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CHAPTER I 

INTRODUCTION 

During recent years, research has focused on 

polyunsaturated fatty acids, with particular study on those 

of the n-6, and n-3 series. Clinical studies and 

epidemiological data suggest that high intake of 

polyunsaturated fatty acids (PUFU) enriched in n-3 fatty 

acids may prevent, retard, or ameliorate certain chronic 

medical conditions (Kromhout et al., 1985; Phillipson, 

1985). 

Cardiovascular effects of n-3 fatty acid have been well 

documented. In 1980, Dyerberg, Bang, and Aargaurd noted 

that Greenland Eskimos showed no evidence of atherosclerosis 

despite a remarkably high fat intake. N-3 enriched diets, 

usually administered in the form of fish oil, have 

demonstrated a lowering effect of triglycerides (Phillipson 

et al., 1985), and have been shown to depress the initiation 

and progression of atherogenesis (Leaf and Weber, 1988). 

Kromhout, Bosschieter, and Coulander (1985) illustrated the 

inverse relationship between fish consumption and coronary 

artery disease by showing that as few as three fish meals 

per week would reduce one's long-term risk of heart disease. 

Recent research has shown that the fat composition of a 

diet may have an influence on host defense. Dietary lipid 

may profoundly affect both the specific and non-specific 

immune system (Kinsella and Lokesh, 1990). The lipid 
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composition of immune cells reflects the fatty acid 

composition of lipids in the diet (Meade and Mertin, 1978; 

Johnston and Marshall, 1984). Metabolites of n-6 fatty 

acids (arachidonic acid) found in plasma membranes, appear 

to have a pathologic role in mortality due to sepsis. These 

detrimental effects may be due to the excessive production 

of prostaglandins and associated cytokines. Metabolites of 

fish oil (eicosapentaenoic and docosahexenoic acid) produce 

less potent inflammatory mediators, and thus may be 

beneficial in traumatized and septic patients. 

Essential fatty acids are required for plasma membrane 

structural and functional integrity. Fatty acid composition 

of plasma membranes function both in the regulation of 

eicosanoid production and release and by signal transduction 

through phospholipid dependent pathways (Cook and Halushka, 

1989; Stanford, Boyd and Chernow, 1989; Kinsella and Lokesh, 

1990). Plasma membranes are composed primarily of the n-6 

series of fatty acids. When supplied in increased amounts, 

n-3 PUFA can preferentially replace n-6 PUFA (Holman, 1964, 

1986). Modulating plasma membrane composition alters the 

physiologic characteristics so that it responds differently 

to stimuli, such as lipopolysaccharide (LPS). 

High intake of PUFA has shown to be immunosuppressive, 

whereas modulation of immune function by n-6/n-3 variations 

in the diet has decreased production of eicosanoids and 

impacted immunological parameters. Reduction in eicosanoid 



and other inflammatory mediators has proven beneficial 

during stress and infection. When EFA intake is limited, 

mitogenic response is accentuated, and eicosanoid production 

is diminished. Essential fatty acid deficiency states do 

not appear to produce the immunosuppressive effects seen 

with higher intakes of PUFAs. 

Specific Objectives 

Two experiments were conducted to obtain further 

information on dietary lipid modulation of immune function 

in metabolic stress conditions. In the first experiment, 

the objective was to modify dietary lipid composition of 

animal diets in order to evaluate plasma membrane changes 

and immunological parameters during sepsis. The second 

experiment was conducted to determine the effect of an 

essential fatty acid deficient diet on immunological 

response during postburn injury. 



CHAPTER II 

LITERATURE REVIEW 

The Relationship of Physiologic Stress and 
Infection: The Clinical Problem 

Burn and trauma injury may impose one of the severest 

forms of physiologic stress on the body. Trauma is the 

third leading cause of death in the United States, exceeded 

only by cardiovascular disease and cancer (CDC, 1991a). 

Annually there are 100,000 deaths from accidents and 

injuries, and the number continues to increase (Maley, 1982; 

Monafo, 1971). In the United States, burn injury accounts 

for 2.5 million injuries, 100,000 hospitalizatons, and 

6,000-10,000 deaths per year (CDC, 1991a). An estimated 75as 

of deaths following burns are related to infectious 

complications. There are more trauma related deaths 

annually in the United States than the total number of 

deaths during the first ten years of the AIDS epidemic (CDC, 

1991b). 

Severely injured patients have alterations in their 

immune system. The first line of immunologic defense, 

mechanical barriers, has been disrupted either due to the 

injury itself, surgery, or to the placement of catheters and 

endotracheal tubes. In addition, a variety of cellular and 

humoral immunologic abnormalities have been demonstrated in 

critically ill patients. These alterations may include 

decreased sensitivity to antigens, impaired chemotactic 



response by white blood cells, reduced natural killer cell 

(NK) activity, low levels of complement components, and an 

excess production of eicosanoids from the arachidonic 

cascade (Chandra, 1983; Alexander and Gottschlich, 1990). 

Burn injury induces many physiologic changes including 

enhanced synthesis and release of PGEj. Initially, there is 

diminished macrophage and lymphocyte function, and 

significant T suppressor cell activation. Anergy from 

serious burn injury, which impairs T-lymphocyte function is 

associated with the release of large quantities of PGE2 

(Demling, 1990). 

The high incidence of infection following serious 

trauma and burn also indicates that normal immunological 

defenses may be compromised. Acutely ill hospitalized 

patients often exhibit immunosuppression without prior 

nutritional deficiencies. Hemorrhage, respiratory failure, 

and head injury account for the initial mortality seen in 

the first 24 hours after the injury. If the patient 

survives during the first few days of hospitalization, 

sepsis and its associated complications becomes a major 

obstacle for recovery. Sepsis is the major cause of 

morbidity and mortality in individuals admitted to intensive 

care units (Baker et al., 1980). 

In trauma, or surgery, the normal physiologic 

mechanisms peak on day 3 and spontaneously abate by seven to 

ten days after injury (Cerra et al., 1991a). In a subgroup 



of patients this response does not abate and sepsis with 

persistent hypermetabolism occurs. If the normal recovery 

pattern fails in a patient, acute lung injury progressing to 

Adult Respiratory Distress Syndrome often becomes the first 

organ to fai1. 

Clinical studies in trauma patients have demonstrated 

that infection can be considered to initiate sepsis and 

subsequent organ dysfunction in <50% of patients (Goris et 

al., 1985; Nuytinck, Offerman and Goris, 1988). Generalized 

tissue inflammation is present in uninjured organs within 

hours of injury, independent of the presence of shock. The 

"two hit" hypothesis has been used to describe a second 

insult which often is infection or sepsis in post burn and 

trauma patients. It is believed that the initial "hit" 

primes the inflammatory mechanisms, usually neutrophils and 

macrophages. The priming of the initial inflammatory 

process is usually asymptomatic and not clinically evident. 

With the second insult or "hit" the immune system produces 

much greater quantities of mediators which then produce 

hemodynamic instability and tissue injury (Yeo-Kyu, LaLonde 

and Demling, 1992). The second hit may be 1ipopolysaccaride 

released from gram negative bacteria from the wound or by 

some other breached barrier. 

Mortality from sepsis and septic shock are high, 

averaging 50% (Dal Nogare, 1991). Survival from septic 

shock varies inversely with the number of failed organ 



systems. Few patients survive after three organs have 

failed. Multiple organ failure is probably initiated by an 

initial endothelial injury that occurs during shock and 

impairs visceral organ perfusion. 

Septic shock represents an extreme example of the 

normal inflammatory response gone astray. The systemic 

effects of sepsis are primarily caused by an alteration in 

immune response. Cytokines and prostaglandin metabolism, 

which are usually beneficial to the host, now are locally 

and systematically detrimental. Criteria for sepsis 

includes clinical evidence of infection, temperature > 101*F 

or <98*F, respiratory rate >20/min., pulse >90/min. or one 

or more manifestations of inadequate organ function (Bone 

et al., 1989). 

The pathology of sepsis present in most tissues is cell 

necrosis, tissue hemorrhage, and edema. The lungs are the 

most involved organ, showing diffuse edema and neutrophil 

accumulation. Mucousal erosions of the gastrointestinal 

epithelium is common (McGovern, 1984). 

Lipopolysaccaride and Tumor Necrosis 
Factor: A Significant Mediator 

in the Sepsis Syndrome 

Septic shock is a possibility during any severe 

infection; however, it is particularly characteristic of 

bacteremia due to gram-negative bacilli. The outer membrane 

of this bacteria contains a substance known as 



1ipopolysaccaride (LPS). LPS is important because it can 

reproduce a syndrome similar to septic shock when injected 

in animals (Morrison and Ulevitch, 1978). It is now known 

that LPS induces the release of tumor necrosis factor (TNF) 

by macrophages and neutrophils (Dubravec, 1990). TNFa can 

be detected in the serum of human volunteers after LPS 

injection (Michie et al., 1988). LPS is the most potent 

TNFa releasing factor known, with studies indicating a 

synergistic relationship between TNFa and bacterial LPS 

(Rothstein and Schreiber, 1988; Sun and Hsueh, 1988). Myer, 

Robey and Price (1990) propose that TNFa alone is only 

minimally toxic in healthy animals, and its interactions 

with other endogenous mediators is partially responsible for 

its role in LPS induced sepsis. 

TNF is an important mediator of shock, mediating both 

inflammatory and immunological responses. One hypothesis of 

septic shock is that the LPS-induced shock and lethality is 

largely mediated by the initial release of TNFa from 

macrophages, followed by the release of platelet activating 

factor (PAF) and eicosanoids from various tissues. Both 

Interleukin-1, and PAF are synthesized in response to TNF 

(Camussi et al., 1987; Bussolino, Camuss, and Baglioni, 

1988). TNF is also responsible for synthesis and the 

production of prostaglandins of the I and E series (Kawakami 

et al., 1986). Hypertriglyceridemia secondary to thermal 

injury is induced by TNFa (Vega and Bayter, 1991). TNFa 
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induces fever, activates osteoclasts and increases PGE2 

levels (Beutler and Cerami, 1987). Marano (1990) showed 

that TNFa activity in the post burned patient correlated 

with severe systemic infection and mortality. Damas et al. 

(1989) studied TNFa levels in patients in intensive care 

units who were developing sepsis. A correlation between 

TNFa level, sepsis severity scores, and mortality were 

found. 

The response to TNF in animal models includes 

hypotension, metabolic acidosis, hypoxemia, neutropenia and 

frequently death. Pathologic changes include pulmonary 

edema and hemorrhage and accumulation of neutrophils in 

multiple organs (Tracey et al., 1986; Stephens, et al., 

1988; Natanson et al., 1989). TNFa infusions in animal 

models reproduces the hemodynamic, biochemical, and 

capillary permeability typical of septic shock (Natanson et 

al., 1989). In rabbits and baboons, pretreatment with anti-

TNF monoclonal antibodies, followed by intravenous challenge 

with either live bacteria, LPS, or TNF, completely prevented 

the metabolic and hemodynamic changes of septic shock (Tracy 

et al., 1987; Mathison, Wolfson and Ulevitch, 1988). 

Neutrophil Function in Injury and Stress 

One of the most important aspects of immunosuppression 

associated with injury and sepsis is dysfunctional changes 

in neutrophil activity. Normal neutrophil activity is 

characterized by migration, detection, ingestion, and 



destruction of bacteria. The mechanisms that allow 

neutrophils to adhere to vascular endothelium and migrate 

across endothelial monolayers via chemtotactic gradients is 

not fully understood. During adhesion and migration, 

neutrophils are activated, resulting in the generation and 

release of arachidonic acid metabolites, reactive oxygen 

species, and proteases (Sibille and Reynolds, 1990). 

Recently, Wertheim and other colleagues (1993) have 

demonstrated that tte neutrophil has the capacity to produce 

a number of cytokines that may be instrumental in the acute 

inflammatory response. TNFa and IL-8, and IL-1 may be 

produced from neutrophils (Tiku, Tiku and Skosey, 1986; 

Dubravec et al., 1990; Wertheim et al., 1993). IL-8 is 

chemotactic and an activating factor for neutrophils at nM 

concentrations (Baggiolini, Walz and Kunkel, 1989). 

Wertheim et al. (1993) showed that exogenous mediators such 

as LPS and TNFa induce IL-8 production in neutrophils and 

that endogenous cytokines such as IL-4 could suppress 

neutrophil production. PGE2 failed to inhibit production of 

IL-8 (Wertheim et al., 1993). 

LPS has a number of direct effects on neutrophils. LPS 

has been shown to increase adhesiveness by increasing 

surface adhesion molecules and increase priming for oxygen 

radical release (Dal Nogare and Yarbrough, 1990; Guthrie et 

al., 1984). Neutrophils from septic shock patients are more 

adherent in vitro, and adding septic shock plasma to normal 
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neutrophils makes them more adherent (Venezio, Westenfelder 

and Phair, 1982). TNFa and IL-1 have also been shown to 

facilitate neutrophil movement across endothelial monolayers 

(Moser et al., 1989). The overall effect is an increase in 

neutrophils attached to endothelium and tissue. Stimulated 

adherent neutrophils are more efficient at damaging 

underlying cells than their circulating counterparts (Weiss, 

1989). It appears that the final stages of septic shock 

involves activated neutrophils clogging capillaries and 

inducing irreversible endothelial and visceral organ damage. 

Modulation of Natural Killer (NK) Cells 

Natural killer (NK) cells are a large granular 

lymphocytes which are spontaneously cytotoxic against tumor 

cells, virus-infected cells and some microbial pathogens 

(Trinchieri, 1989). NK cells require no prior sensitization 

or restriction by the major histocompatibility complex 

before initiation of lytic activity. NK cells are able to 

synthesize IL-1, IL-2 and interferon-y (Allavena et al., 

1985). NK cells are modulated by these and other cytokines. 

