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Resumo 

 No presente estudo, nós investigamos o efeito da administração crônica de 

homocisteína sobre a captação de glutamato e a atividade da Na
+
,K

+
-ATPase, bem 

como sobre alguns parâmetros de estresse oxidativo (espécies reativas e enzimas 

antioxidantes como a catalase e superóxido dismutase) em hipocampo de ratos jovens. 

A influência da vitamina C, um antioxidante clássico,  sobre os efeitos mediados pela 

homocisteína também foi avaliada. Resultados mostraram que a hiper-homocisteinemia 

crônica diminuiu a captação de glutamato e a atividade da enzima Na
+
,K

+
-ATPase, 

aumentou os níveis de espécies reativas e diminuiu as atividades das enzimas catalase e 

superóxido dismutase. Além disso, a administração concomitante de vitamina C 

preveniu significativamente as alterações causadas pela homocisteína. De acordo com 

nossos resultados, parece possível sugerir que a redução na captação de glutamato e na 

atividade da Na
+
,K

+
-ATPase pode ser mediada pelo estresse oxidativo, já que a 

vitamina C preveniu tais efeitos. Acreditamos que esses resultados possam auxiliar na 

elucidação dos mecanismos pelos quais a homocisteína exerce seus efeitos neurotóxicos 

e sugerimos a possibilidade de que o tratamento com antioxidantes pode ser benéfico, se 

associado a terapia clássica, no tratamento de distúrbios neurológicos observados em 

pacientes homocistinúricos.  

 

Palavras chaves: hiper-homocisteinemia; captação de glutamato; Na
+
,K

+
-ATPase; 

vitamina C; hipocampo 
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Este artigo foi elaborado segundo as normas da revista Journal of Neural 

Transmission apresentadas em anexo. 
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Abstract 

In this study we investigated the effect of chronic administration of homocysteine on glutamate 

uptake and activity of Na+,K+-ATPase, as well as on some parameters of oxidative stress, such as levels 

of reactive species and antioxidant enzymes catalase and superoxide dismutase in the hippocampus of 

young rats. The influence of vitamin C, a classic antioxidant, on the effects mediated by homocysteine 

was also evaluated. Results showed that chronic hyperhomocysteinemia decreased glutamate uptake and 

the activities of Na+,K+-ATPase, catalase and superoxide dismutase; the levels of reactive species were 

increased by chronic homocysteine administration. Moreover, concomitant administration of vitamin C 

significantly prevented the alterations caused by homocysteine. According to our results, it seems 

possible to suggest that the reduction in glutamate uptake and activity of Na+,K+-ATPase may be 

mediated by oxidative stress, since vitamin C prevented these effects. We believe that these results may 

help us to elucidate the mechanisms by which homocysteine exerts its neurotoxic effects and suggest the 

possibility that treatment with antioxidants may be beneficial, if combined with classical therapy, for the 

treatment of neurological disorders observed in patients with homocystinuria. 

 

Key words: hyperhomocysteinemia; glutamate uptake; Na+,K+-ATPase; oxidative stress; vitamin C; 

hippocampus 
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INTRODUCTION 

Homocysteine (Hcy) is an amino acid generated metabolically by the S-adenosylmethionine 

(SAM) -dependent transmethylation pathway (Schalinske 2009) and the tissue accumulation of Hcy 

occurs in homocystinuria, a metabolic disease characterized biochemically by cystathionine b-synthase 

(CBS, EC 4.2.1.22) deficiency (Mudd et al. 2001). The accumulation of homocysteine is also present in 

several disorders that affects the central nervous system (CNS) as epilepsy (Herrmann et al. 2007; 

Sachdev 2004), Parkinson‟s  (Kuhn et al. 1998) and Alzheimer‟s disease (Gallucci et al. 2004).   

Glutamate is the major excitatory neurotransmitter in the mammalian CNS and is probably 

involved in most aspects of normal brain function including cognition, memory and learning 

(Collingridge et al. 1989; Fonnun 1984; Headley et al. 1990). However, when glutamate is present in high 

concentrations in the synaptic cleft, it may lead to excitotoxicity, a process corresponding to glutamate 

receptor overstimulation that subsequently leads to neuronal damage (Danbolt 2001; Mattson et al. 2002). 

