Nutrition Research Reviews (1992), 5, 97-113 97

NUTRITION AND MULTIPLE ORGAN FAILURE

KENT LUNDHOLM, ANDERS HYLTANDER Anp ROLF SANDSTROM
Department of Surgery, University of Goteborg, Sahlgrenska Hospital, Géteborg,

Sweden
CONTENTS

BACKGROUND . . . . . . . .97

MULTIORGAN SYSTEM FAILURE (MOSF) . . . . . . 98

METABOLISM AND NUTRITION IN MOSF PATIENTS . . . .10t
GLUTAMINE . . . . . . . . . . . . . . 102
BRANCHED CHAIN AMINO ACIDS. . . . . . . . . . 102
PROTEIN SYNTHESIS . . . . . . . . . . . . 103
FIBRONECTIN . . . . . . . . . . . . . . 106
NUTRITION AND KIDNEY IMPAIRMENT . . . . . . . . 106
GUT BARRIER . . . . . . . . . . . . . . 107
CELLULAR NUTRITION AND CELL-CELL INTERACTION . . . . . 109

REFERENCES . . . . . . . . . . . . . . 110

BACKGROUND

Normal cellular homeostasis is dependent on adequate oxygenation, substrate delivery
and excretion of metabolites. The development of modern medicine has experienced a
remarkable progress of knowledge in this area over the recent decades. Circulatory and
respiratory support modalities for critically ill patients have been developed due both to
increased understanding of cellular and organ metabolism and to improved technology.
Improvements are dependent on both artificial organs and supportive modalities including
drug therapy. Such basal devices provide means by which the cellular supply of oxygen,
energy and excretion of metabolites are fulfilled. The progress in nutrition research also
represents a giant step forward including decreased morbidity and improved therapeutic
outcome in patients suffering from a variety of disorders such as injury, infection with
septic complications and eventual multiple organ failure (Baue, 1991; Phelps ef al. 1991).
For several reasons it has, however, been difficult to confirm or demonstrate the role of
nutrition in itself to predict outcome in severely ill patients. There are several reasons
for this: the difficulty of conducting controlled studies in patients with life-threatening
disorders, the heterogeneity of patients treated in intensive care units, and the ignorance of
modern principles in clinical studies with appropriately designed protocols (Friedman e al.
1981). B
Intravenous nutrition was developed when it was recognized that patients without early
and uncomplicated recovery suffered from progressive starvation leading to the appearance
of complications such as increased susceptibility to infection and impaired wound healing.
Such observations have since then been repeatedly confirmed by systematic evaluation in
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different kinds of patient with various degrees of undernutrition. It is thus well established
that patients suffering from undernutrition have poor outcome and exhibit slower
rehabilitation than well-nourished patients (Bistrian et al. 1976). This fact has led to the
conclusion and expectation that artificial nutrition, either parenterally or enterally infused,
should improve outcome and shorten convalescence. Numerous studies have, however,
failed to demonstrate this clearly (Detsky er al. 1987; VA Total Parenteral Nutrition
Cooperative Study Group, 1991). It is quite obvious that the supply of nutrients is a
prerequisite for survival of patients with injury and organ failure. The question is not what
the role of artificial nutrition is in these patients, but how nutrition should be given (the
calorie and nitrogen load), the composition of nutrients, and the optimal time course for
institution of various nutrition modalities. It has recently been supposed that supranormal
provision of non-protein calories and of protein was desirable on the grounds that injured
patients had an increased metabolic rate. More recently, it became clear that such
supranormal provision of nutrients induced other disturbances and certainly represented a
trigger which promoted progress in dysfunctions and an imbalanced homeostasis. A most
remarkable example of this was the observation that hypernutrition prolonged the need for
ventilation support and even provoked respiratory failure in patients with borderline
respiratory function (Quinn & Askanazi, 1987; Shaw-Delanty et a/. 1990). This is in part
explained by the thermal effect of nutrients, particularly carbohydrates and amino acids,
which leads to increased oxygen consumption and the need for increased removal of carbon
dioxide and also stimulation of cellular metabolism induced by substrates and hormones
(Askanazi et al. 1981; Greig et al. 1987).

MULTIORGAN SYSTEM FAILURE

Organ failure due to hypermetabolism continues to be one of the most serious conditions
of surgical patients. It has been reported to occur after 10-20% of emergency operations
and in 30-50% of patients with intra-abdominal abscess (Sturm et al. 1979; Fry et al.
1980). The reported mortality in these patients ranged from 30 to 100 % varying according
to the number of organs with malfunction. In patients with three or more organs failing,
the mortality is usually close to 100 %. Many risk factors have been associated with organ
malfunction and death. The causes are multifactorial and several factors are certainly
additive and may even be synergic. Sepsis occupies a central role in the sequence of events,
and the risks are associated with age, malnutrition, severity and continuance of shock, pre-
existing disease or limited organ function, although definitions and the clinical variables
have not been standardized. In a previous report it was found that shock, age, previous
alcohol abuse, intestinal infarction and malnutrition in that order were the factors which
explained with highest probability the likelihood of poor outcome and death (Pine ez al.
1983). Shock is the most likely cause of death, and shock at any time was associated with
a 70% mortality compared to 5% in patients who never experienced a shock period,
although a certain degree of variability may occur depending on the kinds of patients that
are treated and evaluated (Pine et al. 1983). Lung dysfunction is most frequent, and few
patients with one or more than two organs involved fail to develop respiratory distress. It
appears that the lungs are involved in all patients that die from multiorgan systemic failure
(MOSF). Thus, heart, liver and central nervous system (CNS) malfunctions seldom occur
in 1solation and are uniformly associated with high risk for death. Kidney malfunction
occurs in isolation and represents a single organ failure that can lead to death in a significant
number of patients, particularly when continuous arteriovenous haemodialysis is not
available. Table 1 suggests some criteria which describe MOSF.
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Table 1. Criteria of Multiple Organ Failure as described by Jordan et al. (1987)

