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Abstract In the present study we developed a chemically
i n du c e d e x p e r ime n t a l mod e l f o r g e s t a t i o n a l
hypermethioninemia in rats and evaluated in the offspring
the activities of Na+,K+-ATPase and Mg2+-ATPase, as well
as oxidative stress parameters, namely sulfhydryl content,
thiobarbituric acid-reactive substances and the antioxidant
enzymes superoxide dismutase and catalase in encephalon.
Serum and encephalon levels of methionine and total homo-
cysteine were also evaluated in mother rats and in the off-
spring. Pregnant Wistar rats received two daily subcutaneous
injections of methionine throughout the gestational period
(21 days). During the treatment, a group of pregnant rats
received dose 1 (1.34 μmol methionine/g body weight) and
the other one received dose 2 (2.68 μmol methionine/g body
weight). Control group received saline. After the rats give
birth, a first group of pups was killed at the 7th day of life
and the second group at the 21th day of life for removal of
serum and encephalon. Mother rats were killed at the 21th day
postpartum for removal of serum and encephalon. Both doses
1 and 2 increased methionine levels in encephalon of the
mother rats and dose 2 increased methionine levels in

encephalon of the offspring. Maternal hypermethioninemia
also decreased the activities of Na+,K+-ATPase,Mg2+-ATPase
and catalase, as well as reduced total sulfhydryl content in the
encephalon of the pups. This chemical model seems to be
appropriate for studies aiming to investigate the effect of
maternal hypermethioninemia on the developing brain during
gestation in order to clarify possible neurochemical changes in
the offspring.
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Introduction

Hypermethioninemia is a condition characterized by elevated
plasma Methionine (Met) levels and may occur in a variety of
metabolic disorders. The most common genetic cause for
isolated hypermethioninemia is the deficiency of Met
adenosyltransferase (MAT) I/III, an enzyme that catalyzes
the synthesis of S-adenosylmethionine (AdoMet) from Met
and ATP. MAT I and MATIII are expressed predominantly in
liver and are encoded by the MAT1A gene (Mudd 2011).
MAT1A R264H in heterozygosis has been shown to be one
of the most frequent mutations and may lead to mild
hypermethioninemia (Couce et al. 2013). Other causes for
hypermethioninemia include classical homocystinuria (due
to cystathionine beta-synthase deficiency), deficiencies of
citrin, glycine N-methyltransferase, S-adenosylhomocysteine
hydrolase, and fumarylacetoacetate hydrolase (tyrosinemia
type I) (Mudd et al. 2001).
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The clinical consequences of MAT I/III deficiency may
include neurological disorders, such as cognitive deficits,
cerebral edema and demyelination. However, despite a great
deal of works on the neurotoxic effects of Met, the mecha-
nisms involved in these alterations are still not well-
understood (Chamberlin et al. 1996; Mudd et al. 2000, 2001).

In a previous study, a chronic experimental model of
hypermethioninemia was induced in developing rats (6th to
the 28th postpartum day). The results of such study suggest
that the brain toxicity mediated by Met may be a consequence
of a reduction in Na+,K+-ATPase activity (Stefanello et al.
2011), an integral membrane protein responsible for the main-
tenance of intra and extracellular electrolyte balance (Lees
1991). Studies show that Na+,K+-ATPase can be inhibited
by reactive oxygen species (ROS) (Lees 1993), lipid peroxi-
dation (Mishra et al. 1989; Viani et al. 1991) and oxidation of
the sulfhydryl (SH) group (Yufu et al. 1993). Evidences also
show that administration of antioxidants were able to partially
prevent the induced Met-inhibition of this enzyme in rat
hippocampus (Stefanello et al. 2011), suggesting that oxida-
tive stress is involved in the inhibition of Na+,K+-ATPase
during hypermethioninemia.

