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Abstract

Critical illness results in a plethora of metabolic and immunologic abnormalities.
Essential fatty acids have profound effects on metabolism and immune function. During
stress states there are perturbations in fatty acid metabolism that may alter the fatty acid
composition immune cell membranes which impact on their cellular function. These
functional changes may place the patient at risk for infection. Changes in lipid
composition of neutrophils and lymphocytes that occur following burn injury and during
cancer have not been characterized previously. Inmune changes that have been reported
to occur after burn injury, and during cancer and chemotherapy have not been examined
in relation to membrane composition. The objective of this thesis research was to
demonstrate that alterations in fatty acid composition of immune cells contribute to
functional changes observed in both the cell mediated and innate immune branches in
disease states characterized by metabolic impairments and immunosuppression. The
disease states that were investigated included infection, burn injury, high dose
chemotherapy for breast cancer and cachexic cancer patients who were fed supplemental
fish oil. Immune measures performed using peripheral blood immune cells included
lymphocyte proliferation and cytokine production in response to mitogens, NK cell
cytotoxicity, neutrophil oxidative burst and characterization of lymphocyte phenotypes
that were associated with membrane phospholipid changes. For each disease state, the
discussion will focus on the relationship of immune measures to the arachidonic acid
content in the immune cell membranes. A relationship between the arachidonic acid

content of neutrophil membranes and their oxidative burst response was confirmed by an
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in vitro study. The implications of these findings in the design of nutritional intervention

strategies aimed at up or down regulating specific immune functions will be discussed.
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PI: Phosphatidylinositol

PKC: Protein kinase C

PL: Phospholipids

PLA, : Phospholipase A,

PLC: Phospholipase C

PMA.: Phorbol myristate acetate

PS: Phosphatidylserine
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PSN: prescalpular lymph nodes
PUFA: Polyunsaturated fatty acids
PWM: pokeweed mitogen

QR: Quantum red

SQ: Subcutaneous

RBC: Red blood celis

SFA: Saturated fatty acids

SSC: Side scatter

TBSA: Total body surface area
TC: T cytotoxic

TG: Tnglyceride

TGF: Transforming growth factor
TH: T helper

TINF: Tumor necrosis factor
TPN: Total parenteral nutrition
UV: Ultraviolet
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L

Lipids, Immunity and Disease

A. Dietary Fat and Lipid Biochemistry

Triglycerides (TG), phospholipids (PL) and sterols provide the liptd component of
the typical Western diet with TG accounting for approximately 95% of fat intake (Groff
et al.,1995). Lipids ingested in these forms are hydrolyzed by pancreatic lipase and
absorbed in the form of monoglycerides. The gastrointestinal mucosa reassembles the
monoglycerides into TG and packages them into chylomicrons which are carried
throughout the body and metabolized by the liver and peripheral tissues. Lipids cannot
be directly transported in the blood, although a small amount may be esterified to
albumin, therefore, the liver assembles exogenous fats it receives from dietary sources
together with endogenous fat sources into very-low and low-density lipoproteins and
secretes them into the blood. Fatty acids are then made available to the tissues by the
action of lipoprotein lipase where they can be used for energy or de novo synthesis of
fatty acids. Acylation to a polar head group allows for phospholipid (PL) formation and
incorporation into biological membranes (Kinsella,1990).

Our diet provides us with a wide variety of fatty acids including saturated (SFA,
palmitic, stearic, myristic), monounsaturated (oleic) and polyunsaturated (PUFA, linoleic
and linolenic) and a small amount of long chain PUFA. Since 1929 it has been
established that linoleic (18:2n-6) and linolenic (18:3n-3) acid are essential in the diet of
humans (Burr et al.,1930). Our bodies can metabolize these basic fatty acids through
elongase and desaturase pathways into specific fatty acids needed by our body (Figure
I.1). A deficiency in essential fatty acids results in a manifestation of several clinical
symptoms as well as lymphoid atrophy, decreased antibody responses and increased
susceptibility to infections (Gurr,1992; Linscheer et al.,1988). Essential fatty acids are
key structural components in membranes and are the only source of prostanoids
(Gerster,1995). The ratio of n-6 to n-3 fatty acids is an important dietary consideration as
there is competition for metabolic enzymes and tissue incorporation between these 2
families. It is recommended that the ratio of n-6 to n-3 fatty acids in the diet should be
between 4:1 and 10:1 (Groff et al., 1995).
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Linoleic acid comprises the majority of n-6 fatty acids in the diet and is readily
obtained from comn, sunflower, soybean and safflower oils. 18:2n-6 is necessary for
physiological function of many cellular systems. Arachidonic acid (20:4n-6), which is
the most common fatty acid found in membrane PL (Kinsella,1990) can be obtained
through the diet or derived from 18:2n-6 (Figure I.1). 20:4n-6 gives rise to the 2 and 4
series of prostanoids and leukotrienes which have immunosuppressive and inflammatory
properties (Figure 1.2).

Linolenic acid is another dietary essential fatty acid found in soybean, canola, and
linseed oil as well as green plant tissues. Linolenic acid 1s metabolized to EPA (20:5n-3)
and DHA (22:6n-3; Figure 1.1) for incorporation into membranes. The conversion of
linolenic acid to EPA and DHA is reported to be less in humans (Dyerberg et al.,1980),
particularly in times of stress (Brenner,1981), therefore, sources containing EPA and
DHA would guarantee their appearance in cell membranes and tissues. Fish oil is rich in
long chain n-3 PUFA. The 3-series prostanoids and 4-series leukotrienes are formed
from n-3 fatty acids. These are less immunosuppressive and inflammatory than the 2-
series and 4-series produced from 18:2n-6 (Figure 1.2). EPA is readily incorporated into
membranes (Croset et al.,1992) and displaces some of the 20:4n-6 (Weaver et al.,1985).
When high amounts of linolenic acid are consumed, there is inhibition of linoleic and
20:4n-6 metabolism (Corey et al.,1983; Lokesh et al.,1988; Yoshino et al.,1987).
Therefore diets rich in n-3 fatty acids will decrease the amount of cyclooxygenase
products derived from 20:4n-6 (Corey et al., 1983; Dyerberg et al.,1978; Needleman et
al.,1979).

The dietary requirements for specific fatty acids during critical illness are not
known, and this issue is heavily debated. Alterations in fatty acid metabolism and
increased use of specific fatty acids by various tissues make the requirement different
than that of healthy individuals. In addition, the ability of patients with burns or cancer to
utilize specific fatty acids from the diet has not been determined. Metabolic pathways for
de novo synthesis of fatty acids may be impaired during stress states and supplementation

of certain fatty acids in the diet may be required.
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B. Membranes: An Overview

A key role of lipids is to serve structural, barrier, antigenic, enzymatic and
signaling functions within biological membranes. Cell membranes are composed of
phospholipids made up of fatty acyl groups attached to a polar head group organized to
form a lipid bilayer spanned with integral and peripheral proteins throughout (Figure 1.3).
The fluid mosaic model of Singer and Nicholson describes the basic general structure of
membranes (Singer et al.,1972). Continuous, fluid barriers between the exterior and
interior of cells and its various organelles compartmentalizes functional cellular
components. Highly specific lipid/protein and lipid/lipid domains give rise to structural
and functional characteristics of membranes (Clandinin et al.,1991). There may be a
requirement of different proteins for particular phospholipids and phospholipids can be
comprised of different fatty acids with varying physical properties (Kinsella,1990)
exemplifying the complexities of membrane formation. Membranes are comprised of
different percentages of proteins (25-70%), lipids (20-80%) and carbohydrate depending
on the biological membrane of interest (Kinsella,1990).

Membranes provide working environments for a wide range of enzyme and
hormone receptors and antigens that function at the aqueous lipid interface. Different
membrane proteins are affected differently depending on their position in the fatty acid
membrane in which they exist (Kinsella,1990). There are several examples of proteins
that require specific PL or fatty acids for optimal function (Field et al.,1989;
Kinsella,1990; Yeagle,1989).

Fluidity is a biophysical concept used to describe the resistance to movement of
various types of molecules within membranes (Peck,1994a) and is an important factor in
determining cell function. Fluidity of a membrane is altered by diet and disease. Fluidity
is most influenced by the amount of unsaturation in the phospholipid (Hagve,1988). A
higher polyunsaturated to saturated fatty acid (P/S) ratio in the membrane increases
membrane fluidity (Berlin et al.,1989; Leger et al.,1990) which is usually associated with
improved functional activities (Peck,1994b).

Studies on the effects of dietary fat intake on fat deposition show a relationship
between what is consumed and appearance in tissues (Field et al.,1985). Likewise,

changing lipid sources in one's diet causes compositional alterations in cellular
3
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phospholipids (Chapkin et al.,1990; Clamp et al.,1997; Clandinin et al.,1985; Tiwary et
al.,1987). Fatty acids from dietary lipids are incorporated into different PL within the
plasma membrane and are clearly altered by the dietary availability of fatty acids,
although the responsiveness to dietary changes varies among the different PL classes
(Clandinin et al., 1991). Therefore, dietary fat intake is reflected in membranes and
impacts on cellular function. The mechanisms by which dietary fat influences function of
immune cells specifically will be discussed in Section LF.

Although severe injury and sepsis result in decreased fluidity (Franceschi et
al.,1989; Todd et al.,1991), burn injury has been reported to increase fluidity of
peripheral blood cells (Tolentino et al.,1991). Changes in fluidity occurring as a direct
result of alterations in the composition of fatty acids in membranes after burns and during
cancer and its treatment have not yet been established. The extent to which dietary lipids
are reflected in membranes of immune cells and the subsequent effect this has on their
function during these disease states has not been investigated. Given that cellular
function is affected by the composition of PL in the membrane, and that dietary fat can
change the membrane fatty acid profile, it is necessary to investigate the changes in fatty
acid composition in immune cell membranes of patients in stress states and how this

impacts on biological processes.

C. Metabolism

1. Macronutrient Metabolism During Stress

To better understand the complexities of feeding patients during states of stress,
an understanding of metabolic changes that occur during the stress response is necessary.
There are many differences in the metabolism of critically ill patients versus healthy
fasting individuals (Figure 1.4; Groff et al., 1995). During starvation there is a specific
adaptive response that is designed to preserve lean body mass. During the stress
response, however, hormones, cytokines and inflammatory mediators complicate and
heavily influence the way in which fatty acids are metabolized. Energy substrates are
mobilized to support inflammation, repair of tissues and maintenance of immune function

at the expense of lean body tissues.
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a) Burns

Burns induce hypermetabolism which is characterized by nutritional depletion,
protein catabolism and immunosuppression beginning within 48 hours of trauma and
reaching its peak between 7 to 10 days after injury. Burn trauma induces greater amounts
of hypermetabolism than any other type of injury and patients have been reported to
double their normal metabolic rate (Long et al.,1976; Shaw et al.,1987b; Tredget et
al.,1992). Adequate nutrients are necessary during the stress response and are essential
for prevention of malnutrition and associated complications, infection and mortality
(Barton,1994).

) Protein Metabolism

Unlike starvation, which preserves lean body mass by utilizing alternate fuels,
stress hypermetabolism can cause increases in protein catabolism to 2/3 above normal
(Ireton-Jones et al.,1991) resulting in significant nitrogen losses (Barton,1994). Up to
1000 g of muscle mass is lost per day (Shaw et al.,1989) resulting in a critical reduction
in lean body tissue within 14 days versus 60-90 days in fasting individuals
(Cooper,1997). The reason for this catabolic response is due to the body's increased
demand for glucose. The wound, brain, blood and bone marrow are obligate glucose
users (Van Way,1991). Glucose is derived from amino acids which are obtained from
protein reserves in muscle.  Synthesis of metabolically important acute phase proteins
and those used by the immune system are dependent upon protein degradation as well.
Strategies to decrease protein catabolism by pushing the utilization of other energy
substrates have been largely unsuccessful in diminishing the metabolic stress response
(Cerra et al.,1980; Long et al.,1977; Shaw et al.,1987a). Protein catabolism for use as a
gluconeogenic substrate occurs even when other energy sources, such as fat, are provided
in excess (Streat et al.,1987), demonstrating an inability of exogenous nutrients to affect
existing substrate oxidation patterns. Early enteral feeding has been shown to minimize
but not reverse the hypermetabolic response (Alexander,1980; Moore et al.,1986; Moore
et al.,1991). Nutritional therapy is necessary to maintain nutritional status, promote
protein synthesis and provide energy. The amount of protein or types of amino acids that
should be included a nutrient formulation is debated and varies with different disease
states. A highly stressed patient may need a nonprotein calorie to nitrogen ratio of 80:1

5

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



or 100:1 compared to the normal recommendation of 150:1 (Barton,1994; Ireton-Jones et
al., 1991). Maximal protein synthesis has been reported to occur when provided at 1.5-2.5
gm/kg body weight/d (Wolfe et al.,1989).

(i1)  Carbohydrate Metabolism
Carbohydrates are the main source of energy for critically ill patients

(Barton,1994). 60-70% of nonprotein calories have been recommended to come from
glucose during septic states (Barton,1994). Observations of elevated glucose metabolism
including turnover, clearance and oxidation have been supported by stable isotope data
(Shangraw et al.,1989; Wolfe et al.,1987). Hyperglycaemia results from increased
gluconeogenesis, glycogenolysis, insulin resistance and Cori cycle activity (Black et
al.,1982; Jahoor et al,1986). Glycerol and amino acids are major gluconeogenic
substrates (Shaw et al.,1985). Infusion of glucose, however, does not suppress
gluconeogenesis from amino acids (Cerra,1987). High amounts of glucose can
exacerbate the hyperglycemia that occurs and result in fat deposition (Ireton-Jones et
al.,1987). Provision of insulin has been shown to be rather ineffective because glucose
oxidation is already maximal and endogenous insulin secretion is high (Barton,1994).
Furthermore, there is an impaired ability to oxidize glucose (Shaw et al., 1987b; Wolfe et
al.,1986). Providing excessive amounts of carbohydrate can potentially increase oxygen
consumption, carbon dioxide production and fat synthesis (Ireton-Jones et al., 1987).
Studies have shown that provision of excess glucose may be converted to fat due to an
inability to oxidize more than 5 to 7 mg/kg (Sheridan et al.,1998; Tredget et al., 1992;
Wolfe et al., 1986). Adding lipids to a glucose/amino acid mixture has been shown to
decrease endogenous glucose production and improve nitrogen balance (Demichele et
al.,1989). When fat is provided, it is used by tissues that do not rely solely on glucose for
energy and there is less need to oxidize protein precursors for glucose synthesis
(Demichele et al., 1989).

(iii)  Fat Metabolism
Following burn injury, there are increases in fatty acid oxidation, free fatty acid
turnover and lipolysis. Hypertriglyceridemia is characteristic of septic patients and is due
to increased mobilization from stores, decreased clearance, increased synthesis and/or

6
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release from the liver (Gallin et al.,1969). Studies have shown fatty acids to undergo
futile cycling through resynthesis of TG both intracellularly and between organs (Tredget
et al, 1992; Wolfe,1996). Therefore, energy from this concentrated energy source is
reduced and may contribute to overall increases in the metabolic rate (Shaw et al.,

1987a). Hyperinsulinemia, resulting from elevated glucose concentrations in the blood of
trauma patients, complicates lipid mobilization from fat stores. Isotope labelling of
substrates have been used extensively to study the metabolism of glucose, protein and fat
in severely traumatized patients (Shaw et al., 1987a; Wolfe et al., 1987). These studies
have demonstrated increases in the rate of lipolysis and twice the basal fat oxidation rates
of healthy volunteers which is consistent with other reports (Barton,1994).

In healthy humans, oleic acid is preferentially oxidized over linoleic and stearic
acid (Jones et al.,1985). Prostaglandins derived from 20:4n-6 have been reported to
stimulate lipolysis (Richelsen,1992). Lower plasma concentrations of 18:2n-6 and y-
linolenic acid (18:3n-6) have been observed in plasma fatty acids of burned compared to
healthy rats (Karlstad et al.,1993). Post burn studies in humans have reported reduced
plasma levels of 18:2n-6 and 20:4n-6 (Harris et al.,1981) with increased stearic and oleic
acid (Cetinkale et al.,1997), profiles observed during states of essential fatty acid
deficiencies (Barton,1994; Gottschlich et al.,1987) and consistent with increased lipolysis
(Cetinkale et al., 1997; Smith et al.,1983).

The liver and GI tract are important organs governing absorption, synthesis and
distribution of fat. Deficiencies in intestinal lipases (Carter et al.,1994) and the common
occurrence of ileus following severe burn injury (Montegut et al.,1993) would impair the
absorption of dietary fat. Free fatty acids are re-esterified at an accelerated rate in the
liver rather than being oxidized for energy (Tredget et al., 1992; Wolfe et al.1987). The
liver is the primary organ responsible for packaging of lipids into transport carriers. The
liver is also responsible for the synthesis of acute phase proteins which would become a
priority following burn injury. A transient deficiency in carnitine, an essential nutnient in
fatty acid oxidation, has been reported post burn (Harris et al.,1982) which would reduce
oxidation of fatty acids and is consistent with post morbid reports of fatty liver (Aarsland
et al.,1996; Mittendorfer et al.,1998). A reduction in liver enzymes (Birke et al.,1965),
damage of mitochondrial functions (Huang et al.,1998) and other liver abnormalities

(Czaja et al.,1975) have been reported in stressed states. Carrier proteins, Apo CII, CIII
7
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and Al, necessary for lipid transport have been reported to be significantly reduced
following burn injury (Vega et al.,1988).

Dysfunctions reported in the gastrointestinal system and liver would suggest
alterations in fatty acid incorporation into lipoproteins may occur following burn injury.
Alterations in lipoprotein metabolism have been consistently reported post burn since the
first observation by Birke and colleagues (Birke et al., 1965). Consistent reductions in
plasma PL and cholesteryl esters with elevated TG levels have been reported which may
impact on delivery of fatty acids to tissues. As with other cells in the blood, the
incorporation of n-3 fatty acids into cells of the immune system occurs within
approximately 2 weeks through a direct exchange with plasma (Gibney et al.,1993). The
fatty acid composition of plasma plays a role in determining cellular composition of
immune cells whose function are affected by fatty acid composition of membrane PL.