Respiratory failure (at least one of the following criteria)

Increased F10, > 0-6

Positive end-expiratory respiration (PEEP) > 5 cm water

Static compliance < 50 ml/cm water

Persistence need for mechanical ventilation for more than 48 hours
Diffuse alveolar pattern on chest X-ray

Renal failure

Dialysis

Azotaemia, > 750 mg/l blood urea nitrogen

Oliguria, urine output < 10 ml/h provided normal circulatory volume confirmed by normal central venous
pressure

Insufficient response to diuretics (120 mg frusemide)

Gastrointestinal stress ulcer
Overt blood loss via nasogastric tube

Hepatic failure (at least two of the following criteria)

Bilirubin > 60 mg/l or 45 ykat/1

Alkaline phosphatase twice the normal value

SGOT and SGPT twice the normal value (serum glutamic oxalo-acetic transaminase, EC 2.6.1.1; serum
glutamic pyruvic transaminase, EC 2.6.1.2)

Albumin < 25 g/l or repeated requirements for replacement

Ammonia levels twice normal value

Episodes with hypoglycaemia

Coagulation failure (at least two of the criteria)

Platelet count < 60000/ mm®

Prothrombin time > 18 or the clinical requirement for 4 units fresh frozen plasma.

Fibrinogen < 1-50 g/I1

Fibrin split products > 16 dilutions

Central nervous system (at least one of the criteria)

Coma or severely disturbed function

Failure to respond adequately to other than painful stimuli in the absence of anaesthetic agents

Several studies have described sepsis and its complications as the major cause of
mortality in patients in intensive care units (ICU) (Jordan er al. 1987). Patients with MOSF
have an identifiable clinical course that can be described and quantified by various scores.
The most frequently used is the Acute Physiology and Chronic Health Evaluation
assessment (APACHE) that describes a patient’s physiological status on admission and
grades the deviation from normal of selected organs systems (Knaus et al. 1984). The
Therapeutic Intervention Scoring System (TISS} grades the amount of medical and
mechanical support needed by the patient, establishes a measure of the therapeutic input
needed, and can predict outcome (Keene & Cullen, 1983). The most valuable use of such
scoring systems in the medical literature has been to describe populations under therapeutic
evaluation. An additional clinical rating system which assessed septic patient’s ongoing
disease course and severity has been reported (Jordan et al. 1987). This system incorporates
the TISS and APACHE scores to measure discrete organ system abnormalities plus a scale
which quantifies a number of abnormal organ systems (Jordan et al. 1987). The resulting
score reflecting the severity of dysfunction and grading the responsiveness to therapy was
validated against actual disease courses, and it was suggested that the method was more
effective in indicating severity of sepsis and more sensitive in monitoring day-to-day
changes in patient’s clinical status than previous techniques.

Infection is obviously a key factor initiating and promoting MOSF in surgical patients,
although haemorrhage and tissue destruction may be initial events. Subsequent bacteraemia
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Table 2. Examples of infection criteria and associated physiological abnormalities in patients
with multisystem organ failure, as reproduced from Jordan et al. (1987). The patient must
meet two of the six criteria

Hypotension

Blood pressure remaining below 80 mmHg for 2 h without haemorrhage or cardiac ischaemia. The patient
must meet all of the following criteria:

Tachycardia > 110 beat/min

Cardiac index > 3| /min per min per m?

Central venous pressure > 12 mmHg

Pulmonary capillary wedge pressure > 16 mmHg

Systemic vascular resistance < 600 dyn sec/cm?

Infection-positive cultures from any of the following

Blood, sputum, urine, wound, abdominal abscess, peritoneal fluid

Haematological abnormalities

Prothrombin time > 18 s

Platelet count < 90000/mm?

White blood cell count > 15000 or < 2000/mm?®

Respiratory

Positive chest X-ray for pneumonia, X-ray confirmed abdominal air in the absence of previous surgery

Metabolic abnormality

Acidosis and increased anionic gap

and endotoxinaemia develop due to impaired integrated physiological structures in a
variety of tissues such as skin, oropharynx, gut and the lungs. A number of experimental
studies have demonstrated that most of the bacteria found in the blood after shock were
enteric organisms, suggesting that they originated from the gastrointestinal tract, which has
been regarded as a reservoir of bacteria and endotoxins, and the gut may become leaky for
various reasons following stress (Van Saene ef al. 1983; Marshall et al. 1987). By feeding
labelled Escherichia coli to animals, it has been demonstrated that the radiolabelled bacteria
escape from the gastrointestinal tract during shock and appear in the blood stream. This
kind of experiment demonstrates a link between trauma and infection that might not be
obvious in all circumstances (Rush et al. 1988). Moreover, it may be most difficult to
recognize, since positive blood cultures are lacking in a great number of patients,
particularly in those with most severe symptoms of distress and insufficient circulation.
Negative blood cultures were found in about 3/4 of all patients suffering unstable
circulation following trauma, with most positive blood cultures in patients with blood
pressure lower than 80 mmHg at admission. Both Gram-negative and Gram-positive
bacterial specimens were found (Rush ez a/. 1988). In some patients without living bacteria,
endotoxins were confirmed. Thus, burn and trauma among other conditions may lead to
the translocation of bacteria and endotoxin from the gut or outside epithelial linings to
local lymph nodes and sometimes to other organs such as the liver and the lungs. These
events are probably based on hyperpermeable membranes, which also include capillaries
and membranes in the aerodigestive tract (Offenbartl & Bengmark, 1990; Steinmetz &
Meakins 1991). It is thus likely that early bacteraemia combined with a simultaneous down-
regulation of the immune system, perhaps a part of negative feedback mechanisms on
immunity, may set the stage for sepsis and multiorgan failure seen in ICU. Like burned
patients and patients with severe acute pancreatitis, patients with acute severe trauma
and haemorrhagic shock are subject to a two-phase process. In the first phase there is
extracellular fluid depletion, perhaps accompanied by membrane hyperpermeability and
bacteraemia. These events lead to the second phase, which is the septic state; it is this phase
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with its accompanying multiple organ failure that constitutes the irreversible shock
syndrome.