Previous data suggests that Hcy induces neurodegeneration by NMDA receptor overstimulation (Lipton 

et al. 1997; Zieminska et al. 2006). More recently, we have shown that Hcy decreased the glutamate 

uptake in parietal cortex of rats, thus causing glutamatergic excitotoxicity (Matté et al. 2009).  

Na+,K+-ATPase (EC 3.6.1.3), also known as the sodium pump, is a membrane-bound enzyme 

responsible for generating the membrane potential of the cell through ion exchange, that provides energy 

for various cellular functions such as the establishment and maintenance of membrane resting potential 

and  pH homeostasis (Sjöström et al. 2007). Studies in our laboratory indicated that acute administration 

of Hcy decreased the Na+,K+-ATPase activity in hippocampus of rats (Wyse et al. 2002). It has been 

reported that this enzyme is inhibited by free radicals (Hitschke et al. 1994; Lees 1993). In this context, 

oxidative stress has also been an important mechanism of damage caused by Hcy (Streck et al. 2003; 

Wyse et al. 2002). Studies demonstrated that Hcy chronic administration increased lipid peroxidation, 

reduced antioxidant defenses and total thiol content in the liver and blood of the rats (Matté et al. 

2009a,b).  

 Vitamin C is a hydrosoluble vitamin widely present in many biological systems and in 

multivitamin preparations and it is commonly used to supplement inadequate dietary intake and as an 

antioxidant (Fox et al. 1989). Although most mammals synthesize vitamin C via the hexuronic acid 

pathway in the liver (Banhegyi et al. 1997), humans must acquire the water-soluble micronutrient from 
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dietary sources. Besides its antioxidant activity, vitamin C is involved in a number of cellular functions 

such as collagen biosynthesis and iron transport (Kim et al. 2006), and is also a naturally occurring free 

radical scavenger (Knight et al. 1993). It has been reported that gluthatione reductase activity is affected 

by reactive oxygen species (ROS) and that vitamin c is capable of preventing this effect (El-Missiry 

1999). 

Based on above information our objectives in this study were to analyze the effect of Hcy on 

glutamate uptake, Na+,K+- ATPase activity, and on oxidative stress  parameters in hippocampus of young 

rats and also evaluate the protective effect of vitamin C on the damage to these parameters. 

MATERIALS AND METHODS 

Animals and reagents 

Wistar rats were obtained from the Central Animal House of the Department of Biochemistry of 

the Federal University of Rio Grande do Sul, Porto Alegre, Brazil. Animals were maintained on a 12 h 

light/12 h dark cycle at a constant room temperature (22 ± 1°C). The rats had free access to water and 

commercial protein chow.  Animal care followed the NIH „„Guide for the Care and Use of Laboratory 

Animals‟‟ (NIH publication no. 80-23, revised 1996) and our study was approved by the Ethics 

Committee of the Federal University of Rio Grande do Sul.   

L-[2,3-3H] glutamate (specific activity 30 Ci/mmol)  was purchased from Amersham 

International, UK. The other chemicals were obtained from Sigma Chemical Co. (St. Louis, MO, USA). 

Chronic homocysteine and vitamin C administration 

 D, L- Hcy was dissolved in saline solution (0,85% NaCl) and buffered to pH 7.4. Hcy solution 

(0.3-0.6 µmol/g body weight) was administered subcutaneously twice a day at 8 h interval from their 6th 

to their 21st days of age. Hcy doses were calculated from pharmacokinetic parameters previously 

determined in our laboratory (Streck et al. 2002).  Vitamin C solution (100 mg/kg   body weight) was 

injected intraperitoneally, once a day, also from 6th to 21st day of life. Control animals received saline 

solution in the same volumes as those applied to Hcy and vitamin C treated rats. The rats were sacrificed 

by decapitation twelve hours after the last injection and the brain was carefully removed and 

hippocampus was dissected. 
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Tissue and homogenate preparation 

In order to measure the Na+,K+-ATPase activity, the hippocampus was homogenized in 10 

volumes of 0.32mM sucrose solution containing 5 mM HEPES and 1 mM EDTA, pH 7.4. Homogenates 

were centrifuged at 3000 x RPM for 10 min at 4 °C. The pellet was discarded and the supernatant was 

immediately separated and used for the measurements. 

