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Abstract. The purpose of this experimental study was to investigate
whether enteral nutrition-induced postprandial intestinal hyperemia has
a beneficial effect on the splanchnic ischemia due to sepsis. Fourteen dogs,
after exposure to Escherichia coli endotoxin via portal vein administration
were grouped according to whether they were fed enterally via a jejunos-
tomy or given a placebo. Systemic hemodynamics; portal vein, hepatic,
and superior mesenteric artery blood flow; hepatic and intestinal micro-
circulation; hepatic tissue PO2; intestinal pHi; and hepatic energy charge
were assessed before, during, and after endotoxin infusion as well as
during and after enteral or placebo feeding. All splanchnic hemodynamic
parameters revealed a statistically significant decline (p 5 0.001) during
the endotoxin shock period relative to the baseline. After enteral feeding
all parameters exhibited a statistically significant increase (p 5 0.001)
relative to the placebo group. The results of this study led us to suggest
that enteral nutrition reverses the lipopolysaccharide infusion-induced
splanchnic ischemia.

Splanchnic ischemia of septic origin and the cascade of biochem-
ical and biologic events leading to multiple-organ dysfunction has
reached such proportions in most intensive care units (ICUs) that
it is fast becoming the most common cause of death in critically ill
surgical patients. Over the last three decades, nutritional support
of the critically ill has progressed from an afterthought to a vital
part of the intensivist’s therapeutic armamentarium. The initial
purpose of parenteral or enteral nutrition administration was the
caloric cover of the energy demands of the patient. Later it
became apparent that enterally administrated nutritional support
prevents mucosal weight loss, increases epithelial proliferation,
and improves maintenance of gut mucosal integrity [1]. Several
investigators have suggested that these beneficial effects of in-
traluminally supplied elements on the gut mucosa are derived
from the improved supply of absorbed nutrients to the mucosal
epithelium or from the release of trophic hormones [2]. In
contrast, this trophic benefit could reflect improved mucosal
blood flow due to food absorption-induced hyperemia [3].

Postprandial intestinal hyperemia is a locally mediated vascular
response to the presence of foodstuff in the lumen, although its
mechanisms are still obscure [4–6]. Independently from the
previously mentioned data, although the induction of postprandial

hyperemia is obvious in ICU patients receiving enteral nutrition,
its possible beneficial influence on splanchnic ischemia due to
sepsis has never been investigated systematically.

To date, only two investigators have attempted to approach this
topic. Gosche et al. [7] investigated, under strictly controlled
environmental conditions (ex vivo chamber technique), whether
glucose improves the reduced mucosal blood flow due to Esche-
richia coli bacteremia. On the other hand, Purcell et al. [8] tested
a widely used, commercially available, nutrient for its effect on
increasing the enteral microcirculation, reduced by the applica-
tion of positive end-expiratory pressure for lung injury treatment,
in dogs. The purpose of the present study was to investigate, in
endotoxic dogs suffering splanchnic ischemia, whether the post-
prandially induced splanchnic hyperemia improves the hemody-
namic conditions of intraabdominal viscera.

Materials and Methods

Preparation of Animals

Fourteen adult mongrel dogs, 16 to 21 kg each, were subjected to
tracheal intubation after a 12-hour fasting period. They received
0.5 ml thalamonal intramuscularly as premedication and 30
minutes later 2.5% phenobarbital (12 mg/kg), and norcuron (1
mg/kg IV). The animals were then connected to a volume
ventilator (99% O2/1% halothane, with an inspiration volume of
10–14 ml/kg and a respiratory rate of 10–12 breaths per minute).
The femoral artery was then cannulated percutaneously with a
20-gauge polyethylene catheter for blood pressure measurement
and blood sampling. A 7F balloon-tipped flow-directed thermodi-
lution catheter was advanced through the external jugular vein
into the pulmonary artery for mixed-venous sampling and mea-
surement of cardiac output, central venous pressure (CVP), mean
pulmonary arterial pressure (PAP), and pulmonary artery occlu-
sion pressure (PAOP). Pressures were monitored continuously on
a multichannel recorder. Ringer’s lactate was infused intrave-
nously at 8 ml/kg/hr during the study, and body temperature was
monitored with an intrarectal probe and maintained at 39°C with
electric blankets.Correspondence to: E. Eleftheriadis, M.D.



