Groups and doses Euthanasia

Control (saline)
Met (0.2g/kg)
MetO (0.05g/kg)
Met (0.2g/kg) + MetO (0.05g/kg)

Control (saline)
Met (0.3g/kg)
MetO (0.075g/kg)
Met (0.3g/kg) + MetO (0.075g/kg)

!’
Tissue dissected
and homogenate
preparation

Control (saline)
Met (0.4g/kg)
MetO (0.1g/kg)
Met (0.4g/kg) + MetO (0.1/kg)

Approval by the Ethics Committee
Protocol number 3527

Fig. 1 Schematic of the experimental protocol

Behavioral procedure
Open-field test, object
recognition test, Y-maze test
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in each arm and time spent exploring each arm (expressed
as a percentage of the time spent in each arm) was recorded
(Dellu et al. 1997). The apparatus was cleaned with 40%
alcohol solution and dried after each session with each ani-
mal. Rats were killed by cardiac puncture 12 h after the final
amino acid or saline injection. The brain was removed and
quickly dissected to obtain the cerebral cortex, hippocam-
pus, and striatum samples. Biochemical analyses were per-
formed by a blinded experimenter, and all samples were run
in duplicate.

Acetylcholinesterase activity

Brain samples were placed in a solution of Tris—HCI] 10 mM,
pH 7.4, homogenized and centrifuged at 1300 g for 10 min at
4 °C. The supernatant was used for the AChE assay, as previ-
ously described by Ellman et al. (1961). The reaction mix-
ture comprised 10 mM 5,5-dithiobis(2-nitrobenzoic acid),
100 mM phosphate buffer (pH 7.5), 15 pl supernatant, and
0,8 mM acetylthiocholine. The absorbance at 412 nm was
read on a spectrophotometer at 30-s intervals for 2 min at
27 °C. AChE activity was expressed as pmol AcSCh/h/mg
of protein.

Na*, K*-ATPase activity

Brain sections were homogenized (1/10 w/v) in 0.32 mM
sucrose containing 5.0 mM HEPES and 1.0 mM EDTA,
pH 7.5. The homogenates were centrifuged at 1000 g for
10 min, and the supernatants were removed for further anal-
ysis. The reaction mixture for this assay contained 5 mM
MgCl,, 80 mM NaCl, 20 mM KClI, and 40 mM Tris—HCI
(pH 7.4). The reaction was initiated by the addition of ATP
to a final concentration of 3 mM. The control samples
were generated under the same conditions with the addi-
tion of 1 mM ouabain. Na™,K*-ATPase activity was calcu-
lated by measuring the difference in absorbance between
the study samples and the controls, as described by Wyse
et al. (2007). The level of released inorganic phosphate (Pi)
was measured, as described by Chan et al. (1986). Specific
enzyme activity was expressed as nmol Pi released/min/
mg of protein.

Oxidative stress parameters in the brain structures

Brain regions were homogenized (1/10 w/v) using 20 mM
sodium phosphate buffer, pH 7.4 containing 140 mM KCI.
The homogenates were centrifuged at 2500g for 10 min at
4 °C. The supernatants were collected and used in further
analyses.

@ Springer

Reactive oxygen species (ROS) assay

The oxidation of DCFH-DA to fluorescent 2’,7'-dichloro-
fluorescein (DCF) was measured. Briefly, DCF fluorescence
intensity emission was recorded at excitation wavelengths of
525 and 488 nm 30 min after the addition of DCFH-DA to
the medium. ROS formation was expressed as pumol DCF/
mg of protein (Ali et al. 1992).

Thiobarbituric acid reactive substances (TBARS) assay

For this assay, the supernatants were mixed with 10% TCA
and centrifuged. The supernatant was collected and mixed
with TBA (0.67%) and incubated in a dry block at 100 °C
for 30 min. TBARS levels were determined by absorbance
at 535 nm and reported as nmol of TBARS/mg of protein
(Esterbauer and Cheeseman 1990).

