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ABSTRACT
Background: Inadequate caloric intake increases the risk of sepsis-
induced complications. Metabolic changes during sepsis indicate
that the availability of the amino acid L-arginine decreases. Avail-
ability of arginine may further decrease during reduced caloric in-
take, which thereby limits the adaptive response of arginine–nitric
oxide metabolism during sepsis.
Objective: We tested the hypothesis that reduced caloric intake
during endotoxemia, as an experimental model for sepsis, further
reduces arginine availability.
Design: In a randomized trial, a 7-d reduced caloric intake feed
regimen (RE; n = 9) was compared with a normal control feed
regimen (CE; n = 9), before 24 h of endotoxemia, as a model
for sepsis. Whole-body arginine–nitric oxide metabolism and pro-
tein metabolism were measured by using a stable-isotope infu-
sion of [15N2]arginine, [

13C-2H2]citrulline, [
2H5]phenylalanine, and

[2H2]tyrosine. Plasma pyruvate and lactate concentrations were de-
termined by fully automated HPLC.
Results: Pre-endotoxin arginine appearance was significantly lower
in the RE group than in the CE group (P = 0.002). During endotox-
emia, arginine appearance increased in the CE animals but not in the
RE animals (P = 0.04). In addition, nitric oxide production was
significantly lower in the RE animals (P , 0.0001). Protein synthesis
was significantly lower at the start of endotoxin infusion (P , 0.05)
and remained lower during endotoxemia in the RE group than in the
CE group (P , 0.001). The lactate:pyruvate ratio was not higher in
the RE group than in the CE group before endotoxemia but increased
significantly during endotoxemia in the RE group (P = 0.04).
Conclusion: Awell-nourished condition before prolonged endotox-
emia results in a better ability to adapt to endotoxin-induced met-
abolic deterioration of arginine–nitric oxide metabolism than does
reduced caloric intake before endotoxemia. Am J Clin Nutr
2010;91:992–1001.

INTRODUCTION

Malnourished patients who become septic have an increased
risk of organ failure and death compared with normally fed
individuals (1, 2). However, the pathologic processes underlying
this observation are relatively unknown. Malnutrition, by a re-
duced food intake, is thought to be a risk factor for the occur-
rence of infectious complications, such as sepsis, because of the
lack of protein supply (3). The presence of protein-caloric un-
derfeeding increases the odds of developing nosocomial infection
and sepsis almost 2.5 times and the odds of dying from sepsis-

induced complications 4-fold above that seen in patients without
malnourishment (4).

Reducing food intake induces a biphasic adaptive response in
protein breakdown (PB), with an initial rise in the breakdown
rate, releasing amino acids that support the enhanced gluco-
neogenic activity (5). As malnutrition progresses, gluconeo-
genesis and PB are suppressed in relation to the enhanced release
of free fatty acids from fat tissue. However, during catabolic
conditions, such as inflammation, the muscle PB rate remains
high and the liver protein synthesis rate is stimulated (6). In
addition, reduced food intake that is usually present during in-
flammatory states will result in a reduced supply of amino acids
to the liver and consequently reduced plasma amino acid con-
centrations are observed.

The amino acid arginine has an important role in the transport,
storage, and excretion of nitrogen during inflammation (7).
Moreover, arginine is pivotal in metabolic functions because it
serves as a precursor of urea, nitric oxide (NO), polyamines,
proline, glutamate, creatine, and agmatine. NO plays an im-
portant role in cellular functions, such as neurotransmission (8),
and immune defense (9) and organ perfusion (10). In humans,
under conditions of sustained stress due to sepsis, arginine may
become a conditionally essential amino acid because endogenous
production cannot meet the elevated requirements (11). This
mechanism may explain the observed 30% reduction in plasma
arginine concentrations in severely septic patients compared with
critically ill patients with moderate inflammation (12). Reduced
food intake during inflammation will also reduce exogenous
arginine intake, which could further contribute to the reduced
arginine availability during sepsis.