In order to better understand impairments in regulatory biochemical processes
governing the metabolism of specific fatty acids following burn injury, an analysis of the
composition of plasma components is required. Fatty acids in plasma represent those
available from the diet, those released from tissues and represent those available to
tissues. These investigations will aid in understanding alterations in fatty acid absorption
and metabolism and how these may be related to changes in fatty acid composition of

immune cell membranes.

b) Cancer and Cachexia

Cancer cachexia is characterized by anorexia, weight loss, muscle loss, and
abnormalities in macronutrient metabolism (Wigmore et al.,1997). Catabolism associated
with the malignant disease process and all forms of anti-neoplastic therapies contribute to
the development of cachexia in cancer patients (Torosian,1995). Malnutrition and weight
loss significantly reduce survival following cancer treatment (DeWys et al.,1980; Ovesen
et al.,1993a). Impaired wound healing, organ dysfunction and reduced immune function
lead to post-operative complications and sepsis. Cachexia perpetuates the malnourished
state and the efficacy of nutritional intervention in stopping this response has not been
demonstrated (Ovesen et al.,1993b). Anorexia accompanies cachexia and nutrients that
are consumed are not metabolized normally. This minimizes the benefits of dietary

supplementation aimed at improving nutritional status in these patients.
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Not all cancer patients are hypermetabolic as metabolic rates have been reported
to be increased, decreased or unchanged depending on the characteristics of the tumour
and the host (Giacosa et al.,1996). In addition, not all cancer patients are malnourished.
The approximate intake of malnourished cancer patients is 1200 kcal (Bruera et al.,1984;
Giacosa et al., 1996) compared to estimates of greater than 2000 kcal in cancer patients
with normal nutritive status. Malnourished cancer patients have alterations in metabolism
and body composition. Cachexia causes increases in protein degradation, reduced
synthesis of proteins and increased gluconeogensis. Muscle mass is used as the first
source of amino acids followed by visceral and circular proteins such as albumin
(Giacosa et al., 1996). Body cell mass and body fat are both decreased (Shike et al.,1984;
Shizgal,1985; Sukkar et al.,1993) and the extracellular mass is increased in severe cases
(Sukkar et al., 1993). Fat mobilization from adipose tissues (Kitada et al.,1982; Taylor et
al.,1992) and oxidation of free fatty acids are increased (Douglas et al.,1990; Hansell et
al ,1986). Patients have been reported to be hyperlipidemic and this is associated with
decreased lipoprotein lipase activity and/or increased hepatic lipid secretion (Memon et
al.,1992).

Differences in essential fatty acids in the plasma of cancer patients compared to
healthy individuals or those with benign disease have been reported. In patients with
prostatic cancer, plasma PL have been reported to contain significantly greater amounts
of 18:1n-9 (Chaudry et al.,1991) and reduced levels of 18:2n-6 and 20:4n-6 (McClinton
et al.,1991) compared to healthy individuals. In patients with bladder cancer, 18:2n-6,
20:4n-6, EPA and DHA in plasma were reported to be lower than in controls (McClinton
et al., 1991). These plasma profiles are consistent with deficiencies in essential fatty
acids.

During anorexia/cachexia, nutrients normally needed for growth and maintenance of
muscle mass are shunted towards the immune system (Kern,1988) and production of
acute phase proteins. Proteins synthesized to support the acute phase response have been
used as strong indicators of poor prognosis in cachexic cancer patients (Falconer et
al.,1995). Attempts to ameliorate the cachexic condition through provision of nutrients
have been unsuccessful in the past. However, recently, it was demonstrated that the

essential fatty acids, EPA and DHA, can decrease the production of inflammatory
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cytokines thought to be involved in the etiology of cachexia, giving promise to the
notion that dietary fat may be able to reduce the cachexic response.

In patients with advanced pancreatic cancer, which induces the most rapid weight loss
of all cancer types, supplemental n-3 fatty acids in the form of fish oil have been shown
to prevent further weight loss and promote weight gain in some patients (Wigmore et al.,
1996; Barber et al.,1999; Wigmore et al.,1997) The mechanisms for these effects have
not been entirely elucidated, however, reduced production of catabolic cytokines, reduced
tumour growth, stimulation of anti-cancer immune defenses of the host, and an
attenuation of the acute phase response (APR) have been proposed. Dietary fish oils have
been shown to reduce the APR and release of pro-inflammatory cytokines in vitro, in
animals and in healthy humans (Endres et al.,1989; Falconer et al.,1994; Meydani et
al.,1991). Dietary fish oils have also been shown to attentuate serum C3 factors and
reduce the APR in pancreatic cancer patients (Wigmore et al., 1996; Wigmore et al.,
1997) possibly by reducing TL-6 production (Castell et al.,1990; Heinrich et al.,1990).

N-3 fatty acids can act on host anti-tumour mechanisms or the tumour to reduce
cachexic responses. The majority of tumour cell lines representing a variety of animal
and human cell types have been shown to respond to fatty acids of the n-6 and n-3 series
through slowing of cell growth (Beck et al.,1991; Falconer et al., 1994) or induction of
apoptosis (Horrobin, 1992; Jiang et al.,1998). Feeding n-3 fatty acids have been shown to
reduce tumour incidence in animals (Beck et al., 1991). Reduced tumour growth could be
an effect of fish oils on the tumour directly or a stimulation of host immune function to
reduce tumour size. However, it is unlikely that reduced tumour growth in patients with
advanced cancer or widespread metastastis would impact on weight loss so dramatically
within a relatively short period of time.

The ability of cachexic patients to absorb and metabolize n-3 fatty acids is not well
characterized. Whether these fatty acids get incorporated into host tissues or cells of the
immune system and what dose is required to see these effects is not known. Studies have
shown cancer patients to exhibit plasma and erythrocyte profiles characteristic of
essential fatty deficiencies. To what extent cachexic cancer patients are able to utilize
dietary fatty acids to overcome reduced essential fatty acid status with n-3 fatty acid
supplementation is not known. Given the beneficial effects of fish oil on reducing the
cachexic response, it will be important to determine the appearance of these fatty acids in
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tissues such as those of the immune system where factors contributing to the etiology of

cachexia are thought to be derived.

¢) Mediators in the Metabolic Response to Stress

The immune and acute phase responses of the host designed to fight infection and
cancer are thought to be partially responsible for perpetuating the metabolic stress
response. The endocrine balance is upset with insulin being balanced by increases in
glucagon, cortisol and the catcholamines (Bessey et al.,1984; Stoner,1970). While the
latter serve to mobilize energy stores, insulin is required for synthesis of proteins and
storage of energy substrates.

Key cytokines thought to play a role in the metabolic stress response are IL-6,
TNF-a and IL-1. An overview of their effects on various tissues is shown in Figure L5.
Elevated plasma levels of IL-18, IL-6 and TNF-a, have been reported in sepsis
(Blackwell et al.,1996), surgical trauma (Blackburn,1992; Szabo et al.,1991), burn injury
(Drost et al.,1993; Pascal de Bandt et al.,1994) and cancer (Tisdale,1999). The combined
effects of these cytokines are greater than a single one alone (Last-Barnet et al.,1988).
Blocking or neutralizing these cytokines has been shown to reduce the cachectic response
and improve survival in animal models (Souba,1994).

IL-1 and TNF-a, produced largely by activated macrophages, exert synergistic
effects on fat metabolism (Grunfeld et al,1991; Hardardottir et al.,1992b).
Administration of IL-1 and TNF-a in vivo elevates TG and free fatty acid levels. They
also suppress lipoprotein lipase activity (Freid et al.,1989; Hardardottir et al.,1992a;
Hauner et al.,1995; Zechner et al.,1988) which serves to deplete fat stores (Freid et al.,
1989; Freid et al.,1993). Adipocytes have receptors for TNF-a (Kern,1988) and it is
likely that these cytokines play a role in lipid metabolism perturbations that occur during
stress.

IL-1 and TNF-a act synergistically on production of 20:4n-6 metabolites (Elias et
al.,1987). 20:4n-6 is liberated from phospholipids upon stimulation of synovial cells with
IL-1 (Angel et al.,1993). Infusion of TNF-a into animals has been shown to result in a
loss of n-6 fatty acids from tissues, particularly 18:2n-6 and 20:4n-6 (Raina et al.,1995).
In healthy humans, 20:4n-6 metabolites such as PGE,, feed back on the production of
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inflammatory cytokines (Roper et al.,1994). Burn injury, however, has been reported to
result in a loss of down-regulation of TNF-a synthesis induced by PGE; (Molloy et
al_,1993; Peck,1999). The effects of prostaglandins on tissues may be partially due to
their inhibitory effects on pro-inflammatory cytokines as their effects oppose those of IL-
1, TNF-a and IL-6. One mechanism by which PGE; works is through inhibiting
adenylate cyclase. Decreased cAMP concentrations (Lambert et al.,1980) have been
shown to reduce gluconeogenesis and glycogenolysis in vitro (Brass et al.,1984; Brass et
al.,1985; Imesch et al.,1975) while accelerating lipid synthesis and decreasing lipolysis
(Lambert et al., 1980; Richelsen et al.,1985). Other studies have shown prostaglandins to
have a role in glucose oxidation and glycolysis (Czech et al.,1972; Leighton et al.,1985).

Although IL-1 and TNF-a have been thoroughly investigated, conclusions
regarding levels of these cytokines post burn are inconclusive. No change (Chen et
al.,1997; Ogle et al.,1994; Pejnovic et al.,1995), increases (Drost et al., 1993; Grayson et
al.,1993; Wu et al.,1995) or a lack of correlation with burn size (Drost et al., 1993) have
been reported. Variations in these studies may be due to the timing of measurements
following injury, the tissue of study or the methodologies used. More consistently,
however, increased IL-6 levels have been reported in animals and humans following burn
and has been found in wound exudates (Grayson et al., 1993; Pejnovic et al., 1995),
mucosal associated tissues and cells (Ogle et al., 1994; Rodriquez et al.,1993) and plasma
(Drost et al., 1993). IL-6 1s associated with wasting of muscle and is known to be an
important regulator of the acute phase response (Scott et al.,1996). IL-6 and TNF-a are
higher in infected compared to noninfected burn patients and have been shown to relate
to mortality during infection (Peck,1999).

TNF-a in the serum of cancer patients reflects severity of disease and relates to
tumour size, presence of metastasis and extent of lymph node involvement but has not
been shown to relate to the presence of cachexia (Tisdale,1999). Conversely, IL-6 is
found to relate to weight loss in cancer (Scott et al., 1996). TNF-a and IL-6 have been
shown to stimulate the ATP-ubiquitin proteolysis system (Llovera et al.,1997; Tsujinaka
et al.,1996) and may contribute to muscle wasting through this mechanism. Other factors
besides cytokines have been shown to be involved in cachexia (Beck et al.,1987; Todorov

et al.,1996). Tumours have also been shown to produce catabolic products that stimulate

12

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



both proteolysis and lipolysis (Todorov et al., 1996). A cachexic factor that serves to
mobilize lipids and induce proteolysis has been isolated from cachexic cancer patients
(Tisdale,1996) but not from patients who have not lost weight nor in other diseases
characterized by hypermetabolism such as burns. This proteolytic/lipolytic factor is
thought to be an intermediate in lipid metabolism. Inhibitors of the lipoxygenase pathway
have also been reported to inhibit tumour growth and cachexia (Hussey et al.,1996).

It is known that mediators of the stress response have profound consequences on
fatty acid metabolism. Supplementing the diet with n-3 fatty acids, at least in cachexic
cancer patients, has been shown to overcome many complications of the wasting
response. The extent to which essential fatty acid metabolism is altered in stress states
such as burns and cancer and the ability of this response to be improved with
supplementation of fatty acids in the diet is not known. In order to better understand how
mediators of the stress response impact on essential fatty acid metabolism, an analysis of
the fatty acids available to tissues as well as their incorporation into immune cells

membranes is required.

D. The Inmune System

1. The Innate Immune System
The major components of the innate immune system are shown in Figure 1.6 and

will be discussed in more detail below.

a) Physical barriers

Skin and mucous membranes provide mechanical barriers and offer the first line
of protection against invading microorganisms. Skin contains keratinocytes and
Langerhans cells that serve as antigen presenting cells (APCs) (Nickoloff et al.,1995).
Keratinocytes contain large amounts of IL-1 which is released upon insult (Boehm et
al.,1995; Matsue et al.,1992). Immune cells that reside in mucosal associated lymphoid
tissues play important roles in the protection against potentially infectious agents
introduced at mucosal surfaces (Brandtzaeg et al.,1989). A vast immune system also
exists in the gastrointestinal tract that prevents microbial, toxic or antigenic antigens from

entering the body (Cunningham-Rundles et al.,1998). Immune cells are located in
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intraepithelial regions of the gut and specialized lymph tissues known as Peyer’s Patches.
The main defense in the gut comes from the large number of activated B cells present in
the lamina propria region that secrete IgA (Cunningham-Rundles et al., 1998). The
complex interactions between B cells, T cells, macrophages and mast cells of the
gastrointestinal tract protects the host from infectious agents introduced at this site.

When physical barriers are penetrated by infectious organisms, the cellular
components of the innate immune system respond immediately and activate the
acquired/learned immune system. The innate (non-specific) immune system is comprised
of defenses that are present early in life and function without depending on previous
exposure to a particular pathogen. This arm of the immune system provides the initial
host defense, protecting the individual until the acquired (specific) immune system

becomes activated.

b) Macrophages

Monocytes leave circulation to enter extravascular tissues where they differentiate into
macrophages. Killing of bacteria by macrophages involves phagocytosis and generation
of reactive oxygen species. They are essential not only in directly destroying organisms
but also in processing and presenting antigen to T-helper cells to initiate the second line
of defense. The production of interleukin-1 (IL-1) stimulates T helper cells to produce
interleukin-2 (IL-2), which activates and expands both T and B lymphocyte populations
(Alam,1998). Activated macrophages stimulate acute inflammation processes through
production of TNF-a and IFN-y and are also the main producers of PGE,. Mediators

produced by macrophages will be discussed further in Section 1.D.3.

¢) Natural Killer Cells
Natural killer (NK) cells are considered to be a subset of lymphocytes found in blood
and lymphoid tissues. NK cells are non-MHC dependent cells that recognize and destroy
cells that have become transformed by viruses (Levitz et al.,1993; Murphy et al.,1993).
They have also been shown to have direct toxic effects on infected cells. Killing of
targets by NK cells is similar to that of the cytotoxic T cell and effector functions include
granule exocytosis, release of pore-forming proteins and apoptosis (Trinchieri,1998).

NK cell functions are influenced by many factors such as cytokines, eicosanoids and
14
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immunoglobulin complexes (Jondal,1987). NK cells have been shown to have increased
cytotoxicity when treated with IFN-y, IL-12, TNF-a or IL-2 in vitro (Bancroft,1993;
Markovic et al.,1993; Singh et al.,1992).

d) Neutrophils

Neutrophils are an essential component of innate immunity and provide the first
line of defense against invading pathogens. There are several steps important in the
activation of neutrophils that ensure an optimal response capable of clearing infectious
agents. When tissue is injured, mediators such as complement cascade, fibronectin,
vasoactive amines and chemoattractants are released. Adhesion molecules present on the
neutrophil membrane allow them to migrate towards chemoattractants, adhere to and
transmigrate across the microvascular endothelium to accumulate at sites of tissue injury
(Brom et al.,1995; Damtew et al.,1993). Neutrophils then detect, ingest and destroy
bacteria and other foreign particles that have invaded the mechanical barriers. They have
2 basic mechanisms by which to do this. The first involves the nonoxidative killing
system which utilizes degradative enzymes, such as lysozyme, to destroy ingested
bacteria (Benhaim et al.,1992). The capacity of phagocytes to generate reactive oxygen
intermediates is also an essential part of the human defense mechanism against infectious
agents. The phagocytosis process activates enzymes that produce superoxide from
atmospheric oxygen which is toxic to invading pathogens (Figure 1.7).

Neutrophil activation is mediated by cytokines, such as IL-1, and TNF-a, which
stimulate oxidative burst and granule release (Fujishima et al.,1995) as well as IL-8
which in addition to the above functions also acts as a chemoattractant. Lipid derived
factors such as eicosanoids, lipoxin and platelet activating factor are also important in
stimulating neutrophil function (Fujishima et al., 1995). Circulating factors can modulate
neutrophils into a state of enhanced responsiveness towards a secondary stimulus (Konig
et al.,1992).

The multicomponent NADPH oxidase enzyme generates oxidative compounds
toxic against bacteria. The importance of this enzyme becomes apparent in patients with
chronic granulatomous disease who have recurrent life threatening infections (Gallin et
al.,1980). When a neutrophil becomes activated, the membrane and cytosolic

components assemble. The reaction catalyzed by the NADPH oxidase is shown in Figure
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I.7. This response can be quantified by the use of dihydrorhodamine, a freely permeable
dye that localizes in the mitochondria. Upon activation of the NADPH oxidase enzyme
and subsequent production of oxidative compounds, the dye is reduced to a colour that
emits a highly fluorescent signal upon excitation by blue light (488nm) assessed by flow
cytometry (Figure 1.8). It is highly specific for respiratory burst activity (Rothe et
al.,1994) and one is able to classify neutrophils of different oxidative capacities using this
method.

