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Abstract

Children with congenital portosystemic venous shunt (PSVS) are at risk for developing pulmonary hypertension, irrespective of the
severity of portal hypertension or liver damage. Altered metabolisms of nitric oxide (NO) and endothelin-1 (ET-1), which are linked with
oxidative stress and control vascular tone, might contribute to the vascular disturbance. This study examined 14 children (aged 1-5 years)
with congenital PSVS lacking major liver damage and portal hypertension. Serum levels of nitrite/nitrate (NOXx) as stable metabolites of NO,
and of asymmetric dimethylarginine (ADMA) as an endogenous NO synthase inhibitor were determined, along with the plasma level of
ET-1. Oxidative stress, which might affect the production of such mediators, was also examined using specific urinary and blood markers.
The NOx levels were significantly lower in affected children than in the age-matched control group, although ET-1 levels were significantly
higher than the control levels. In the affected children, the ADMA levels and ADMA/NOx ratios were higher, respectively, by 30% and
130% and showed significant positive correlations with the shunt ratios. Oxidative stress markers, including plasma thiobarbiturate reactive
substances and urinary acrolein-lysine and 8-hydroxy-2’-deoxyguanosine, were significantly higher in affected children than in the control
group, consistent with them being subjected to enhanced oxidative stress. These results suggest the presence of altered metabolisms of
vascular mediators and enhanced oxidative stress in asymptomatic preschool children with congenital PSVS.
© 2010 Elsevier Inc. All rights reserved.

1. Introduction through an anomalous direct bypass between intrahepatic
or extrahepatic portal veins and systemic veins, but not

Congenital portal tract anomalies include portosystemic through the liver [1-3]. In contrast to PSVS secondary to
venous shunt (PSVS), which is characterized by flow advanced liver diseases, congenital PSVS usually lacks

portal hypertension and histologic findings of major liver
damage; but it shows various clinical presentations including
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Recent developments in imaging techniques, together
with the development of a neonatal mass-screening system,
have facilitated the diagnosis of congenital PSVS; indeed,
such cases have been increasingly detected. Concurrently,
congenital PSVS patients have been shown to develop
pulmonary hypertension, mostly after the age of 10 years
[3,4,6,7]. However, the mechanisms underlying the vascular
disturbances remain to be elucidated.

Nitric oxide (NO), a major vasodilator, is produced, along
with L-citrulline, from L-arginine via the action of NO
synthase (NOS; EC 1. 14. 13. 39) [8-10]. The L-citrulline is
recycled to L-arginine through successive actions of
argininosuccinate synthetase (EC 6. 3. 4. 5) and arginino-
succinate lyase (EC 4. 3. 2. 1), forming the citrulline—NO
cycle. Mammals have NOS of 3 distinct types: neuronal
NOS (nNOS), inducible NOS (iNOS), and endothelial NOS
(eNOS). Of them, eNOS particularly plays important roles in
the maintenance of vascular function.

Asymmetric dimethylarginine (ADMA), functioning as a
competitor of L-arginine for NOS, is a major endogenous
inhibitor of NOS [11-14]. Recently, ADMA has been
revealed as an independent predictor for cardiovascular
mortality [8]. Actually, ADMA is derived from the
proteolysis of methylated arginine residues on various
proteins, of which methylations are mediated by protein
arginine N-methyltransferase (EC 2. 1. 1. 23), whereas the
degradation of ADMA is mediated by dimethylarginine
dimethylaminohydrolase (EC 3. 5. 3. 18) [12]. It has been
suggested that oxidative stress increases protein arginine N-
methyltransferase activity and decreases dimethylarginine
dimethylaminohydrolase activity [13,14].

In contrast to NO, endothelin-1 (ET-1) is a major
vasoconstrictor. It is often involved in the development or
progression of vascular diseases [15,16].