Although it is known that elevated blood levels of certain
amino acids can cause severe neuronal damage to the fetus
during pregnancy (Mabry et al. 1963; Huether et al. 1992; de
Franceschi e t a l . 2013) , the effect of maternal
hypermethioninemia on the developing brain during intrauter-
ine life is poor studied. Therefore, the objective of this study
was to develop a chemically induced experimental model for
gestational hypermethioninemia. The serum and encephalon
levels of Met and its metabolite homocysteine (Hcy) were
evaluated in the offspring of rats exposed to Met during
pregnancy. We also evaluated the activities of Na+,K+-ATPase
and Mg2+-ATPase, as well as oxidative stress parameters,
namely sulfhydryl content, thiobarbituric acid-reactive sub-
stances (TBARS) and the antioxidant enzymes superoxide
dismutase (SOD) and catalase (CAT) in encephalon.

Materials and methods

Animals and reagents

Female Wistar rats were obtained from the Central Animal
House of the Departamento de Bioquímica, Instituto de
Ciências Básicas da Saúde, Universidade Federal do Rio
Grande do Sul, Porto Alegre, RS, Brazil. Animals were main-
tained on a 12/12 h light/dark cycle in an air-conditioned
constant temperature (22±1 °C) colony room. Rats had free
access to a 20 % (w/w) protein commercial chow and water.
The NIH “Guide for the Care and Use of Laboratory Animals”
(NIH publication No. 80–23, revised 1996) and the official
governmental guidelines in compliance with the Federação

das Sociedades Brasileiras de Biologia Experimental were
followed in all experiments. All chemicals were obtained from
Sigma Chemical Co., St. Louis, MO, USA.

Chronic methionine treatment

After mating the female rats with males of the same strain,
pregnancy was confirmed by the presence of sperm in the
vaginal smear. The pregnant rats (70–90 days of age) received
two daily subcutaneous injections of Met (at intervals of 12 h)
throughout the gestational period (21 days). During the treat-
ment, a group of pregnant rats received 1.34μmolMet/g body
weight and the other one received 2.68 μmol Met/g body
weight. These doses were calculated based on a previous work
that induced elevated concentrations of Met in the blood by
injecting subcutaneously Met (1.34–2.68 μmol/g of body
weight) to developing animals of various ages (Stefanello
et al. 2006). Control rats received saline. After birth, a first
group of pups was killed at the 7th day of life and the second
group at the 21th day of life. Mother rats were killed 21 days
after the last injection.

Tissue preparation and serum obtainment

Animals were killed by decapitation without anesthesia
followed by the removal of encephalon and blood. Encepha-
lon was divided into two parts. The first part was homoge-
nized in 10 volumes (1:10, w/v) of Medium buffer for deter-
mining the activities of Na+,K+-ATPase and Mg2+-ATPase.
The second part was homogenized in 10 volumes (1:10, w/v)
of buffer solution (sodium phosphate 20 mM, KCl 140 mM,
pH 7.4) for determining oxidative stress parameters. To obtain
serum, blood was collected and centrifuged at 1000xg (3,
000 rpm) for 10 min at 4 °C. After, serum was removed by
suction and stored at −80 °C for subsequent determination of
serum Met and total Hcy (tHcy) levels.

Methionine levels determination

The concentrations of Met in serum and encephalon were
determined by high-performance liquid chromatography
(HPLC) according to Joseph and Marsden (1986). The anal-
ysis was performed using a reverse phase column (ODS
25 cm×4.6 mm×5 μm) and fluorescent detection after
precolumn derivatization with OPAplus mercaptoethanol.
The flow rate was adjusted to 1.4 mL/min in a gradient of
the mobile phase of methanol and 0.5 M sodium phosphate
buffer pH 5.5 (buffer A, 80 % methanol; buffer B, 20 %
methanol). Each sample run lasts 45 min. Met was identified
by its retention time and was quantitatively determined by
using its chromatographic peak area and correlating with the
internal standard peak area (homocysteic acid).
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Total homocysteine levels determination

tHcy levels in serum and encephalon were determined as
described by Magera et al. (1999), using liquid chromatogra-
phy electrospray tandem mass spectrometry (LC–MS/MS).
After samples reduction and deproteinization, the tHcy con-
centration was detected through the transition from the pre-
cursor to the product ion (m/z 136 tom/z 90). Homocysteine-d
(8) was added as an internal standard.

