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In cirrhosis, arterial vasodilation and the associated hemodynamic disturbances are most prom-
inent in the mesenteric circulation, and its severity has been linked to bacterial translocation (BT)
and endotoxemia. Synthesis of nitric oxide (NO), the main vasodilator implicated, is dependent
on the essential cofactor tetrahydrobiopterin (BH4). The key enzyme involved in BH4 synthesis
is GTP-cyclohydrolase I (GTPCH-I), which is stimulated by endotoxin. Therefore, we investi-
gated GTPCH-I activity and BH4 biosynthesis in the mesenteric vasculature of cirrhotic rats with
ascites, as well as their relationship with BT and endotoxemia, serum NO, and mean arterial
pressure (MAP). GTPCH-I activity and BH4 content in mesenteric vasculature was determined
by high-performance liquid chromatography. BT was assessed by standard bacteriologic culture
of mesenteric lymph nodes (MLNs). Serum endotoxin was measured by a kinetic turbidimetric
limulus amebocyte lysate assay, and serum NO metabolite (NOx) concentrations were assessed
by chemiluminescence. BT was associated with local lymphatic and systemic appearance of
endotoxin and was accompanied by increases in serum NOx levels. GTPCH-I activity and BH4

content in mesenteric vasculature were both increased in animals with BT and correlated signif-
icantly (r � 0.69, P < .01). Both GTPCH-I activity and BH4 levels significantly correlated with
serum endotoxin and NOx levels (r � 0.69 and 0.54, 0.81 and 0.53, P < .05). MAP (a marker
of systemic vasodilatation) correlated with endotoxemia (r � 0.58, P < .03) and with GTPCH-I
activity (r � 0.69, P < .01). In conclusion, in cirrhotic animals BT appears to lead to endotox-
emia, stimulation of GTPCH-I, increased BH4 synthesis, and further enhancement of vascular
NO production that leads to aggravation of vasodilatation. (HEPATOLOGY 2003;38:1508-1515.)

Bacterial translocation (BT) is defined as the pas-
sage of viable bacteria from the gut to mesenteric
lymph nodes (MLNs) and/or other extraintestinal

sites.1 In experimental cirrhosis an incidence of BT up to

70% has been reported, and BT has been clearly related to
the occurrence of severe infectious complications known
to be associated with a poor prognosis.2-4 Moreover, BT
has been shown to be increased in patients with advanced
cirrhosis, indicating the clinical relevance of this phenom-
enon.5 BT is the primary event in the etiology of endo-
toxemia, which is also a common finding in cirrhosis,
particularly with progressive severity of disease and pre-
dominantly in the portal circulation.6,7 However, the di-
rect relationship between BT and endotoxemia has never
been investigated.

We have recently reported that BT is associated with a
worsening of arterial vasodilatation in cirrhotic animals
with ascites.8 Nitric oxide (NO) is the main vasodilator
mediating arterial vasodilation and the associated circula-
tory abnormalities in cirrhosis, and vascular NO overpro-
duction has been shown to be predominantly of
splanchnic origin.9,10 NO is synthesized by 3 different
isoforms of NO synthase (NOS).11 Of these the endothe-
lial (eNOS) and neuronal NOS are expressed constitu-
tively while the inducible isoform (iNOS) is synthetized
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de novo after stimulation by bacterial lipopolysaccharide
(LPS), endotoxins, and proinflammatory cytokines. So
far, several studies have been unable to show vascular
iNOS protein expression in the splanchnic vasculature of
portal hypertensive animals, even in the presence of
BT.8,12-14 Nonetheless, several studies have shown a cor-
relation between serum endotoxin levels and NO in cir-
rhosis, suggesting a stimulatory role of endotoxemia in
vascular NO overproduction.6,15,16 Therefore, an appar-
ent paradox of enhanced vascular NO synthesis in condi-
tions of endotoxemia and proinflammatory stimuli but in
the absence of iNOS induction is present in cirrhosis.