 To determine the oxidative stress parameters, the hippocampus was homogenized in 10 volumes 

(1:10, w/v) of 20 mM sodium phosphate buffer, pH 7.4 containing 140 mM KCl. Homogenates were 

centrifuged at 3000 x RPM for 10 min at 4 °C, to discard the nuclei and the cell debris. The pellet was 

discarded and the supernatant was taken to biochemical assays. The homogenates used were from 

individual animals, and they were never pooled. All experiments were repeated with different animals. 

Glutamate uptake assay 

Glutamate uptake was performed according to Frizzo et al. (2002). Hippocampus was cut into 

400 µm thick slices with a McIlwain chopper. Briefly, slices were pre-incubated in Hank‟s balanced salt 

solution (HBSS) at 35°C for 15 min, followed by adding a solution containing 0.33 mCi/mL L-[2,3-3 H] 

glutamate with 100 µM unlabeled glutamate at 35 °C. Incubation was stopped after 5 min with two ice-

cold washes of 1 ml HBSS, immediately followed by the addition of 0.5 N NaOH. Sodium-independent 

uptake was determined on ice (4°C), using N- methyl- D- glucamine instead of sodium chloride. Both the 

specific and non-specific uptakes were performed in triplicate. Incorporated radioactivity was measured 

using a liquid scintillation counter. Protein content was measured by Peterson method (Peterson 1977). 

Na
+
,K

+
-ATPase activity assay 

 

For determination of Na+,K+-ATPase activity, the hippocampus was homogenized in 10 volumes 

of 0.32 mM sucrose solution containing 5.0 mM HEPES and 1.0 mM EDTA, pH 7.4. 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 difference 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 
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activity of the enzyme was expressed as nmol Pi released per min per mg of protein. All samples were run 

in duplicate. 

Catalase assay 

CAT activity was assayed using SpectraMax M5/M5 Microplate Reader (Molecular Devices, 

MDS Analytical Technologies, Sunnyvale, California, USA). The method used is based on the 

disappearance of 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 one mol of hydrogen peroxide consumed per minute and the specific activity is calculated as 

CAT units/mg protein. 

Superoxide Dismutase Assay 

This method for the assay of SOD activity is based on the capacity of pyrogallol to autoxidize, a 

process highly dependent on superoxide, which is substrate for SOD . The inhibition of autoxidation of 

this compound occurs in the presence of SOD, whose activity can be then indirectly assayed 

spectrophotometrically at 420 nm, using a double beam spectrophotometer with temperature control 

(Marklund, 1985). A calibration curve was performed with purified SOD as standard, in order to calculate 

the activity of SOD present in the samples. A 50% inhibition of pyrogallol autoxidation is defined as 1 

unit of SOD and the specific activity is represented as units per mg protein. 

2′7′dichlorofluorscein oxidation assay 

Reactive species production was measured following Lebel et al. (1992) method based on 2′7′-

dichlorofluorescein (H2DCF) oxidation.  Samples (60 μL) were incubated for 30 min at 37 °C in the dark 

with 240 μL of 100 μM 2′7′-dichlorofluorscein diacetate (H2DCF-DA) solution in a 96 wells plate. 

H2DCF-DA is cleaved by cellular esterases and the resultant H2DCF is eventually oxidized by reactive 

species presenting in samples. The last reaction produces the fluorescent compound DCF which was 

measured at 488 nm excitation and 525 nm emission and the results were represented by nmol DCF/ mg 

protein. 

Protein determination 

The protein content of hippocampus samples was determined using bovine serum albumin as 

standard, according to Lowry et al. (1951) or Bradford (1976). 
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Statistical analysis 

Data were analyzed by one-way ANOVA followed by the Duncan`s multiple range test when the 

F-test was significant.  All analyses were performed using the Statistical Package for the Social Sciences 

(SPSS) software in a PC compatible computer. Differences were considered statistically significant if 

p<0.05. 

RESULTS 

Initially, we investigated the effect of chronic administration of Hcy on glutamate uptake. Fig. 1. 

shows that chronic hyperhomocysteinemia significantly decreased glutamate uptake in hippocampus of 

young rats when compared to controls (saline administration). Besides, vitamin C treatment is ineffective, 

per se, but prevented the reduction in glutamate uptake caused by chronic Hcy administration [F(3,20) = 

4,291; p < 0.05].  