Na+,K+-ATPase activity assay

The reaction mixture for Na+,K+-ATPase activity assay
contained 5.0 mM MgCl2, 80.0 mM NaCl, 20.0 mM KCl
and 40.0 mM Tris–HCl, pH 7.4, in a final volume of 170 μL.
The reaction was initiated by the addition of ATP. Controls
were carried out under the same conditions with the addition
of 1.0 mM ouabain. The activity was calculated by the differ-
ence between the two assays, as previously described (Wyse
et al. 2000). Released inorganic phosphate (Pi) was measured
by the method of Chan et al. (1986). Specific activity of the
enzyme was expressed as nmol Pi released per min per mg of
protein. All samples were run in duplicate.

Mg2+-ATPase activity assay

Total ATPase activity was assayed by the addition of ATP at
the mixture containing 5.0 mM MgCl2, 80.0 mM NaCl,
20.0 mM KCl and 40.0 mM Tris–HCl, pH 7.4. Pi released
was then measured. The activity of Mg2+-ATPase was calcu-
lated by the difference between the total ATPase activity and
Na+,K+-ATPase activity. Specific activity of the enzyme was
expressed as nmol Pi released per min per mg of protein. All
samples were run in duplicate.

Thiobarbituric acid-reactive substances

TBARS were measured according to Ohkawa et al. (1979).
Briefly, the following reagents were added (in this order) to
glass tubes: 200 μL of tissue supernatant; 20 μL of sodium
dodecyl sulfate (SDS) 8.1 %; 600 μL of 20 % acetic acid in
aqueous solution (v/v) pH 3.5; 600 μL of 0.8 % thiobarbituric
acid. The mixture was vortexed and the reaction was carried
out in a boiling water bath for 1 h. The tube was then allowed
to cool on water for 5 min, and was centrifuged at 1,000g for
10 min. The resulting pink stained TBARS were determined
spectrophotometrically at 535 nm in a Beckman DU® 800
(Beckman Coulter, Inc., Fullerton, CA, USA). A calibration
curve was generated using 1,1,3,3-tetramethoxypropane as a
standard. TBARS were calculated as nmol TBARS/mg
protein.

Sulfhydryl content

This assay is based on the reduction of 5,5′-dithiobis-(2-
nitrobenzoic acid) (DTNB) by thiols, which in turn become
oxidized (disulfide), generating the yellow derivative
thionitrobenzoic acid (TNB) whose absorption is measured
spectrophotometrically at 412 nm (Aksenov and Markesbery
2001). Briefly, 50 μL of homogenate were added to 1 mL of
PBS buffer pH 7.4 containing 1 mM EDTA. Then 30 μL of
10 mM DTNB, prepared in a 0.2 M potassium phosphate
solution pH 8.0, were added. Subsequently, 30min incubation
at room temperature in a dark room was performed. Absorp-
tion was measured at 412 nm using a Beckman DU1 640
spectrophotometer. The sulfhydryl content is inversely corre-
lated to oxidative damage to proteins. Results were reported as
nmol TNB/mg protein.

Superoxide dismutase assay

SOD activity assay is based on the capacity of pyrogallol to
autoxidize, a process highly dependent on superoxide, which
is the substrate for SOD. The inhibition of the autoxidation of
this compound occurs in the presence of SOD, whose activity
can be then indirectly assayed at 420 nm using the
SpectraMax M5/M5 Microplate Reader (Molecular Devices,
MDS Analytical Technologies, Sunnyvale, California, USA)
(Marklund 1985). A calibration curve was performed with
purified SOD as standard, in order to calculate the activity of
SOD present in the samples. The results are reported as units/
mg protein.