Although arginine plays an important metabolic role in either
malnutrition or inflammatory conditions (11, 13), no data are yet
available on the role of arginine during conditions of reduced
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caloric intake combined with severe inflammation. Our exten-
sively described endotoxemia model in pigs was used as a model
for inflammation-related metabolism (6, 14–16). Therefore, we
tested the hypothesis that reduced caloric intake during endo-
toxemia further reduces arginine availability as compared with
the reduction in arginine availability observed during endotox-
emia alone. To this end we investigated whole-body arginine
metabolism, using stable-isotope techniques, in a porcine model
of combined reduced caloric intake and endotoxemia, as model
for sepsis.

MATERIALS AND METHODS

Animals

Female crossbred pigs (Yorkshire · Dutch Landrace, 20–
25 kg body weight, age 8–10 wk) were individually housed, had
free access to water, and received 1 kg regular pig feed (gross
energy: 16.2 MJ/kg; dry matter: 88.5%; crude protein: 16%;
crude fat: 2.9%; crude fiber: 8.5%; crude ash: 6.6%; nitrogen-
free extracts: 54.9%; starch: 30.1%; sugar: 7.0%; Land-
bouwbelang, Roermond, Netherlands) daily in the morning,
supporting a growth rate of 300 g body weight/day before the
start of the protocol. The Animal Ethics Committee of the
Maastricht University approved the study.

Surgical procedure

Animals were starved overnight and received pre- and intra-
operative care as previously described (17). Briefly, after pre-
medication, anesthesia was induced. During intubation, the pigs
received bactericidal prophylaxis. During surgery, anesthesia was
maintained with a mixture of nitrous oxide and water, and hal-
othane and fluid supplementation were provided with intravenous
fluids. By using a midline laparotomy, several catheters (80-cm
long; internal diameter: 1.0 mm; outside diameter: 1.8 mm;
Tygon, Westvaco, Cleveland, OH) were inserted in the blood
vessels as previously reported (17). In brief, catheters for blood
sampling were placed in the abdominal aorta (above the right
renal vein). For infusion of isotopes and endotoxin, a catheter was
implanted in the caval vein above the right renal vein. A ther-
modilution catheter (7F; Baxter Edwards Critical Care, Irvine,
CA) was inserted to monitor cardiac output. Finally, a jejunos-
tomy was made by transecting the jejunum 20–25 cm distal to the
ligament of Treitz and making an end-to-side anastomosis 10 cm
distal to the transected distal end. This jejunostomy was used to

introduce a tonometry catheter. All catheters were tunneled
through the abdominal wall and skin and sutured to the skin.

Postoperative care

Postoperative care was standardized as previously described
(17). A canvas harness was fitted to each pig to protect the
catheters and to allow easy handling of the animal. During the
whole recovery period (14 d), the animals remained healthy
without signs of infection.

Experimental protocol

One week after surgery, pigs were randomly assigned to
a regimen of inadequate caloric intake by using a 7-d period of
caloric restriction (n = 9) or a 7-d normal control feed regimen
(n = 9) before endotoxemia as the control group (Figure 1). In
the reduced caloric intake endotoxemia (RE) group, feed intake
was 25% of that in the control endotoxemia (CE) group. The
normal feed intake (1 kg/d) in the CE group supported a growth
of 300 g body weight (bw)/d. In both groups, feed was withdrawn
12 h before endotoxin infusion.

