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SYMPOSIUM ON
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Nutrition, immune function, and inflammation: an overview

By JEnNIFER M.-F. WaN, Marcus P. Haw and GeorGE L. BLACKBURN, Nutrition-
Metabolism Laboratory, Department of Surgery, Harvard Medical School, New England
Deaconess Hospital, 194 Pilgrim Road, Boston, MA 02115, USA

The account of acute inflammation is one of the classical clinical descriptions in
medicine. However, those early physicians describing Rubor et tumor cum calor et dolore
(Celsus in 50 Bc) could hardly have imagined the complexity of the events that they were
observing.

In a healthy individual, the response to tissue injury and infection is rapid and efficient,
with resolution occurring before involvement of the specific inmune system. However,
when the inflammatory stimulus is overwhelming, or if the patient is already mal-
nourished or chronically ill, a series of inter-related events are set in motion. Among
these are the interaction of immune cells, phagocytes and release of powerful cytokines
that affect the utilization of nutritional substrates in the body. Moreover, antigen
processed by macrophages is presented to lymphocytes, thus eliciting a specific immune
response. :

The present paper summarizes our present understanding of the pathophysiology of
inflammation and explores the objectives for nutritional support in the presence of
immunodysfunction. The rationale for adjunctive nutritional support is explained, and
modified regimens, tailored both to provide metabolic substrates and to enhance
immunity to disease, are given.

Pathophysiology of the inflammatory response

The immune system is phylogenetically separated into innate or non-specific immunity
and the adaptive or specific immune system. While understanding that both processes are
often working together, events in each system will be considered individually at a cellular
and molecular level.

Non-specific immunity. Tissue injury leads to release of Hageman factor (XIIa-XII)
and to the degranulation of tissue mast cells. Factor XII initiates the process, causing
complement activation and bradykinin production locally. Micro-organisms and endo-
toxin may also trigger this pathway, directly activate complement, or cause mast cell
degranulation (Fig. 1) (Schlesinger, 1975). This mechanism ensures the presence of
inflammatory mediators such as the complement factors C3a and C5a, bradykinin, and
histamine. Damaged cell membranes release products of arachidonic acid (AA) metab-
olism, such as prostaglandins (PG) and leukotrienes (LT) (Goetzl, 1981), both of which
are eicosanoids having important mediating functions in acute inflammation. The net
effect is to increase vascular permeability, which causes the accumulation of acute-phase
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Fig. 1. Production of inflammatory mediators. Tissue injury leads to the release of Hageman factor and the
degranulation of tissue mast cells. Micro-organisms and endotoxin lipopolysaccharides (LPS) may also trigger
this process.

proteins and immune-complexes, and to promote the cellular phase of the acute
inflammatory response through margination, diapedesis and chemotaxis of leukocytes.

The cellular phase is initially dominated by the neutrophil, whose suicide function is to
phagocytose and to kill pathogenic micro-organisms. This phagocytic function begins via
cell binding to the target cell through a non-specific mechanism. The cell-bacteria
linkage is improved if the bacteria are coated with opsonins, such as complement or
immunoglobulin (Ingham ez al. 1981). Neutrophils and macrophages carry receptors for
the C3 subunit of complement and the Fc portion of immunoglobulin (Schlesinger,
1975). Perturbation of the cell membrane through binding to the Fc or C3 receptor
causes the neutrophil to go into a higher state of activation, with a metabolic oxidative
burst that results in the production of hydrogen peroxide and toxic oxygen free-radicals
(Lehrer, 1988). The products perform the intracellular killing of bacteria but also lead to
the death of neutrophils and the release of toxic waste products.

Changes in the cell membrane associated with Fc and C3 receptors in both macro-
phages and neutrophils cause the release of PG and LT (Borgeat & Samuelsson, 1979a;
Goetzl, 1981). These further serve to enhance and to prolong the inflammatory phase.
Clearly, however, these mechanisms, if allowed to continue, lead to increased tissue
damage and are ultimately detrimental to the host.

Antigen presentation: the specific immune response. In addition to mediating the
acute-phase response, the macrophage is responsible for presenting and processing
antigen, thus triggering the specific immune response. The macrophage is involved in
antigen presentation and carries major histocompatibility complex class II (MHC)
surface antigens. The presence of foreign antigen (Ag) in association with monocytes or
macrophages leads to the production of cytokines such as interleukin-1 (IL-1) and
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cachectin or tumour necrosis factor (TNF) (Gery & Wahsman, 1972). These two
powerful cytokines are responsible for the metabolic effects of the acute-phase response,
and IL-1 is also essential in the activation signal to T-cells from the antigen-presenting
cell. The key interaction is the MHC-restricted stimulation of T-helper cells, which carry
Ag receptors (T3+) and MHC class IT Ag receptors (T4+) (Weiss et al. 1986).

The processing of Ag by antigen-presenting cells causes cell membrane activation of
AA metabolism, leading to the release of LT and PG with consequent increase in
intracellular calcium ions and the production of IL-1 (Kennedy et al. 1980). IL-1
produced from macrophages stimulates protein kinase C (EC 2.7.1.37; PKC) in T-cells,
thereby enhancing the production of lymphokines such as interleukin-2 (IL-2), y-inter-
feron (y-INF), macrophage-activating factor, chemotactic factor and migration-
inhibiting factor (Weiss et al. 1986). LTB,4 produced by this mechanism raises intracel-
lular Ca** and further promotes IL-1 activity. However, excess PGE> production can
inhibit the transcription and the translation of IL-1 by raising intracellular cAMP
(Knudson et al. 1986).

Membrane activation of T-cells leads to activation of phosphodiesterase (EC
3.4.1.10), which promotes phosphoinositide hydrolysis with the formation of inositol
phosphate, inositol triphosphate and diacylglycerol. Such cell membrane activation
coincidentally elevates cellular Ca*+ (Nishizuka, 1984; Weiss et al. 1986). This rise in
cytosolic Ca** in turn activates PKC and triggers protein synthesis of IL-2 and other
lymphokines (Weiss et al. 1986). The production of IL-2 and the increased expression of
IL-2 receptors by T-lymphocytes are the essential step that drives T- and B-cells into
clonal proliferation (Fig. 2). With clonal proliferation and maturation, the development
of a predominantly celi-mediated immune response often occurs with the activation of
cytotoxic cells, both specific (cytotoxic T-cells and K-cells) and non-specific (highly
activated macrophages and natural killer cells).

Interleukin-1 and tumour necrosis factor: the acute-phase response

The acute-phase response initiated by IL-1 or TNF, or both, includes fever, redistri-
bution of trace elements, skeletal muscle catabolism, increased hepatic acute-phase
protein synthesis, endocrine alteration, and neutrophilia (Dinarello, 1984a,b, 1988) (Fig.
3). These events redistribute the body’s endogenous resources and create an environ-
ment in which systemic sepsis or illness has the best chance of being defeated by a
boosted immune system. The price is metabolic catabolism; the pay-off is enhanced
immunity.

Evidence indicates that IL-1 is involved in triggering the transcription and synthesis of
acute-phase proteins by the liver (Ramadori et al. 1985). The acute-phase proteins
support the infected organism by metabolic as well as functional activities. The protease
inhibitors, such as as-antitrypsin and az-macroglobulin, can accumulate at the site of
injury to prevent additional damage caused by the release of proteolytic enzymes from
already damaged tissues and from the phagocytic cells (Wannemacher et al. 1975;
Dinarello, 1984b).

The C-reactive proteins and albumin may provide essential nutrients to facilitate
wound healing, or may aid in transporting trace metal co-factors (Pepys & Baltz, 1983).
Fibrinogen increases the tensile strength of the wound and stimulates fibroblast
proliferation and growth (Dinarello, 1984a,b). Other important roles for these acute-
phase proteins are modulation of the rate of structural protein synthesis, hormonal
transport, local modulation of humoral effects, neutralization of the potentially toxic
products of the inflammatory response, inhibition of microbial invasion, and localization
of bacteria.
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Fig. 2. Antigen presentation. Schematic representation of antigen presentation to T-lymphocytes. The
processing of antigen (Ag) by antigen-presenting cells causes cell membrane activation of arachidonic acid
(AA) metabolism and release of prostaglandins (PG), leukotrienes (LT) and thromboxanes (TX) with conse-
quent increase in the intracellular calcium (Ca~~) and the production of interleukin-1 (IL-1). IL-1 integrates
the entire immune network by activating T-lymphocytes to synthesize lymphokines, interleukin-2 (IL-2), and
y-interferon (y-INF). Membrane activation of T-lymphocytes leads to activation of phosphodiesterase (EC
3.4.1.10; PDE), which promotes phosphoinositide hydrolysis with the formation of inositol phosphate (IP),
inositol triphosphate (IP3), diacylglycerol (DAG), and raises cellular Ca**. These events also activate protein
kinase C (EC 2.7.1.37) leading to the synthesis of lymphokines. The production of lymphokines drives
activated T- and B-cells into clonal proliferation and maturation. Excessive production of prostaglandin E,
(PGE3) can negatively inhibit the formation of IL-1 via cAMP, thus inhibiting the lymphocyte response. MHC,
major histocompatibility complex; T4 and T3, T-helper cells; +ve, stimulation; —ve, inhibition.

The significance of fever induced by IL-1 or TNF, or both, during the inflammatory
process and sepsis is not clear. There is good evidence that IL-1 is more active at elevated
temperatures than at normal temperature (Hoffman-Goetz & Kluger, 1979a,b;
Hoffman-Goetz et al. 1981; Duff & Durum, 1982). In vitro studies performed by Baracos
et al. (1983) demonstrated that the muscle proteolysis stimulated by IL-1 was enhanced
at an elevated temperature. Furthermore, immunological reactions, including antibody
synthesis (Brucher et al. 1973; Jampel et al. 1983) and lymphocyte response to antigens
and mitogens (Ashman & Nahmias, 1977) have been reported to be strongly
temperature-sensitive.

