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High plasma homocysteine concentrations have 
been found to be associated with atherosclerosis 
and thrombosis of arteries and deep veins. The 
oxidative damage mediated by hydrogen peroxide 
production during the metal-catalyzed oxidation of 
homocysteine is to date considered to be one of the 
major pathophysiological mechanisms for this 
association. 

In this work, a very sensitive and accurate 
method was employed to measure the effective 
production of H202 during homocysteine oxidation. 
Furthermore, the interaction of homocysteine with 
powerful oxidizing species (hypochlorite, peroxyni- 
trite, ferrylmyoglobin) was evaluated in order to 
ascertain the putat ive pro-oxidant  role of 
homocysteine. 

Our findings indicate that homocysteine does 
not produce H202 in a significant amount (1/4000 
mole/mole ratio of H202 to homocysteine). More- 
over, homocysteine strongly inhibits the oxidation 
of luminol and dihydrorhodamine by hypo- 
chlorite or peroxynitrite and rapidly reduces back 
ferrylmyoglobin,  the oxidizing species, to 
metmyoglobin. 

All these results should, in our opinion, lead to 
a rethinking of the commonly held view that 

homocysteine oxidation is one of the main 
causative mechanisms of cardiovascular damage. 

Keywords: Hydrogen peroxide; Homocysteine; Chemilumi- 
nescence; Oxidants; Antioxidants 

Abbreviations: CL, chemiluminescence; DTPA, diethylenetria- 
minepentaacetic acid; DHR, dihydrorhodamine; RH, rhoda- 
mine; SIN-l, 3-morpholinosydnonimine 

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

Homocys te ine  is a non  prote in  forming  amino  

acid,  s i tua ted  at the b r anch  po in t  of two  
me tabo l i c  p a t h w a y s :  t r a n s s u l f u r a t i o n  to 
cystathionine and  t ransmethyla t ion  to meth ion-  
ine.[  ~] 

Blood concentrat ion of homocys te ine  is in the 
micromolar  range  and  modera te ly  high levels are 
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considered an independent  risk factor for 
atherosclerosis and for a variety of thrombotic 
complications.I2-51 

Although epidemiological evidence under- 
lines a strong association between high plasma 
homocysteine concentration and vascular 
thrombotic diseases, the molecular mechanisms 
of its toxicity are not fully understood. I41 The 
toxicity of homocysteine is commonly attributed 
to different pathophysiological mechanisms 
such as activation of factors XII and V, I6"7! 
inhibition of C-protein activation, F81 impaired 
regulation of endothelium-derived relaxing 
factor, [91 stimulation of smooth muscle cell 
proliferation. II°l Most of the proposed mechan- 
isms, however,  are based on a common 
molecular process, possible oxidative damage, 
induced by homocysteine. Homocysteine, in 
fact, could exert a pro-oxidant action through 
the production of hydrogen peroxide (H202) 
during its metal-catalyzed oxidation, till More- 
over, many authors have proposed a molecular 
mechanism for homocysteine-mediated damage 
involving free radical production. I12"13] In par- 
ticular, superoxide anion (O~-), in presence of 
nitric oxide, can form the powerful oxidant 
peroxinitrite f141 at the same time decreasing the 
bioavailability of nitric oxide, a potent vasor- 
elaxant. I~5! 

Unfortunately, the relevance of these hypoth- 
eses is greatly limited by the high concen- 
trations of homocysteine used in these in vitro 
experiments, often in the millimolar range, 
higher than those observed in patients with 
inherited or acquired hyperhomocysteine-  
mia.I9-11A6AT] 

In a recent paper, [18] we have shown that 
homocysteine, even at physiological concen- 
trations, significantly quenches the chemilu- 
minescence produced by the oxidative burst 
of activated polymorphonuclear leukocytes, in 
contrast to what has been reported by 
Olinescu. 1191 Since these data are not consist- 
ent with the reputed pro-oxidant action of 
homocysteine, we intend to determine accu- 

rately the homocysteine-dependent H202 pro- 
duction by using a very sensitive method I2°] 
and explore the eventual pro-oxidant effects 
of homocysteine through interaction with 
highly oxidizing species like hypochlorite, 
peroxynitrite and ferrylmyoglobin, which are 
known to be involved in cardiovascular 
damage. I211 

