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Abstract 
 
In chronic renal failure and in uremia, the role of uremic 
toxins and in particular of protein-bound molecules, such as 
AGEs, phenols, and homocysteine, is attracting much 
attention from scientists interested in understanding the 
mechanisms leading to the dramatic increase in 
cardiovascular risk and mortality typical of the condition. 
Homocysteine is a cardiovascular risk factor in the general 
population and in uremia. It displays several effects at the 
genomic level and on protein function, and it represents an 
interesting candidate in the study of the pathogenesis of the 
cardiovascular disease specific of uremia. Several aspects of 
hyperhomocysteinemia, such as clinical epidemiology, 
therapeutic aspects, and malnutrition, will be discussed.  
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Homocysteine metabolism 
 
Homocysteine is a sulfur amino acid whose metabolism is 
related to methionine, an essential amino acid, contained 
either in the normal diet or originating from protein 
breakdown.  Methionine, when it is not employed in protein 
biosynthesis, is condensed with ATP to form S-
adenosylmethionine (AdoMet), a sulfonium compound.  
AdoMet in turn donates, after decarboxylation, the propyl 
amino moiety in polyamine synthesis, while its methyl group 
is utilized in the transmethylation pathway to methylate 
various methyl acceptors (proteins, DNA, and small 
molecules, such as guanidino acetate, in creatine 
biosynthesis).  AdoMet demethylated product is S-
adenosylhomocysteine (AdoHcy). AdoHcy is hydrolyzed to 
adenosine and homocysteine in a reversible reaction, which is 
inhibited by AdoHcy itself (in a competitive product type of 
inhibition). Homocysteine is then metabolized to 
cystathionine in the transsulfuration pathway, where CBS is 
the rate-limiting enzyme. The remethylation pathway leads to 
methionine formation from homocysteine, which receives a 
methyl group from methyltetrahydrofolate (MTHF), in a 
reaction catalyzed by methionine synthase. MTHF reductase 
is the enzyme which catalyzes the reduction of 
methylenetetrahydrofolate to MTHF, thereby irreversibly 
committing one carbon units to MTHF. This represents a 
“folate trap”, because MTHF can be used in this and only this 
remethylation reaction, while folates in less reduced forms 

can be used in other reactions and in particular by thymidilate 
synthase in the synthesis of this DNA precursor.  
     
Hyperhomocysteinemia and the cardiovascular disease in 
uremia 
 
An increase in plasma homocysteine levels is associated with 
an elevation of cardiovascular risk (1). The inherited 
enzymatic defect of CBS represents the most common form 
of homocystinuria, in which affected patients, who display 
high homocysteine levels in blood, used to die of premature 
cardiovascular disease (2, 3). In the general population, even 
a mild or moderate increase in blood homocysteine levels is 
associated with an increase in cardiovascular risk (4-7). In 
uremic patients, both those under conservative treatment and 
undergoing dialysis, there is an increase in cardiovascular 
risk, and actually uremia represents a model of generalized 
atherosclerosis. In addition, traditional risk factors or those 
typical of uremia can hardly explain this increase. 
Hyperhomocysteinemia is highly prevalent in this population. 
Recent studies show that hyperhomocysteinemia predicts 
mortality and cardiovascular events in uremic patients on 
hemodialysis (8-12). However, it has been recently proposed 
that low levels of homocysteine are linked to an increase in 
cardiovascular risk, so called reverse epidemiology (13-14). 
A recent study by Ducloux et al (15) clarifies once and for all 
this controversy. In this work, 459 patients, stratified in 
relation to the presence or absence of a chronic malnutrition-
inflammation state (CISM), were followed prospectically. 
Homocysteine levels > 30 micromolar were associated with a 
significantly higher risk of global mortality (Hazard ratio 
1.55, CI 1.12-4.72) in patients without CISM, and not in 
patients with CISM. Also taking into exam cardiovascular 
mortality, homocysteine levels > 30 micromolar were kinked 
to an increase in risk (Hazard ratio 1.91, CI 1.23-3.23) in 
patients without CISM, and not in those with this 
confounding factor. The conclusion is that 
hyperhomocysteinemia is a strong risk factor in patients 
without CISM, while in those with CISM, the association is 
masked by the combination of malnutrition-inflammation. In 
this case, in fact, homocysteine levels are lower, an 
expression of a reduced amino acid pool, and of 
hypoalbuminemia. Reverse epidemiology is so explained in 
patients with CISM, while in patients without CISM, the 
direct relation between homocysteine and mortality is 
confirmed.  
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Causes of hyperhomocysteinemia 
 