Redistribution of zinc by IL-1 or TNF, or both (Dinarello, 19844, 1988) is believed to
be correlated with the increased production of acute-phase proteins (Sugarman, 1983).
Zn metalloenzymes are known to participate in many metabolic processes, including
carbohydrate metabolism and the synthesis and degradation of lipid, protein, and nucleic
acid (Li & Vallee, 1980). Reduction of plasma iron in response to IL-1 may maintain the
bacteriocidal activity of neutrophils and aid the development of cellular immune
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Fig. 3. Diagrammatic representation of the acute-phase responses to tissue injury, bacteria, antigen-antibody
(Ag-Ab) complex, and monocyte or macrophage activation.

competence (Bullen, 1981). Plasma levels of copper, in the form of caeruloplasmin, are
elevated by IL-1 (Dinarello, 1984a,b, 1988). Caeruloplasmin is an allosteric enzyme
capable of oxidizing catecholamine and serotonin (Kampschmidt, 1981). Furthermore, it
acts as a scavenger of the superoxide ions (Jacka er al. 1983) generated by stimulated
phagocytosis, hence limiting tissue damage.

Many of the hormonal changes induced by IL-1 or TNF during the inflammatory
process have potential roles in promoting substrate mobilization, namely by glycogen-
olysis and lipolysis (Dinarello, 1984a,b, 1988). Such a hormonal milieu is predominantly
characterized by the elevation of the counter-regulatory hormones insulin, glucagon,
corticosterone and catecholamines (Dinarello, 1984a, 1988). Amino acids released from
peripheral tissues in response to the catabolic hormones provide the major energy
substrate utilized by the liver for gluconeogenesis, oxidation, and synthesis of acute-
phase proteins (Wannemacher et al. 1975; Wannemacher, 1977).

Inflammation is generally beneficial to the host until its clinical manifestations cause
vascular endothelial damage, haemorrhage and thrombosis. In certain chronic inflam-
matory diseases such as arthritis, cancer, and inflammatory bowel diseases, prolonged or
recurrent neutrophil, platelet, and complement activation in the presence of endotox-
aemia and tissue injury may further exaggerate macrophage response to antigen and
trigger the release of cytokines. The latter in turn activate polymorphonuclear leukocytes
to adhere to endothelial cell surfaces (Pohlman er al. 1986; Cybulsky et al. 1988) (Fig. 4).
Phagocytic stimulation of the neutrophils subsequently induces a local hyper-acute
release of potent inflammatory mediators such as eicosanoids, toxic oxygen metabolites,
histamine, bradykinin and proteolytic enzymes, causing cell wall oedema, disruption,
tissue necrosis and organ failure (Fantone & Ward, 1982; Janoff & Carp, 1982; Movat &
Wasi, 1985).
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Fig. 4. Initiation of inflammation. Tissue injury causes the release of inflammatory mediators such as
histamine, bradykinin, complement, prostaglandins, and leukotrienes. These mediators increase vascular
permeability allowing the exit of proteins, albumin, and fibrinogen from the circulation. Polymorphonuclear
neutrophils (PMN) marginate, diapedese, and migrate along the chemotaxic gradients to the damaged area to
kill pathogenic micro-organisms by releasing lysosomal enzymes and hydrogen peroxide (H,0O,) and oxygen
free-radicals (O-).

Inflammatory mediators

E. coli and endotoxin are the most frequent stimuli of inflammation associated with
microhaemorrhage, microthrombosis, and vascular injury (Cybulsky & Movat, 1982;
Cybulsky et al. 1988). They can be translocated and disseminated into the circulation via
the gastrointestinal tract, resulting in profound systematic effects via generation of
cytokines. Evidence indicates that neutrophil-mediated vessel injury initiated by IL-1
and TNF is associated with increased vascular damage and haemorrhage (Pohlman et al.
1986; Cybulsky et al. 1988). Both IL-1 and TNF can promote the adhesion of leukocytes
to endothelial cells and trigger inflammatory events. The high level of IL-1 detected in
the joint effusions of patients with rheumatoid arthritis and other inflammatory diseases
(Bodel & Hollingsworth, 1969; Fontana et al. 1982) has been associated with cartilage
breakdown by the stimulation of collagenase released from the synovial cells and
chondrocytes (Pettipher er al. 1986). IL-1 has been recognized as an activator of
T-lymphocytes and a stimulant of various non-lymphoid cells, including the endothelial
cell, where procoagulant activity is induced.

TNF increases neutrophil adherence to endothelial surfaces by increasing the number
of ligand binding sites on neutrophils and on endothelial cells (Pohlman et al. 1986;
Cybulsky et al. 1988). Accelerated production of grafted lymphocytes in graft v. host
disease leads to a local release of TNF in the cutaneous and intestinal mucosa which, in
turn, induces alterations in the epithelial cells and enhances the inflammatory reaction
(Piquet et al. 1987).

The most potent inflammatory mediators are the eicosanoids produced from AA.
Their central role in inflammation has been recognized since Vane (1971) first associated
the mechanism of action of non-steroid anti-inflammatory drugs with the modulation of
PG biosynthesis via the inhibition of the cyclo-oxygenase enzyme prostaglandin
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synthetase (Needleman, 1978). Both thromboxane A; (TXA:) and PGF;-a cause
vasoconstriction by promoting the aggregation of platelets and the release of platelet
mediators (Moncada & Vane, 1979). PG, thromboxanes (TX) and LT are present in the
synovial fluid of patients with rheumatoid arthritis (Klickstein et al. 1980), acute
respiratory distress syndrome (Matthay et al. 1984), allergic rhinitis (Creticos et al. 1984),
and solid tumours (Jaffe, 1974). PGE; stimulates osteoclastic bone resorption
(Klickstein er al. 1980) and also acts synergistically with other mediators, including
serotonin and bradykinin, to increase vascular permeability (Wedmore & Williams,
1981).

LTC,, LTD4, and LTE, are classified as ‘slow reacting substances of anaphylaxis’
(Borgeat & Samuelsson, 1979b). They are potent bronchoconstrictors that stimulate
tracheal mucus secretion (Samuelsson, 1983; Lewis & Austen, 1984), and are detected in
effusions from patients with allergy-associated conditions such as bronchial asthma
(O’Driscoll ez al. 1984), acute respiratory distress syndrome (Matthay et al. 1984) and
allergic rhinitis (Creticos et al. 1984), as well as in those with chronic diseases such as
cystic fibrosis (Crowell er al. 1981). LTB4 is a potent chemotactic agent and may
modulate the inflammatory response through induction of leukocyte accumulation,
mediation of vascular permeability, and blood flow changes (Palmer er al. 1980; Smith
et al. 1980).

Other inflammatory mediators, including histamine, bradykinin, and platelet-
activating factor (PAF), are also produced in response to antigen-antibody reactions.
Histamine released from mast cells is often responsible for hyperactivity of the airway
(Rafferty & Holgate, 1987). The release of PAF can give rise to bronchial constriction,
systemic hypotension, neutropenia and thrombocytopenia (Hanahan, 1986; Morley,
1986). PAF stimulates platelets to release amines and to activate the complement C5
component, which stimulates granulocyte adhesion and oxygen free-radical production,
thus causing tissue damage. .

It is clear from this synopsis that ample opportunities exist for the interaction of
inflammation with metabolism and nutrition in which dietary manipulations may alter
immune mechanisms. These events will now be reviewed.

Interrelationships of nutrition, immune function and inflammation

Protein—energy deprivation and immunodysfunction. In the presence of infectious
disease and inadequate nutrition, a vicious cycle of malnutrition through alteration in
metabolism will worsen immune function. A wealth of evidence indicates that malnu-
trition impairs immune competence (Chandra, 1979, 1983). The effect of malnutrition is
not simply to reduce the availability of endogenous stores of nutrients utilized by the host
in defence processes; it may also lead to increased susceptibility to secondary infection
through reduced synthesis of IL-1 and impaired cell-mediated immunity.

Early work by Hoffman-Goetz & Kluger (19794,b) and Hoffman-Goetz et al. (1981)
showed that rabbits fed on a protein-depleted diet developed attenuated fever following
a Gram-negative infection. The authors suggested that such attenuation was attributed to
a reduction in the amount of IL-1 being synthesized and released from phagocytic cells in
response to the pathogen. Many of the metabolic responses to IL-1 and endotoxin,
including granulocytosis, fever, and acute-phase protein response, were also shown to be
attenuated in the protein-depleted guinea-pig model (Drabik et al. 1987). A reduction in
synthesis or release of IL-1 from leukocytes has been observed in non-stressed,
protein-malnourished patients (Keenan et al. 1982). The production of IL-1 returned to
normal in protein-deprived patients after adequate nutrition was re-instituted (Hoffman-
Goetz & Kluger, 1979a,b).
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Both experimental and clinical protein deficiency has been characterized by immune
dysfunction, including reduced B-cell antibody formation (Carlomagno et al. 1980),
T-cell responsiveness to polyclonal mitogens and specific antigens (Chandra, 1979; Gross
& Newberne, 1980), and delayed-type hypersensitivity skin-test response to recall
antigens (Nohr et al. 1986). Inhibition of macrophage function (Rose et al. 1982) may
affect overall immunity, since macrophages play a crucial role in cellular immune
responses involved in the presentation of antigen to specific T-lymphocytes and in the
production of IL-1. In vivo, it has been shown that graft v. host responses induced by
T-cells from chronically protein-deprived mice are more vigorous than those in control
mice (Bell & Hazell, 1975; Malave er al. 1978; Rose et al. 1982). The secretory
IgA-antibody response, such as that directed against respiratory and enteric pathogens,
is also affected in protein—energy malnutrition (Koster & Pierce, 1985).