MATERIALS A N D  METHODS 

Chemicals 

DL-homocysteine, horse radish peroxidase 
(HRP), H202, homocysteine, DTPA (diethylene- 
triaminepentaacetic acid), 3-morpholinosydno- 
nimine (SIN-l), horse heart myoglobin (Mb) and 
luminol were from Sigma (St Louis, MO, USA); 
dihydrorhodamine (DHR) and Amplex Red 
were from Molecular Probes (Eugene, OR). All 
other reagents were of the highest puri ty 
available from commercial sources. The homo- 
cysteine standard solution (1 mM), was freshly 
prepared in 18Mfl double-distilled deionized 
water (MilliQ, Millipore, Bedford, MA) and 
tested according to a modification of the HPLC 
method of Araki and Sako, [22] as already 
described. Is] 

Chemiluminescence (CL) measurements were 
carried out on an automatic luminometer  
(Berthold LB953, Wildbad, Germany). 

H202 Production 

Amplex Red, a colorless and non fluorescent 
derivative of resorufin, can be oxidized by H202, 
in the presence of HRP, producing a highly 
fluorescent product. H202 production by homo- 
cysteine was then calculated by measuring the 
specific fluorescence of oxidized Amplex Red 
molecule (Ex = 350, Em -- 399 nm) accord- 
ing to a modification of the method of Zhou. [2°1 
The amount of H202 was measured against a 
s tandard H202 curve; in our system, the 
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minimum amount of H202 thus detectable was 
15 pmoles. 

The H202 production by homocysteine was 
obtained at 37°C in phosphate buffer (50mM, 
pH 7.4) in the presence of 50 p,M homocysteine; 
the incubation was carried out in the presence or 
absence of 100 ~M DTPA in order to verify the 
metal-dependent H202 production or in the 
presence of 100IU/ml catalase in order to 
confirm the H202-dependent Amplex Red oxi- 
dation. The measurements of H202 production 
were performed at 30 min intervals for 270 rain; 
briefly, a l m l  aliquot of each homocysteine 
preparation was added to a cuvette containing 
2 ml of 1 ~M Amplex Red, 1.21U/ml HRP and 
150 ~M DTPA, and the fluorescence intensity 
measured on a Fluoromax spectrofluorometer 
(Spex Industries, Edison, NJ, USA). 

CL of the System HCY-luminol-C10-  

Homocysteine (0-1000 ~M), 50 ~M luminol and 
70 p,M C10- (final concentrations) were added in 
1.0ml final volume of sodium-acetate buffer 
(0.1 M, pH = 5.1). 

CL was started with the addition of 100 p,1 of 
C10- and expressed as integral counts for 5 s. 

was added before the addition of homocysteine 
to remove residual H202. 

Interaction with Peroxynitrite 

Peroxyrfitrite (ONOO-) was obtained by spon- 
taneous decomposition of SIN-1 at neutral pH, 
and the peroxynitrite specific oxidation of DHR 
(50 ~M) to RH at 500 nm in 50 mM phosphate 
buffer, 0.1mM DTPA, pH 7.4, was followed 
spectroscopically at 500nm at 37°C. Homocys- 
teine at different concentrations was added 
12min after SIN-l, i.e. when  the rate of 
ONOO- formation was constant. 

Spectrophotometric Assays 

All the spectrophotometric assays were per- 
formed on a Hewlett-Packard 8450A UV/Vis. 
spectrophotometer equipped with a cuvette 
stirring apparatus and a constant temperature 
cell holder. 

Statistics 

All the experiments were performed in triplicate. 
Results are expressed as means + SE. 

Dihydrorhodamine Oxidation 

Oxidation of DHR (25 p,M) to rhodamine (RH) by 
HC10 (1-10 ~M) was determined by measuring 
the increase in absorbance at 500nm in the 
absence and presence of 10 ~M homocysteine. 