The endotoxemia infusion started 14 d after surgery as pre-
viously described (17). The pigs were placed in a movable cage
on the morning of the endotoxin infusion phase. After taking
initial blood samples, all pigs received 3 lg � kg bw21 � h21

lipopolysaccharide endotoxin (LPS) from Escherichia coli (055:
B5; Sigma Chemicals Co, St Louis, MO) dissolved in saline for
24 h via the inferior caval vein catheter. The endotoxin dose
used makes this model a zero mortality model (6, 15). All pigs
received 0.9% saline as a fluid support: 30 mL � kg bw21� h21

during the first 8 h and 20 mL � kg bw21 � h21 during the next
16 h of endotoxin infusion. During this 24-h endotoxin infusion
and the next 24 h after the infusion, all pigs were kept starved.
At the end of each experiment, the pigs were killed by using an
intravenous dose of thiopental (Nesdonal; Rhône-Poulenc
Pharma, Amstelveen, the Netherlands).

Infusion and sampling protocol

Stable-isotope studies were done at baseline to measurewhole-
body arginine-NO metabolism and were repeated at 24 h (at
the end of the endotoxin infusion period) and at 48 h after the start
of endotoxin infusion (24 h after stopping the endotoxin in-
fusion). Before the start of the isotope infusions, background
blood samples were collected. Two hours after the start of the

FIGURE 1. Illustration of the experimental design. After surgical catheter implantation (day 214), animals were randomized (R) on day 7 after surgery
(day 27) to a reduced caloric intake (semistarvation) and endotoxin group (RE; n = 9) or to a normal control feed endotoxin (CE; n = 9) group for 7 d. Both
groups subsequently received a lipopolysaccharide (LPS) endotoxin infusion over 24 h. Stable-isotope infusion and blood sampling were performed on days 0,
1, and 2 after the start of the endotoxin infusion.
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primed-constant infusion of the isotopes through the inferior
caval vein catheter, steady state conditions were obtained (18, 19)
and blood was sampled. Prime and tracer infusion concentrations
were based on the expected whole-body tracee appearance (20).
L-[guanidino-15N2]Arginine (

15N2-arginine; infusion: 6.4 lmol �
kg21 � h21, prime: 3.2 lmol/kg), L-[ureido-13C; 5,5-2H2]citrul-
line (C1-D2-citrulline; infusion: 0.3 lmol � kg21 � h21, prime:
1.5 lmol/kg), L-[2H5]phenylalanine (D5-phenyalanine infusion:
1.9 lmol � kg21 � h21, prime: 1.0 lmol/kg), and L-[2H2]tyrosine
(D2-tyrosine infusion: 1.9 lmol � kg21 � h21, prime: 1.0 lmol/
kg) were purchased from Mass Trace (Woburn, MA). Blood was
sampled from the catheters in the abdominal aorta before iso-
tope infusions ceased.

Hemodynamics

Before and 4, 8, 24, and 48 h after the start of the endotoxin
infusion, 3 boluses of 5 mL ice-cold saline each were admin-
istered to estimate the cardiac output by using the thermodilution
techniquewith a cardiac output computer (9520A; Baxter Edwards
Critical Care, Irvine, CA). At these time points, the mean arterial
pressure (MAP) was measured in triplicate after “zeroing” the
pressure transducer to the level of the heart. A tonometry catheter
(14 F; Datex, Ohmeda, Finland) was inserted through the jeju-
nostomy, with which intramucosal partial pressure carbon dioxide
(pCO2) was measured by using the saline equilibration method.
The pCO2 of saline was measured as for the other blood gasses
(see Sample processing) and was corrected for the equilibration
time. Tonometric measurements were measured 0, 4, 8, 24, and
48 h after the start of the endotoxin infusion.

Sample processing

Promptly after sampling, blood was distributed in prechilled,
heparinized tubes (Sarstedt, Nümbrecht, Germany) on ice. For
analysis of amino acid concentrations and stable-isotope
enrichments, plasma was deproteinized by mixing 500 lL with
20 mg dry sulfosalicylic acid. All samples were frozen in liquid
nitrogen and stored at 280�C until analyzed further.