Dietary w-6 polyunsaturated fatty acids (PUFA) in inflammation. The mechanism of
action of w-6 PUFA in many inflammatory diseases is still unclear. Alteration of
membrane structure and function by dietary w-6 PUFA manipulation may change
membrane fluidity, receptor binding sites, hormonal signal transduction, and immune
responsiveness to surface antigen presentation (Burns et al. 1979; Shinitzky & Sourojon,
1979; Traill & Wick, 1984). Alteration in membrane structurc and phospholipid turnover
has been associated with the activation of PKC, a phospholipid-dependent enzyme, in a
process that has led to tumour initiation and production through the association of PKC
with many oncogenes (Castanga er al. 1982; Kaibuci et al. 1986).

Furthermore w-6 PUFA are believed to exert their effects indirectly by acting as
precursors for the synthesis of eicosanoids of the 2- and 4-series. These eicosanoids are
potent modifiers of immune function as well as being mediators of inflammation (Mertin
& Hunt, 1976; Goodwin & Webb, 1980; Samuelsson, 1983; O’Driscoll et al. 1984). Thus,
excess consumption of dietary fats rich in the w-6 PUFA may influence immune function
in disease. It has been demonstrated that increased tumorigenesis is associated with high
levels of linoleate (w-6 PUFA) in the diet (Chan et al. 1983; Cohen et al. 1984).
Furthermore, diets rich in PUFA are known to depress the response of spleen cells to
mitogen (Mertin & Hunt, 1976), to prolong allograft rejection, and to induce auto-
antibody development (Ring et al. 1974).

Although the overall picture of immunodysfunction caused by lipid modification is
complex, it is now clear that certain PG (in particular PGE>) produced from w-6 PUFA
mediate a negative feedback mechanism, controlling the extent and duration of the
cell-mediated immunc response (Goodwin & Webb, 1980; Goodwin & Ceuppens, 1983;
Herman & Robinson, 1984; Jordan et al. 1987). PGE; has been shown to inhibit various
aspects of the immune response, including lymphocyte proliferation, lymphokine
secretion, macrophage collagenase (EC 3.4.24.3) synthesis, natural killer-cell activity,
and the tumoricidal activity of activated macrophages (Ring et al. 1974; Bankhurst, 1982;
Marshall & Johnston, 1985). Deficiencies in the production of interferon and other
lymphokines by rheumatoid T-cells has been attributed to an enhanced sensitivity of
these cells to the suppression of lymphokine secretion by PGE; (Hasler et al. 1983).

In the presence of antigens, such as bacterial lipopolysaccharides, and an activated
complement system, PGE, derived from macrophages thus induces immunological
suppression either by inducing a subset of T-suppressor lymphocytes or by directly
inhibiting T-cell function (Goodwin & Webb, 1980; Goodwin & Ceuppens, 1983; Jordan
et al. 1987) via IL-1 suppression (Herman & Robinson, 1984: Kunkel ef al. 1986). 1L.-1 is
a vital immunomodulator in the integration of host immunity because it produces the
necessary signal for B-cell, T-cell and non-specific immune activation; its depression will
result in reduced IL-2 and in the suppression of other lymphokines (Goodwin & Webb,
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1980; Weiss et al. 1986) (Fig. 2). Reduced IL-2 activity will in turn depress the helper:
suppressor lymphocyte ratio and prolong the impairment of natural killer-cell cyto-
toxicity, thus causing damage to vital endothelial cells, including hepatocytes, alveolar-
cytes, and medullary tubules, and may eventually lead to organ failure.

Nuritional support in inflammation

Protein substrate and immune function. The overall response to inflammation can be
viewed as a finely tuned integrated series of reactions that plunder fuel and amino acids
from peripheral tissues in order to maintain visceral protein synthesis, wound healing,
and host defences (Wannemacher et al. 1975; Wilmore, 1976; Blackburn er al. 1977,
Wannemacher, 1977). Nutritional support during this acute phase should be directed
towards supplementing the redistribution of amino acids.

A number of studies have demonstrated an increased demand for branched-chain
amino acids (BCAA) as carbon sources for oxidative energy during stress. In addition,
the liver has a reduced ability to clear aromatic amino acids while continually extracting
BCAA for protein synthesis (Dinarello, 1984a,b, 1988). In vitro studies have shown that
BCAA play a regulatory role both in skeletal muscle protein metabolism and in
increasing protein synthesis (Fulks et al. 1975; Blackburn et al. 1979; Tischler et al. 1982).
When given alone or combined with glucose to postoperative patients, BCAA have been
shown to improve nitrogen balance and to increase whole-body protein synthesis and
albumin renewal (Sukumar et al. 1985; Desai et al. 1987).

Regulation of protein synthesis is governed by variations in the amount of messenger
RNA, the amount of amino acid in the cell, or the amount of energy (ATP) supply.
Research in nutritional therapy should also focus on factors regulating cell protein
synthesis, since many of the co-operative interactions and activities of the immune
system, e.g. antibody synthesis, lymphocyte production, complement-mediated
bacteriolysis, cell-mediated cytolysis, and cytokines production, are dependent on
protein synthesis. The addition of certain dietary nucleotides such as RNA has been
shown to improve cellular immunity and antibody production (Kulkarni et al. 1986), thus
decreasing susceptibility to bacterial challenge.

Arginine supplementation in inflammatory disease may restore the low T3 and growth
hormone levels present in sepsis and lead to better cell preservation. Recent clinical
evaluation suggests that arginine could serve as an immunomodulator because of its
ability to enhance IL-2 production and lymphocyte proliferation (Reynolds et al. 1987).
Subsequent studies have also shown that supplemental dietary arginine enhances
blastogenesis to T-lymphocytes in response to mitogens (Barbul et al. 1981), reduces
protein catabolism and enhances the immune response after burn and trauma (Sitren &
Fisher, 1977; Barbul et al. 1984; Saito et al. 1987). The immunostimulatory role of
arginine may be attributed to its multiple secretagogue activities in several endocrine
glands, where it stimulates pituitary growth hormone and insulin (Sitren & Fisher, 1977;
Barbul er al. 1984).

Enteral administration of a glutamine-supplemented diet can also improve and
preserve mucosal cellularity, promote recovery, and contribute to improved N balance
(Kapedia et al. 1985; Souba et al. 1985; Fox et al. 1987; Jacobs et al. 1987). Recent
evidence has indicated that malnutrition in Crohn’s disease can be attributed to the
decreased intake of food due to anorexia, decreased intestinal absorption secondary to
inflammation of the bowel wall, leakage of visceral protein through inflamed mucosa,
and increased requirement of protein and energy as a result of the inflammatory state or
its complications (Hwang et al. 1986). In these conditions, glutamine, a preferred small

https://doi.org/10.1079/PNS19890048 Published online by Cambridge University Press


https://doi.org/10.1079/PNS19890048

324 JENNIFER M.-F. WAN AND OTHERS 1989 -

Table 1. Lipid classification

Saturates Polyunsaturates
- Monounsaturates
Medium-chain  Long-chain Oleic Linoleic y-Linolenic Linolenic
(Cs-Cr2) (C14-C24) (=-9) (-6) (w-6) (w-3)
Kernel oils Cocoa butter Olive Maize Blackcurrant  Linseed
Babassu Dairy fats Canola Cotton Borage Fish oils
Coconut Lard Safflower Soya Primrose Menhaden
Cohune Tallow (hybrid) Safflower Salmon
Palm kernel Palm Sunflower (regular) Mackerel
Tucum Stearine (hybrid) Sunflower Tuna
MCT oils (regular) Anchovy
Hydrogenation
Stearines Shortenings Margarine Salad oils

Long-chain triglycerides

bowel oxidative fuel, may help to promote intestinal recovery and to lessen muscle
wasting.

The return of cell-mediated immunity, macrophage function and perhaps IL-1
production may be brought about only by intensive nutritional supplements in the
protein-malnourished patient suffering from cancer, AIDS, or inflammatory bowel
diseases.

Manipulation of dietary fatty acid modulates inflammation. Today, nutritionists and
physicians interested in seeking an alternative lipid substrate to modify the state of
inflammation require a better understanding of the biological and physiological differ-
ences between lipids and oils. Differences in the fatty acid composition of fats and oils
clearly separate them into saturates, monounsaturates, and polyunsaturates. They are
further subdivided, based on their physiological and biological functions, into short-
chain (C>-Cs;), medium-chain (Ce-Cj2; MCT), and long-chain (Ci4-C24; LCT) triglycer-
ides. The polyunsaturates may be further divided into w-9, w-6, @-3 PUFA (Table 1).

In the absence of highly specific pharmacological enzyme inhibitors, the potency of
these eicosanoids can be modified by supplementing diets with fats low in linoleate (w-6
PUFA) content, such as coconut oil, or high in w-3 PUFA, such as fish oil. Choosing
lipids low in linoleic acid, such as MCT, can lower the AA content of membrane
phospholipids. It has been shown that rats fed on a diet in which 40% of the energy was
from coconut oil exhibited a lower urinary excretion of 6-keto-PGF.-a and lower
production of TXB; in the blood than rats receiving a diet containing the same
proportion of safflower oil (high in w-6 PUFA) (Croft et al. 1984). In an animal model,
chronic feeding of coconut oil or MCT, or both, has also been shown to lower spleen
phospholipid significantly and to decrease the metabolic response to E. coli endotoxin
(Wan & Grimble, 1987). Coconut oil also lacks the ability to promote the development
of mammary tumours (Chan et al. 1983; Cohen et al. 1984) in animal models when
compared with safflower oil or soya-bean oil, both of which contain mainly w-6 PUFA.