In cirrhotic rats with BT, we recently observed a sig-
nificant increase in eNOS activity and eNOS-derived NO
overproduction in the mesenteric arterial bed, accompa-
nied by an increase in tetrahydrobiopterin (BH4).8 BH4 is
an essential and rate-limiting cofactor in the synthesis of
NO,17,18 and can directly increase eNOS-derived NO
bioavailability.18,19 This has been shown in cultured hu-
man endothelial cells, isolated rat aortas, and human pri-
mordial placenta.20,21 Furthermore, BH4 has been shown
to induce NO-mediated vasorelaxation in various arterial
vascular beds and species.20,22,23 In addition, its endothe-
lial concentration has been shown to correlate closely with
intracellular cyclic guanosine monophosphate levels
(cGMP),20,24 evidencing its vasodilative properties. How-
ever, the mechanism mediating the enhancement in BH4

synthesis in the splanchnic vasculature in conditions of
BT remains unclear.

GTP cyclohydrolase I (GTPCH-I) is the key enzyme
regulating the de novo synthesis of BH4 from guanosine
triphosphate by mediating the first of 3 enzymatic steps,
cleavage of GTP yielding dihydroneopterin triphos-
phate.17,25 Recently, LPS and/or proinflammatory cyto-
kines have been shown to induce GTPCH-I in vivo and in
vitro, leading to enhanced intracellular levels of BH4.26-28

The relationship between vascular GTPCH-I activity,
BH4 synthesis, and endotoxemia had not been investi-
gated in cirrhosis. Thus, the goal of our study was to
investigate (1) whether GTPCH-I is up-regulated in mes-
enteric vasculature of cirrhotic rats with ascites in the
presence of BT, and (2) if so, to determine the interrela-
tionship between GTPCH-I, endotoxemia, BH4 biosyn-
thesis, and augmented NO overproduction.

Materials and Methods
All experimental procedures in this study were con-

ducted according to the American Physiological Society
principles for the care and use of laboratory animals.

Induction of Cirrhosis by CCl4. Male Harlan
Sprague-Dawley rats (Harlan Sprague Dawley, Indianap-
olis, IN) weighing 100 to 125 g underwent inhalation

exposure to CCl4. Briefly, phenobarbital (0.35 g/L) was
added to the drinking water as previously described.29

CCl4 was used as a hepatotoxin, and phenobarbital was
administered to shorten the time required to induce cir-
rhosis. After 1 week of treatment with phenobarbital, in-
halation with CCl4 was started. Rats were placed in a gas
chamber (60 � 40 � 20 cm). Compressed air was passed
via a flowmeter (1 L/min), bubbling through a flask con-
taining CCl4, into the chamber. Animals were exposed to
this procedure 3 times per week, starting with 1 minute of
bubbling air and 1 minute in the gas atmosphere. After-
ward, the dosage was increased by 1 minute until 5 min-
utes of bubbling air and exposure in the gas atmosphere
was reached. This protocol produces a high yield of mi-
cronodular cirrhosis in about 12 to 16 weeks of CCl4
inhalation. Phenobarbital and CCl4 exposure were
stopped at least 6 days before the perfusion experiments.
Normal sex- and age-matched untreated rats were used as
controls.

Assessment of BT. On the study day, the animals were
anesthetized with ketamine (100 mg/kg) and the abdom-
inal skin was shaved and sterilized with an iodine solution.
All surgical procedures were performed under strict sterile
conditions. In cirrhotic animals, ascites was quantified.
Because this model of cirrhosis has been shown to be free
of systemic bacteremia,2,8 bacteriologic blood cultures
were not performed. The caudal and cranial MLNs were
removed and weighed with an Ohaus E400D scale
(Ohaus Corp, Florham Park, NJ) with an accuracy of
�0.01 g. Tissues were then homogenized in a measured
amount of saline, and aliquots of 0.1 mL were plated onto
blood, McConkey, and phenylethyl alcohol agar plates
(BBL Prepared Media; Becton Dickinson Microbiology
Systems, Cockeysville, MD). Spleen and liver were re-
moved and weighed, and liver slices were fixed in 10%
neutral buffered formaldehyde. Solid culture media were
examined and colonies were counted after 24 and 48
hours of aerobic incubation at 35°C. Any positive MLN
cultures were considered indicative of BT from intestinal
lumen.

Experimental Protocols. All cirrhotic rats were stud-
ied prospectively because, at the time of experimental pro-
cedures, it is not known whether BT is present or absent.
A total of 34 cirrhotic rats with ascites were included in
this study.