Conti et al. (1991) showed that LPS stimulates NK cell 

activity as does IL-6, TNFa IL-13, and IL-1a. Kang et al. 

(1988) suggests that in addition to direct effects of LPS, 

cytotoxic activity may be indirectly augmented by autocrine 

or paracrine production of interferon as well as other 

cytokines. Robertson et al. (1993) found that both TNF and 
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11-1 acted as accessory factors that enhanced NK cell 

proliferation. Garside and Mowat (1993) found that mice 

injected with recombinant TNFa had enhanced splenic NK cell 

activity and developed significant villus atrophy in the 

small intestine. Administration of anti-asialo Ĝ^ antibody 

negated the NK cell activity in both control and TNFa mice, 

but had no effect on the enteropathy caused by TNFa. 

Dietary fat and metabolites of arachidonic acid have 

been shown to influence NK activity. In a study conducted 

by Leung and Ip (1986), NK cell activity was lower in rats 

fed a 203S corn oil diet for 10 days than in rats fed a 0.5% 

corn oil diet. However, a longer corn oil feeding period 

showed no differences among treatments. Chang et al. (1989) 

found that ingestion of eicosapentaenoic acid-ethyl ester 

depressed NK cell activity in rat spleen cells and also 

lowered the production of lukotrieneB^. NK activity is 

decreased in the presence of PGE2 (Brunda, Heberman and 

Holden, 1980; Meydani et al., 1988) and is enhanced by 

leukotriene B̂  (Rola-Pleszcinski, 1993). 

Surgical stress has shown to decrease NK activity. 

Pollock and Lotzova and Standford (1987) amputated the 

hindlimbs of mice and then sacrificed the animals at various 

time periods to evaluate postoperative impairment of NK 

cytotoxicity. Suppression of NK cytotoxicity occurred as 

early as 2 hours after amputation. At the fourth 
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postoperative day, NK activity was at its lowest with 

cytotoxicity 16% of controls. 

Costimulatory factors are required for optimal 

proliferation of NK cells (Robertson et al., 1993). These 

authors suggest that IL-2 is necessary but not sufficient 

for maximum NK proliferation. Modulation of cytokine and 

eicosanoid production by diet may impact NK proliferation 

and prove beneficial in stress and septic episodes. 

Physiological Importance of N-6 and N-3 
Polyunsaturated Fatty Acids: Review 

of the Essential Fatty Acids 

Essential fatty acids are typically defined as those 

fatty acids which are unable to be synthesized by animals 

and thus must be obtained from the diet. While this 

definition is appropriate in defining the minimum 

requirement to avoid deficiency, research now implicates 

essential fatty acids, not only for their required presence 

in tissues, but for physiological applications in their 

abundancy in tissues. The two main dietary essential fatty 

acids are linoleic acid of the n-6 series and the a-

linolenic acid of the n-3 series. 

The importance of linoleic acid is irrefutable. 

Clinical and biological symptoms of n-6 fatty acid 

deficiency have been well documented since the discovery of 

essential fatty acids by Burr in 1929, and the use in human 

therapy in 1958 (Hansen, 1958). Linoleic acid can not be 

13 



synthesized de novo (Burr and Burr, 1930), and it is 

necessary for a variety of physiologic functions such as 

platelet function, prostaglandin synthesis (Marcus, 1978), 

and maintenance of skin, hair, and nerve integrity 

(Goodgame, Lowry and Brennan, 1978). However, metabolic 

requirements for n-6 polyunsaturated fatty acids are quite 

low with 1.5%-2% of total energy intake meeting dietary 

requirements (Sardesai, 1992). 

Biochemical evidence of linoleic deficiency is 

characterized by an increase in the triene-tetraene ratio. 

In the absence of linoleic acid, the enzyme system 

responsible for converting linoleic acid to arachidonic acid 

generates 5,8, 11-eicosatrienoic acid from oleic acid. As 

the linoleic acid concentration in the body decreases, the 

triene (5,8, 11-eicosatrienoic acid) concentration rises and 

the tetraene (arachidonic acid) concentration falls, 

resulting in an increased triene-to-tetraene ratio 

(McCarthy, Cottam and Turner, 1981). 

The issue of n-3 fatty acids being essential was 

established in 1982 when Holman (1982) reported a case of a 

6-year old girl parenterally fed with an linolenic acid-poor 

formula. The patient developed a neurologic syndrome that 

included blurred vision and difficulties in walking that 

disappeared when adequate linolenic acid was provided. 

Holman's results indicated that the child's linolenic acid 

requirement was 0.5 to 0.6% of total energy intake. Other 
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researchers have confirmed a n-3 fatty acid deficiency in 

patients who received only 0.02 to 0.09% n-3 fatty acid in 

their diet over a period of years (Bjerve, Thorensen and 

Borsting, 1988). 

Sources of N-3 and N-6 Fatty Acids 

The major n-3 fatty acid in plants is a-linolenic acid 

(Table 2.1). Plant sources of a-linolenic acid are limited 

and include linseed, walnut, and soybean oils. 

Eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) 

can be synthesized from the desaturation and elongation of 

a-linolenic acid in many species, but this conversion is 

somewhat inefficient in humans (Dyerberg, Bang and Aargaard, 

1980; Sanders and Younger, 1981; Nettleton, 1991). Cold 

water fish and fish oil are the only good sources of EPA and 

DHA. Menhaden oil is one of the few oil preparation 

produced in the United States. Twenty-six percent of 

menhaden oil is composed of fatty acids from the n-3 family. 

A fish oil supplement, MaxEPA (derived from many types of 

fish) currently provides the most concentrated form of EPA 

and DHA, with 180 mg EPA and 120 mg of DHA per capsule 

(Bush, 1986). 

Linoleic acid is the parent compound of the n-6 

polyunsaturated fatty acids (PUFA). The N-6 PUFAs are the 

prevalent fatty acids in the western diet and are found 
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Table 2.1: Major Families of Unsaturated Fatty Acids 

Parent Fatty Dietary 
Fami ly Acid Derivatives Source 

Linolenic Eicosapentaenoic 
n-3 acid acid Fish oils 

(C18:3 n-3) (C20:5 n-3) 

Linoleic Arachidonic Vegetable 
n-6 acid acid oils 

(C18:2 n-6) (C20:4 n-6) 

Palmitoleic Vaccenic 
n-7 acid acid Fish oil 

(C16:1 n-7) (C18:1 n-7) 

Eicosatrienoic Animal and 
n-9 Oleic acid acid vegetable 

(C18:1 n-9) (C20:3 n-9) fats 
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primarily in vegetable oils. Corn, safflower, sunflower, 

and soybean oils are good sources of linoleic acid. These 

oils are used in the majority of enteral and parenteral 

products that are available for the nutrition support of 

hospitalized patients. 

Both a-linolenic and linoleic fatty acids are 

metabolized in the body by chain elongation and or further 

desaturation (Table 2.2). Linoleic acid may be converted to 

arachidonic acid. Linolenic acid may be converted to 

eicosapentaenoic and docosahexaenoic acid by the same or 

similar enzymes. The linolenic acid conversion occurs much 

more slowly, especially if linoleic acid is present, because 

the two families of fatty acids compete for the same enzyme 

system. A~6-desaturase is the rate limiting enzyme for both 

essential fatty acids and plays a crucial role in many 

disease states (Horrobin, 1993). 

Dietary Fatty Acids and Immune Function 

Dietary fatty acid intake is reflected in the lipid 

composition of immune cells (Johnston and Marshall, 1984). 

Monocytes, macrophages, lymphocytes and neutrophils are able 

to synthesize all the nonessential fatty acids, but 

apparently require essential fatty acids (linoleic, and 

linolenic acid) and their metabolites (arachidonic, EPA and 

DHA) from circulating blood plasma lipids (Johnston and 
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Table 2.2: Prostaglandin Synthesis From Polyunsaturated 
Fatty Acids 

n-3 Family 

18:3 n-3 
linolenic acid 

n-6 Family 

18:2 n-6 
1inoleic acid 

I 

18:4 n-3 

20:4 n-3 

I 

PGE3 ^ 20:5 n-3 
eicosapentaenoic acid 

I 

18:3 n-6 
gamma-1inolenic acid 

i 

20:3 n-6 -, PGE1 
homo-gamma-1inolenic 

acid 

20:4 n-6 - PGE2 
arachidonic acid 

I 

22:5 n-3 

i 

22:6 n-3 
docosahexaenoic acid 

I 

22:4 n-6 

i 

22:5 n-6 
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Marshall, 1984). These immune cells lack A-6-desaturase and 

must depend on the activity of hepatic A-desaturase for 

arachidonic acid (Chapkin, Somers and Erickson, 1988). 

Therefore, factors that affect this enzyme activity affect 

the arachidonic content of immune cells. It becomes 

apparent that the quantity and type of dietary fatty acid 

consumed will affect the rate of arachidonic acid 

synthesis and other products of metabolism (Horrobin, 1993; 

Debry and Pelletier, 1991). 

Exogenous fatty acids administered in vitro affect 

immune function (Traill and Wick, 1984). Suppression or 

enhancement of both T and B cell function was dependent on 

the concentration and manner of fat presented to these cells 

in culture. Linoleic acid or arachidonic acid may suppress 

phytohemagglutinin (PHA) induced lymphocyte blastogenesis 

and induce lymphocyte proliferation. Low levels of linoleic 

acid appear to stimulate the immune system in vitro by 

activating cell proliferation of the thymus, spleen, lymph 

nodes and bone marrow of mice. In contrast, prolonged 

subcutaneous injections of linoleic acid or arachidonic acid 

suppressed immune function and prolonged graft survival 

(Meade and Mertin, 1978). 

Brouard and Pascaud (1993) evaluated the effects of in 

vitro additions of n-6 and n-3 polyunsaturated fatty acids 

on the proliferation of stimulated T lymphocytes in culture. 

For both rat and human stimulated lymphocytes, the most 
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inhibitory fatty acids were two 22 carbon fatty acids (22:4 

n-6 and 22:6 n-3) from both families of fatty acids. In 

unstimulated lymphocyte cells, the n-3 rich diets had a 

significant decrease in ["̂H] thymidine uptake. 

Free polyunsaturated fatty acids may present singular 

differences in modulating lymphocyte and other immune 

parameters. However, caution must be taken in interpreting 

fatty acid response on the immune system in vitro. Complex 

cellular and humoral interactions may occur in vivo which 

may influence immune expression. 

Essential Fatty Acid Deficiency 
and Immune Response 

Human clinical manifestations of linoleic acid 

deficiency usually occurs 1 to 3 weeks after the triene-to-

tetraene ratio has reached 0.4 (Goodgame, Lowry and Brennan, 

1978). Classical symptoms of an essential fatty acid 

deficiency (ERAD) include dermatitis, adopecia, and 

thrombocytopenia. Fatty liver with hepatomegaly, increased 

basal metabolic rate, decreased levels of prostaglandins, 

increased susceptibility to infections, and in infants, 

growth retardation, may in some cases by manifested (Hansen 

et al., 1963; Riella et al., 1975; McCarthy, Cottam, Turner, 

1981; Barr, Dunn and Brennan, 1975). 

The most common cause of EFAD in humans in all age 

groups is the long-term intake of fat-free parenteral 

nutrition. When parenteral nutrition was first developed in 
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1968 (Dudrick et al., 1968), it was fat free because of the 

toxic reaction to then available corn oil and castor oil 

emulsions. The patients receiving these fat-free parenteral 

nutrition solutions became EFA deficient. Parenteral 

nutrition is commonly administered as a continuous infusion 

of glucose and amino acids. This results in a constant 

elevation of serum insulin. This elevation depresses the 

release of fat from adipose stores and ultimately results in 

a deficiency state. 

In the animal model, the triene to tetraene ratio is 

still used as the hallmark of EFAD state. EFAD animals 

characteristically display hyperkeratosis and hyperplasia in 

skin (tail region), and hyperkeratotic changes in the upper 

alimentary tract (Eynard et al., 1992). These animals 

usually exhibit a mild body growth retardation and have some 

macroscopic changes in organs (Porras-Reyes et al., 1992; 

Eynard et al. , 1992). Symptoms of deficiency in rats may be 

exacerbated by environmental factors, such as decreased 

relative humidity, restriction of water intake and increased 

intake of sugar or saturated fat (Holman 1968, 1971; Lands, 

1986). 

Essential fatty acid deficient states may have one of 

the most dramatic dietary effects on immune function. EFAD 

has shown to exert an anti-inflammatory effect in various 

models of inflammation (Bonta et al., 1974; Hurd et al., 

1981). This deficiency state induced in animals is able to 
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ameliorate the inflammatory glomerulonephritis in a murine 

model (Hurd et al., 1981). Other studies have shown that 

EFAD may decrease the inflammatory process and consequential 

tissue damage associated with myocardial infarction and 

immune-mediated diabetes (Wright et al., 1988; Freed et al., 

1989; Lefkowith et al., 1990a). Mechanisms of the anti

inflammatory effects have focused on the reduction of 

arachidonic acid and its inflammatory metabolites. However, 

work by Lefkowith et al. (1985, 1987) demonstrated that EFAD 

does not invariably lead to arachidonate depletion or to 

inhibition of prostaglandin production. 

EFAD deficiency results in enhanced mitogenesis and 

lymphocyte blastogenesis (Meade and Mertin, 1978). EFAD has 

shown to decrease eicosanoid production, depress levels of 

resident macrophages and diminishes neutrophil infiltration 

during inflammation (Lefkowith et al., 1988). Later work by 

Lefkowith showed that in a acute inflammation model an EFAD 

state had greater anti-inflammatory capabilities than 

supplementation with n-3 fatty acids (Lefkowith, 1990b). 