The reduction of phospholipid levels of AA (20:4w6) can also be achieved by dietary
enrichment with a-linolenic acid (18:3w3), either from plants (such as linseed oil) or from
marine fish oil, which contains high eicosapentaenoic acid (EPA) (20:5w3). The w-3
PUFA can deplete AA either by reversible or irreversible competitive inhibition with the

https://doi.org/10.1079/PNS19890048 Published online by Cambridge University Press


https://doi.org/10.1079/PNS19890048

Vol. 48 Nutrition and inflammation 325

B-6-desaturase enzyme, thereby preventing the first step in the conversion of linoleic acid
to AA (Magrum & Johnston, 1983, 1984).

Dietary experiments have shown that the addition of increasing amounts of w-3 PUFA
decreases PG and LT in serum tissue and macrophages (Magrum & Johnston, 1984;
Lokesh et al. 1986). Decreased production of the 2-series PG derived from the
macrophages of mice that have been fed on fish oil has been associated with a reduced
susceptibility to type II collagen-induced rheumatoid arthritis (Prickett et al. 1984; Leslie
et al. 1985) and has protected the WZB/NEW mouse from glomerular nephritis (Prickett
et al. 1981).

Both 3-series PG and 5-series LT produced from w-3 PUFA-enriched diets are
believed to be less inflammatory than those of the 2- and 4-series (Goldman er al. 1983;
Strasser et al. 1985). During in vitro studies of human neutrophils, EPA has been shown
to inhibit LTB4 elaboration and to yield a structurally analogous product, LTBs, with
markedly attenuated chemotactic and aggregating activities (Goldman et al. 1983; Lee
et al. 1985).

Dietary fish oil, rich in »-3 PUFA, is remarkably hypotriglyceridaemic and reduces
levels of very low density lipoprotein (VLDL) (Harris et al. 1984). Supplementation with
this lipid in a daily diet may reduce the severity of myocardial infarction (Culp et al. 1980)
and other inflammatory diseases. Studies on the incidence of ischaemic heart disease
(IHD) in fishing populations and Eskimos (Bang ez al. 1971; Kromman & Green, 1980)
found a negative correlation between dietary and tissue EPA levels and IHD. It was
suggested that the low incidence of IHD was due to EPA altering the balance between
TXA: and PGI; with a net anti-aggregatory effect (Hornstra et al. 1981).

The anti-inflammatory and reduced immunosuppressive properties of w-3 PUFA have
recently been considered in animal studies as an ideal lipid for both enteral and
parenteral nutrition. When given enterally as a post-burn lipid source, fish oil signifi-
cantly lowered metabolic expenditure and improved cell-mediated immune responses,
including lower adrenal weight and lower serum C3 levels as compared with those found
in burned guinea-pigs fed on safflower oil (Alexander ez al. 1986; Trocki et al. 1987). In
an animal model of endotoxic shock, long-term enteral feeding of fish oil also prevented
the development of metabolic acidosis (Pomposelli et al. 1988), a finding that suggests
the clinical relevance to patients at risk for developing septic shock.

Clinical problems with intra-lipid in total parenteral nutrition (TPN). The adminis-
tration of nutritional support to the patient with sepsis is complicated by the presence of
a hormone and monokine profile that is catabolic. When glucose is used as the energy
source, cholestasis and hepatomegaly secondary to hepatic lipogenesis can occur (Hall
et al. 1982) together with attenuated secretion of VLDL-triglycerides, probably in
response to impaired lipoprotein synthesis and injured hepatocytes (Young et al. 1983).

Based on these observations, it has been advocated that some of the glucose energy
should be replaced by fat. The mixed glucose-lipid system has been shown successfully to
reduce the content of triglycerides in the liver and blood while providing adequate
energy (Jeejeebhoy et al. 1976). Nevertheless, many complications have been observed
in hospitalized patients with the use of exogenous vegetable fat emulsions in TPN,
including diarrhoea, hepatomegaly, impaired clotting, reduced antibody formation,
impaired phagocytosis, and depressed function of the reticulo-endothelial system (RES).
These clinical problems may be related to the excessive production of PG and LT from
long-chain triglycerides (LCT) containing a high level of w-6 PUFA (54-70%) in the
emulsion. Under these circumstances, eicosanoids can enhance vasoconstriction, platelet
aggregation, neutrophil migration, immunosuppression, cytokine depression and free-
radical formation, all of which leads to secondary inflammation and sepsis.
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Other clinical problems related to the administration of LCT in TPN support are
related to the slow clearance of LCT from the bloodstream. When infused intravenously,
the lipid, in the form of oil microdroplets, is apparently taken up by phagocytic cells,
which then become clogged and are no longer capable of phagocytosis (Saba & Luzio,
1969; Curnutte & Babior, 1974; Lauser & Saba, 1982). Evidence has shown that infusion
of LCT at above 50% of non-protein energy causes gross hepatomegaly and spleno-
megaly due to impaired macrophage function (Hamawy et al. 1985; Sobrado et al. 1985).
The trapped fat globules in alveolar capillaries, as well as in the alveolar cells, may cause
biochemical changes in the lung that contribute to adult respiratory distress syndrome
(Freedman et al. 1978). Furthermore, LCT have a detergent-like property and can
disrupt Gram-positive bacteria that lack the protective lipopolysaccharide coating, thus
encouraging conditions favourable to the overgrowth of Gram-negative bacteria
(Kodicek & Worden, 1945; Sheu & Freese, 1973).

Collectively, these studies indicate that lipid emulsions high in long-chain w-6 PUFA
as used in current TPN support can potentially ‘overwork’ the immune system by causing
bacterial sequestration to vital organs, such as the liver, spleen and lung. Their use may
also lead to over-production of eicosanoids, proteolytic enzymes, and free-radicals,
further impairing the immune system and prolonging inflammation.

Problems with the clinical use of LCT in lipid emulsion have been ameliorated by the
use of MCT. Having C chain lengths of Ce and C,3, these fatty acids can enter the portal
vein directly and, independent of the carnitine pathway, enter into the mitochondria,
quickly undergoing B-oxidation to ketone bodies, thus supplying a unique and readily
available fuel (Guisard & Debry, 1972; Sailor & Muller, 1981). The rapid clearance of
MCT from the blood due to their smaller molecular size and greater solubility (Bach &
Babayan, 1982) favours normal hepatic and splenic RES function and results in less
pulmonary sequestration of bacteria (Curnutte & Babior, 1974; Freedman et al. 1978;
Lauser & Saba, 1982; Hamawy et al. 1985; Sobrado er al. 1985).

MCT have been used clinically for therapeutic applications in a variety of conditions,
including pancreatic insufficiency, bile duct obstruction, and other liver diseases.
Nevertheless, there are potentially serious adverse effects from parenteral MCT, such as
essential fatty acid deficiency and ketosis in susceptible patients (Bach et al. 1974;
Gordon et al. 1975). The efficacy of MCT in the presence of inflammatory disease awaits
further investigation.

In developing a therapeutic option, Babayan (1987), in our laboratory, has recently
introduced a new product termed ‘structured lipid’, which consists of both medium- and
long-chain fatty acids (Babayan, 1987). When administered either parenterally or
enterally to burned animal models, this rearranged triglyceride has demonstrated

Table 2. Recommendations for vitamin and mineral intakes

Water-soluble vitamins (mg/d) Fat-soluble vitamins (mg/d) Trace clements (mg/d)
Folic acid 400 Vitamin A 1-0 Zinc 2-54-0
Thiamin 3.0 Vitamin D 0-005 Copper 0-5-1-5
Vitamin C 100-300 Vitamin E 10 Selenium 0-1

Biotin 60 Vitamin K 10 Chromium 0-01-0-015
Niacin 40 L-carnitine 500-2000 Manganese 0-15-0-8
Vitamin Bg 4.0

Riboflavin 36

Pantothenic acid 15

Vitamin B, 5-0
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protein-sparing qualities superior to those of conventional triglycerides, as reflected in
better N balance and albumin synthesis (Mok et al. 1984; DeMichele et al. 1987; Mascioli
et al. 1987).

The combined features of LCT in the form of w-3 PUFA (fish oil), and MCT in the
form of coconut oil in a ‘structured lipid’ may result in decreased infection and improved
survival rates by producing fewer inflammatory eicosanoids, and, at the same time, serve
as a more efficient fuel.

Micronutrients. Micronutrient deficiency is often associated with defects in a number
of organ systems, including the gastrointestinal, cardiovascular, haematological, and
musculoskeletal systems. Administration of micronutrients such as trace elements and
vitamins should be included in the nutritive support of patients who are more susceptible
to deficiency as a result of increased utilization, diarrhoea, bowel and biliary losses, and
excess urinary losses. A trace element and multivitamin preparation is shown in Table 2
(Brewer et al. 1985).

The abnormalities associated with Zn deficiency include impaired antibody-mediated
responses to both T-cell-dependent and T-cell-independent antigens, impaired natural
killer-cell activity and platelet aggregation, defective chemotaxis of leukocytes, and
delayed wound healing (Weston et al. 1977; Gordon & O’Dell, 1980; Fraker et al. 1986).
Zn deficiency in relapsing Crohn’s disease alters the distribution of surface markers of
T-helper cells and induces the production of cytotoxic T-cells; its supplementation
restores the number of T-helper lymphocytes (Couvreur et al. 1986).