2. The Acquired Immune System

Many different immune cell types comprise the acquired immune system,
as illustrated in Figure 1.9. The T cell population is divided into 2 basic subsets CD4
(helper/inducer) and CD8 (cytotoxic/suppressor) cells. T-lymphocytes serve many
functions including providing help to B cells, stimulating the inflammatory response,
maintaining antigen-specific memory and producing cytokines (Alam,1998). Cell
mediated immunity is important for the elimination of intracellular bacteria, virally
infected or tumour cells and foreign grafts either through direct cytotoxic killing ability or
through the recruitment of other cells that have the capacity to eliminate the foreign
antigen. Humoral immunity, mediated by B cells, is important in the immune response to
extracellular pathogens, parasites and allergens (Abbas et al.,1994). The interactions
between cells of the acquired immune system are modulated by a number of mediators,
including cytokines which will be discussed in further detail Section I.D.F.

a) T-Lymphocytes

CD4 cells are central to the mounting of both humoral and cell mediated immune
responses. In response to an infection, lymphocytes must be able to proliferate and
expand to produce enough cells to combat invading organisms. This process begins with
the interaction of the T cell receptor with an antigenic peptide presented in association
with MHC II on the surface of an antigen presenting cell. Antigen presenting cells can be
macrophages, B-cells or dendritic cells. Proliferation of T cells occurs in response to
recognition of antigen through secretion of its own growth promoting cytokines and
corresponding cell surface receptors (Abbas et al., 1994). Cells that are responsive to a
specific antigen can then develop into antigen-specific memory cells which are capable of
16
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initiating larger secondary responses upon subsequent exposure to the antigen. Release
of cytokines by the macrophage and the T cell recruits other required immune cells to the
site. Cytokines secreted by T cells can act on other T cells, B cells, macrophages or the
endothelium. CD4 cells can be further classified as TH1 or TH2 depending on the
cytokine pattern they secrete (Mosmann, 1996).

Cytotoxic T-cells (CD8) can directly kill infected cells through recognition of
antigen in association with MHC class I present on every cell in the human body. These T
cells contain granules that contain perforin, a substance that creates “pores” on the target
cell membrane and allows for the entry of lytic substances into the cell (Abbas et al.,
1994). Destruction of infected cells can also be carried out through apoptosis thought to
be mediated by cytokines secreted by the cytotoxic T cell. Lysis of a target requires cell
contact and the lytic mechanisms are directed only toward the infected cell. CDS8 cells
also produce cytokines such as IFN-y to stimulate cells of innate system such as
macrophages.

The principal autocrine growth factor for T-lymphocytes is IL-2 and CD25 is
1dentical to its high affinity receptor. CD25 is commonly used as a T cell activation
marker. The presence of IL-2 is sufficient and necessary for the expansion of most T and
B-cells and NK cells. IL-2 is produced by most T cells during the early stages of the
immune response and facilitates proliferation and expansion of most lymphocyte subsets
(Swain,1991). Lipoxygenation of 20:4n-6 is stimulated in the target cell and mediates
intracellular signal transduction to regulate secretory activity and/or cellular proliferation
(Farrar et al.,1985). CD71 or the transferrin receptor is another marker of T cell

activation. Its expression usually preceeds that of CD25.

b) B cells
The humoral immune system is made up of B cells capable of producing and
secreting antibodies for the elimination of extracellular pathogens. B cells can also serve
as antigen presenting cells and are most abundant in lymph nodes. In order to become
activated into antibody secreting plasma cells, they must present antigen to T-helper cells
which, through cytokine release, directs the B cell into producing specific antibodies that
bind to the foreign particle and facilitate phagocytosis by cells of the innate system

(Alam,1998; Fleisher,1997; Goust et al.,1993; Parker,1993).
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Cell mediated, humoral and innate branches work together to eliminate intracellular
and extracellular pathogens (Seder et al.,1999). A schematic of how the cellular
components work together to mount an immune response is shown in Figure 1.10.
Appropriate interactions between the different cells of the immune system are necessary
in order to carry out the effector functions necessary for elimination of a particular
antigen and are orchestrated by cytokines (Discussed in Section 1.D.3). The most
appropriate immune responses that must be expanded to eliminate a specific type of

infection are shown in Table I.1.

¢) Leukocyte Common Antigen (CD45)

The CD45 molecule, or common leukocyte antigen, is found an all white blood
cells. In addition to its phosphotyrosine activity, it also can be used as a differentiation
marker. The isoforms of the leukocyte common antigen result from differential splicing
of the exons from the gene encoding CD45 and are A, B, C and O (Kuschnaroff et
al.,1997) with RA and RC representing naive cells and the O and B isoforms representing
primed lymphocytes. The various isoforms of the common leukocyte antigen are not
mutually exclusive and cells expressing both naive and mature markers are in a
transitional state. RO expression increases during differentiation inversely to the
disappearance of the RA antigen (Salmon et al.,1994). By examining cellular expression
of the different forms of CD45 that exist, one can extrapolate recent activation events of
individual T cells. Differential expression of CD45 isotypes is associated with memory
function (Sanders1988). CD4/CD45RO+ cells are better able to proliferate than
CD45RA+ cells and CD8/45RO+ cells contain the effector cytotoxic cells (Johannisson
et al.,1995). A clear correlation between DNA synthesis and phenotype switching has
been observed suggesting alterations from CD45SRA to CD45RO accompanies

proliferation (Johannisson et al., 1995).

d) Flow Cytometry
Flow cytometry is a technology that has been comerstone in the explosion of
immunology research in the past decade. This technology can measure characteristics of
a single cell in suspension based on its light scatter and fluorescent properties. A laser
light source measures the amount of light scattered in the forward and side (perpendicular
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to the direction that the light is travelling) direction and detects them using forward
scatter (FSC) and side scatter (SSC) channels, respectively (Melamed,1990). FSC and
SSC are proportional to the size, shape and homogeneity of the cells being measured.
These characteristics can be used to distinguish live and dead cells as well as granular
versus nongranular cells When fluorescent labelled monoclonal antibodies are used, or
other fluorescence emitting compounds, fluorescence is detected in a unique fluorescence
channel. Multiple detectors are used to simultaneously measure more than one scatter or
fluorescence from a cell. In this manner, R-phycoerythrin (PE), fluoroscein
isothiocyanate (FITC) and quantum red™ (QR) can be used to detect cell surface markers

on a single cell.

3. Mediators of the Inmune System

The effector responses of immune cells in both natural and specific immunity are
mediated by cytokines, regulatory proteins released by immune cells in response to a
variety of inducing stimuli. Upon release and binding to their target cell they induce
changes in gene expression in the target cell.  Cytokines are responsible for
communication between cells of the immune system as well as other cells in the body and
regulate the type of immune response that will occur when the host is faced with a
specific type of infection. The localized concentration of various cytokines will determine
what immune cells are activated.

Among the CD4 subset (discussed above) there is further subdivision into classes
of immune cells based on the cytokines they produce and secrete. TH1 cells produce IL-
2 and IFN-y and generally promote a cell-mediated inflammatory response. TH2 cells
produce IL-4, IL-5, IL-10 and IL-13 which support a humoral antibody response
(Romagnani et al.,1995). In addition, THO cells have been described that express
cytokine patterns characteristic of both TH1 and TH2 cells and TH3 cells which produce
TGF-B. TGF-B, another growth stimulating cytokine, has highly variable functions
depending on the cell type of interest (Letterio et al ,1998; Sosroseno et al.,1995).
Although these patterns of cytokines are not as clearly defined in humans as they are in
mice, it has been proposed that the balance between these two responses offers a
mechanism by which the immune system can respond appropriately to a specific type of

infection (Mosmann et al.,1996).
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IL-1 is produced by macrophages and other cells of the monocytic, phagocytic
lincage (Monge et al.,1991) and promotes the inflammatory response (Dinarello,1988)
(Mizel,1989) by stimulating release of TNF-o and IL-6. The IL-1 produced by
macrophages activates T cell proliferation whereas TNF-a is involved in cytotoxicity
(Beutler,1988; Sherry et al.,1988). At low levels, TNF-a enhances immune defense
whereas systemic release causes septic shock and tissue injury (Azzara et al.,1995). IL-1
and TNF-a work synergistically to induce shock by a process thought to involve
eicosanoids (Dinarello et al.,1989). The role of these cytokines in the pathophysiology of
inflammation and stress response was discussed in Section I.C.1.c. Since the production
and function of cytokines are under the control of 20:4n-6 metabolism (Dinarello,1988;
Knudsen et al,1986; Okusawa et al.,1988; Rappaport et al.,1982; Rola-
Pleszczynski,1985), interest has arisen in ways in which to modify diet to alter these
responses.

There are several other important mediators of immune function. Metabolites of
the lipoxygenase and cyclooxygenase pathways have potent immunosuppressive (Shapiro
et al.,1993) or immunostimulatory (Liu et al.,1996) effects. Activated macrophages
produce high amounts of PGE; which is thought to contribute to immunosuppression
following trauma (Miller-Graziano et al.,1988). Leukotrienes, particularly LTB,, are
potent chemoattractants for neutrophils, enhancing their migration to the site of injury.
Activation of the complement cascade has been demonstrated in several
pathophysiological states (Bengtsson,1993; Davis et al.,1987; Heideman et al.,1984) and
is important in mediating inflammation and promoting ingestion of microorganisms by
phagocytes (Hebert et al.,1995). This pathway becomes activated during stress by
antibody-antigen binding and IL-1. Complement peptides can also serve as
chemoattractants to recruit phagocytes to an infected area (Benhaim et al., 1992) and
opsonize bacterial antigens to facilitate phagocytosis. Nitric oxide is another mediator
implicated in infection. It is important in bactericidal activity of macrophages (Jacob et
al.,1993) and high levels may suppress neutrophil function. Catecholamines and
glucocorticoids are released in response to stress and infection and have been shown to

have immunosupppressive effects (Gennari et al.,1997).

4. Wound Healing
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Healing of wounds is an important determinant in duration of recovery in both
burn and cancer patients undergoing chemotherapy. Nutritional status and immune
function are important contributors to the wound healing process. These factors will be

discussed briefly.

a) The Immune System and Wound Healing

Wound healing is a dynamic process that follows an integrated, predictable
pattern. It begins with the disruption of tissue homeostasis resulting in activation and
release of messengers that provide signals for inflammation, fibroblast proliferation, and
immune activation (Sheldon,1992). Factors contributing to wound healing can be
intrinsic, such as the presence of infections, or extrinsic, such as nutnitional factors, drugs
or presence of disease (Lawrence,1992).

The effects of an impaired immune system and its impact on wound healing are
evident in diseases like diabetes (Goodson et al.,1986; Morain et al.,1990;
Rosenberg,1990) and advanced age (Gerstein et al.,1993; Holt et al.,1992).
Immunosuppressive agents such as chemotherapy and steroid treatments delay wound
healing activities (Cromack et al.,1993; Fishel et al.,1983; Leibovich et al.,1975; Mustoe
et al.,1989). Manipulations that enhance immune function, such as arginine (Barbul et
al.,1990), glutamine and n-3 fatty acids (Daly et al.,1988; Daly et al.,1992), also improve
wound healing efficacy suggesting an integral role of immune system involvement in
wound healing.

Several types of immune cells participate in the wound healing process, each
serving a specific, integrated purpose in its orchestration. At each of the three stages of
wound progression, different immune cells predominate (Figure 1.11). Neutrophils are
first to appear at the wound site, often within 6 hours and reaching peak numbers between
24 and 48 hours (Barbul et al.,1995). They engulf and destroy bacteria and other foreign
materials that may have been introduced to the wound as a result of injury. Although
wound healing can proceed normally in the absence of neutrophils (Witte et al.,1997),
opsonization and killing by these cells is an absolute requirement for resistance to
extracellular pathological agents (Alexander,1979). Macrophages are the second type of
immune cell to infiltrate the wound and reach peak numbers at 3 days (Barbul et al.,
1995). In addition to their phagocytic properties, they release growth factors and

21

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



mediators important in the inititation and propagation of granulation tissue formation,
proliferation and synthesis of fibroblasts as well as neovascularization (Barbul et al.,
1995; Mutsaers et al.,1998). Unlike neutrophils, macrophages stay in the wound until it is
healed. Macrophages, along with T lymphocytes, the third immune cell to appear, are
critical to normal healing of the wound and release cytokines that stimulate progression
of wound remodelling. T cell involvement in wound healing is clarified by studies that
show decreased breaking strength, hydroxyproline and reparative collagen synthesis
following a depletion of T cells in vivo (Barbul et al.,1989; Efron et al.,1990; Peterson et
al.,1987). The balance of lymphocytes in the wound area, together with other types of
cells important in wound healing, and the resulting pattern of cytokines produced,
determines how the wound will progress. An imbalance of these factors, some of which

are not yet known, may be what causes an inability of some wounds to heal normally.

b) Nutrition and Wound Healing

In addition to having an important role in the resistance to infection, nutrition
plays a major role in the efficacy of wound healing. Malnutrition slows the healing
process and causes inadequate or incomplete healing of wounds (Konstantinides et
al.,1993). Nutritional adequacy or deficiency can impact at any of the 3 stages of wound
healing. Energy needed for tissue maintenance and repair is provided by protein, fat and
carbohydrates (Patten,1995). Carbohydrates provide most of the energy required for
wound healing (George1996) and is necessary to spare protein stores (Patten,1995). Fats
are needed for the synthesis of prostaglandins which mediate inflammation and cell
metabolism (George et al.,1996). Essential fatty acid requirements are increased during
tissue repair and a deficiency delays wound healing (Caffrey et al.,1981; Telfer et
al.,1993). Construction of collagen and proteoglycans, as well as wound remodelling,
vascularization and fibroblast proliferation are dependent on protein (Meyer et al.,1994).
A protein deficiency can lead to decreased resistance to infection, limited phagocytic

capabilities and impaired inflammatory responses (De-Souza et al.,1998).

E. The Immune Response During Stress

1. Burn Injury
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a) Innate Immunity
(1) Macrophages

Macrophages are important regulators of other branches of immunity. They are
the primary immune cells at the site of injury, therefore, abnormalities in their function
precede and influence subsequent immune responses they generate. Hyperactivation of
macrophages leading to dysregulation of PGE; and cytekine production contributing to
the cascade of immune impairments following burn injury (O'Riordain et al.,1992).
Following burn injury, elevated levels of IL-1 released by injured skin (Kupper,1989b)
and macrophages, may result in supranormal levels of IL-1 in circulation or locally. High
levels of IL-1 have been reported to reduce antigen presenting capacity of macrophages
(Baker et al.,1987; Kupper,1989a) which would also impair T cell responses dependent
on this interaction.

Early after bum, macrophages have decreased phagocytic ability, lysozymes,
NADPH production and bactericidal capabilities (Griswold,1993). Changes that occur in
the bone marrow after burn injury can enhance the ability of macrophages to become
activated (Ogle et al.,1993). Oxidative metabolism of 20:4n-6 occurs upon activation of
human monocytes and macrophages (Bruord, 1990) and PGE; is increased following
burn injury (Fukushima et al.,1994; Grbic et al.,1991). PGE; has been found in the burn
wound (Arturson et al.,1973; Heggers et al.,1980), swrrounding lymphatic tissue
(Angaard, 1970) and in serum (Arturson et al., 1973) of patients following burn injury.
PGE; normally serves to downregulate induction of inflammatory cytokine production,
such as IL-1 and TNF-a (Burch et al.,1989; Goodwin,1985; Kawakami et al.,1986;
Kinsella et al.,1990b; Kunkel et al.,1986). However, increased amounts of PGE,, along
with increases in cytokines have also been reported (OTRiordain et al., 1992).
Prostaglandins released by macrophages have been shown to depress several T cell

functions including IL-2 production and expression of its receptor (Peck et al.,1991).

(i)  Neutrophils
Sepsis and multiple organ failure remain major obstacles in recovery from burn
injury (Zidek et al.,1998). Neutrophils are pivotal in defense against infection and
abnormalities in their function contribute significantly to development of infection in
patients with burmns (Alexander et al.,1978; Alexander,1979; Bjomnson et al.,1989;
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Damtew et al., 1993; Davis et al.,1980; Marino et al.,1988;, McManus,1983). Every
aspect of neutrophil killing has been reported to be affected by burn injury including
chemotaxis (Bjornson et al.,1992; Davis et al.,1984; Davis et al., 1980; Deitch,1984;
Moore et al., 1986; Nelson et al.,1987; Solomkin,1990), bactericidal activity (Alexander
et al., 1978; Alexander,1979; Bjomson et al.,1986; Bjornson et al., 1989) and oxidative
metabolism (Braquet et al.,1985; Dobke et al.,1989; Duque et al.,1985; Gadd et al.,1989;
Heck et al.,1975; Heck et al.,1980) compromising early host defense against infection.
Neutrophil dysfunction increases with severity of burn and depth of tissue injury.
Neutrophils present in circulation experience a sudden surge of activation due to
the release of chemokines and injury mediators following burn injury. Chemotaxis, or
migration, toward the injury is often slow and misdirected until open wounds are reduced
to about 20% of open areas. Adhesion proteins are upregulated and neutrophils have
been reported to adhere to the endothelium before they reach the injured site
(Griswold,1993). Damage to host tissues can occur when oxidative radicals and
degradative enzymes are released in these areas. Accumulation of neutrophils in the lungs
is associated with ARDS (Fujishima et al., 1995). Pulmonary failure, manifested by
ARDS and pneumonia, is currently the major cause of death following bum injury
(Hansbrough et al.,1996). Primary or azurophilic granules containing hydrolytic
enzymes, protease, lysozyme and myeloperoxidase, normally used to kill ingested
organisms after phagocytosis, increase in activity. These histoxic secretions create a
microenvironment between the neutrophil and endothelial tissue cell membrane where
there is an accumulation of oxidants and proteolytic enzymes released by the neutrophil
that surpasses antioxidant and antiproteinase mechanisms of the host, resulting in
endothelial damage and degradation of the matrix (Wakefield et al.,1993). The rapid
release of granules, followed by an inability to synthesize new granules, leads to an
inability to kill phagocytosed organisms. Therefore the needed prolonged inflammatory

response may be impaired due to this initial hyperactivation.

