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Abstract Graft coronary artery 
vasculopathy is the main cause of 
late morbidity and mortality in car- 
diac allograft recipients. A high 
plasma homocysteine (hcy) concen- 
tration is now generally accepted as 
a risk factor for coronary arterio- 
sclerosis, but little information exists 
for the pediatric age group. We 
therefore explored the potential 
role of hcy and antioxidants in 31 
pediatric allograft recipients. We 
found hcy concentrations to be sig- 
nificantly higher in recipients than 
in control. Hcy continued to rise 
within the first 2 postoperative 
years. Vitamin A and E concentra- 
tions were significantly lower in 
transplant patients. Hyperhomocy- 

steinemia was significantly more 
common in patients with complica- 
tions than in those without. Our 
findings suggest that pediatric al- 
lograft recipients experience oxi- 
dant stress, as highlighted by the 
high plasma levels of Hcy and the 
low concentrations of vitamins A 
and E. Nutritional supplementation 
may be indicated to lower plasma 
hcy and to reduce oxidant stress. 
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Introduction 
Accelerated allograft coronary artery vasculopathy 
(CAV) is the main cause of late morbidity and mortality 
in heart transplant patients [5 ] ,  including those in the 
pediatric age group. Elevated plasma homocysteine 
(hcy) concentrations are now generally accepted as an 
independent risk factor for coronary arteriosclerosis, 
peripheral vascular disease, and thrombosis [lo, 171. 
Within a few months after transplant surgery abnormal- 
ly high hcy values are observed in the majority of adult 
recipients [4,13]. It is not clear whether hcy contributes 
to the development of allograft CAY Hyperhomocy- 

steinemia was found to be more likely in recipients 
with vascular complications [2, 131. The precise mecha- 
nism for the vascular damage is unknown. Increased OX- 
idant stress caused by an elevated hcy level has been 
suggested as one factor [15]. Several studies suggest 
that antioxidants, especially vitamin E, might lower the 
risk of coronary heart disease [22,23,26]. As very little 
information concerning hyc and its risks is available for 
pediatric heart transplant recipients, we examined the 
potential role of plasma hcy and of vitamins A and E in 
pediatric allograft recipients with and without CAV. 
The results were compared with the corresponding val- 
ues recorded in a normal reference group. 
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Table 1 Reference values of total plasma homocysteine [mean 
(SD)] by age and sex 

Table 2 Recipients’ plasma homocysteine [mean (SD)] by age and 
sex 

8.6 (2.1) 92 7.8(1.9) 114 

0-1 5.0(1.6) 10 4.7 (1.2) 15 
1-3 10.0(2.6) 15 9.3 (2.3) 16 
3-6 8.0(2.0) 11 10.0 (1.3) 17 
6-10 10.4i2.3) 13 8.4 (3.0) 20 

10-15 9.1 (2.2) 23 7.7 (3.0) 22 
Adults 9.2 (2.0) 20 6.7 (0.5) 24 

Patients and methods 
Patients 

The study population consisted of 31 (16 boys and 15 girls) pediat- 
ric allograft recipients (28 heart, two heart-lung, 1 heart-renal 
transplants). The patients, with a mean age of 12.3 f 4.9 (range 
1-22 years), were seen at routine follow-up clinic visits between 
November 1994 and October 1996. Informed consent was obtained 
in each case, and the local ethics committee at Ospedale Bambino 
Gesii approved the study. Plasma hcy concentrations, lipid profile, 
and plasma creatinine were measured at =-and at 12months 
and then at yearly intervals after the transplant. Hcy concentra- 
tions were assessed at a mean of 34.3 (median 24, 3-96) months 
postoperatively. Thirteen recipients had more than one (up to 
four) plasma hcy evaluations over the course of the study. Twelve 
of the patients had survived for more than 5 years when plasma 
hcy concentrations were assessed for the first time. Vitamin A 
and E concentrations were evaluated in 10 patients. 

At the time of the study only limited information was available 
concerning plasma hcy concentrations in children. Therefore we 
obtained hcy, lipid profiles, and creatinine measurements in 
206 healthy pediatric and adult controls (92 male, 114 female) 
who were matched for age and sex (Table 1). 

Laboratory evaluations 

Samples for total fasting plasma homocysteine were collected in 
EDTA-containing tubes, immediately placed on ice, and centri- 
fuged within 1-2 h. The plasma was stored at -70°C until analysis 
by high-performance liquid chromatography. All forms of plasma 
homocysteine were analyzed, including oxidized and reduced 
forms. We defined hyperhomocysteinemia as a concentration 
greater than the 90th percentile of the age- and sex-appropriate 
control. 

