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In the general population, hyperhomocysteinemia is an independent risk factor for cardio-
vascular disease (ischemic disease, such as stroke and myocardial infarction, and arterial
and venous thrombosis). We can presume that the association is causal, based on the
example of homocystinuria, and on the evidence put forward by several basic science and
epidemiologic studies. However, the results of large intervention trials, which may grant
further support to this hypothesis, are not yet available. In chronic renal failure and in
uremia, the evidence that is offered by carefully performed prospective studies also
indicate the presence of an association, although some studies suggest reverse epidemi-
ology. The mechanisms underlying the association, and able to explain the several toxic
effects of homocysteine, related or not to cardiovascular disease, are unclear. Oxidation,
nitrosylation, and hypomethylation are among the postulated mechanisms. In uremia,
protein hypomethylation interferes with protein repair; DNA hypomethylation impairs reg-
ulation of gene expression, whereas folate treatment reverts such alterations. Acylation,
another structural modification able to impair protein function, is a possible mediator of

homocysteine toxicity.
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Several observational studies, both retrospective and prospec-
tive, have shown (with some exceptions) that hyperhomo-
cysteinemia is an independent risk factor for cardiovascular dis-
ease in the general population.! In a recent meta-analysis,
including 30 studies and more than 6,000 events, a 25% lower
homocysteine level (a 3 wmol/L decrease) was associated with
an 11% lower ischemic heart disease risk and a 19% lower
stroke risk. Data were adjusted for regression dilution bias and
known cardiovascular risk factors. These authors concluded
that homocysteine is a modest cardiovascular risk factor in
healthy people. Nevertheless, the implications of decreasing ho-
mocysteine levels still could be substantial in a general strategy
to lower cardiovascular risk.?
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In normal individuals, plasma total homocysteine concen-
trations span from 5 to 12 wmol/L, and over 97% is in its
oxidized form. Hyperhomocysteinemia is defined as mild
degree if less than 16 wmol/L, as moderate degree between 16
and 30 wmol/L, as intermediate between 31 and 100 wmol/L,
and as severe if greater than 100 wmol/L.> In nontreated
homocystinuria levels are in the severe range, and in chronic
renal failure levels are in the moderate-intermediate range,
whereas in the general population mild increases (12-16
pmol/L) still can provide for an increase in cardiovascular
risk.*

Homocystinuria is the first described human model of hy-
perhomocysteinemia. In its most common form it is caused
by the inherited defect of cystathionine-B-synthase, with ac-
companying hypermethioninemia, but other forms are char-
acterized by hyperhomocysteinemia alone. In all forms, af-
fected patients, who display a variety of clinically relevant
derangements attributable to homocysteine accumulation
(marfanoid features, ectopia lentis, and so forth), used to die
of premature cardiovascular disease, in particular arterial and
venous thrombosis, myocardial infarction, and stroke.” It has
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been concluded that in this monogenic disease hyperhomo-
cysteinemia causally induces high mortality levels caused by
cardiovascular disease, and in fact therapy leads to a signifi-
cant increase in survival rates.®

Homozygosity for the methylenetetrahydrofolate reduc-
tase 677C—T transition, leading to the unstable thermo-
labile form of this enzyme, is a particularly frequent polymor-
phism, responsible for mild hyperhomocysteinemia. Studies
on genetic variants are useful in assessing the nature of asso-
ciations, such as that between homocysteine and cardiovas-
cular disease, that is whether homocysteine causes the dis-
ease or not. A recent meta-analysis has shown that this
polymorphism is associated with increased cardiovascular
risk, and the risk becomes patent when folate levels are low.”

Other causes of hyperhomocysteinemia are reduced B vi-
tamin intake or defective intestinal absorption and adminis-
tration of drugs (eg, those that consume methyl groups, sim-
ilar to L-DOPA, or that interfere with folate metabolism such
as methotrexate). Another cause of hyperhomocysteinemia is
chronic renal failure, with a high prevalence of mild-moder-
ate hyperhomocysteinemia (85% to 90%) in uremic patients,
in whom high cardiovascular mortality rates also are ob-
served.