(ii1)  Natural Killer Cells and Bumns
Burn injury has been reported to depress NK cytotoxicity (Blazar et al.,1986)

which can last up to 50 days in severely injured patients. This depression may be
attributed to the stress response following burn injury as infusion of hormones into
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healthy subjects reduces NK cytotoxicity (Blazar et al., 1986). Burn patients often
undergo multiple surgeries which have been shown to reduce NK cytotoxicity (Pollack et
al.,1991). Impairments in IL-2 production following burn injury may impact on the
cytotoxicity of NK cells (Blazar et al., 1986; Singh et al., 1992).

b) Acquired Immunity

Several aspects of lymphocyte function are known to be reduced following burn
injury. Bumn injury consistently results in a depletion of circulating lymphocytes with a
decrease in the helper (CD4) to suppressor (CD8) ratio, a measure of cell mediated
immunity (Antonacci et al.,1984; Burleson et al.,1987; Hansbrough et al.,1989; Mclrvine
et al.,1982; O'Mahony et al.,1984; O'Mahony et al.,1985; Rodrick et al.,1983; Zapata-
Sirvent et al,1993). In an attempt to determine the distribution of lymphocytes
following burn injury, Organ et al. (Organ et al.,1989) simultaneously examined immune
organs at various timepoints following burn injury in rats. Decreases in lymphocyte
numbers in all immune compartments was observed at post burn day 2 in rats which fails
to demonstrate a sequestration or “lymphocyte trapping” of the immune cells from
circulation to specific lymphoid regions. This does not, however, eliminate the
possibility of a massive recruitment of the cells to the site of injury.

It 1s well established that both the production of IL-2 and its receptor are altered
following bumn injury (Sayeed,1996; Teodorczyk-Injeyan et al.,1986; Teodorczyk-
Injeyan et al.,1987; Teodorczyk-Injeyan et al.,1990; Wood et al.,1984) and result in
suppressed cell mediated responses. With the elucidation of the opposing patterns of
cytokines secreted by T-helper cells, recent studies have demonstrated that rather than a
suppression of helper activity per se, predominance of a TH2 cytokine profile results in
immunosuppression. A TH1 response would be more effective in defenses against
infections during this critical period. Evidence for a predominant TH2 resonse is given
by increased production of [L-10 (Lyons et al.,1997) and IL-4 (O'Sullivan et al.;1997) in
burn patients compared to controls, cytokines that inhibit TH1 responses (Kelly et
al.,1997) and stimulate TH2 responses (O'Sullivan et al, 1997). Furthermore,
mononuclear cells from burn patients have been shown to produce less IFN-y and IL-2.

Low levels of these cytokines are indicative of a TH2 response. Reduced cytokine
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production has been shown to be accompanied by reduced mRNA expression of the
corresponding cytokine (O'Sullivan et al.,1995). These observations have been
associated with septic events in humans (Lyons et al., 1997) and mortality in burned rats
(O'Sullivan et al., 1995).

2. Infection

Attempts to reduce number of infectious incidences is a primary concemn in the
clinical setting. Infections can double length of hospital stay, increase the number of
surgical procedures and result in immeasurable costs to patients such as delay of adjuvant
therapies, and reduced quality of life (Bumpous et al.,1995). Host resistance to bacterial
invasions is thought to primarily depend on non T cell branches of immunity such as
acute phase protein production, complement, neutrophils and macrophages (Cantor et
al.,1993). T cells produce cytokine and chemotactic factors that act on both innate and
acquired immune functions to stimulate infection defense (Moran et al.,1988; Ras et
al.,1984). Interactions between immune cells are orchestrated by cytokines which are the
cellular elements of the immune system responsible for enhancing and coordinating
defense against infection. Several key cytokines are involved in the inflammatory
response and serve to activate the most appropriate response to the infection. The most

beneficial immune responses to different types of infection are shown in Table I.1.
Polymorphonuclear cells are the leukocytes most responsive and capable of
controlling bactenial invasion in the normal host (Gadd et al., 1989). Their function is
dependent on chemotaxis, margination (adherence), diapedesis, opsonization (el-Falaky
et al.,1985), lysozomal enzyme release and production of reactive oxygen intermediates
(reviewed in Section I1.D.1.d). These functions are activated by products of injured tissue,
serum factors, bacterial byproducts (Gadd et al., 1989) and cytokines. Defects in
neutrophil function precede infection (Alexander,1986) and correlate with increased risk
of sepsis and death (Deitch,1984; Deitch et al.,1986). In vitro neutrophil bactericidal
activity relates to in vivo infection (Dobke et al., 1989; Moran et al., 1988). Infection has
been shown to result in inefficient opsonization of foreign pathogens (Zimmerli et
al.,1982) which leads to reduced phagocytosis. Corticosteroids released during stress
have been shown to impair defenses involved in the oxidative burst of neutrophils such as
NADPH oxidase activity (el-Falaky et al., 1985; Rosenthal et al.,1996). Patients with
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sepsis have been reported to have increased H,O, production (Wakefield et al., 1993)
which could result in damage to host tissues.

Natural killer cells, also a component of innate immunity, are important in
defense against viruses. They have been shown to lyse infected cells and directly inhibit
microbial growth (Levitz et al.,, 1993; Murphy et al., 1993). The main cytokine
responsible for NK activation is IL-12 (Tripp et al.,1993) which is produced by
macrophages and PBMCs in response to infection (Bancroft,1993; Chan et al.,1992). IL-
12 increases cytolytic activity and promotes IFN-y synthesis by NK cells which then
serves to further activate macrophages.

The gastrointestinal system serves as a primary reservoir for bacteria that can
cause life-threatening infections in immunosuppressed patients. Translocation of bacteria
from the gut can occur when there is a disruption of normal flora residing there, impaired
host defenses, or decreased turnover of the gut mucous and can result in a severe and
often deadly sepsis. Sepsis has been associated with anergic T cell responses and reduced
proliferation as well as a reduction in T cell numbers. (Burleson et al., 1987; Burleson et
al.,1988; O'Mahony et al., 1985).

It has been known for several years that major injury results in a reduction of IL-2
and IFN-y (Lyons et al., 1997), cytokines produced by the TH1 subset of lymphocytes. A
significant increase in IL-4 during infections may inhibit TH1 induction and function.
Reduced THI responses are detrimental to the ability of the individual to resist septic
challenges.

3. Cancer, its Treatment and Immunity

Cancer and therapies used to treat it result in impaired immune responses which
are further exacerbated by the patient’s nutritional status. Weight loss of 5% is associated
with immune deficits and an increased risk of mortality (DeWys et al, 1980).
Malnutrition impairs both humoral and cell-mediated immune responses (Gross et
al.,1980). For example, malnutrition results in a reduction in the circulating levels of both
T-helper (CD4") and T-suppressor/cytotoxic (CD8") lymphocytes (Gogos et al.,1990).
Supplemental nutrition through enteral feeds has been shown to improve certain immune
parameters (Aono et al.,1997; de Oliveira et al.,1997) but these effects may be artifacts of

an improved nutritional state rather than a direct effect of enteral nutrition on immune
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function. During intensive chemotherapy, oral food intake is often decreased because of
anorexia, aversion to food, alteration in taste, diarrhea, and malabsorption (Body,1999;
Tisdale,1999). TPN was introduced as a source of nutrients for patients undergoing
chemotherapy with the goal of improving or maintaining their nutritional status and
thereby the clinical outcome. However, no studies tc date have demonstrated a beneficial
effect of TPN (McGeer et al.,1990) in cancer patients undergoing chemotherapy. A meta-
analysis reviewing nutritional intervention using enteral and parental nutrition during
chemotherapy concluded that nutritional support in patients receiving chemotherapy is
associated with “net harm and no conditions could be clearly defined in which treatment
appeared to be of benefit" (McGeer et al., 1990).

Immune surveillance, the ability to detect and destroy tumour cells, is primarily
the role of the cellular arm of the immune system, including T-helper and T-
suppressor/cytotoxic cells, macrophages, and NK cells (Klein et al.,1993). Tumour cell
proliferation, metastatic disease and tumor-host interactions are mediated by complex
interactions between the host immune system, growth factors and hormones (Osbome et
al.,1987; Pawson,1987). Eicosanoids and cytokines also play significant roles in
carcinogenesis (Lundholm et al.,1994; Marmett,1981) and immune regulation of the
tumour-mediated response. Nutritional status of the cancer patient has been demonstrated
to have a role in the extent of immunosuppression that exists in the cancer patient (Gogos
etal.,1998).

It is generally accepted that solid malignancy is associated with depressed
immune function (Van Gool et al.,2000). Depressed host immune function during cancer
have been reported, including the anti-tumour response by the host to autologous tumour
(Black, 1973) and the general immune response to standardized antigens as assayed by in
vitro and in vivo tests (Duckett et al.,1992). Cytotoxic T-cells and NK cells isolated from
patients with cancer show reduced tumouricidal toxicity (Brittenden et al.,1996; Klein et
al., 1993). NK cells play a key role in mediating non-MHC restricted tumour lysis which
is stimulated when tumour cells lose or alter their MHC class I surface molecules and is
vital to host defense against malignant cells (Herberman et al.,1981). Macrophages and
neutrophils also play critical roles as cytotoxic effector cells against tumours. Activated
macrophages release a wide array of biologically active molecules toxic to tumour cells
(Denham et al.,1992), such as nitric oxide, which diffuses across cell membranes and
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inhibits tumour replication (Mills, 1992). Neutrophil responses involve both the
production of oxidants and the release of granule constituents (Dallegri et al.,1992)
designed to lyse the target cell.

Tumours have developed mechanisms to evade host immune surveillance (Chaux
et al ,1997; O'Connell et al.,1999; Van Den Hove et al ,1997). Through release of
cytokines and other mediators, tumours can create an environment which suppresses local
immune activation such as inducing anergy or programmed cell death (O'Connell et al.,
1999; Van Gool et al., 2000). THI]1 responses are most effective against tumour cells,
however, cytokines and other mediators produced and released by tumours directs
tumour-infiltrating cells into a TH2 phenotype, preventing the induction of anti-tumour
responses (Heuttner et al.,1995; Huang et al.,1996; Smith et al.,1994).

CD28 is an important co-stimulatory molecule found on T cells that interacts with
CD80 on antigen-presenting cells (Allison,1994; June et al.,1994; Linsley et al.,1993).
Signalling through the CD28 receptor has been shown to enhance transcription and
stabilization of cytokine messages (June et al., 1994). This molecule is also important in
overcoming mechanisms used by the tumour to evade host immune responses. For
example, expression of CD28 is associated with prevention of T-cell anergy
(Allison,1994) and apoptosis of T-cells (Harding et al.,1992).

Current treatment protocols designed to destroy rapidly-proliferating tumour cells
also have deleterious effects on host immune functions. In the 1960s, it first became
apparent that anti-cancer drugs modulate the immune system, often resulting in transient
immunosuppression of both cell-mediated and humoral immunity (Head et al.,1993;
Sewell et al.,1993). Reduced numbers of immune cells, with a lower CD4/CD8 ratio
(Gogos et al.,, 1998) is a primary side effect of chemotherapy. Altered phenotypes,
reduced NK cell cytotoxicity (Brittenden et al., 1996) and suppressed cell-mediated and
humoral immunity have been reported (Head et al., 1993; Sewell et al., 1993). These
effects can persist long after chemotherapy has ended.

Surgery is another form of cancer treatment and the postoperative period is a
critical time for cancer patients. Monocyte phagocytosis, antigen presentation and
superoxide release, B-cell immunoglobulin production, T-lymphocyte proliferation and
IL-2 production have been reported to be impaired following surgery (Braga et al.,1996;
Grbic et al., 1991; Lennard et al.,1985). The reduction in NK cell cytotoxicity can persist
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for 2 weeks following surgery (Pollack et al., 1991). Immunosuppression following
surgery has been implicated in tumour metastasis formation and development of
postoperative septic complications (Heys et al.,1996). Treatment strategies aimed at
counteracting these cumulative immunodepressant influences are likely to be of direct
benefit to the cancer patient.

Well-designed studies examining the complex relationships among immune
function, chemotherapy/radiotherapy and nutrition are currently lacking in the literature.
There is a need for supplemental nutrition to optimize nutritional state and restore normal
immunological status in an attempt to decrease morbidity, infection rates, and costs
(Sriskandan et al.,1997). Further research regarding appropriate nutritional intervention
that serves to enhance immunological and metabolic parameters during chemotherapy

and other cancer treatments are warranted.

F. Immune Function and Fatty acids

Several studies have demonstrated a relationship between provision of fatty acids
and cellular functions (Clandinin et al., 1985; Kinsella,1990) however, few studies have
examined immune cell functions as they relate to the composition of individual
membrane phospholipids. /n vitro studies, although limiting in their comparison to
humans, have given us insight into how immune function is affected by specific fatty
acids. Membrane composition can be rapidly changed in cell culture systems reflecting
the fatty acid composition of the media (Anel et al.,1990). Changes in fluidity have been
reported to affect transmembrane transport processes (Overath et al.,1970), membrane
enzyme activity (Szamel et al.,1981), cell surface antigen expression and cytotoxic
potential of T cells (Gill et al.,1980). Well designed animal studies, although rarely done,
are useful to examine dietary effects of fatty acids on immune function, particularly those
residing in the various lymphoid tissues. Much of the initial clinical evidence for reduced
immune function with long chain triglycerides has evolved from studies examining the
use of TPN (Alverdy et al.,1992) (Herndon et al.,1987; Kudsk et al.,1992; Moore et
al.,1992; Shou et al.,1994)containing Intralipid, 100% fat derived from soybean oil which
contains 50 and 9 g/L of linoleic and linolenic acids, respectively (Gottschlich,1992).
Further investigations using animals and humans have reported long chain triglycerides to
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impair both specific (Fischer et al.,1980; Jarstrand et al,1991) and nonspecific
(Nordenstrom et al.,1979) immune responses. Decreased cell mediated immunity
(Kinsella,1990), NK cell function (Guillou,1993), macrophage killing (Saba et al.,1979;
Sobrado et al.,1985), immunoglobulin synthesis (Salo,1990), complement production
(Strunk et al.,1983) and neutrophil function (Fischer et al., 1980; Heine et al.,1999;
Jarstrand et al., 1991; Robin et al.,1989) have been reported. These effects may be the
reason why high fat regimens increase the incidence of infections (Cleary et al.,1983).
Since these observations, specific amounts and types of fats have been shown to have
direct or indirect effects on immune function. This review will discuss in vitro and animal
models as well as human studies that investigate the role of fat in modulating immune
functions. Mechanisms proposed for modulation of immune responses by fatty acids will
then be discussed.

1. Innate Immune Cells

Macrophage functions include phagocytosis, intracellular killing, presentation of
antigen and release of cytokines and prostaglandins. The binding of and affinity for
peptides within the major histocompatibility complex has been reported to be affected by
PL composition (Roof et al.,1990) and would impact on subsequent cell mediated
responses that require recognition of a peptide within this complex for activation.
Membrane fluidity plays an important role in phagocytosis (de Pablo et al.,1998) which
has been reported to be enhanced after membrane enrichment with unsaturated fatty acids
(Calder et al.,1990; de Pablo et al., 1998; Endres,1996). Arachidonic acid is directly
involved in phagocytosis and has been implicated in phagosome formation
(Lennartz,1999). Both decreases (Eicher et al.,1995) and no effect on phagocytosis
(Turek et al.,1994) have been reported with dietary fish oils.

Macrophages readily incorporate EPA and DHA into cellular lipids in vitro
replacing 25-50% of the 20:4n-6, resulting in 50-65% less PGE; being produced (Ogle et
al.,1990). Likewise, fish oils from the diet displace 20:4n-6 and 18:2n-6 from
macrophage PL (Lokesh et al,, 1988) within 4 days in rats (Palombo et al.,1996).
Conversely, supplementing the human diet with 5.5 g fish oil per day for 6 weeks has
been reported to result in a 7-fold increase in EPA without altering the 20:4n-6 or DHA
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content in the membranes of neutroohils and monocytes (Lee et al.,1985). However,
failure to isolate the individual PL. may have masked changes specific to these fractions.
Nonetheless, generation of products from 20:4n-6 were reduced in leukocytes with
increased EPA content (Lee et al., 1985). Production of oxidative radicals (Fischer et
al.,1990; Palombo et al.,1995), release of granules (Virella et al.,1989) and chemotaxis
(Payan et al.,1986) of phagocytic cells has been reported to be inhibited with EPA but not
20:4n-6 in vitro. However, improved microbial killing by macrophages has been reported
in guinea pigs that were fed fish oil compared to 18:2n-6 (Ogle et al., 1993). Conflicting
reports regarding effector functions of phagocytic cells could be due to the particular
function of the cell of interest that is examined. For example, fish oils have been reported
to increase phagocytosis with no effect on intracellular killing capacity (Lokesh et
al.,1984; Schroit et al.,1979).

NK cell function are affected by fatty acids (de Pablo et al., 1998; Yaqoob et
al.,1994) (Gogos et al., 1990; Guillou,1993) and the metabolites derived from them. NK
cells are able to metabolize 20:4n-6 via cyclo- and lipo-oxygenase pathways (Cifone et
al.,1993). Increases in the 18:2n-6 content of lymphocytes has been shown to increase the
sensitivity of NK cell function to the inhibitory action of PGE; (Oxholm et al.,1992).
Studies have reported suppressive effects of n-3 fatty acids on NK cell cytoxicity in both
rats (Jeffery et al.,1996) and humans (Kelley et al.,1999; Yamashita et al.,1986;
Yamashita et al.,1988; Jeffery et al., 1996; Yaqoob et al., 1994) . LTBs, S-HPETE and
products of the 5-LOX pathway have been shown to enhance NK activity (Chang et
al.,1989; Seaman et al., 1984). However, the mechanisms by which NK cells are
modulated by products of 20:4n-6 are not fully understood as dietary DHA has been
reported to reduce PGE; and LTB, production but also significantly depress NK activity
(Kelley et al., 1999). Alterations in NK activity could be mediated either through
membrane compositional changes or by altering the intracellular messages derived from
cellular lipids which will be discussed in Section L.F.3.