One proposed mechanism for the anti-inflammatory action 

seen in animals who are deficient of EFA is the production 

of leukotrienes from less of the potent precursor, 5,8,11 

eicosatrienoic acid (Mead acid). Lefkowith et al . (1987, 

1988) demonstrated that in an EFA deficient state, 

arachidonic acid concentration in the phospholipid membrane 

is reduced, and the release of 5,8,11 eicosatrienoic acid is 
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greatly increased. This fatty acid is a poor agonist in the 

production of leukotrienes of the B series. Li et al. 

(1990) showed that Mead acid inhibits the lipoxygenase 

pathway of arachidonic acid metabolism to leukotriene B̂  and 

Ĉ  and produces less potent three-series sulfidopeptide 

leukotrienes. Since leukotrienes of the B series are known 

to be chemotactic for leukocytes in vitro (Smith, 1980), 

this diminished synthesis appears to support an inhibition 

theory of eicosanoid production. 

Other researchers (Gyllenhammar et al., 1988) have 

shown that neutrophils from EFAD animals had functional 

impairments. Peritoneal and blood neutrophils from EFAD 

rats showed diminished oxidative burst activity and impaired 

chemotaxis and aggregation ability. There were no 

differences seen between EFAD and control peritoneal 

neutrophils in the number of f-met-leu-phe (fMLP) receptors. 

The authors attributed the impaired functions to a decrease 

in leukotriene B̂  synthesis. 

Early EFAD states may be desirable in certain 

instances. Cook et al. (1981) found that rats fed EFAD 

diets were significantly more resistant to the lethal 

effects of LPS than control rats. Deficient animals also 

were shown to have less severe alterations of hepatic and 

lysosomal integrity and became less hypoglycemic compared to 

controls. Li et al. (1990) also showed resistant to LPS-

induced vascular permeability in EFAD rats. EFAD may prove 
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useful in intervention strategies designed to reduce 

eicosanoid related pathophysiologies. 

Phospholipid Membrane Changes with 
N-6 and N-3 Fatty Acids 

Dietary lipids and aging may affect the composition of 

cell membranes and cause functional changes in regard to 

cell surface stimuli, membrane fluidity, and intracellular 

communications. These factors may substantially impact the 

efficacy of the immune system. 

The physical properties (such as fluidity) of 

phospholipids are in large part determined by the chain 

length and the degree of unsaturation of their component 

fatty acids. Membrane proteins, such as receptors, enzymes, 

and ion channels, are highly sensitive to the lipid 

environment. The physical properties affect the ability of 

the phospholipid to perform structural functions such as the 

maintenance of the normal activity of membrane-bound 

enzymes, adenyl cyclase and NaVK* ATPase. Several cellular 

functions such as secretion, signal transmission, and 

susceptibility to microorganisms' invasion depend on 

membrane fluidity. 

The fatty acid composition of cellular membranes may be 

altered by infusion of exogenous fatty acids or by the 

composition of the diet (Gill and Clark, 1980; Cinadar 

et al., 1983). Incorporation of linoleic acid into 

lymphocyte membranes appears to modify physical properties 
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of the membrane. Gill and Clark (1980) and Bialick et al. 

(1984) have reported that incorporation of PUFA into 

lymphocyte membranes enhances the in vitro cytotoxic ability 

of CTL memory cells. Bialick (1984) found that saturated 

fatty acids led to a decrease cytotoxic function. In vitro, 

tumor target cells cultured with PUFA may be more 

susceptible to complement-mediated cytolysis. Yoo et al. 

(1980) suggested that the susceptibility of the cells to 

complement attack is related to the fluidity of the cell 

membrane. 

Composition of cell membranes of young animals change 

more rapidly by dietary manipulation than those of older 

animals. Tiwari, Clandrnin and Cinader (1986) provided 

diets for several strains of mice containing 40% of calories 

from fat composed of soybean oil and beef tallow. In young 

animals, soybean oil caused marked increase in the linoleic 

content of cell membranes, but did not significantly 

increase the arachidonic acid content of lymphocytes. 

Linoleic acid increased in phospholipids as the duration of 

feeding increased. However, the strain of the animal 

effected the rate of uptake and conversion of linoleic acid 

to arachidonic acid. When older mice (98 week rather than 

12 week old) were fed the same diets, it was observed that 

the fatty acid composition of the phospholipids from the T 

and B cells changed to a lesser extent compared to those 

observed for the young animals. Younger animals replace 
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lipids in membranes more rapidly and thus, they respond 

quickly to dietary alterations. 

Tiwari, Clandinin and Cinader (1987) found that changes 

in fatty acid composition of membranes of spleens were more 

pronounced when the mice were given diets containing lipids 

with high polyunsaturated to saturated (P/S) ratios. 

Immunological response varied with the strain of mice. 

Fatty acid modulation caused changes in viscosity and 

fluidity of the membranes. These changes are often 

associated with the activity of membrane-bound enzymes, and 

membrane-bound receptors. Other reports have shown that 

feeding diets with different P/S fatty acid ratios altered 

the fatty acid composition of lymphocyte membranes and 

altered the balance in immune responsiveness. These changes 

resulted in the loss of suppressor activity seen with a 

lower incidence of lymphoma compared to mice fed a high P/S 

ratio diet (Camaron et al., 1986). 

The n-6 family of PUFAs are the dominant fatty acids 

found in plasma membranes. Arachidonic acid can be 

incorporated into tissue phospholipid through either 

synthesis by serial desaturation, elongation and 

desaturation of linoleic acid, or by dietary ingestion and 

direct incorporation into membrane phospholipid. Very low 

levels of the n-3 fatty acids are found in cell membranes. 

When supplied in increased amounts, n-3 PUFAs can 

preferentially replace n-6 PUFAs. Again, the physiologic 
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characteristics of the membranes are altered so that it 

responds differently to stimuli (Holman, 1964, 1986). 

Loomis, Marshall and Jonnson (1983) showed that 

splenocytes in culture adopt the fatty acid profile of the 

serum in which they are cultured within 48 hours. In this 

study, cells that were cultured in serum from linseed-fed 

rats, showed increases in splenocyte n-3 fatty acid levels 

and decreases in n-6 fatty acids. Concurrently, there was a 

decrease in prostaglandin synthesis by the cells. Other 

work by these researchers (Marshall, Szczesniewski and 

Johnston, 1983) demonstrated a rapid change in tissue fatty 

acid patterns in rats fed a 10% linseed oil diet for 56 

days. Rats fed linseed oil significantly decreased linoleic 

and arachidonic levels over time, with concomitant increases 

in a-linolenic and EPA. The most dramatic serum fatty acid 

changes occurred within the first 14 days of linseed oil 

feeding. 

Fatty Acids and Stress 

Billiar et al. (1988) studied the incorporation rate of 

n_3 PUFA into Kuphher cell membranes and the wash-out rate 

of the same PUFA after input had ceased (starvation). 

Weanling rats were pair fed a standard diet with 15% of 

calories as corn oil, safflower oil, or menhaden oil. After 

two or six weeks the animals were randomized either to 

continue the same feeds or undergo starvation with ad lib 

27 



water for 5 days. At this time, animals were sacrificed and 

liver homogenates subjected to PUFA analysis. The menhaden 

oil group demonstrated a large reduction in arachidonic acid 

and a large increase in EPA. After five days of starvation, 

there was a decrease in n-3 PUFA and a significant increase 

in arachidonic acid in the menhaden group. To evaluate the 

effects of sepsis, additional studies were done after two 

and six weeks of feeding. All animals underwent cecal 

ligation and puncture, and were then randomized either to 

continue their treatment or to receive only ad lib water. 

After five days, animals were sacrificed. In the corn and 

safflower groups, feeding appeared to accelerate the 

decreased content of arachidonic acid. Sepsis had no 

apparent effect on EPA content in the menhaden oil group. 

In that group, feeding maintained the levels of n-3 PUFAs 

and maintained the reduced level of arachidonic acid (Cerra 

et al., 1991a). 

Endres et al. (1989) determined the composition of 

mononuclear-cel1 phospholipid fatty acids in five healthy 

volunteers. Each volunteer received 18 capsules of MaxEPA 

per day. A significant increase in EPA was demonstrated at 

six weeks, from 0.7% before n-3 supplementation to 3.8%. 

Ten weeks after the n-3 fatty acid supplement, a trend was 

observed of increased EPA and decreased arachidonic acid 

concentrati ons. 
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Lee et al. (1985) examined the fatty acid composition 

of purified neutrophils and adherent monocytes of seven 

healthy males that supplemented their usual diet with 18 

capsules MaxEPA. No significant change in the percentage of 

arachidonic acid or docosahexaenoic acid in neutrophil or 

monocytes was detected at either three or six weeks. A 

significant increase of EPA in neutrophil and monocytes was 

detectable at six weeks. 

Eicosanoids 

Many effects of dietary fatty acids on immune function 

may now be explained by their effects on eicosanoids. 

"Eicosanoid" is a general term used for a class of 20-carbon 

atom endogenous mediators derived from unsaturated fatty 

acid precursors found in tissue phospholipid. Eiconsanoids 

are known to initiate many activities in the humoral and 

cell-mediated immune systems. Eicosanoids are not stored, 

but are continuously synthesized from precursors that have 

been cleaved from membrane phospholipid by phospholipases. 

In the Western diet, the main precursor for eiconsanoid 

synthesis is arachidonic acid (20:4, n-6). Most of the 

eicosanoids exert their effects at nanomolar concentrations 

and thus are very potent substances. The eicosanoids are 

remarkable in that only slight modifications in their 

chemical structure results in significant differences in 

activity and potency (Kinsella and Lokesh, 1990). 
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The eicosanoids can be further divided into two groups 

of either prostaglandins or leukotrienes depending on the 

enzyme used for their formation. The enzyme, 

cyclooxygenase, which may be blocked by salicylates and 

other nonsteroidal antiinflammatory agents, gives rise to 

the prostaglandins. The 5-1ipoxygenase enzyme controls 

leukotriene formation. The prostaglandins and leukotrienes 

mediate a host of physiologic effects (Kinsella, Lokesh and 

Boughton 1990). 

Stimuli such as trauma or infection may activate 

phospholipase and cleave arachidonic acid from cell membrane 

phospholipid. Once free, the arachidonic acid molecule is 

quickly acted upon by either cyclooxygenase which leads to 

prostaglandin production, or 5-1ipoxygenase which leads to 

the formation of the leukotrienes and hydroxy-

eicosatetraenoic acid (HETE). The series of prostaglandins 

or leukotrienes formed is specific to its precursor. 

Therefore, arachidonic acid gives rise to the "2" series 

prostaglandins, which includes PGE2, PGG2, and PGI2. 

Arachidonic acid may also produce the "4" series of 

leukotrienes, including LTB̂ , and LTC^. Replacement of 

arachidonic acid by other eicosanoid precursors, such as n-3 

PUFAs, change the series of prostaglandins and leukotrienes 

formed from identical enzyme pathways (Kinsella, Lokesh and 

Boughton 1990; Kinsella and Lokesh, 1990). 
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Prostaglandins can be synthesized by all the cells of 

the immune system (splenocytes, thymocytes, lymphocytes, 

leukocytes), but macrophages and monocytes appear to be the 

principal sources of the eicosanoids that affect immune cell 

function. Stimulation of these immune cells (occupation of 

receptors by antigen, mitogen, or cytokine) is regulated by 

different cell membrane enzymes. In lymphocytes, 

arachidonic acid is initially released from 

phosphatidyl inositol by phospholipase C (Meade and Mertin, 

1978; Kinsella and Lokesh, 1990). 

Phospholipase A2 may occur either as membrane-

associated or as extracellular (secretory) enzyme (Anderson, 

Moore and Banerjee, 1994). In macrophages and NK cells, 

phospholipase A2 (PLA2) releases arachidonic acid from 

phosphatidylcholine and phosphatidylethanolamine (Marshall 

and Johnson, 1982; Bailey, 1985; Parker, 1987). In some 

cases, arachidonic acid release from phospholipids may be 

the rate-limiting step in eicosanoid production (Irvine, 

1982). Secretory PLA2 may promote inflammation and appears 

to be activated by TNF and 11-1 during clinical sepsis 

(Michie et al., 1988). Secretory PLA, originates from 

macrophages (Vadas and Hay, 1980), neutrophils (Lanni and 

Becker, 1983), and platelets (Kramer et al., 1989). PLAj 

also serves as the key regulatory enzyme for the production 

of platelet-activating factor. Platelet activating factor 

has been implicated as an independent mediator of shock, 
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sepsis, and multiple organ failure (Anderson, Bensard and 

Harken, 1991). 

EPA can replace arachidonic acid in cell membrane 

phospholipid. EPA is a potent competitive inhibitor of 

arachidonic acid during eicosanoid metabolism and has higher 

affinity for cyclooxygenase (Lee et al., 1985). Metabolism 

of EPA forms the "3" series of prostaglandins and the "5" 

series of leukotrienes. The biological activities of these 

series of prostaglandins and leukotrienes differ 

significantly from those observed with eicosanoids derived 

from arachidonic acid. For example, thromboxane A2 

synthesized by platelets from arachidonic acid is a potent 

platelet aggregator and vasoconstrictor. Thromboxane A3, 

formed from EPA is a mild vasoconstrictor and will not 

aggregate platelets (Needleman et al ., 1979). Leukotriene 

B4, produced from arachidonic acid, is a potent chemotactic 

and aggregating compound for neutrophils. Leukotriene Bg 

derived from EPA is only 12% as chemotactic and 5% as active 

as an aggregating agent relative to leukotriene B̂  (Lee et 

al., 1985). However, prostacyclin I2 synthesized in 

endothelial cells from arachidonic acid and prostacyclin I3 

derived from EPA are both potent vasodilators and platelet 

antiaggregators (Needleman et al., 1979). 