Biochemical analysis

Concentrations and enrichments of amino acids were calcu-
lated as tracer-to-tracee ratios (TTRs) and were determined by
a fully automated liquid chromatography–mass spectrometry
system (Thermoquest LCQ, Veenendaal, Netherlands) after
precolumn derivatization with o-phthaldialdehyde (21). Plasma
pyruvate and lactate concentrations were determined by a fully
automated HPLC (Pharmacia, Woerden, Netherlands), as de-
scribed previously (22). For blood gas analysis, 0.2 mL blood
was sealed airtight in heparinized 1-mL syringes and immedi-
ately analyzed on an automatic blood gas system (Acid Base
Laboratory; Radiometer, Copenhagen, Denmark) and corrected
for pig hemoglobin and core temperature of the animal. The core
temperature of the pig was measured in the central venous blood
by using the pulmonary artery floatation catheter.

Calculations

The whole-body rate of appearance (lmol � kg bw21 � min21)
of arginine (RaARG) and citrulline (RaCIT) were derived from

formula (1) by using the N2-arginine and the C1D2-citrulline
isotope, respectively. The tracer infusion rate is represented by I
and divided by TTRA, which is the tracer-to-tracee ratio in ar-
terial plasma (15). TTR values were corrected for background
values.

Ra ¼ I=TTRA ð1Þ

Equation 2 was used to calculate the rate of whole-body
synthesis of NO (RaNO) based on the direct plasma isotope
transfer from 15N2-arginine to 15N-citrulline.

RaNO ¼ RaCIT 3 ðTTRA CIT1=TTRA ARG2Þ ð2Þ

where TTRA CIT1 and TTRA ARG2 represent the TTR of 15N-
citrulline and 15N2-arginine in arterial plasma, respectively.

The whole-body rate of production or appearance of phe-
nylalanine (RaPHE) and tyrosine (RaTYR) was also derived from
Equation 1. The whole-body rate of production of phenylalanine
was used as an indication of whole-body PB because this amino
acid cannot be newly synthesized. The rate of whole-body hy-
droxylation of phenylalanine (RaPHE/TYR) was represented by
Equation 3, in which the rate of [2H5]phenylalanine (PHE5) to
[2H4]tyrosine (TYR4) is calculated and can be considered rep-
resentative of net PB.

RaPHE/TYR ¼ RaTYR 3TTRA TYR4=TTRA PHE5 ð3Þ

The whole-body rate of disappearance of D5-phenylalanine is
a combination of the whole-body protein synthesis rate (PS) and
RaPHE/TYR. PS can be calculated as indicated in Equation 4.

PS ¼ PB� RaPHE/TYR ð4Þ

Statistics

The results are presented as means 6 SDs. Levels of signif-
icance were set at P , 0.05. The statistical analysis was per-
formed by using SPSS 15.0 (SPSS Inc, Chicago, IL). The data
were analyzed by repeated-measures ANOVAwith correction of
the df by using the Greenhouse-Geisser estimates of sphericity
when Mauchly’s test indicated that the assumption of sphericity
had been violated, using time at 3 levels (repeated measures: t =
0, 24, and 48 h) as the within-factor and intervention (RE or CE
group) as the between-factor. Where appropriate, the last ob-
servation carried forward principle and series mean were used to
replace missing data. Error a values are reported in the tables
and figures in which PT indicates the significance of repeated
measures over time, PG the intervention group effects (6 re-
duced caloric intake), and PT·G the interaction of repeated
measures and intervention group (time · intervention). Post hoc
analysis was performed to test for differences between groups at
different time points.

RESULTS

Animals

Daily oral intake was intentionally reduced in the RE group to
2506 2 g/d during the 7 d before the endotoxin phase compared
with 1000 6 5 g/d in the control endotoxin (CE) group.
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Before the phase of reduced caloric intake, weight (Figure 2)
was 19.3 6 2.2 kg bw in the CE group and 21.1 6 2.1 kg bw in
the RE group. During the semistarvation phase, weight in-
creased significantly less in the RE group than in the CE group
(1.5 6 2.0 kg bw compared with 2.9 6 1.0 kg bw; P , 0.05).
Weights before endotoxemia were similar between groups, but
at 48 h, 24 h after ending the 24-h endotoxin infusion period,
body weight in the RE group was 4 kg lower than in the CE
group (P = 0.04).