The abdomen was opened by a midline incision, and cystostomy
was performed with a 20F Foley catheter for urinary output
measurement. The gastroduodenal artery was ligated. Being
careful to prevent damage to the perivascular neural plexus,
transit-time flow probes (8R, 4R, and 4RB; Transonic System,
Ithaca, NY, USA) were placed around the portal vein, common
hepatic artery, and superior mesenteric artery, respectively, for
blood flow assessment through the Transonics T101M flowmeter.

A 16-gauge polyethylene catheter was placed in the portal vein
through a jejunal vein for lipopolysaccharide infusion. A sigmoid
tonometer (Tonometrics, Bethesda, MD, USA) for tissue pH
measurements was then inserted through a small antimesenteric
jejunotomy, distal to which a feeding jejunostomy was performed.

A Clark-type electrode (Tissutrack; Pfizer Biomedical Sensors,
High Wycombe, Bucks, UK) was advanced transcutaneously and
inserted into the liver to allow hepatic tissue PO2 monitoring.
Finally, a laser Doppler optical single fiber was advanced through
a Chiba needle inserted transcutaneously into the hepatic paren-
chyma, and another was positioned (through a 22-gauge Abocath
penetrating the jejunal wall) in optical contact with the intestinal
mucosa. These optical microprobes (PF319: 0.5 mm diameter, 300
mm length) were connected to the Periflux PF2B flowmeter
(Perimed, Järfälla, Sweden) to record hepatic and jejunal micro-
circulation signals, in relative units of flow, with a sampling
frequency 16 Hz (1 sample/0.06 sec) and a display frequency of 1
Hz. The laser Doppler and the transit-time flowmeters were
connected to a multichannel data acquisition system, combining
an A/D converter (DT2801 series; DATA Translation, Marlboro,
MA, USA) with a precision of 12 bits. The software program
Perisoft (Perimed) was installed in an IBM PS2 computer to store
and analyze the received data. The abdomen was then loosely
closed to minimize evaporative fluid loss and hypothermia and to
restore the intraabdominal domain but allowing easy access for
liver tissue sampling for hepatic energy charge estimation.

Study Design

The animals were monitored for 30 minutes after surgical prep-
aration to allow their states to stabilize. Baseline measurements
were then obtained: CVP, PAOP, PAP, portal vein, hepatic
artery, and mesenteric artery blood flow, intestinal pH, hepatic
and intestinal microcirculation, and hepatic PO2. Cardiac output
was determined in triplicate by the thermodilution technique.
Blood samples were obtained from the femoral and pulmonary
arteries and from the portal vein for gas analysis in an ABL5
analyzer (Radiometer, Copenhagen, Denmark).

Endotoxic shock was then induced by infusing 60 ml of E. coli
lipopolysaccharide solution (50 mg/kg body weight) (E. coli LPS,
0111:B4; Difco, Detroit, MI, USA) into the portal vein over a
30-minute period using an infusion pump. Sixty minutes later (i.e.,
90 minutes after initiation of the LPS infusion) the experimental
animals were allocated to nutrition or placebo groups.

A volume of 33 ml of a commercially available, mixed-nutrient,
liquid meal (Nutrison, Standard; Nutricia, Athens, Greece) con-
taining 1 kcal/ml (with 35% of the kilocalories as fat, 49% as
carbohydrate, and 16% as protein) was given continuously
through the jejunostomy for 30 minutes with an infusion pump;
this volume represents the hourly energy requirements of a 20-kg
animal under stress (25 kcal 3 20 kg 3 1.6 5 800 kcal/day) [9].
Placebo-treated animals received an equal volume of 0.9% so-

dium chloride infusion through the same enteral route. Sixty
minutes after feeding was completed the animals were sacrificed
by a rapid intracardial injection of potassium chloride overdose.