Very briefly, 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 pro-
tein breakdown.® Methionine, when it is not used in protein
biosynthesis, is condensed with adenosine triphosphate to
form S-adenosylmethionine (AdoMet), a sulfonium com-
pound. AdoMet in turn donates, after decarboxylation, the
propyl amino moiety in polyamine synthesis, whereas its
methyl group is used in the transmethylation pathway to
methylate various methyl acceptors (proteins, DNA, and
small molecules, such as guanidino acetate, in creatine bio-
synthesis). AdoMet demethylated product is S-adenosylho-
mocysteine (AdoHcy). AdoHcy is hydrolyzed to adenosine
and homocysteine in a reversible reaction that is inhibited by
AdoHcy itself (in a competitive product type of inhibition).
Homocysteine then is metabolized to cystathionine in the
transsulfuration pathway, where cystathionine-B-synthase is
the rate-limiting enzyme. The remethylation pathway leads
to methionine formation from homocysteine, which receives
a methyl group from methyltetranydrofolate (MTHF), in a
reaction catalyzed by methionine synthase. Methylenetetra-
hydrofolate reductase is the enzyme that catalyzes the reduc-
tion of methylenetetrahydrofolate to MTHF, thereby irrevers-
ibly committing one carbon unit to MTHF. This represents a
folate trap because MTHF can be used in this and only this
remethylation reaction, whereas folates in less reduced forms
can be used in other reactions and in particular by thymidi-
late synthase in this DNA precursor synthesis.

Hyperhomocysteinemia
in Renal Failure: Causes

As for the cause of hyperhomocysteinemia in renal failure, it
previously was thought that impaired renal excretion could

be responsible, but it has been ascertained that homocysteine
excretion is negligible.® Also, no increased production of ho-
mocysteine is reported to be present in uremia.!'® This is also
confirmed by the observation of Mitch et al,'' who showed
that creatinine production is not increased in renal failure
(creatinine derives from creatine, which is the methylated
product of guanidinoacetate, a major AdoMet methyl-accep-
tor). Regarding homocysteine metabolism by the kidney, re-
sults obtained in the rat model show decreased renal metab-
olism in uremia.!? However, in this experimental animal
model homocysteine is mostly in the free, non—protein-
bound, form. On the contrary, in human plasma only a small
fraction of homocysteine circulates in a free form, and is
therefore available for glomerular filtration. Homocysteine
levels were measured in the renal vein and renal artery of
patients with normal renal function undergoing a coronarog-
raphy, in the fasting state, and there was no significant dif-
ference.!> Guttormsen et al'® have shown that, after peroral
and intravenous homocysteine loading in chronic renal fail-
ure patients, total body homocysteine clearance from plasma
is impaired (70% reduction). After folate treatment homocys-
teine levels are reduced, but homocysteine half-life is not. Tt
therefore has been concluded that folic acid enhances homo-
cysteine remethylation in tissues, thereby decreasing homo-
cysteine efflux into the plasma compartment, but does not
affect the reduced total body clearance of homocysteine.

Recent findings support the view that high homocysteine
levels in uremia are not caused by defective folate absorption
or folate interconversion to the active forms.!*1>

A study by Garibotto et al'® investigated the balance of
total homocysteine, cysteine-glycine, and cysteine across the
kidney, splanchnic bed, and the lower limbs in humans in
the postabsorptive state, a condition in which the steady state
of arterial levels is maintained by the constancy of the uptake
and tissue release rates.