In total, 2 of 9 animals in the RE group (22%) and no animals
in the control group died (P = 0.2). The lactate/pyruvate ratio
(Table 1) was not higher in RE animals before endotoxemia, but
increased significantly more in the RE group during and after the
24-h endotoxin infusion period than in the control animals (PT·G =
0.04).

Hemodynamics

MAPwas lower before the endotoxin infusion and after the 24-
h endotoxin infusion in the animals in the RE group (Table 1).
The cardiac index increased significantly more in the RE group
than in the CE group (PT·G = 0.002). The blood gas analysis
indicated that a reduced caloric intake induced a significantly
lower pH and base excess. In addition to the differences in
systemic hemodynamic variables, tonometric data showed a
significantly higher increase in PmCO2 (mucosal PCO2) and
Pm-aCO2 (mucosal minus arterial PCO2) during endotoxemia
when preceded by caloric intake reduction (Table 1).

Protein metabolism

Whole-body protein synthesis was significantly lower at the
start of the endotoxin infusion and remained lower during and after
endotoxemia in the RE group comparedwith the CE group (Figure
3A). PB (Figure 3B) was reduced in the RE group, but, because of
a larger variance, was not reduced 48 h after endotoxemia.
Whole-body phenylalanine hydroxylation (net PB) was signifi-

cantly lower in the RE group before endotoxemia (P = 0.03) and
during the total study period (PG = 0.04) (Figure 3C). Protein
balance was similar between the 2 study groups, except after 48 h,
during which net protein synthesis in the control group was
present compared with a net PB in the RE group (Figure 3D).

No differences in arterial amino acid plasma concentrations
were found between the CE and RE groups before the start of the
endotoxin infusion, except for ornithine, glutamate, asparagine,
and isoleucine concentrations (Table 2). Glutamate and methi-
onine concentrations were significantly lower in the RE group
than in the CE group during endotoxemia.

Arginine metabolism

Pre-endotoxinwhole-body arginine appearancewas significantly
lower in the RE group (Figure 4A). During endotoxemia, whole-
body arginine appearance increased in the CE animals, but not in
the RE animals (PT·G = 0.04). Compared with the CE animals,
whole-body NO production was significantly lower in the RE
animals (Figure 4B) (PG , 0.0001). Moreover, whole-body cit-
rulline appearance was significantly lower in the RE group and
remained lower than pre-endotoxin concentrations in this group
(Figure 4C). Arginine de novo synthesis in the RE group was
significantly lower at 0 h and remained significantly lower at 24
and 48 h compared with the CE group (Figure 4D) (PG , 0.0001).

Arterial arginine concentrations (Table 2) before endotoxemia
tended to be lower in the RE animals (P = 0.08), but were
significantly lower during the whole 48-h period (PG = 0.002).
Systemic concentrations of citrulline and ornithine were lower
in the RE animals than in the CE animals during endotoxemia.

Missing data analysis

The mean percentage of missing data for all variables was 16%
(range: 0–33%). Therefore, additionally, a statistical sensitivity
analysis was performed by using the series mean method for
replacing missing data and by using the crude data to detect the
presence of possible bias (see Supplemental Tables 1–6 under
“Supplemental data” in the online issue). Although 5 of 38
variables changed in significance, 1 one of these variables was
related to the primary outcome variables (perfusion, arginine-
NO metabolism). Compared with the last observation carried
forward principle, the P group lactate/pyruvate ratio changed
from being nonsignificantly to significantly different between
the 2 groups during the series mean method.