The amount of eiconsanoid synthesized is influenced by 

the availability of n-6 and n-3 fatty acids in phospholipid 

membranes, by phospholipase activity, and by cyclooxygenase 
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and lipoxygenase activity. Dietary modulation, 

glucocorticoids, nonsteroidal antiinflammatory drugs, and 

antioxidants may all inhibit eicosanoid production (Goodwin, 

1985). The concentrations and relative amounts of 

eiconsanoids generated govern their impact on immune 

function. PGE2 at low concentrations (10'^M) may be 

immunostimulatory, whereas higher levels exert suppressive 

effects on lymphocyte and macrophage functions. At low 

concentrations, lipoxgenase products appears to exert 

positive immune effects (Gualde et al., 1985). 

Lipoxgenase Products 

The liposygenase pathway is a complex mechanism 

involving at least three different lipoxygenases (i.e., 5-

1ipoxygenase, 12-1ipoxygenase, and 15-1ipoxygenase). The 5-

and 15-1ipoxygenase predominate in leukocytes, mast cells, 

and macrophages. The 12-1ipoxygenase occurs primarily in 

platelets (Lefer, 1989). The most important lipoxygenase 

products are generated by the 5-1ipoxygenase. These 

mediators may include 5-hydroperoxyeicosatetraenoic acid (5-

HPETE), 5-hydroxyeicosatetraenoic acid (5-HETE), leukotriene 

A4, (LTA4), LTB4, LTC4, LTD4, and LTE4. The lipoxygenase 

products are produced within minutes and decline rapidly. 

LTCi, LTD4, and LTE4 are potent bronchial constrictors which 

are about four times more potent than histamine. LTC4 and 

LTD4 at 10"̂ ^ M increase microvascular permeability. LTB4 is 
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a chemoattractant and chemokinetic agent for neutrophils and 

stimulates these cells to aggregate and adhere to 

endothelial cells (Gualde et al ., 1985). 

Work by Bray and Brahmi (1986) showed that both LTB4 

and HPETE significantly enhanced NK activity when added to 

the standard ^̂ Cr release assay (Bray, Adams and Brahm, 

1982). HPETE was more effective than LTB4 in circumventing 

the effects of inhibitory compounds. The enhancing effect 

was not observed if 5-HPETE was added later than 30 minutes 

into the three-hour chromium release assay. Similar results 

were reported by Rola-Pleszczynski et al. (1983) indicated 

an enhanced lytic NK activity with low concentrations of 

LTB4 during the earlier stages of the chromium release 

assay. 

Chang et al. (1989) reported that ingestion of 

eicosapentaenoic acid-ethyl ester (EPA-E) in male Wistar 

rats depressed NK cell activity in rat whole spleen cells, 

which concurred with the reduction of LTB4. Partial 

restoration of NK activity was achieved with addition of 

LTB4. Additional work by Chang et al. (1991) sought to 

determine the role of 5-1ipopxygenase products in cell-to-

cell interaction between rat peritoneal macrophages and 

spleen NK cells. Peritoneal macrophages were found to 

enhance NK cell activity. The enhancing effect of the 

macrophages was inhibited by the ingestion of EPA-E. Both 

LTB4 and HPETE partially reversed the suppressing effect of 
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the EPA-E macrophages on NK lytic activity. 5-HETE had no 

modulating effect on the EPA-E macrophages. 

Cyclooxygenase Products 

Macrophages and monocytes are the major cells that 

produce significant quantities of prostaglandins, whereas 

lymphocytes generate very limited amounts. Plasma membranes 

of lymphocytes contain approximately 20% arachidonic acid. 

Upon stimulation, arachidonic acid is released from 

lymphocyte plasma membranes and provides substrate for 

prostaglandin synthesis by associated macrophages (Bailey, 

1985). This may prove to be one indication of cell-to-cell 

interaction in arachidonic metabolism. 

PGE2 is one of the most potent mediators of the immune 

system. At low concentrations (10"̂ ^ M) PGEj induces 

lymphocytes to differentiate into mature T cells. Chronic 

overproduction of PGE2 is associated with immunosuppression; 

however, inhibitory effects appear to be dependent on its 

concentration. High concentrations of PGE2 (10"°) depress 

mitogen responsiveness, clonal proliferation, IL-2 

production, and lymphocyte migration. External stimuli 

cause the release of PGEj by leukocytes. PGE2 may in turn 

activate T suppressor cells to generate compounds which 

suppress blastogenesis in T and B cells. Monocyte and NK 

cell cytotoxic activity is also inhibited by PGE2 (Goodwin, 

1985). 
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Timing of exposure, dose, type of cell and age may be 

important factors in prostaglandin influences in cellular 

response. Increasing age produces greater sensitivity to 

the immunosuppressive effects. Lymphocytes from healthy 

subjects >70 years of age are more sensitive to inhibition 

by exogenous PGE2 than those from younger subjects. The 

amount of PGE2 required to cause a 50% inhibition of a 

mitogenic response of healthy elderly subjects (>70 yr.) was 

approximately half than the amount required for 50% 

inhibition in young adults (Goodwin, 1985). 

Meydani et al. (1988) determined the effects of fish 

oil and vitamin E diets on PGE2 synthesis and NK 

cytotoxicity in mice for 6 weeks. Mice were fed either a 

10% corn oil or fish oil (8.8% fish oil + 1.2% corn oil) 

diet supplemented with 30 or 500mg/kg diet of vitamin E. 

Older mice in all dietary groups had significantly less NK 

activity. Cultured splenic lymphocytes from older mice had 

higher PGE2 synthesis than those of young mice. Mice fed 

fish oil had reduced levels of PGE2 compared with corn oil 

fed animals; however, NK activity was not reduced. 

PGE2 appears to be sensitive not only to the 

concentration, but also to the timing of exposure which may 

impact immune cell function. In some instances, low levels 

of PGE2 may stimulate T cells and activate NK cells. 

However, exposure of NK cells to PGEg during cytotoxicity, 
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reduced lytic activity. This suggests that the state of the 

cell may influence the physiological response to PGEj. 

Excess PGE, production has been associated with chronic 

microbial infections. Postoperative patients appear to have 

suppressed immune functions that are partly cause by 

increase PGE2 synthesis (inhibition T Helper and B cell 

proliferation) (Kinsella and Lokesh, 1990). Faist et al. 

(1987) showed that suppression of IL-2 synthesis post trauma 

is dependent on excessive PGE2 synthesis. 

After injury, PGÊ  production is increased in both 

monocytes and macrophages. Mi 1ler-Graziano et al. (1988) 

found that immunosuppressed trauma and burn patients when 

stimulated with muramyl dipeptide (PGE2 secretagogue) 

secreted at least two-fold more PGE2 compared to those from 

normal immunocompetent patients. Ninneman and Stockland 

(1984) found a five- to ten-fold increase of PGE2 in burn 

patients, with a corresponding suppression of lymphocyte 

responsiveness to mitogens. 

Dietary Lipid Modulation of Immune 
Function: Clinical Implications 

Supplementing the diet with n-3 PUFAs may be beneficial 

by reducing elevated cytokine and eicosanoid production 

associated with clinical sepsis and chronic inflammatory 

diseases. IL-1, TNF, and PGE2 have been indicated as 

contributory factors in the sepsis syndrome, inflammatory, 

and atherosclerotic diseases. 
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Fish oil supplementation has shown modest beneficial 

effects in ulcerative colitis (Salamon, Kornbluth, Janowitz, 

1990), psoriasis (Ziboh et al., 1986), and rheumatoid 

arthritis (Kremer, Lawrence, and Jubiz, 1990). In all of 

these studies, the proposed mechanisms of n-3 induced 

improvement in immune function were related to an alteration 

of eicosanoid synthesis pathways, and thus a decrease in 

production of arachidonic acid derived eicosanoids. 

N-3 PUFA in Stress Models 

To investigate the theory that n-3 fatty acids offer 

immunologic benefits over n-6 fatty acids during stress, an 

experiment comparing enteral diets high in various 

unsaturated fatty acids was performed by Alexander, Saito 

and Trocki (1986). Guinea pigs recovering from flame burns 

over 30% of their body surface area were fed enteral diets 

differing only in lipid type. Groups 1 and 2 were given 

linoleic acid or oleic acid as their lipid source. The 

third groups received fish oil in the form of MaxEPA 

(MaxEPA: 17,4% EPA, and 1.8% linoleic acid). The fourth 

group received Microlipid (74% linoleic acid) as the lipid 

source. All groups were subdivided to receive indomethacin 

or no indomethacin. The animals that received either 

linoleic acid or Microlipid had significantly greater weight 

loss than animals receiving either oleic acid or MaxEPA. In 

comparing the groups of animals, those groups fed MaxEPA had 
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far better ear-swelling responses to dinitrofluorobenzene 

than animals given oleic acid, or Microlipid or linoleic 

acid with or without indomethacin. Burned animals fed fish 

oil had improved opsonic index, and higher splenic weight 

than did animals fed diets containing predominantly n-6 

fatty acids. 

Peck, Ogle and Alexander (1991) studied the effects of 

different amounts and types of dietary fat using an animal 

model of protracted acute peritonitis. Guinea pigs were 

provided gastrostomies and allowed to recover. 

Intraperitoneal osmotic pumps were then placed, allowing for 

effusion of viable bacteria during the next week. Guinea 

pigs were fed 3.5%, 14% or 56% of total calories as either 

100% Microlipid (74% linoleic acid, 15% linoleic acid, 10% 

SFA, and 1% linolenic acid), 100% MaxEPA or 50% each of 

Microlipid and MaxEPA. Across all types of fat used, there 

was not a statistical difference in outcome, with survival 

rates being 14% at the low level, 30% at the medium level, 

and 25% at the high level. However, the dietary fat 

composition significantly influenced survival. Thirty-four 

percent of the animals survived in the groups given equal 

amounts of Microlipid (50%) and MaxEPA (50%), compared to 

either 20% survival for the 100% Microlipid groups or 9% 

survival for the 100% MaxEPA groups. 

Mascioli et al. (1989) investigated the effect of n-3 

fatty acids had in an endotoxin survival model. Guinea pigs 
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were pretreated for six weeks receiving menhaden or 

safflower oil as the lipid source in the diet. A third 

group was allowed the safflower oil diet ad lib. Twenty 

hours after the endotoxin bolus was administered, menhaden-

fed animals showed enhanced survival compared with control 

animals (safflower fed animals). Animals on the safflower 

oil diet ad lib survived least well, with only 47% alive at 

20 hours. 

Contradictory results have come from experiments using 

burned mice that were subsequently infected with bacteria. 

Mice were fed for 2 to 3 weeks with diets containing 

different types and amounts of fat. They were then 

subjected to a 20% flame burn and infected with Pseudomonas 

aeruginose. Survival in the groups fed 40% of total 

calories as fish oil (MaxEPA) had significantly higher 

mortality than mice fed safflower oil (Peck et al., 1990). 

N-o PUFAs in Human Studies 

In human studies, Endres et al. (1989) supplemented 

fish oil (MaxEPA) in the normal Western diet of young male 

volunteers for 6 weeks. Production of IL-1 and TNF by 

stimulated peripheral blood mononuclear cells was assessed 

during four phases of the study: before -3 supplementation, 

after 6 weeks of supplementation, 10 and 20 weeks after 

ending the supplements. In vitro production of IL-13 was 

decreased after 6 weeks of n-3 supplementation. At the 
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time, cells stimulated by 1 ng/ml endotoxin produced only 

4.2 ng/ml IL-1 compared with the presupplement level of 7.4 

ng/ml. Ten weeks post supplementation, IL-13 production was 

diminished by 61% (2.9 ng/ml). Endotoxin induced TNF 

concentration decreased in a similar pattern. TNF 

production fell from 8.5 ng/ml at baseline to 5.1 ng/ml at 

10 weeks. PGE2 synthesis was measured in the supernatant of 

mononuclear cells stimulated by S. Epidermidis. PGEo 

decrease by 51% at the conclusion (6 week) of n-3 

supplementation. 

Lee et al. (1985) supplemented the diets of seven 

healthy males with MaxEPA for 6 weeks to examine the 

function of the 5-1ipoxgenase pathway of neutrophils and 

monocytes. When the neutrophils were activated, the release 

of [3H] arachidonic acid and its labeled metabolites were 

reduced by a mean of 37%. Maximum generation of the 

metabolities of the 5-1ipoxgenase pathway (Leukotriene B4, 

6-trans-leukotriene B4, and 5-HETE) was reduced by more than 

48%. In monocytes, the generation of leukotriene B4 was 

reduced by 58%. Adherence of neutrophils to bovine 

endothelial-cel1 monolayers pretreated with leukotriene B4 

was inhibited completely and mean chemotactic response was 

inhibited by 70% compared to baseline and 6 weeks post 

supplementation. Therefore, enrichment of diets with n-3 

fatty acids may exert systemic antiinflammatory effects by 
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inhibiting the lipoxgenase pathway, and thus reducing LTB4 

synthesis. 

Meydani et al. (1991) studied the supplemental effects 

of n-3 fatty acids in cytokine and lymphocyte function. Six 

healthy young women (20 to 33 year old) and six healthy 

older (51 to 68 year old) women supplemented their normal 

diet with 1.68 g of EPA, 0.720 g of DHA, 600 mg of DHA and 6 

lU of vitamin E per day for 12 weeks. A significant 

increase in plasma EPA and a significant decrease in the 

ratio of arachidonic acid to EPA was exhibited. This effect 

was more pronounced in older women than in young women. 