2. Lymphocytes

Incorporation of n-6 or n-3 fatty acids and changes in the n-6/n-3 fatty acid ratio

in immune cells have been shown to affect several functions of lymphocytes.

32

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Polyunsaturated fatty acids suppress mitogenesis to a greater extent than SFA
(Calder,1995). High amounts of 18:2n-6 have been reported to inhibit cell mediated
immune responses (Johnston,1985; Kinsella,1990). Physiological concentrations of PGE,
suppress mitogen responsiveness, cytokine production, and cytotoxic T cell generation
(Grbic et al., 1991; Kumar et al.,1994). PGE; reduces the ability of T cells to produce IL-
2 (Peck et al., 1991) and IFN-y (Snijdewint et al.,1993), cytokines produced by the TH1
subset, depressing cellular immunity and increasing susceptibility to infection
(Sammon,1999). These observations support those of Wallace (Wallace et al.,1999) who
reported alterations specific to TH1 but not TH2 cells with high intakes of PUFA.
Mitogenic responses and IL-2 production of lymphocytes have been reported to be
enhanced by the addition of Indomethacin, a cyclooxygenase inhibitor (Calder et
al ,1992). Furthermore, abrogation of suppressed proliferation by a large dose of IL-2 to
mononuclear cell culture (Grbic et al., 1991) further supports the proposal that decreased
lymphocyte proliferation is due to IL-2 inhibition by PGE,. Alterations in the production
of IL-2 would also be expected to impact on NK cell activity and tumoricidal activity of
macrophages (Singh et al., 1992).

Reduced lymphocyte proliferation and IL-2 production has also been
demonstrated with supplemental n-3 fatty acids in both humans and rats (de Pablo et al.,
1998; Endres et al., 1989; Jeffery et al., 1996; Meydani et al., 1991; Soyland et al.,1994;
Virella et al.,1991; Yaqoob et al., 1994; Yaqoob et al.,1995), demonstrating that PGE;
cannot be solely responsible for reduced immune responses. Other studies have reported
high doses of dietary fish oil to increase T cell proliferation (Payan et al., 1986).
Physiologically relevant levels of n-3 fatty acids fed to rats has been shown to increase
the proportion of activated T- and B-cells and macrophages after mitogen stimulation
(Robinson et al.,1998). B cell proliferation in response to PWM and their expression of
IL-2 receptors are reported to be reduced with EPA in vitro (Virella et al., 1989). EPA
can directly affect T cells or B cells or can work secondarily to an impairment of
accessory cells such as macrophages (Endres et al., 1989). For example, dietary
enrichment of EPA has been reported to inhibit the ability of accessory cells to present
antigen to T cells, both of the TH1 and TH2 subset (Fujikawa et al.,1992).

Evidence is emerging that fatty acids among the n-3 class can have different
effects on membrane composition and immune function. Studies have reported different
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rates of incorporation of EPA and DHA into cell membranes (Brown et al.,1994). In an
attempt to identify the fatty acid responsible for immune modulating effects of fish oil,
studies have investigated individual effects of isolated EPA and DHA. Lymphocyte
functions reported to be modified by fish oil have not been reported with DHA alone
(Kelley et al.,1998). A study comparing dietary linolenic versus DHA and EPA reported
differences in immunological effects of n-3 fatty acid derived from plant versus fish oil
sources which are likely mediated through changes in membrane composition (Wu et
al.,1996).

Conflicting results of studies examining immunological effects of fatty acids may
be due to differences in dietary composition between studies. Many animal and human
studies have used non-physiological amounts of fatty acids that are often deficient in
essential fatty acids. Failure to determine types of acyl groups that the phospholipid are
composed of may mask changes in individual PL of fractions comprising cell
membranes. In addition, certain cells and tissues may be more susceptible to membrane
or functional changes with increasing membrane lipid saturation having varying effects
on different cell types. It has been reported that immune cells in different lymphoid
compartments respond to lipids in different ways (Jeffery et al.,1999; Yaqoob et al.,
1994). For example, rats fed saturated, partially saturated or mixed high fat diets had
depressed responses to mitogens in splenocytes but not in the mesenteric lymph nodes
(Locniskar et al.,1983). Human work precludes sampling of lymphoid tissues and can
only give estimates based on circulating immune cells. Methods used, particularly those
from in vitro work, often depend on the types of serum being used in the culture systems
(Berger et al.,1993; Jeffery et al., 1996; Yaqoob et al., 1994; Yaqoob et al,, 1995).
Understanding how specific fatty acids, from diet or in vitro, can impact on immune
function is a complex issue. Many human and animal studies attempting to elucidate this
relationship have been poorly designed with major dietary flaws. Carefully controlled
feeding trials using physiologically relevant levels of dietary fat and objective outcome

measures are necessary to further elucidate lipid effects in health and disease.

3. Mechanisms For Fatty Acid Effects on Inmune Function

a) Fatas an Energy Source
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Lymphocytes utilize glucose and glutamine to a large extent for energy (Ardawi
et al.,1984). Intermediates for various biosynthetic pathways are provided by partial
oxidation of these substrates. Lactate, glutamate and aspartate are used in purine and
pyrimidine synthesis for DNA formation and phospholipid synthesis for membrane
biogenesis. Lymphocytes have also been shown to oxidize pyruvate, oleate (Lengle et
al.,1978) and long chain PUFA (Yaqoob et al., 1994). It has been demonstrated that
lymphocytes residing in lymphoid tissues contain lipoprotein lipase and are able to
release and take up of free fatty acids from TG (Calder et al.,1994). PUFA are
hydrolyzed to a greater extent than SFA and oleic acid suggesting that lipases of
lymphocytes may be substrate specific (Calder et al., 1994).

b) Intracellular Signals

Lipids act as intracellular messengers or chemical signaling molecules in immune
cells that can activate or attenuate signals through direct or indirect pathways (Graber et
al.,1994). Figure 1.12 shows the major intracellular pathways generated by lipid
components in the membrane. Methylation of PC and PE by transferase enzymes is
correlated with Ca*™ influx, cAMP, PLA, activity and effector functions of the cell (Traill
et al.,1986). Phosphatidylinositol-bi-phosphate (PIP;; or PC can be acted upon by
phospholipase C, a Ca'" dependent protein located at the inner surface of the plasma
membrane, to generate inositol triphosphate (IP3) and diacyiglycerol (DAG) that together
elicit physiological responses in the cell (Berridge, 1984). PLA; acts directly on PI or PC
in the membrane to preferentially release 20:4n-6 from the sn-2 position (Fonteh et
al.,1998; Ramesha et al.,1993). 20:4n-6 activates PLC, guanylate cyclase, adenylate
cyclase and PKC. A reduction in PL activity due to replacement of 20:4n-6 by EPA,
would result in changes in intracellular messages (Russell et al.,1987), such as synthesis
of cytokines, receptors and enzymes. Changes in mRNA expression with dietary fish oil
has been demonstrated for several cytokines including IL-2, IL-4, IL-1, IL-6, TNF-a and
TGF-B (Fernandes et al.,1994) (Chandrasekar et al.,1994). In vitro studies have shown
that incorporation of 18:2n-6 in vesicle membranes substantially increases PKC activity
(Lester,1990). PGE; stimulates adenylate cyclase activity which increases intracellular
cAMP concentration and inhibits T cell activation (Grbic et al., 1991).
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¢) Membrane Protein Activity

A plethora of proteins exist in the membrane. Changes in plasma membrane
characteristics can change activity of proteins which serve as ion channels, adhesion
molecules, receptors or enzymes (de Pablo et al.,2000). Receptor-ligand interactions may
be dependent on compositions of specific phospholipids. The insulin receptor is highly
dependent on membrane structure. Field et al. (Field et al., 1989) reported a relationship
between the amounts and types of fats consumed, phospholipid composition and insulin
binding capacity in adipocytes of rats. This study also demonstrated the importance of
isolating individual PL to examine their composition, a methodology which is currently
lacking in the literature. Adenyl cyclase, which generates cAMP, is very sensitive to
changes in membrane fluidity (Kinsella,1990). Cyclic AMP is an important second
messenger in the activation or suppression of immune reactions. Its activity increases as
phospholipid composition becomes more unsaturated (Brivio-Haugland et al.,1976).
Sodium-potassium- adenosine triphosphatase (Na*-K*-ATPase) function in lymphocytes
is also affected by the degree of unsaturation (Poon et al.,1981). Other enzymes such as
Mg-ATPase and y-glutamyltransferase (Spector et al.,1985) are affected in other types of
cells.

Several membrane associated functions of immune cells have been shown to be
modulated by membrane changes. Binding of cytokines to their receptors have been
reported to be altered (Grimble et al.,1995; Stubbs et al.,1984) with changes in membrane
composition. Inhibition of the expression of cell surface molecules such as those
involved in adhesion and the MHC complex of human monocytes have been reported
with EPA in vitro whereas an increase in the expression of human lymphocyte antigen is
increased with DHA (Hughes et al.,2000). Expression of the IL-2 receptor has been
reported to be inhibited by n-3 fatty acids (Soyland et al., 1994). Many of cell surface
proteins are involved in costimulation processes necessary for lymphocyte activation
(Hughes et al.,1995). The interactions of cytotoxic T cells with target cell membranes, a
necessary interaction to induce effector function, is affected by fluidity of the lipid
bilayer of cells (Bialick et al.,1984; Gill et al., 1980) with unsaturated fatty acids
increasing and saturated fat decreasing their cytotoxic potential (Tomita-Yamaguchi et
al.,1991; Traill et al., 1986).
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The extent to which changes in the content of specific fatty acids has the potential
to affect subsequent immune responses is not entirely understood. Changes in membrane
composition as a result of bumn injury or cancer has not been previously investigated. To
what extent fatty acids affect membrane dependent proteins or cell surface molecules is
not known nor the role of dietary intervention in improving membrane associated

functions of immune cells.

d) Eicosanoids

Metabolism of 20:4n-6 into leukotrienes, prostaglandins and thromboxanes
sustains inflammation required for clearing pathogens (Lennartz,1999). Synthesis of
prostaglandins and thromboxanes requires release of 20:4n-6 from membranes and is
regulated by several mechanisms. Release of 20:4n-6 from membranes can occur via
phospholipase C hydrolysis of PIP, resulting in diacylglycerol containing 20:4n-6, and
IP;. Alternatively, 20:4n-6 can be released from phospholipids via phospholipase A
activation (Figure 1.2). The amount of free 20:4n-6 is regulated by release of 20:4n-6
from membranes (Flower et al.,1976) and acyl-CoA-lysolecithin acyltransferase which
incorporates 20:4n-6 into the PL of membranes (Goppelt-Struebe et al.,1986). The final
steps in prostaglandin formation requires membrane bound cyclooxygenase and
endoperoxidase isomerase as well as cytosolic peroxidase (Herschman,1999).

PGE; is generally considered to be an immunosuppressant (Goodwin,1985;
Johnston,1985).  20:4n-6 competes with EPA for cyclooxygenase and lipoxygenase
pathways (Figure I.1). The biological end products of EPA are several orders of
magnitude less potent that their homologous products derived from 20:4n-6
(Kinsella,1990). Supplemental 18:2n-6 from various lipid sources has been shown to
increase 20:4n-6 in membranes whereas fish oil reduces 18:2n-6 in membranes
suggesting an inhibition of 18:2n-6 desaturation and competition for incorporation into
membrane lipids. 20:4n-6 metabolism has been observed to be depressed both in humans
and animals receiving fish oil supplementation in the diet (Gerster,1995; Virella et al.,
1991; von Schacky et al.,1985). When 20:4n-6 is increased, production of PGE; is
reported to be increased (Johnson et al.,1997; Kinsella et al.,1990a; Ogle et al., 1990) and

vice versa (Lefkowith et al.,1987). Increases in EPA and DHA concentrations in plasma,
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mononuclear cells and neutrophils have been reported with dietary linolenic acid and
EPA (Cerra et al.,1991).

e) Cytokines

Macrophages are major producers of PGE; and the inflammatory cytokines, IL-1
and TNF-a. PGE; has been shown to downregulate the production of both TNF-a and
IL-1 (Burch et al., 1989; Goodwin,1985; Kawakami et al., 1986; Kinsella et al., 1990b;
Kunkel et al., 1986). There is an inverse relationship between 20:4n-6 content of
lymphocytes and their production of IL-1 and TNF-a (Hubbard et al.,1993) which could
be a result of increased PGE, synthesis. N-3 fatty acids are considered to be anti-
inflammatory in a variety of conditions (Zurier,1993). The production of pro-
inflammatory cytokines such as IL-1 and TNF-a have been shown to be modulated by n-
3 fatty acids (de Pablo et al., 1998; Endres,1996), although studies have been conflicting
(Blok et al.,1992; Blok et al.,1996; de Pablo et al., 1998; Endres,1996; Hardardottir et
al.,1991). Diets containing n-3 fatty acids from both plant and animal sources (Caughey
et al.,1996) have been shown to reduce the production of inflammatory cytokines
(Caughey et al., 1996; Endres et al., 1989; Kremer et al.,1990; Meydani et al., 1991).
Reduced 20:4n-6, PGE,, IL-1 and TNF-a production by monocytes from healthy humans
fed high fish oil diets has been reported (Endres et al., 1989) whereas supplementing the
diet of healthy males with 20:4n-6 (1.5 g/day) has been shown to result in significant
increases in the in vitro secretion of both PGE; and LTB4 while not changing TNF-c,
IL1, IL-2, IL-6 expression. (Kelley et al., 1999). These studies demonstrate the
complexities of the relationships between dietary lipids and cytokine production and
suggest other mechanisms apart from 20:4n-6 metabolites in mediating cytokine changes
in response to dietary fatty acids. Differences between studies may be due to different
diet compositions, length of time on the study diet or the particular immune cell
examined. In addition, effects observed during states of stress may be different than

those observed in healthy humans.

4. Neutrophils
The major neutrophil functions, adherence, chemotaxis, degranulation and

decreased lysozomal content are membrane associated phenomenon (Deitch,1984) and
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therefore neutrophils serve as a good example to illustrate and review how changes in
fatty acid composition of the membrane can affect cellular function. The receptors on the
surface of the neutrophils are part of the membrane lipid environment. A major receptor
found on the surface of neutrophils, the FC-y-III receptor (Hundt et al.,1992) is linked via
glycosyl-phosphatidylinositol in neutrophils. It is important in antibody dependent cell
cytotoxicity, ligand binding, phagocytosis, immune complex clearance and respiratory
burst activity. Adherence to the endothelium requires membrane receptors located within
the membrane lipid environment. Membrane fluidity is an important regulator of
phagocytosis (de Pablo et al., 2000). Phagocytosis requires rapid synthesis of new
membrane that would consume significant amounts of essential fatty acids to enlarge and
engulf the microorganism. The NADPH oxidase system is known to be associated with
PLC, and PKC, key intracellular regulators of lipid metabolism activated by the cleavage
of phosphatidylinositol. Arachidonic acid is an intracellular activator of the NADPH
oxidase (Sakata et al.,1987). Furthermore, products of 20:4n-6 metabolism are important
modulators of leukocyte functions. For example, PGE,;, E; and prostacyclin reduce
chemotaxis, phagocytosis, motility, margination and adherence of neutrophils to surfaces
whereas the products of the lipoxygenase pathway are potent chemoattractants for
neutrophils (Boxer et al.,1980; Penneys et al.,1977; Samuelsson,1983; Spagnuolo et
al.,1980). LTB, stimulates adherence to endothelium, chemokinesis, degranulation and
aggregation of neutrophils (Bray et al.,1983). Similarily, 18:2n-6 enrichment of cell
membranes has been reported to increase the oxidative burst of neutrophils
(Gyllenhammar et al.,1990; Sassen et al.,1993). Neutrophils produce and respond to
cytokines that have been reported to be altered by dietary fat (Cassatella et al.,2000).
TNF-a. causes degranulation, activation of the respiratory burst and increased
microbiocidal actvity of neutrophils (Beutler,1988; Dinarello et al., 1989; Sherry et al.,
1988). Therefore, intracellular signals, enzymes, receptors and effector function can be

affected by alterations in lipid composition of neutrophil membranes.

5. Clinical Trials Investigating Fatty Acids and Immune Function in Disease

Malnutrition increases risk of infection through its effects on immune function

(Chandra et al.,1994; Hulsewe et al.,1999; Keusch,1998; Woodward,1998). Infections
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promote malnutrition, creating a complex cycle of immunosuppression and malnutrition
(Scnimshaw et al.,1997) that if not addressed, can lead to subsequent complications in
recovery. Although immunological measures were introduced as part of assessing
nutritional status in the 1970s (Bistrian et al.,1975), it was not until 1980 that the first
prospective randomized clinical trial was reported that clearly demonstrated that
nutritional intervention could improve patient survival and reduce infectious incidences
(Alexander,1980). Early nutritional support consisting of sufficient calories and protein
have proven themselves to be of benefit and are now a common feeding protocol in
critically ill patients (Shirani et al.,1996). The past 25 years have resulted in an explosion
of scientific literature defining the role of specific nutrients on immune function during
different physiological states. Recent advances in the understanding of the role of specific
nutrients in modulating immunity and inflammation have stimulated the development of
nutritional regimens containing supplemental nutrients designed to improve recovery
from trauma and critical illness. The specific nutrients or combination of nutrients that
are most immunologically and metabolically beneficial during critical illness are not yet
established. The focus of this review will be fatty acids, and those where immune or
outcome measures were examined in various states of stress. In many cases, however,
other “immuno-enhancing” nutrients have also been added to these formulations.
Extrapolating information regarding beneficial effects on immune function,
infections and clinical outcomes based on the clinical trials performed to date is difficult
(Table 1.2). Randomized clinical trials with prospective definitions of methods and
outcome measures that are performed in a double blind fashion provide the best evidence,
however, the few of these that exist should be of higher quality (Solomon et al.,1998).
For example, most of the diet comparisons were not isonitrogenous between experimental
groups. Lack of well-defined objective outcome measures, such as the definition of
infection are lacking and vary between studies. Rarely are specific immune functions
related to clinical outcomes. Immune cell numbers is not necessarily a useful measure
unless function is also assessed. Multicentre trials are useful in that various treatment
protocols are subject to the same diet treatments therefore, one can presume that the
observed effect is mediated through diet when criteria for discharge, subjectivity of

infection, antibiotic usage and methodologies may differ between institutions.