DISCUSSION

The results from this study demonstrate that a well-nourished
condition before endotoxemia results in a better compensation to
endotoxin-induced metabolic deterioration than during inad-
equate caloric intake. During endotoxemia, whole-body arginine
production increases, probably in relation to the stimulated PB.
With preceding reduced caloric intake, arginine production is not
stimulated, which leads to failure of the normal response with
a reduction in citrulline production, arginine de novo synthesis,
and whole-body NO production. This was related to an increased
septic hemodynamic response with increased metabolic acidosis
and decreased intestinal perfusion.

Nutritional depletion has been shown to be a major de-
terminant of the development of postoperative complications (23,

FIGURE 2. Mean (6SD) body weight during reduced caloric intake
(semistarvation) and endotoxemia (RE; shaded bars) increased significantly
less (P = 0.04) during the semistarvation period than during the control
endotoxemia period (CE; solid bars). Both groups subsequently received
a lipopolysaccharide (LPS) endotoxin infusion over 24 h. The number of
animals per time group was 9 for both groups, except at 48 h in the RE
group (n = 7); the last observation carried forward principle was used to
replace missing data. Weight was significantly lower in the RE animals than
in the CE animals 24 and 48 h after the start of the endotoxin infusion (*P ,
0.05).
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24). The exposure of pigs to postoperative inadequate calorie
intakes before the endotoxemic stimulus resulted in a decreased
growth rate and decreased protein turnover.

The endotoxemic inflammatory phase represents the response
of the animal to a septic insult. Reduced MAP, increased cardiac
index, and decreased systemic vascular resistance are charac-
teristic of our porcine endotoxemia model (15). Moreover, this
model is characterized by metabolic acidosis, oliguria, and
pulmonary edema (15). Therefore, the endotoxemic phase of this
model is considered representative of human sepsis and organ
dysfunction (6, 14).

Effects of caloric intake reduction

As far as we know, this is the first study to describe the effects
of reduced calorie intakes on in vivo arginine de novo, plasma
arginine, citrulline, and NO synthesis. The 7-d caloric restriction
before endotoxemia showed that, using stable-isotope-infusion
techniques, arginine and citrulline metabolism is compromised
as illustrated by a significantly reduced whole-body arginine
appearance rate and reduced NO production. Several pathways
in arginine metabolism may be responsible for this reduced ar-
ginine appearance. Reduced citrulline availability may impair
arginine de novo synthesis because citrulline appearance is de-

creased during malnutrition (25). This is indeed supported by
the reduced citrulline appearance during caloric restriction be-
fore endotoxin infusion. Citrulline is predominantly produced by
the conversion of arterial and luminal glutamine, glutamate, and
proline through the glutamate-to-ornithine pathway in the gut,
but also by NO synthesis and by the breakdown of asymmetrical
dimethyl arginine (7). Decreased citrulline concentrations may
be caused by decreased substrate availability in the gut (gluta-
mine, glutamate) or by decreased formation as a result of a de-
creased gut function. This association between low citrulline
concentrations and decreased gut function has been shown be-
fore (26). Indeed, in our pigs with restricted caloric supple-
mentation, carbon dioxide production in the gut mucosa, an
indicator of aerobic function, was increased. In addition, the
concentrations of the precursor glutamine were not reduced in
the intervention group. On the other hand, reduced glutamine
production (from the muscle) with unchanged glutamine utili-
zation may well explain these unchanged plasma glutamine
concentrations, as has been shown in cachectic mice undergoing
surgical stress (27).