Zn is the metal component or activator of many enzymes, such as carbonic anhydrase
(EC 4.2.1.1) and alkaline phosphatase (EC 3.1.3.1). Its availability governs the tissue
concentrations and activities of certain Zn metalloenzymes that are involved in the
synthesis of acute-phase proteins (Valle, 1959; Pekarek et al. 1972; Sobocinski et al.
1979). Thus, supplementation with Zn of the diet of malnourished patients with
inflammatory disease may be essential to improve the rate of synthesis of nucleic acids
and protein, thereby accelerating tissue growth and the repair processes. Furthermore,
the role of Zn in the stabilization of plasma membranes (Chvapil et al. 1972; Chvapil,
1986) suggests its potential use as a free-radical scavenger.

Fe is an element required for the production of haemoglobin, myoglobin, and certain
essential enzymes; its deficiency leads to anaemia. However, care must be taken when
administering Fe to the malnourished patient with inflammation who also has low levels
of plasma protein, since increased levels of free Fe in conjunction with low concen-
trations of serum transferrin can increase susceptibility to bacterial pathogens (Bullen,
1981).

Microvascular endothelial cell injury caused by oxidants occurs after re-perfusion of
ischaemic tissues and may be attenuated by administration of free-radical scavengers.
Addition of Cu, Zn, selenium, and vitamins E and C to the diet may prevent the
formation of excessive oxygen free-radicals during phagocytosis and other inflammatory
processes (Chow & Tappel, 1974; Bettger & O’Dell, 1981; Herman, 1981; Aust et al.
1985; Halliwell, 1987). These scavengers can protect hepatic mitochondria and
microsomes as well as membrane lipids from peroxidative degradation (Combs et al.
1975). The potential role of other principal essential antioxidants, including @3-carotene
and vitamins A and C, in the body’s defence against oxidative agents (Gey et al. 1987)
requires further investigation. In rodents and piglets, supplementation with vitamins C
and E has already been shown to reduce atherosclerotic-like lesions (Gey, 1986).

With a better understanding of the contribution of other important micronutrients,
such as iodine in thyroid hormone production, magnesium in intracellular enzyme
activity, and Fe in O, and electron transport (Brewer et al. 1985), nutritionists and
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Table 3. Phenotyping of T- and B-lymphocytes and their subsets

Population

Total T-cells

Helper T-cells

Helper inducer T-cells
Suppressor inducer T-cells
Suppressor—cytotoxic T-cells
Natural killer-cells

Total B-cells

Activated helper T-cells

Activated suppressor-cytotoxic T-cells

Activated natural killer-cells
v T-cell receptor T-cells
Cytotoxic T-cells

IL-2 receptor on monocytes
LFA receptor on neutrophils
Immature neutrophils
Helper inducer T-cells
Suppressor inducer T-cells

Phenotype

CD2+, CD3+

CD3+, CD4+

CD4+, 4B4+(CD45R)

CD4+,2H4+

CD3+, CD8+

NKH1+

CD20+, CD19+, also CD5+ subset

CD4+, IL-2 receptor (CD25)+, CD+,
HLA-Dr+

CD3+, CD8+, HLA-Dr+, CD3+, CD8+,
IL-2 receptor (CD25)+

NKHI1+, CD8+, CD11+

CD3+, CD4—, CD8-

CD3+, CD8+, S6F1+

CD14+, CD25+

CD11+

CD10+, CDI1+

CD4+, 4B4+, Leu8+

CD4+, 2H4+, Leu8+

1989

IL-2, interleukin-2.

physicians will be able to prescribe optimal nutritional therapy for each patient. The
previously described evidence suggests that dietary manipulation of both total parenteral
and enteral nutritional support may be an important therapeutic tool in regulating the
inflammatory processes.

Immunotherapy

Recent availability of flow cytometric immunofluorescence methods with the use of
monoclonal antibodies has revealed the pattern of immune suppression in patients with
multiple organ failure (Nishijima et al. 1986). Abnormalities in the immune system have
included decreased T-cell response to mitogens, decreased antibody concentrations,
alteration of T-cell subsets, decreased levels of IL-1 and IL-2, high suppressor:helper
T-cell ratios, and the presence of an immunosuppression peptide (Abraham & Change,
1986; Radosevich et al. 1988). Though the exact mechanism of action of the defects in
immunity remains unclear, maintenance or restoration of the integrity of the immune
system by the administration of inmunoadjuvants in clinical medicine may help to boost
the body’s natural defence mechanisms.

However, before immunoadjuvants are used, a complete understanding of the T-cell
and B-cell phenotypes (Table 3) and their interaction with each other is essential. Since
the immune system is a highly complex and interactive network of cells and molecules,
treatment of one component may perturb the entire system, resulting in significant
toxicity.

Recently, immunologists have classified T-lymphocytes into different ‘cluster desig-
nations’ and have further subdivided them into ‘effector’ and ‘regulatory’ T-cells. The
effector cells include the cytotoxic T-cells and the delayed-type hypersensitivity T-cell.
They ‘see’ antigen in the context of the class I and class II components of MHC. The
regulator T-cells are the T-helper (Tu) and the T-suppressor (Ts) cells. The former bear
the CD4 markers and ‘help’ the B-cells to produce antibody; the latter have the CD8
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markers and ‘negatively’ regulate B-cells and other immune functions. Both ‘T-helper’
and ‘T-cytotoxic’ cells differentially modulate macrophage function in response to an
antigen, thus determining the host’s ability to combat infection.

Immunotherapy should aim at a balance between Ts and Ty cells so as to modulate the
‘hyperimmune’ environment of activated macrophages and Kkiller-cells that might be
harmful to tissues and vital organs. In this regard, monoclonal antibodies are useful
agents for both diagnostic and therapeutic approaches. Anti-thymocyte globulin therapy
has already been used effectively in depressing T-suppressor cell function in patients with
severe aplastic anaemia (Radosevich et al. 1988). In animal models, anti-cachectin/TNF,
monoclonal antibodies, and anti-serum have been successful in blocking many of the
deleterious effects of septic shock during lethal bacteraemia (Beutler ez al. 1985).

MHC antigen may also indicate another potential site of therapeutic intervention in
allogenic rejection and endotoxaemia related to cell membrane injury. It has been
postulated that MHC antigen on the surface of a metabolically active S+ phenotype cell
is highly immunogenic, whereas the same antigen presented on the surface of the cell of
the S— phenotype is non-immunogenic for the T-lymphocytes (Lafferty et al. 1985). The
removal of the S+ cells may reduce immunogenicity in a hyperimmune environment.
Modestly prolonged pancreas allograft survival has already been achieved in non-
immunosuppressed recipients with anti-class II monoclonal antibodies (Lloyd et al. 1987)
or ¥-INF (Markmann et al. 1987) by eliminating the class II-positive dendritic cells,
which are potent stimulators of allograft rejection (Lloyd et al. 1987).

Among experimental approaches, cyclosporin has been regarded as a unique
immunomodulator because of its ability to inhibit antigen presentation by human
monocytes to class I MHC without affecting the expression of human leukocyte
antigen-DR (activated cytotoxic T-cell) (Snyder et al. 1987). The immunosuppressive
effects of cyclosporin occur via inhibition of IL-2 and IL-4 production, both of which are
involved in the pathogenesis of graft v. host disease (Forman et al. 1987; Yee et al. 1988)
and autoimmune diseases (Geha, 1988). Recent evidence has demonstrated that
replacing conventional olive oil with fish oil as a vehicle for cyclosporin improves
immunosuppressive effects and reduces nephrotoxicity (Kirkman et al. 1987). The
immunosuppressive activity of cyclosporin is mediated through binding to Ca calmodu-
lin, but its action is ineffective against activation mediated by PKC (Weiss et al. 1986).

The efficacy of immunomodulators, including y-INF and a-INF, IL-1 and IL-2, TNF,
or combinations used in clinical medicine (Fanci et al. 1987), is still in doubt, with
reservations mainly related to the complexity of the immunoregulatory network.
Nevertheless, the synergistic effects of IL-1, interferon, and IL-2 have proved successful
in cytotoxicity (Dempsey & Dinarello, 1982). Evidence also indicates that the diminished
tumour killing by natural killer-cells from patients with cancer can be overcome by
treating with IL-1 (Dinarello e al. 1986) and TNF (Nathan et al. 1983). Adjuvant therapy
with vaccines containing microbial products or lipopolysaccharide may be essential
during IL-1 treatment in cancer, since IL-1 activation of T-cell or B-cell proliferation is
dependent on antigen presentation (Dinarello et al. 1986; Fanci et al. 1987).

Both y-INF and a-INF are also regarded as good antiproliferative agents (Nathan et al.
1983). High doses of interferon are immunosuppressive and inhibit both B- and T-cell
proliferation, but low doses can stimulate the immune system, primarily by increasing
the cytocidal activity of natural killer-cells, macrophages, and T-lymphocytes. TNF has
anti-viral, anti-parasitic, and anti-tumour effects with a specific effect on infected cells
(Creasey et al. 1987). These effects are similar to and synergistic with those of y-INF.
These findings have pointed to the possibility of combination therapy against a wide
range of viral diseases, including AIDS.
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Fig. 5. Hypothetical summary of nutritional and immunological supports in inflammatory diseases. w-PUFA,
w-polyunsaturated fatty acids; LPS, lipopolysaccharides; IL-1/TNF, interleukin-1/tumour necrosis factor;
MCT, medium-chain triglycerides; O-, oxygen free-radical; PGE;, prostaglandin E>; —ve, inhibition; BCAA,
branched-chain amino acids.