In protocol I (n � 16 cirrhotic rats with ascites) serum
markers, mesenteric vasculature BH4 content and GT-
PCH-I activity as well as mean arterial pressure (MAP)
were assessed. Before starting procedures to assess BT, the
left femoral artery was exposed and cannulated with a
PE-50 catheter. A sample of 1.5 mL of blood was with-
drawn in pyrogen-free Vacutainer (Becton Dickenson)
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and centrifuged at 5,000 rpm for 15 minutes, and the
separated serum stored immediately at �70°C until anal-
ysis for endotoxin and NO metabolites (NOx). MAP was
evaluated by connecting the catheter to a Statham
P-23-Db strain gauge transducer (Statham, Oxnard, CA)
and recorded on a Grass model 7D inscription recorder
(Grass Instrument Co, Quincy, MA). Measurement of
MAP was performed before blood drawing and, once
blood had been drawn, it was replaced with 1.5 mL of
saline and MAP was remeasured. Homogenate from
MLN was stored at �70°C until measurement of endo-
toxin and NOx.

In protocol II (n � 18 cirrhotic rats with ascites), in
vitro perfusion of de-endothelialized mesenteric prepara-
tions were performed as control experiments evaluating
potential iNOS-derived NO synthesis in cirrhotic rats
with BT.

Levels of endotoxin in serum and MLN homogenates
were assayed using the Kinetic Turbidimetric Limulus
Amebocyte Lysate (LAL) Microtiter test. In an 8-channel
photometer, the increase in optical density was registered
at 380 nm. The maximum increase in optical density per
minute of each reaction was computed. This procedure
results in a standard endotoxin curve that is linear from
0.5 to 1,000 pg/mL. According to a mathematical model,
the endotoxin concentration of each sample was deter-
mined, as well as factors interfering with the LAL-endo-
toxin reaction present in plasma or in protein-containing
samples.

Determination of NOx concentrations in serum,
MLN homogenates, and perfusate was performed using a
Sievers Nitric Oxide Analyzer (Sievers Instruments, Boul-
der, CO) as previously described.8 In brief, this assay is
based on spectrophotometric analysis after a chemilumi-
nescent reaction between NO and ozone. 50 �L of each
sample was placed into the purge vessel containing 3 mL
of 0.1-mol/L vanadium chloride in 1 mol/L of hydrochlo-
ric acid at 95°C. The NO generated from nitrite and
nitrate ions was carried into the analyzer by vacuum
through the gas bubbler trap containing 5 mL 1 mol/L of
NaOH. This analyzer quantitates dissolved NO and
NO2-derived NO that has been generated by acid and
stripped from the solution by nitrogen gas. The NO then
reacts with analyzer-generated ozone to form excited
NO2, which releases light in the red and near-infrared
regions of the spectrum, and is detected by a thermoelec-
trically cooled red-sensitive photomultiplier tube. Serum
and MLN homogenate were deproteinized before assay
by treatment with 70% ethanol for 5 minutes. The lower
limit of sensitivity for this machine is below 2 pmoles
NO/second.

BH4 Assay. Frozen mesenteric vasculature was
weighed, homogenized in 3 volumes of 50-mmol/L Tris-
HCl (pH, 7.4) containing 1 mmol/L dithiothreitol and 1
mmol/L ethylenediaminetetraacetic acid (EDTA), and
centrifuged, and supernatant BH4 levels were measured
by high-performance liquid chromatography with fluo-
rescence detection after oxidation as previously de-
scribed.30

GTPCH-I Activity Assay. Using gel-filtered extracts
the product of the GTPCH-I reaction, dihydroneopterin
triphosphate, was oxidized to neopterin triphosphate,
which then was dephosphorylated by alkaline phospha-
tase, forming neopterin. Neopterin content was measured
by high-performance liquid chromatrography as the ac-
tivity of GTPCH-I in the extract, with 1 unit being equiv-
alent to the production of 1 pmol of dihydroneopterin
triphosphate per minute. Data were expressed as [U/mg
protein].