40

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Furthermore, the large number of patients enrolled in these trials allow for the
measurement of mortality rates.

Of the studies discussed in Table 1.2, a significant reduction in length of hospital
stay was reported in 4/12 studies but only 2 of those used isonitrogenous formulations.
Four studies reported a reduction in infections with the supplemented diet and 2 did not.
Pneumonia and wound infection were reduced in 3/12 studies versus 5/12 that showed no
effect on these parameters. Of the immune parameters examined, cytokines do not appear
to be remarkably affected by the supplements used. For intervention trials with burn
patients, low fat seems to be of benefit in reducing infectious incidence, and length of
hospital stay, however, it does not appear to alter immune parameters measured in these
studies. In patients undergoing surgery for cancer, results are more varied. When the
supplemented diet contained more nitrogen, there does appear to be benefits, however,
McCarter et al. (1998) found no benefits but rather outcomes may have been worsened
although not statistically different. Studies with more patients might help clarify these
findings. High doses of fish oil appear to be beneficial in reducing immune responses
associated with cachexia and likely mediate these effects via mechanisms discussed in
Sections I.C.cand LE.b and L'F.

Expensive formulations are not warranted unless it can be conclusively
demonstrated that length of hospital stay is reduced, which generally translates into fewer
infections and complications throughout recovery. A study that compared a hospital
made diet to an expensive commercial diet demonstrated no differences in outcome
measures in a small number of patients (Dhanraj et al.,1997). On the other hand, a large,
multicentre trial, reported a supplemented commercial diet to reduce treatment costs due
to a lower frequency of postoperative infectious and wound complications (Senkal et
al.,1997).

Feeding formula containing multiple “immunonutrients” has been reported to be
beneficial, however, attempts to determine the specific nutrient responsible for a
particular outcome is not easily deduced. Due to the inclusion of different immune
enhancing nutrients in the diets, formulations of the diets, and lack of similar nitrogen
contents, it is difficult to isolate the specific nutrient or combinations responsible for
improvement. Furthermore, one nutrient may work synergistically with others to produce
an effect over and above what would be observed with a single nutrient alone. In addition

a1

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



to the benefits of the specific nutrients described in the studies, the importance of
vitamins and trace minerals cannot be overlooked. Burn, surgery and cancer patients
have increased metabolic and immune requirements which require a significant amount
of cofactors for optimal biochemical processes. In addition, additional micronutrients are
required in wound healing processes (Berger et al.,1998; Meyer et al., 1994).

When the stress response is activated, and several different metabolic and
inflammatory mediators are released, it is unlikely that nutritional intervention can
reverse this process. However, nutrition is necessary to maintain gut integrity and
maintain nutritional status. It is possible that supplemental nutrients such as fatty acids
are required at higher doses during acute/severe disease states. Specialized formulas
containing defined nutrients are warranted in prolonged disease states such as recovery

from burn injury, chemotherapy and cachexia.

G. Summary

Profound alterations in fatty acid metabolism have been demonstrated in disease
states such as burn injury and cancer. These alterations may change the way essential
fatty acids are metabolized and distributed to various tissues in the body including the
immune system. The essential fatty acids available to the tissues during chemotherapy,
cancer and recovery from burn injury has not been investigated. Fatty acids have been
shown to have significant effects on immune functions in a variety of cell types. Many of
these effects are modulated by changes in fatty acid composition of cells. The
phospholipid fatty acid composition of immune cells has not been examined in patients
with cancer or major burns. In spite of several studies investigating the role of fatty acids
on immune function, to date, objective measures by which to measure efficacy of dietary
intervention with specific fatty acids have not been defined. Determining the extent to
which dietary fatty acids get incorporated into tissues such as those of the immune system
might provide an objective and consistent measure of efficacy of intervention with
specific fatty acids. If changes could be related to immune function, infectious incidence
and clinical outcomes, then membrane composition would provide a useful clinical
biomarker. Furthermore, an understanding of how fatty acid metabolism alters
membrane composition in diseases characterized by immunosuppression will be useful in
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the design of clinical diets aimed at up or down regulating immune responses in these

disease states.
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FIGURE L.1: Conversion of dietary essential linoleic and linolenic acid into other

n-6 and n-3 fatty acids by elongase and desaturase enzymatic pathways.
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Arachidonic (and Linoleic) Acid from the Diet

!

Esterified fatty acid
in cell membrane phospholipid
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FIGURE 1.2: Synthesis of 2-series prostaglandins and thromboxane A,
from arachidonic acid by reactions catalyzed by cyclooxygenase and peroxidase
enzymes. Arachidonic acid is released from the membrane by PLA; and is
subsequently converted to PGE; and TXA, by endoperoxide (E) isomerase and

thromboxane synthase, respectively.
Abbreviations: COX: Cyclooxygenase, PG: Prostaglandin; TX: Thromboxane
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FIGURE L.3: A Biological membrane composed of a bilayer of PL. with

integral and peripheral proteins throughout. Carbohydrate moeities can be
attached to proteins or lipids to form glycoproteins and glycolipids, respectively.
Cholesterol is also an important membrane component and governs fluidity.
Proteins may have specific requirements for fatty acids or PL in the membrane
environment (Source: http://www.people.virginia.edu/~rjh9u/cellmemb.html
reprinted with permission as modified by Robert J. Huskey, University of
Virginia).
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FIGURE 1.4: A summary of the major metabolic changes that occur
during the stress response compared to the normal starvation response. During
simple starvation, fat mobilization and ketogenesis provide energy, thereby
sparing body protein and decreasing gluconeogenesis. In contrast, sepsis causes
body proteins to be catabolized at an accelerated rate, gluconeogenesis is
stimulated, while ketogenesis is inhibited and fat mobilization is decreased.
Increased responses during starvation and sepsis are shown by the heavy arrows.

(Reprinted with permission. Source: Groff, 1995).
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FIGURE 1.5: The effect of pro-inflammatory cytokines on various tissues
in the body (Reprinted with permission. Source: Souba et al., 1994).
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FIGURE 1.7: Phagocytosis activation of the NADPH oxidase multi-
component enzyme complex and the reaction it catalyzes (Reprinted with

permission as adapted from Dahlgren, 1999.).
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FIGURE 1.8: Analysis of the respiratory burst using flow cytometry.
Whole blood deplete of red blood cells are incubated with dihydrorhodamine and
the mean channel fluorescence (MCF; FL-1) of unstimulated cells and cells
stimulated with PMA are analyzed using flow cytometry. Neutrophils are gated
according to their side and forward scatter characteristics. = The change in

oxidative burst is measured by the stimulated MCF/ unstimulated (0 minute)

MCF.
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Toxic
compounds

FIGURE 1.10: The interactions between innate and acquired immune cells
in the elimination of pathogens (Adapted from Pratt, 2000). A macrophage
presents an antigenic peptide within the MHC II complex to T-helper cells which
then produce cytokines to recruit and direct B cells to produce antibodies effective
against an infecting agent. The macrophage can also produce cytokines or

oxidative molecules that are directly toxic to an infecting agent.
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FIGURE 1.11: The role of immune cells in the progression of

wound healing. Neutrophils are the first cells to appear within 2 hours of
injury. Macrophages are next to infiltrate the wound area and produce
cytokines and other factors that promote wound healing. Macrophages
and lymphocytes remain in the wound until it is healed. (4dapted with
permission from DiPietro, 1995).
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INFECTION | EXAMPLES IMMUNE RESPONSE MOLECULES & CELLS
TYPE INVOLVED
‘Viruses | HIV 1. Humoral to block initial | Antibodies: agglutination,
(Ploegh,1998) | Influenza infection and for recruitment | opsonization
~ | Rhinovirus of other cells. IFN-y: anti-viral cytokine
2. Cell mediated response is | NK and cytotoxic T cells:
most effective after cells are | directly cytoxic to virally infected
\ infected cells
'Parasi_tes Trichinella Low levels as there is no | B cells located within GALT
(Sher, 1992) Helminths replication inside host cells
Protozoa malaria 1. Bloodborne cleared by | Antibodies: agglutination,
(Mahmond, humoral antibodies opsonization
1989) 2. Infected cells destroyed by | T cells: cytotoxic killing
' cell mediated functions
Intracellular | Listeria 1. Cell mediated (DTH) | IFN-y activation of macrophages
Bacteria monocytogenes | response 2.  TH1 type of | Macrophages: phagocytosis
(Kaufmann, Mycobacterium | immune response and cytokine | Neutrophils: ingestion and
1993) tuberculosis pattern enzymatic killing
Extracellular | Streptococcus Humoral components located in | Antibodies: opsonization,
bacteria pnemoniae lymph  nodes  of  the | complement activation and
gastrointestinal and respiratory | recruitment of other immune cells
' tracts Phagocytes: killing
Sepsis Endotoxin, LPS | Dysregulated inflammatory | Neutrophils: release oxidative
(Systemic response compounds
inflammatory Macrophages: cytokine
response production
system)
(Pajkrt, 1996)

TABLE L1: Infections and the types of immune responses most effective in eliminating them (Pratt, 2000).




‘uoissiwiad Jnoypm pauqiyod uononpoldas Jayung Jaumo WbBuAdod ayj jo uoissiwiad ypm psonpoidoy

LS

TABLE 1.2: Clinical trials investigating supplementation of fatty acids in burns and cancer

: Other Compared Patient Design Benefits/Changes No effects
: Rgference Fat studied | nutrients to group :
Gottschlich | Shriner’s tube Arginine Osmolite and Bums Double blind, | { wound infection Sepsis
etal. (1990) | feed recipe Vitamin A | Traumacal (n=50) prospective, 4 LHS Weight loss
(11% total fat V'itamin C ‘ randomized, { | pnemonia Days requiring antibiotic
50% n-3, Zinc (lower fat in exp { infectious complications | Nutritional index and
50% safflower) diet) { loss of LBM acute phase proteins
Isonitrogenous il Mortality (p<0.06) Functional immune tests
Saffleeral. | Impact Arginine | Replete (high Bums Randomized | Replete had { infectious LHS
(1997) RNA protein, + gln (n=50) and noninfectious Mortality
n-3 fatty acids and 30% fat) complications (not Infectious complications
(1.3g EPA and Not significant) Days of ventilator
0.45g DHA) isonitrogencus support
Garrel et al. | Low fat with N/A Without n-3 Burns Prospective, | 4 pneumonia Cytokines
(1995) and without n-3 fatty acids and (n=43) randomized 1 respiratory status N-balance
fatty acids higher fat * nutritional status
formulas J LHS
Daly et al. Impact Arginine | Osmolite Gastric Cancer | Randomized | 1 lymphoycte Mortality
(1992) RNA Surgery blastogeneisis Pnemonia
n-3 fatty acids Not (n=85) { infectious and healing Infection
Isonitrogenous complications Opsonic index
(2.2 g n-3/day; J LHS serum C3
(1.7 Other complications
EPA/DHA)
Kemen et al. | Impact Arginine, | Placebo Gastric Cancer | Prospective, | T HLA-DR expression Albumin and transferrin
(1995) RNA Surgery randomized, | 1 CD3, CD4 and B cells, | IeM
n-3 fatty acids Not (n=42) placebo, double | 4 IFN-y concentration
isonitrogenous blind
McCarter et | n-3 fatty acids Arginine standard Gastric Cancer | Randomized, | Nonsupplemented fared Lymphoycte mitogenesis
al, (1998) (2.6 g/d EPA Vitamin formula +/- Surgery double blind | better on all measures (not | Cytokines
and DHA) fortified arginine (n=48) statistically significant) Infections
Infectious complications
Isonitrogenous LHS
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Bragaetal. | Impact Arginine | standard enteral | Gastric Cancer | Randomized, | | severe infectious CD4, CD8,
(1996) n-3 fatty acids | RNA formula and surgery prospective | incidence CD4/CD8
TPN (n=62) * Phagocytosis, DTH
Isonitrogenous 1 IL-2 receptor
VIL-6
v LHS
Boweretal. | Impact Arginine Osmolite ICU patients Multicenter, | I LHS Immune function
(1995) RNA (n=296) prospective, | 4 LA and T DHA, EPA Septic complications
n-3 fatty acids | Vitamins | Not randomized, | 4 plasma amino acids N-balance
Q6g E, B- isonitrogenous double blind
EPA/DHA) carotene
Selenium
Cerraetal | Impact Arginine Osmolite Surgical ICU Randomized, | % blastogenesis Clinical outcome
(1991) RNA hyper- blind, N-balance
n-3 fatty acids metabolic prospective visceral protein markers
Moore et al. | “Immune-Aid” | Glutamine | Vivonex Trauma Multicenter, t plasma amino acids, Serum albumin,
(1994) Arginine patients Controlled, 4 abdominal abcesses transferrin, visceral and
1.1 g/L n-3 fatty Not (n=114) prospective, | | MOF acute phase proteins
acids isonitrogenous 1 CD3 and CD4 cells Blastogeneisis
¥ LHS (not significant) Cytokines
Gogos efal. | EPAand DHA | VitaminE | 40 days Cancer Randomized, | T CD4/CDS8 ratio IL-1 or IL-6 production
(1998) (18g/day) (n=60) prospective 1 TNF production in Body weight
malnourished subgroup Serum albumin,
1 Karnofsky status transferrin
Purasiriet | y-linolenic acid, | N/A 6 months Local/ N/A { proliferation
al. (1994) EPA and DHA advanced 4 CD4 and CD8
(4.8 g/day) colorectal 4 NK number and activity
cancer { TNF, IL-6, IFN, IL-1,
(n=30) IL-4 in serum
Weimann et- | n-3 fatty acids 1.25g/100 | N/A Severe trauma | Prospective, | 4 MOF, SIRS CD4/CD8
al. (1998) Impact ml patients randomized, | | C-reactive protein, IL-2 receptor
arginine, (n=29) double blind | fibrinogen Infection
RNA (n=32) Mortality
LHS

TABLE 1.2 cont’d: Clinical trials investigating supplementation of fatty acids in burns and cancer




Table I.2 cont’d: Clinical trials investigating the effects of supplementing
fatty acids and other nutrients in clinical diets for thermally injured and

cancer patients. The amount and type of fats used in each intervention, the
design of the study and the patient group are indicated. Inmune measures,

if performed, are indicated in the column labeled benefits/changes.
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IL

Research Plan

A. Rationale

Critical illness results in a plethora of metabolic and immunologic abnormalities.
A major component of patient care during critical illness is nutrition with the basic
objectives being to provide nutrients for growth and repair of tissues, maintenance of
body cell mass and prevention of infection (Gottschlich et al., 1987). Ideally, one would
aim to provide the specific nutrients or combination of nutrients that are most
immunologically and functionally beneficial in a specific group of patients. Clinical trials
examining the effects of specific fatty acids to nutritional formulations designed for
critically ill patients have been inconclusive (Section LF.5; Klein et al., 1997). Many
factors must be taken into account when determining the optimal fatty acid content and
composition in the diet during disease states characterized by metabolic alterations and
immunosuppression.

It is known that essential fatty acids have profound effects on metabolism and
immune function. During stress states, there are perturbations in fatty acid metabolism
(Gottschlich et al., 1987) that may alter fatty acid composition of phospholipids in
membranes which impact on cellular function of immune cells. Recovery from critical
illness is often complicated by the presence of infection. Infection has distinct effects on
metabolism and immune function apart from the disease state that further suppresses
immune function and depletes nutritional status (Alexander and Peck, 1990; Chandra and
Kumari, 1994). Infection is due to a breakdown in host immune function, therefore, it is
reasonable to postulate that improving immune parameters important in infection defense
would decrease incidence of infections. Dietary fat can modulate PL. composition and
ultimately cellular function (Clandinin et al., 1991). N-3 fatty acids displace arachidonic
acid and are known to suppress inflammatory responses and also enhance immune
functions (Calder and de Cienfuegos,1995; de Pablo et al., 2000). Despite our knowledge
that fatty acid composition of immune cells influences their function, changes in lipid
composition of neutrophils and lymphocytes that occur following burn injury and during

cancer have not been characterized previously. The immunological impairments that
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occur during cancer, burns and chemotherapy have not been examined in relation to
membrane composition even though diet is an important part of the therapy. Therefore,
characterization of alterations in lymphocyte proliferation and cytokine production in
response to mitogens, NK cell cytotoxicity, neutrophil oxidative burst and phenotype
changes that are associated with membrane phospholipid changes are warranted.
Furthermore, the efficacy of intervention with specific fatty acids and the ability of the
host to utilize them during critical illness needs to be examined before nutritional
intervention strategies can be formulated. To understand the relationship between
immune cell membrane composition and their function, it is necessary to measure
properties and components of membrane lipids to extrapolate how cellular processes
change in relation to diet and disease. Lipid sources in alternative nutrient formulations
designed for specific patient populations must be chosen to promote membrane
phospholipid composition and immune function that is consistent with recovery. By
identifying specific changes in lipid metabolism and immune function as a result of these
disease states, a practical intervention strategy can be developed with an objective
measure to assess the efficacy of such formulations.

The overall objective of this thesis research is to demonstrate that alterations in fatty
acid composition of immune cells and plasma lipid components exist in disease
states characterized by metabolic impairments and immunosuppression and
contribute to functional changes observed in both the cell mediated and innate

immune branches.