Total sulfhydryl content assay

Supernatants were added to PBS buffer (pH 7.4) containing
EDTA. The reaction was started by the addition of DTNB.
One hour after incubation in the dark, DTNB reduced by
thiol groups was oxidized (disulfide) and a yellow deriva-
tive (TNB) was generated, whose absorbance at 412 nm was
measured. The results were reported as nmol TNB/mg of
protein (Aksenov and Markesbery 2001).

Nitrite quantification

Nitrite was measured by Griess reaction (Stuehr and Nathan
1989). In brief, 50 pl homogenate was incubated with
50 pl 1% sulfanilamide and 50 pl 0.3% N-1-naphthyleth-
ylenediamine dihydrochloride at room temperature (RT)
for 10 min. Nitrite was measured at 540 nm using sodium
nitrite as standard. Results were expressed as pM nitrite/
mg of protein.

Superoxide dismutase (SOD) activity

This assay is based on the inhibition of superoxide-depend-
ent adrenaline auto-oxidation to adenochrome. The inter-
mediate in this reaction is superoxide, which is scavenged
by SOD, and the absorbance is measured at 480 nm on a
spectrophotometer. SOD activity was measured, as previ-
ously described by Misra and Fridovich (1972), and reported
as units/mg of protein.

Catalase (CAT) activity

The decomposition of 30 mM H,0, in 50 mM potassium
phosphate buffer (pH 7.0) was continuously monitored at
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240 nm for 180 s at 37 °C, as previously reported by Aebi
(1984). CAT activity was reported as units/mg of protein.

Glutathione peroxidase (GPx) activity

GPx activity was determined according to manufacturer
instructions (RANSEL®; Randox Lab, Antrim, United King-
dom). GPx activity was reported as units/mg of protein.

Protein determination

Protein concentration was measured as previously described
by Lowry et al. (1951), except for AChE activity, which used
the method previously described by Bradford (1976).

Brain-derived neurotrophic factor (BDNF) assay

Hippocampus BDNF concentration was measured using the
ChemiKine BDNF Sandwich ELISA Kit, CYT306 (Chemi-
con/Millipore, Billerica, MA, USA), according to the man-
ufacturer’s instructions. The results were expressed as pg
BDNF/mg protein.

Histological procedures and immunohistochemistry
techniques

Four rats from each group were killed by transcardial per-
fusion. Briefly, rats were anesthetized with isoflurane and
perfused with 0.9% saline for 10 min, followed by 4% para-
formaldehyde diluted in phosphate-buffered saline (PBS;
0.1 M, pH 7.2-7.4) for 30 min. The brain of the animals
was removed and stored for 24 h in 4% buffered paraformal-
dehyde followed by 70% ethanol for at least 24 h. Following
this, the brain samples were embedded in paraffin. Coronal
sections were cut using a rotary microtome (4 pm thickness)
in the hippocampus. Six sections were used for the analysis
(12 hippocampi), at a distance of 50 pm between each cut.
After 30 min at 80 °C, sections prepared for NeuN
staining. Briefly, they were cleared using xylene (10 min,
5 min, and 5 min), followed by dehydration with ethanol
100% (5 min), 95% (5 min), 70% (5 min), 50% (5 min),
and distilled water. Following this, the sections were

rehydrated in PBS (pH 7.4) with 0.5% Triton X-100 (PBS-
TX) for 15 min and then incubated in citrate buffer (pH
6.00) for 20 min at 98 °C. Endogenous peroxidase was
blocked using 5% hydrogen peroxide (30 V) in methanol
for 10 min (3 times). Nonspecific proteins were blocked
with 1% BSA (Sigma®) in PBS-tx for at least 1 h at RT.
Then, the sections were incubated with primary monoclo-
nal antibody (NeuN: Dako® 1:1000) 1 h RT and overnight
at 4 °C. After 3 X PBS for 15 min, sections were incubated
with conjugated secondary antibody for 40 min. Finally,
the immunohistochemical reaction was revealed with
0.06% 3.3'-diaminobenzidine (DAB; Dako®) in PBS-tx for
5 min and mounted on slides using Entellan® (Merck®).
NeuN-positive cells were visualized in the CA1, CA3, and
dentate gyrus (DG) (Fig. 5a). The number of positive cells
within a 10.083 x 150 um? square (Fig. 5b) was counted
using Image-Pro Plus® 6.3 (Media Cybernetics®) software.