An alternative to endogenous bacteria may be nosocomial infections in injured patients.
Nosocomial infections may include contamination of the skin, mucosal membranes, or
the wound. In such environments, bacteria may start to multiply to high concentrations
including colonization, bacterial resistance and a decreased host capacity to resist
colonization/infection with aerobic bacteria. This characteristic may be more linked to the
host than to the micro-organism. Sepsis is thus the systemic inflammatory response of the
host to an invading micro-organism or corresponding toxin. This response is generally a
host dependent function and is necessarily not linked to the invading organism. Other
agents that can activate the systemic inflammatory response are necrotic tissue, haematoma
and micronecrosis due to microcirculatory flow impairment after perfusion failures. This
fact explains the low percentage of positive blood cultures, less than 15%, in clinically
septic patients with MOSF (Offenbartl & Bengmark, 1990). Table 2 describes the
relationship between infection and physiological abnormalities in patients with MOSF.

METABOLISM AND NUTRITION IN MOSF PATIENTS

Current nutrition support regimens can control specific nutrient deficiencies and prevent
starvation becoming a morbidity or mortality factor (Miiller et al. 1982). However, it has
been difficult to demonstrate that nutrition in itself is a major factor that reduces mortality
and improves outcome (Detsky ef al. 1987; VA Total Parenteral Nutrition Cooperative
Study Group 1991). Although the hypermetabolic organ failure complex has had a
progressive reduction in mortality risk from 90 % to levels around 35-40 % the underlying
mechanisms are still hypothetical. The metabolic response to trauma and surgery is
maximal on days 2-4 and usually abates on days 7-10. In a subgroup of patients
hypermetabolism persists or returns after a period in a reduced form followed by signs of
multiple organ failure (Cerra, 1987). The transition from the normal course is generally
manifested by the appearance of a lung injury. Sometimes the lung injury is the dominant
feature with organ failure being a preterminal feature. Alternatively, lung, liver and renal
dysfunction present at an early stage: a stable phase of 7-10 days is entered and then
progressive deterioration occurs. The phase of persistent hypermetabolism is characterized
by high oxygen consumption, nitrogen excretion in excess, and increased lactate production
in peripheral tissues in a balanced relationship to pyruvate. Amino acids are released from
the periphery, including increased output of alanine, glutamine and 3-methylhistidine
concomitant with increased blood flow and cardiac output and low vascular resistance
(Cerra, 1987). The hormonal alterations are securing availability of substrates, i.e. an
increased adrenergic tone, increased glucagon/insulin ratio, hypercortisolism and sub-
sequent down-regulation of thyroid hormones. All these changes provide various organ
systems with preferential substrates and nutrients as well as focusing cellular events to
optimize survival in a threatening condition. The metabolic alterations include insulin
resistance in peripheral tissues and continued gluconeogenesis in the presence of high
plasma insulin. Glucose can thus be directed towards tissues that are exclusively dependent
on glucose for increased energy consumption, such as brain tissue, red blood cells, some
cells in the adrenals and a majority of immune cells, while liver and heart cells can rely inore
on oxidation of fatty acids, pyruvate and even lactate. Noteworthy is the appropriate
oxidation of branched chain amino acids at increased rate in skeletal muscles, that
circumvents an insulin dependent energy uptake (Pittiruti et al. 1985). This switch is
particularly evident in the presence of an exogenous supply of amino acids to increase
otherwise moderately elevated circulating levels.
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GLUTAMINE