Vitamins A and E were obtained, stored and analyzed in a sim- 
ilar fashion. The normal range for these vitamins was determined 
from the measurement of vitamin concentrations in healthy volun- 
teers who constitute a normal-value database for our laboratory. 

Fasting plasma cholesterol, triglycerides, and creatinine con- 
centrations were obtained at the same times as hcy and measured 
using standard laboratory techniques. 

1 

~ 

\ge (years) All Male Female 
12.2 (3.7) 10.7 (2.3) 12.7 (4.7) 

1 -3 10.5 (4.9) 10.5 (4.9) 
3-6 11.8 (2.3) 11.8 (2.3) 
6-10 11.9 (4.3) 10.7 (1.7) 12.9 (5.6) 

10-15 11.0 (2.7) 10.4 (2.7) 11.4 (2.6) 
Adults 12.7 (5.6) 10.0 (2.4) 16.1 (6.7) 

Table 3 Plasma homocysteine concentration after transplantation 

Time (months) n Mean (SD) P -value 
3 8 9.0 (2.2) 
6 8 11.3 (1.7) 0.05’ * 

12 6 11.2 (2.0) 0.99” 
24 7 15.2 (5.3) 0.1 4’ 

0.016h* 
~~ 

* P < 0.05 
Between each interval 
Between 3- and 24-month values 

CAVIacute and chronic rejection 

After transplantation all patients underwent an annual cardiac 
catheterization procedure with angiography and endomyocardial 
biopsies. Biopsy results of at least 3A were considered diagnostic 
of acute rejection [6]. 

Statistical analysis 

Results were expressed as mean (SD). The significance of differ- 
ences between mean values was determined using a paired r-test. 
Percentages were compared using a Chi-square test. Findings 
were considered statistically significant if the P-value was ~0.05 
for a two-sided hypothesis. 

Results 
The allograft recipients had a mean plasma hcy concen- 
tration of 12.2 (3.7) pmol/l, which was significantly high- 
er than that of healthy controls [8.2 (2.0) pmol/l, 
P < 0.001; Table 21. Hyperhomocysteinemia was seen 
in 16 patients (52%). The plasma hcy concentrations 
rose in 7 of 8 patients (87.5%) with repeated assess- 
ments within the first 2 years after the transplant. Mean 
increase was 3.3 (3.1) (range -2.9 to 7.0) pmol/l. There 
was a statistically significant difference between values 
at 3 and 6 months ( P  = 0.05), and between those at 3 
and 24 months (P < 0.02; Table 3). Five years after the 
transplantation no significant differences were found. 
The individual changes in hcy concentration were vari- 
able [mean 0.2 (3.4), range -4.5 to 4.0 pmoUl]. 

Lipid profile and creatinine were not significantly 
higher in recipients than in controls, although 4 patients 
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Table 4 Morbidity and mortality in pediatric heart transplant reci- 
pients and risk factors 

Homocysteine Cholesterol Triglycerides 

Mortality 
1 X - - 
2 - 
3 X 
4 X 
5 
6 X X X 

Retransplantation 
1 X 
2 X 
3a X X X 

Rejection 
1 
2 X 
3 X - - 
4 - 
a Double-lung transplant after heart-lung allograft 

X - 
- - 
- - 
X X - 

- - 
- - 

- - - 
- - 

- X 

had both elevated triglycerides (> 150 mgldl) and ele- 
vated cholesterol (> 220 mg/dl) concentrations on re- 
peated measurements. Two recipients had isolated high 
triglycerides. The only patient with an elevated serum 
creatinine (1.4 mg/dl) was also found to have hyperho- 
mocysteinemia. 

Vitamin A and vitamin E concentrations were signif- 
icantly lower in transplant recipients than in controls 
[299.8 (85.4) vs 610 (97.6) ng/l and 457.0 (11.5) vs 897.4 
(212.4) ng/l, respectively, P <0.001]. All allograft recipi- 
ents had vitamin concentrations below the tenth percen- 
tile of controls; 9 had vitamin A values below the third 
percentile. Seven of the 10 patients tested had increased 
plasma hcy concentrations. 