Statistical analysis

A formal power calculation was not performed, and the
sample size (n =10 animals per group) was based on expe-
rience from previous experiments. Data were analyzed by
one- or two-way analysis of variance (ANOVA) followed
by Tukey or Bonferroni post hoc tests using GraphPad
Prism 5.0 (Intuitive Software for Science, Sao Diego, CA,
USA). P <0.05 (single animal) was considered statistically
significant. All data were expressed as mean + standard
error of the mean (SEM).

Results

Methionine and/or methionine sulfoxide does
not alter locomotion, but reduces grooming
and rearing

The parameters evaluated in the open-field test are listed
in Table 1. Locomotion was not significantly different
in any experimental group compared with that in the

Table 1 Effect of methionine

. Groups

(Met) and/or methionine

sulfoxide (MetO) on crossing, Control Met MetO Met+ MetO

rearing, grooming, and number

of fecal droppings in the open- Total CI‘OSSiIlg 42.32+8.01 40.03+£2.05 42.40+5.44 46.00+9.96

field test Rearing 30.10x+4.52 8.0+ 1.30%** 12.13 +1.98** 9.50 £2.14%**
Grooming 3.77+0.27 3.18+0.29 2.50+0.26* 2.50+0.37*
Feces 2.34+0.36 1.09+0.39 1.20+0.35 1.62+0.32

One-way ANOVA and post hoc Tukey’s multiple comparisons test were performed. Data were reported as
mean+ SEM. *P <0.05; **P <0.01; ***P <(0.001, compared with the control group (n=9-10)
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control group (F; 3=0.52, P> 0.05). However, MetO and
Met+ MetO reduced the amount of grooming (F3 34=3.78,
P <0.05), while Met, MetO, and Met + MetO decreased
the amount of rearing when compared with the control
group (F536=13.50, P <0.05). There was no differ-
ence in the number of fecal droppings among the groups
(F336=2.66, P>0.05; Table 1).

Fig.2 Methionine (Met) and/
or methionine sulfoxide (MetO)
impairs both short-term and
spatial memories in young

rats 21 days after treatment.

a Total exploration time (s);

b time spent on each object-
training (s); ¢ time spent on
each object-test (s); d total time
spent during the test session

on each object; e exploratory
preference time for the novel
object expressed as a percentage
evaluated in the object recogni-
tion test. f Exploratory prefer-
ence time in the novel, start,
and other arms, expressed as a
percentage of the total explora-
tion time in the Y-maze test. (g)
Number of entries in the novel,
start, and other arms evaluated
in the Y-maze test. Two-way
ANOVA and post hoc Bonfer-
roni multiple comparisons test
were used for a—d. One-way
ANOVA and post hoc Tukey’s
multiple comparisons tests were
performed for e-g. Al and A2
report the familiar object and

B refers to new objet. Bars
represent mean and + SEM.
*P<0.05; ¥**P<0.01;

*#%P <(0.001, compared with
control group (n=9-10). In the
a, and b denote a significant
difference between training and
test ¥*P <0.05
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Figure 2a shows that all rats showed increased total explora-
tion time in the testing vs. training phase of the object recog-
nition test. Interestingly, MetO- and Met + MetO-treated rats
had longer total exploration times when compared with the
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(Fig. 2b). During testing, Met-, MetO-, and Met + MetO-
treated rats explored the familiar object (A1) more than
the rats in the control group. Furthermore, the MetO group
showed reduced exploration of the novel object (B) com-
pared with the control group (Fig. 2c). We found that the
control group explored the novel object more than the famil-
iar object (Fig. 2d). In contrast, the MetO group explored the
novel object significantly less compared with the familiar
object (Fig. 2d). Taken together, these findings indicated that
Met, MetO, and Met + MetO treatment impaired short-term
object recognition memory (F3 3=35.12, P <0.05; Fig. 2e).

