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Elevated plasma homocysteine is considered to be a risk 
factor for cardiovascular disease. The mechanisms for 
this effect are not fully understood but there is some 
evidence for a role for reactive oxygen species (ROS). 
This study was conducted to explore the effects of 
elevated plasma total homocysteine (tHcy) concentra- 
tion on activity of antioxidant enzymes in the circula- 
tion. The study group consisted of 10 patients with 
inherited defects of homocysteine metabolism, from 
whom 41 blood samples were collected over a period of 
six months. Blood samples were also collected from 13 
of their obligate heterozygous parents. For data anal- 
ysis samples were classified as those with plasma tHcy 
< 20 ~tM or > 20 I~M. The activity of erythrocyte super- 
oxide dismutase (SOD) and plasma glutathione per- 
oxidase (GSHPx) was elevated in samples with plasma 
tHcy > 20 ~tM. Moreover, a significant correlation was 
demonstrated between plasma GSHPx activity, plasma 
glutathione peroxidase protein and plasma tHcy. 
In vitro studies confirmed that this observation was not 
due to a simple chemical enhancement of enzyme 
activity. Homocysteine protected GSHPx from loss of 
activity following incubation at 37°C. A similar effect 
was seen with another thiol-containing amino acid, 
cysteine. Results suggest that elevated plasma tHcy 
represents an oxidative stress, resulting in an adaptive 
increase in activity of antioxidant enzymes in the 
circulation. 

Keywords: Cardiovascular disease, homocysteine, 
endothelial dysfunction, superoxide dismutase, 
glutathione peroxidase 

I N T R O D U C T I O N  

Premature  vascular  disease and thrombot ic  com- 
plications in adolescence and  in infancy have  
long been recognised as features of the rare 
inheri ted metabolic  disorder  homocyst inur ia ,  

characterised by  grossly elevated p l a sma  homo-  
cysteine (typically > 100 ~tM at diagnosis;  normal  
range  5-15 ~tM). [11 Recently a modera t e  elevation 

of p la sma  homocys te ine  concentrat ion (15- 
50 ~tM), (hyperhomocys te inaemia)  has been asso- 
ciated wi th  an increased risk of p r ema tu re  

cardiovascular  disease in the general  popu la -  
tion. [2"3] Ten percent  of the total popula t ion  risk 

for cardiovascular  disease has been at t r ibuted to 
hyperhomocys te inaemia .  L4] Hyperhomocys te i -  

naemia  can be caused by  a metabolic  defect in 
either the t ransu lphura t ion  or remethyla t ion  
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pathways of homocysteine, or by deficiencies of 
the cofactors required for these pathways. 

The precise mechanisms by which homocys- 
teine promotes the development of vascular 
disease are unknown, but the endothelium is the 
focus of current research interest. Endothelial 
injury is a critical initiating event in the develop- 
ment of vascular disease, I51 and an elevation in 
the concentration of circulating homocysteine 
can cause perturbation of normal endothelial cell 
function. Impaired endothelial cell function has 
been demonstrated in children with homocysti- 
nuria, [61 and adults with moderately elevated 
plasma homocysteine. ~7~ These studies support 
the concept that endothelial dysfunction is an 
important component of the vascular effects of 
homocysteine. 

Several factors may cause endothelial damage 
in vivo, including reactive oxygen species (ROS). 
In in vitro systems, thiol containing compounds 
such as homocysteine readily autoxidise to their 
disulphide form in the presence of cupric or ferric 
ions with the associated production of hydro- 
gen peroxide and other ROS including the super- 
oxide anion and the hydroxyl radical. {8-101 Several 
investigators have argued that homocysteine 
exerts its damaging effects on the vasculature 
through mechanisms involving ROS. I10-121 How- 
ever, the majority of studies in this context have 
focused on the nature and extent of damage to 
endothelial cells in culture in response to non- 
pathophysiological concentrations of homocys- 
teine. Certain antioxidants are reported to protect 
endothelial cells in culture from the toxic effects of 
homocysteine, and the effectiveness of different 
antioxidants has indicated the nature and source 
of ROS that may be involved in homocysteine- 
mediated endothelial damage. ~'~3"141 Although 
informative, results of these in vitro studies need 
to be interpreted with caution and, where pos- 
sible, supported by in vivo studies. If elevated 
homocysteine poses an oxidant threat in vivo there 
may be a compensatory mechanism to increase 
the level of antioxidant protection. One possi- 
ble response would be an increased activity of 

antioxidant enzymes. If such an effect were dem- 
onstrated in vivo, it would support the argument 
for ROS being involved in homocysteine-linked 
vascular damage. 