After supplementation, older women had significantly lower 

levels of IL-13, TNFa, and IL-6 production. Fish oil 

supplementation also significantly decreased T-cell mediated 

function, IL-2 production, and mitogenic response to 

phytohemagglutinin in older women. Baseline levels of both 

mitogenic responses and IL-2 production were lower in older 

women compared to young women prior to fish oil 

supplementation. 

Two clinical studies incorporating fish oil in an 

enteral product were recently investigated. Daly et al . 

(1992) studied 85 patients who underwent operations for 

upper gastrointestinal malignancies. Patients were 

randomized to receive an enteral diet supplemented with fish 

oil, arginine, and RNA (Impact, Sandoz Nutrition Inc., 

Nibbeaoikus, MN) or the standard enteral diet (Omolite HN, 
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Ross Laboratories, Columbus, OH). In the cohort of 77 

eligible patients, infectious and wound complications 

occurred significantly less often in the supplemented group 

than in the standard group. Mean length of stay in the 

hospital was significantly reduced for the supplemented 

group than for the standard. In a much smaller study, (20 

total patients) Cerra (1991b) found that Impact was 

associated with marked stimulation of in vitro lymphocyte 

proliferative responses and a significant reduction in 3-

methylhistidine excretion. 

Conclusions 

Dietary lipid may exert potent effects on cell mediated 

and humoral immunity. Dietary lipids influence the immune 

response primarily by influencing cell membrane composition 

and as precursors for eicosanoid synthesis. When dietary 

fatty acids alter membrane-based fatty acids, they in turn 

affect rate of synthesis of dienoic and trienoic 

prostaglandins. In stress and infection, elevated TNFa and 

eicosanoid synthesis have shown to be immunosuppressive. 

Neutrophil dysfunction is characteristic in sepsis. T-cell 

proliferation, and NK activity is diminished by stress, 

infection and PGE,. 

Modulation of dietary lipid by EFAD or n-3 fatty acid 

supplementation propagates an eicosanoid pattern that has 

antiinflammatory properties. Information on dietary lipid 
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effects on NK cytotoxicity, TNFa and lymphocyte 

transformation may clarify the relationship of eicosanoid 

modulation of immune function during burn and sepsis. 

Protocols for these experiments were approved by Texas 

Tech University Health Sciences Center Institutional Animal 

Care and Use Committee. Funding for this research was 

provided by the South Plains Foundation, Lubbock, Texas, and 

The Institute for Nutritional Sciences, Texas Tech 

University. 
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CHAPTER III 

LIPOPOLYSACCHARIDE-INDUCED MODULATION OF IMMUNE 

FUNCTION: COMPARISON OF RATS FED MENHADEN, 

SAFFLOWER AND ESSENTIAL FATTY ACID 

DEFICIENT DIETS 

Abstract 

The n-6 and n-3 families of fatty acids serve as 

precursors in the formation of mediators observed in 

inflammation. Eiconsanoids from the cyclooxygenase and 

lipoxgenase pathways have been shown to influence natural 

killer (NK) cell activity. In this study, rats were fed 

diets either deficient in essential fatty acids (EFAD), or 

diets that contained marine oil (15% menhaden, MEN) or 

safflower oil (15% safflower, SAF). Rats were then 

subjected to either in vivo lipopolysaccharide (LPS)-induced 

stress or a sham procedure. LPS treated animals had higher 

(p < 0.05) NK activity than those of the sham group. EFAD-

fed animals had higher (p < 0.05) NK activity than animals 

fed diets containing lipids. Dietary treatment and LPS 

interactions were not significant, indicating that major 

shifts in cell lipid concentrations did not alter endotoxin-

induced enhancement of NK activity. N-6 diet groups (Chow, 

SAF) produced higher concentrations (p < 0.01) of TNFa than 

n-3 (MEN) diet and EFAD groups. Paradoxically, rats fed 

EFAD diets had enhanced NK activity in both sham and LPS-

treated animals. However, EFAD animals had diminished 
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chemotaxis (p < 0.05) when compared to all other diet 

groups. The reduction of TNFa and increase in NK 

cytotoxicity by diets deficient in n-6 fatty acids may be 

immunologically beneficial in sepsis. The detrimental 

hyperinflammatory response demonstrated by excessive 

neutrophil migration and accumulation in tissue is 

associated with the final stages of septic shock. 

Therefore, acutely, EFAD-induced neutrophil chemotaxis 

inhibition with enhanced NK activity may prove useful in 

modulating cellular dysfunction. 

Introduction 

Dietary lipids have attracted interest due to the 

influential role of fatty acids in health and disease 

states. Essential fatty acids have been investigated as 

immunomodulators in inflammation and immunity (Kinsella and 

Lokesh, 1990). Metabolites from both n-6 and n-3 fatty acid 

families have immune regulating functions (Kinsella and 

Lokesh, 1990; Alexander, 1986). Alterations of dietary 

lipids may modulate NK cells, leukocytes, and cytokine 

activity by changing eicosanoid synthesis (Brunda, Heberman 

and Holden, 1980; Rola-Pleszcinski, 1983). 

During periods of stress, fatty acids are rapidly 

metabolized into eicosanoids. Alterations in arachidonic 

acid and other membrane fatty acids may directly impact 

eicosanoid formation. Two of the most potent eicosanoids 
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synthesized from arachidonic acid (n-6) are prostaglandin E2 

(PGE2) and leukotriene B4 (LTB4). However, the eicosanoids 

produced from the n-3 family precursors, eicosapentaenoic 

and decosahexaenoic fatty acids have demonstrated an 

attenuated physiological response compared to those produced 

by the n-6 class (Needleman et al., 1979; Lee et al., 1985). 

TNFa is a potent inflammatory mediator that may cause 

the production of PGE2 by macrophages, neutrophils, and NK 

cells. Excess production of TNF-a has been associated with 

adverse hemodynamic function (Lowry, 1993) which often 

includes the physiologic responses seen in infection and 

sepsis. TNFa further stimulates the production of other 

proinflammatory cytokines (such as IL-1, IL-6, and IL-8) and 

enhances endothelial cell adhesiveness for leukocytes 

(Lowry, 1993). 

Natural killer (NK) cells are large granular 

lymphocytes that play an important role in immune regulatory 

mechanisms in defense against tumor and viral insults 

(Heberman, 1980; Trinchieri, 1989). NK cells are 

characterized by their ability to lyse target cells without 

prior sensitization. NK cells are not MHC restricted and 

are not dependent upon opsonization for cytotoxicity 

(Fitzgerald-Bocarsly et al., 1988). 

One possible function for NK cells is in defense of 

microbial infections. Lipopolysaccharide derived from both 

Escherichia coil and Pseudomonas aeruginosa have been 
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demonstrated to play an influential role in the activation 

of NK cells (Kang et al., 1985). Tarkkanen, Saksela and 

Lanier (1988) showed that purified NK cells were directly 

stimulated by bacterial contact without the aid of T 

lymphocytes. NK cytotoxicity associated with peripheral 

blood lymphocyte-bacterial cultures were also independent of 

interferon enhanced cytotoxic activity (Tarkkanen and 

Saksela, 1991). LPS from periodontal bacteria also has been 

shown to increase the killing ability of NK cells 

(Lindemann, 1988). However, Klimpel found that soluble LPS 

from Salmonella did not produce an activation of natural 

killer cells (Klimpel et al., 1988). 

Chang et al. (1989) found that ingestion of 

eicosapentaenoic acid-ethyl ester depressed NK cell activity 

in rat spleen cells, and also lowered the production of 

leukotriene B̂ . Other investigators have shown that NK 

cytotoxicity was not influenced by the level of linoleic 

acid or amount of dietary fat (Fritche and Schumaker, 1989). 

Meydeni et al . (1988) and Lumpkin et al. (1993) found that 

NK activity was decreased in young mice fed a diet high in 

fish oil. Arachidonic acid metabolites from both the 

cyclooxygenase (PGEj) and lipoxygenase (LTB4) pathways have 

been shown to produce opposing effects in modulating NK 

activity; NK activity was decreased in the presence of PGE, 

(Brunda, Heberman and Holden, 1980; Roder and Klein, 1979) 

and enhanced by LTB4 (Rola-Pleszincinski, 1983). 
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Excessive neutrophil activation by chemotactic and 

other inflammatory mediators (LTB4), with subsequent 

migration into and concomitant injury to tissue has been 

implicated in the etiology of sepsis and multiple organ 

failure. In vitro chemotaxis assays of neutrophils have 

been used as a measure of both the level of activation and 

the ability to respond and reach an infectious focus 

(Solumkin et al., 1985; Solumkin and Simmons, 1983). A 

decrease in the response of neutrophil migration may result 

from selective down regulation in the number or expression 

of membrane surface receptors (Solumkin et al., 1985). 

Neutrophil functionality and membrane surface receptors may 

be influenced by dietary manipulation of plasma membrance 

composition and by stressors such as trauma. 

The hyperinflammatory response seen in sepsis may cause 

dysfunctional alterations in immune measures. This study 

evaluated the effects of dietary lipids on NK cell activity, 

neutrophil chemotaxis and TNFa levels among rats 

experiencing endotoxin-inducted stress 

Materials and Method 

Diets and Animal Model 

Sprague-Dawley rats weighing 225 to 275 grams were 

purchased from Sasco (Omaha, NE). Animals were housed in 

stainless steel hanging cages and were provided rat chow or 

a semipurified balanced diet and water ad lib. Animals were 
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randomly assigned to one of four experimental diets. 

Control animals were fed the usual colony diet (CHOW) 

obtained from PMI Feeds, Inc. (St. Louis, MO). Chow diet 

contained a minimum of 23% protein, 6.0% fiber and 4.5% fat. 

Of the fat content, 26% was linoleic acid, 1.5% linolenic 

acid and a total of 5.7% was omega-3 fatty acid. Essential 

fatty acid deficient (EFAD) animals were fed a modified AIN-

76A fat-free formula obtained from Dyets (Bethlehem, PA). 

Experimental fat diets were modified AIN-76A with the 

addition of either 15% Menhaden oil (MEN) or 15% Safflower 

oil (SAF) as the fat source in the diets. Diets arrived and 

were immediately frozen at -20°C. Feed was provided every 

other day. Diets with a 15% lipid source contained .02% 

Tert-butylhydroquinone (TBHQ) to inhibit lipid 

perioxidation. Animals were fed for 21 days at which point 

one half of the rats on each diet group underwent a sham 

celiotomy or lipopolysaccharide treatment (LPS from E.coli 

oil 1:84 Sigma Chemical Company, St. Louis, MO) administered 

by osmotic pump (Model 2001, Alza Corp., Palo Alto, CA). 

Each pump was placed in the peritoneal cavity and delivered 

a constant LPS infusion. LPS dose was 300 ^g/kg/hr for 72 

hours. Anesthesia prior to surgery and sacrifice was sodium 

pentobarbital (0.64 mg/kg). 

Animals were weighed upon arrival, prior to treatments 

(day 21) and prior to sacrifice (day 24). Animals were 

sacrificed 72 hours post LPS infusion or post sham 
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celiotomy. At sacrifice spleens were harvested, weighed and 

placed into sterile petri dishes prior to initiation of the 

NK assay. Blood samples were obtained from cardiac puncture 

(3 ml 7.5% EDTA vacutainer tubes) and centrifuged at 1500 g 

for 10 minutes. The sera was harvested and stored at -80°C 

prior to WEHI 164 Cell cytotoxicity assay. The neutrophil 

migration was induced in the control animals by an 

intraperitoneal injection of 10% peptone solution 18 hours 

before cell harvest. Neutrophils were lavaged from the 

peritoneal cavity with 1% bovine serum albumin (BSA), NaEDTA 

solution, and passed through a density gradient process. 

Neutrophil viability was determined by trypan-blue exclusion 

test. All cells were 90-95% viable with enrichment of 

neutrophils being >85% for all groups. 

WEHI 164 Cell Cytotoxicity Assay 

TNFa activity was assayed by determining toxicity for 

actinomycin D-treated WEHI 164 cells. Briefly, WEHI 164 

cells were cultured in RPMI 1640 (Fisher, Houston, TX) and 

10% fetal bovine serum (FBS, Hyclose, UT) and plated at 5 x 

10^ cells per mL in 96-well plates. Actinomycin D 

(II.epl/mL, Fluk, NY) and heparin (30 U/mL) were added to 

the media containing cells. A standard curve of recombinant 

murine TNFa (rmuTNFa, Genzyme, Cambridge, MA) was included 

on each plate. Dilutions of sera samples were assayed in 

quadruplicate. Following an 18 to 24 incubation, 100 nL of 
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trypsin-EDTA (Gibco, NY) was added to each well. Cell 

viability was assessed by a modification of the ELISA method 

(Hesse et al., 1988) using an Epics« Profile Flow Cytometer 

(Coulter Electronics, Hialeah, FL). 

Neutrophil Chemotaxis and Adherence 

Spontaneous and stimulated migration was assessed with 

a modified boyden chamber technique using a multiwell 

chamber (Neuroprobe Inc., Cabin John, MD). Cells in 1% 

bovine serum albumin (BSA) solution were allowed to migrate 

into polycarbonate membrane filter (Poretics Corp., 

Livermore, CA) (3 pm pore diameter) for 45 min. at 37° C, 

100% humidity and 5% CO^ fMLP (10"^M) was used as 

chemotactic factor and BSA was used as a control for 

spontaneous migration. Complete migration was assessed 

(total penetration of the filter paper) in four microscopic 

fields in four replicate wells. 