Oxidative stress is also involved in vascular damage or
vascular diseases [8,17-20]. The production of reactive
oxygen species has been shown to be promoted by several

Table 1
Backgrounds and present data of patients with congenital PSVS

factors supporting the elevation of blood pressure. Further-
more, enhanced oxidative stress suppresses NOS gene
expression and enhances ET-1 synthesis [20].

Because the development of pulmonary hypertension is
often fatal, we sought to examine vascular mediators in
asymptomatic preschool children with congenital PSVS. We
hypothesized that the risk of pulmonary hypertension might
be associated with altered metabolisms of NO and ET-1 and
enhanced oxidative stress in the affected children.

In this study, we measured the levels of NO, ADMA, and ET-
1 in 14 preschool children with moderate PSVS flows through
anomalous portal veins. We also evaluated oxidative stress
using surrogate markers such as plasma thiobarbiturate reactive
substances (TBARS) and urinary acrolein-lysine reflecting lipid
peroxidation, and urinary 8-hydroxy-2’-deoxyguanosine (8-
OHJQG) reflecting oxidative DNA damage [21,22].

We described the possibility that long-standing abnorm-
alities in such mediators might predispose these children to
vasculopathies including pulmonary hypertension.

2. Subjects and methods
2.1. Subjects

Fourteen 1- to 5-year—old preschool children (8 boys, 6
girls) were enrolled. All 14 exhibited PSVS flow from
anomalous intrahepatic and extrahepatic portal veins to
systemic veins (Table 1). These cases included patent ductus
venosus between the umbilical portion of the left portal vein
and the inferior vena cava in 6 patients, an anomalous portal
vein between the right portal vein and the right hepatic vein
in 3 patients, an anomalous portal vein between the right
portal vein and the middle hepatic vein in 1 patient, and an
anomalous portal vein between the splenic vein and the left
renal vein in 4 patients.

The diagnosis of congenital PSVS was made by abdominal
ultrasonography and 3-dimensional computed tomography.

Pt no Age Sex Portal anomalies Shunt ratio (%) NHj (ug/dL) TBAs (umol/L) ALT (U/L) AST (U/L) PT (s)
1 lylm M Patent ductus venosus 33 66 39 22 30 12.1
2 3yS5m F Patent ductus venosus 49 69 57 31 31 13.3
3 2y2m M Patent ductus venosus 45 75 104 49 53 13.5
4 ly3m M Right PV — right HV 29 43 45 21 29 11.9
5 3y3m F Right PV — middle HV 32 39 37 24 34 13.6
6 4y8m M Right PV — right HV 55 71 51 49 54 139
7 2ylm M Patent ductus venosus 32 59 29 26 29 11.5
8 4y2m M Right PV — right HV 37 46 101 19 23 12.2
9 2y2m M Patent ductus venosus 29 54 62 33 33 11.2
10 Sylm F Patent ductus venosus 46 67 49 37 41 14.1
11 3y9m F Splenic vein — renal vein 32 55 53 22 22 12.1
12 Sy6m M Splenic vein — renal vein 39 69 39 44 19 11.0
13 2ylm M Splenic vein — renal vein 30 56 27 24 33 11.7
14 2y8m F Splenic vein — renal vein 35 61 31 26 29 11.9
Control ranges 1-5y 18F/18M 22-66 <20 <35 <35 <12

M indicates male; F, female; PV, portal vein; HV, hepatic vein; NH3, ammonia; ALT, alanine aminotransaminase; AST, aspartate aminotransferase; PT,

prothrombin time.
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Abdominal ultrasonography revealed PSVS flows through
anomalous direct bypasses toward the systemic veins in all
affected children, but not through the liver or hemangioma.
Three-dimensional computed tomography clearly revealed
anatomical abnormalities in the subjects.