The supply of amino acids for oxidation in the skeletal muscles is otherwise provided by
degradation of myofibrillar proteins. This is evident by the increased release of
3-methylhistidine from the skeletal muscles in infected patients concomitant with the
production of alanine and glutamine (Sj6lin ez al. 1990). Alanine is synthesized by
amination of pyruvate and glutamine is produced by amination of a-ketoglutarate. Thus,
a substantial production of alanine and glutamine can occur, although declining
intracellular concentrations of glutamine have been interpreted to indicate a shortage of
this compound in stressed patients (Sandstedt er al. 1985; Fong et al. 1990). Decreased
concentrations of glutamine in injured and septic patients have indicated that extra supply
of glutamine to such patients may be fruitful (Stehle ez al. 1989; Newsholme, 1990; Smith &
Wilmore, 1990). However, the majority of patients with decreased or low muscular
glutamine concentrations produce glutamine in normal or even increased amounts when
compared to control patients with similar metabolic rate and activity (own unpublished
results). This may be due to increased oxidation of the branched chain amino acids, which
possibly represent an endogenous glutamine source (Skeie er al. 1990). So far, it has not
been demonstrated that the peripheral production of glutamine is a limiting factor either
for alanine production from glutamine in the splanchnic region or for providing a limited
metabolic substrate for the enterocytes or immune cells, although a decline in muscle
glutamine concentration occurs regularly in stressed patients. It has been inferred that
glutamine represents the major substrate for enterocytes, particularly from cell culture
experiments. However, it must then be emphasized that few cells can be cultured in vitro
without the addition of glutamine, this amino acid being the most important precursor for
nucleic acid synthesis and less as an oxidative substrate. In vitro, glutamine becomes an
obligatory precursor for nucleic acid synthesis in dividing cells, since the salvage pathway
for nucleotide provision is not present in a test-tube experiment. These arguments are valid
in most cell culture experiments. It may also be inferred that the major part of glutamine
uptake in the splanchnic area is converted to alanine leaving the amino group as an
excretory product, as confirmed in normal individuals (Felig, 1975). Evaluated critically,
few examples exist from studies on pathophysiological states to support the view that
glutamine has a role in critically ill patients other than as a transport vehicle for a toxic
nitrogen compound (ammonia) and as an intermediate in the vital acid-base regulation
among organs. Based on this view it is not surprising to find that a correlation between
glutamine and overall protein synthesis can be demonstrated during certain experimental
conditions (MacLennan et al. 1987 Jepson et al. 1988), and that restitution of intracellular
glutamine does not necessarily lead to a resumption of normal protein synthesis (Wusteman
& Elia, 1991). In spite of this conservative view on glutamine function in critically ill
patients, a large body of information has been provided to suggest glutamine as a key
nutrient. However, a common denominator of such experiments is that the animal
experimental manipulation has been rather extreme, such as the combination of infection,
anorexia and irradiation (Souba et al. 1985, 1990). In other experiments an exclusive role
of glutamine has not been confirmed (Barber et al. 1990). Future clinical experiments may
illuminate these questions and the discrepancies among experimental data and clinical
observations.

BRANCHED CHAIN AMINO ACIDS

Another controversial and interesting question may be the provision of branched chain
amino acids (BCAA) to critically ill patients (Cerra et al. 1983; Skeie et al. 1990; von
Meyenfeldt er al. 1990). Numerous studies have been reported on this topic, but most
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protocols have evaluated nitrogen balance and other variables related to protein synthesis.
This was logical since the branched chain amino acids were reported to have specific
characteristics in stimulating protein synthesis in animal muscles as also confirmed by
ourselves in human tissue (Lundholm et «/. 1981). So far, results from clinical studies have
not seemed to be particularly rewarding compared to conventional amino acid nutrition
(von Meyenfeldt er al. 1990). However, it may theoretically be possible to improve
nutritional regimens for severely ill patients by increasing the provision of BCAA as a fuel
substrate, particularly in those patients with signs of severe insulin resistance (Black et al.
1982; Brooks et al. 1986). It is a frequent observation that BCAA are taken up in skeletal
muscles after an overnight fast, even in the presence of a net release of the majority of other
amino acids (Mdller-Loswick et al. 1991). Since this uptake is not associated with
corresponding changes in tissue pool sizes, it must imply oxidation (Lundholm et al. 1987;
Arfvidsson et al. 1991). Although not systematically evaluated in a large series of patients,
it seems as if this uptake is exaggerated in traumatized patients (Pittiruti ef al. 1985).
Patients with MOSF have also been reported to sustain increased whole body uptake of
branched chain amino acids, particularly of leucine, even late in the disease (Pittiruti ez al.
1985). It is likely that a majority of the leucine fraction is utilized in the skeletal muscles
as fuel, perhaps also illustrated by an increased plasma clearance of a majority of amino
acids in critically ill patients with emerging MOSF. A decreasing clearance of amino acids
has also been indicative of a poor prognosis suggesting irreversible hepatic cellular failure
(Clowes et al. 1980).

PROTEIN SYNTHESIS

Findings of increased amino acid uptake in severely ill patients have been interpreted to
indicate an increased overall hepatic protein synthesis in such patients explained by the
acute phase reaction (Sganga et al. 1985). Our own experiments have pointed to the
possibility that indices of hepatic protein synthesis may be increased even in the presence
of reduced oxygen uptake in liver cells under certain stress conditions (Ternell ef al. 1983).
This unexpected observation made us evaluate hepatic protein synthesis by two entirely
independent methods in animals with various conditions of stress such as cancer, sterile
abscess, and bacterial antigen exposure (Ternell ez al. 1988). The results demonstrated that
conventional kinetic methods, measuring protein synthesis by amino acid incorporation,
indicated an increased rate of hepatic protein synthesis, while density gradient centri-
fugation of polysomes indicated depressed liver synthesis (Lundholm et al. 1978). These
unexpected and discrepant findings suggest that protein synthesis may be a more com-
plicated concept than anticipated, i.e. rates of overall protein synthesis are perhaps
only relevant in conjunction with evaluation of the energy cost of protein synthesis. In such
aspects it may be relevant to talk about the effect of nutrition on overall protein synthesis.
However, the variation in synthesis rate among defined cellular proteins is so large in each
condition that overall protein synthesis rates may not provide meaningful information. For
example, in the skeletal muscles we have data to support the conclusion that a large number
of proteins are maintained and even increased in synthesis during complete starvation,
while the overall synthesis of proteins was depressed according to conventional findings
(unpublished). In the light of such facts it may be irrelevant to consider providing amino
acids and non-protein calories to stimulate protein synthesis in patients. A more
appropriate view may be to consider the availability of amino acids and substrates as non-
limiting factors in combination with hormonal and growth factor based regulation of a
more defined cellular protein synthesis. The relevance of this suggestion is also supported
by the finding that a wound can heal even in the presence of severe negative nitrogen and
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energy balance in critically ill patients. With regard to the liver and its demand for nutrients
in patients with MOSF very little is actually known beyond some descriptive findings. Based
on normal regulation of liver metabolism, protein synthesis and substrate utilization, it is
reasonable to suspect that liver cells would be able to maintain energy homeostasis as long
as plasma substrate levels do not consistently fall below fasting levels, which represent the
set point where liver cells must be able to fulfil normal intrinsic energy production as well
as gluconeogenesis.