Neutrophil adherence was tested on glass covers!ips. 

Glass coverslips were placed in the bottom of 12-well tissue 

culture plates (Corning, NY). Neutophils were suspended in 

1% BSA solution at a concentration of 1 X 10° cells/ml. One 

milliliter was placed in each well over the coverslips. The 

plates were incubated for 1 hour at 37°C. The plates were 

gently agitated, the suspension containing nonadhered cells 

was then removed, and the number of cells contained was 

counted by Coulter cell counter (Coulter Electronics, 
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Hialeah, FL). The percentage of adherent cells was then 

calculated. Adherence assays were performed in triplicate. 

Lipid Analysis 

Neutrophils were enriched with histopaque 1083 (Sigma 

Chemical, St. Louis, MO) and purity determined from a 

cytospin (Miles Scientific, Elkhart, IN) preparation. 

Purity was greater than 85% in all cases. Neutrophils were 

quantified using a Coulter counter (Coulter Electronics, 

Hialeah, FL) and stored at -80°C in 100% methanol prior to 

extraction. 

A known quantity of CI 7 phospholipid was added to each 

sample prior to extraction as an internal standard for 

calculation purposes. Fatty acids were extracted in 2:1 

cholorform: methanol (Folch, Lees and Sloan, 1957). 

Extracted fatty acids were concentrated to dryness an 

derivatized with Meth-Prep II (Product #18007, Alltec 

Assoc, Deerfield, IL) into methyl esters for gas 

chromatographic (GC) analysis. Samples were analyzed on a 

model 3300 Varian GC (Varian Instruments, Walnutcreek, CA) 

using N2 as a carrier gas equipped with a flame ionization 

detector and a Supelco 30m X 0.25 mm capillary column 

Product 2330, Supelco Inc., Bellfonte, PA). Results were 

recorded on a Hewlett Packard model 3390A integrator. Fatty 

acids were identified by comparison of retention times to 

those of known standards. Quantity was estimated by 
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comparison of individual are fatty acids to that of the 

internal standard. The percentage of extracted fatty acid 

pool (%TEP) was calculated by comparison of individual fatty 

acid area counts to the sum of area counts for the eight 

fatty acids analyzed. 

Natural Killer Cell Assay 

The NK assay was performed as previously described 

(Lumpkin and McGlone, 1992). Briefly, nonadherent splenic 

lymphocytes were isolated and used at effector: target 

(E:T) ratios of 100, 50, 25, and 12.5:1. YAC-1, a murine T-

cell lymphoma (American Type Culture Collection; Rockville, 

MD) was used as the target line of the assay and was 

maintained in log growth. Target cells were labeled with 

inorganic ^̂ Cr (Na2 ^^Cr04). A constant 10* target cells were 

used in each culture well. Maximum ^̂ Cr release was 

determined by adding 7.5% Triton-X detergent (Sigma) to lyse 

all targets. Spontaneous ^̂ Cr release was determined by 

adding culture media to target cells and counting 

radioactive label in the supernatant. Effector and target 

cells were incubated in a 5% CO2 humidified chamber for 4 h. 

Supernatants were collected by pipiette and were counted for 

1 min. on a gamma counter. Percent cytotoxicity was 

calculated using the following formula: 
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% NK cytotoxicity = 

experimental release cpm - spontaneous release cpm 

maximum release cpm - spontaneous release cpm 

Statistical Analyses 

Repeated measures of analysis of variance were 

calculated for natural killer cell % cytotoxicity across E:T 

ratios. Analysis of variance was used to determine if 

dependent variables were influenced by diet or treatments 

(LPS or SHAM), or the interaction of diet and treatment (LPS 

or SHAM). Means were separated with the F-protected 

predicted difference test (SAS, 1990). Orthogonal contrasts 

were calculated to compare dependent variables from animals 

with EFAD compared with all other diets containing added 

fat. All statistical analyses were performed using general 

linear models procedures (SAS, 1990). 

Results 

Weights 

Initial weights of the rats in each treatment group 

were statistically similar. Rats fed EFAD diets were 

lighter in body weight (p < .001) on day 21 and day 24 and 

had slower (p < .01) weight gains day 0 to 24 compared to 

rats from all other diet treatments (Table 3.1). Orthogonal 

contrast comparing EFAD with diets containing added fat 

showed EFAD rats gained less weights than rats fed dietary 
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lipid (Table 3.2). From days 21 to 24 experimental diets 

did not influence weight change (Table 3.1). However, rats 

given LPS lost weight between days 21 and 24 (p < .01, Table 

3.3). Administration of LPS also caused a reduction 

(p < .01) in spleen weight (Table 3.3). Diet by treatment 

interaction effects were not significant. 

NK Activity 

NK cytotoxicities at 100:1, 50:1, and 25:1 were higher 

(p < .05) among LPS treated versus Sham animals (Table 3.4). 

Overall, diets had no significant effect on NK 

cytotoxicities (Table 3.5). However, using orthogonal 

contrasts, animals on the EFAD diet had higher NK 

cytotoxicity (p < .05) at 50:1 E:T ratio and approached 

significance at 100:1 ratio (P = 0.056) compared to fat 

containing rations (Table 3.6). There were no significant 

interactions between diet and LPS treatments. 

Lipid Analysis 

After a three week feeding interval, there was a 

significant increase p < 0.05 in the incorporation of 

eicosapentenoic and docosahexenoic acid in plasma membranes 

of menhaden fed animals (Table 3.7). EFAD animals did not 

demonstrate a significant reduction in either linoleic or 

arachidonic acid when compared to other dietary groups. No 
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Table 3.3: Body and Spleen Weights for LPS and SHAM 
Animals 

(Mean±SE) 

Measure LPS SHAM P-value^ 

Body weights 

Day 0 224.211.43 224.711.43 0.35 

Day 21 345.514.19 345.514.19 0.94 

Day 24 322.012.99 345.112.99 0.01 

Weight change 

Days 21-0 120.3714.09 119.214.09 0.80 

Days 24-21 -28.413.35 -.0813.35 0.01 

Spleen weights 

Spleen weight, g 1.110.03 0.9210.03 0.06 

Spleen weight % of BW 0.3010.01 0.2710.01 0.001 

^P-value for the endotoxin effect. 
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Table 3.4: NK Cell Response to LPS versus Sham Treated 
Animals 

E:T 

12.5 

25 

50 

100 

Rat 

1 

io LPSISE 

11 .512.27 

14.012.29 

16.312.56 

17.712.15 

Mean % Cytotoxici 

SHAMISE 

6.512.19 

6.412.21 

8.512.18 

11.612.07 

ty 

P--Value 

0.12 

0.02 

0.02 

0.05 
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Table 3.5: NK Cell Response By Dietary Treatment 

E:T 
RATIO CHOW EFAD 15%MEN 15%SAF P-VALUE 

12.5 7.213.10 12.813.10 6.8513.10 9.0213.32 0.12 

25 7.913.13 12.913.13 8.6913.13 11.3513.34 0.66 

50 6.913.09 18.113.09 12.6313.09 11.9213.23 0.11 

100 9.212.93 19.612.93 13.9312.93 15.7113.13 0.12 

CHOW is standard rat chow, containing 4.5% lipid. 
EFAD is essential fatty acid deficient diet. 
MEN diet contains 15% menhaden fish oil. 
SAF diet contains 15% safflower oil. 
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Table 3.6: NK Cell Response By EFAD versus Fat Containing 
Diets^ 

E:T EFAD Fat Diets P-Value 

1 2 . 5 

25 

50 

100 

1 2 . 8 1 2 . 5 0 

1 2 . 8 1 2 . 5 8 

1 8 . 1 1 3 . 1 6 

1 9 . 6 1 2 . 9 7 

7.312.56 

7.312.56 

10.211.86 

12.711.75 

0. 16 

0.31 

0.04 

0.06 

^Linear contrasts were used to compare NK activity at 
each E:T ratio between the diets without lipid (EFAD) and 
all other diets (containing 4.5 or 15% lipid). 
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consistent treatment effects were seen in any of the seven 

fatty acids (Table 3.8). 

TNFa Activity 

Although no statistical difference was found between 

diet-treatment interactions, differences were detected (p 

< .05) between LPS and SHAM groups and between dietary 

groups. Overall, n-6 diet groups (CHOW and SAF) produced 

higher concentrations of TNFa than n-3 MEN and EFAD groups 

(p < 0.05) (Table 3.9). 

Chemotaxis and Adherence 

A significant difference was seen in neutrophil 

chemotaxis in both treatment and diet groups. EFAD animals 

had diminished chemotaxis when compared to all other diet 

groups, while animals treated with LPS had increased values 

(Table 3.10). No interaction effects were demonstrated. 

Treatment and diet effects on neutrophil adherence showed no 

differences. 

Discussion 

Rats fed EFAD diets showed a classic reduction in body 

weight 21 days after initiation of dietary treatments 

compared with other dietary treatments (Table 3.1). Both 

MEN and SAF provided sufficient essential fatty acids to 
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Table 3.9: TNFa Response By Diet and Treatment 

Diet Mean (pg/ml) 1 Standard Error 

CHOW 367.9150.03^ 

EFAD 153.8148.70*^ 

MEN 160.6150.41^ 

SAF 415.8152.65^ 

Treatment 

LPS 334.5136.4^ 

SHAM 214.5135.0^ 

'̂''Different supercripts are significantly different, 
p < 0.05. 
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maintain body weight and weight gains similar to rats fed 

chow. While EFAD reduced total spleen weights, the spleen 

weights did not differ as a % of body weight among dietary 

treatments. 

LPS administration caused an 8.2% reduction in body 

weights over the three day infusion period (Table 3.3). In 

spite of substantial effects of diet and LPS on rat body 

weights, the interaction between diet and endotoxin 

treatment was not significant. This finding suggests 

that these dietary modifications will not ameliorate the 

effects of LPS on weight loss. 

Manipulating dietary lipids had few effects on immune 

measures in this study. Past reports of suppressed NK 

activity for mice fed diets high in menhaden oil were not 

confirmed in this work (Lumpkin et al., 1993; Roder and 

Klein, 1979). The past studies used mice while this study 

used rats. The general effect of fish oils to suppress 

immunity is evidently not consistent across species. 

Rats fed EFAD diets had consistently enhanced NK 

cytotoxicity compared with rats fed diets containing lipids. 

When linear contrasts were used to compare diets containing 

lipid with the diet deficient in lipid (EFAD), we found a 

significant elevation of NK cytotoxicity among rats fed EFAD 

diets compared with rats fed lipid was found (see Table 

3.6). At an E:T ratio of 50:1, rats fed EFAD diets had a 
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77% increase in NK activity compared with rats fed diets 

containing lipids. 

Prostaglandins are well documented as being suppressive 

to NK cell cytotoxicity (Brunda, Heberman, and Holden, 1980; 

Roder and Klein, 1979). While it is tempting to speculate 

that EFAD rats had altered arachidonic acid metabolism 

resulting in less prostaglandin levels, there is little 

evidence to support such a claim. Rats fed a diet 

containing a high menhaden composition would also expect to 

have less potent prostaglandin concentrations (Meydani et 

al., 1988) but these rats' NK activity were unaltered. 

Thus, the effects of EFAD may not be mediated by altered 

prostaglandin metabolism. 

EFAD-fed rats did not demonstrate significant changes 

in membrane lipid concentrations for this feeding interval. 

Arachidonic and linoleic fatty acid content was preserved in 

EFAD diet plasma membranes (Table 3.7). Menhaden-fed 

animals increased eicosapentenoic and docosahexenoic fatty 

acids without concomitant decreases in C18:2 and C20:4 fatty 

acid. Unpublished work from this laboratory found 

arachidonic acid not significantly affected by diet in a 5 

week feeding period. Lefkowith et al . (1987, 1990a) 

demonstrated an essential fatty acid deficiency state at 8 

weeks in mice. No effects were demonstrated by LPS 

treatment in plasma membrance composition (Table 3.8). 

Decreased eicosanoid synthesis by reduced substrate in 
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EFAD-fed animals is improbable. N-3 fatty acid 

incorporation in plasma membranes may produce prostaglandin 

of the trienoic series, but whether this effect is 

responsible for depression of TNFa activity will require 

further investigation. 

Application of LPS caused a marked rise in NK activity 

(92% increase in NK activity; Table 3.4). Other studies 

have reported this effect (Tarkkanen, 1988; Lindemann, 1988; 

Kang et al., 1985). During a bacterial infection when 

macrophages increase secretion of TNFa and other cytokines, 

one can expect an increase in natural immunity against viral 

and malignant disease because of the enhanced NK activity. 

In spite of significant effects of dietary lipid and 

LPS on NK activity, the interaction between LPS and dietary 

lipid treatment was not significant. Thus, NK activity was 

elevated due to LPS in the face of the wide ranges in 

membrane lipid composition induced by these diets. As 

reported by other investigators, (Lefkowith et al., 1987; 

Gyllenhammar et al., 1988) this study demonstrated depress 

neutrophil function in animals fed an EFAD diet (Table 

3.10). A significant increase was seen in neutrophil 

chemotaxis among LPS-treated animals. This stimulating 

effect of LPS on neutrophil chemotaxis is in contradiction 

with previous studies (Griswold et al., 1991; Morrison and 

Ulevitch, 1978). 
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Neutrophil adherence was not significantly different 

for LPS or diet effects. In this model, continuous LPS 

administration may be an important factor in sustained LPS-

initiation of complement factors and membrane surface 

receptors. 