Metabolic screening tests at the age of 5 days revealed
hypergalactosemia in all patients. Patients visited hospitals to
receive follow-up examinations regarding hypergalactosemia
at the ages of 19 to 27 days. During the follow-up
examination, blood levels of total bile acids (TBAs) and
transaminases were elevated; and plasma ammonia levels
were slightly elevated in 6 of the 14 children. Immediately
after the hypergalactosemia diagnosis, the children were
started on lactose-free milk. Thereafter, their galactose levels
normalized within a few months; but transaminase and TBA
levels remained mildly elevated, without elevations in plasma
procollagen type III peptide or type IV collagen, which are
indicators of liver fibrosis. After the age of 1 year, nutritional
intervention was discontinued; but their galactose levels
remained normal. They did not develop the clinical
presentations of portal hypertension, such as varices or
splenomegaly, and were not subjected to internal or surgical
treatment. They showed normal growth and development,
and did not show abnormal findings on cardiac ultrasono-
graphy or in plasma brain natriuretic peptide levels,
suggesting normal cardiac function.

Table 1 summarizes the clinical data for each of the 14
patients, including anomalies in portal vein and liver function.
Patients with shunt ratios greater than 60% and considerably
higher plasma ammonia levels were not enrolled because they
were instead subjected to surgical therapies.

2.2. Study design

To estimate ET-1 and NO metabolisms, plasma ET-1 levels
and serum levels of nitrite/nitrate (NOX) as stable metabolites
of NO and ADMA were determined [10,12]. Plasma amino
acids and ammonia levels were also determined.

To estimate oxidative stress status, plasma TBARS,
urinary acrolein-lysine, and 8-OHdG were examined
[20,21]. Furthermore, the activities of superoxide dismutase
(SOD) and catalase, which are involved in antioxidant
enzymatic systems, were determined in erythrocytes.

Blood was drawn from a peripheral vein in the morning
after overnight fasting. The samples were transferred to
chilled glass tubes containing EDTA with aprotinin (for ET-
1) and were centrifuged promptly at 4°C; the supernatant
plasma fraction was thus obtained. Serum and plasma were
obtained for the determination of NOx, ADMA, amino acids,
and TBARS. Erythrocytes were washed in cold 0.9% NacCl
solution. Lysates for the determination of SOD and catalase
activities were prepared by adding 100 puL of washed
erythrocytes to 1 mL of distilled water, which was then
frozen at —80°C until further analysis. Urine samples (10-45
mL) for oxidative stress markers were collected 0.5 to 2
hours before blood sample collection. For comparison,

identical analyses were carried out in 32 (16 male, 16 female)
age-matched, healthy controls.

This study protocol was approved by the relevant
institutional review boards. The parents of all patients provided
written informed consent before the start of the study.

2.3. Determination of the shunt ratio

In all patients, shunt ratios were determined by per-rectal
portal scintigraphy with Tc-99m pertechnetate, as described
previously [2]. Briefly, 111 MBq of Tc-99m pertechnetate
(1 mL) was administered through a tube inserted into the
upper rectum after administration of a laxative, following
overnight cessation of solid intake. Subsequently, time-
activity curves for the areas of the liver and heart were
obtained every 4 seconds for 5 minutes. To determine the
shunt ratio, the ratio of counts for the liver to those for the
heart, integrated for 24 seconds, was calculated immediately
after the appearance of the liver time-activity curve.

2.4. Assays for ET-1, NOx, and ADMA

Plasma ET-1 levels were measured using an ET-1
radioimmunoassay kit (Wako Pure Chemical Industries,
Osaka, Japan). Serum NOx levels were measured using
the Griess method, with a nitrate/nitrite colorimetric assay
kit (Cayman Chemical, Ann Arbor, MI). Serum ADMA
levels were determined using an enzyme-linked immuno-
sorbent assay (ELISA) kit (DLD Diagnostika, Hamburg,
Germany) [23,24].