The choice of an immunopotentiator such as isoprinosine, which increases both IL-1
and IL-2 production in patients with AIDS (Tang et al. 1985), may be safer than direct
administration of IL-2, when its side-effects are taken into account. With further
knowledge about the immunological patterns of individuals following injury, infection,
and sepsis, immunomodulation by use of selective diets, monoclonal antibodies and
recombinant monokines and lymphokines may help to restore the host’s normal defence
system (Fig. 5).

Summary

The collective evidence suggests that nutritional insult to both cell-mediated and
humoral immunity in the presence of protein-energy malnutrition contributes to
abnormalities of inflammation. The primary goal of nutritional support in inflammatory
disease is to provide adequate energy and protein to meet endogenous requirements for
tissue repair, IL-1 production, and restored cellular function, thus preventing secondary
infection.

Substrate provision should aim at improving the acute phase of injury while avoiding
immune dysfunction. This goal may be achieved be altering the eicosanoid pathway
toward a more regulated inflammatory state. In the context of allograft response,
macrophages are central to the initiation of allosensitization by virtue of their ability to
present antigen to T-cells. Activated T-cells may further modulate macrophage function
by the secretion of lymphokines. Manipulation of macrophage eicosanoid production by
dietary w-3 PUFA may reduce cellular immune response.
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Table 4. Feeding regimens for critically ill patients

Macronutrients Present Investigational Future
Carbohydrate (mg/kg per min) 2-5 2-5 2-5
Glucose (as % total carbohydrate) 100 50 50
Xiylitol (polyol) (as % total carbohydrate) 0 50 50
Protein (g/kg per d) 1-5-2-0 1-5-2-5 1-5-2-5
EAA:NEAA 50:50 60:40 60:40
BCAA (as % total) 18-22 35-50 35-50
Glutamine* (as % protein) 0-0 0-05 >0-05
Arginine* (as % protein) 0-02 10 >10
Fat energy (as % total energy) 30-50 30-50 30-50
Long-chain triglyceride (LCT)* 100 25 0
Medium-chain triglyceride (MCT)t 75 or 50 0 0
Fish oil (FO)t 0 25 <40
Structured lipid (LCT-MCT)t 0 0 100 or 60
Structured lipid (FO-MCT)+ 0 0 100
y-Linolenic acidt 0 0 ?

EAA:NEAA, ratio essential amino acids:non-essential amino acids; BCAA, branched-chain amino acids.
*Intravenous.
tAs % of total energy from fat.

Nutritional support should also focus on providing essential micronutrients, with their
potentially immunomodulating role, as adjunctive therapy in order to protect the host
from toxic effects of free-radicals and chemicals released during inflammatory events.
(Feeding regimens currently under investigation and development are presented in Table
4.)

By integrating dietary immunotherapy with the use of recombinant hormones,
monoclonal antibodies, and various available monokines, an optimal outcome for each
patient may be achieved. However, effective application of immunotherapy to nu-
tritional supplementation will require accurate monitoring of immune function in
individual patients in order to avoid inappropriate treatment.

The authors gratefully acknowledge the assistance of Peter Ihm, Kelley Selleck, Sarah
Stephens, and Michelle Kienholz in the preparation of this manuscript.

REFERENCES

Abraham, E. & Change, Y. H. (1986). Critical Care Medicine 14, 81-85.

Alexander, J. W, Saito, H., Trocki, O. & Ogle, C. K. (1986). Annals of Surgery 204, 1-8.

Ashman, R. B. & Nahmias, A. J. (1977). Clinical and Experimental Immunology 29, 464-467.

Aust, S. D., Morehouse, L. A. & Thomas, C. E. (1985). Journal of Free Radicals in Biological Medicine 1,
3-25.

Babayan, V. K. (1987). Lipids 22, 417-420.

Bach, A. C. & Babayan, V. K. (1982). American Journal of Clinical Nutrition 36, 950-960.

Bach, A., Guisad, D., Debry, G. & Metais, P. (1974). Archives Internationales de Physiologie et de Biochimie
82, 705-719.

Bang, H. O., Dyerberg, J. & Nielsen, A. B. (1971). Lancet i, 1143-1145.

Bankhurst, A. D. (1982). Journal of Clinical and Laboratory Immunology 7, 85-91.

Baracos, V., Rodeman, H. P., Dinarello, C. A. & Goldberg, A. L. (1983). New England Journal of Medicine
308, 553-558.

https://doi.org/10.1079/PNS19890048 Published online by Cambridge University Press


https://doi.org/10.1079/PNS19890048

332 JENNIFER M.-F. WAN AND OTHERS 1989

Barbul, A., Sisto, D. A., Wasserkrug, H. L. & Efron, G. (1981). Surgery 90, 244-251.

Barbul, A., Wasserkrug, H. L., Yoshimura, N., Tao, R. & Efron, G. (1984). Journal of Surgical Research 36,
620-624.

Bell, R. H. & Hazell, L. A. (1975). Journal of Experimental Medicine 141, 127-137.

Bettger, W. J. & O’Dell, B. L. (1981). Life Sciences 28, 1425-1438.

Beutler, B., Milsark, I. W. & Cerami, A. C. (1985). Science 229, 869-871.

Blackburn, G. L., Maini, B. S. & Peirce, E. C. (1977). Anesthesiology 47, 181-194.

Blackburn, G. L., Moldawer, L. L., Usui, S., Bothe, A., Stephen, J., O’Keefe, D. & Bistrian, B. R. (1979).
Surgery 86, 307-315.

Bodel, P. T. & Hollingsworth, J. W. (1969). British Journal of Experimental Pathology 49, 11-19.

Borgeat, P. & Samuelsson, B. (1979a). Proceedings of the National Academy of Sciences, USA 76, 2148-2152.

Borgeat, P. & Samuelsson, B. (1979b). Journal of Clinical Investigation 68, 1243-1250.

Brewer, G. J., Hill, G. M. & Cossack, Z. T. (1985). Journal of the American College of Nutrition 4, 33-38.

Brucher, J., Teodorescu, M., Gaspar, A., Stefanescu, D. T. & Badulescu, S. (1973). Archives Roumaines de
Pathologie Experimentale et de Microbiologie 32, 297-300.

Bullen, J. J. (1981). Reviews of Infectious Diseases 3, 1127-1138.

Burns, C. P, Luttenegger, D. G., Dudley, D. T., Buettner, G. R. & Spector, A. A., (1979). Cancer Research
39, 1726-1732.

Carlomagno, M. A., Alito, A. E. & Gimeno, A. L. (1980). Acta Physiologica Latinoamericana 30, 187-193.

Castanga, M., Takai, Y., Kaibuchi, K., Kimihikos, S., Kikkawa, V. & Nishizuka, Y. (1982). Journal of
Biological Chemistry 257, 7847-7851.

Chan, P. C., Ferguson, K. A. & Dao, T. L. (1983). Cancer Research 43, 1079-1083.

Chandra, R. K. (1979). Acta Paediatrica Scandinavica 68, 137-144.

Chandra, R. K. (1983). Clinical and Experimental Immunology 51, 126-130.

Chow, C. K. & Tappel, A. L. (1974). Journal of Nutrition 104, 444-451.

Chvapil, M. (1986). Medical Clinics of North America 70, 799-812.

Chvapil, M., Ryan, J. N. & Zukoski, C. (1972). Proceedings of the Society for Experimental Biology and
Medicine 140, 642-646.

Cohen, L. A., Msaeura, T. Y. & Weisburger, J. H. (1984). Cancer Research 44, 5023-5028.

Combs, G. F., Noguchi, T. & Scott, M. L. (1975). Federation Proceedings 34, 2090-2095.

Couvreur, Y., Quarre, J. P., Bailly, A. & Cornut, P. (1986). Journal of Parenteral and Enteral Nutrition 10,
239-241.

Creasey, A. A., Doyle, L. V., Reynolds, M. T., Jung, T., Lin, L. S. & Vitt, C. R. (1987). Cancer Research 47,
145-149.

Creticos, P. S., Peters, S. P., Adkinson, N. F., Naclerio, R. M., Hayes, E. C., Norman, P. S. & Lichtenstein,
L. M. (1984). New England Journal of Medicine 310, 1626-1630.

Croft, K. D., Beilin, L. J., Vandongen, R. & Mathews, E. (1984). Biochimica et Biophysica Acta 795, 196-207.

Crowell, O., Walport, M. J., Morris, H. R., Hodson, M. E., Taylor, G. W., Batten, J., Norman, P. S. &
Lichtenstein, L. M. (1981). Lancet ii, 164-165.

Culp, B. R., Lands, W. E. M., Lucchesi, B. R., Pitt, B. & Romson, J. (1980). Prostaglandins 20, 1021-1031.

Curnutte, J. T. & Babior, B. M. (1974). Journal of Clinical Investigation 53, 1622-1672.

Cybulsky, M. I, Chan, M. K. W. & Movat, H. Z. (1988). Laboratory Investigation 58, 365-378.

Cybulsky, M. I. & Movat, H. Z. (1982). Experimental Lung Research 4, 47-66.

DeMichele, S. J., Karlsted, M. D., Bistrian, B. R., Istfan, N. W. & Blackburn, G. L. (1987). Circulatory
Shock 21, 340 Abstr.

Dempsey, R. A. & Dinarello, C. A. (1982). Journal of Immunology 129, 2504-2510.

Desai, P. S., Bistrian, B. R. & Blackburn, G. L. (1987). Archives of Surgery 122, 760-764.