Catalase assay

CAT activity was assayed using SpectraMax M5/M5 Micro-
plate Reader (Molecular Devices, MDS Analytical Technolo-
gies, Sunnyvale, California, USA). The method used is based
on the disappearance of hydrogen peroxide (H2O2) at 240 nm
in a reaction medium containing 20 mM H2O2, 0.1 % Triton
X-100, 10 mM potassium phosphate buffer pH 7.0, and 0.1–
0.3 mg protein/mL (Aebi 1984). One CAT unit is defined as
1 μmol of H2O2 consumed per minute and the specific activity
is calculated as pmol/mg protein.

Protein determination

Protein concentration was measured by the method of Lowry
et al. (1951) and Bradford (1976) using bovine serum albumin
as standard.

Statistical determination

Data were analyzed by One-way ANOVA followed by the
Tukey test, when F-test was significant. All analyses were

Metab Brain Dis (2014) 29:153–160 155



performed using the Statistical Package for the Social Sci-
ences (SPSS) software in a PC-compatible computer. Differ-
ences were considered statistically significant if p <0.05.

Results

Methionine and total homocysteine levels in serum
and encephalon of the mother rats

At the 21th day after giving birth, mother rats were decapitated
followed by the removal of serum and encephalon for evalu-
ation of Met levels. Since Hcy is formed during Met metab-
olism, tHcy levels were also evaluated. As can be observed in
Table 1, results showed that female rats that received Met
during pregnancy, had no difference in serum Met [F(2,9)=
0.10; p >0.05] and tHcy levels [F(2,9)=0.52; p >0.05] when
compared to the control group. On the other hand, encephalon
Met levels were significantly increased in female rats treated
with dose 1 (~45 %) [F(2,9)=11.61; p <0.05] and dose 2
(~59 %) [F(2,9)=11.61; p <0.01]. Encephalon tHcy levels of
treated-rats were not different from the control [F(2,9)=5.12;
p >0.05].

Methionine and total homocysteine levels in serum
of the offspring

Table 2 shows that serum Met levels of 21 days-of-age pups
from Met-treated mothers did not differ from pups whose
mothers were treated with saline [F(2,9)=0.27; p >0.05].
Our findings also demonstrated that animals submitted to the
model had no difference in tHcy serum levels when compared
to the control [F(2,9)=1.14; p >0.05]. Met and tHcy serum
levels were not evaluated in 7 days-of-age pups due to the low
volume of samples.

Methionine and total homocysteine levels in encephalon
of the offspring

Table 3 shows that encephalon Met levels were significantly
higher in 21 days-of-age pups whose mothers were treated with
dose 2 (~230 %) [F(2,9)=11.65; p <0.01] but not with dose 1
[F(2,9)=11.65; p >0.05]. Dose 2 also increased Met levels in
encephalon of 7 days-of age pups (~129 %) [F(2,9)=3.77; p <
0.01], while dose 1 did not alter Met levels [F(2,9)=3.77; p >
0.05]. Encephalon tHcy levels were also evaluated and it was
observed no difference between the groups in pups of 21 [F(2,
9)=1.27; p >0.05] and 7 days of age [F(2,9): 7.80=p >0.05].

Effect of gestational hypermethioninemia on Na+K+-ATPase
activity in encephalon of the offspring

Figure 1 shows that maternal hypermethioninemia significant-
ly decreased Na+K+-ATPase activity in encephalon of
21 days-of-age pups whose mothers where treated with dose
1 [F(2,15)=p <0.001] and dose 2 [F(2,15)=p <0.001]. This
parameter was not altered in 7 days-of-age pups (control:
24.20±8.16; dose 1: 19.48±5.87; dose 2: 23.69±6.57;
p >0.05) (data not shown).