Interaction with Met and Ferrylmyoglobin 

Ferrylmyoglobin (Mb TM) formation was moni- 
tored in solutions (2 ml final volume) containing 
metmyoglobin (Mb III) (50 p,M heme) and homo- 
cysteine (100~M). The interaction of Mb TM 
obtained by incubating metmyoglobin (50 p~M) 
with 150 p~M H202, [23] and homocysteine, was 
monitored at 550nm. Catalase (500units/ml) 

RESULTS 

The production of hydrogen peroxide by 50 ~M 
homocysteine, is shown in Fig. 1. In the presence 
of a chelating agent (DTPA), no production of 
H202 can be observed confirming a strict 
dependence  on metal ions. Addit ion of 
100IU/ml catalase inhibited Amplex Red oxi- 
dation, emphasizing that the oxidizing species is 
H202, produced by a metal-catalyzed oxidation 
of homocysteine. The rate of H202 production is 
235 pmoles/min/p~moles homocysteine. 

Figure 2 shows the CL response of the HC10- 
luminol system in the presence of different 
concentrations of homocysteine. CL is strongly 
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FIGURE 1 H202 production by homocysteine in presence 
(T) or in absence (ll) of DTPA, and with catalase (@). 

inhibited by homocysteine even at very low 
concentration (IC50 is 17 + 5 txM). 

Figure 3 shows that the HC10-dependent 
oxidation of DHR to RH, a usually stoichiometric 
reaction, is completely inhibited by 10t~M 
homocysteine. 

Both Figs. 2 and 3 clearly indicate that 
homocysteine is an efficient scavenger of HC10. 

Peroxynitrite is the product of the nearly 
diffusion-limited reaction between superoxide 
anion (O~-) and nitric oxide (NO). Peroxynitrite 
is a powerful oxidant that damages many cellular 
components I141 and experimental probes such as 
DHR. [24] As shown in Fig. 4, the oxidation of 
DHR by peroxynitrite (dotted line) is a time- 
dependent process that approaches zeroth-order 
kinetics after -10rain.  The addition of homo- 
cysteine (solid line) at concentrations corre- 
sponding to physiological levels slightly inhibits 
DHR oxidation. At higher levels of homocys- 
teine (1 mM) a strong protection of DHR against 
ONOO- oxidation can be observed. 

Moreover, the effect of homocysteine on 
ferrylmyoglobin, a highly reactive species, was 
investigated. Figure 5a shows the spectroscopic 
transitions from Mb m (absorption peaks at 502, 
582 and 632 rim) to Mb TM (absorption peaks at 546 
and 586 nm) induced by the oxidation afforded 
by H202 and the back conversion of Mb TM to Mb Iu 
in the presence of 100 tLM homocysteine. When 
Mb m is incubated with homocysteine in place of 

• ..--, 1 0 0 -  

50- 

0 
0 7 5 0  ~' 1000 12'50 lOO 

[HCY] p.M 

FIGURE 2 Effect of homocysteine on luminol-hypochlorite 
luminescence. Different concentrations of homocysteine were 
added to 50 I~M luminol and 70 p,M HC10 in Na-acetate buffer 
0.1 M, pH 5.1. Chemilumunescence started after addition of 
HC10 and was expressed as integral count over 5 s. 

o 

o 

10 

Control 

10 ~M Hcy 

0 2 4 6 8 10 

HOC! (t~M) 

FIGURE 3 Effect of homocysteine onhypochlorite-dependent 
oxidation of dihydrorhodamine. Rhodamine formation was 
determined by measuring the absorbance at 500nm in the 
absence (ll) and presence (0) of 10 ~M homocysteine. 

150 ~M H202, Mb Iv is not formed at all. The rate 
of conversion of Mb Iv to Mb m in the presence of 
different concentrations of homocysteine is 
shown in Fig. 5b. 
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FIGURE 4 Kinetics of dihydrorhodamine oxidation by 
peroxynitrite in absence ( ...... ) or in presence (--) of 
different homocysteine concentrations. 

DISCUSSION 

Hyperhomocysteinemia was related to cardio- 
vascular disease basically on epidemiological 
grounds. Notwithstanding, few in vitro studies 
have focused on the mechanism of this 
correlation. 