Similar results were observed in the Y-maze test, indi-
cating an impairment in spatial memory; Met, MetO,
and Met + MetO treatment decreased exploratory time
(F336=06.72, P<0.05) and number of entries (F; 35=3.30,
P <0.05) into the novel arm compared with those in the
control group (Fig. 2f). There were no differences in the
exploratory time in the start (F33,=0.51, P>0.05) or
other (F336=0.70, P> 0.05; Fig. 2f) arms or in the num-
ber of entries in the start (F; 3=2.00, P> 0.05) and other
(F336=0.90, P>0.05; Fig. 2g) arms.

Methionine and/or methionine sulfoxide alter
acetylcholinesterase and Na*,K* -ATPase activity

AChE activity was increased in the cerebral cortex
(F5,15=10.77, P<0.05) and hippocampus (F;;=6.39,

P <0.05) following Met, MetO, and Met + MetO treatment
when compared with control rats (Fig. 3). Furthermore,
there was an increase in AChE activity in the MetO and
Met + MetO groups in the striatum compared with the con-
trol group (F; ;5=4.79, P<0.05, Fig. 3).

As shown in Fig. 3, Na*,K*-ATPase activity was signifi-
cantly decreased in the MetO and Met + MetO groups in the
hippocampus (F; ;=8.91, P <0.05, Fig. 3). However, no
change was observed in Na*,K*-ATPase activity in the cere-
bral cortex (F3 ;,=1.88, P>0.05) and striatum (F; ;;=0.17,
P>0.05) following Met and/or MetO treatment (Fig. 3).

Methionine and/or methionine sulfoxide
induces oxidative stress in the cerebral cortex,
hippocampus, and striatum

Table 2 shows the results of the oxidative stress analyses.
Met, MetO, and Met + MetO treatment increased the level of
TBARS in the cerebral cortex (F 320 = 5.23, P<0.05); how-
ever, there was no change in ROS (F3,15=0.42, P>0.05),
total thiol (F3 ;=3.13, P>0.05), or nitrite (F;,;3=0.15,
P> 0.05) levels. Furthermore, there was no difference in
antioxidant enzyme activity, such as SOD (F73,,=0.95,
P>0.05, Fig. 4a), CAT (F;,,=1.51, P>0.05, Fig. 4b), and
GPx (F;,;=0.87, P>0.05, Fig. 4¢), compared with the con-
trol group.
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Fig.3 Acetylcholinesterase and Na', K*-ATPase activity in the
cerebral cortex, hippocampus, and striatum of young rats 21 days
after treatment with methionine (Met) and/or methionine sulfoxide
(MetO). AChE activity is expressed in pmol AcSCh/h/mg protein

and Na*, K*-ATPase activity as nmol/Pi released/min/mg protein.
One-way ANOVA and post hoc Tukey’s multiple comparisons test
were performed. Bars represent mean+ SEM. *P <0.05; **P<0.01;
*#%P <(0.001, compared with the control group (n=4-7)
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Fig.4 Superoxide dismutase (SOD) catalase (CAT) and glutathione
peroxidase (GPx) activity in the cerebral cortex (a—c), hippocampus
(d-f), and striatum (g—i) of young rats 21 days after treatment with
methionine (Met) and/or methionine sulfoxide (MetO). CAT, SOD,

In the hippocampus Met, MetO, and Met + MetO
treatment increased ROS (F; ,=38.42, P <0.05), and
TBARS (F;19=28.29, P <0.05) levels, while MetO and
Met + MetO treatment reduced the total thiol (F3 ;o=6.05,
P <0.05) and nitrite (F5 ;;=7.40, P <0.05; Table 2) con-
tent. In addition, administration of Met/MetO combined
or alone reduced SOD (F319= 6.66, P <0.05, Fig. 4d),
and GPx (F;,=12.30, P <0.05, Fig. 4f) activity in the
hippocampus. CAT activity was reduced in the rats that
received MetO or Met + MetO (F3,15= 8.69, P<0.05,
Fig. 4e) when compared with the control group.