Interestingly, arginine de novo synthesis was significantly
reduced after 7 d of caloric restriction and was still reduced
during and after endotoxemia. As during a period of reduced
caloric intake, protein intake is diminished, arginine de novo

FIGURE 3. Mean (6SD) whole-body (WB) protein synthesis rate (A), WB protein breakdown (PB) rate (B), WB phenylalanine (Phe) hydroxylation rate
(C), and WB protein balance (D) during reduced caloric intake (semistarvation) and endotoxemia (RE, shaded bars; n = 9) compared with control endotoxemia
(CE, solid bars; n = 9). Both groups subsequently received a lipopolysaccharide (LPS) endotoxin infusion (3 lg � kg body weight21 � h21) over 24 h. The
number of animals per time group was 9 for both groups, except at 48 h in the RE group (n = 7); the last observation carried forward principle was used to
replace missing data. A: WB protein synthesis was significantly lower in the RE group than in the CE group. P for group effect , 0.0001, P for time effect =
0.02, P for interaction = 0.5 (repeated-measures ANOVA). *P for individual time points,0.05. B: WB PB was significantly lower in the RE group than in the
CE group. P for group effect = 0.03, P for time effect = 0.1, P for interaction = 0.6 (repeated-measures ANOVA). *P for individual time points,0.05. C: WB
Phe hydroxylation was significantly lower in the RE group than in the CE group. P for group effect = 0.04, P for time effect = 0.02, P for interaction = 0.3
(repeated-measures ANOVA). *P for individual time points ,0.05. D: WB protein balance was not significantly different between the RE group and the CE
group. P for group effect = 0.7, P for time effect = 0.5, P for interaction = 0.1 (repeated-measures ANOVA). *P for individual time points ,0.05.
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synthesis becomes an important source of circulating arginine.
Under normal healthy conditions, the magnitude of endogenous
synthesis of arginine is sufficiently large to prohibit arginine to
become an essential dietary amino acid (28). Lau et al (29)
showed that arginine de novo synthesis is essentially independent
of arginine intake. This poses the question of which mechanisms
reduce arginine de novo synthesis during a period of reduced
caloric intake. Depressed expression of argininosuccinate syn-
thase and/or argininosuccinate lyase, converting citrulline back
into arginine, may explain our finding of reduced arginine de
novo synthesis (30). Although endotoxin can reduce the mRNA
of these enzymes in the liver (31), other tissues showed an in-
creased up-regulation of argininosuccinate synthase and argini-
nosuccinate lyase enzymes during endotoxin infusion (32).

In addition, increased arginase activity during caloric re-
striction may be another cause for decreased arginine appearance.
Experimental data indicated increased arginase activity during
prolonged semistarvation (33), but studies in human malnutrition
indicate decreased arginase activity in plasma (34). Unfor-
tunately, we did not measure arginase activity directly, but the
lower arginine/ornithine ratio in the pigs with a reduced caloric
intake than in those normally fed may be an indication of in-
creased arginase activity (35, 36).

Effect of endotoxemia after caloric intake reduction

Under endotoxemic conditions, protein catabolism becomes
an important source of circulating arginine (15). In our study,
whole-body arginine concentrations could not be maintained
during endotoxemia (irrespective of previous starvation), despite
this increased net PB (15). Several pathways of arginine me-
tabolism are affected during endotoxemic conditions. The ob-
servation that both whole-body arginine and NO synthesis
decrease during the combined caloric intake reduction and
endotoxemia indicates that decreased arginine de novo synthesis
becomes an important contributor to the arginine depletion.
Because the conversion of citrulline to arginine requires 2 high-
energy phosphate bonds and the donation of an amino group from
aspartate per molecule of arginine produced, cellular energy
balance or aspartate availability during reduced caloric intake
and increased caloric requirements may become limiting for the
de novo production of arginine. Previously, we showed in crit-
ically ill patients that a differentiation between moderate in-
flammation and severe inflammation/sepsis could be made based
on reduced arginine de novo synthesis (12); arginine de novo
synthesis was only reduced during severe sepsis and not in
conditions of moderately severe inflammation (12). Shen et al
(37) found that the arginine de novo pathway is essential to
stimulating NO production by NOS-3 during endotoxemia. In-
terestingly, whole-body NO production was already decreased
before the endotoxin infusion as a result of the reduced food
intake and further decreased during endotoxemia. Without an
endotoxin stimulus, NO production is mainly produced by NOS-
3 activity (38) and reduced arginine availability may thereby
compromise baseline NO production. During endotoxemia, NO
is mainly produced by induced activity of NOS-2, whereas NOS-
3 activity is reduced (39). In the absence of arginine, NO pro-
duction was not stimulated during cytokine stimulation in
endothelial cells (37). This effect was attenuated when citrulline
was added to the medium and argininosuccinate inhibitedT
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conditions, which suggests an important role for the citrulline-
arginine de novo–NO pathway also during the endotoxemic
phase. The increased arginine de novo synthesis in the presence
of low plasma arginine concentrations during endotoxemia alone
is consistent with an increased demand for arginine that is not met
by an increased production of citrulline (40).