Dinarello, C. A. (1984a). Reviews of Infectious Diseases 6, 51-95.

Dinarello, C. A. (1984b). New England Journal of Medicine 311, 1413-1418.

Dinarello, C. A. (1988). FASEB Journal 2, 108-115.

Dinarello, C. A., Cannon, J. G., Mier, J. W., Bernheim, H. A., LoPreste, G., Lynn, D. L., Love, R. N.,
Webb, A. C., Auron, P. E., Reuben, R. C., Rich, A., Wolff, S. M. & Putney, S. D. (1986). Journal of
Clinical Investigation 717, 1734-1739.

Drabik, M. D., Schnure, F. C., Mok, K. T., Moldawer, L. L., Dinarello, C. A., Blackburn, G. L. & Bistrian,
B. R. (1987). Journal of Laboratory and Clinical Medicine 109, 509-516.

Duff, G. W. & Durum, S. K. (1982). Yale Journal of Biology and Medicine §5, 437-442.

Fanci, A. S., Rosenberg, S. A., Sherwin, S. A., Dinarello, C. A., Longo, D. L. & Lane, H. C. (1987). Annals
of Internal Medicine 106, 421-429.

https://doi.org/10.1079/PNS19890048 Published online by Cambridge University Press


https://doi.org/10.1079/PNS19890048

Vol. 48 Nutrition and inflammation 333

Fantone, J. C. & Ward, P. A. (1982). American Journal of Pathology 107, 397-418.

Fontana, A., Hengartner, H., Weber, E., Fehr, K., Grob, P. J. & Cohen, G. (1982). Rheumarology
International 2, 49-53.

Forman, S. J., Blume, K. G., Krance, R. A., Metter, M. G. E., Hill, R., O’'Donnell, M. R., Nademanee,
A. P. & Synder, D. S. (1987). Transplantation Proceedings 19, 2605-2613.

Fox, A. D., Kripke, S. A., Berman, J. R., Settle, G. & Rombeau, J. C. (1987). Surgical Forum 38, 43-44.

Fraker, P. J., Gershwin, M. E., Good, R. A. & Prasad, A. (1986). Federation Proceedings 45, 1474-1479.

Freedman, Z., Marks, K. H., Maisels, J. M., Thorson, M. B. R. & Naeye, R. (1978). Pediatrics 61, 694-658.

Fulks, R. M., Li, J. B. & Goldberg, A. L. (1975). Journal of Biological Chemistry 250, 290-298.

Geha, R. S. (1988). Hospital Practice 23, 91-102.

Gery, I. & Wahsman, B. H. (1972). Journal of Experimental Medicine 136, 143-155.

Gey, K. F. (1986). Bibliotheca Nutritio et Dieta 37, 53-91.

Gey, K. F., Brubacher, G. B. & Stahelin, H. B. (1987). American Journal of Clinical Nutrition 45, 1368-1377.

Goetzl, E. J. (1981). Medical Clinics of North America 65, 809-828.

Goldman, D. W.,, Pickett, W. C. & Goetzl, E. J. (1983). Biochemical and Biophysical Research Communi-
cations 117, 282-288.

Goodwin, J. & Ceuppens, J. (1983). Journal of Clinical Immunology 3, 295-315.

Goodwin, J. S. & Webb, D. R. (1980). Clinical Immunology and Immunopathology 15, 106-122.

Gordon, E. E., Dugar, J. & Metais, P. (1975). Diabetes 24, 301-306.

Gordon, P. R. & O’Dell, B. L. (1980). Journal of Nutrition 110, 2121-2124.

Gross, R. L. & Newbeme, F. M. (1980). Physiological Reviews 60, 188-302.

Guisard, D. & Debry, G. (1972). Hormone and Metabolic Research 4, 509.

Hall, R. L., Grant, J. P., Ross, D. H., Coleman, R. A., Bozovic, M. G. & Quarfordt, S. H. (1982). Journal of
Clinical Investigation 74, 1658-1668.

Halliwell, B. (1987). FASEB Journal 1, 358-364.

Hamawy, K. J., Molawer, L. L., Georgieff, M., Valicenti, A. J., Babayan, V. K., Bistrian, B. R. &
Blackburn, G. L. (1985). Journal of Parenteral and Enteral Nutrition 9, 559-565.

Hanahan, D. J. (1986). Annual Review of Biochemistry 55, 483-509.

Harris, W. S., Connor, W. E., Inkeles, S. B. & Illingworth, D. R. (1984). Metabolism 33, 1016-1019.

Hasler, F., Bluestein, H. G., Zvaifler, N. J. & Epstein, L. B. (1983). Journal of Immunology 131, 768-772.

Herman, D. (1981). Proceedings of the National Academy of Sciences, USA 78, 7124-7128.

Herman, J. & Robinson, A. R. (1984). Clinical and Experimental Immunology 57, 380-384.

Hoffman-Goetz, L. & Kluger, M. J. (1979a). Journal of Physiology 295, 419-430.

Hoffman-Goetz, L. & Kluger, M. J. (1979b). American Journal of Clinical Nutrition 32, 1423-1427.

Hoffman-Goetz, L., McFarlane, D., Bistrian, B. R. & Blackburn, G. L. (1981). American Journal of Clinical
Nutrition 34, 1109-1114.

Hornstra, G., Hazelhof, E. C., Haddeman, E., Hoor, F. T. & Nugteren, D. H. (1981). Prostaglandins 21,
727-738.

Hwang, T. L., O'Dwyer, S. T., Smith, R. J. & Wilmore, D. W. (1986). Surgical Forum 37, 56-58.

Ingham, H. R., Sisson, P. R., Middleton, R. L., Narang, H. K., Codd, A. A. & Selkon, J. B. (1981). Journal
of Medical Microbiology 14, 391-399.

Jacka, T., Bernard, C. C. A. & Singer, G. (1983). Life Sciences 32, 1023-1030.

Jacobs, D. O., Evans, A., O'Dwyer, S. T., Smith, R. J. & Wilmore, D. W. (1987). Surgical Forum 38, 45-47.

Jaffe, B. M. (1974). Prostaglandins 6, 453—461.

Jampel, H. D., Duff, G. W., Gershen, R. K., Atkins, E. & Durum, S. K. (1983). Journal of Experimental
Medicine 157, 1229-1238.

Janoff, A. & Carp, H. (1982). In Current Topics in Inflammation, pp. 62-72 [G. Majno, R. S. Cotran and J. E.
Kaufman, editors]. Baltimore: Williams and Wilkins.

Jeejeebhoy, K. N., Anderson, G. H., Nakhooda, A. F., Greenberg, 1. S. & Marliss, E. B. (1976). Journal of
Clinical Investigation 57, 125-136.

Jordan, M. L., Hoffman, R. A., Debe, E. F., West, M. A. & Simmons, R. L. (1987). Transplantation 43,
117-123.

Kaibuci, K., Tsuda, T., Kikuchi, A., Tanimoto, T., Yamashita, T. & Takai, Y. (1986). Journal of Biological
Chemistry 261, 1187-1192.

Kampschmidt, R. F. (1981). In Infection: Physiologic and Metabolic Responses of the Host, pp. 55-74 [M. C.
Powanda and P. G. Canonico, editors]. Amsterdam: Elsevier.

Kapedia, C. R., Colpoys, M. F., Jiang, Z. M., Johnson, D. J., Smith, R. J. & Wilmore, D. W. (1985). Journal
of Parenteral and Enteral Nurrition 9, 583-589.

https://doi.org/10.1079/PNS19890048 Published online by Cambridge University Press


https://doi.org/10.1079/PNS19890048

334 JENNIFER M.-F. WAN AND OTHERS 1989

Keenan, R. A., Moldawer, L. L., Yang, R. D., Blackburn, G. L. & Bistrian, B. R. (1982). Journal of
Laboratory and Clinical Medicine 100, 844-850.

Kennedy, M. S., Stebo, J. D. & Godyne, M. E. (1980). Prostaglandins 20, 135-145.

Kirkman, R. L., Barret, L. V., Strom, T. B. & Kelly, V. E. (1987). Surgical Forum 38, 394-395.

Klickstein, L. B., Shapleigh, C. & Goetzl, E. J. (1980). Journal of Clinical Investigation 66, 1166-1170.

Knudson, R. J., Dinarello, C. A. & Strom, T. B. (1986). Journal of Immunology 137, 3189-3194.

Kodicek, E. & Worden, A. N. (1945). Biochemical Journal 39, 78-85.

Koster, F. & Pierce, N. F. (1985). Clinical and Experimental Immunology 60, 217-224.

Kromman, N. & Green, A. (1980). Acta Medica Scandinavica 208, 401-406.

Kulkarni, A. D., Fanslow, W. C., Rodolph, F. B. & Van Buren, C. T. (1986). Journal of Parenteral and
Enteral Nutrition 10, 169-171.

Kunkel, S. L., Chensue, S. W. & Phan, S. H. (1986). Journal of Immunology 136, 186-196.

Lafferty, K. L., Prowse, S. I., Babcock, S. & Gill, R. (1985). Surgical Clinics of North America 66, 1231-1253.

Lauser, M. E. & Saba, T. M. (1982). Surgery 90, 473-481.

Lee, T. H., Hoover, R. L., Williams, J. D., Sperling, R. I., Ravalese, J., Spur, B. W., Robinson, D. R.,
Corey, E. J., Lewis, R. A. & Austen, K. F. (1985). New England Journal of Medicine 312, 1217-1224.

Lehrer, R. 1. (1988). Annals of Internal Medicine 109, 127-142.