As for the cause, this could be theoretically linked to 
increased production, reduced removal, or reduced excretion. 
The latter can be ruled out because urinary homocysteine 
excretion is negligible (16). Considering the possibility of an 
increase in homocysteine production: homocysteine comes 
from the hydrolysis of AdoHcy, the demethylated product of 
AdoMet, the methyl donor in transmethylations. However, 
the accumulation of homocysteine leads to an increase of its 
precursor AdoHcy, due to the slowing down of the hydrolysis 
reaction, and this in turn leads to transmethylation inhibition, 
and in particular of certain methyltransferases. We have 
shown, and findings were then confirmed by Loeher et al. 
and van Guldener et al. (17-19), that this is the case in CRF 
and uremia. At the high concentrations of AdoHcy present in 
uremia, and considering the Km and Ki of the various 
methyltransferases, several methyltransferases are affected, 
such as DNA methyltransferase, or the protein L-isoaspartate 
methyltransferase, a repair enzyme of damaged L-isoaspartyl 
residues, while others are not, such as the quantitatively most 
important one, guanidinoacetate methyltransferase. This 
methyltransferase leads to the formation of creatine, and then 
creatinine forms spontaneously from creatine.  
In 1980, Mitch and coworkers administered radiolabeled 
creatinine intravenously to subjects with severe CRF, and 
were able to show that the average rate of creatinine 
production was 150 micromoles/kg/day, similar to the 
production present in normal subjects (20). Guttormsen et al 
(21) showed that the average net influx of homocysteine into 
plasma was the same in controls and renal failure patients. 
Stam and coworkers (22) using stable isotope techniques 
have shown that transmethylations are reduced, as well as 
homocysteine clearance, in the whole body of CRF patients.  
All in all, it can be said that in uremia some 
methyltranferases are inhibited by AdoHcy, while some are 
relatively affected, and continue to produce AdoHcy and 
homocysteine, which will lead to AdoHcy accumulation, thus 
producing a vicious cycle. So, at present current evidence is 
in favor of the idea that no increased production of 
homocysteine is present in uremia.  
The most likely possibility, at this point of studies, is: 
decreased metabolic removal, either from the kidney, or from 
an extrarenal source. Studies from independent groups have 
shown that there is no difference in homocysteine 
concentration between the renal artery and the renal vein in 
humans (23, 24). However, this does not rule out the 
possibility that the kidney metabolizes homocysteine, 
because limitations of the measurement, expressing 
themselves in a relatively high coefficient of variation, could 
be an issue, that is small differences could still be important, 
and also we don’t know what happens in the fed state. 
Glomerular filtration of homocysteine is restricted because of 
protein binding, however, homocysteine could still be 
removed through peritubular uptake. Peritubular uptake refers 
to the transport of aminoacids, peptides and proteins which 
are taken up from the arterial capillaries coming from the 
efferent arteriole, surrounding the proximal tubules, and go 
into tubular cells, where they are either secreted into the 
tubular lumen, or remain into cells and are metabolized. This 
concept is supported by findings by Garibotto et al (25). In 
this paper, they show that the fractional extraction of 
homocysteine is positively linked to renal plasma flow, with 

a net uptake occurring when renal plasma flow is above 500 
ml/min. In addition, they show that homocysteine renal 
clearance is linked to renal plasma flow, that is, in these 
subjects, homocysteine clearance goes down to 0 when renal 
plasma flow is reduced. So at this point, we know that a 
reduction in homocysteine removal is found in CRF, but little 
more than that, and the matter is still controversial.  
 