The average kidney removal of homocysteine was not sta-
tistically significant, thereby confirming the findings of van
Guldener et al.!* These findings may reflect the low sensitiv-
ity in the methods currently available to detect small arterio-
venous differences of homocysteine, as argued by Blom and
De Vriese!” and Brosnan.'® However, the important finding is
that the fractional extraction (eg, the arteriovenous difference
in percent of the arterial concentration) of homocysteine
across the kidney varies directly with renal plasma flow.
However, a big interindividual variability in homocysteine
metabolism across the kidney was found. The fractional ex-
traction of homocysteine across the kidney was related pos-
itively with renal plasma flow with a net uptake taking place
when renal plasma flow was greater than 500 mL/min. By
examining the relationship between renal homocysteine
clearance and renal plasma flow, it appears that homocys-
teine renal clearance decreases rapidly from 70 mL/min to
values close to 0 when plasma flow decreases from 650 mL/
min to values around 400 to 500 mL/min. This finding is in
agreement with data by Guttormsen et al,'° indicating that
whole-body homocysteine clearance is reduced from 100 to
30 mL/min when renal function is impaired. Taken together,
these data suggest the dependence of homocysteine uptake
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by the human kidney on a nonreduced blood supply. Besides
glomerular filtration, which is restricted because of protein
binding, homocysteine may be taken up by the peritubular
basolateral surface,'®?® and conditions decreasing renal
plasma flow, such as diuretic therapy, are characterized by
hyperhomocysteinemia.

Hyperhomocysteinemia
in Renal Failure: Effects

Consequences of hyperhomocysteinemia can be viewed di-
rectly in relation to cardiovascular risk. Interventional trials
can help to answer the issue of causality, that is, whether or
not hyperhomocysteinemia is linked causally to cardiovascu-
lar risk. Several intervention trials currently are under way
that will test the hypothesis that decreasing homocysteine
levels in the general population will reduce cardiovascular
events. In patients undergoing coronary angioplasty, the
prevalence of restenosis decreases with folic acid, vitamin B,
and By, therapy.?! Because of the mandatory folic acid flour
fortification program in the United States and other countries
for prevention of neural tube defects, the idea has been put
forward that these intervention trials will lose their statistical
power because blood homocysteine levels will be lower than
expected at the start of trials.?> Therefore, the difference be-
tween pre- and posttherapy levels will be much lower. It has
been proposed that these trials should enroll more patients
and be longer in duration, and that only a meta-analysis of
these trials, once available, will assess the relevance for public
health of decreasing homocysteine levels for prevention of
cardiovascular disease.?

In uremic patients, a recent study, in which a population of
175 chronic hemodialysis patients was followed-up for 29
months, showed an increase in mortality rates that was
higher with higher plasma homocysteine levels at baseline.?*
Statistical adjustment for confounders and traditional and
nontraditional risk factors was performed. However, it also
has been shown that lower homocysteine levels (as expres-
sion of general malnutrition) are associated with increased
mortality.? It is important in testing the reverse epidemiol-
ogy hypothesis?® that data should be adjusted carefully for
confounders, and in this particular case for plasma albumin
levels. Low albumin levels are a strong predictor of mortality,
and low homocysteine concentration, if not adjusted, could
therefore be just a surrogate for malnutrition.

A trial in kidney transplant patients funded by the National
Institutes of Health in the United States is currently (July
2004) in its initial stages. Transplant patients display unique
characteristics because they are at high risk for cardiovascular
disease, their homocysteine levels are high (in the mild
range), and they are susceptible to be normalized on folate
treatment. This trial most probably will keep its statistical
power even in the era of folate fortification because homo-
cysteine levels are high to start with. The results of this trial
are eagerly awaited.?

Consequences of hyperhomocysteinemia can be viewed
also in terms of a general toxicity, more or less directly related

to cardiovascular risk. For example, it has been shown that
homocysteine induced the expression of T-cell death—associ-
ated gene 51 (TDAG51) in human umbilical vein endothelial
cells (HUVECs), and ApoE —/— mice fed hyperhomocys-
teinemic diets showed an increase in TDAG51 expression
that was correlated with apoptosis in atherosclerotic lesions.
Apoptosis increases the risk for rupture of the atherosclerotic
lesion by decreasing its stability. Therefore, TDAG51 pro-
motes detachment-mediated apoptosis in vivo and in vitro,
and contributes to the development of atherosclerosis in hy-
perhomocysteinemia.?’