Leslie, C. A., Gonnerman, W. A., Ullman, D. M., Hayes, K. C., Franzblau, C. & Cathcart, E. S. (1985).
Journal of Experimental Medicine 162, 1336-1349.

Lewis, R. A. & Austen, K. F. (1984). Journal of Clinical Investigation 73, 889-897.

Li, T. K. & Vallee, B. L. (1980). In Modern Nutrition in Health and Disease, pp. 408-413 [R. S. Goodhard and
M. E. Shils, editors]. Philadelphia: Lea and Febiger.

Lloyd, D. M., Gaber, O., Buckingham, M., Stuart, F. P. & Thistlethwaite, J. R. Jr (1987). Surgical Forum 38,
375-377.

Lokesh, B. R., Hsieh, H. L. & Kinsella, J. E. (1986). Journal of Nutrition 116, 2547-2552.

Magrum, L. J. & Johnston, P. V. (1983). Lipids 18, 514-521.

Magrum, L. J. & Johnston, P. V. (1984). Biochimica et Biophysica Acta 836, 354-360.

Malave, 1., Nemeth, A. & Blanca, S. (1978). International Archives of Allergy and Applied Immunology 56,
128-135.

Markmann, J. F., Jacobson, J., Tozan, A., Fox, 1. J., Strome, P. & Naji, A. (1987). Surgical Forum 38,
356.

Marshall, L. A. & Johnston, P. V. (1985). Journal of Nutrition 115, 1572-1580.

Mascioli, E. A., Bistrian, B. R. & Babayan, V. K. (1987). Lipids 22, 421-423.

Matthay, M. A., Eschenbacher, W. E. & Goetzl, E. J. (1984). Journal of Clinical Immunology 4, 479-483.

Mertin, J. & Hunt, R. (1976). Proceedings of the National Academy of Sciences, USA 73, 928-931.

Mok, K. T., Maiz, A., Yamazaki, K., Sorado, J., Babayan, V. K., Moldawer, L. L., Bistrian, B. R. &
Blackburn, G. L. (1984). Metabolism 33, 910-915.

Moncada, S. & Vane, J. R. (1979). New England Journal of Medicine 17, 1142-1147.

Morley, J. (1986). Agents and Actions 19, 100-108.

Movat, H. Z. & Wasi, S. (1985). American Journal of Pathology 121, 404-417.

Nathan, C. F., Murray, H. W., Wiebe, M. E. & Rubin, B. Y. (1983). Journal of Experimental Medicine 158,
670-689.

Needleman, P. (1978). Biochemical Pharmacology 27, 1515-1518.

Nishijima, M. K., Takezawa, J., Hosotsubo, K. K., Takahashi, H., Shimada, Y. & Yoshiya, I. (1986). Critical
Care Medicine 14, 87-91.

Nishizuka, U. (1984). Nature 308, 193-198.

Nohr, C. W., Tchervenkov, J. 1., Meakins, J. L. & Christon, N. V. (1986). Journal of Surgical Research 40,
432-437.

O'Driscoll, B. R. C., Cromwell, O. & Kay, A. B. (1984). Clinical and Experimental Immunology 55, 397-404.

Palmer, R. M. J., Stepney, R. I., Higgs, G. A. & Eakins, K. E. (1980). Prostaglandins 20, 411-418.

Pekarek, R. S., Wannemacher, R. W. & Beisel, W. R. (1972). Proceedings of the Society for Experimental
Biology and Medicine 140, 685-688.

Pepys, M. B. & Baltz, M. L. (1983). Advances in Immunology 34, 142-212.

Pettipher, E. R., Higgs, G. A. & Henderson, B. (1986). Proceedings of the National Academy of Sciences,
USA 83, 8749-8753.

Piquet, P. F., Grau, G. E., Allet, B. & Vassalli, P. (1987). Journal of Experimental Medicine 166, 1280-1289.

Pohlman, T. H., Stanness, K. A. & Beatty, P. G. (1986). Journal of Immunology 136, 4548-4553.

https://doi.org/10.1079/PNS19890048 Published online by Cambridge University Press


https://doi.org/10.1079/PNS19890048

Vol. 48 Nutrition and inflammation 335

Pomposelli, J. J., Flores, E. A., Bistrian, B. R. & Blackburn, G. L. (1988). Journal of Parenteral and Enteral
Nutrition 12, 40 Abstr.

Prickett, J. D., Robinson, D. R. & Steinberg, A. D. (1981). Journal of Clinical Investigation 68, 556-559.

Prickett, J. D., Trentham, D. E. & Robinson, D. R. (1984). Journal of Immunology 132, 725-729.

Radosevich, C. A., Gordon, L. I., Weil, S. C., Marder, R. J. & Rosen, S. T. (1988). Journal of the American
Medical Association 259, 723-725.

Rafferty, P. & Holgate, S. T. (1987). American Review of Respiratory Disease 135, 181-184.

Ramadori, G., Slipe, J. D., Dinarello, C. A., Mizel, S. B. & Volten, H. R. (1985). Journal of Experimental
Medicine 162, 930-942.

Reynolds, J., Zhang, S. M. & Thom, A. K. (1987). Surgical Forum 38, 415-418.

Ring, J., Seifert, J., Mertin, J. & Brendel, W. (1974). Lancer ii, 1331.

Rose, A. H., Holt, P. G. & Turner, K. J. (1982). Internarional Archives of Allergy and Applied Immunology
67, 356-361.

Saba, T. M. & Luzio, N. R. (1969). American Journal of Physiology 216, 197-205.

Sailor, D. & Muller, M. (1981). Journal of Parenteral and Enteral Nutrition 5, 115-119.

Saito, H., Trocki, O., Wang, S. L., Gonce, S. J., Joffe, S. N. & Alexander, J. W. (1987). Archives of Surgery
122, 784-789.

Samuelsson, B. (1983). Science 220, 568-575.

Schlesinger, D. (editor) (1975). Microbiology-1975, pp. 327-329. Washington DC: American Society of
Microbiology.

Sheu, C. W. & Freese, E. (1973). Journal of Bacteriology 115, 869-875.

Shinitzky, M. & Sourojon, M. (1979). Proceedings of the National Academy of Sciences, USA 76, 4438-4440.

Sitren, H. S. & Fisher, H. (1977). British Journal of Nutrition 37, 195-208.

Smith, M. J. H., Fort-Hutchinson, A. W. & Bray, M. A. (1980). Journal of Pharmacy and Pharmacology 32,
517-518.

Snyder, D. S., Wright, C. L. & Ting, C. (1987). Transplantation 44, 407-411.

Sobocinski, P. Z., Canterbury, W. I., Hauser, E. C. & Beall, F. A. (1979). Proceedings of the Society for
Experimental Biology and Medicine 160, 175-179.

Sobrado, J., Moldawer, L. L., Pomposelli, J. J., Mascioli, E. A., Babayan, V. K., Bistrian, B. R. &
Blackburn, G. L. (1985). American Journal of Clinical Nutrition 9, 855-863.

Souba, W. W_, Smith, R. J. & Wilmore, D. W. (1985). Journal of Parenteral and Enteral Nutrition 9, 608-617.

Strasser, T., Fischer, S. & Weber, P. C. (1985). Proceedings of the National Academy of Sciences, USA 82,
1540-1543.

Sugarman, B. (1983). Reviews of Infectious Diseases §, 137-147.

Sukumar, P., Desair, P. S. & Bistrian, B. R. (1985). Archives of Surgery 120, 1345-1350.

Tang, K. Y., Ludenberg, H., Gillian, M. P., Galbraith, M. P., Donelly, R. P., Lisa, R., Bishop, A. &
Koopmann, W. P. (1985). Journal of Clinical Investigation 75, 1538-1544.

Tischler, M. E., Desautel, M. & Goldberg, A. L. (1982). Journal of Biological Chemistry 257, 1613-1621.

Traill, K. N. & Wick, G. (1984). Immunology Today S, 70-76.

Trocki, O., Heyd, T. J., Weymack, J. P. & Alexander, J. W. (1987). Journal of Parenteral and Enteral
Nutrition 2, 521-528.

Valle, B. L. (1959). Physiological Reviews 39, 443-490.

Vane, J. R. (1971). Nature New Biology 231, 232-235.

Wan, J. & Grimble, R. F. (1987). Clinical Science 72, 383-385.

Wannemacher, R. W. Jr (1977). American Journal of Clinical Nutrition 30, 1269-1280.

Wannemacher, R. W. Jr, Pekarek, R. S., Thompson, W. L., Randall, T. C., Beall, F. A. & Zenser, T. V.
(1975). Endrocrinology 96, 651-661.

Wedmore, C. V. & Williams, T. J. (1981). Nature 289, 646-650.

Weiss, A., Imboden, J. & Hardy, K. (1986). Annual Review of Immunology 4, 593-619.

Weston, W. L., Huff, J. C., Hubert, J. R., Bambridge, K. M., Neldner, K. H. & Walravens, P. A. (1977).
Archives of Dermatology 113, 422-425.

Wilmore, D. W. (1976). Surgical Clinics of North America 56, 999-1018.

Yee, G. C., Self, S. G., McGuire, T. R., Carlin, J., Sanders, J. E. & Deeg, H. J. (1988). New England Journal
of Medicine 319, 65-70.

Young, V. R., Munro, H. N. & Matthews, D. E. (1983). In New Aspects of Clinical Nutrition, pp. 43-50 [G.
Kleinberger and E. Deutsch, editors]. Basel: Karger.

Printed in Great Britain

https://doi.org/10.1079/PNS19890048 Published online by Cambridge University Press


https://doi.org/10.1079/PNS19890048