Metabolic consequences of hyperhomocysteinemia 
 
Recently, some unforeseen consequences of 
hyperhomocysteinemia, coming from other laboratories, and 
ours, have been explored, which can ultimately affect 
mortality. We have proposed and explored the “unbalanced 
methylation” hypothesis in uremia. The accumulation of the 
homocysteine precursor AdoHcy, occurring when 
homocysteine levels are high, leads to an inhibition of those 
methyltransferases which are more sensitive to the inhibitor 
AdoHcy (high-sensitive methyltransferases, HS-Mtases). The 
low-sensitive methyltransferases (LS-Mtases) will continue 
to consume AdoMet and produce AdoHcy to an almost 
normal extent, thus further maintaining inhibition of the HS-
MTases.  
For example, we have shown some years ago that 
methylation-dependent membrane protein repair, a process in 
which a methylation reaction is involved, is inhibited in 
erythrocytes of uremic patients (17).  
In addition, we have shown that total DNA methylation is 
reduced in dialysis patients and levels of decrease correlate 
significantly with plasma homocysteine levels (26). 
DNA methylation is viewed as a mechanism for gene 
silencing and regulation, as, for example, in the case of 
“imprinted genes”. Considering the way through which genes 
are passed from one generation to another, the allele coming 
from one of the parents is generally shut off through 
methylation. Under normal conditions, gene expression is 
therefore termed monoallelic for these genes (the gene 
coming from either the mother or the father is expressed, the 
other is silenced in a non-random manner). SYBL1 (a 
pseudoautosomal gene, X or Y inactivated) and H19 (an 
imprinted gene with maternal expression) are regulated in the 
way we just described. The allelic expression of these genes 
was used to test the "functional" outcome of DNA 
hypomethylation in uremic patients. Results show that, for 
SYBL1, gene expression in patients is biallelic, that is both 
alleles are expressed. For H19, only in patients with high 
homocysteine levels (approximately above 60 �M) gene 
expression is biallelic.  
After folate therapy, gene expression returns monoallelic and 
total DNA methylation improves in parallel with a decrease 
of homocysteine levels, thus testifying that homocysteine 
modifies DNA methylation in a reversible fashion. So, we 
can state that, in patients with higher homocysteine, there is a 
transcriptional activation of the normally repressed allele, due 
to DNA hypomethylation. Folate treatment is able to revert 
the biallelic expression into monoallelic in the patients who 
had biallelic expression.  
Coming to plasma proteins, plasma proteins in hemodialysis 
patients display a significant increase in the content of L-
isoaspartyl residues, so they are significantly altered, or 
damaged (27). 
This alteration under normal conditions can be repaired by a 
mechanism depending on a specific methyl transfer reaction. 
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This particular methyltransferase has been shown to be 
inhibited in uremia and, therefore, this kind of protein 
damage is increased. This inhibition depends partially on 
high homocysteine levels, and therefore methylation 
inhibition, because folate therapy is able to reduce damage 
levels.  
However, the pathogenesis of this alteration, when 
considering the plasma protein compartment, depends mostly 
on uremic toxicity. Several uremic toxins, from different 
chemical groups, can induce protein damage. However, we 
found that guanidine in particular is able to elicit this protein 
damage in a dose-dependent manner. Deamidated albumin, 
that is in vitro damaged albumin, was prepared with a 
standard protocol, and the binding capacity of various 
substances to this damaged albumin was tested. A reduced 
binding of homocysteine to serum albumin was found.  We 
can conclude that increased protein damage, due to the 
uremic milieu and hypomethylation, induces protein damage, 
with reduced homocysteine binding to proteins, and possible 
increase in free homocysteine levels.  
Among the possible consequences of hyperhomocysteinemia, 
there is protein homocysteinylation, that is the binding of 
homocysteine to proteins, which occurs basically as a post-
biosynthetic acylation of free amino groups (protein-N-
homocysteinylation, mediated by homocysteine thiolactone). 
This protein modification in in vitro experiments leads to 
functional derangements, such as a loss of enzymatic activity.  
Another type of protein homocysteinylation is through the 
formation of a covalent disulfide bond found primarily with 
cysteine residues (protein-S-homocysteinylation). We have 
been able to demonstrate the presence of a significant 
increase of homocysteinylated proteins in uremia (28). We 
obtained, with a new method combining gel filtration, 
hydrolysis, and HPLC chromatography, data for both protein-
S-Hcy and protein-N-Hcy, which were significantly increased 
in the plasma of uremic patients on hemodialysis. This type 
of protein alteration occurs in uremia, because of the high 
homocysteine levels present in this condition, thus 
representing another example of a widespread presence of a 
derangement of the peptide link in uremia. Protein 
homocysteinylation could be one of the principal mediators 
of homocysteine toxicity, contributing to determine structural 
and functional alterations at the molecular and cellular level. 
Therefore, it can be stated that in chronic renal failure and 
end stage renal disease, both altered gene expression and the 
alterations in protein structure, dependent on 
hyperhomocysteinemia and acting through an increase of a 
homocysteine-related metabolite, may play a crucial role in 
terms of macromolecule functional derangement. 
 