The present study was conducted to explore the 
effects of elevated plasma homocysteine concen- 
tration on the activity and concentration of the 
erythrocyte antioxidant enzymes superoxide dis- 
mutase (SOD), glutathione peroxidase (GSHPx), 
catalase and plasma GSHPx. 

MATERIALS AND METHODS 

Subjects 

Our study group consisted of 10 patients (6 male 
and 4 female), mean age 26 years, range 6-66 
years, with inherited defects of homocysteine 
metabolism. Forty-one blood samples were col- 
lected from these patients, following an overnight 
fast, as part of their routine monitoring. Single 
fasting blood samples were collected from 13 of 
their obligate heterozygous parents. The proto- 
col for this study was approved by the South 
Sheffield Research Ethics Committee. 

Sample Collection 

Fasting venous blood samples were collected 
from the median cubital vein into lithium heparin 
tubes, placed on ice and centrifuged at 3000g for 
10min, at 4°C within 30min of venepuncture. 
Plasma was aliquoted and stored at -70°C. 
Erythrocytes were washed three times with an 
equal volume of isotonic saline (0.9%), resus- 
pended in an equal volume of distilled water 
and stored at -70°C. 

Reagents 

Homocysteine, cysteine, catalase, GSHPx, pyro- 
gallol, DTPA and other reagents were obtained 
from Sigma Chemical Company (Poole, Dorset, 
UK). Standard solutions of cyanmethaemoglobin 
were obtained from BDH (Poole, Dorset, UK). 
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HOMOCYSTEINE AND ANTIOXIDANT ENZYMES 173 

Biochemical Analyses 

Plasma Total Homocysteine (tHcy) 

Plasma tHcy (protein bound and free forms) was 
measured as previously described by Spaapen 
et al. I15~ Plasma samples were treated with tri- 
n-butylphosphine to reduce disulphide bonds 
between homocysteine and plasma protein and 
between mixed disulphides. Liberated thiols 
were then derivatised using 7-fluorobenzo-2- 
oxa 1,3-diazole-4-sulphonic acid (SBD-F). Com- 
pounds were then separated by high performance 
liquid chromatography (HPLC) with fluores- 
cence detection. This was performed using a 
Waters 600 pumping and controller system, 
Waters 717 autosampler and a Waters 474 fluo- 
rescence detector (Waters Company Millipore, 
Milford, MA, USA). 

Erythrocyte Superoxide Dismutase (SOD) 

Determination of erythrocyte SOD activity was 
performed using a method based on Marklund 
and Marklund, I161 adapted for use on the Cobas 
Bio-Autoanalyser (Roche Diagnostica, Welwyn 
Gardens, UK). The spectrophotometric method 
is based on the ability to inhibit the autoxidation 
of pyrogallol, which occurs spontaneously above 
pH 7.5, producing superoxide radicals and prod- 
ucts which absorb at 420 nm. In order to extract 
SOD, 700 ~tl of cold distilled water, 125 txl of cold 
chloroform and 200 ~tl of ethanol were added to 
100 ~tl of erythrocyte haemolysate. Samples were 
shaken for 15 min at 4°C and centrifuged at 3000g 
for 10min at 4°C to remove denatured haemo- 
globin. Five different volumes of extract were 
incubated at 25°C with 245 pl of TRIS cacodylic 
acid buffer (50mM TRIS/lmM diethylenetri- 
aminepentacetic acid (DTPA), pH 8.2 with caco- 
dylic acid) and 3~tl of pyrogallol (20mM in 
11.5mM HC1). The extent of autoxidation was 
calculated after 30s of incubation, from the 
change in absorbance at 420 nm. One unit of 
SOD activity was defined as the amount of the 
enzyme inhibiting the autoxidation by 50%. 