It recently has been shown that folate treatment reverts
impairment in DNA methylation and alterations of gene ex-
pression in hemodialysis patients.?® In these patients, global
DNA methylation is impaired owing to the inhibition of
methyltransferases, exerted by the accumulation of the ho-
mocysteine precursor AdoHcy. In earlier studies it has been
shown that membrane protein repair, a process in which a
methylation reaction is involved, is inhibited in uremia.?®-3!
Given the levels of AdoHcy in uremia, and the Km and Ki of
the individual enzyme, the extent of inhibition for each en-
zyme has been calculated, and DNA methyl transferases were
among the enzymes likely to be affected.’’ In fact, DNA
methylation is impaired and its levels correlate significantly
with plasma homocysteine levels.

DNA methylation is viewed as a mechanism that can si-
lence (and more generally regulate) gene expression. For ex-
ample, this is the case of imprinted genes. Considering the
way through which genes are passed from one generation to
another for the imprinted genes the allele coming from one of
the parents is generally shut off through methylation. Under
normal conditions, gene expression therefore is termed
monoallelic for these genes (the gene coming from either the
mother or the father is expressed, the other is silenced in a
nonrandom manner, ie, not casually).

SYBL1 (a pseudoautosomal gene, X or Y inactivated) and
H19 (an imprinted gene with maternal expression), genes
regulated in the way described earlier, were chosen for this
study. The allelic expression of these genes was therefore
used to test the functional outcome of DNA hypomethylation
in these patients (ie, if this hypomethylation could result in
significant changes of gene expression). Allelic expression of
SYBL1 and H19 was checked by using a suitable restriction
fragment length polymorphism as a marker. This means that
only heterozygous patients for a given restriction fragment
length polymorphism could be monitored for allelic expres-
sion, once the complementary DNA obtained from RNA
through reverse-transcriptase polymerase chain reaction was
run, whereas in the others it was not possible to identify by
this technique if one or both alleles (paternal and maternal)
actually were activated. Results show that for SYBL1 the gene
expression in patients is biallelic, that is, both alleles are
expressed, and for H19, only in patients with high homocys-
teine levels (roughly >60 umol/L) is the gene expression
biallelic. After therapy with MTHF for 2 months the homo-
cysteine levels decreased in the H19 heterozygous patients,
with a parallel decrease of total DNA methylation, and gene
expression returned to monoallelic, thus confirming the
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working hypothesis that homocysteine modifies DNA meth-
ylation in a reversible fashion. The interpretation of results is
that, in patients with higher homocysteine levels (>60 umol/
L), there is a transcriptional activation of the normally re-
pressed allele caused by DNA hypomethylation. The subse-
quent folate treatment was able to revert the biallelic
expression into monoallelic expression in the 3 patients who
had biallelic expression; whereas in the other 4 patients (who
acted as controls) H19 expression already was monoallelic
(ie, normal) before folate and remained monoallelic after-
ward.

In conclusion, SYBL1 and H19 were used as marker genes
for testing alterations of gene expression induced by hyper-
homocysteinemia because SYBL1 and H19 are well-known
methylation-regulated genes. Therefore, folates were used to
test the hypothesis that high homocysteine levels induced
DNA hypomethylation, and this resulted in alterations of
gene expression.

Another possible mechanism of homocysteine toxicity is
protein homocysteinylation, occurring after the formation of
excess homocysteine thiolactone. Normally, it is not possible
to measure homocysteine thiolactone levels in blood, proba-
bly because of a low concentration owing to the high mole-
cule reactivity. However, when there is an increase in blood
homocysteine level, an increase in homocysteinylated pro-
teins can be observed.?* Taking as a model plasma proteins
incubated in the presence of homocysteine thiolactone, the
formation of homocysteinylated proteins occurs spontane-
ously through a non enzymatic mechanism, and rapidly, with
complete disappearance of thiolactone from the medium af-
ter 3 hours. Consequences of protein homocysteinylation
are: protein damage with an altered electrophoretic mobility,
and loss of enzymatic activity (with protein denaturation), in
several model systems such as plasma proteins, methionyl
tRNA synthetase, tripsyn, lysin oxidase, and so forth.