Effect of gestational hypermethioninemia on Mg2+-ATPase
activity in encephalon of the offspring

Figure 2 indicates that gestational hypermethioninemia signif-
icantly reduced Mg2+-ATPase activity in encephalon of
21 days-of-age pups whose mothers where treated with dose
1 [F(2,15)=p <0.001] and dose 2 [F(2,15)=p <0.01]. This
parameter was not altered in 7 days-of-age pups (control:
285.88±3.14; dose 1: 275.19±38.65; dose 2: 241.61±30.71;
p >0.05) (data not shown).

Effect of gestational hypermethioninemia on parameters
of oxidative stress in the encephalon of the offspring

Encephalon lipid damage was measured by TBARS levels
and we observed that gestational hypermethioninemia did not
change this parameter neither in 7 (control: 6.34±1.2; dose 1:

Table 1 Methionine and total homocysteine levels in serum and enceph-
alon of the mother rats

Group Serum Met
levels (μM)

Serum tHcy
levels (μM)

Encephalon
Met levels (μM)

Encephalon
tHcy levels
(μM)

Saline 23.50±4.10 4.02±1.98 7.40±0.50 1.14±0.13

Dose 1 23.35±1.77 5.87±2.50 10.73±1.80* 1.43±0.13

Dose 2 20.65±11.38 5.20±2.27 11.80±0.10** 1.98±0.45

At the 21th day after giving birth, serum and encephalon of the mother
rats were collected. Data are expressed as mean ± S.D. for 4 rats in each
group. Different from control, * p <0.05; ** p <0.01 (One-way ANOVA
and Tukey test)

Table 2 Methionine and total homocysteine levels in serum of the
offspring

Group Serum Met levels (μM) Serum tHcy levels (μM)

Saline 54.27±3.80 4.10±1.63

Dose 1 57.66±13.33 6.29±3.24

Dose 2 59.60±7.50 5.65±0.88

At the 21th day after birth, serum of the offspring was collected. Data are
expressed as mean ± S.D. for 4 rats in each group (One-way ANOVA and
Tukey test)
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7.50±1.27; dose 2: 7.20±2.41; p >0.05) and 21 days-of-age
pups (control: 4.97±0.66; dose 1: 4.38±0.31; dose 2: 5.77±
0.57; p >0.05) (data not shown). On the other hand, we
observed that proteins were affected by the Met treatment
since SH content was significantly decreased in encephalon
of 21 days-of-age pups whose mothers were treated with dose
1 [F(2,15)=5.76; p <0.05] and dose 2 [F(2,15)=5.76; p <
0.05] (Fig. 3). Met treatment did not alter SH content in
7 days-of-age pups (control: 67.09±1.05; dose 1: 65.29±
10.87; dose 2: 52.92±8.99; p >0.05) (data not shown).

Antioxidant enzymes were also evaluated, and we observed
that the treatment did not change SOD activity in pups of both
7 (control: 5.46±1.17; dose 1: 4.18±1.10; dose 2: 4.46±1.69;
p >0.05) and 21 days of age (control: 3.26±0,40; dose 1: 3.20
±0.49; dose 2: 3.12±0.46; p >0.05) (data not shown). Averse-
ly, CAT activity was significantly reduced in 21 days-of-age
pups whose mothers were treated with dose 2 [F(2,15)=7.63;
p <0.05], but not with dose 1 [F(2,15)=7.63; p >0.05] (Fig. 4).
Pups of 7 days of age did not present changes in CAT activity
in encephalon (control: 2.12±0.75; dose 1: 2.86±0.50; dose 2:
2.40±0.79; p >0.05) (data not shown).

Discussion

In face of the importance of identifying factors that may cause
damage to the structures and functions of the developing brain

during the prenatal period and since hypermethioninemia may
be associated with neurological disorders (Mudd et al. 2000,
2001), the main objective of the present study was to develop
an experimental model for gestational hypermethioninemia in
rats.