In Vitro Perfusion of De-endothelialized Mesen-
teric Vasculature. The in vitro perfusion system used
was a partial modification of that originally described by
McGregor and used extensively in previous studies from
our laboratory.8,31 Briefly, the superior mesenteric artery
was cannulated with a PE-60 catheter and gently perfused
with 15 mL of warm Krebs solution to eliminate blood.
Removal of the endothelium was achieved by a combined
treatment with cholic acid (sodium salt) and distilled wa-
ter.8,32 In brief, perfusion with cholic acid (0.5% / 1.5 mL
for 10 seconds) was followed by flushing with 15 mL of
Krebs solution to eliminate cholic acid. The gut was ex-
cised close to its mesenteric border, leaving the mesenteric
vasculature in the tissue preparation, which then was
transferred to the 37°C water-jacketed container and per-
fused with oxygenated 37°C Krebs solution (95% O2, 5%
CO2; 4 mL/min for 10 minutes) using a roller pump
(Masterflex; Cole-Parmer Co, Barrington, IL). After the
mesenteric vasculature was relaxed, 37°C warmed dis-
tilled water was perfused for 10 minutes. A period of 30
minutes was allowed before starting any further study
protocol. The Krebs solution had the following composi-
tion (mmol/L): NaCl, 118; KCl, 4.7; KH2PO4, 1.2;
MgSO4, 1.2; CaCl2, 2.5; NaHCO3, 25; disodium
EDTA, 0.026; and glucose, 11.0; pH, 7.4. Next, over a
period of 60 minutes triplet perfusate samples (for 1
minute each, 15 minutes apart) were collected, frozen
immediately, and stored at �30°C until NOx assay. The
perfusion pressure was measured with a P-23-Db strain
gauge transducer (Statham, Oxnard, CA) on a side arm
just before the perfusing cannula and recorded on a Grass
7D Polygraph inscriber (Grass Instruments Co, Quincy,
MA). To assess whether the vessel was completely de-
endothelialized and whether the smooth muscle function
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was maintained, the mesenteric preparation was precon-
stricted with methoxamine (�1-agonist; methoxamine,
100 �mol/L) at the end of perfusate collection and dose-
dependent vasorelaxation to the endothelium-dependent
vasodilator acetylcholine (10�8 to 10�6 g, bolus of 0.1
mL) and the endothelium-independent vasodilator so-
dium nitroprusside (SNP) (10�6 to 10�5 g, bolus of 0.1
mL) was tested.

Statistical Analysis. Results were expressed as
mean � SE. Statistical analysis was performed using
ANOVA (2-way, with repeated measurements), paired
and unpaired nonparametric tests when appropriate, with
statistical significance set at P � .05. Each relationship of
serum, tissue, and hemodynamic parameters was tested
for regression by a simple regression analysis.

Results
The livers of all CCl4-treated rats (LC) were macro-

scopically cirrhotic. The weight of cirrhotic rats with BT
was significantly lower than that of cirrhotic rats without
BT (�BT, 317.8 � 23.5 g vs. �BT, 399.4 � 12.4 g).
The weight of the spleen, expressed as a percentage of
body weight, was not significantly different between
study groups (�BT, 4.11 � 0.49 g/kg body weight vs.
�BT, 3.63 � 0.24 g/kg body weight). Moreover, no
significant difference in volume of ascites or in weight of
MLN was found between cirrhotic rats with or without
BT (�BT, 31.4 � 10.6 mL and 0.11 � 0.01 g vs. �BT,

12.6 � 7.8 mL and 0.11 � 0.01 g, respectively). Among
the 34 ascitic cirrhotic rats studied, MLN culture was
positive, i.e., BT was present, in 21 animals (�BT,
61.7%), a rate very similar to what has been reported
earlier in this model.2,8

Levels of Endotoxin and NOx (Figs. 1 and 2). In
cirrhotic rats without BT only low and in most cases
almost negligible concentrations of endotoxin were de-
tectable in the systemic circulation. In contrast, cirrhotic
rats with BT showed marked systemic endotoxemia and
elevated endotoxin concentrations in MLNs (Fig. 1A and
B). Moreover, local mesenteric lymphatic endotoxin lev-
els and systemic endotoxemia correlated significantly (r �
0.61, P � .05), indicating that the source of endotoxins is
most probably the gut. NOx concentrations in MLNs
were also significantly enhanced in the presence of BT
(�BT, 34.0 � 8.9 �mol/L vs. �BT, 16.2 � 1.3 �mol/L,
P � .01) and correlated very closely with MLN endotoxin
levels (r � 0.83, P � .0001), reflecting the stimulatory
effect of endotoxins on local NO production. Further-
more, as reported earlier,8 NOx concentrations in serum
were significantly elevated in rats with BT compared with
those without BT (Fig. 2A). Finally, serum endotoxin
levels significantly correlated with serum NOx levels (r �
0.80, P � .01, Fig. 2B).