Met, MetO, and Met + MetO enhanced ROS levels
(F3,5=34.5, P<0.05) in the striatum (Table 2). MetO
and Met+ MetO treatment increased TBARS levels
(F3,6=28.86, P<0.05) and reduced total thiol content
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and GPx activity are reported as units/mg of protein. One-way
ANOVA and post hoc Tukey’s multiple comparisons test were per-
formed. Bars represent mean+SEM. *P <0.05, compared with the
control group (n=4-7)

(F3,19=7.93, P<0.05) when compared with the con-
trol group (Table 2). Furthermore, reduced nitrite
was observed in the striatum in all treatment groups
(F3,19=5.19, P<0.05, Table 2). Figure 4 shows that MetO
and Met + MetO reduced SOD (F;;,=3.92, P<0.05,
Fig. 4¢g) and CAT (F; 4=4.24, P <0.05, Fig. 4h) activ-
ity in the striatum; however, no changes were observed in
GPx activity (F3,,=2.16, P>0.05, Fig. 4i).

Effect of methionine and/or methionine sulfoxide
on BDNF in the hippocampus of young rats

Figure 5 shows that the concentration of BDNF was reduced in
the hippocampus in MetO and Met+MetO groups when com-
pared with the control group (F3,,;,=6.84, P<0.05, Fig. 5).
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Table 2 RQS, TBARS, Groups

SH, and nitrite levels in the

cerebral cortex, hippocampus, Control Met MetO Met +MetO

and striatum from young rats

21 days after treatment with Cerebral cortex

methionine (Met) and/or ROS 102.0+17.5 120.6 +14.33 107.7 +10.47 99.74+5.0

methionine sulfoxide (MetO) TBARS 0.66+0.03 0.80+0.03* 0.82+0.02% 0.81+0.08*
SH 27.85+1.07 2520+1.82 27.23+0.70 30.48+1.09
Nitrite 15.50+0.70 14.52+1.77 15.60+1.54 15.6+0.90
Hippocampus
ROS 24.05+2.1 64.68 +10.07** 69.23 +5.1%* 63.36+9.3*
TBARS 0.48+0.06 0.66+0.01* 0.65+0.04* 0.73+0.01*
SH 29.10+1.34 2624 +24 20.39+0.73* 19.60+1.63*
Nitrite 15.50+1.29 13.72+1.54 8.42+0.78%* 10.50+0.70*
Striatum
ROS 29.10+5.74 149.3 + 14.0%** 64.62+2.74% 67.26+9.3*
TBARS 0.57+0.01 0.59+0.03 0.87+0.07* 0.77 £0.04*
SH 29.08 +2.63 29.46+2.43 18.57+0.71* 19.51 +1.36*
Nitrite 26.86+2.44 18.47 +2.69* 17.63 +0.93* 14.78 £ 1.55%*

ROS levels are expressed as pmol DCF/mg of protein, TBARS levels are reported as nmol TBARS/mg
of protein, thiol content are expressed as nmol TNB/mg of protein, and nitrite levels are expressed as pM
nitrite/mg of protein. One-way ANOVA and post hoc Tukey’s multiple comparisons test were performed.
Values are expressed as mean+SEM. *P <0.05; **P<0.01; ***P<0.001, compared with the control

group. (n=4-7)
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Fig.5 Concentration of brain-derived neurotrophic factor (BDNF) in
the hippocampus of young rats 21 days after treatment with methio-
nine (Met) and/or methionine sulfoxide (MetO). BDNF is reported as
pg/mg of protein. One-way ANOVA and post hoc Tukey’s multiple
comparisons test were performed. Bars represent mean+SEM (n =
4-7). *P<0.05, **P<0.01 compared with the control group (n =
5-6)

Methionine and/or methionine sulfoxide reduces
the number of NeuN-positive cells in the CA3
and DG

Figure 6a shows the CA1, CA3, and DG (area within the red
square, objective lenses 5 X scale bar 500 pm): CA1 (objec-
tive lenses 20X, scale bar 100 pm), CA3 (objective lenses
20 x, scale bar 100 um), and DG (objective lenses 10 X,
scale bar 250 pm). Areas were delimited in the hippocam-
pus, and the number of NeuN-positive cells were counted