In our study, Wistar rats received daily subcutaneous injec-
tion of Met in two different doses (1.34 or 2.68 μmol Met/g
body weight) during all gestational period. Serum Met and
tHcy levels of the treated-mother rats and their pups demon-
strated no significant difference when compared to the control,
probably because Met levels return back to the control values
12 h after the injection of this amino acid (Stefanello et al.
2006). Enhanced Met levels in encephalon, on the other hand,
persisted 21 days after the interruption of the treatment in
mother rats treated with doses 1 and 2, as well as in pups
whose mothers were treated with dose 2.

Since cerebral dysfunction may be observed in patients
with hypermethioninemia and changes in the activity of the
enzyme Na+,K+-ATPase seem to be associated with neurolog-
ical diseases (Cannon 2004; de Carvalho et al. 2004;
Zhang et al. 2013; Banerjee et al. 2012), the next step of this
s tudy was to invest igate the effect of maternal
hypermethioninemia on encephalon Na+,K+-ATPase activity
of the offspring. The results demonstrated a significant de-
crease in the activity of this enzyme in 21 days-of-age pups,
corroborating with other work described in literature which
shows that acute and chronic hypermethioninemia reduce

Table 3 Methionine and total
homocysteine levels in encepha-
lon of the offspring

At the 7th and the 21th day after
birth, encephalon of the offspring
was collected. Data are expressed
as mean ± S.D. for 4 rats in each
group. Different from control,
** p <0.01 (One-way ANOVA
and Tukey test)

Group Encephalon Met levels (μM) Encephalon tHcy levels (μM)

21 days-of-age pups Saline 2.53±0.76 1.48±0.42

Dose 1 3.54±1.46 1.27±0.65

Dose 2 8.35±2.32** 1.83±0.35

7 days-of-age pups Saline 3.50±0.08 0.94±0.65

Dose 1 6.25±1.85 0.89±0.10

Dose 2 8.02±2.14** 0.90±0.51

Fig. 1 Effect of gestational hypermethioninemia on encephalon Na+,K+-
ATPase activity of 21 days-of-age rat pups. Results are expressed as
means ± SD for six animals in each group. Different from control,
***p <0.001 (One-way ANOVA and Tukey test)

Fig. 2 Effect of gestational hypermethioninemia on encephalon Mg2+-
ATPase activity of 21 days-of-age rat pups. Results are expressed as
means ± SD for six animals in each group. Different from control,
**p<0.01; ***p <0.001 (One-way ANOVA and Tukey test)
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Na+,K+-ATPase activity in rat hippocampus (Stefanello et al.
2011). Such inhibition may lead to an impairment of sodium
and potassium membrane transport with a consequent intra-
cellular accumulation of sodium and water, which could ex-
plain the cerebral edema sometimes observed during
hypermethioninemia (Mudd et al. 2003). Besides, it has been
reported that administration of Na+,K+-ATPase inhibitors al-
ters neuronal firing (Johnson et al. 1992; Vaillend et al. 2002)
and impairs learning process (Mizumori et al. 1987; Sato et al.
2004; Zhan et al. 2004).

Mg2+-ATPase is the main enzyme in maintenance of high
brain intracellular Mg2+ concentrations, which is involved in
controlling protein synthesis and cell growth (Sanui and
Rubin 1982). In the present study, Mg2+-ATPase activity
was analyzed and it was found a decrease in the encephalon
activity of this enzyme in 21 days-of-age pups. Reduced
Mg2+-ATPase activity has been correlated with reduced learn-
ing performance (Carageorgiou et al. 2008), what could elu-
cidate, at least partially, the cognitive deficits found in some
patients with hypermethioninemia.