2.5. Determination of plasma TBARS and urinary acrolein-
lysine and 8-OHdG

Plasma TBARS concentrations were determined using a
fluorometric assay, as described previously [25]. The
concentrations of urinary acrolein-lysine and 8-OHdG were
determined using the ACR-Lysine Adduct competitive
ELISA kit (NOF, Tokyo, Japan) and the 8-OHdG Check
competitive ELISA kit (Institute for the Control of Aging,
Shizuoka, Japan), respectively [21,22].

2.6. Determination of SOD and catalase activity
in erythrocytes

Superoxide dismutase activity was determined via
spectrophotometry at 505 nm with the RANSOD kit
(Randox Laboratories, Antrim, United Kingdom), as
described previously [26]. Catalase activity was determined
using the method described by Aebi et al [27]. Briefly, the
decrease in absorbance at 240 nm in a reaction medium
containing 20 mmol/L H,0,, 10 mmol/L potassium
phosphate buffer (pH 7.0), and 0.1 to 0.3 mg protein per
milliliter was monitored.

2.7. Statistical analyses

Differences between values of patients and those of
controls were estimated using an unpaired Student ¢ test. The
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Table 2
Amino acids and vasoactivators

Arg (nmol/L) Cit (nmol/L) ADMA (umol/L) NOx (umol/L) ADMA/NOx ET-1 (pg/mL)
Patients (n = 14) 99 (22) 29 (7) 0.822 (0.198)* 22 (5)f 0.052 (0.019)* 3.0 (0.5)
Controls (n = 32) 105 (24) 27 (5) 0.631 (0.165) 30 (9) 0.023 (0.013) 1.9 (0.4)

Presented data are mean (SD) values. Arg. plasma arginine; Cit, plasma citrulline; ADMA, serum asymmetric dimethylarginine; NOx, serum nitrite/nitrate; ET-1,

plasma, endothelin-1.
*p <05, "P<.01, and *P < .001 vs age-matched controls.

relationship between each pair of parameters was estimated
using Pearson correlation test. The regression lines were
drawn with StatView (version 5.0J, Hulinks, Tokyo, Japan).
P values < .05 were deemed to be statistically significant.

3. Results

3.1. Shunt ratios and plasma levels of ammonia and
amino acids

Shunt ratios in the affected children were 29% to 55%
(Table 1). Plasma ammonia levels in the affected children
were significantly higher than those in the control group
(53 £ 7 vs 33 £ 5 ug/dL, P <.001). Of the 14 affected
children, 5 exhibited mildly elevated ammonia levels.
However, amino acid profiles showed that plasma arginine
and citrulline concentrations in the affected children were
similar to those in the controls (Table 2). Other plasma amino
acid levels, together with serum lipid levels and whole blood
galactose and glucose levels, were also similar to the
respective control levels (data not shown).

3.2. Blood NOx, ADMA, and ET-1 levels

Serum NOx levels in the affected children were
significantly lower than those in the age-matched controls
(P <.01). In contrast, ADMA levels and ADMA/NOX ratios
in the affected children were 1.3-fold (P <.05) and 2-fold
(P <.001) higher, respectively, compared with those in the
controls. Their plasma ET-1 levels were also significantly
higher than those of age-matched controls (P <.01, Table 2).

3.3. Oxidative stress markers and antioxidative enzyme
activities in erythrocytes

Mean plasma TBARS, urinary acrolein-lysine, and
urinary 8-OHdG levels were approximately 1.3-fold higher
in the affected children than in the age-matched controls (P <
.01, Table 2). Similarly, erythrocyte SOD and catalase

Table 3
Oxidative stress markers and antioxidant enzyme activities in erythrocytes

activities were significantly higher in the affected patients
than in the age-matched controls (P <.05, Table 3).

3.4. Correlations among parameters

In the control subjects, serum NOx levels showed strong
positive correlations with plasma ET-1 levels (P <.001) and
serum ADMA levels (P <.001), but no such correlation was
found in the affected children (Fig. 1). However, the shunt
ratio in the affected children was significantly correlated with
ADMA levels (+* = 0.693, P <.01) and ADMA/NOX ratios
(** =0.855, P <.001), but not with other parameters (Fig. 2).