Except for albumin, it has not been demonstrated in vivo that liver proteins are regulated
by substrate availability to any large extent (Rothschild es a/. 1975). Therefore, for critically
ill patients it is probably sufficient to provide a mixed nutrition corresponding to, or slightly
above, the resting needs of the patients (Abbott et al. 1983). According to this view, it is
a key question whether basal needs should be calculated from elevated energy expenditure,
or whether the values for premorbid expenditure should be used. Oxygen uptake in
critically ill patients is elevated in several organs, but changes from patient to patient and
from day to day in individuals may be substantial (Bartlett et al. 1982), and the quoted
literature claims a 20-100 % increase (Hunter ez al. 1988). Burned patients have in general
large increases, but septic patients may occasionally show either high or moderately high
values (Dahn et al. 1987). What extremely high values depend on is so far unknown, but
a contribution from shivering thermogenesis may be an explanation in septic patients with
40-60% increased metabolic rate. Shivering thermogenesis may occur even though
involvement of the muscular component may not be clinically overt. Increased muscular
tension may be enough to increase energy expenditure to a substantial degree. From a
metabolic and physiological point of view it may be concluded that resting cellular
metabolic rate should not be able to increase beyond 25-30% in a thermoneutral
environment. This elevation corresponds to the highest tolerable increase in body
temperature, considering that each degree Celsius in body temperature corresponds to a
10% increase in metabolic rate. This relationship is valid for a variety of conditions
including pharmacological cytokine stimulation in patients (P. Naredi et a/. submitted for
publication). It is thus a very interesting question whether elevated oxygen consumption
reflects a truly increased demand at the cellular level or whether it is rather a matter of badly
tuned control of energy expenditure. It may well be that a variety of cells in a certain organ
are hypoxic due to previous derangements either in cellular membranes or in capillary
endothelial cells. This may create a feedback signal to increase the delivery of oxygen by
decreasing the peripheral vascular resistance and increasing cardiac output. Nutrient
delivery is then indiscriminately increased by flow dependent mechanisms, and may
secondarily stimulate cellular metabolism by substrate-induced mechanisms and cate-
cholamine activation.

Substrate dependent mechanisms are particularly relevant to energy yielding mech-
anisms, which is illustrated in part by the thermic effect of food in living organisms (Nacht
et al. 1987). This effect may be 10-25% of the basal metabolic rate depending on the
physiological state and the means by which nutrition is delivered. Provision of intravenous
nutrition covering 160% of basal energy expenditure in healthy cholecystectomized
patients increased their energy expenditure by about 25%, which represents a metabolic
burden corresponding to a fulminating sepsis (Hyltander et al. 1992). Thus, when large
amounts of nutrition are delivered, this may represent a substantial metabolic burden to
patients. In those patients whose circulatory and respiratory systems are borderline it may
be a critical factor that may jeopardize the outcome. In a recent study, we randomized
patients who underwent major surgical procedures to receive postoperatively either
complete intravenous nutrition or glucose/electrolytes only in the postoperative period.
(R. Sandstréom et al. submitted for publication). The results demonstrated that
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iappropriate nutrition was associated with extremely poor outcome. Under- and
overnutrition were associated with 21 and 36% mortality respectively, which are
unexpectedly high. In a great number of patients it was noticed that conventional nutrition,
with non-protein calories provided at 120% of resting needs and nitrogen at 0-2 g N/kg
daily, may have been excessive. This conclusion was based on observations that resting
energy expenditure and heart rate were significantly higher after an overnight fast in such
patients even late in the postoperative period, pointing to the possibility that even ‘normal’
provision of nutrients may be too high in a challenged organism. If these observations and
conclusions are representative of a more general situation in critically ill patients, it is
probably unwarranted even to cover basal energy and nitrogen needs in patients with
incipient or overt MOSF.

In a recent retrospective study it was found that the mortality was 64 % in ICU patients
receiving total parenteral nutrition (TPN), which was more than twice the mortality among
ICU patients in general (Chang et al. 1989). This may of course underline the fact that the
most severely ill patients received TPN, but it cannot be excluded that TPN precipitated
increased morbidity and mortality. These observations raise the question whether it would
be of benefit to attenuate hypermetabolism by pharmacological means in patients with
MOSF. Adrenergic blockade by phentolamine has been reported to be of help in the
treatment of haemorrhagic shock (Gould, 1970), as well as the institution of calcium
channel blockers. These positive effects have been ascribed to a relief of x-adrenergic
constriction particularly at the venous end of capillaries, thereby promoting venous return
and improving microcirculation in various shock conditions. Experiments on the effect of
adrenergic blockade in experimental multiple organ failure have also been reported (Xian-
jun et al. 1988). Improvements in pulmonary, hepatic and renal function were observed in
phentolamine treated rats suffering from shock and hypoxia. These effects were considered
to depend on improved microcirculation. In addition phentolamine administration
normalized cellular levels of cAMP in various organs such as liver and lungs. This provides
evidence for a direct modulation of cellular function via adrenergic mechanisms in MOSF.
Thus, it appears reasonable to suggest that hypermetabolism in MOSF represents a
feedback loop which is elevated due to hampered microcirculation or compromised
capillary—cellular exchange. An exaggerated substrate load may then worsen the situation
and increase cellular damage. A more clinically related phenomenon of overnutrition is the
well recognized observation that weaning a patient from the ventilator may require
reductions in carbon dioxide production (Hunker et a/. 1980). This may be achieved by
either lowering the total caloric intake or substituting fat for carbohydrates (Bartlett e al.
1982). However, provision of long chain triglycerides (LCT) in large amounts may increase
the metabolic burden by compromising cell function in the liver due to increased lipogenesis
and lipid accumulation in the reticulo-endothelial system (RES), which may already be
highly activated by haemoglobin degradation and engulfment of endotoxin and bacteria in
traumatized patients (Cerra et al. 1989).

