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ABSTRACT: Cardiovascular disease is an important cause of mor-
bidity in recipients of renal transplants. The aim of the present study
was to analyze the status of the arginine-creatine pathway in such
patients, given the relationship between the arginine metabolism and
both renal function and the methionine-homocysteine cycle. Twenty-
nine children and adolescents (median age 13, range 6–18 years),
who had received a renal allograft 14.5–82.0 months before, were
recruited for the study. On immunosuppressive therapy, all patients
evidenced an adequate level of renal function. Plasma concentrations
of homocysteine and glycine were significantly higher, whereas
urinary excretions of guanidinoacetate and creatine were significantly
lower than controls. Urinary excretions of guanidinoacetate and
creatine correlated positively with creatinine clearance. Urinary ex-
cretion of creatine was negatively correlated with plasma concentra-
tion of homocysteine. The demonstration of disturbances in the
arginine-creatine pathway in patients with well-functioning renal
transplants and in absence of chronic renal failure represents a novel
finding. We speculate that the low urinary excretion of guanidinoac-
etate and creatine is probably related to the nephrotoxic effect of
immunosuppressive therapy and to defective methylation associated
with the presence of hyperhomocysteinemia. (Pediatr Res 64:
218–222, 2008)

Cardiovascular disease is one of the main causes of morbidity
and mortality in children and young adults with end-stage

renal disease, with an estimated risk of 20 cardiovascular events
per 1000 patients per year (1). This risk persists after renal
transplantation because of many factors such as hypertension,
dyslipidemia, hyperhomocysteinemia, hyperparathyroidism, obe-
sity, insulin resistance, posttransplant diabetes, and immunosup-
pressive therapy, among others (2–6).

Recently, increased plasma levels of asymmetrical and
symmetrical dimethylarginine have been observed in patients
with chronic kidney diseases (7–9). High levels of these
molecules are related with cardiovascular risk and endothelial
dysfunction. Asymmetrical dimethylarginine is a competitive
inhibitor of nitric oxide synthase, and healthy, normally func-
tioning endothelial cells depend upon the bioactivity of nitric

oxide as an important physiologic mediator of vascular tone
and vascular structure (10).

Figure 1 shows the metabolic pathway that leads from argi-
nine to creatine and its relation with the methionine-
homocysteine methylation cycle. Creatine is synthesized by a
two-step mechanism involving L-arginine: glycine amidinotrans-
ferase (AGAT, EC 2.1.4.1) and guanidinoacetate methyltrans-
ferase (GAMT, EC 2.1.1.2), and is taken up by cells through a
specific creatine transporter, CT1. The first step, forming gua-
nidinoacetate, is greatly dependent on the level of renal function,
and the second step requires methylation of guanidinoacetate
with a methyl group transferred from S-adenosylmethionine
(SAM). Taking into account the use of nephrotoxic immunosup-
pressive agents and the high prevalence of hyperhomocysteine-
mia in children and adolescents recipient of renal transplants (5),
it is surprising that little attention has been paid to arginine
metabolism in such patients. The aim of the present work was to
measure the status of the arginine-creatine pathway and its rela-
tion with methylation cycle.

PATIENTS AND METHODS

Twenty-nine patients aged 6–18 years (12.83 � 4.02; 20 males, 9 females)
were recruited for the study. All were deceased kidney transplant recipients
followed up in our center, and were clinically stable at the time of the study.
Clinical and biochemical characteristics of the patients are shown in Table 1.
The study was performed to all transplanted children and adolescents between
2 and 20 years old. Exclusion criteria were the presence of hepatopathy and/or
insulin-dependent diabetes mellitus.

Immunosuppressive therapy combined mycophenolate mofetil with ta-
crolimus (27 patients), cyclosporine A (1 patient), or sirolimus (1 patient).
Eighteen children were also on prednisone. None of the patients received
treatment with folic acid, vitamin B12, or statins.

The study protocol was approved by the Ethics Committee of Clinic
Research of Cruces Hospital, and patients’ parents gave written informed
consent.

Laboratory procedures. Biologic data in blood and urine correspond to
single measurements performed on samples collected at the same time.
Samples were taken in the morning after an overnight fasting and before
taking their daily medication. The collection was carried out at the time of
their regular visits to the hospital for follow-up. Blood samples were cooled
in an ice-water bath and immediately centrifuged at 1000� g for 5 min at 4°C.
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The platelet-poor plasma and urine were aliquoted and stored at �40°C until
the assay was performed, usually within a few days.