B. Objectives and Hypotheses

1. Effects of Burn injury on Phospholipid Composition and Function of Immune
Cells

Objective: To characterize changes in membrane PL fatty acid composition and
immune function during recovery from thermal injury to establish the impertance of

membrane composition in immune recovery and infection defense.
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Hypotheses: It is hypothesized that:

a) the phospholipid fatty acid composition of immune cells, namely lymphocytes and
neutrophils, will be altered after burn injury and change in the direction of healthy
individuals during recovery of the patient. More specifically:

(i) The phospholipids of lymphocytes and neutrophils will have a lower content
of arachidonic acid immediately post-injury in the major phospholipid fractions
and increase with recovery.

(ii) Total n-6 and n-3 fatty acids in the phospholipids of lymphocytes and
neutrophils will be reduced in the early post burn period and will increase during

recovery in the direction of that seen in the healthy population.

b) There will be impaired function of immune cells of both the acquired and innate
immune branches post-burn injury. More specifically:

(i) After burn, the relative percentages of CD4 cells will be low.

(i) Cell mediated immunity as estimated by mitogen stimulated 3 [H] thymidine
incorporation will be decreased at 1-12 days post injury and increase as the
patient recovers. Unstimulated [°H] thymidine incorporation will be high initially
and decrease with recovery.

(ili) The THI1 subset will be activated immediately post-injury with a high release
of IFN-y and IL-2.

(iv) T cells (CD4+ and CD8+) will express a high percentage of CD45RA (antigen
naivity) in the initial post burn period and percent CD45SRO (antigen mature) will
increase by the second timepoint (d12-19). Activation markers (CD25 and CD71)
on lymphocytes will be high early after burn and decrease with recovery.

W) Natural Killer cell activity will be low initially following burn injury and
increase with recovery.

(vi)  Neutrophil activation will be high initially producing high amounts of oxygen
radicals during the first weeks following burn. Unstimulated neutrophil activity

will decrease as the patient recovers.
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(vii)  The proportion of macrophages (particularly activated macrophages) will be
high at the first sample point post-burn injury.

2. The Effects of Burn Injury on Fatty Acid Composition of Plasma Components
and Erythrocytes

Characterization of the fatty acid composition of plasma components is necessary to
better understand the metabolic effects of burn injury on fatty acid metabolism. This is
important in determining if the abnormalities observed in immune cell PL are specific to

that tissue or is there is an overall impairment in the metabolism of essential fatty acids.

Objective: To characterize the fatty acid composition of plasma CE, TG and PL

from early to late post burn timepoints.
Hypotheses: It is hypothesized that:

a) the 20:4n-6 content of plasma CE, TG and PL as well as RBCs will be reduced

following burn injury and increase with recovery.

b) there will be reduced concentrations of CE and PL and elevated concentrations of
TG in plasma early post burn that return to normal levels (those observed in healthy
individuals) with recovery from injury.

3. The Effect of Surgery and Infection on Immune Function in Guinea Pigs
Surgery and infection are components of recovery after burn injury and cancer

treatments that contribute to immunosuppression. The third objective of this research was

to characterize changes in immune function associated with surgery and infection.
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Objective: To determine the effect of surgery, and surgery + infection on measures
of the specific and innate immune branches in lymphoid tissues of a guinea pig model of
infection. The effect of surgery + infection + Acticoat™ Silver coated dressing on

immune recovery and function will be measured.

Hypothesis: It is hypothesized in a guinea pig model that:

a) surgery will result in reductions in the oxidative burst activity of neutrophils,
decreased natural killer cell cytotoxicity, reduced mitogen stimulated *[H]-thymidine
uptake, and a reduced CD4/CD8 ratio in lymphoid tissues.

b) infection with Staphylococcus aureus post surgery will result in an increased
oxidative burst of neutrophils, increased MHC Class II molecule expression on
immune cells and a further (compared to the effects of surgery alone) depression of

NK cytotoxicity and mitogen stimulated [°H}-thymidine uptake.

c) infected animals treated with the Acticoat™ Silver coated dressing will have

immune responses similar to the noninfected surgery animals.

4. The Effect of Stem Cell Harvest and High Dose Chemotherapy on Immune

Function in Women With Breast Cancer

Dietary recommendations for women with breast cancer undergoing high dose
chemotherapy with stem cell transplant (described in Chapter VII) has not been
established. This treatment has severe consequences on nutritional status and immune
function. However, nutritional intervention is not part of this treatment. Immune
recovery in this group is a clinical problem induced by the treatment rather the disease.
Little is known about the immune changes and essential fatty acid status of women who

have received high dose chemotherapy with stem cell transplant.
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Objective: to characterize fatty acid and immune changes at stem cell harvest and
after reconstitution (described in Chapter VII) in women undergoing high dose
chemotherapy followed by transplant of stem cells for breast cancer.

Hypothesis: It is hypothesized that:

a) At discharge, cellular function will be reduced from pre-HDCT levels. Specifically,
compared to harvest values the following measures will be different at discharge:
@) The CD4/CD8 ratio will be reduced
(i)  Neutrophil oxidative burst will be reduced
(iii) T cells will have lower expression of activation markers
(iv)  The expression of the CD45RO isotype on T-lymphocytes (CD4+ and CD8+)

will be decreased

b) Neutrophil cell membranes and plasma lipid components will suggest deficiencies in
essential fatty acid metabolism both at harvest and at discharge. These deficiencies

will be more pronounced following the high dose procedure.

S. The effects of Fish Oil supplementation on Immune Functions in Cachexic

Cancer Patients

Cachexia is a complication of cancer. Nutritional intervention has been largely
unsuccessful in altering cachexia. Recently, it has been reported that feeding n-3 fatty

acids can reduce cachexic complications in cancer patients.

Objective: To determine the effect of supplementing the normal diet of palliative
cancer patients with 18¢g of fish oil or placebo per day for 14 days on immune changes
associated with infection, as well as the effects on fatty acid composition of immune
cells. Fatty acid composition of plasma phospholipids will be characterized in patients

supplemented with fish oil or a placebo oil (olive oil).
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Hypothesis: It is hypothesized that:

a) Supplementing weight losing cancer patients with 18 g of long chain
polyunsaturated fatty acids/d for 14 d, compared to a placebo will result in an
increase in long chain n-3 fatty acids in the membranes of neutrophils as well as in

the plasma fatty acids.

b) Supplementing weight losing cancer patients with 18 g of long chain
polyunsaturated fatty acids/d for 14 d, compared to a placebo will improve some
measures of immune functions in cells of peripheral blood (parameters of the
acquired and innate immune system). Specifically:

) the CD4/CDS ratio will increase.

(it) the expression of CD45RO on CD4+ and CD8+ T cells will increase.

(iii) the expression of the IL-2 receptor and CD28 on immune cells will
increase.

(iv)  The neutrophil oxidative burst will decrease.

6. Changes in Phospholipid Composition of Neutrophils Impacts on Their
Functional Capacity

There were deficiencies observed in essential fatty acid metabolism in each of the
unique patient groups described. Changes in neutrophil function were most
distinguishable and were thought to be most affected by changes in diet because many
aspects of their function is dependent to some degree on membrane fatty acids.
Experiments that associate immune function with alterations in specific membrane fatty

acids are needed to demonstrate benefits of dietary intervention in each patient group.

Objective: to demonstrate a relationship between increases or decreases in the 20:4n-
6 and n-3 fatty acid content of the membrane to functional changes in neutrophils using a

primary cell culture model.
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Hypothesis: It is hypothesized that:

a) Increasing the 20:4n-6 content in neutrophil PL will increase the oxidative burst
of neutrophils.
b) Increasing the n3 fatty acid content of neutrophil PL will decrease the oxidative

burst of neutrophils.

C. Chapter Layout

The hypothesis posed were tested in a sequence of experiments. These experiments
are organized as thesis chapters and have been or will be submitted for scientific

publication as individual papers.

Chapter 3 characterizes membrane PL fatty acid composition and the function of
neutrophils during recovery from thermal injury. It establishes the importance of
membrane composition in immune recovery and infection defense (hypothesis I.a and b
(vii)). This chapter entitled “Changes in neutrophil fatty acid composition and its
relationship to neutrophil function following burn injury in humans” has been

submitted to the Journal of Lipid Research for scientific review.

Chapter 4 examines the effects of bum injury on the PL composition of
lymphocytes and characterizes alterations in proliferation, cytokine production, immune
phenotypes and NK cytotoxicity associated with burn injury and recovery (hypothesis Ia,
b (i-iv)). This chapter entitled “Alterations in lymphocyte function and relation to PL
composition following burn injury” has been submitted to the journal Critical Care

Medicine for scientific review.

Chapter 5 characterizes the changes observed in the essential fatty acid
composition of plasma CE, PL and TG as well as RBCs from early to late post burn
(hypothesis 2). This chapter entitled “Fatty acid content of plasma lipids and
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erythrocyte phospholipids are altered following burn injury” has been submitted to
Lipids for scientific review.

Chapter 6 explores the effect of surgery, and surgery + infection on measures of
the specific and innate immune branches in lymphoid tissues of a guinea pig model of
infection (hypothesis 3a, b). In addition, the effects of Acticoat™ on immune parameters

was examined in an infected guinea pig model (hypothesis 3c).

Chapter 7 is a pilot study that characterizes changes in fatty acids and immune
parameters before and after high dose chemotherapy followed by stem cell transplant for
breast cancer (hypothesis 4).

Chapter 8 examines the immunological effects of supplementing cachexic cancer
patients with fish oil or placebo for 14 days on T cell phenotypes and neutrophil function.
In addition, plasma PL and immune cell fatty acid compositions are characterized both
before and after supplementation with fish oil or placebo (hypothesis 5). This work
constitutes the pilot work for a clinical trial proposal.

Chapter 9 consists of in vitro primary cell culture work that demonstrates a
relationship between arachidonic acid in neutrophil membranes and their functional
abilities. This work has been submitted in conjunction with Chapter 3 in a manuscript
entitled “Changes in neutrophil fatty acid composition and its relationship to
neutrophil function following burn injury in humans” to the Journal of Lipid

Research for scientific review.

Chapter 10 is an overall general summary and discussion of the potential
relationships between membrane composition and immune function observed in diseases

characterized by metabolic and immunological impairments.
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1.
Changes in Neutrophil Fatty Acid Composition and its Relationship to

Neutrophil Function Following Burn Injury in Humans.

A. Introduction

Until recently the most frequent cause of death in burn patients was sepsis and
multiple organ failure (MOF; Arturson,1985). Infection remains an important threat
and abnormalities in neutrophil function following bum injury have been suggested to
contribute significantly to development of infection and risk of sepsis in these patients
(Alexander et al.,1978; Alexander et al.,1979; Bjornson et al.,1992; Davis et al.,1980;
Grogan et al.,1973). Defense mechanisms employed by neutrophils to fight infection
can also be damaging to the host (Simms,1995). Reactive oxygen intermediates
produced by activated neutrophils have been implicated in tissue damage
characteristic of multiple organ dysfunction syndrome (Matzner,1997). Pulmonary
failure, manifested by acute respiratory distress syndrome (ARDS) and pneumonia, is
presently the major cause of death following burn injury (Hansbrough et al.,1996).
The pathophysiology of ARDS is not entirely elucidated, however, it is accompanied
by accumulation of neutrophils (Fujishima et al.,1995) followed by local release of
toxic mediators and increased energy oxygen metabolism (Hansbrough et al., 1996)
resulting in tissue injury that leads to organ dysfunction (Fujishima et al., 1995).

Lipids and their products of metabolism are known to significantly impact on
immune function. Fatty acid metabolism is altered following burn injury and
inflammatory mediators derived from lipids are increased. Phospholipase A, (PLA>)
activity increases (Rosenthal et al.,1995b) which results in release of arachidonic
acid, a precursor for prostaglandin E; (PGE;) and leukotriene B4 (LTBj), two
important mediators involved in inflammation and neutrophil activation. The
relationship between composition of phospholipid membranes and cellular immune
function is well established (Bialick et al.,1984; Calder et al.,1991; Robinson et
al.,1998). How compositional changes impact neutrophil function following burn

injury is not known. Diet is an important adjunct in the treatment of burn injured

A version of this chapter has been submitted for publication.
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patients (Saffle et al.,1997) and dietary fat influences phospholipid composition of
immune cells (Chapkin et al.,1990; Palombo et al.,1997). There is considerable
controversy regarding the optimal amount and composition of fat that should be fed to
these patients (Gerster,1995; Gottschlich et al.,1987; Peck,1994). Before dietary fat
recommendations can be formulated to improve immune function in thermally injured
patients, data is needed to characterize fatty acid metabolism post burn and
understand how alterations in essential fatty acids contribute to changes in immune
function. This study was designed to investigate the compositional changes in
neutrophil phospholipid fatty acids and functional alterations immediately following

and during recovery from bumn injury.

B. Methods

1. Materials

RPMI 1640 culture media and all other culture ingredients were purchased from
Fisher Scientific (Edmonton, AB, Canada). Dihydrorhodamine 123 (DHR) was
purchased from Molecular Probes (Eugene, OR). Phorbol myristate acetate (PMA)
was purchased from ICN (Montreal, PQ, Canada). H-plates were purchased from
Analtech (Newark, DE) and solvents were purchased from VWR (Edmonton, AB,
Canada). Ficoll hypaque gradients, bovine serum albumin (BSA, Fraction V),
chemicals for buffers and all other lipid supplies, including standards, were purchased

from Sigma Chemicals (St. Louis, MO).

2. Subjects

The study was approved by the University of Alberta Faculty of Medicine
Research Ethics Board. Approval to obtain blood samples from healthy subjects was
obtained from the Faculty of Agriculture, Forestry and Home Economics Research
Ethics Board. Ten subjects were recruited from patients admitted to the Firefighter’s
Burn Treatment Unit at the University of Alberta Hospital (Edmonton, Alberta,
Canada) after informed consent. Patients who had >10% total body surface area
(TBSA) burn and who gave informed consent were included in the study. Patients
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who were under the age of 18, overtly malnourished, had a history of alcohol or drug
abuse, were taking immunosuppressive drugs or had autoimmune disease were
excluded. Table II1.1 shows the characteristics of subjects enrolled. All subjects were
previously healthy and survived their injuries. Their age range was from 20 to 65
years of age (mean=40 * 4 years). The range of burn size was from 12-90%
(mean=37 + 5 % TBSA). Subjects were resuscitated in Ringer’s lactate
(Warden,1973) using the Parkland formula (Leape,1970). All patients underwent
wound excision and skin grafting of deep second and third degree wounds
commencing the first week of hospitalization. All subjects received similar wound
care treatment, analgesia and antibiotic therapy using pre-established protocols. A
non-fasting blood sample was drawn from healthy volunteer subjects (n=6) recruited

from the University of Alberta who gave informed consent.

3. Dietary Intake

Energy requirements for each subject were determined using the Harris
Benedict equation using a stress factor based on injury severity. Tube feeds were
started within 24 hours post injury. The enteral diet fed provided high amounts of
nitrogen and was specially designed for critical care patients (Nitro-Pro™, Nutrition
Medical, Minneapolis, MN). The nutrient composition of Nitro-Pro™ is shown in
Table I11.2. The fat content of the enteral formula was composed of 50% medium
chain triglycerides and 50% corn oil for a total of 29% of total energy coming from
fat. The fatty acid composition of the formula is given in Table III.3. ProMod™
(Ross Laboratories, Columbus OH), a whey protein concentrate, was supplemented as
an extra source of protein when required and its composition is given in Table ITI.4.
The dietary intake of clinical feeds was recorded for each patient during the inpatient

period. No patients in the study received total parenteral nutrition.

4. Sample Collection

A non fasting venous blood sample (10 ml) was collected by the medical staff
during the patient's regular blood work on the following days after admission to the
burn unit: within the first 12 days (t1), between 12 and 19 days (12), between 20 and

108

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



35 days (t3), between 26 and 49 days (t4) and after 50 days (t5). For subjects with
smaller burns or those who were discharged prior to 50 days, the final sample was
obtained at the subject’s first outpatient visit to the clinic. When more than one
sample was obtained within a time period, the results were combined and the mean
value reported. If blood sample scheduling coincided with surgery days, samples were
taken prior to surgery to avoid short term confounding effects of blood transfusions

and surgery on the immune response.

5. Hematological Analysis
Complete blood counts (CBC), using a Coulter STKS instrument (Coulter
Electronics, Inc., Hialeah, FA), and manual differential were performed by the staff of
the Hematology Laboratory at the University of Alberta Hospital.

6. Preparation of Neutrophils

Neutrophils were isolated using Ficoll Hypaque gradient centrifugation
(Boyum,1968) by layering 3 mls of whole blood on top of 3 mls of each 1119 and
1077 (neutrophil and lymphocyte density gradients, respectively) and centrifuging at
1840 rpm for 30 minutes with no brake at room temperature. The neutrophil band was
transferred into 15 ml conical tubes using a transfer pipette. Krebs-Ringer HEPES
(KRH) buffer + BSA (5g/L) was added up to the top of the tube and sample was
centrifuged (Beckman J2-HC, Beckman Instruments, Palo Alto, CA) for 10 minutes
at 1000 rpm to pellet cells. If necessary, red blood cells in the fraction were lysed
using warmed lysis buffer and cells washed twice more with KRH + 0.5% (w/vol)
BSA. Afier the last wash, 1 ml of RPMI 1640 supplemented with fetal calf serum (50
g/L), HEPES (25 mmoV/L), penicillin (100 units/ml.) and streptomycin (100 pg/mL)
was added to the samples and viability was assessed using trypan blue exclusion.