In conclusion, patients with MOSF should probably not receive non-protein calories
above resting need considering their premorbid body composition, even if their measured
resting metabolism is higher. Non-protein energy may be provided as 60% glucose and
40 % fat. Urine should be regularly checked for the occurrence of kidney glucose spill-over,
and glucose provision must be reduced accordingly. Extra insulin should not be used to
overcome the well-recognized insulin resistance, but it is used in patients with diabetes
mellitus.
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FIBRONECTIN

Fibronectin, which is a protein synthesized in a variety of cells, is an important opsonin in
the defence against intruding organisms and for clearance of foreign structures from the
circulation and injured tissue (Saba et al. 1983). Fibronectin was early recognized as a
sensitive marker of malnutrition in both animals and man, probably dependent on its short
half-life. Decreasing plasma concentrations of fibronectin in traumatized patients correlated
with increased susceptibility to septic complications, and most interestingly it was
demonstrated that transfusions with cryoprecipitated fibronectin from plasma were
associated with circulatory and respiratory improvements in septic patients with MOSF
(Saba et al. 1978). These initial studies were later confirmed by others, but unfortunately
the observations have not been reconfirmed in prospectively controlled investigations on
patients with MOSF. If so, this would be a most significant therapeutic advance, since
no single treatment factor except artificial organ support has been found to improve
established MOSF in unselected surgical patients, not even continuous antibiotic therapy.
However, it was recently reported that provision of purified fibronectin to severely
malnourished children improved survival in a blind randomized study (Sandberg et al.
1990).

NUTRITION AND KIDNEY IMPAIRMENT

The use of intermittent haemodialysis as renal replacement therapy has reduced the
mortality rate of acute renal failure (ARF) from nearly 100 % to around 60-70 %, although
dialysis introduces its own problems. Continuous arteriovenous haemofiltration (CAVH)
is an alternative method of renal replacement therapy in which extracellular fluid is
continuously ultrafiltered from blood and replaced with intravenous fluid. CAVH allows
nutrients to be added to the replacement regime, no longer limited by fear of fluid overload.
CAVH does not induce hypermetabolism and haemodynamic instability and offers control
over fluids, electrolytes and nutrition. Several reports demonstrate that full nutrition supply
is possible in oliguric patients with CAVH. Bartlett and associates reported early that
mortality in patients with ARF was significantly correlated with a cumulated negative
energy balance when compared to patients with vigorous and early nutritional treatment
leading to positive cumulated balances (Bartlett er al. 1986). It was concluded that poor
nutrition was a limiting factor in itself, since patients grouped with and without appropriate
nutrition suffered from similar critical illness. The difference in energy balance between
the two groups was about 700-800 kcal/day, and was statistically significant. Similar
observations have been reported by the same authors in their earlier work, although a
causal relationship was not then inferred. Extensive use of the CAVH technique has further
improved survival in patients with MOSF including ARF. Weiss et al. (1989) reported
50-55% survival in more than 100 consecutively treated patients between 1982 and 1985
with MOSF and ARF. However, the calorie input for patients who survived was
2060 + 740 kcal/day and for those who died 2240+ 690 kcal/day. Therefore, it remains
uncertain to what extent energy and protein intake predicts outcome in severely ill patients
with kidney failure. It cannot be excluded that significant attention to the importance of
adequate nutrition was a reflection of real differences in the clinical conditions of the
patients rather than the importance of the nutritional support in itself. Only prospective
and randomized studies can resolve this dilemma. Recently it was shown that the CAVH
technique may be utilized to deliver nutrients to patients during haemofiltration (Roberts
et al. 1989).
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GUT BARRIER