GTPCH-I Activity and BH4 Content (Figs. 3 and
4). In mesenteric vasculature of cirrhotic rats with BT,
GTPCH-I activity and BH4 content was significantly en-

Fig. 1. Levels of endotoxin in serum and mesenteric lymph nodes.
Endotoxin concentrations as determined by a kinetic turbidimetric limulus
amebocyte lysate microtiter test in MLN homogenates (A) as well as in
serum (B) were significantly elevated in the presence of BT.

Fig. 2. Levels of NO metabolites in serum. Concentrations of NOx in
serum as determined by chemiluminescence were significantly increased
in animals with BT as compared with the absence of BT (A) (°P � .001).
This serum parameter was significantly correlated with the appearance of
endotoxin in serum (B) (r � 0.80, P � .01), indicating a potential
causative role of endotoxins for stimulation of NOS in cirrhotic rats with
ascites.
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hanced as compared with animals without BT (Fig. 3A
and B). A significant direct correlation was observed be-
tween GTPCH-I enzymatic activity and concentration of
BH4 in the splanchnic vasculature (r � 0.69, P � .01, Fig.
3C), reflecting the widely accepted role of GTPCH-I as
key enzyme in the synthesis of BH4. GTPCH-I activity
also correlated with MLN endotoxin levels (r � 0.53, P �
.05) and with serum endotoxin levels (r � 0.69, P � .01,
Fig. 4A), indicating that the enzyme was stimulated by
endotoxin. GTPCH-I activity was also found to correlate
very closely with systemic NOx concentrations (r � 0.81,
P � .001, Fig. 4B), emphasizing the important role of this
enzyme in NO synthesis. Similarly, the essential cofactor
BH4 correlated directly with serum NOx levels as well as

systemic endotoxemia (r � 0.53, P � .05, and r � 0.54,
P � .01, respectively) but not with local mesenteric en-
dotoxin levels.

MAP (Fig. 5). No differences in MAP were observed
before and after blood withdrawal (and replacement with
saline). As reported earlier,8 in the presence of BT, MAP
was significantly lower as compared to animals without
BT (�BT, 115.3 � 7.9 mm Hg vs. �BT, 142.5 � 1.7
mm Hg, P � .005). This circulatory dysfunction was
linked to the occurrence of endotoxemia (r � 0.58, P �
.03, Fig. 5A) and stimulation of GTPCH-I (r � 0.69,
P � .01, Fig. 5B). Furthermore, as shown earlier,8 a sig-
nificant correlation between MAP and content of BH4 in
the mesenteric vasculature was observed (r � 0.63, P �
.02). Finally, systemic NOx levels also correlated with
MAP (r � 0.67, P � .05), further supporting the impor-
tance of NO for arterial vasodilation seen in cirrhosis.8,16

In Vitro Perfusion. Baseline perfusion pressure be-
fore removal of the endothelium was not significantly
different between study groups (�BT, 12.8 � 1.1 mm
Hg vs. �BT, 12 � 0.8 mm Hg). There were also no
significant differences in baseline perfusion pressure after
removal of the endothelium (�BT, 19.4 � 1.1 vs. �BT,
19.4 � 0.9 mm Hg). Vasodilator response to acetylcho-
line at the highest dose used was 5.6% � 1.6% and 7.7%
� 2.1% in cirrhotic rats with and without BT, respec-
tively (not significant), showing a sufficient de-endothe-
lialization in the vasculature studied. Vasodilator response
to SNP at the highest used dose was 91.5% � 1.6% and
84.7% � 4.2% for cirrhotic rats with and without BT,

Fig. 3. GTPCH-I activity and BH4 synthesis in mesenteric vasculature.
The content of BH4 (A) as well as the activity of GTPCH-I (B) in the
mesenteric vasculature was markedly enhanced in animals showing
bacterial translocation. (C) Concentrations of the essential cofactor BH4
in the tested tissue were closely linked to the activity of the key enzyme
GTPCH-I (r � 0.69, P � .003). *P � .05, **P � .01 versus cirrhosis,
�BT.

Fig. 4. Regression analysis for GTPCH-I activity and serum markers.
GTPCH-I activity in mesenteric vasculature correlated with serum endo-
toxin levels (A) and serum NOx concentrations (B) (r � 0.69 and 0.81,
P � .01 and .001, respectively). For the essential cofactor BH4, also a
significant positive correlation with NOx serum concentration (C) is seen
(r � 0.53, P � .05).