Next, we evaluated the effect of chronic hyperhomocysteinemia on Na+,K+-ATPase activity. Fig. 

2 shows that rats subjected to hyperhomocysteinemia present a significant reduction of Na+,K+-ATPase 

activity in homogenate of hippocampus  of young rats. In addition, this figure also shows that vitamin C, 

per se, did not alter the Na+,K+-ATPase activity, but when administered concomitantly with Hcy, it was 

able to prevent the damage caused by Hcy [F(3,20) = 4,122; p < 0.05]. 

We also investigated some parameters of oxidative stress in order to determine the involvement 

of reactive species in the hippocampus of young rats subjected to hyperhomocysteinemia. Fig. 3 shows 

that Hcy increased the levels of reactive species in this cerebral structure. Moreover, vitamin C, per se, 

significantly increased the amount of reactive species, but when administered concomitantly with Hcy, 

the vitamin  was able to prevent the damage caused by the aminoacid  [F(3,24)= 4,34; p < 0.01]. 

Finally, the effect of chronic hyperhomocysteinemia on antioxidant enzymes CAT and SOD in 

hippocampus of young rats was also evaluated.  Fig. 4 shows that Hcy significantly reduced the activities 

of CAT [F(3,24) = 3,759; p < 0.05] and SOD [F(3,24) = 8,324; p < 0.001]. Furthermore, vitamin C, per 

se, did not alter the SOD and CAT activities, but prevented the inhibition of these enzymes caused by 

Hcy. 

DISCUSSION 

 Inborn errors of metabolism (IEM) are multifactorial diseases, mostly autosomal recessive, 

covering genetic and biochemical changes. These disorders involve chemical changes in phenotype as a 
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consequence of blocking the metabolic pathways where these anomalous enzymes are inserted (Scriver et 

al. 2001).  Homocystinuria is an IEM, which occurs due to the accumulation of Hcy, a methionine-

derived sulphur amino acid. Clinically, affected patients present neurological manifestations such as 

mental retardation, psychiatric disturbances, and seizures (Mudd et al. 2001), whose the physiopatology is 

still unknown.   

Studies performed in our laboratory indicate that hyperhomocysteinemia decreases the glutamate 

uptake and the Na+,K+-ATPase activity in brain of rats. On this basis, we decided to extend our 

investigation to elucidate the possible mechanisms involved in such alterations. Furthermore, the 

influence of vitamin C on the effects elicited by Hcy was also investigated. Besides, in order to clarify the 

involvement of oxidative stress in the effects elicited by Hcy, parameters such as production of reactive 

species (DCFH) and antioxidant enzymes CAT and SOD were evaluated. We used hippocampus because 

this cerebral structure is involved whith memory and is known that Hcy cause memory deficit in rats in 

the Morris water maze task (Streck et al. 2004). Our results showed that Hcy chronic administration 

decreased glutamate uptake in hippocampus of young rats. Moreover, data showed that vitamin C 

significantly prevented this effect. In fact, there are several evidences that glutamate transport can be 

impaired by free radicals, by direct oxidation of SH-group of the carrier protein (Sheldon et al. 2007; 

Volterra et al. 1994). In this context, Hcy has been shown as a potent oxidizing agent of SH-group by 

induce  reactive species production, such as peroxynitrite (Radi et al. 1991), which are produced by Hcy 

autooxidation (Dayal et al. 2004; Faraci and Lentz  2004). 

Na+,K+-ATPase is involved in several physiological functions such as regulation of the cell 

volume, cell differentiation, and maintenance of sodium and potassium equilibrium through biological 

membranes (Erecinska and Silver 1994). Therefore, another possible mechanism for glutamate uptake 

dysfunction is the inhibition of Na+,K+-ATPase, resulting in loss of the Na+ concentration gradient 

(Danbolt 2001). In this work, we demonstrated that chronic hyperhomocysteinemia decreased the Na+, 

K+- ATPase activity in hippocampus of young rats. Considering that, GLAST and GLT-1, which are 

dependent of sodium-gradient, could reverse the direction of glutamate transport, resulting in 

accumulation of extracellular glutamate (Maragakis et al. 2004).  