It has been repeatedly emphasized that the trigger to systemic MOSF is bacteria and
endotoxins whose effects are mediated by lymphokines and cytokines, and that the main
source of endotoxin and bacteria is the gut (Steinmetz & Meakins, 1991). The idea that the
contents of the gut could pose a threat to the individual is not new (Fine er al. 1959;
Mutirangura er al. 1989). The gastrointestinal tract contains the largest collection of
bacteria and toxins in the body. Several gastrointestinal factors contribute to maintaining
the structural and functional barrier against this threat. The barrier system consists of
chemical and enzymic processes, mucins secreted throughout the gut, rapid enterocyte
proliferation and their subsequent desquamation, immune cells located within the gut wall
as well as mucous surface antibodies of the IgA type and the macrophage system lining up
in the portal capillary bed within the liver. It has been reported that the character of the
small bowel flora can affect the systemic immune response (Marshall ez a/. 1987, 1988). The
delayed-type hypersensitivity response to subcutaneously injected antigens was depressed
by colonizing the small bowel with Gram-negative bacteria. In other experiments Kupffer
cells in coculture with hepatocytes that were exposed to bacterial endotoxin inhibited
hepatic protein synthesis (Cerra et al. 1989). Kupffer cells may act by producing mediators
that influence the immune response to antigens originating from the gut, i.e. prostaglandins
particularly of the type PGE,. Thus, impairment of the gut barrier may result in
uncontrolled and continuous release of antigens and overstimulation of macrophages. A
large body of information shows that bacterial translocation and endotoxaemia of gut
origin exist in experimental animals (Steinmetz & Meakins, 1991). There are several
mechanisms by which malnutrition may contribute to bacterial gut translocation. Most
appealing are the observations that starvation and gut rest rapidly leads to structural
alterations and atrophy of the mucosal lining, but starvation may also increase mucosal
permeability as does shock (Deitch et al. 1990). However, it is still uncertain to what extent
the phenomenon of gut translocation occurs in man. Bacteria have been isolated from
mesenteric lymph nodes of patients who have undergone laparotomy due to small bowel
obstruction (Deitch, 1989), Crohn’s disease (Ambrose et al. 1984) and colorectal cancer
(Vincent er af. 1988). Endotoxin has been found in the portal blood of patients with
obstructive jaundice (Pain & Bailey, 1986), and bacteraemia of enteric origin is probably
a leading cause of death in leukopenic patients after chemotherapy (Tancrede &
Andremont, 1985). It appears unlikely that severe malnutrition alone would be sufficient to
precipitate bacterial translocation, but its combination with other stress factors, particularly
episodes with hypoperfusion, may well create the risk. Parenterally fed animals also show
impaired epithelial cell proliferation as well as other biochemical and immune alterations
in the gastrointestinal tract. Therefore, it may not be just a question of nutrient and
substrate availability. It appears that enteral stimulation or the presence of nutrients within
the gut lumen is essential for maintaining the gut barrier and the immune competence. This
conclusion leads to the question as to how the gut can be protected in injured patients at
risk of MOSF. The lack of convenient means to monitor and judge effectively the state of
gut homeostasis is a great problem in the clinical setting. Signs of functional ileus and
diarrhoea, and laboratory measurements such as bilirubin and liver enzymes, are late and
unspecific measures. Therefore, prophylaxis remains the main precaution to decrease the
risk of gut barrier dysfunction. Alkalinization by antacid or H,-receptor blockade are
effective means of reducing the serious risk of gastric bleeding in stressed patients, but the
alkaline milieu may contribute to alteration of the gut microflora leading to colonization
of the ventricle with bacteria from the oropharynx. An alternative to gastric alkalinization
may be cytoprotection with sucralfate as suggested in clinical investigations (Driks et al.
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1987). A liberal use of broad spectrum antibiotics may result in overgrowth of resistant and
pathogenic bacteria. Regimens with both oral and parenteral antibiotics lowered septic
morbidity after severe burns (Jarrett es al. 1978) and reduced bacterial peritonitis in
patients with varicose bleeding due to liver cirrhosis (Ledingham et al. 1988). However,
selective decontamination in an unselected surgical population has been less rewarding.
Recently Border and colleagues reported a retrospective multifactorial analysis of the
association between support elements (ventilator days, enteral protein nutrition, antibiotic
treatment) and organ insufficiency to explain the variance in the magnitude of septic state
in 66 patients with blunt multiple trauma (Border ez al. 1987). The magnitude of sepsis
correlated positively as expected with factors such as positive endexpiratory pressure,
plasma creatinine, the alveolo-arterial oxygen difference, plasma bilirubin etc. All these
well-recognized variables in patients with MOSF correlated positively to bad outcome,
except enteral feeding by proteins which showed a significant but negative correlation to
mortality in all ICU conditions. This was interpreted to suggest that enteral nutrition was
an identified factor that in itself could positively influence outcome. Thus, the absence of
enteral protein intake was associated with progressively more septic behaviour by all
criteria, and this was not compensated for by increased intravenous protein support, which
provided almost twice as much protein. All patients who died of sepsis had no enteral intake
of protein and were in the enforced supine position. The authors concluded that death from
sepsis occurred from blood entry of gut endotoxin, following liver damage and a reduced
bile salt secretion so that the endotoxin in the gut became more toxic. It was suggested that
oral intake of at least 0-3 g protein/kg daily would lower the risk of septic and fatal
complications. Alexander and associates have also reported that in severely burned
children an increase in enteral protein intake of 25-50 % relative to recommended intake
was associated with considerable reductions in mortality rate, in septic behaviour as judged
by antibiotic days, and in the use of erythrocyte transfusion and plasma (Alexander et al.
1980). They have also shown in burned guinea-pigs that enteral protein intake relative to
intravenous produced a thicker gut mucosa in combination with an attenuated neuro-
endocrine response (Mochizuki ez al. 1984). Subsequently they reported that intact protein
was more effective than the equivalent amount of amino acids (Trocki et al. 1986).
Antonacci et al. reported similar findings in severely burned adults and made the same
observation of reduced mortality in the high protein group (Antonacci et al. 1984).
However, it was not nitrogen balance that was improved, but several aspects of immune
function. Seen together, there may be a special effect of enteral protein in reducing the
septic magnitude in a way that is not achieved by the intravenous route of administration.
If s0, the beneficial effects of enteral proteins may be multifactorial, such as stimulation of
gut motility, improved enterocyte proliferation, mucin production, bile salt secretion and
toxin binding (Steinmetz er al. 1991). Several of these factors may not be related to
traditional nutrition regarding energy and amino acid supply. However, from previous
work it cannot be excluded that enteral nutrition was preferentially tolerated in the least
affected patients (Border er al. 1987). In support of this suspicion may be the finding in a
randomized study by Cerra er al. (1988) that enteral nutrition did not prevent multiple
organ failure after sepsis with attendant hypermetabolism. There was no reduction in either
the incidence of MOSF or mortality attributable to the route of administration. The
parenteral group tended to have better visceral protein support; the enteral group had more
gut complications such as vomiting, diarrhoea and bloating and were longer in achieving
adequate nutrition as well as more variance in input and outcome variables. The authors
concluded that the route of nutrition administration did not seem to affect the incidence of
postseptic MOSF when hypermetabolism is already present. However, in a third study
based on randomization it was found that immediate enteral feeding after abdominal
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trauma significantly reduced sepsis (26 vs. 4 %) (Moore & Jones, 1986). In addition, it has
been reported that supplementation of standard TPN solutions with 2 % glutamine results in
enhanced cellularity of both small bowel and colonic mucosa (Hwanu et al. 1986; Jacobs et
al. 1988), s-1gA levels were also higher and translocation rates were lower (Burke ef al.
1989). The effect of glutamine supplementation in humans and its clinical relevance in the
treatment of severely ill patients remains, however, to be established.