Fig. 5. Regression analysis for MAP showed correlations with se-
rum levels of endotoxin (A: r � 0.58, P � .03) as well as GTPCH-I
activity (B: r � 0.69, P � .01). n � 6 and 7 for cirrhotic rats with
and without BT.
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respectively (not significant). This is evidence for func-
tional integrity of the vascular smooth muscle in the vas-
cular bed studied. NOx was basically nondetectable in the
perfusate of in vitro perfused de-endothelialized mesen-
teric vasculature of cirrhotic rats with ascites independent
of the presence or absence of BT. This clearly shows the
lack of vascular NO synthesis in the absence of endothe-
lium.

Discussion
We have recently reported that in cirrhotic rats with

ascites, BT promotes eNOS-derived NO overproduction
in the mesenteric vasculature, aggravating arterial vasodi-
latation.8 This hemodynamic disturbance is associated
with elevated mesenteric tissue levels of BH4, a well-
known stimulator of eNOS-derived NO biosynthesis. In
this study, we expanded on these results and show that
GTPCH-I, the key enzyme in the biosynthesis of BH4, is
markedly up-regulated in the mesenteric vascular bed of
cirrhotic animals with BT and that the concentration of
BH4 correlates closely with GTPCH-I activity. Further-
more, BT is related to endotoxemia and this, in turn, also
correlates with GTPCH-I activity. The stimulation of
GTPCH-I is associated with an increase in serum levels of
NO and is closely linked to the severity of arterial vasodi-
lation. These results extend our previous observations and
clarify the pathway from BT, to endotoxemia, to up-reg-
ulation of GTPCH-I, increase in BH4 biosynthesis, in-
crease in eNOS-derived NO overproduction, and further
vasodilatation.

In cirrhosis, endotoxemia is a common finding and
increasing levels are associated with hepatic failure, en-
cephalopathy, and death.7,33 Moreover, cirrhotic patients
with endotoxemia have lower systemic vascular resistance
and higher cardiac output than cirrhotic patients without
endotoxemia.6 BT to MLNs has been considered an im-
portant mechanism by which enteric organisms reach sys-
temic sites and has been reported to correlate directly with
the occurrence of bacterial infections in experimental cir-
rhosis.1,4 Recent evidence suggests that BT to MLN
alone, in the absence of portal or systemic spread of bac-
teria, may lead to increases in systemic cytokines and in-
dicates that the gut is a cytokine-releasing organ.34,35 In
this study, we report that BT is strongly associated with
the appearance of endotoxins in the mesenteric lymphatic
tissue and in the systemic circulation, supporting previous
findings1,36 and underscoring the importance of BT in the
development of endotoxemia in cirrhosis.

In our study, BT was found to be associated with a
marked enhancement in GTPCH-I activity that corre-
lated closely with endotoxin levels in mesenteric lym-
phatic tissue and serum. These results are in line with

previous studies investigating the regulation of GTPCH-
I.28,37 LPS has been shown to increase GTPCH-I activity
in human umbilical endothelial cells and vascular smooth
muscle cells without an effect on the activities of other
enzymes involved in BH4 synthesis.38,39 Treatment of rats
with LPS has been shown to result in enhanced GT-
PCH-I mRNA expression as well as enzyme activity in
several tissues.27,28 Moreover, a synergistic stimulatory ef-
fect between endotoxin and subsequently released proin-
flammatory cytokines has been shown21,26,40; for example,
while GTPCH-I activity is induced independently by in-
terferon � or tumor necrosis factor � (TNF-�), this effect
is synergistic when combined with LPS.26,40 In fact, in our
previous study we showed that cirrhotic rats with BT
exhibited enhanced MLN and serum levels of TNF-�,
which correlated directly with BH4 levels in the mesen-
teric vasculature, indicating a contributory role of TNF-�
in the induction of BH4 synthesis.8 Considering the well-
known stimulatory effect of endotoxin on TNF-� synthe-
sis,41 it can be proposed that in cirrhotic rats with BT, the
up-regulation of GTPCH-I is the result of both a direct
stimulatory effect of endotoxins and stimulation by sub-
sequently secreted cytokines, such as TNF-�.