Erythrocyte Catalase 

Catalase activity was determined in erythrocyte 
lysates by a coupled enzyme assay, which mea- 
sures the increase in absorbance at 340 nm due to 
the production of NADH from the peroxidic re- 
action between ethanol, hydrogen peroxide and 
catalase. Hydrogen peroxide is produced as a 
substrate from the oxidation of glucose catalysed 
by glucose oxidase. Catalase then oxidises ethanol 
to acetaldehyde in the presence of hydrogen per- 
oxide. Acetaldehyde is then oxidised by aldehyde 
dehydrogenase to produce acetate with concomi- 
tant reduction of NAD + to NADH. Standards 
were prepared from commercially available bo- 
vine liver catalase. The assay used was adapted 
for use on the Cobas Autoanalyser. E171 

Erythrocyte GSHPx 

The activity of GSHPx in erythrocyte lysates 
was determined using a commercial kit (RS 
506; Randox Laboratories, Crumlin, Northern 
Ireland). This assay is based on the method of 
Paglia and Valentine) lsl in which GSHPx cata- 
lyses the oxidation of glutathione using cumene 
hydroperoxide as the substrate. Oxidised gluta- 
thione is then used as a substrate for glutathione 
reductase, with the subsequent oxidation of 
added NADPH monitored as a decrease in absor- 
bance at 340 nm. Samples were diluted with di- 
luting buffer supplied by the manufacturer, to 
convert the GSHPx to the reduced form and 
Drabkins reagent (Sigma) added to inhibit other 
peroxidases present in the sample. I19J 

Plasma GSHPx 

Plasma GSHPx activity was measured as de- 
scribed above. Plasma samples were also diluted 
with the diluting reagent supplied by the manu- 
facturer, to convert the GSHPx to the reduced 
form, with Drabkins reagent (Sigma) added to 
inhibit other interfering peroxidases present in 
the sample.E19J In addition, plasma GSHPx protein 
was measured using a commercial ELISA kit 
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(R&D systems, Abingdon, UK). The presence 
of plasma GSHPx protein was detected with a 
biotinylated-polyclonal antibody specific to 
human plasma GSHPx, using amplification by 
biotin-streptavadin, coupled to alkaline phos- 
phatase. Alkaline phosphatase activity was deter- 
mined measuring para-nitrophenyl-phosphate 
(pNPP) at 405nm. The antibodies used in this 
assay system were obtained by using a synthetic 
antigen and have been purified by affinity chro- 
matography, t2°l Plasma GSHPx activity and en- 
zyme protein were expressed as U/1 and ng/ml 
respectively. 

Haemoglobin (Hb) Concentrations 

Erythrocyte enzyme activity was expressed as a 
function of haemoglobin (U/g Hb). Hb was 
determined using the cyanomethaemoglobin 
method described by Crosby and Houchin, I2~1 
which has been adapted for use on the Cobas 
autoanalyser using cyanomethaemoglobin stan- 
dards (57.2 rag/100 ml). 

Statistical Analysis 

Data were analysed using SPSS for Windows. 
The activities of erythrocyte SOD, catalase, and 
GSHPx, and plasma GSHPx, are presented as 
mean (±SEM). Comparison of enzyme activities 
was made using the two-sample t-test assuming 
unequal variances. Regression analysis was car- 
ried out to explore associations between each 
variable and tHcy. 

Analysis of variance (ANOVA) was used to 
quantify the effects of time and concentration of 
homocysteine on GSHPx activity, followed by a 
Scheff6 test where significant differences were 
detected. Statistical significance was accepted 
at the 95% confidence level (P G 0.05). 

RESULTS 

In-house quality control material was used 
with every batch of analyses. The inter-batch 
coefficient of variation was: erythrocyte SOD, 

3.6%; erythrocyte catalase, 3.1%; erythrocyte 
GSHPx, 4.4%; plasma GSHPx (Randox method), 
2.8%; plasma GSHPx (ELISA method), 5.6%. 

Effects of Plasma tHcy on 
Enzyme Activity 

For data analysis samples were classified into 
those in which the plasma tHcy concentration 
was K 20 ~tM or > 20 ~tM. The cutoff was derived 
from the mean ± 2SD of data obtained from 13 
obligate heterozygous controls. 

Table I shows the mean (±SEM) of erythrocyte 
SOD, catalase and GSHPx, and plasma GSHPx 
activity in samples with plasma tHcy K 20 ~tM 
compared with plasma tHcy > 20 ~tM. The mean 
plasma tHcy (+SEM) for each group was 12.7 ~M 
(4-0.91) and 112.8 ~tM (4-11.02) respectively. 

Neither erythrocyte catalase nor GSHPx activ- 
ity were different between the two groups. The 
erythrocyte SOD activity was elevated in samples 
with plasma t H c y >  20 ~tM when compared with 
samples with a plasma tHcy < 20 ~tM (P = 0.0002). 
Similarly, plasma GSHPx activity was signifi- 
cantly greater (P < 0.02) in samples with elevated 
plasma tHcy when compared with samples with 
plasma tHcy < 20 ~tM. 