Therapy

In the general population, it is possible to reduce homocys-
teine levels by means of dietary intervention or with folate
supplementation. In chronic renal failure patients, a resis-
tance to folate therapy is present in the sense that it is possible
to normalize homocysteine levels in only a subset of patients,
whereas the majority show varying degrees of reduction. It is
possible that the whole issue of therapy will be addressed in
a much more specific manner when the exact cause of hyper-
homocysteinemia is clearer. Resistance is present even with
folates at a high dosage, as shown in the Vienna Multicenter
Study.?* Tt appears from this randomized controlled trial
comparing 15, 30, and 60 mg folic acid that to treat with
high-dose folate is not necessary because there was no differ-
ence between the groups. Folates are present in several chem-
ical forms, from the less (folic acid, folinic acid) to the most
reduced forms, represented by MTHF. There is no significant
difference between these forms in terms of homocysteine
reduction.® As for betaine, serine, and vitamin B, these
compounds are not effective in uremic patients.

In general, it must be noted that until the assessment of the

benefits in terms of cardiovascular risk is available, there is no
general recommendation to screen or to treat hyperhomocys-
teinemia in renal failure. However, some scientists deem it
necessary to screen and to treat individuals with especially
high cardiovascular risk.

References

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

2. Homocysteine Studies Collaboration: Homocysteine and risk of isch-
emic heart disease and stroke. JAMA 288:2015-2022, 2002

3. KangSS, Wong PWK, Malinow MR: Hyperhomocyst(e)inemia as a risk
factor for occlusive vascular disease. Ann Rev Nutr 12:279-298, 1992

4. Clarke R, Daly L, Robinson K, et al: Hyperhomocysteinemia: An inde-
pendent risk factor for vascular disease. N Engl ] Med 324:1149-1155,
1991

5. McCully KS: Vascular pathology of homocysteinemia: Implications for
the pathogenesis of atherosclerosis. Am J Pathol 56:111-128, 1969

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

7. Klerk M, Verhoef P, Clarke R, et al, and the MTHFR Studies Collabo-
ration Group: MTHFR 677C—T polymorphism and risk of coronary
heart disease: A meta-analysis. JAMA 288:2023-2031, 2002

8. Perna AF, Castaldo P, Ingrosso D, et al: Homocysteine, a new cardio-
vascular risk factor, is also a powerful uremic toxin. ] Nephrol 12:230-
240, 1999

9. Refsum H, Helland S, Ueland PM: Radioenzymic determination of ho-
mocysteine in plasma and urine. Clin Chem 31:624-628, 1985

10. Guttormsen AB, Ueland PM, Svarstad E, et al: Kinetic basis of hyper-
homocysteinemia in patients with chronic renal failure. Kidney Int
52:495-502, 1997

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

12. Bostom AG, Brosnan JT, Hall B, et al: Net uptake of plasma homocys-
teine by the rat kidney in vivo. Atherosclerosis 116:59-62, 1995

13. Van Guldener C, Donker AJM, Jakobs C, et al: No net renal extraction
of homocysteine in fasting humans. Kidney Int 54:166-199, 1996

14. Ghandour H, Bagley PJ, Shemin D, et al: Distribution of plasma folate
forms in hemodialysis patients receiving high daily doses of L-folinic or
folic acid. Kidney Int 62:2246-2249, 2003

15. Ducloux D, Aboubakr A, Motte G, et al: Hyperhomocysteinemia ther-
apy in hemodialysis patients: Folinic versus folic acid in combination
with vitamin Bg and B,,. Nephrol Dial Transplant 17:865-870, 2002

16. Garibotto G, Sofia A, Saffioti S, et al: Inter-organ exchange of amino-
thiols in humans. Am J Physiol 284:E757-E763, 2003

17. Blom HJ, De Vriese S: Why are homocysteine levels increased in kidney
failure? A metabolic approach. J Lab Clin Med 139:262-268, 2002

18. Brosnan JT: Homocysteine and the kidney, in Carmel R, Jacobsen D
(eds): Homocysteine in Health and Disease. Cambridge, UK, Cam-
bridge University Press, 2001, pp 176-182