Therapy 
 
In view of the epidemiological data and the high frequency of 
cardiovascular disease in chronic renal failure patients, 
numerous attempts have been made to lower plasma total 
homocysteine concentrations in these patients. In the general 
population, it is possible to reduce homocysteine levels by 
means of dietary intervention or with small folate 
supplementation. In chronic renal failure patients, possible 
tools conducive to a reduction of homocysteine levels are 
folate therapy, therapy with betaine, serine, N-acetylcysteine, 
or B vitamins (vitamin B6, B12, B2), and improved dialysis. 
Betaine, serine, and B vitamins are either not effective, or can 

add only a modest additive effect. The mainstay of therapy is 
represented by folic acid, or folic acid in its active, 
circulating form, MTHF (29-30 for review). 
Folic acid therapy in chronic renal failure patients have been 
shown to reduce, albeit not to normalize, plasma total 
homocysteine concentrations, particularly in dialysis patients, 
who express therefore a resistance to folates. Folic acid 
supplementation of 1 mg daily, in contrast to what is usually 
observed in the general population, does not have any effect 
on plasma total homocysteine concentration in chronic failure 
failure patients, despite the induction of supernormal plasma 
folate levels. Oral supplementation with high doses of folic 
acid (up to 15 mg daily), which leads to a 20 to 50-fold 
increase of plasma folate concentrations, is only partially 
effective in reducing plasma total homocysteine. This relative 
resistance to folate action does not appear to be caused by 
defects in folate absorption or impairment in folic acid 
conversion in the plasma to the active metabolite MTHF. 
Moreover, active reduced forms of folic acid did not lead to a 
greater decrease in plasma total homocysteine levels than 
those observed with native folic acid supplementation in 
hemodialysis patients. However, MTHF provides a moiety 
which does not need to be further metabolized. This is 
important because a polymorphism, the C677T transition of 
MTHF reductase, is very common in the population (20 % in 
the homozygous, 30-40 % in the heterozygous). Providing 
the active form circumvents the possibility that the specific 
patient genetic pattern could affect folate utilization.  
Other abnormalities in homocysteine metabolism, as for 
instance a relative resistance to vitamin B12 action, have 
been observed in chronic renal failure patients. Theses 
abnormalities may also participate to the genesis of 
hyperhomocysteinemia in these patients. However, as 
mentioned previously, the correction of these abnormalities 
in folate-replete patients has only a partial additional effect 
on fasting total homocysteine in chronic renal failure patients.  
For the sake of completeness, it has to be mentioned that 
more efficient dialysis procedures could allow an improved 
removal of uremic toxins and/or homocysteine. The main 
reason for the genesis of hyperhomocysteinemia, and the 
reduced efficacy of folate therapy in dialysis chronic renal 
failure patients, as mentioned previously, is unclear at 
present. The accumulation of uremic toxins and the decrease 
in homocysteine clearance and metabolism owing to a 
decreased functioning renal mass are the two most probable 
explanations. Standard dialysis procedures using low-flux 
dialysers or high-flux dialysis are unable to remove sufficient 
amounts of homocysteine to maintain total homocysteine 
within the normal range. In contrast, dialysis in super-flux 
mode significantly lowered total homocysteine concentra-
tions, possibly due to a greater reduction in uremic toxin con-
centration. This may also be partially due to albumin remo-
val, since the major part of circulating homocysteine is pro-
tein-bound. Recently, it has been also demonstrated that total 
homocysteine levels were significantly lower among patients 
undergoing daily nocturnal HD. 
A displacement of homocysteine from protein-binding sites, 
allowing increased free homocysteine availability for plasma 
clearance by dialysis procedures could be an interesting alter-
native strategy to reduce total homocysteine concentrations. 
It has been reported by Scholze et al (31) that the acute 
intravenous administration of N-acetylcysteine (5 g in 5% 
glucose for 4 hours) during a hemodialysis session, which 
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presumably can displace homocysteine from protein-binding 
sites, was able to completely normalize total homocysteine 
concentrations at the end of the session, with residual 
efficacy for the next two days. The acute decrease of total 
homocysteine concentrations induced by N-acetylcysteine 
supplementation during the dialysis session has been also 
shown to improve pulse pressure and endothelial function in 
hemodialysis patients. In a previous study, the same group 
has also shown that acetylcysteine reduces cardiovascular 
events, when given 600 mg per os, for two years (32). 
Friedman et al (33) have shown that long-term oral N-
acetylcysteine administration (1.2 g twice a day) total 
homocysteine levels were reduced by 19 % in hemodialysis 
patients, compared with an 8 % reduction in patients treated 
with placebo (p = 0.07). Patients were vitamin-replete. 
Possibly, this study was underpowered to detect a statistically 
significant difference, and also acetylcysteine was 
administered orally.  
Although these results are promising, the efficacy and safety 
of intravenous administration of N-acetylcysteine needs, 
however, to be evaluated before drawing a definite 
conclusion. In any case, these data suggest that maneuvers 
aimed to displace homocysteine from protein-binding sites 
may represent a valuable strategy to normalize total 
homocysteine in dialysis patients.  
 