The affected children were divided into 2 subgroups
according to the shunt ratios and the plasma ammonia levels:
a group with the shunt ratio less than 39% (n = 10) lacking
hyperammonemia, except for 1 child whose ammonia level
was at around the upper limit of the reference range, and a
group with the shunt ratio greater than 39% (n = 4)
presenting hyperammonemia. In the latter group, the shunt
ratio showed strong correlations with the ADMA level (+* =
0.986, P <.001) and the ADMA/NOx ratio (> = 0.944, P <
.001) (Fig. 2). In the former group, such correlations were
not significant.

4. Discussion

Clinical information on congenital PSVS has increased, and
the complex nature of its pathophysiology has been demon-
strated [ 1-3,6,7]. The clinical management of affected subjects,
in particular young subjects, has focused on treating
galactosemia, hyperammonemia, and liver dysfunction, as
manifested by cholestasis and prolonged coagulation times.
However, recently, a considerable number of adolescent or
adult patients presenting with pulmonary hypertension have
been reported, suggesting that long-standing congenital PSVS
predisposes a patient to pulmonary hypertension [3,6,7].
Detailed and serial metabolic analyses in asymptomatic

TBARS (mmol/L) 8-OHdG (ng/mg Cr)

ACR-lysine (nmol/mg Cr)

SOD (U/mg protein) Cat (pmol/mg protein)

4.99 (1.01)" 25.7 (6.9)
3.93 (0.91) 18.8 (4.5)

Patients (n = 14)
Controls (n = 32)

331 (60)"
255 (71)

1.19 (0.18)*
1.06 (0.18)

3.39 (0.33)*
2.96 (0.21)

Presented data are mean (SD) values. TBARS, plama thiobarbituric acid reactive substances; 8-OH-dG, urinary 8-hydroxy-2’-deoxyguanosine; ACR-lysine,
urinary acrolein-lysine; SOD, superoxide dismutase activity in erythrocytes; Cat, catalase activity in erythrocytes.

*P <05 and P <.01 vs age-matched controls.
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Correlation between NOx and ADMA levels
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Fig. 1. Scatter graphs of plasma ET-1 and serum ADMA concentrations
against serum NOx concentrations in affected and age-matched control
children. Affected children, closed circles; age-matched controls, open
circles. In the controls, serum NOx levels showed strong positive
correlations with plasma ET-1 levels (P <.001) and serum ADMA levels
(P <.001); but no such correlation was observed in the affected children.

patients and the correction of metabolic abnormalities are
expected to contribute to prevention of this condition.

The results of this study suggest that, irrespective of
liver damage, PSVS decreases NO production, increases
ET-1 production, and enhances oxidative stress in affected
subjects. Consequently, PSVS is likely to disturb the
balance between vasodilating and vasoconstricting sub-
stances, favoring the latter even in preschool children.
Changes in the cardiovascular system in patients with
advanced liver disease complicating intrahepatic and
extrahepatic PSVS have been investigated extensively.
Abnormalities in vasoactivators, particularly those related
to ET-1, are likely to contribute, at least in part, to the
development of pulmonary hypertension in acquired PSVS
[4,5]. During this study, our patients showed no apparent
cardiopulmonary dysfunction. However, it is plausible that
long-standing elevated ET-1 increases the likelihood of
developing pulmonary hypertension in patients with
congenital PSVS [15,16,28].

Serum ADMA levels and ADMA/NOx ratios both
showed significant positive correlations with the PSVS
shunt ratios, suggesting that PSVS promotes ADMA
production. In particular, affected children with shunt ratios
greater than 39% exhibited strong correlations. These results
enabled us to speculate that patients having shunt ratios

greater than 39% are at particularly high risk for developing
vascular disturbances including pulmonary hypertension.