19. Foreman JW, Wald H, Blumberg G, et al: Homocystine uptake in
isolated rat renal cortical tubules. Metabolism 31:613-619, 1982

20. Friedman AN, Bostom AG, Selhub J, et al: The kidney and homocys-
teine metabolism. ] Am Soc Nephrol 12:2181-2189, 2001

21. Schnyder G, Roffi M, Pin R, et al: Decreased rate of coronary restenosis
after lowering of plasma homocysteine levels. N Engl ] Med 345:1593-
1600, 2001

22. Bostom AG, Selhub J, Jacques PF, et al: Power shortage: Clinical trials
testing the “homocysteine hypothesis” against a background of folic
acid-fortified cereal grain flour. Ann Intern Med 135:133-137, 2001

23. Clarke R: Large trials of folic acid supplementation for prevention of
cardiovascular disease. ] Inherit Metab Dis 26:10, 2003 (abstr, suppl 1)

24. Mallamaci F, Zoccali C, Tripepi G, et al, on behalf of the CREED
Investigators: Hyperhomocysteinemia predicts cardiovascular out-
comes in hemodialysis patients. Kidney Int 61:609-614, 2002

25. Suliman ME, Qureshi AR, Barany P, et al: Hyperhomocysteinemia,



430

AF. Perna et al.

26.

27.

28.

29.

30.

nutritional status, and cardiovascular disease in hemodialysis patients.
Kidney Int 57:1727-1735, 2000

Kalantar-Zadeh K, Block G, Humphreys MH, et al: Reverse epidemiol-
ogy of cardiovascular risk factors in maintenance dialysis patients. Kid-
ney Int 63:793-808, 2003

Hossain GS, vanThienen JV, Werstuck G, et al: TDAG51 is induced by
homocysteine, promotes detachment-mediated programmed cell death
and contributes to the development of atherosclerosis in hyperhomo-
cysteinemia. J Biol Chem 278:30317-31327, 2003

Ingrosso D, Cimmino A, Perna AF, et al: Folate treatment and unbal-
anced methylation and changes of allelic expression induced by hyper-
homocysteinaemia in patients with uremia. Lancet 361:1693-1699,
2003

Perna AF, Ingrosso D, Galletti P, et al: Enzymatic methyl esterification of
erythrocyte membrane proteins is impaired in chronic renal failure. Evi-
dence for high levels of the natural inhibitor S-adenosylhomocysteine.
J Clin Invest 91:2497-2503, 1993

Perna AF, Ingrosso D, De Santo NG, et al: Mechanism of erythrocyte

31.

32.

33.

34.

35.

accumulation of methylation inhibitor S-adenosylhomocysteine in
uremia. Kidney Int 47:247-253, 1995

Perna AF, D’Aniello A, Lowenson JD, et al: D-aspartate content of
erythrocyte membrane proteins is decreased in uremia: Implications
for the repair of damaged proteins. ] Am Soc Nephrol 8:95-104, 1997
Clarke S, Banfield K: S-adenosylmethionine-dependent methyltrans-
ferases, in Carmel R, Jacobsen D (ed): Homocysteine in Health and
Disease. Cambridge, UK, Cambridge University Press, 2001, pp
63-78

Jakubowski H: Biosynthesis and reactions of homocysteine thiolactone,
in Carmel R, Jacobsen D (ed): Homocysteine in Health and Disease.
Cambridge, UK, Cambridge University Press, 2001, pp 21-31
Sunder-Plassmann G, Fodinger M, Buchmayer H, et al: Effect of high
dose folic acid therapy on hyperhomocysteinemia in hemodialysis pa-
tients: Results of the Vienna multicenter study. J Am Soc Nephrol
11:1106-1116, 2000

Massy ZA: Potential strategies to normalize the levels of homocysteine
in chronic renal failure patients. Kidney Int 63:5134-S136, 2003



	Hyperhomocysteinemia and Cardiovascular Disease in Uremia: The Newest Evidence in Epidemiology and Mechanisms of Action
	Hyperhomocysteinemia in Renal Failure: Causes
	Hyperhomocysteinemia in Renal Failure: Effects
	Therapy
	References