Albumin, homocysteine, and creatinine were measured using standard
laboratory techniques. Estimated GFR (eGFR) was calculated by the
Schwartz’s formula (11). The quantification of plasma and urinary amino
acids (arginine, methionine, ornithine, and glycine) was carried out with a
Biochrom 30 ionic chromatograph (Gomensoro, Madrid). The instrument has
a specific program to separate the amino acids using Biochrom Ultropak 4 and
Ultropak 8 columns. The mobile phases are commercialized as a kit (Bio-
chrom Reference 80-2098-05). After postcolumn derivatization with ninhy-
drin, the absorbance is monitored at 440 and 570 nm.

Guanidinoacetate and creatine were quantified using a published method
(12) with slight modifications. 13C2-guanidinoacetate and d3-creatine were
used as internal standards. N-(tert-butyldimethylsilyl)-N-methyltrifluoroacet-
amide (Sigma Chemical Co., Aldrich, Madrid) was preferred for the deriva-
tization of the liquid-liquid extracts instead of synthesizing the trimethylsilyl
derivatives because it produced more intense fragments. Guanidinoacetate
and creatine were separated and quantified on a Hewlett Packard GC 6890 gas
chromatograph using a Hewlett Packard 5973 mass selective detector on a
capillary column HP-5MS (30 m � 0.25 mm, 0.25 �m) (Supelco, Bellefonte,
PA). The oven temperature was 120°C at injection, and this was maintained
for 3 min, then raised by 3°C/min to 170°C, and finally raised by 15°C/min
to 300°C and isothermally maintained for 5 min. Injector temperature were
275°C with a 1:5 split ratio, and source and quadruple detector temperatures
were 230°C and 150°C, respectively. Helium was used as the carrier gas
under a pressure of 0.5 bars. The ions measured were m/z 220 and 221 for
guanidinoacetate and 13C2-guanidinoacetate, and m/z 360 and 363 for creatine
and d3-creatine, respectively. Results for guanidinoacetate and creatine are
expressed as mmol/mol creatinine.

Statistical analysis. The SPSS version 12.0 was used as statistical soft-
ware. Descriptive statistics are presented as median and interquartile range.
Spearman’s � test was used to evaluate relationship between continue vari-
able. Statistically significant differences between groups were analyzed using
the Kruskall Wallis test. The Kendall � test was used to measure correlations
between ordinal-level variables and the strength of their relationships. All
probability values are two-tailed and the level of significance required was
p � 0.05.

RESULTS

Biochemical profile in plasma and urine. Results are
presented in Table 2. Posttransplant renal function was excel-
lent, with a median value for creatinine clearance (estimated
by height) as high as 91 mL/min/1.73 m2 (76.8–103.0).
Thirteen patients showed chronic renal insufficiency (CRI) I
(eGFR � 90), 12 with CRI II (eGFR 60–90), and 1 with CRI
III (eGFR 30–60). Only 13 of the 29 transplanted patients
showed moderately elevated values of plasma creatinine (13).

Median value for plasma homocysteine level was clearly
elevated (9.0 �M) (p � 0.001), and 12 of the patients (41%)
showed values above the 97th percentile of controls (14). In
comparison with reference values (15), transplanted children
presented higher plasma values for arginine and glycine (p �
0.128 and p � 0.083, respectively) and normal plasma values
for methionine, ornithine, and citrulline. It should be noted
that urinary excretion of guanidinoacetate and creatine were

Figure 1. Relationship between the metabolic pathway from arginine to
creatine and the methylation cycle. The abbreviations stand for: nitric oxide
synthase (NOS), L-arginine:glycine amidinotransferase (AGAT), guanidino-
acetate N-methyltransferase (GAMT), specific creatine transporter (CT1),
methionine adenosyltransferase (MAT), S-adenosylhomocysteine hydrolase
(SAHH), cystathionine �-synthase (CBS), methionine synthase (MS), betaine
homocysteine methyltransferase (BHMT), tetrahydrofolate (THF).