By May 1999,6 (19.4%) of the 31 patients had died, 
3 had been retransplanted (1 with a double lung trans- 
plant after a heart-lung allograft for bronchiolitis oblit- 
erans), and 4 (plus 1 patient after the second allograft) 
had had chronic rejection or at least two episodes of 
acute rejection. Hyperhomocysteinemia was observed 
in 69.2% of the patients who suffered morbidities or 
mortalities versus 38.9% of those who did not have 
complications ( P  < 0.002). Four of the patients who 
died, all retransplanted patients, and 2 of the 4 children 
who had experienced rejections were diagnosed with 
hyperhomocysteinemia (Table 4). 

Discussion 
Over the last 30 years, elevated plasma hcy concentra- 
tions have been recognized as an independent risk fac- 
tor for coronary artery disease [lo, 17, 21, 25, 281. 
Studies in transplant recipients have shown that plas- 

ma hcy concentrations rise within a few months after 
the procedure, for reasons that remain unclear [4, 131. 
With this study we demonstrated that pediatric cardiac 
allograft recipients, like adults recipients, have higher 
plasma hcy levels than age-appropriate controls. 
Slightly more than half the pediatric patients present- 
ed with hyperhomocysteinemia. Hcy concentrations 
rose over the first 2years after transplant. Possible 
mechanisms for increased hcy values include renal im- 
pairment, interference with the folate-dependent 
remethylation of hcy, and vitamin B6 deficiencies. Sev- 
eral recent studies have indicated that renal function 
or creatinine levels might be the most important deter- 
minants of plasma hcy concentrations after transplan- 
tation [2, 3, 9, 11, 121. Our patients’ creatinine levels 
were not significantly different from control levels. 
Only 1 of our patients with hyperhomocysteinemia 
had an abnormally elevated creatinine concentration. 
Cyclosporine plasma levels have been implicated as 
an independent positive predictor of plasma hcy con- 
centrations [2, 81, although recently a negative correla- 
tion between hcy and 2-h peak levels of cyclosporine 
was demonstrated in cardiac transplant patients 1121. 
All our patients received cyclosporine for immunosup- 
pressive therapy. 

A large study in healthy children showed that se- 
rum hcy was significantly inversely correlated with se- 
rum levels of folic acid and vitamins B6 and B12 [20]. 
Post-transplantation levels of folate and vitamin B6 
in adults have been found to fall and often to reach 
abnormally low ranges [4, 131. Our evaluation suggests 
that deficiencies in allograft recipients might not be 
limited to folate and B vitamins. Although we as- 
sessed only a subset of patients, we found vitamin A 
and E levels to be significantly lower than in a refer- 
ence population. Vitamin A was especially affected, 
being two standard deviations below the norm in the 
majority of patients. Vitamin A is necessary for the 
growth and differentiation of epithelial tissues [24]. 
Tocopherol is thought to be one of the main antioxi- 
dants in the defense against oxygen-free radical lipid 
peroxidation [15, 221. Hcy is cytotoxic to endothelial 
cells in vitro and can promote low-density lipoprotein 
(LDL) oxidation [24]. Foam cells are formed in the ar- 
tenal wall when macrophage scavenger receptors rec- 
ognize the oxidized LDL [14], a process that eventual- 
ly leads to the formation of atheromatous lesions [MI. 
A shortage in antioxidant vitamins might lead to ac- 
celerate CAV The reasons for the vitamin deficiencies 
are unclear. Poor nutrition is unlikely, as many pediat- 
ric patients demonstrate catch-up growth after their 
transplant. Low vitamin A and E concentrations in 
the blood indicate that the hepatic storage of these vi- 
tamins may be exhausted. A person keeping to a re- 
tinol-free diet will use hepatic reserves and maintain 
stable blood concentrations for many months [27]. 
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This suggests that unknown factors that interfere with 
the absorption Or the metabolism of the Vitamins 
might be present for an extended period of time in 
transplant recipients. 

We found that patients who suffered rejection, re- 
transplantation, or death had hyperhomocysteinemia 
more frequently than did recipients without complica- 
tions. In adult cardiac and renal allograft recipients 
with elevated hcy values, atherosclerotic complications 
in general have been shown to be more common [2, 
131. A direct correlation between transplant coronary 
artery disease and hyperhomocysteinemia was recently 
questioned, although in the study the diagnosis was 
made by angiogram and not by intravascular ultrasound 
[ll]. In nontransplant patients with angiographically 
confirmed coronary artery disease plasma hcy levels 
can be predictive of mortality [19]. 