References 
 

1. Homocysteine studies collaboration. Homocysteine and risk of 
ischemic heart disease and stroke. JAMA 2002; 288(16): 2015-
22 

2. McCully KS. Vascular pathology of homocysteinemia: 
implications for the pathogenesis of atherosclerosis. Am J 
Pathol 1969; 56: 111-128 

3. Wilcken DEL, Wilcken B. The natural history of vascular 
disease in homocystinuria and the effects of treatment. J Inherit 
Metab Dis 1997; 20: 295-300 

4. Wilcken DEL, Wilcken B. The pathogenesis of coronary artery 
disease. A possible role for methionine metabolism. J Clin 
Invest 1976; 57: 1079-1082 

5. Clarke R, Daly L, Robinson K et al. Hyperhomocysteinemia: 
an independent risk factor for vascular disease. N Engl J Med 
1991; 324: 1149-1155 

6. Ueland PM, Refsum H, Beresford SAA et al. The controversy 
over homocysteine and cardiovascular risk. Am J Clin Nutr 
2000; 72: 324-332 

7. Refsum H, Ueland PM. Recent data are not in conflict with 
homocysteine as a cardiovascular risk factor. Curr Opin 
Lipidol 1998; 9: 533-539 

8. Jungers P, Massy ZA, Khoa TN et al. Incidence and risk 
factors of atherosclerotic cardiovascular accidents in 
predialysis chronic renal failure patients: a prospective study. 
Nephrol Dial Transplant 1997; 12: 2597-2602 

9. Bostom AG, Shemin D, Verhoef P et al. Elevated fasting total 
plasma homocysteine levels and cardiovascular disease 
outcomes in maintenance dialysis patients. A prospective 
study. Arterioscler Thromb Vasc Biol 1997; 17: 2554-2558 

10. Moustapha A, Naso A, Nahlawi M et al. Prospective study of 
hyperhomocysteinemia as an adverse cardiovascular risk factor 
in end-stage renal disease. Circulation 1998; 97: 138-141 

11. Massy ZA, Chadefaux-Vekemans B, Chevalier A et al. 
Hyperhomocysteinemia: a significant risk factor for 
cardiovascular disease in renal transplant recipients. Nephrol 
Dial Transplant 1994; 9: 1103-1108 

12. Mallamaci F, Zoccali C, Tripepi G et al, on behalf of the 
CREED Investigators. Hyperhomocysteinemia predicts cardio- 
Kalantar-Zadeh K, Block G, Humphreys MH et al. A low, 

rather than a high, total plasma homocysteine is an indicator of 
poor outcome in hemodialysis patients. J Am Soc Nephrol 
2004; 15: 442-453 

13. Wrone EM, Hornberger JM, Zehnder JL et al. Randomized 
trial of folic acid for prevention of cardiovascular events in 
end-stage renal disease. J Am Soc Nephrol 2004; 15: 420-426 