Table 1. Characteristics of the patients enrolled in the study
(median, interquartile range)

Gender (M/F) 20/9
Age, years 13.0 (10.0–16.0)
Height (cm) 150.0 (132.5–160.1)
Weight (kg) 46.2 (31.6–56.2)
Body mass index (kg/m2) 20.1 (17.7–21.7)
Time posttransplantation, months 35.0 (14.5–82.0)
Prealbumine (mg/dL) 22.0 (16.8–28.9)
Albumine (g/dL) 4.5 (4.3–4.6)
Folate therapy, yes/no 0/29
Vitamin B12 therapy, yes/no 0/29
Patients with high blood pressure, yes/no 15/14
Patients with inhibitors of angiotensin-converting

enzyme/calcium channel blockers
9/6

Patients with 1st/2nd renal transplant 25/4
Previous dialysis, yes/no 17/12

Table 2. Biochemical profile in plasma and urine (median,
interquartile range)

Transplanted children

Reference
values
(range)

Median
(interquartile range)

Number with
values �97th

or �3rd
percentile

Homocysteine (�mol/L) 9.0 (7.9–12.0) 12/29 �97th 3.3–11.3*
Methionine (�mol/L) 23.2 (20.5–27.0) 1/29 �97th 3–43†
Ornithine (�mol/L) 56.6 (50.5–66.7) 2/29 �3rd 20–195†
Arginine (�mol/L) 79.7 (72.1–97.5) 10/29 �97th 1–112†
Glycine (�mol/L) 246.5 (219.5–293.5) 5/29 �97th 100–384†
Citrulline (�mol/L) 40.9 (36.3–45.5) 5/29 �97th 8–52†
Creatinine (�mol/L) 79.6 (61.9–106.1) 13/29 �97th 27–88‡
Creatinine in urine

(mg/dL)
53.0 (40.0–78.0) 25/29 �3rd 90–300‡

Creatinine clearance
(mL/min/1.73 m2)

91.0 (76.8–103.0) 12/29 �3rd 90–140‡

Guanidinoacetate in urine
(mmol/mol creatinine)

18.5 (8.4–26.5) 11/29 �3rd 11–124§

Creatine in urine
(mmol/mol creatinine)

89.2 (25.0–229.6) 6/29 �3rd 20–1900§

Methionine in urine
(mmol/mol creatinine)

3.0 (1.6–5.3) 13/29 �3rd 2–20†

Ornithine in urine
(mmol/mol creatinine)

1.3 (0.8–2.3) 1/29 �97th 0–7†

Arginine in urine
(mmol/mol creatinine)

1.1 (0.6–2.3) 0/29 �3rd 0–7†

Glycine in urine
(mmol/mol creatinine)

62.7 (31.9–124.1) 11/29 �3rd 43–246†
4/29 �97th

Citrulline in urine
(mmol/mol creatinine)

1.27 (0.0–2.2) 3/29 �97th 0–5†

* Values reported in normal children by Vilaseca et al. (14).
† Values reported in normal children by V.E. Shih (15).
‡ Values in SI units given in Nelson Textbook of Pediatrics, 17th edition (13).
§ Values reported in normal children by Arias et al. (12).
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significantly lower in our patients than in healthy children
(p � 0.006 and p � 0.001, respectively). Urinary excretion of
methionine and glycine were also below the reference values
(15) (p � 0.016 and p � 0.001, respectively).
Correlations between parameters. Table 3 summarizes the

statistically significant correlations observed between urinary
excretion of guanidine-compounds and the amino acid profile.
It is worth pointing out that eGFR correlated positively with
the urinary excretions of both guanidinoacetate and creatine
(r � 0.559, p � 0.002 and r � 0.636, p � 0.001, respectively)
(Fig. 2).

Urinary excretions of guanidinoacetate and creatine re-
lated positively with urinary excretions of arginine and
glycine. In addition, urinary excretion of creatine was
positively correlated with the excretion of guanidinoac-
etate, methionine, and ornithine in urine, whereas it corre-
lated negatively with the plasma concentration of glycine
and homocysteine. It is noteworthy the negative correlation
present between urinary excretion of creatine and the level
of plasma homocysteine (r � �0.531, p � 0.004) (Fig. 3).

Plasma concentrations of arginine and methionine were
significantly correlated too (r � 0.480, p � 0.008). Further,
plasma glycine was negatively correlated with the creatinine
clearance (r � �0.612, p � 0.001) and urinary creatine (r �
�0.536, p � 0.003), but positively with the level of plasma
homocysteine (r � 0.744, p � 0.001), as well as with creat-
inine (r � 0.601, p � 0.001). Finally, there was a correlation
between plasma homocysteine and prealbumine (r � 0.587,
p � 0.002) and also with the patient’s age (r � 0.575, p �
0.002). We did not observe statistically significant correlations

between plasma homocysteine and body mass index, or be-
tween plasma arginine and glycine concentrations and their
corresponding urinary excretion.