(objective lenses 40 X, scale bar 50 pm, orange square
[area 10,083 x 150 um?], Fig. 5b). Quantitative analysis of
NeuN +cells in the CA1 (Fig. 5c), CA3 (Fig. 6d), and DG
(Fig. 6e). We found a significant reduction in NeuN + cells
in the CA3 following Met+ MetO treatment when compared
with controls (F3’]2=4.26, P <0.05, Fig. 6d). In addition,
there was a reduction in NeuN + cells in the DG in Met,
MetO, and Met + MetO groups when compared with the
control group (F3,=7.52, P<0.05, Fig. 6¢). No changes
was founded in NeuN +cells in the CA1 (F5,=0.10,
P>0.05, Fig. 6¢).

Discussion

Hypermethioninemia is characterized by high levels of
Met and its metabolite, MetO. In MAT I/III deficiency,
Met plasma levels increase to up to 30-fold higher, and
MetO levels may increase to 460 pM in the plasma (Gahl
et al.1988). Although global epidemiological data have not
been obtained to date, previous studies have shown that the
incidence of MAT I/III deficiency is 1 in 27,000 newborns
in the Iberian Peninsula (Marcdo et al. 2015). We have pre-
viously assessed the effects of acute and chronic exposure
of high levels of Met and MetO in experimental models.
Based on these studies, we have shown the toxic potential of
these amino acids in in vitro and in vivo (Costa et al. 2013;
Dos Santos et al. 2016; Soares et al. 2017a, b; Stefanello
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«Fig. 6 Number of NeuN-positive cells in the CAl, CA3, and DG
from young rats 21 days after treatment with methionine (Met) and/
or methionine sulfoxide (MetO). Data are reported as mean=+ SEM.
One-way ANOVA and post hoc Tukey’s multiple comparisons test
were performed. *P <0.05 and **P <0.01, compared with the control
group (n=4)

et al. 2005, 2007a, b, 2009, 2011; Schweinberger et al. 2015,
2018a, b). In this study, we have demonstrated that Met and/
or MetO induced memory deficits and biochemical altera-
tions in important brain structures.

First, we assessed whether treatment affected behavior
using an open-field test for motor abnormalities evalua-
tion (Belzung and Griebel 2001). We found that Met and/
or MetO did not alter the spontaneous locomotor activity of
the animals. However, Met, MetO, and Met + MetO showed
reduced rearing, indicating a lower exploratory activ-
ity. Rearing behavior is associated with improvements in
spatial cognitive map formation and space defense (Borta
and Schwarting 2005), which can facilitate learning and spa-
tial memory. Therefore, it is plausible that a decrease in rear-
ing may explain the findings of the Y-maze and object rec-
ognition tests (Pawlak and Schwarting 2002). The decrease
in rearing and grooming may be associated with Met- and
MetO-induced anxiogenic behavior. In line with this, Hrn-
cic et al. (2016) demonstrated that methionine-enriched diet
reduces rearing and promotes anxiety-like behavior.

Our results have shown that administration of Met and
MetO alone, or in combination, impaired short-term object
recognition memory. In addition, impairment in the Y-maze
test was observed. Our results are in agreement with other
studies that demonstrate memory impairment with long-
term Met exposure in rats (Stefanello et al. 2007a, b) and
zebrafish (Vuaden et al. 2012). The brain is organized into
multiple memory systems that are associated with different
brain structures. The cerebral cortex, and more specifically,
the perirhinal cortex and hippocampus contribute to recogni-
tion memory (Vann and Albasser 2011; Antunes and Biala
2012). In addition, the hippocampus plays a crucial role in
spatial memory (Bast et al. 2009; Vann and Albasser 2011).
Corroborating this evidence, Bast et al. (2009) demonstrated
that animals with hippocampal damage were not able to
learn new spatial locations within a familiar environment,
similar to the results in the present study (Bast et al. 2009).
Furthermore, the interaction between the hippocampus and
striatum significantly contributes to the initial learning and
sequential motor behavior (Ghiglieri et al. 2011; Albouy
et al. 2013). Thus, damage to the cerebral cortex, hippocam-
pus, and striatum can directly affect neural memory systems.