Systemic and splanchnic hemodynamics, blood samples, and
tonometric measurements were obtained at baseline (T1 5 0
minutes) and at 30-minute intervals thereafter [i.e., at the termi-
nation of LPS infusion (T2) and 30 minutes (T3) and 60 minutes
(T4) later, as well as at the termination of feeding (T5) and 30
minutes (T6) and 60 minutes (T7) later]. Hepatic tissue samples
were obtained at baseline (T1), before feeding (T4), and just
before being sacrificed (T7); they were immediately frozen (within
5 seconds) in liquid nitrogen and stored at 2125°C to prevent
adenosine triphosphate (ATP) degradation until analysis. The
concentration of ATP, adenosine diphosphate (ADP), and aden-
osine monophosphate (AMP) (mmol/g wet tissue weight) were
determined by reversed-phase high-performance liquid chroma-
tography to calculate the energy charge according to the formula
proposed by Atkinson [10]: (1⁄2 ADP 1 ATP)/(AMP 1 ADP 1
ATP).

Statistical Analysis

The results of systemic hemodynamic measurements and blood
gas analysis (mean 6 SD for each time period) were assessed by
repeated-measure analysis of variance. The results of splanchnic
hemodynamic data were initially expressed as percentages of the
baseline value for each animal (except for those of intestinal pH
and hepatic energy charge, which were expressed as raw num-
bers 6 SD) and then were averaged (6 SD) across the dogs for
each of the seven 30-minute study periods. The seven time points
for each variable (or the three time points of energy charge
values) were examined by repeated-measure analysis of variance.
Significant differences with respect to baseline within a group
were assessed by the paired t-test, and differences at matched time
points between nutrition and placebo groups were assessed using
the t-test for independent samples. All calculations were per-
formed on a Macintosh PC, with the Statview (Brain Power,
Berkeley, CA, USA) statistical package. A probability value of
less than 0.05 was considered significant.

Results

Hemodynamic data analysis revealed a trend toward hyperdy-
namic circulation (i.e., an increase in heart rate and cardiac
output and a decrease in arterial and pulmonary artery pressures),
but it did not reach statistical significance (Table 1). Blood gases
remained stable throughout the study period.

Statistical analysis of splanchnic hemodynamics revealed a
significant decrease in all parameters during the 90 minutes of
endotoxemia in relation to baseline (p 5 0.001), whereas enteral
nutrition led to a significant increase (p 5 0.001) in relation to the
placebo-fed group (Fig. 1).

Discussion

It has been suggested that gut hypoxia is important in the
development of multiple organ dysfunction by triggering in-
creased mediator release and through altered gut mucosal per-
meability, leading to increased bacterial translocation [11]. If the
resultant gut hypoxia is indeed related to multiple organ dysfunc-

Kazamias et al.: Postprandial Hyperemia and Sepsis 7



tion, by improving or at least maintaining splanchnic blood flow
we may be able to reduce the associated high mortality rates.

Many ways of achieving this goal have been and are still being
investigated, but at present the only established methods are
adequate fluid administration in combination with the use of
adrenergic agents. Although the beneficial influence through
various mechanisms of nutritional support in multiple organ
dysfunction patients has been widely recognized [12], the role of
postprandially induced splanchnic hyperemia as a possible active
agent against splanchnic ischemia has only been suggested.

The endotoxic canine model of splanchnic ischemia used in this
study represents a common clinical scenario of enteric hypoxia in
critically ill septic patients [13, 14], as endotoxin administration
through the portal vein accelerates direct, severe hemodynamic
alterations in the abdominal viscera [15]. In all experimental
animals, early after lipopolysaccharide administration all intesti-
nal hemodynamic parameters (i.e., superior mesenteric artery
blood flow, gut mucosal microcirculation, intramural pH) exhib-
ited a statistically significant decline. A similar reduction was
observed in all parameters related to the liver (i.e., hepatic artery
and portal vein blood flow, microcirculation, and PO2 of paren-
chyma) and the energy charge. Prolonged low flow of splanchnic
perfusion creates hypoxic conditions that disturb enteral mucosal
barrier integrity and thus increase gut permeability, triggering the
cascade of events connecting the gut to multiple organ dysfunc-
tion [16].