CELLULAR NUTRITION AND CELL-CELL INTERACTION

In George Blackburn’s laboratory considerable work has been performed with animal
models of trauma, transplantation and sepsis to reproduce the cascade of responses leading
to multiple organ failure. Results suggest that hypermetabolism and septic reactions can be
attenuated in the early course of multiple organ failure. This research has suggested that
the celiular immune systein may represent both a positive and negative modulator for
survival in critical illness, and that damaged endothelium is a hallmark of progressive
deterioration to organ failure (Bagley et al. 1991). These two concepts may be
complementary and attempts are being made to identify steps in the processes that can be
prevented or attenuated by cellular nutritional support. In response to thrombin, platelet
activating factor, bradykinin, hypoxia and mechanical stress the endothelium can modulate
the vascular tone by releasing vasorelaxing factors such as endothelium-derived relaxing
factor, prostacyclin and various constrictors such as endothelin. Endothelial damage may
therefore result from an imbalance between dilators and constrictors, which is theoretically
tractable by nutritional manipulation. Such means are represented by eicosanoids of the
2-series prostaglandins (PGE,, PGI,, TXA,), and the 4-series leukotrienes (LTB,, L'TD,,
LTE,), potent inflammatory mediators synthesized from arachidonic acid (20:4n-6), an
n-6 polyunsaturated fatty acid derived from linoleic acid. The LCT used in parenteral and
enteral nutrition are from soya-bean and safflower oils, which contain linolenic acid. The
use of alternative lipids in nutrition may thus provide a future means to alter the
arachidonic derived metabolites, in addition to pharmacological intervention. In this
respect, it is of particular interest that the biological effect of fish oils rich in n-3 fatty acids
does not appear to be limited to their incorporation into cell membranes. Hence, the
incorporation of fish oil into a labile pool by low dose infusion may be as effective as long
term administration in manipulating eicosanoid synthesis. In line with these basal
observations, Blackburn and colleagues have reported that parenteral administration of
fish oil to experimental animals with either burns or endotoxaemia improved energy
expenditure, nitrogen balance and metabolic responses (Trocki ef al. 1986; Pomposelli
et al. 1989). Thus, fish oil may decrease the inflammatory response at many levels. Another
stratagem for the manipulation of eicosanoid synthesis may be the use of medium chain
triglycerides (MCT). Compared to LCT fed animals, rats fed a diet enriched with coconut
oil exhibited a diminished acute phase response to endotoxin stimuli (Wan & Grimble,
1987). MCT may also be associated with a more rapid plasma clearance, which may in part
explain a lower RES dysfunction in animals fed MCT-based lipids (Sobrado et al. 1985).
LCT requires carnitine for transport into the mitochondria whereas MCT is not carnitine
dependent for g-oxidation of fatty acids. Hence, MCT may provide a readily available fuel
source. A recent investigation in our own laboratory has, however, demonstrated that,
carnitine deficiency occurs in less than 4% of all patients with extreme undernutrition and
critical illness (Wennberg et al. 1992). This finding may explain why MCT have not been
reported so far to be oxidized more rapidly in applied experiments on stressed or
malnourished humans. However, acetyl-L-carnitine can support cellular activities by other
means such as providing haemodynamic support (Gasparetto et al. 1991). Future lipids

https://doi.org/10.1079/NRR19920009 Published online by Cambridge University Press


https://doi.org/10.1079/NRR19920009

110 K. LUNDHOLM AND OTHERS

may comprise n-6 LCT for essential fatty acids, n-3 LCT for immune modulation and
MCT as a readily cleared substrate with minimal effects on the RES system in patients with
compromised organ function. Evidence is already available from animal work to suggest
that such ‘structured lipids’ may give metabolic advantages over conventional lipid
formulas (Teo et al. 1989).

Evidence that amino acids can serve as more than protein precursors has appeared.
Arginine has received increasing interest as an immune stimulator (Daly et al. 1988). The
immune effects of arginine may be related to its function as a lymphotropic agent and a
stimulator of pituitary growth hormone and insulin. The immuno-enhancing effects of
arginine have been illustrated by increased allograft rejection. L-Arginine is also the
substrate for nitrous oxide synthesis (Palmer e/ a/. 1988), which may turn out to be an
extremely important modulator of vasoactivity in future care of patients with critical
illness.
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