In this study, a 30% increase in serum ADMA levels was
observed in the affected children; however, ADMA levels
(0.822 pumol/L) remained well below the IC50 for each NOS
isoform (eNOS, 3.9 umol/L; nNOS, 1.8 umol/L; iNOS, 2-
10 umol/L) [8,11,29,30]. Increased intracellular ADMA
levels might be particularly relevant to lung diseases,
including pulmonary hypertension, because the lungs exhibit
high baseline concentrations of intracellular ADMA [31].
Small changes in serum ADMA might serve as indicators of
greater changes in intracellular ADMA. Further studies are
warranted to clarify this issue.

Similar to the other amino acids examined, plasma
arginine levels in the affected patients were similar to those
in the controls (99 + 22 vs 105 + 24 nmol/L, respectively). It
might be difficult to estimate the influence of plasma
arginine level on in vivo NO production because the K,
value of arginine for each NOS isoform (eNOS, <3.0 umol/

Correlations between shunt ratio and ADMA or ADMA/NOx
in the affected children (n = 14)
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Fig. 2. Scatter graphs of serum ADMA concentrations and ADMA/NOx
ratios against shunt ratios in affected children. ADMA, closed circles;
ADMA/NOx ratio, open circles. In the 14 affected children, ADMA
concentrations and ADMA/NOx ratios showed significant positive correla-
tions with shunt ratios (ADMA, P <.01; ADMA/NOX ratio, P <.01). In the
4 children with shunt ratios greater than 39%, strong correlations were
observed (ADMA, 1* = 0.986, P <.001; ADMA/NOX ratio, /> = 0.944, P <
.001). On the other hand, in the 10 children with shunt ratio less than 39%,
such correlations were not significant.
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L; nNOS, 1-3 umol/L; iNOS, 3-30 umol/L) is quite low
compared with the plasma arginine and intracellular levels
[8,32,33]. However, clinically, the administration of L-
arginine and the subsequent rise in plasma arginine often
improve vascular endothelial function.

The mechanisms underlying the observed increase in ET-
1 levels also remain to be clarified. As a possible
explanation, it has been proposed that the degeneration and
elimination of ET-1 by the liver are reduced in PSVS [15].
Alternatively, PSVS or subsequently accumulated sub-
stances might stimulate the production of ET-1 in the liver,
lungs, heart, and endothelium.

Oxidative stress markers were significantly higher in the
affected children than in the age-matched healthy children.
Although it is difficult to assess oxidative stress using these
surrogate markers alone, concomitant increases in SOD and
catalase activities in erythrocytes might indicate enhance-
ment of the antioxidant enzymatic system in response to
increased oxidative stress. In addition, blood levels of
vitamin E and p-carotene, which function as antioxidants,
decreased in the affected children (data not shown). Overall,
the results of this study suggest that the affected children
were subjected to enhanced oxidative stress.

Adpverse effects of oxidative stress on vascular endothelial
function have been demonstrated in many previous studies
[17,19,20]. Furthermore, recent reports have demonstrated
that enhancement of oxidative stress promotes ET-1 produc-
tion in endothelial cells, but suppresses NO production by
reducing NOS gene expression and/or by increasing ADMA
production [13,14,18,20]. Consequently, enhanced oxidative
stress might have induced the imbalance between NO and
ET-1 in our patients.

In addition to the relaxation of vascular tone, NO exerts
diverse vascular biological functions, such as inhibition of
smooth muscle cell proliferation, platelet aggregation, and
leukocyte adhesion, thereby preventing vascular diseases [8-
10]. In contrast, ET-1 might also promote vascular
inflammation and smooth muscle cell proliferation, thereby
promoting vascular damage [15,16]. In this context, the
long-standing imbalance between NO and ET-1 might be
unfavorable for the vascular bed.

In summary, results of this study show that that congenital
PSVS is accompanied by abnormalities in mediators
controlling vascular function. More attention should be
devoted to such mediators for clinical management of
congenital PSVS.
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