Linear regression analysis of erythrocyte SOD 
activity against plasma tHcy showed a significant 
positive correlation (P K 0.005) (Figure 1). Eryth- 
rocyte CuZn SOD activity has been reported to 
decrease as a function of age [22"23] and this 

TABLE I The effect of tHcy on activities of erythrocyte 
SOD, catalase, GSHPx and plasma GSHPx 

Plasma tHcy Mean (SEM) erythrocyte Plasma 
(~M) antioxidant enzyme antioxidant 

activity (U/g Hb) activity (U/l) 

SOD Catalase GSHPx GSHPx 

< 20 (n -- 17) 
12.7 (0.91) 5098 (122.7) 194 (5.7) 34 (2.7) 781 (45.1) 
> 20 (n -- 37) 
112.8 (11.02) 5699** (90.0) 204 (4.2) 35 (1.2) 906* (31.4) 

Significantly different from group with tHcy K 20 ~tM (Stu- 
dent's t-test). **P < 0.0002; *P K 0.02. 
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FIGURE 1 Association between erythrocyte SOD activity 
and plasma total homocysteine (r = 0.404, n = 54, P < 0.005). 
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FIGURE 2 Association between plasma GSHPx activity 
and plasma total homocysteine ( r=  0.639, n = 54, P < 0.001). 

relationship was observed in this dataset, taking 
the baseline measurement per subject (r = 0.544; 
p = 0.0073). Having corrected for an effect of age 
on erythrocyte SOD activity the independent 
effect of tHcy just failed to reach statistical sig- 
nificance (P = 0.0721). 

Plasma GSHPx activity was strongly correlated 
with plasma tHcy (P < 0.001) (Figure 2) but no 
effect of age was seen (P = 0.1907). Serial samples 
(n = 16) taken from a single patient with homo- 
cystinuria from a period of poor compliance 
and control to a period of better control showed 
a particularly strong correlation (P<0.001) 
(Figure 3). 

There are three distinct isozymes of GSHPx, 
endothelial, erythrocyte and plasma. [121 Plasma 
GSHPx is found in low concentrations compared 
with the erythrocyte and endothelial form, and 

l 
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FIGURE 3 Association between plasma GSHPx activity 
and plasma total homocysteine in a patient wi th  homocys-  
tinuria ( r -  0.844, n - 16, P < 0.001). Samples were collected 
over a six mon th  period. 
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FIGURE 4 Association between plasma GSHPx protein 
and plasma total homocysteine (r 0.576, n = 48, P < 0.001). 

little is known regarding its origin. The levels of 
activity for plasma GSHPx are very similar to 
those reported by Guemori et a1.[22] using the same 
assay. The Randox method used for GSHPx 
activity is not specific for any form of GSHPx. 
In order to determine whether the increased 
activity of plasma GSHPx was due to an increase 
in the amount of enzyme, an ELISA specific for the 
plasma form of human GSHPx was performed. 
Samples with plasma tHcy > 20 gM had a mean 
(iSEM) GSHPx protein of 4.55ng/ml (4-0.18) 
compared with 3.48ng/ml (±0.23) (P=0.0004) 
in samples with a plasma tHcy < 20 gM. A strong 
positive correlation was observed between 
GSHPx protein and plasma tHcy (P<0.001) 
(Figure 4). 
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Effect of Homocysteine on the Activity of 
Plasma GSHPx and Purified Bovine 
Erythrocyte GSPHx In Vitro 

The observed relationship between plasma 
GSHPx enzyme activity, protein and plasma total 
homocysteine support a role for ROS in the mech- 
anism of the effect of homocysteine. However 
previous workers have suggested that homocys- 
teine inhibits GSHPx.[241 In order to clarify the role 
of homocysteine in el±citing an increase in activity 
of plasma GSHPx observed in this human study 
we explored whether this was an effect that could 
be reproduced in vitro, which would imply a 
direct chemical enhancement of enzyme activity. 
Plasma was incubated at 37°C over a period of 3 h 
with a final concentration of added homocysteine 
between 50 and 1000 ~tM. Samples were incubated 
in triplicate, and aliquots removed at times 0, 
0.5, 1.0, 1.5, 2.0 and 3 h. There was no significant 
effect of increasing homocysteine concentration 
on GSHPx activity (P = 0.59), but with increasing 
time of incubation, the mean (±SEM) activity at all 
concentrations of homocysteine fell from 441 
(4-8.2) U/1 at time 0 to 400 (±5.9) U/1 at 3h 
(P 0.025). In a separate experiment the incuba- 
tion time was extended to 24h, and measure- 
ments made at 0, 4.0 and 24h. Samples were 
incubated in duplicate and the mean calculated. 
Added homocysteine had a protective effect 
on GSHPx activity (2-way ANOVA, P < 0.0001) 
(Figure 5). 