In this experimental study we examined whether enteral feed-
ing, a known cause of splanchnic hyperemia in the uninjured
experimental animal and in humans [17, 18], could produce a
similar result in an environment of reduced visceral blood flow.
Indeed, the nutrient given elicited a sudden increase in the
intestinal mucosal microcirculation, exceeding baseline values by
up to 60%, an elevation of intramural pH toward normal levels
(i.e., 7.35–7.45), and a significant increase in superior mesenteric
artery blood flow. Additionally, an increase in hepatic artery and
portal vein blood flow was prominent in relation to values
obtained before feeding periods (T3, T4) but not exceeding
baseline values. This increase was found to be well correlated with
the improved hepatic microcirculation, hepatic PO2, and hepatic
energy charge, all exhibiting a statistically significant increase in

relation to the placebo group. It is of interest that the adminis-
tration of elemental formula into the small bowel leads to a
marked improvement in all previously reduced hemodynamic
parameters within minutes, despite the relatively small volume
given and its limited distribution in the intestinal lumen. Similarly,
previous studies have shown that feeding in the proximal gut
increases blood flow to the jejunum and ileum in the absence of
food in the distal gut [17–19], whereas others support the opinion
that blood flow is increased only to the jejunal part exposed to
food [20]. However, the rapid increase in flow may be the result of
neural and hormonal reflexes, which cause a generalized hyper-
emia in the presence of nutrients within the digestive tract [4, 5].

In this study we used a commercially available liquid diet
characterized as a high caloric restitution nutrient. It is well
known that the degree of absorptive intestinal hyperemia is highly
dependent on the synthesis of foodstuff. Siregar and Chou [21]
have shown that high-fat meals cause greater increases in intesti-
nal blood flow than high-carbohydrate meals; and complex solu-
tions containing protein, carbohydrate, and fat induce larger
hyperemic responses than solutions containing equivalent
amounts of any individual constituent. Collectively, these studies
suggest the possibility that feeding a more complex foodstuff
might result in a larger increase in blood flow and more selective
redistribution toward the mucosa during sepsis. This hypothesis
remains to be tested.

In animal studies, postprandial hyperemia was found to pro-
mote redistribution of cardiac output toward the visceral organs
rather than increase cardiac output [22], a finding consistent with
our results. Other investigators have demonstrated improvements
in gut barrier and immunologic function as well as restoration of
the gut microcirculation by feeding in the septic state [7, 8]. These
and previous studies suggest that some of the beneficial effects
seen during critical illness with enteral feeding may be a result of
increased splanchnic blood flow.

It could be asked whether the intestinal blood flow restoration
observed in our study is adequate to prevent mucosal ischemia, as
nutrient absorption increases mucosal energy expenditure and
thus oxygen requirements. Superior mesenteric artery blood flow
and mucosal microcirculation were found to be not only increased
but exceeding the baseline levels in septic animals. A similar

Table 1. Systemic hemodynamic parameters.

Parameter T1 T2 T3 T4 T5 T6 T7

Mean arterial pressure
Feeding 95 6 11 89 6 13 80 6 16 76 6 13 67 6 9 71 6 23 71 6 15
Placebo 90 6 17 87 6 15 81 6 16 77 6 15 70 6 22 77 6 27 77 6 27

Heart rate
Feeding 138 6 27 142 6 27 141 6 11 147 6 11 147 6 13 150 6 23 150 6 23
Placebo 140 6 14 131 6 24 144 6 14 156 6 10 159 6 22 155 6 18 157 6 22

Cardiac output
Feeding 3.54 6 0.77 3.15 6 0.72 4.29 6 0.51 4.36 6 0.28 4.63 6 0.87 4.42 6 0.33 4.75 6 0.46
Placebo 3.80 6 0.46 3.53 6 0.65 5.24 6 1.19 5.23 6 0.69 4.91 6 0.83 4.95 6 0.57 4.87 6 0.75

Central venous pressure
Feeding 7.71 6 2.13 6.57 6 3.04 6.28 6 3.14 6.42 6 2.87 6.85 6 2.79 6.85 6 2.19 6.71 6 2.69
Placebo 8.71 6 2.98 9.85 6 2.03 8.85 6 2.26 7.85 6 2.34 7.85 6 2.11 7.42 6 2.37 7.57 6 2.37