Emerging evidence suggests that nutritional supple- 
mentation and pharmacological interventions might re- 
duce the risk of atherosclerosis. Children who use mul- 
tivitamins have lower mean hcy concentrations than 
nonusers [20]. Breakfast cereal fortified with folic acid 
can increase plasma folic acid levels and reduce plasma 
hcy concentrations in patients with coronary vascular 
disease [16]. In cardiac and renal transplant patients fol- 
ic acid supplementation can significantly decrease hcy 
levels [l,  91. Vitamin E supplements seem to limit the 
risk of coronary artery disease in adults [23,26]. Except 
for 1 patient who was taking B vitamins for pernicious 

inemia, our patients did not receive any nutritional sup- 
plements. 

There are several limitations to this study, including 
the relatively small population base and the nonuniform 
methodology. Baseline hcy concentrations were not 
available, and later measurements were obtained at 
varying intervals after the transplant. Creatinine clear- 
ance would have been a better measure of renal func- 
tion. Vitamin concentrations were only assessed in a 
subgroup of patients, which prevented an analysis of a 
possible association between hyperhomocysteinemia 
and vitamin A and E deficiencies. Finally, we did not as- 
sess the patients in detail for vascular complications. No 
autopsy results relating to coronary arteriosclerosis 
were available. No intravascular ultrasound evaluations 
were performed during angiographies. 

In summary, we found that pediatric allograft recipi- 
ents had higher than normal plasma hcy levels. Slightly 
more than half had hyperhomocysteinemia. In a sub- 
group of recipients we demonstrated vitamin A and E 
deficiencies. At this point investigations avoiding the 
limitations of the current study are necessary to delin- 
eate the mechanism of allograft vasculopathy further. If 
deficiencies of antioxidants can be confirmed in larger 
patient populations we will have to study the etiologies 
and consequences. We also have to evaluate whether 
therapeutic interventions, such as vitamin supplementa- 
tion, can reduce hcy concentration and prevent compli- 
cations in pediatric transplant recipients. 

References 
1. Arnadottir M, Hultberg B (1997) 

Treatment with high-dose folic acid ef- 
fectively lowers plasma homocysteine 
concentration in cyclosporin-treated 
renal transplant recipients. Transplan- 
tation 64: 1087 

2. Arnadottir M, Hultberg 8, Vladov V, 
Nilsson-Ehle P, Theysell H (1996) 
Hyperhomocysteinemia in cyclosponn- 
treated renal transplant recipients. 
Transplantation 61: 509-512 

3. Beaulieu A, Han Haewook, Gohh RY, 
Monaco AP, Jaques PF, Rosenberg IH, 
Selhub J, Bostom AG (1999) Ho- 
mocysteine levels in renal transplanta- 
tion in the era of folk acid fortified 
flour. Transplantation 67:S166 

4. Berger P, Jones JD, Olson W, Edwards 
BS, Frantz RP, Rodeheffer RJ, Kottke 
BA, Daly RC, McGregor CGA (1995) 
Increase in total plasma homocysteine 
concentration after cardiac transplanta- 
tion. Mayo Clin Proc 7 0  125-131 

5. Billingham M E  (1987) Cardiac trans- 
plant atherosclerosis. Transplant Proc 
19: 19-25 

6. Billingham ME, Cary NRB, Hammond 
ME, et al. (1990) A working fomula- 
tion for the standardization of nomen- 
clature in the diagnosis of heart and 
lung rejection; heart rejection study 
group. J Heart Transplant 9: 587-592 

7. Burton GW, Joyce A, Ingold KU (1983) 
Is vitamin E the only lipid-soluble chain 
breaking antioxidant in human blood 
plasma and erythrocytes membranes. 
Arch Biochem Biophys 221: 1-10 

8. Cole DE, Ross HJ, Evrovski J, Lang- 
man LJ, Miner SE, Daly PA, Wong PY 
(1998) Correlation between total ho- 
mocysteine and cyclosponn concentra- 
tion in cardiac transplant recipients. 
Clin Chem 44: 2238-2239 

9. Elstein E, Fagih B, Page S, Gilfix BM 
(1999) Determinants of homocysteine 
in heart transplant patients. Transplan- 
tation 67:S106 

10. Genest JJ Jr, McNamara JR, Salem DN, 
Wilson PWF, Schaefer EJ, Malinow 
MR (1990) Plasma homocyst(e)ine lev- 

11. Giannetti N, Alimollah A, Goa SZ, 
Schroeder JS, Hunt SA, Valentine HA 
(1999) Hyperhomocysteinemia is com- 
mon in transplant patients but is not 
correlated with transplant coronary ar- 
tery disease. Transplantation 67:S107 