DISCUSSION

In this study, we have first observed that children with
stable kidney transplants under treatment with chronic immu-
nosuppresors present increased plasma arginine and glycine
levels, whereas low urinary excretions of guanidinoacetate
and creatine. These findings suggest low activities of the
enzymes AGAT, which gives rise to the formation of guanidi-
noacetate from arginine, and of GAMT, which facilitates
methylation of this compound to form creatine (Fig. 1). The
demonstration of disturbances in the arginine-creatine path-
way in patients with well-functioning kidney grafts represents
a novel finding.

The kidney plays an important but not an exclusive role in
the metabolism of arginine. In adult animals, AGAT and
GAMT are highly expressed in the kidney and pancreas, and
GAMT is found in high levels on liver and pancreas too.
AGAT, GAMT, and CT1 are also prominent in CNS, skeletal
muscles, myocardium, and intestine (16). The intestine plays
also a major role, producing citrulline from glutamine and
glutamate. Afterwards, citrulline is converted into arginine in
the kidney, mostly returning later to the circulation (17). The
renal enzymes that produce arginine from citrulline (arginino-
succinate synthetase and argininosuccinate lyase) are present
in the proximal tubular cells (18). Therefore, body arginine
content does not depend exclusively on the dietary intake,
because the kidney can produce this amino acid even with an
arginine-free diet (19). Glycine is thought to be beneficial to
ischemia-reperfusion injury in the kidney, preventing chronic
hypoxia (20). However, glycine clearance is diminished in our
patients. Urinary glycine is related with eGFR, as well as the
rest of the measured urinary amino acids, so this could be the
reason why glycine clearance is reduced. In addition, as we
can see in Table 3, urinary glycine has a strong correlation
with guanidinoacetate, which is a strong marker for renal
failure. Therefore, patients with reduced level of urinary gua-
nidinoacetate or eGFR could have diminished glycine clear-
ance as a result of their renal failure.

Table 3. Significant correlations (r and p) between urinary
excretion of guanidino compounds and amino acid composition

Urinary guanidinoacetate Urinary creatine

Creatinine clearance 0.559 (p � 0.002) 0.636 (p � 0.001)
Plasma homocysteine �0.531 (p � 0.004)
Plasma glycine �0.536 (p � 0.003)
Urinary guanidinoacetate 0.721 (p � 0.001)
Urinary creatine 0.721 (p � 0.001)
Urinary methionine 0.423 (p � 0.022) 0.559 (p � 0.002)
Urinary ornithine 0.444 (p � 0.016)
Urinary arginine 0.569 (p � 0.001) 0.579 (p � 0.001)
Urinary glycine 0.609 (p � 0.001) 0.487 (p � 0.007)

Figure 2. Linear regression between urinary excretion of guanidinoacetate
(mmol/mol creatinine) and estimated creatinine clearance (mL/min/1.73 m2)
(r � 0.559, p � 0.002).

Figure 3. Linear regression between urinary excretion of creatine (mmol/mol
creatinine) and plasma concentration of homocysteine (�mol/L) (r � �0.531,
p � 0.004).
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The interaction of arginine and glycine stimulated by
AGAT, mainly expressed in the proximal tubular cells, gives
rise to the formation of ornithine and guanidinoacetate. As
reported herein, urinary excretion of guanidinoacetate is
highly dependent on the eGFR. In rabbits with chronic renal
failure (21–23), and in nondialyzed adult patients with chronic
renal insufficiency (24), a correlation between low serum
concentrations of guanidinoacetate and deficit in AGAT ac-
tivity has been reported. The present finding of low urinary
excretion of guanidinoacetate in kidney transplanted children
and adolescents with normal or nearly only normal renal
function suggests that other contributing factors, more than
reduced kidney mass, may also be involved. Kiyatake et al.
(25), studied gentamicin nephrotoxicity in rats, and concluded
that guanidinoacetate was a more sensitive indicator of renal
injury than conventional indicators, such as urine N-acetyl-�-
D-glucosaminidase and �2-microglobulin. Therefore, the pos-
sible nephrotoxic effect of immunosuppressive therapy should
be considered in our group. Despite there are no studies
regarding its potential effect on AGAT activity, it is known
that both cyclosporine A and tacrolimus may have a deleteri-
ous effect upon renal tubular function (26). These immuno-
suppressors could also cause endothelial dysfunction, acting
on the NO production within proximal cells. The reduced
endothelial NO production in renal transplants due to these
immunosuppressors, may cause hypertension and contribute
to the high risk of developing premature atherosclerosis ob-
served in patients with renal transplants (27,28).