Starkerbaum [111 showed a toxic effect of 
homocysteine on cultured endothelial cells due 
to hydrogen peroxide generation induced 
through copper-catalyzed homocysteine oxi- 
dation. In agreement with these data, other 
authors demonstrated that homocysteine pro- 
motes lipid peroxidation in presence of redox 
active transition metals. [25] 

Consistent with these experimental findings, 
many studies have claimed that increased blood 
homocysteine concentration could induce the 
endothelial cell damage through a free radical 
mediated oxidative mechanism. Illl Unfortu- 
nately most of these in vitro experiments have 

been performed using unreal in vivo concen- 
trations of homocysteine (in millimolar range). 

However, some authors, [261 although confirm- 
ing a significant correlation between moderate 
hyperhomocysteinemia and cardiovascular dis- 
ease, have also argued whether homocysteine, 
per se, is responsible for the cardiovascular 
damage, mainly because its blood concentration 
is in the micromolar range and, therefore, well 
under the level that can generate H202 in 
significant amount. 

The results of this paper clearly show that 
homocysteine produces a negligible quantity of 
H 2 0 2  ( o n l y  1:4000mole HRO2/mole HCY) and 
only when catalyst metal ions are present. It is 
important  to note that the level of H 2 0 2  

measured in our system is almost 20 times 
higher than the sensitivity of the method used 
(15pmoles). To the best of our knowledge, no 
paper has yet reported an assessment of H 2 0 2  

production by homocysteine with such a 
sensitive and precise method. 

Our results seem to support  the above 
criticisms, I251 indicating that in our in vitro 

systems homocysteine does not behave as a 
pro-oxidant. 

As a matter of fact, we have found that 
homocysteine,  besides quenching luminol- 
dependent CL of activated polymorphonuclear 
leukocytes, [181 strongly inhibits the hypochlorite 
induced oxidation of both luminol and dihy- 
drorhodamine to aminophtalate and rhodamine, 
respectively. This effect is particularly interesting 
since polymorphonuclear leukocytes produce 
HC10 during their activation. I27i 

Furthermore, homocysteine does not enhance 
peroxynitrite formation but conversely inhibits 
DHR oxidation by ONOO- (see Fig. 4). None- 
theless, homocysteine does not oxidize met- 
myoglobin to ferrylmyoglobin, but, on the 
contrary, reduces Mb TM to M D  IlI (see again 
Fig. 5). 

All these results clearly indicate that homo- 
cysteine at micromolar concentrations, i.e. at 
concentrations usually found in normal and 
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I V  ]I I  I V  FIGURE 5 (a) Reduction of myoglobin by homocysteine: spectroscopic changes of myoglobin (---) to myoglobin _( ...... ) 
I I I  ~v after reaction with H202 and its back-conversion to myoglobin (--). (b) Homocysteine-dependent reduction of Mb . The 

I . . . .  reduction of Mb TM to Mb n by different homocysteine concentrations was monitored as decrease in absorbance at 550 nm. 

vascu lopa th ic  subjects (5 -50  lxM), does  no t  act as 

a p ro -ox ida n t  but ,  on  the contrary,  d i sp lays  an  
a n t i o x i d a n t  e f fec t  b o t h  o n  ce l lu l a r  [181 a n d  

chemica l  sys tems.  

Therefore ,  as s h o u l d  be expec ted  f r o m  thiols 
(g lu ta th ione  or  cysteine) or  o ther  r edox  c o m -  

p o u n d s  (ascorbic acid or  c~-tocoferol) in absence  

of  d e c o m p a r t i m e n t a l i z e d  meta l  catalysts  ( low 
m o l e c u l a r  w e i g h t  metals[28]), h o m o c y s t e i n e  

seems to exert  a pro tec t ive  effect aga ins t  h igh ly  

s t r e s s i n g / o x i d i z i n g  molecu les  ra ther  t han  to 
b e h a v e  as a s t r a igh t fo rward  pro-oxidant .  

In  v i e w  of  this, the increase of  h o m o c y s t e i n e  

c o n c e n t r a t i o n  co r r e l a t ed  w i t h  v a s c u l o p a t h i c  

d i sorders  cou ld  be  in te rpre ted  as a react ive  

(pe rhaps  even  protect ive)  cond i t ion  resul t ing  
f rom,  [29] or  concu r r i ng  with ,  the oxidat ive  stress 

associa ted  wi th  vascu la r  d a m a g e  m o r e  than  a 
causa t ive  factor. 
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