12. Gilfix BM, Cantarovich M, Elstein E 
(1999) Relationship between cyclospo- 
nne, creatinine, and homocysteine in 
cardiac transplant patients. Transplan- 
tation 67:S108 

13. Gupta A, Moustapha A, Jacobsen DW, 
Goormastic M, k c u  EM, Hobbs R, 
Young J, James K, McCarthy P, Van 
Lente F, Green R, Robinson K (1998) 
High homocysteine, low folate, and vi- 
tamin B6 concentrations. Transplanta- 
tion 65: 544-550 

14. Heinecke JW, Rosen H, Chait A (1984) 
Iron and copper promote modification 
of low density lipoprotein by human ar- 
terial smooth muscle cells in culture. 
J Clin Invest 7 4  1890-1894 

15. Loscalzo J (1996) The oxidant stress of 
hyperhomocyst(e)inemia. J Clin Invest 
98: 5-7 

els in men with premature coronary ar- 
tery disease. J Am Coll Cardioll6: 1114 . -. 



S 239 

16. Malinow MR, Duel1 PB, Hess DL, 
Anderson PH, Kruger WD, Phillipson 
BE, Gluckman RA, BIock PC, Upson 
BM (1998) Reduction of plasma homo- 
cyst(e)ine levels by breakfast cereal 
fortified with folic acid in patients with 
coronary heart disease. N Engl J Med 
338 1009-1115 

17. Mayer EL, Jacobsen DW, Robinson K 
(1996) Homocysteine and coronary 
atherosclerosis. J Am Coll Cardiol27: 

18. Munro JM, Cotran RS (1988) Biology 
517-527 

of disease. The pathogenesis of athero- 
sclerosis: Atherogenesis and inflamma- 
tion. Lab Invest 58: 249-261 

19. NygArd 0, Nordrehaug JE, Refsum H, 
Ueland PM, Farstad M, Vollset SE 
(1997) Plasma homocysteine levels and 
mortality in patients with coronary ar- 
tery disease. N Engl 3 Med 337: 230-236 

20. Osganian SK, Stampfer MJ, Spiegel- 
man D, Rimm E, Cutler JA, Feldman 
HA, Montgomery DH, Webber LS, Ly- 
tle LA, Bausserman L, Nader PR 
(1999) Distribution and factors associ- 
ated with serum homocysteine levels in 
children. Child and adolescent trial for 
cardiovascular health. JAMA 281: 

21. Pancharuniti N, Lewis CA, Sauberlich 
HE, Perkins LL, Go RCP, Alvarez JO, 
Macaluso M, Acton RT, Copeland RB, 
Cousins AL, Gore TB, Cornwell PE, 
Roseman JM (1994) Plasma homo- 
cyst(e)ine, folate, and vitamin B-12 
concentrations and risk for early-onset 
coronary artery disease. Am J Clin Nutr 
59: 940-948 

22. Reaven PD, Khouw A, Beltz WF, Par- 
thasarathy, s, Witzum IL (1993) Effect 
of dietary antioxidant combination in 
humans. Protection of LDL by vitamin 
E but not by p-carotene. Arterioscler 
Thromb 13: 590400 

23. Rimm EB, Stampfer MJ, Ascherio A, 
Giovannucci E, Colditz GA, Willett 
WC (1993) Vitamin E consumption and 
the risk of coronary heart disease in 
men. N Engl J Med 328 1450-1456 

1189-1 196 

24. Stamler JS, Slivka A (1996) Biological 
chemistry of thiols in the vasculature 
and in vascular-related disease. Nutr 
Rev 54: 1-30 

25. Stampfer MJ, Malinow MR Willett WC, 
et al. (1992) A prospective study of 
plasma homocyst(e)ine and risk of my- 
ocardial infarction in US physicians. 
JAMA 268 877 

26. Stampfer MJ, Hennekens CH, Manson 
JE, Colditz GA, Willett WC (1993) Vi- 
tamin E consumption and the risk of 
coronary heart disease in women. 
N Engl J Med 328: 1444-1449 

27. Underwood BA. (1984) Vitamin A in 
animal and human nutrition. In: Sporn 
MB, Roberts AB, Goodman S Dew 
(eds) The retinoid, vol I. Academic 
Press, New York, pp 263-374 

pathogenesis of coronary artery dis- 
ease:a possible role for methionine me- 
tabolism. J Clin Invest 57: 1079 

28. Wilkens DEL, Wilkens B (1976) The 