Mean pulmonary pressure
Feeding 15.30 6 3.22 15.01 6 4.17 14.58 6 4.64 15.24 6 3.70 14.82 6 4.51 14.35 6 3.59 14.20 6 3.37
Placebo 16.81 6 2.64 17.75 6 2.41 16.35 6 2.19 15.71 6 2.64 15.52 6 2.06 15.28 6 2.31 15.14 6 3.00

Wedged pulmonary pressure
Feeding 11.00 6 2.94 10.57 6 2.87 9.42 6 3.82 9.57 6 3.20 9.85 6 3.97 9.85 6 3.43 10.28 6 2.98
Placebo 10.42 6 2.99 11.71 6 2.13 10.85 6 1.57 9.71 6 2.56 10.28 6 2.69 9.42 6 1.90 9.85 6 2.19
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recovery was prominent in mucosal pH, a valuable parameter of
intestinal mucosal ischemia.

The present study is based on the knowledge that both the
quantity of blood perfused to an organ and the adequacy of organ
oxygenation directly influence the tissue energy charge, which
expresses its functional adequacy [23]. Nevertheless, the role of
hepatic blood flow in the development of hepatic failure during
sepsis remains a controversial issue. A number of experimental
studies indicated reduced hepatic blood flow during sepsis [24],
leading to the conclusion that hepatic dysfunction arises from
parenchymal ischemia. On the other hand, a few clinical reports
have detailed an increase in hepatic blood flow during sepsis [25,
26], suggesting the responsibility of a more complex mechanism of

hepatic dysfunction, although it is possible that the discrepancy in
findings reflects measurements made at different stages of the
septic process. The results of this investigation—that endotoxin-
induced hepatic blood flow was diminished during the early
stages of sepsis— confirm the former observations; in the same
manner, hepatic ischemia affects energy charge and, obviously,
hepatic functional adequacy. Additionally, it is significant that
the improvement in hepatic blood flow due to digestive hyper-
emia not only restores the existing hepatic hypoxia to normoxic
levels, it reestablishes its energy charge and thus its functional
adequacy.

The overall analysis of data accumulated in this study, per-
formed on an endotoxemic animal model in an early septic state,

Fig. 1. Splanchnic hemodynamic alterations during the early phase after E. coli lipopolysaccharide (LPS) infusion-induced sepsis in enteral-nutrition
(open squares) and placebo-fed (closed squares) animals. T1–T7 represent study periods. T1: baseline; T2: termination of 30-minute LPS infusion; T3,
T4: 30 and 60 minutes later; T5: termination of 30-minute feeding; T6, T7: 30 and 60 minutes later.
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led us to conclude that splanchnic hyperemia induced during
enteral nutrient digestion significantly ameliorates existing
splanchnic ischemia and possibly prevents enteral and hepatic
dysfunction. The question arises as to whether the statistical
significance of splanchnic hemodynamics improvement has any
clinical significance. Although there is no clear answer at this
moment because it is difficult to transpose experimental data to
the clinical setting, recent trends are toward the acceptance of
nutritional support as advantageous, through its multifaceted
function, by both preventing and treating multiple organ dysfunc-
tion [12].

Résumé

Le but de cette étude expérimentale est de déterminer si
l’hyperhémie intestinale postprandiale induite par la nutrition
peut avoir un effet bénéfique sur l’ischémie splanchnique secon-
daire au sepsis. Après administration d’endotoxine E coli par la
veine porte, 14 chiens ont été repartis en deux groupes: alimen-
tation entérale par jéjunostomie, alimentation placebo. Les don-
nées hémodynamiques systémiques, les débits sanguins porte,
hépatique et mésentérique supérieur, la microcirculation hépa-
tique et intestinale, la pCO2 du tissu hépatique, le pHi intestinal
et les échanges d’énergle ont été évalués pendant et après
l’infusion d’endotoxine, pendant et après l’alimentation entérale
ou le placebo. Tous les paramètres hémodynamiques ont montré
une chute statistiquement significative (p50.001) pendant la
période de choc endotoxinique par rapport aux données de base.
Après l’alimentation entérale, tous les paramètres étaient en
hausse, de façon statistiquement significative (p50.001), par
rapport au groupe placebo. Les résultats de cette étude nous
amène à suggérer que la nutrition entérale est un bon moyen de
contrer l’ischémie splanchnique induite par la perfusion de lipo-
polysaccharides.