EFAD and Menhaden-fed animals had significantly lower 

TNFa activity than animals who primarily received n-6 fatty 

acids in their diet. Alterations in plasma membranes may 

reduce the synthesis of PGEo (Lefkowith et al., 1987, 1990a; 

Meydani et al. , 1991). TNFa stimulation is controlled by an 

autoregulatory loop that involves the intermediate 

production of PGEA and the subsequent elevation of cAMP. 

Reduction in TNF during sepsis may attenuate the associated 

immunosuppression and improve mortality. 

In conclusion, alterations of NK activity and 

chemotaxis by LPS was independent of dietary lipid source 

and concentration. Secondly, EFAD diets elevated NK 

activity and lowered chemotaxis in both control and LPS-

exposed rats. Endotoxin-induced and dietary lipid effects 

on NK activity and TNFa were independent and showed no 

interactive effects. 
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CHAPTER IV 

MODULATION OF IMMUNE RESPONSE IN THERMAL 

INJURY BY ESSENTIAL FATTY ACID 

DEFICIENT DIET 

Abstract 

Essential fatty acid-limiting states have proven 

beneficial in reducing inflammatory responses by diminution 

of eicosanoid synthesis. This study was performed to 

determine the effects of essential fatty acid deficient diet 

(EFAD) on immune parameters 24 hours and one week after burn 

injury. Eighty male Sprague-Dawley rats were randomized to 

received either an EFAD diet or control chow diet. Animals 

were pair fed. All animals were placed on the diets for 14 

days at which point, sixteen animals were sacrificed prior 

to burn treatment (Day 0). Remaining animals were randomly 

selected to receive a 35% total body surface area full 

thickness scald burn or no burn treatment. Animals were 

sacrificed postburn day 1 or 7. Burned EFAD animals food 

intake determined food allotments for the other diet/ 

treatment groups. EFAD burned animals ate significantly 

more compared to all other diet/treatment groups (p < 

0.001). Weights were not significantly different among 

groups at sacrifice. Burn treatment reduced liver weights 

on day 1 (p < 0.002), and increased spleen weight were 

observed for burned animals on day 7 (p < 0.05). White 

blood count was significantly elevated (p < 0.001) for 
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burned animals on day 7 (p < 0.001). Neutrophils were 

elevated and lymphocyte percentages were depressed for 

burned animals at 24 hours and 7 days after burn (p < 

0.001). One day after injury, EFAD-fed animals exhibited 

less NK suppression at 100:1 E:T ratio (p < 0.05) and 

combined E:T ratios (p = 0.06). Seven days postburn, EFAD 

fed animals had elevated NK activity at 50:1 E:T ratio (p < 

0.05). EFAD-fed animals had significantly higher T cell 

proliferation for all doses of PHA than control animals 

prior to burn (p < 0.05). Injury depressed lymphocyte 

activity for postburn day 1 and 7; however, T cell 

proliferation (PHA mitogen) was elevated (p < 0.05) on day 

7. One week after injury, EFAD-fed animals' T cell activity 

was reduced to a level equivalent to control/chow animals, 

while burned/chow rats lymphocyte activity was significantly 

diminished (p < 0.05). In conclusion, EFAD diets enhanced T 

cell proliferation and improved NK response in both burned 

and control animals. 

Introduction 

Immunologic compromise involving both cell mediated and 

humoral immunity is well recognized in thermal injury. 

Trauma involves impaired neutrophil and natural killer cell 

(NK) function, depressed complement factors and altered 

cytokine and prostaglandin production. Arachidonic acid 

metabolites have been indicated in postburn 



immunosuppression (Ninneman and Stockland, 1984; Ninneman 

and Ozkan, 1985). The anergy of burns is associated with 

release of large quantities of Prostaglandin Ej (PGE,). PGEj 

may inhibit lymphocyte production of interleukin-2 (IL-2) 

and induce proliferation of suppressor T cells (Ninneman, 

Stockland, Gondii, 1983; Ninneman and Stockard, 1984; 

Ninneman and Ozkan, 1985). In other work, Faist et al. 

(1987) found that lymphocytes from thermally injured 

patients had decreased IL-2 secretion; however, when 

incubated with indomethacin (a cyclooxgenase inhibitor), 

IL-2 production was restored. 

In response to IL-1 activation, T helper cells and NK 

cells produce IL-2 which primarily induces T-cell 

proliferation. Natural killer cell activity is modulated by 

IL-2 and other cytokine activity. Serum from burned 

patients significantly retards in vitro T-cell proliferation 

(Teodorczyk-Injeyan, Sparkes and Peters, 1989). Sepsis-

induced mortality has been shown to correlate with impaired 

T-cell proliferation and also with reduced IL-2 production 

by splenocytes collected from mice with a 25% thermal injury 

(Gough et al., 1988). 

Marano et al. (1990) evaluated postburn change of TNF 

activity in thermally injured patients and found that 

elevated TNF correlated with infection and mortality. Vega 

and Baxter (1991) identified TNF as the bloodborne factor 

that is responsible for the rise in triglycerides postburn 
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injury. Enhanced TNF production may prove to be an 

important initiator in abnormal serum lipid profiles 

demonstrated after thermal injury. 

Dietary lipid composition effects immune response after 

burn injury. Eicosanoid modulation by fatty acids in the 

n-3 family have been proposed due to their suppression of 

arachidonic acid metabolites. Previous work has indicated 

that dietary n-6 fatty acids increase susceptibility to 

infection after burn injury, probably by increasing the 

amount of immunosuppressive prostaglandins or thromboxanes 

available. In a sepsis model. Peck et al. (1990) concluded 

that the composition of dietary lipid, and not the 

percentage of fat was the significant factor for improved 

survival. Cook et al. (1981) found that essential fatty 

acid deficient (EFAD) rats were significantly more resistant 

to endotoxin challenge. Rats on EFAD diets had only 24% 

mortality after endotoxin (20 mg/kg, IV), but mortality rose 

to 100% when arachidonic acid was given 2 days before the 

challenge. Mochizuki et al. (1984) investigated the effects 

of varied proportions of lipid in enteral diets of burned 

guinea pigs. On postburn day 14, body weight, and muscle 

weight were the greatest in 0% and 5% lipid groups and the 

least in 30% and 50% lipid groups. The 0% and 5% lipid 

group had better nutritional indices (serum albumin, 

transferrin, total nitrogen content in liver, and 

gastrocnemius muscle) than the 15% lipid group, but 
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cumulative nitrogen balance were worse than in the animals 

receiving 15% lipid diet. 

Essential fatty acid limiting states may be desirable 

for transient periods to minimize eicosanoid related 

pathophysiologies. This study evaluated the effects of 

dietary lipids on NK cell activity, lymphocyte blastogenesis 

and TNFa levels among rats who were subjected to thermal 

injury and evaluated postburn day 1 and 7. 

Material and Methods 

Diets and Animal Model 

Sprague-Dawley rats weighing between 240 and 255 grams 

were purchased from Sasco (Omaha, NE). Animals were housed 

in stainless steel hanging cages. Rats were kept in a 

temperature-controlled room with 12-hour alternating light 

and dark cycles. Water was provided ad lib. Animals were 

randomly assigned to either an essential fatty acid 

deficient diet (EFAD) or to the control diet (CHOW). 

Control animals were fed an AIN-76A rat chow diet and EFAD 

animals were fed a modified AIN-76A fat-free formula 

obtained from ICN Biomedicals (Costa Mesa, CA). Animals 

were pair fed for 14 days at which point 20% were sacrificed 

(Day 0) and the remainder of the animals were randomly 

assigned burn or control treatments. The remainder of the 

animals were sacrificed on either postburn day 1 or 7. 

Animals were weighed upon arrival and then every third day 
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until sacrifice. At sacrifice, organs were harvested 

(spleen, liver, and adrenal) and weighed. Spleens were 

placed into sterile petri dishes prior to initiation of the 

NK and lymphocyte proliferation assay. Blood samples were 

obtained from cardiac puncture. Three ml of blood (7.5% 

EDTA vacutiner tubes) were centrifuged at 1500 g for 10 

minutes. The sera was harvested and stored at -80°C, prior 

to TNFa assay. Blood smears were made using whole blood. 

The smears were fixed in methanol and stained with Diff 

Quik« (Baxter, IL) for differential white cell counts. One 

hundred cells were counted per slide. At a 1:500 dilution, 

the number of white blood cell (WBC) was counted using a 

Coulter cell counter (Coulter Electronics, Hialeah, FL). 

Model of Burn Injury 

The burned rat model previously described by Walker and 

Mason (1968) was used in this experiment. Briefly, general 

anesthesia was achieved with sodium pentobarbital (0.64 

mg/kg). The fur over the dorsum was clipped, and a full-

thickness scald burn was produced on a template-exposed area 

by 20 second immersion in 90°C water. A uniform burn of 

approximately 35% total body surface area (TBSA) was 

achieved. The animals were resuscitated with 10 ml sterile 

lactated Ringer's injected subcutaneously. 
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Natural Killer Cell Assay 

The NK assay was performed as previously described 

(Lumpkin and McGlone, 1992). Briefly, nonadherant splenic 

lymphocytes were isolated and used at effector:target (E:T) 

ratios for 100, 50, 25, and 12.5:1. YAC-1, a murine T-cell 

lymphoma (American Type Culture Collection; Rockville, MD) 

was used as the target line of the assay and was maintained 

in log growth. Target cells were labeled with inorganic 

^̂ Cr (Na2 ^^CrO^). A constant 10̂  target cells were used in 

each culture well. Maximum ^̂ Cr release was determined by 

adding 7.5% Triton-X detergent (Sigma, St. Louis, MO) to 

lyse all targets. Spontaneous ^̂ Cr release was determined 

by adding culture media to target cells and counting 

radioactive label in the supernatant. Effector and target 

cells were incubated in a 5% CO2 humidified chamber for 4 h. 

Supernatants were collected by pipette and were counted for 

1 min on a gamma counter. Percent cytotoxicity was 

calculated using the following formula: 

%NK cytotoxicity = 100 X 

experimental release cpm - spontaneous release cpm 
.. . . . a 

maximum release cpm - spontaneous release cpm 

Lymphocyte Proliferation Assay 

A single-cell suspension was prepared from spleens that 

were teased apart under sterile conditions. Cells were 

washed twice in phosphate-buffered saline (PBS), counted, 
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and adjusted to a final concentration of 5 x 10̂  cells/ml in 

FBS. 

One hundred ^^^ of diluted cells were added in 

triplicates to a 96-well flat bottom sterile plate. 

Phytohemagluttin (PHA) at various does (0, 0.2, 2, and 20 

|ig/ml ) was added to each well in triplicate. Plates were 

incubated for 48 h at 37°C in 5% CO, incubator. Plates were 

pulsed with 1 |iCi of ê  per well for 24 h. After 72 h the 

cells were harvested on glass fiber filters. Each filter 

disk was placed in a scintillation vial. Five ml of 

scintillation fluid was added to each vial and samples were 

counted on a scintillation counter. 

Statistical Analysis 

Repeated measures analysis of variance was calculated 

for NK % cytotoxicity across E:T ratios and lymphocyte 

blastogenesis over mitogen dose. Analysis of variance was 

used to determine if dependent variables were influenced by 

diet or treatments (burn or control), or the interaction of 

diet and treatment (burn or control). Means were separated 

with the F-protected predicted difference test (SAS, 1990). 

All statistical analyses were performed using general inear 

models procedures (SAS, 1990). 
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Results 

Weights and Food Intake 

Initial weights and sacrifice weights of the animals 

for day 0 and postburn day 1 and 7 were statistically 

similar among treatments (Table 4.1, Table 4.2, Table 4.3). 

Weight increased approximately 17% for the preburn feeding 

period for EFAD and CHOW fed animals. Food intake was not 

significantly different for EFAD and Chow-fed rats Day 0 or 

Day 1 (Table 4.1, Table 4.2). However, on day 7 the 

interaction between treatment and diet (p = 0.002) was 

significant (Table 4.3). One week after injury, EFAD and 

Chow control rats had similar food intake. Burn treatment 

inversely affected food intake. Chow-fed animals intake was 

significantly lower compared to control chow-fed animals, 

and EFAD burned animals had significantly higher 

intakes compared to other diet/treatment groups. Organ 

weights did not differ on Day 0. A treatment effect reduced 

liver weights for burned animals compared to controls (p = 

0.002) for postburn day 1 (Table 4.2). Burned animals 

sacrificed on day 7 differed in spleen weight compared to 

control animals (p = 0.04) (Table 4.3). All other organ 

weights were similar among groups. 

Hematologic Measures 

White blood cell count and differentials were 

statistically similar for Day 0 for each diet/treatment 
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Table 4.1: Food Intake and Hematologic Measures for Day 0 
Animal and Organ Weights, Food Intake and 
Complete Blood Count by Diet and Treatment 

Measure 

Weights 
Arrival weight (g) 
Sacrifice weight (g) 
Food intake (g/14 day) 

Organ Weights 
Spleen (g) 
Liver (g) 
Adrenal (g) 

Complete Blood 
Counts (CBC) 

WBC (10'°) 
Neutrophil % 
Monocyte % 
Lymphocyte % 

CHOW 

243.815.15 
289.815.35 
265110.45 

0.6510.03 
11.7810.53 
0.0610.004 

4.7410.75 
14.414.04 
0.4010.40 
85.214.05 

EFAD 

24615.15 
28615.35 
287110.45 

0.6110.03 
11.4310.53 
0.0610.004 

3.8810.75 
15.014.04 
0.4010.40 
84.014.05 

P-

0, 
0, 
0. 

0. 
0. 
0. 

0 
0. 
1 . 
0. 