The methylation of guanidinoacetate by the enzyme GAMT
in the liver produces creatine, which is liberated toward tissues
and taken into the cells through the specific creatine trans-
porter, CT1. This methyl group is transferred from SAM,
which becomes S-adenosylhomocysteine (SAH). Both SAM
and SAH can be further hydrolyzed to homocysteine and
adenosine (29). Homocysteine can be methylated to regener-
ate methionine in all cells (transmethilation) by the folate/B12-
dependent methionine synthase reaction, and additionally by
the betaine-homocysteine methyltransferase reaction in liver
and kidney (30,31) (Fig. 1).

Our results, showing that plasma arginine and methionine
concentrations were significantly correlated and that urinary
excretion of creatine was correlated positively with urinary
excretions of methionine, but negatively with plasma level of
homocysteine, indicate that those disturbances observed in the
arginine-creatine pathway were intimately related to methi-
onine-homocysteine metabolism. In patients with renal failure
a decreased ratio of SAM/SAH has been reported (32), thus
transmethylation reactions could be secondarily disturbed.
The high plasma values of homocysteine present in kidney
transplanted patients may be also associated with parallel
increases in plasma SAH and secondary inhibition of methyl-
transferases such as GAMT.

The findings related to methionine-homocysteine metabo-
lism merit also a brief comment. Plasma homocysteine con-
centration increases significantly with age as already shown
by Vilaseca et al. (14). However, in the current study, no
correlation was found between plasma homocysteine concen-
tration and body mass index, in accordance with the findings

of other authors (33). Such relationship is controversial, be-
cause positive (34,35) or even negative associations (36) have
been also published. The significant relation found between
plasma concentrations of homocysteine and prealbumine may
be explained by the fact that methionine, precursor of homo-
cysteine, comes from dietary protein and prealbumine is a
biologic marker of protein intake.

The data presented herein should be also analyzed taking
into account that approximately 10-fold more L-arginine is
metabolized to creatine than is used for nitric oxide synthesis
(37). If the conversion to guanidinoacetate is impaired, the
accumulation of arginine and its derivative asymmetrical dim-
ethylarginine will further compromise the function of nitric
oxide synthase, and thus have a negative effect on endothelial
function, and potentially increased the cardiovascular risk
inherent to the use of immunosuppressive agents. In addition,
L-arginine supplementation has been proved to restore the
formation of nitric oxide, thus improving renal function and
reducing the inflammation in the renal allografts (38).

Whether a low systemic production of creatine may be an
additional factor for the development of neurologic complica-
tions in kidney transplant recipients remains controversial
(39). Creatine plays a major role in the storage and transmis-
sion of high-energy phosphates, as well as in the neuronal
growth and axonal lengthening. Although it was assumed that
systemic carnitine was essential to supply energy to the brain
but nowadays there is evidence that all cells in the CNS can
also synthesize creatine from arginine. The absence of expres-
sion of CRT1 in astrocytes reinforces the idea that under
normal conditions the creatine used by the brain is synthesized
mainly in the CNS (40). All patients with inherited creatine
deficiency syndromes (AGAT deficiency, GAMT deficiency,
and CT1 deficiency) reveal developmental delay/regression,
mental retardation, and severe disturbance of their expressive
and cognitive speech. The common feature of all creatine
deficiency syndromes is the severe depletion of creatine/
phosphocreatine in the brain (41). The beneficial effect of
early creatine supplementation in a patient with AGAT defi-
ciency would indicate, however, that systemic carnitine may
be taken into the brain and restore normal neuronal function-
ing (42).

SAH is recognized as an important inhibiting factor of
DNA methylation (31). Therefore, it remains possible that
decreased cellular methylation may also affect brain formation
of creatine in transplanted subjects. The potential CNS dam-
age should be especially considered in infants with congenital
NS who receive renal transplantation early in life and repre-
sent a high-risk population for neurologic impairment (43,44).
Studies using brain proton magnetic resonance spectroscopy
may be useful in the follow-up of these cases (45). The
possible beneficial effect of early carnitine supplementation
remains to be proved.

We conclude that plasma amino acids levels and urinary
excretion of guanidinoacetate and creatine should be regularly
monitored in pediatric patients with kidney transplants who
represent a high-risk population due premature atherothrom-
bosis and neurologic complications.
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