14. Ducloux D, Klein A, Kazory A, Devillard N, Chalopin J-M. 
Impact of malnutrition-inflammation on the association bet-
ween homocysteine and mortality. Kidney Int 2006;69:331-335 

15. Refsum H, Helland S, Ueland PM. Radioenzymic 
determination of homocysteine in plasma and urine.  Clin 
Chem 1985; 31: 624-628 

16. Perna AF, Ingrosso D, Galletti P, Galletti P, Capasso G, De 
Santo NG. Enzymatic methyl esterification of erythrocyte 
membrane proteins is impaired in chronic renal failure. 
Evidence for high levels of the natural inhibitor S-
adenosylhomocysteine. J Clin Invest 1993; 91: 2497-2503 

17. Loehrer FMT, Angst CP, Brunner FP, Haefeli WE, Fowler B. 
Evidence for disturbed S-adenosylmethionine: S-
adenosylhomocysteine ratio in patients with end-stage renal 
failure: a cause for disturbed methylation reactions? Nephrol 
Dial Transplant 1998; 13: 656-661 

18. Van Guldener C, Kulik W, Berger R et al. Homocysteine and 
methionine metabolism in ESRD: A stable isotope study. 
Kidney Int 1999; 56: 1064-71 

19. Mitch WE, Collier VU, Walser M. Creatinine metabolism in 
chronic renal failure. Clin Sci 1980; 58: 327-335 

20. Guttormsen AB, Ueland PM, Svarstad E, Refsum H. Kinetic 
basis of hyperhomocysteinemia in patients with chronic renal 
failure. Kidney Int 1997; 52: 495-502 

21. Stam F, et a.l Am J Physiol 2004; 287: F215 van Guldener C, 
Donker AJM, Jacobs C, Teerlink T, De Meer K, Stehouwer C 
D A. No net renal extraction of homocysteine in fasting 
humans. Kidney Int 1998; 54: 166-169   

22. Bostom A G, Brosnan J T, Hall B et al. Net uptake of plasma 
homocysteine by the rat kidney in vivo. Atherosclerosis 1995; 
116: 59-62 

23. Garibotto G, Sofia A, Saffioti S et al. Inter-organ exchange of 
aminothiols in humans. Am J Physiol Endocrinol Metab 2003; 
284: E757-763  

24. Ingrosso D, Cimmino A, Perna AF et al. Folate treatment and 
unbalanced methylation and changes of allelic expression 
induced by hyperhomocysteinaemia in patients with uremia. 
Lancet 2003; 361: 1693-1699 

25. Perna AF, Ingrosso D, Satta E, Lombardi C, Galletti P, 
D’Aniello A, De Santo NG. Plasma protein aspartyl damage is 
increased in hemodialysis patients: studies on causes and 
consequences. J Am Soc Nephrol 2004; 15: 2747-2754 

26. Perna AF, Satta E, Acanfora F, Lombardi C, Ingrosso D, De 
Santo NG. Increased plasma protein homocysteinylation in 
hemodialysis patients. Kidney Int, 2006, epub ahead of print. 

27. Gonin JM. Folic acid supplementation to prevent adverse 
events in individuals with chronic kidney disease and end stage 
renal disease. Curr Opin Nephrol Hypertens 2005; 14: 277-261  

28. Massy ZA. Potential strategies to normalize the levels of 
homocysteine in chronic renal failure patients. Kidney Int 2003; 
63: S134-S136 

29. Scholtze A, Ringer C, Beige J et al. Acetylcysteine reduces 
plasma homocysteine concentration and improves pulse and 
endothelial function in patients with endstage renal failure. 
Circulation 2004; 1009(3): 369-74 

30. Tepel M, van der Giet M, Statz M, Jankowski J, Zidek W. The 
antioxidant acetylcysteine reduces cardiovascular events in pa-
tients with end-stage renal failure. Circulation 2003;107:992-
995 

31. Friedman AN, Bostom AG, Laliberty P et al. The effects of N-
acetylcysteine on plasma total homocysteine levels in 
hemodialysis: a randomised, controlled study. Am J Kidney Dis 
2003; 41(2): 442-6 