GTPCH-I up-regulation in the mesenteric vasculature
of cirrhotic rats with BT was accompanied by and corre-
lated closely with tissue concentrations of BH4. This is in
accordance with well-documented data that show that
regulation of BH4 biosynthesis is almost exclusively de-
pendent on the first and key enzyme, GTPCH-I.17,25

That GTPCH-I is essential for NO biosynthesis is shown
by studies in which the enzyme is inhibited, thereby
blocking the synthesis of BH4 and leading to abrogation
of basal and stimulated NO synthesis and cGMP forma-
tion.42,43 This is supported by our finding of a close cor-
relation between GTPCH-I activity in mesenteric
vasculature, the main site of altered vascular NO biosyn-
thesis in portal hypertension,44 and serum levels of NO
metabolites.

Regarding the enzymatic source of NO overproduc-
tion, we have reported recently that, even in conditions of
BT, cirrhotic rats do not overexpress iNOS-derived pro-
tein in the mesenteric vasculature but rather up-regulate
eNOS-derived NO.8 This would seem to be at odds with
the fact that iNOS is typically the NOS isoform induced
by LPSs, endotoxins, and inflammatory cytokines. While
iNOS is known to be predominantly expressed in vascular
smooth muscle,11 eNOS is expressed in the endothelium.
Therefore, further confirmation of a lack of iNOS-de-
rived NO in cirrhotic rats with BT derives from our find-
ing that de-endothelialized arteries of these animals did
not release a significant amount of NOx. This lack of
iNOS-derived NO production in rats with marked and
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sustained endotoxemia and marked vasodilatation further
supports previous findings by our group and others point-
ing against a role for iNOS in the circulatory abnormali-
ties of portal hypertension.8,12,45 Studies showing an
immediate enhancement in endothelial NO release by
LPS mediating arterial vasodilation in the absence of
iNOS induction were essential to understand this incon-
sistency.46,47 Our observed correlation between BH4 and
NO production, in the context of a deficiency of iNOS
protein expression, further supports the view that intra-
cellular concentration of BH4 is important in deter-
mining eNOS-derived NO production. The precise
molecular mechanism of this BH4-dependent stimulation
of eNOS is incompletely resolved. It has been suggested
that BH4 acts as an allosteric cofactor by stabilizing the
dimeric state of the NOS enzyme, the only catalytically
active structure.48 However, it has been shown that struc-
tural changes alone cannot fully explain the absolute re-
quirement of BH4, and a strong line of evidence shows
that BH4 serves as redox-active cofactor.49,50

The marked hemodynamic effect of increased BH4 has
been shown in various vascular beds and species.20,22,23 In
our study, GTPCH-I activity and BH4 concentration in
mesenteric vasculature correlated inversely with MAP,
that is, the higher the GTPCH-I activity and the BH4

content in the mesenteric vasculature, the lower the MAP.
Therefore, our findings clearly suggest that, in ad-

vanced cirrhosis, BT induces endotoxemia, which would
seem to up-regulate GTPCH-I-activity and subsequently
BH4 biosynthesis in the splanchnic circulation, leading to
eNOS-derived NO overproduction and aggravation of
arterial vasodilation. However, it is important to note that
this study does not establish a causal interaction between
LPS, GTPCH-1, BH4, and the endothelial NO pathway.
To achieve this goal it would be necessary to specifically
block GTPCH-1 in vivo in the mesenteric vasculature of
cirrhotic rats with BT. Unfortunately, available GT-
PCH-1 blockers will also block vital cell functions, and
results obtained would be difficult to interpret and would
not lead to valid and specific answers regarding BH4’s
impact on NO synthesis and its associated hemodynamic
changes.

This study provides another link in explaining the par-
adox observed in cirrhosis of an augmented vascular NO
production in the face of endotoxemia and a lack in
iNOS-protein expression. The increase in BH4 availabil-
ity induced by endotoxins via stimulation of GTPCH-I
may facilitate and augment the already-present and up-
regulated eNOS machinery in the mesenteric endothe-
lium in cirrhosis, making de novo synthesis of iNOS
unnecessary. Therefore, the GTPCH-I/BH4 pathway
could become an important target for pharmacologic in-

terventions aimed at controlling excessive vasodilation in
advanced cirrhosis. However, further studies on this pro-
posed new pathway and its exact pathophysiological role
in portal hypertension are required.
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