Our results showed that Met, MetO, and Met + MetO
induced oxidative damage in the brain. This treatment
increased ROS and TBARS levels and decreased the SH con-
tent and SOD, CAT, and GPx activity in the hippocampus

and striatum. The enzyme and non-enzyme antioxidant
defenses play an important role as ROS and reactive nitro-
gen species (RNS) scavengers. ROS and RNS may contrib-
ute to brain injury, activating several intracellular signaling
cascades, such as mitochondrial and proteasomal dysfunc-
tion, and inflammation (Patel 2016; Suzuki et al.2016). In
this context, it is plausible that a Met- and/or MetO-induced
decrease antioxidant enzymatic activity could lead to an
excess of reactive species, such as anion superoxide and
hydrogen peroxide, resulting in lipid peroxidation and a
disruption of cellular homeostasis in brain structures.

MetO formation from Met is known to be dependent on
ROS levels. Also, MetO can also be oxidized by ROS to
other metabolites such as methionine sulfone and homo-
cysteic acid (Mudd 2011; Tarrago et al. 2015; Suzuki et al.
2016). Thus, MetO metabolism may happen differently
between brain structures since it is dependent of ROS pro-
duction which is not altered in the cerebral cortex but is
increased in the striatum and hippocampus.

Furthermore, nitrite levels were reduced in the hippocam-
pus and striatum of young rats by Met and/or MetO treat-
ment. Nitrite is the product of oxidation of nitric oxide (NO),
which is an important intra- and extracellular signaling mol-
ecule involved in learning and memory-related processes
and mediation of excitatory responses (Paul and Ekambaram
2011; Gasparovic et al. 2016). Decreased nitrite levels, as
found in this study, may be an indirect measure of reduced
levels of NO. This may be associated with the increase in
ROS levels, leading to a reduction in the bioavailability of
NO. This is associated with neurodegeneration, cognitive
failure, and memory loss, similar to the behavior found in
this present investigation (Toda and Okamura 2016).

We have evaluated the effect of chronic treatment of Met
and/or MetO on AChE activity. AChE is a crucial enzyme
in synaptic transmission as it rapidly hydrolyzes acetylcho-
line at cholinergic synapses. In addition, AChE has several
other important roles in the central nervous system, such as
glial activation, postsynaptic differentiation, cell adhesion,
and the activation of dopaminergic neurons (Silman and
Sussman 2005). Here, we showed that Met and MetO when
administered alone or in combination altered the AChE
activity in all brain structures evaluated. Similar results
were founded by Stefanello et al. (2007a, b), which showed
an increase in AChE activity in the cerebral cortex of rats
treated with Met.

The increase in the AChE activity in the cerebral cor-
tex and hippocampus may reduce acetylcholine levels,
leading to the memory deficits we observed in this study.
In addition, data have demonstrated that dysfunctions on
cholinergic signaling in the striatum are associated with the
pathophysiology of Parkinson’s disease and dystonia (Boh-
nen and Albin 2010). Considering the key physiological
role of AChE, alterations in this enzyme may represent an
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important mechanism associated with the symptoms, such
as cognitive deficits, delayed psychomotor development, and
dystonia, noted in patients with hypermethioninemia (Mudd
2011; Schweinberger and Wyse 2016; Nashabat et al. 2018).

The rats treated with MetO and Met+ MetO showed a
decrease in Na*, K*-ATPase activity in the hippocampus.
This alteration may be associated with high ROS levels or
reduced the neuron number observed in the same groups.
High ROS production can lead to a conformational change in
Na*, K*-ATPase and induce the endocytosis, thereby reduc-
ing plasma membrane density, and Na*, K*-ATPase activ-
ity at the cell surface (Zhang et al. 2008). Schweinberger
et al. (2015) showed that although high Met levels inhibited
Na*, K*-ATPase activity, the expression and content of this
enzyme is increased in the brain of offspring (Schweinberger
and Wyse 2016). This result indicates that high ROS can
directly influence Na*, K*-ATPase activity.