Given that previous studies suggest a link between
hypermethioninemia and the induction of oxidative stress in
hippocampus of rats (Stefanello et al. 2007) and that SH
groups of Na,+K+-ATPase and Mg2+-ATPase are susceptible
to oxidative damage, we also evaluated SH content in the
encephalon of the offspring. Met treatment significantly re-
duced this parameter in 21 days-of-age pups, what may pos-
sibly indicate that hypermethioninemia leads to an increased
superoxide radical production, which can combine with nitric
oxide (NO) to form ONOO− or can be dismutated to H2O2,
being that both may oxidize proteins bound SH (Winterbourn
and Hampton 2008) and might explain the reduced activities
of the ATPase enzymes observed in this study.

In addition, because the enzymes Na,+K+-ATPase and
Mg2+-ATPase are embedded in cellular membrane and reac-
tive species may lead to peroxidation of membrane lipids,
TBARS levels were measured to identify lipid damage. Ma-
ternal hypermethioninemia did not alter this parameter in the
encephalon of the offspring, suggesting that lipoperoxidation
is not involved in the alterations of ATPase enzymes activities.
In accordance, a recent study demonstrated that chronic ad-
ministration of Met does not change TBARS levels in liver of
rats (Stefanello et al. 2009).

In order to evaluate whether Met induces alterations in the
behavior of antioxidant enzymes, we studied the effect of this
amino acid on the activities of SOD and CAT, which represent
an efficient system responsible for removing ROS (Halliwell
2001; Halliwell and Gutteridge 2007). Results showed that
maternal hypermethioninemia did not alter cerebral SOD ac-
tivity; however CAT activity was significantly reduced in
encephalon of 21 days-of-age pups whose mothers were treat-
ed with dose 2. These findings are in agreement with a
previous work, which shows that hypermethioninemia pro-
vokes a significant decrease in CATactivity in liver of rats, but
does not affect SOD activity (Stefanello et al. 2009). This
condition can make the cellular environment more susceptible
to the formation of H2O2 and consequently could lead to
oxidative stress generation.

However, it should be emphasized that Hcy is formed from
Met metabolism. Hyperhomocysteinemia has been reported to
inhibit Na+,K+-ATPase in brain, to decrease CAT activity in
brain, lung and heart and to reduce total thiol content in liver
of rats (Streck et al. 2002; da Cunha et al. 2011; Kolling et al.
2011). Although we did not observe increased tHcy levels in
serum and encephalon of the pups, we cannot discard the
possibility that Hcy is involved in the changes occurred in
the encephalon of the offspring observed in the present study.
It is also important to note that interestingly only 21 days-of-
age pups presented alterations on the parameters evaluated.
During the gestational period, placenta exerts a maternal-fetal
transference of antioxidants, such as vitamin A, maintaining
adequate supply to the fetus (Underwood 1994; Dimenstein
et al. 1996). On this basis, it is possible that younger pups have

Fig. 3 Effect of gestational hypermethioninemia on encephalon SH
content of 21 days-of-age rat pups. Results are expressed as means ±
SD for six animals in each group. Different from control, *p<0.05 (One-
way ANOVA and Tukey test)

Fig. 4 Effect of gestational hypermethioninemia on encephalon catalase
activity of 21 days-of-age rat pups. Results are expressed as means ± SD
for six animals in each group. Different from control, *p <0.05 (One-way
ANOVA and Tukey test)
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a more efficient antioxidant protection, which is derived from
their mothers.

In summary, our data show that gestational Met-treatment
promotes, in the encephalon of the offspring, a reduction in
the activities of Na+,K+-ATPase and Mg2+-ATPase as well as
alters the oxidative status, reducing CAT activity and total SH
content. In the present study, the largest number of altered
parameters occurred in 21-days-of-age pups whose mothers
were treated with dose 2. Therefore, this chemical model
seems to be appropriate for futures studies aiming to investi-
gate the effect of maternal hypermethioninemia on the devel-
oping brain during gestation in order to clarify possible neu-
rochemical and/or behavioral changes in the offspring.
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