The acute effects of homocysteine were studied 
by adding homocysteine immediately prior to 
measuring GSHPx activity, after a 24 h incuba- 
tion of plasma without homocysteine. Activity in 
the control sample decreased by 85% compared 
with an average of 42.5% in samples to which 
homocysteine (50-1000gM) had been added 
(P< 0.001), confirming the protective effect of 
homocysteine. 

A similar investigation was carried out using 
purified bovine erythrocyte GSHPx to allow com- 
parison with data from Nishio et al. [241 Purified 
bovine erythrocyte GSHPx, at a concentration 
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FIGURE 5 Effect on GSHPx activity of incubating plasma 
with different concentrations of homocysteine. (Each value 
represents the mean of duplicate samples.) Fall in activity 
was greatest in the absence of homocysteine (P < 0,0001). 
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FIGURE 6 Effects on enzyme activity of incubating puri- 
fied GSHPx with a range of different homocysteine con- 
centrations. (Each value represents the mean of four 
samples±SEM.) The mean fall in activity was greater in 
samples not exposed to homocysteine than the mean of all 
homocysteine exposed samples (P < 0.0001). 

of 2U/ml  (Sigma units), which corresponded 
to approximately 750 Randox units/l, was pre- 
incubated with homocysteine or cysteine at a 
concentration of 0-1000gM for 0-6h at 37°C. 
The activity was measured using the usual pro- 
tocol at hourly intervals. GSHPx activity in the 
control sample decreased from 774(±19.7) U/1 to 
178.5(4-16.3) U/1 (P < 0.0001) over a 6 h incubation 
period (Figure 6). In contrast, the mean (±SEM) 
fall in GSHPx activity in samples incubated with 
homocysteine was 25 (4-3.6%). The difference was 
highly statistically significant (P < 0.0001). 
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FIGURE 7 Effects on enzyme activity of incubating puri- 
fied GSHPx with a range of different cysteine concentra- 
tions (Each value represents the mean of four samples ± 
SEM.) The mean fall in activity was greater in samples not 
exposed to cysteine than the mean of all homocysteine ex- 
posed samples (P < 0.0001). 

Cysteine had a similar protective effect on 
GSHPx activity over  a 6 h incubation (Figure 7). 
The activity at 6 h was greater in the samples 
incubated with cysteine than the control sample 
(P<0.001).  These effects were concentration- 
dependent ;  samples incubated with 50 btM cy- 
steine showed significantly greater reduct ion in 
activity than that at a cysteine concentration of 
1000 btM (P < 0.05). 

DISCUSSION 

In this study, an elevation of plasma tHcy was 
associated with an unequivocal  increase in the 
activity of plasma GSHPx. The same association 
was observed in a single subject from w h o m  
multiple blood samples had been collected over 
6 months.  An increase in red blood cell SOD 
activity just failed to reach statistical significance 
when  corrected for the confounding effect of age. 

The increase in activity of GSHPx can be 
explained, at least in part, by  an increase in the 
amount  of enzyme  in the plasma. When exposed 
to oxidative stress cells can respond by increasing 
their antioxidant  enzyme activity, which may  help 
avoid injury to the cell. There is limited evidence 
that the expression of mRNA for GSHPx and 
SOD may  be upregula ted  in the face of oxidant  
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stress. I25] This group [25] exposed human  endo- 

thelial cells to oxidative stress imposed by high 
concentrations of glucose and demonst ra ted  an 
increase in the activity of and the mRNA expres- 
sion for SOD, catalase and GSHPx. Similarly, 
exposure of both endothelial  and smooth muscle 
cells in culture to hyperoxia  resulted in the in- 
duct ion of CuZn SOD. [26l In patients with homo- 

cystinuria, autoxidation of homocysteine,  with 
the concomitant  generation of ROS, [8'10'27] may 

also induce the upregulat ion of antioxidant 
enzymes,  including erythrocyte  SOD and the 
plasma isoform of GSHPx, originating in the 
kidney. 12sl 