The Na*, K*-ATPase o3 isoform is highly expressed in
neuronal projections, which suggest that it may be the main
isoform affected by MetO and Met + MetO, because there is
a reduction in the number of neurons (Clausen et al. 2017).
Also, it was demonstrated that the Na*, K*-ATPase a3 iso-
form has functional significance in the control of spatial
learning and memory (Holm et al. 2016).

In addition to the decrease in Nat, K™-ATPase activity
in the hippocampus, we have demonstrated that MetO and
Met+ MetO treatment reduced the levels of BDNF. BDNF
is essential for hippocampal long-term potentiation (LTP)

(Leal et al. 2014, 2015). This is the main form of synaptic
plasticity and is indicative of the efficacy of the synaptic
information storage, which is the main cellular mechanism
correlated learning and memory (Leal et al. 2014, 2015).
In addition, BDNF can control differentiation and neuronal
survival. In this sense, a decreased hippocampal BDNF
concentration corroborates the reduction in NeuN, which
also have an important cognitive function (Leal et al. 2014,
2015). Schweinberger et al. (2018a, b) also demonstrated
that Met administration in pregnant rats alters the ultras-
tructure of neurons in the brain of offspring, corroborating
the data found in this study (Schweinberger et al. 2018a, b).

Previously, it has been shown that spatial memory train-
ing modifies BDNF receptor tyrosine kinase expression in
young and old rat hippocampus (Silhol et al. 2007). Thus,
the reduction in BDNF levels could be contributing to the
spatial memory deficit observed in the present study through
the interaction of BDNF via tyrosine kinase receptors.

The hippocampal formation is sensitive to pathophysi-
ological changes, which can affect hippocampal-dependent
functions and reduce the production of new neurons and
structural changes (Huang et al. 2015). The mechanism that
leads to cognitive dysfunction is associated with the hip-
pocampus is complex; however, persistent oxidative stress
plays an important role in this function (Huang et al. 2015).
Another point to be considered is that DG is a region with
the presence of precursor cells of neurons which seems to be
the most affected, demonstrating reduction of neurons and

Met and/or MetO chronic
administration in young rats
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Fig.7 Effect of chronic administration of methionine (Met) and
methionine sulfoxide (MetO) on the behavioral and neurochemical
parameters in young rats. SOD superoxide dismutase, CAT catalase,
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increase of apoptosis under toxicological conditions (Rah-
meier et al. 2016; Huf et al. 2018). Thus, alterations in this
region, as observed in this work, could interfere in the other
regions of the hippocampus.

The neurons generated postnatally in the subgranular
region of the hippocampus are involved in spatial learn-
ing and memory. The generation of new neurons in dentate
gyrus is important for hippocampal functioning and has been
implicated in spatial memory. Furthermore, it has been dem-
onstrated that MetO and Met + MetO reduce the neurons
number in the DG, suggesting that these amino acids may
impact hippocampus neurogenesis (Erasso et al. 2013).

Carrasco et al. (2014) reported that MAT1A knout mice
did not demonstrate spatial memory deficit or neurogenesis
reduction in the hippocampus of mice (Carrasco et al. 2014).
This discrepancy in the protocol at least it explains the dif-
ferences in the results obtained since in our study MAT
activity is not reduced and probably there are the production
of others metabolites. In addition, unlike the animal model
used here, the authors used mice adults while we used young
rats which also can be influenced in the results.

In conclusion, the results obtained in the present study
showed that chronic exposure to Met and/or MetO induced
memory deficits in young rats via increased oxidative
stress and AChE activity in the cerebral cortex, hippocam-
pus, and striatum. MetO alone or in combination with Met
also decreased Nat, K*-ATPase and BDNF levels, and the
number of neurons in the hippocampus (Fig. 7). These
data assist with understanding the neurological changes
found patients with hypermethioninemia. In addition,
these results provide new perspectives for future studies
that seek therapeutic targets for this pathology.
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