-value 

.7184 

.6173 

. 1563 

,3966 
,6541 
,8411 

.4272 
,9190 
,000 
,8396 
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group (Table 4.1). Burned animals WBC counts were slightly 

elevated post burn day 1. A significant difference for the 

treatment effect was exhibited by Day 7 (p = 0.001). 

Neutrophils were elevated and lymphocyte percentages were 

depressed for burned animals at 1 day and 7 days after burn 

(Table 4.2 and 4.3). 

Overall, diets had no significant effect on NK 

cytotoxicities. Prior to burn, EFAD-fed rats had higher NK 

cytotoxicity but this effect only approached significance 

with an E:T ratio of 12.5:1 (P = 0.07) (Table 4.4). On 

postburn day 1, EFAD enhancement of NK activity was 

significantly different at 100:1 E:T ratio (p = 0.04) (Table 

4.5). On postburn day 7, animals on the EFAD diet had 

higher NK cytotoxicity (p = 0.027) at 25:1 E:T ratio and 

approached significance (p = 0.078) at 12.5:1 E:T ratio 

(Table 4.6). Burns suppressed NK activity at 50:1 and 

approached significance at 25:1 E:T ratio on day 7. The 

interaction between stress treatment was significant only 

for day 7 with an E:T ratio of 100:1 (Table 4.6). 

Lymphocyte Transformation Assay 

EFAD fed animals had significantly higher blastogenesis 

activity for all doses of PHA (p = 0.016) than control 

animals for day 0 (Table 4.4). Burn effect differed (p = 

0.026) from control animals for postburn day 1. There were 
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Table 4.4: Immune Parameters for Day 0: 
Cytotoxicity, and Lymphocyte 
Diet and Treatment 

NK Cell 
Transformation by 

Measure 

LTA: CPM 
All Dose PHA 
O^g/ml PHA 
.2 |ig/ml PHA 
2 Mg/ml PHA 
20 pg/ml PHA 

NK % Cytotoxicity 
E:T Ratio 
All E:T ratio 
12.5 
25 
50 
100 

CHOW 

1547416815 
15155113630 
16583113630 
13525113630 
16633113630 

9.8217.69 
4.7616.23 
5.5212.32 
13.1717.77 
14.5614.80 

EFAD 

4317916815 
38735113630 
53075113630 
46857113630 
34046113630 

15.0717.69 
21.9416.23 
6.4412.32 
17.3017.77 
16.3214.80 

P-value 

0.017 
0.25 
0.067 
0.1 1 
0.30 

0.679 
0.073 
0.785 
0.746 
0.800 
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no significant diet or interaction effects (diet by 

treatment) for day 1. On day 7, a treatment effect was 

observed (p = .037) with reduced blastogenesis among burned 

animals. EFAD enhancement of lymphocyte activity was 

produced for PHA dose of 20 lag/ml (p = 0.031) and approached 

significance at 2 ng/ml PHA (p = 0.063) at 7 days (Table 

4.6). 

Discussion 

Animal weights were similar on each sacrifice day, in 

spite of a substantial burn treatment and pair feeding 

(Tables 4.1, 4.2, and 4.3). EFAD and EFAD/burned animals 

served as the control for food intakes. Food intakes were 

similar for day 0 and day 1; however, treatment by diet 

interaction effect was seen on day 7 (Table 4.3). Burned 

EFAD animals food intake determined food allotments for the 

other diet/treatment groups. EFAD burned animals ate 

significantly more compared to all other diet/treatment 

groups. EFAD-fed animals had 14.6% weight gain after burn, 

while control burned animals lost 8.2% body weight. 

Mochizuki et al. (1984) demonstrated similar results in 

burned guinea pigs fed 0% fat. Muscle mass and body weight 

at postburn day 10 were highest for animals on a fat free 

enteral formula compared to diets with 5 to 50% fat content 

Apparently, the burn affected EFAD-fed animals produced a 
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hyperphagic response, which diminished the morbidity and 

mortality associated with burn catabolism. 

Organ weights did not differ for EFAD and control 

animals at day 0 (Table 4.1). The reduction in liver 

weights for burned animals (Day 1) may be due to diminished 

perfusion of this organ in the shock phase of 

injury (Table 4.2). Elevated spleen weights in burned 

animals (day 7) may reflect an infectious process and 

associated edema (Table 4.3). Adrenal weights did not 

differ significantly among treatments throughout the 

experiment. 

Burned animals exhibited a classic pattern of 

inflammation and infection in complete blood counts (CBC) 

for day 1 and 7. Elevation in percentage neutrophils with 

subsequent reduction in lymphocytes were demonstrated after 

burn injury (Tables 4.2 and 4.3). White blood cell (WBC) 

counts were slightly elevated 24 hours after injury and were 

significantly different after one week (Tables 4.2 and 4.3). 

Elevated WBC at 7 days indicate a systemic infection and 

clinically may be an early indicator of sepsis (Dal Nogare, 

1991). No diet or treatment effects were demonstrated prior 

to burn injury (Table 4.1). 

Manipulating dietary lipids had few effects on NK 

cytotoxicity. Consistently EFAD-fed animals exhibited less 

NK suppression post injury than did controls, although this 

only approached significance (p = 0.068) (Table 4.5). On 
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day 7, a diet effect was observed at E:T ratio of 25:1 and 

approached significance at 12.5:1 (Table 4.6). 

Stress-induced suppression in NK activity was observed for 

animals one week after injury. Lowered NK activity may 

reflect the subsequent immunocompromise associated with 

modulated cytokine function and production. A stress and 

diet interaction effect was observed for E:T ratio of 100:1 

and approached a significant effect at E:T ratio of 12.5:1 

on day 7. EFAD burned rats had improved NK cytotoxicity at 

the lowest E:T ratio; however, at 100:1 E:T ratio chow-fed 

burned rats had an elevation of NK activity. IL-2 synthesis 

and function is depressed after stress (Li lie et al., 1990; 

Teodorczyk-Knjeyan et al., 1991). Adequate cell numbers and 

balanced production of IL-2 and IL-2 receptors may be 

required for improve NK cytotoxicity after injury. 

As reported by other investigators (Meade and Mertin, 

1978; Erickson, Adams and McNeil, 1983), lymphocyte 

transformation was significantly enhanced in EFAD-fed 

animals compared with chow-fed animals (Table 4.4.) Stress 

of the burn injury depressed lymphocyte activity on day 1 

(Table 4.5). On Day 7, lymphocyte transformation was 

elevated; however, burn suppression was still evident (p = 

0.037). Lymphocyte transformation for EFAD-fed animals was 

elevated for 2 Mg/ml PHA (p = 0.063) and was significant for 

PHA dose of 20 Mg/ml (p = 0.031) (Table 4.6). During 

stress, T cell activity was reduced among EFAD-fed animals 
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to a level that was consistent with control chow animals. 

Chow-fed burned rats had depressed activity. Thus, EFAD 

diets prevented burn suppression in T cell proliferation. 

In conclusion, stress reduced both T cell proliferation 

and NK activity independent of diet. Secondly, EFAD diets 

enhanced T cell proliferation and improved NK response in 

both burned and control animals. No consistent interaction 

effects were demonstrated. 
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CHAPTER V 

CONCLUSIONS, APPLICATIONS AND LIMITATIONS 

The objective of these studies was to obtain 

information on dietary lipid modulation of immune function 

in metabolic stress conditions. In the first experiment, 

the objective was to modify dietary lipid composition of 

animal diets to evaluate plasma membrane changes and 

immunological parameters during sepsis. The second 

experiment was conducted to determine the effects of 

essential fatty acid deficient diet on immunological 

response before and after thermal injury. 

Intensive care patients with extended stays are 

frequently immune compromised. the nutritional support 

these patients receive can affect immune function. Other 

studies have indicated immunologic benefits with nutrient 

specific formulas, especially those with dietary 

supplementation of n-3 fatty acids. This study found that 

although TNF production was reduced in menhaden fed animal 

(n-3) overall, supplemental n-3 did not show any 

immunological benefit in stress. 

Animals that received no fat in their diet exhibited 

lower TNF production, improved NK cell response, and 

enhanced T cell proliferation in stress and burn treatments. 

EFAD-fed animals demonstrated significantly reduced 

chemotaxis. Excessive neutrophil migration and accumulation 

in tissue is associated with the final stages of septic 
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shock; thus suppression of chemotaxis in sepsis syndromes 

may aid recovery. These experiments support the idea of 

potential for immunomodulation by alterations in dietary 

lipid. Fat-free nutrition for a two- to three-week period 

generally enhanced immunological parameters. 

One observation not discretely analyzed was the 

behavior of animals on EFAD diets. EFAD-fed animals 

exhibited aggressive behavior patterns when compared to 

animals on other experimental diets. This phenomenon has 

been previously seen in our laboratory with animals on two-

or six-week fat-free regimens. Whether these behavioral 

observations could be replicated in a human population would 

be extremely interesting. 

Except in cases of total parenteral nutrition, no 

deficiency states have been reported for a fat-free period 

of 21 days. A deficiency of essential fatty acids was not 

demonstrated by either gross observation or by triene to 

tetraene ratio. Short duration EFAD diets may alter immune 

response but not induce a severe deficiency state during 

sepsis. 

One limitation of these experiments includes the 

pretreatment feeding interval with extreme dietary lipid 

modification. Although diets high in n-6 fatty acids may be 

seen in the general population, high n-3 fatty acid diets 

are uncommon and fat-free nutrition improbable for the 

general public. Secondly, this model provides a relatively 
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poor duplication of the multiplicity of external and 

internal events that may be seen in sepsis and burn injury. 

Ad lib diets or paired feeding, although utilizing the 

gastrointestinal tract, may not replicate the physiological 

response of continuous enteral or parenteral formulas. 

To be more clinically applicable, the immunological 

effects of fat-free nutrition would have to be demonstrable 

within 7 to 10 days after admittance to the hospital. It is 

in this time period that physiologic aberrations associated 

with stress and sepsis may become evident. 

Nutrition support of stressed patient will become more 

nutrient specific. The days of administering one formula 

for a patient's entire hospital course may become obsolete. 

Nutrient requirements may vary from shock through recovery. 

Whether fat-free enteral nutrition is beneficial for 

stressed and septic patients requires further study. 
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T a b l e A . l : B i o l o g i c a l A c t i v i t i e s o f S e l e c t e d C y t o k i n e s 

Cytokine Acrcpnym Secreted by A c t i v i t y 

I n t e r f e r o n y IFN-^ 

I n t e r l e u k i n 1 IL -1 

T|̂  c e l l s , 
TQ c e l l s 

Monocytes, 
macrophages, 
B c e l l s , and 
numerous ether 
c e l l types 

Enhances a c t i v i t y o f 
macrophages and TQ, and 
NK c e l l s 

Increases expressicDn of I4HC 
molecules 

Enhances production of 
igGog 

Blocks IL-4-induced class 
switch to IgE and IgĜ  

Induces proliferation of 
PHA-treated thymocytes 

Costimulates T^-cell 
activation 

Promotes B-cell maturation 
and clonal expansion 

Enhances activity of NK 
cells 

Chemetactically attracts 
neutrophils and 
macrophages 

Increases expression of 
ICAMS en vascular 
endothelial cells 

Interleukin 2 IL-2 

Interleukin 3 IL-3 
(multi-
CSF) 

T̂  cells 
(T̂ l subset) 

T̂  cells 

Induces proliferation of 
antigen-primed T̂  and T̂  
cells 

Supports long-term growth 
of antigen-specific T-
cell clones 

Enhances activity of some 
NK cells and 1^ cells 

Supports growth and 
differentiation of 
hematopoietic eel 1st 

Stimulates mast-cell growth 
and histamine secretion 

Interleukin 4 IL-4 

Interleukin 5 IL-5 

T̂  cells 
(T^2 subset) 

T̂  cells 
(1^2 subset) 

Induces B-cell 
proliferation and 
differentiation 

Promotes switch to IgA 
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Table A.l (continued) 

Cytokine Acrcpnym Secreted by Activity 

Interleukin 6 IL-6 

Acts with IL-4 to stimulate 
IgE production 

Induces e<3sinophil growth 
and differentiation 

T^ cells Increases secreticDn of 
(T^2 subset) antibodies by plasma 
macrophages, ce11s 
monocytes. Together with IL-1, 
fibroblasts, and costimulates T-cell 
endothelial cells activation 

Aids in differentiation of 
myeloid stem (Dells 

Interleukin 7 IL-7 Bone-marrow 
stromal cells 

Induces differentiation of 
lymphoid stem cells into 
progenitor B cells 

Stimulates growth of 
thymocytes 

Increases expression of 
IL-2 and its receptor by 
resting T cells 

Interleukin 8 IL-8 Macrophages 

Interleukin 9 IL-9 T^ cells 
(T^2 subset) 

Chemotactically attracts 
neutrophils 

Induces adherence of 
neutrophils to vascular 
endothelial cells and 
aids their migration into 
tissue spaces 

Acts as a mitogen, inducing 
the proliferation of 
some J^ cells in the 
absence of antigen 

Promotes growth of mast 
cells 

Interleukin 10 IL-10 

Tumor necrosis TNF-a 

T^ cells 
(T|̂ 2 subset) 

Macrophages 

Suppresses cytokine 
production by T̂ l subset 

Has cytotoxic effect on 
tumor cells but not on 
norrrel cells 

Induces numerous cell types 
to secrete various 
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Table A.l (continued) 

Cytokine Acronym Secreted by Activity 

cytokines involved in the 
inflammatory response 

Tumor necrosis TNF-3 
factor 3 

Tn cells 
(T̂ l subset), 
TQ cells 

Kills tumor cells and has 
other effects similar to 
those of TNF-a 

Enhances phagocytic 
activity of macrophages 
and neutrophils 
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