There is very  limited information regarding 
antioxidant activity in response to elevated homo-  
cysteine. The only other report  of a h u ma n  s tudy 
describes a modes t  increase in the erythrocyte 
SOD activity in obligate heterozygotes for homo- 
cystinuria following a methionine load, com- 
pared with normal  controls, a l though this 
difference did not reach statistical significance. 
There was no increase in erythrocyte catalase or 
GSHPx activity. I29] The degree of hyperhomocys-  

teinaemia in these individuals was modest  (mean 
plasma tHcy concentration 50 ~tM). In an a t tempt  
to induce chronic hyperhomocyste inaemia ,  
Toberek and colleagues [3°1 fed rabbits a 
methionine-rich diet over 9 months.  This treat- 
ment  elicited an increase in erythrocyte  SOD 
activity but  a concomitant  fall in erythrocyte 
GSHPx activity. It is assumed that hyperhomo-  
cysteinaemia resulted, a l though plasma tHcy was 
not reported.  

More recently, Upchurch  et al. E311 using an 

endothelial  cell culture model ,  demonst ra ted  that 
with increasing homocysteine concentrations 
(50-1000 I~M), the activity of the endothelial  form 
of GSHPx decreased in a dose-dependent  man- 
ner. A similar effect on GSHPx activity was 
observed by Nishio et al. [24] on smooth muscle 
cells in culture, a l though in this cell line increas- 
ing homocysteine concentration also resulted in 
an increase in SOD activity. [271 This same group ex- 

plored the effect of homocysteine on the activity 
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of purif ied bovine  cytosolic GSHPx and were  

able to reproduce  the effects of e levated homo-  
cysteine observed  in their cul tured cells, In direct 
contrast  to Nishio et al. [241 we have  demons t ra ted  

that homocys te ine  can protect  GSHPx in both 
p lasma  and in a purif ied fo rm (bovine erythro-  
cytes) f rom loss of activity dur ing  pro longed  
incubation. The fact that another  thiol-containing 

amino  acid (cysteine) could p rov ide  a similar 
degree  of protect ion suggests  very  s trongly that  
in vitro, homocys te ine  s imply  acts as a reducing  
agent  to stabilise the conformat ional  s t ructure of 
the enzyme  and preserve  enzym e  activity. This 
confirms early observat ions m a d e  by  Condell  and 
Tappel. 1321 

The association be tween  elevated p lasma  
homocys te ine  and  risk of cardiovascular  disease 
has p r o m p t e d  intense speculat ion as to the likely 
mechanisms.  We describe a significant increase 

in activity of p l a sma  GSHPx and a t rend towards  
an increased erythrocyte  SOD activity in blood 

samples  wi th  elevated p lasma  homocysteine.  For 
GSHPx the increased activity can, at least in part ,  
be at tr ibuted to increased e n z y m e  protein.  In vitro 

studies conf i rmed that  this effect was  not a direct 

homocyste ine-re la ted chemical  enhancement  of 
GSHPx activity. 

Both SOD and GSHPx are inducible enzymes  
in that  oxidat ive stress elicits an increase in 
enzyme  protein. [25"26l Elevated p lasma  homocys-  

teine, which  p robab ly  reflects intracellular homo-  
cysteine formation,  I331 m a y  represent  an oxidative 

stress through autoxidat ion and  the associated 
generat ion of hydrogen  peroxide,  homocys te inyl  
radicals and  other ROS. [8"10"34] Work with cells in 

culture suggests  that  sites of p roduc t ion  of ROS 
in vivo could include endothelial  cells and smooth  
muscle  cells. [35'36] Erythrocytes  and  extracellular 

fluids are further  possible sites of homocys te ine  
autoxidation.  The mechan i sms  leading to the in- 
crease in p lasma ant ioxidant  e n z y m e  activity in 

hype rhomocys te inaemia  are not yet  unders tood ,  
but  m a y  involve a response  to elevated homo-  
cysteine concentrat ions in liver and  k idney  which  
are sites of very  active homocys te ine  metabo l i sm 

but  m a y  also be sites of synthesis of p l a sma  
GSHPx.I28, 371 

In conclusion, elevated p l a sma  homocys te ine  
leads to an increased activity of circulating 

ant ioxidant  enzymes  in vivo. This m a y  occur in 
response to oxidat ive stress posed  by  elevated 
p lasma  tHcy, and serve to minimise  free radical- 

med ia ted  damage.  
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