Resumen

El propósito del presente estudio es investigar si la hiperhemia
intestinal postprandial inducida por nutrición enteral tiene algún
efecto benéfico sobre la isquemia esplácnica debida a sepsis. Se
utilizaron 14 perros que luego de haber sido inyectados con
endotoxina de E. Coli en la vena porta, fueron divididos en dos
grupos: grupo de alimentación enteral vı́a yeyunostomı́a, y grupo
placebo. Se efectuó la determinación de la hemodinamia sis-
témica, del flujo en la vena porta y las arterias hepática y
mesentérica superior, de la microcirculación hepática intestinal,
de la PO2 del tejido hepático, del pH intestinal y la carga
energética hepática antes, durante y después de la infusión de
endotoxina, ası́ como durante y después de la alimentación
placebo. Todos los parámetros hemodinámicos revelaron una
disminución significativa (P50.001) durante el perı́odo de shock
endotoxémico, en comparación con los valores basales. Luego de
la alimentación enteral la totalidad de los parámetros exhibió un
aumento estadı́sticamente significativo (P50.001) en relación con
el grupo placebo. Los resultados del presente estudio, sugieren
que la nutrición enteral revierte la isquemia esplácnica inducida
por la infusión de liposacárido.
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Invited Commentary

Rolando H. Rolandelli, M.D.

Department of Surgery, Allegheny University of Health Sciences,
Philadelphia, Pennsylvania, USA

Kazamias and coworkers report a study designed to investigate
the effect of enteral nutrition on the splanchnic circulation in
endotoxemic animals. Through an elaborate series of measure-
ments they showed that the infusion of nutrients into the jejunum
can reverse the ischemia produced by endotoxins.

Although the infusion of endotoxins into the portal circulation
is a good correlate of the clinical phenomenon seen in many
critically ill patients (i.e., migration of endotoxins from the gut
lumen), this model does not represent sepsis, as there are no
bacteria in the circulation. It is somewhat intriguing why the
systemic hemodynamic parameters did not change in response to
the infusion of endotoxins, whereas they did change when nutri-
ents were infused into the gut. Although the difference was not
statistically significant, the animals receiving enteral nutrition did
have lower mean arterial blood pressure, lower central venous
pressure, and lower cardiac output.

The gut has been implicated as the motor of multiple organ
failure in the critically ill. Bacterial translocation, endotoxin
migration, and the release of inflammatory mediators lead a long
list of potential mechanisms for this widespread damage of gut
origin. Therapeutic measures proposed to counteract this effect

include gut decontamination, provision of intestinal fuels (e.g.,
glutamine and short-chain fatty acids), and early use of enteral
nutrition. The latter has proved to be effective not only in animal
models but also in clinical studies of patients with multiple
trauma. The mechanism by which enteral nutrition may reduce
“gut sepsis” is still unknown.

This study demonstrates that a potential mechanism for the
beneficial effects of enteral nutrition during sepsis is increased
splanchnic blood flow. Although it has long been known that
nutrients increase mesenteric blood flow, counteraction of the
vasoconstriction produced by endotoxemia is a new concept. The
real question is: Can enteral nutrition improve the outcome of
septic patients? The answer is difficult to ascertain.

In stress situations the body sacrifices some vascular beds to
preserve blood flow to others. The other issue is whether all
patients can respond with mesenteric vasodilatation. There are
cases in which intestinal angina and even intestinal infarction
resulted when a patient was challenged with nutrients.

Conversely, the intestine is an immune organ in addition to
being the site of digestion and absorption of nutrients. In fact, the
intestine is the largest immune organ in terms of cellularity. It is
known that there is trafficking of lymphocytes between the
intestine and the pulmonary and urinary epithelium. Most clinical
studies that have investigated the impact of enteral nutrition on
clinical outcome have shown a reduction in pulmonary infections.
Therefore because the intestine plays an important role in body
immunity it may be wise to preserve it even at the expense of
other, less “vital” organs.
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