Since previous studies showed that acute hyperhomocysteinemia decreased tissue antioxidant 

potential in the brain of the rats (Wyse et al. 2002) and considering that oxidation of Hcy may leads to the 
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formation of superoxide and hydrogen peroxide which subsequently alter neuronal function and 

predispose the affected neuronal tissue to neurodegenerative diseases (White et al. 2001), here we also 

investigated some oxidative stress parameters in order to elucidate these possible mechanism which could 

be involved in Hcy neurotoxicity.  Results showed that chronic administration of Hcy enhanced the 

oxidation of DCFH in hippocampus of young rats, and that antioxidant vitamin C was able to prevent 

such effect. However, we observed that vitamin C, per se, also increased the DCFH oxidation. This 

finding is in agreement as it has been demonstrated by Brömme et al. (2008). In this sense, recent studies 

also have shown that vitamin C may act as prooxidant generating hydrogen peroxide and ascorbate 

radical at pharmacologic concentrations (Chen et al. 2007; Chen et al. 2008).  

Regarding the enzymatic antioxidant defense that are responsible for removing ROS, our results 

showed that chronic administration of Hcy reduces CAT and SOD activities. Furthermore, vitamin C 

administration prevented the reduction of antioxidant enzymes in hippocampus of young rats. We believe 

that this imbalance between antioxidant enzymes caused by Hcy probably alter reactives species 

elimination, increasing the free radicals amount, in special ROS. These effects of Hcy could be 

responsible for, at least in part,  the ability of Hcy to inhibit the expression of antioxidant enzymes such as 

glutathione peroxidase and superoxide dismutase (Upchurch et al. 1997; Yamamato et al. 2000). In 

addition, it is known that free radicals can decrease the Na+,K+-ATPase activity (Yufu et al. 1993) and it 

could be one of the mechanisms which Hcy acts.  

In conclusion, we showed that Hcy chronic administration decreases glutamate uptake, Na+,K+-

ATPase activity, enzymatic antioxidant defenses and enhanced reactive species, characterizing this amino 

acid as an oxidative stressor. Concomitantly, we showed that vitamin C administration prevented Hcy 

effects, possibly by its antioxidant features. Considering that oxidative stress elicited by Hcy could 

contribute to pathophysiology of disorders that accumulate this amino acid such as metabolic and 

neurodegenerative disorders, and if confirmed in human beings, we might propose the use of vitamin C as 

an adjuvant therapy in hyperhomocysteinemic patients. However, we reinforce the importance of careful 

prescription of vitamin C for healthy people, because of their possible prooxidant properties.  
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Legends to figures 

Fig. 1 Effect of chronic administration of homocysteine, vitamin C and homocysteine plus vitamin C on 

glutamate uptake in hippocampus of young rats. Data are mean ± S.D. for 5-6 animals in each group. 

Results are expressed in nmol /min/ mg protein. * P<0.05 compared to control (Duncan multiple range 

test). Hcy, homocysteine; Vit, vitamin. 

 

Fig. 2 Effect of chronic administration of homocysteine, vitamin C and homocysteine plus vitamin C on 

Na+,K+-ATPase activity in homogenates from hippocampus  of young rats. Data are mean ± S.D. for 5-6 

animals in each group. Results are expressed in nmol Pi/ min mg protein. * P<0.05 compared to control 

(Duncan multiple range test). Hcy, homocysteine; Vit, vitamin. 

 

Fig. 3 Effect of chronic administration of homocysteine, vitamin C and homocysteine plus vitamin C on 

the levels of reactive species in hippocampus of young  rats. Data are mean ± S.D. for 5-6 animals in each 

group. Results are expressed in nmol/ mg protein. ** P<0.01 compared to control (Duncan multiple range 

test). Hcy, homocysteine; Vit, vitamin. 

 

Fig. 4 Effect of chronic administration of homocysteine, vitamin C and homocysteine plus vitamin C on 

antioxidant enzyme activities  CAT (A) and SOD (B) in hippocampus  of young rats. Data are mean ± 

S.D. for 5-6 animals in each group. Results are expressed in U/ mg protein. * P<0.05 compared to 

control; *** P<0.001 compared to control (Duncan multiple range test). CAT, catalase; SOD, superoxide 

dismutase; Hcy, homocysteine; Vit, vitamin. 
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Fig. 2 
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Fig. 3 
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Fig. 4  
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