There are indications that reduced arginine availability is
detrimental during sepsis (3, 12, 41). This detrimental effect was
shown in this study by the significantly increased lactate/pyruvate
ratio, presence of mortality in the zero-mortality model during
decreased caloric intake, and endotoxemia. A mechanism to
explain the increased production of lactate compared with py-
ruvate is related to the reduced NO production leading to reduced
organ perfusion (42). A lactate/pyruvate ratio .10 is considered
an indication of increased anaerobic metabolism due to oxygen
deficits (42). Whereas this was only present in the endotoxemic
group at 24 h, an increased ratio .10 was present before en-
dotoxemia in the group with reduced caloric intake and in-
creased even further during the combined regimen. In addition,
the reduction in caloric intake during the endotoxin infusion led
to an increased septic hemodynamic profile with a decreased
systemic pressure, an increased cardiac output, an increased

metabolic acidosis, and disturbed regional perfusion as indicated
by an increased pCO2 in the intestinal mucosa. Previously, in-
creased arginine availability was associated with an improved
splanchnic perfusion (43, 44).

In conclusion, we observed increased arginine production in
our model of endotoxemia, most likely to compensate for the
reduced protein intake and increased metabolic demand. During
preceding reduced food intake, arginine production cannot be
maintained, which has major consequences for the metabolic
response to inflammation. Our study indicated that reduced
citrulline production and arginine de novo synthesis are key
pathways for the reduced arginine availability during sepsis,
which is associated with reduced NO production. The exact
causative relation needs further exploration.
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FIGURE 4. Mean (6SD) whole-body (WB) arginine (Arg) appearance rate (A), nitric oxide (NO) synthesis rate (B), WB citrulline (Cit) appearance rate
(C), and WB arginine de novo synthesis rate (D) during reduced caloric intake (semistarvation) and endotoxemia (RE, shaded bars; n = 9) compared with
control endotoxemia (CE, solid bars; n = 9). Both groups subsequently received a lipopolysaccharide (LPS) endotoxin infusion (3 lg � kg body weight21 � h21)
over 24 h. The number of animals per time group was 9 for both groups, except at 48 h in the RE group (n = 7); the last observation carried forward principle
was used to replace missing data. A: WB arginine appearance was significantly lower in the RE group than in the CE group. P for group effect = 0.002, P for
time effect = 0.06, P for interaction = 0.04 (repeated-measures ANOVA). *P for individual time points,0.05. B: WB NO synthesis was significantly lower in
the RE group than in the CE group. P for group effect = 0.02, P for time effect = 0.6, P for interaction = 0.6 (repeated-measures ANOVA). *P for individual
time points,0.05. C: WB citrulline appearance was significantly lower in the RE group than in the CE group. P for group effect, 0.0001, P for time effect =
0.05, P for interaction = 0.5 (repeated-measures ANOVA). *P for individual time points ,0.05. D: WB arginine de novo synthesis was significantly lower in
the RE group than in the CE group. P for group effect, 0.0001, P for time effect = 0.5, P for interaction = 0.3 (repeated-measures ANOVA). *P for individual
time points ,0.05.
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