Cell viability was greater than 99% for all samples.
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7. Fatty Acid Analysis
a) Lipid Extraction

A modified Folch method (Folch et al.,1957) was used to extract lipids from
gradient isolated neutrophils (Field,1988). After the addition of KCL, the suspension
was transferred to a clean methylation tube. Methanol (0.8 ml), 2.0 ml
chloroform/methanol (1:1 vol/vol), 2.7 ml chloroform and 2.5 ml
chloroform/methanol (2:1 vol/vol) were added sequentially with vortexing after each
step. Samples were capped, vortexed and kept at 4°C overnight to obtain good phase
separation. The next day the bottom layer containing the phospholipids was removed
to a clean methylation tube and dried down under nitrogen gas. Chloroform (1 ml)
was added to the original tube, vortexed, and after phase separation, the bottom layer
was removed and added to the drying down samples. Chloroform (100 ul) was added
to the dried sample.

b) Thin Layer Chromatography

Samples in chloroform described above were spotted onto thin layer
chromatography plates (HPK silica gel 60 A 10 x 10 cm, Whatman, Clifton, NJ) that
had been heat activated at 110°C for one hour. Solvent tanks were lined with
Whatman #1 filter paper and saturated with the solvent systems for 1 hour before
plates were placed in the tank. Samples were run in a chloroform/methanol/2-
propanol/0.25% KCL/triethylamine (30:9:25:6:18 vol/vol) solvent system in a 13x13
cm chamber at room temperature for approximately 45 minutes or until sample
reached the top (Touchstone et al.,1980). Plates were dried in a dessicator and
separated phospholipids visualized with 8-anilino-1-naphthalene-sulfonic acid
(ANSA, 0.1%, w/v) and identified under ultraviolet light using appropriate standards.
Bands corresponding to phosphatidylcholine (PC), phosphatidylethanolamine (PE),
phosphatidylinositol (PI), and phosphatidylserine (PS) were scraped and added to

clean methylation tubes.
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¢) Methylation
Samples were methylated immediately using 0.75 ml 14% (w/w) boron

trifluoride (BF5) in methanol and 1.5 ml of distilled hexane. Methylation proceeded
for 1 hour at 110°C in a sand bath. After samples cooled, 1 ml of dd H,O was added,
the sample vortexed and stored overnight at 4°C. The next day the upper phase was
removed and added to a GC vial and dried down under nitrogen. An additional 0.5
ml of ddH,0O was added to the tube, vortexed and after separation was added to the
GC vial. Dried samples were flushed with nitrogen, capped and held at -70°C until

analysis.

d) Gas Liquid Chromatography

Samples were analyzed by automated gas liquid chromatography (Vista 6010,
Varian Instruments, Georgetown, ON) on a fused silica BP20 capillary column (25 m
x 0.25 mm internal diameter, Varian Instruments; (Field et al.,1989). Fatty acid -
methyl esters were separated by an automated gas-liquid chromatograph, varian
model 6000 equipped with a vista 654 data system and a Vista 8000 autosampler
(Varian Instrument Company, Georgetown Ontario). The system used a bonded
phase fused silica capillary column, BP20: 25 mm x 0.25 OD SCG product. Helium
was used as the carrier gas at a flow rate of 1.8 mI/minute using a splitless injector.
The GLC oven temperature of 150°C was increased to 190°C at 20°C/minute and
held for 23 minutes followed by a second stage temperature increase to 220°C at
2/minute for a total analysis time of 40 minutes. These conditions separate all
saturated, monounsaturated and polyunsaturated fatty acids from 14 to 24 carbon
chain lengths. Percent content of saturated (SFA), monounsaturated (MUFA),
polyunsaturated (PUFA), total n-6 and n-3 fatty acids and the 20:4n-6 content were

analyzed at each timepoint post burn injury.
8. Neutrophil Functional Parameters
Whole blood (400 pl) was added to 4 mls warmed lysis buffer in sterile

polypropylene tubes and gently inverted several times for 5 minutes. Cells were

pelleted by centrifuging for 5 minutes at 1500 rpm, washed once with warmed wash
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buffer and again pelleted. Cells were reconstituted in 400 pul of wash buffer and 1.8
ul DHR (29 mM in DMSO) was added to each reaction tube and incubated in a water
bath (37°C) for 5 minutes. An aliquot was removed from the tube (0 minutes) and
PMA (3.2x 10° nM) was added. Tubes were incubated for 5, 10 or 15 minutes more
after which time an aliquot of cells was removed, transferred to an
immunofluorescence tube and immediately placed on ice to stop the reaction
(Vowells et al.,1995). The oxidation of dihydrorhodamine 123 to rhodamine 123 was
immediately quantified by flow cytometry (FACScan, Becton Dickenson, San Jose,
CA) using a 488 nm line for excitation with collection occurring at 525 nm. The data
was analyzed using CellQuest software (Becton Dickenson). Neutrophils were
discriminated from the remaining leukocytes, red blood cells and debris by combined
measures of forward and side light scatter characteristics. Non-fluorescent parameters
were collected (mean forward scatter and mean side scatter) to estimate changes in
size and granularity (measures of activation) after 5, 10 and 15 minutes. Mean
channel fluorescence of gated neutrophils was measured at 0, 5, 10 and 15 minutes
and gives an estimation of the oxidative burst (See Figure 1.8). The change in
granularity, size and oxidative burst after stimulation was determined using a ratio

given by the formula (5,10 or 15 minute value/0 minute value).

9. Statistical Analysis

Data is reported as mean = SEM. To determine differences between different
timepoints post burn injury, a repeated measures analysis of variance was used using
the post burn time periods described above (<12 days=tl; 12 -19 days=t2; 20 - 35
days=t3, 26 - 49 days=t4; >50 days=t5). Subjects were grouped into groups based on
~ size of burn (large= >35% TBSA, n=5 and small=<35% TBSA, n=5) and when
differences existed between these two groups, results are presented. When there were
no differences between groups, all subjects were included in the analysis and overall
mean presented. Number of subjects included in the analysis at each timepoint was as
follows: tl, n=10; 2, n=10; t3, n=8; t4, n=6; t5, n=8. Subjects with burns >35%
TBSA were sampled at every timepoint. Significant differences (p<0.05) between

time periods were identified using least square means. To determine if subjects
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followed the same pattern of changes in neutrophil function and phospholipid
composition during recovery, orthoganol comparisons of the linear (y=mx-+b; time
after bum = x) and quadratic equations were used. All statistical analyses were

conducted using the SAS statistical package (Version 6.12, SAS Institute, Cary, NC).
C. Results

1. Dietary Intake

Enteral feeds began 24 hours post burn injury and were generally well
tolerated. Complications included diarrhea (2/10 subjects), emesis (2/10 subjects),
and hyponatemia (1/10 subjects). Enteral feeds were stopped when feeding
complications persisted and 6 hours prior to surgery, therefore values in Table III.1
include those periods of reduced intake and estimate average daily intake when Nitro-
Pro™ provided the majority of the energy consumed. Subjects consumed an average
of 9132 kJ (2183 kcal) per day (Table III.1) during the inpatient period when enteral
feeds were the primary source of energy. The average intake of linoleic acid (18:2n-6)
during the inpatient period was 21 + 1 g/day (189 kcal/day; 9% energy) which
approximates the intake of healthy, free-living North Americans who are estimated to
consume 3-18 % of energy from linoleic acid (James et al.,1993). Mean linolenic acid
(18:3n-3) consumption per day coming from this diet was 0.6 + 0.02 g/day (Table
I1.1).

2. Neutrophil Concentration
There were significantly fewer neutrophils per ml blood at t5 than t1 (2.4 =
0.4 x 10° vs 6.8 = 1.5 x 10% p<0.04) as determined by trypan blue and crystal violet
staining. Total white blood cell counts from CBCs performed in hospital were not
performed for all subjects at t4 and t5 due to discharge prior to these sampling times.
For those measures done, white blood cell counts did not change significantly over
time, however, the mean white blood cell count exceeded reference values (4-11 x 10°

cells/ml) at t1 (12 + 1 x 10° cells/ml; n=8) and 2 (15 + 1 x 10° cells/ml; n=8).
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3. Neutrophil Functional Parameters

Freshly isolated neutrophils (time 0) were significantly larger at t1 than at t3, t4
and t5 (p<0.03, Table III.5). No significant differences were observed in the size
ratio at any timepoint post burn (mean=1.04 + 0.03; data not shown). Freshly isolated
neutrophils (time 0) were significantly less granular at t2 than at t3 or tS (Table I11.6).
Ten minutes post stimulation, the granularity ratio was significantly greater for
neutrophils obtained at t4 and t5 than those obtained at tl1 (Table II1.6). At 15
minutes post stimulation, the granularity ratio at t5 was significantly greater than all
other stimulation timepoints (Table II1.6). The respiratory burst (mean fluorescence)
at 10 minutes was significantly greater at t2 compared to t1 (Figure III.1) and
compared to t3 and t5 (p<0.02, statistics not illustrated in Figure I11.1).

4. Fatty Acid Composition of Neutrophils
a) 20:4n-6 and 18:2n-6

All major phospholipid fractions demonstrated significantly less total 20:4n-6
at t] than at t5 (Figure II1.2, Table II1.7). Compared to t1, total 20:4n-6 content in the
PC fraction significantly increased by t3 whereas the other 3 phospholipid fractions
did not show a significant increase until t5 (Table II1.7). The PC fraction had a
significantly greater 18:2n-6/20:4n-6 ratio at tl1 and t2 compared to t5 (Table II1.8)
but no significant changes in total 18:2n-6 content during the post burn period (Table
I11.10). The PS fraction contained significantly more 18:2n-6 at t1, t3 and t4 than at tS
(Table II1.11) and a ten fold higher 18:2n-6/20:4n-6 ratio at tl, t2 and t3 than at t5
(Table II1.8). There were no significant differences in 18:2n-6 content (Table I11.12,
Table II1.10) or the 18:2n-6/20:4n-6 ratio in the PE or PI fractions (Table III.8)

between post burn timepoints.

b) Total n-6, n-3 and n-6/n-3 ratio
There were significantly higher proportions of n-6 fatty acids at t5 than the
first 3 timepoints in the PS fraction (Table II1.9). The PI fraction contained a
significantly greater proportion of n-6 fatty acids at t5 than tl (Table I1I.10). There

were no significant differences at any post burn timepoint in total n-6 content of PC
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and PE fractions when all subjects are included in the analysis. However, when
subjects with the greatest % TBSA burns (>35%) were analyzed, there was a
significant difference (p<0.05) in the n-6 content of PE between t1 (30.3 + 2.6%; n=5)
and t5 (40.5 * 2.64%; n=5). There were no changes in the percent composition of
individual major n-3 fatty acids (18:3n-3, 18:4n-3, 20:5n-3, 22:5n-3, 22:6n-3) in the
PC fraction (Table II1.9) during the post burn period; however; total n-3 eontent of PC
was significantly greater at t5 than tl and t2 (Table II1.9) resulting in a significant
difference in the n-6/n-3 ratio between t2 (9.6 + 1.4) and t5 (6.6 + 2.0) in the PC
fraction. The n-6/n-3 ratio for the other phospholipid fractions did not change
between post burn timepoints and the mean ratio was PS: 7.7 + 0.8, PI: 17.5 + 3.6 and
PE: 6.0 1 0.5. Total n-3 fatty acids of the other phospholipids fractions did not change
significantly during the post burn timepoints, however, alterations in individual n-3

fatty acids during recovery post burn are shown in Tables I11.10-12.

c¢) Total SFA, PUFA and MUFA

PI contained significantly higher proportions of SFA at t1 than t2 and t4
(Table I11.10) and PE contained a significantly greater proportion of SFA at t3 and t4
than t5 (Table II1.12). Generally, the proportion of total MUFA in each of the PL
classes decreased during recovery. This trend was significant for PC whereby tl
contained significantly more MUFA than t4 and t5 (Table I11.9) and for PE which
contained significantly less MUFA at the last 3 timepoints compared to t1 and t2
(Table 111.12). Total PUFA increased with recovery from burn injury in the PE, PC
and PS fractions. Compared to t1, the PUFA content of PC increased significantly at
t4 (Table II1.19), whereas PS didn’t increase significantly from t1 until t5 (Table
II1.11). The PE fraction had a significant increase in PUFA from tl at t3 and then
again at t5 making the PUFA content of neutrophils obtained at t5 greater (p<0.05)
than the first 3 timepoints in the PE fraction (Table I11.12). Detailed tables of the
complete fatty acid composition of neutrophil PL fractions after burn injury and in
healthy individuals are available in Appendices III.AP1-APS.
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D. Discussion

Dietary lipids alter fluidity and contribute to structural modifications of fatty acid
components in membrane phospholipids. Major effector responses of neutrophils
necessary for killing but also implicated in tissue injury include activation of the
oxidative burst and exocytosis of primary granules (Simms,1995) both of which have
been reported to be altered following bumn injury (Braquet et al.,1985; Dobke et
al.,1989; Duque et al.,1985; Gadd et al.,1989; Heck et al.,1980). This study
demonstrates a relationship between the essential fatty acid composition of neutrophil
phospholipids and their function following burn injury.

All major phospholipids of neutrophils had lower 20:4n-6 content early post
burn that increased with recovery. Low 20:4n-6 levels in neutrophils coincided with
increased stimulated oxidative burst and reduced granularity (t2). Reductions in
20:4n-6 content of neutrophils could be due to increased release, decreased synthesis
or both. The PC fraction was the quickest to increase in 20:4n-6 content, retuming to
late recovery levels by the third week post burn whereas PS, PI and PE took longer
for 20:4n-6 levels to significantly increase from immediate post burn levels. Release
of 20:4n-6 from membranes is the rate limiting step for synthesis of bioactive lipid
mediators (Mahadevappa et al.,1989; Rosenthal et al.,1995a), known to be increased
post burn. Enzymatic cleavage of PI results in formation of IP; which increases
intracellular calcium, a prerequisite for oxidative burst activity (Sayeed,1998) and
degranulation (Smolen,1989). Some subjects in this study had 10 fold less 20:4n-6
content at tl compared to late recovery timepoints in their PI fraction. Activated
neutrophils have been reported to have increased PLA; activity (Jordan et al.,1999)
which has also been reported to be involved in eliciting the oxidative burst response
(Condliffe et al.,1998). Our observations provide support for increased release of
20:4n-6 from membranes in the early post burn period.

The fatty acid content of the enteral formula fed to these subjects ensured an
adequate intake of 18:2n-6 (Diboune et al.,1992), thus the reductions in 20:4n-6 in
neutrophil PL in the post burn period are likely the result of the burn injury rather

than a dietary deficiency. Comparisons to other reports that have investigated
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changes in membrane compositions with different dietary intakes in this population
and others is difficult due to the failure to measure individual PL. However, the
20:4n-6 levels we have found in neutrophil PL from healthy individuals are generally
higher than those observed at the early post burn timepoints in this study (Appendix
III.APS). The subjects in this study received very little dietary n-3 fatty acids in their
diet therefore, competitive inhibition by n-3 lipids was unlikely the cause of lower
20:4n-6 levels. Higher linoleic acid content observed in the PS fraction, increased
18:2n-6/20:4n-6 ratio in the PC and PI fractions observed in this study and reported
elsewhere (Braquet et al.,, 1985) with a high intake of 18:2n-6 suggests that the
conversion to 20:4n-6 may be limited following burn injury.

N-3 fatty acids are known to have significant effects on immuﬁe functions
involving inflammation (Blok et al.,1996; Cerra,1991). Each PL fraction exhibited
alterations in n-3 content during the post burn period. Changes in n-3 content of
neutrophils have been reported to alter functional parameters ((Lee et al.,1985)
(Gyllenhammar et al.,1986)as they do in other immune cells (Robinson et al., 1998;
Wu et al.,1996). It is unknown whether these patients would utilize additional n-3
fatty acids or if there are impairments in n-3 fatty acid metabolism that would
preclude supplementation in the diet.

Membrane fluidity (Tomita-Yamaguchi et al.,1991; Traill et al.,1986),
adherence, binding of opsonins, phagocytosis and release of granules by neutrophils
are related to membrane composition (Arturson, 1985(Bates et al.,1995;
Deitch,1984). Changes in the proportions of SFA, MUFA and PUFA observed in this
study would be expected to alter physical properties of the membrane and could
impact on cell to cell communication, adherence, migration, phagocytosis and other
membrane associated functions of neutrophils, such as NADPH oxidase assimilation,
as they do with other immune cells (Calder et al., 1991; Tomita-Yamaguchi et al.,
1991; Traill et al., 1986). Changes in number and affinity of receptor binding sites
important in stimulating oxidative burst are related to the fatty acid composition of
the membrane. Increased linoleic acid in cells, such as that observed in the PS
fraction neutrophils in this study, has been reported to increase oxidative burst in rats

(Gyllenhammar et al.,1990). These studies demonstrate a relationship between
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dietary fat and neutrophil function that are possibly mediated through membrane
compositional changes.

Neutrophils isolated between 12 and 19 days post burn injury (t2) in this study
had a two fold higher oxidative burst ratio after stimulation than any other timepoint.
Our results suggest that 2 weeks post-injury, neutrophils may be primed in response
to circulating agents such as cytokines and lipid derived factors (Condliffe et al.,
1998). The oxidative burst of neutrophils has been reported to be both decreased (el-
Falaky et al.,1985; Gadd et al., 1989; Rosenthal et al.,1996) and increased (Bjerknes
et al.,1989; de Chalain et al.,1994; Shih et al.,1999) after burn injury. Differences in
these studies could be due to methodologies used to isolate neutrophils, stimulate the
oxidative burst, time of post burn sampling or patient groups utilized. It is known that
isolation techniques can alter the physical properties of neutrophils (Sengelov et
al.,1994), therefore this study employed methods that avoid excessive handling
procedures.

In addition to an increased oxidative burst, neutrophils had significantly fewer
granules at t2 compared to other timepoints and also demonstrated significant
reductions in granule content after 10 minutes of stimulation with PMA suggesting an
inability to synthesize new granules after they have been released as has been
described after burn (Griswold,1993). Decreased concentrations of granular enzymes
have been reported in bacterial infection, surgical trauma (Fletcher et al.,1990) and
during the second week post burn (Arturson,1985) corresponding to t2 in this study
and results in abnormal chemotaxis and bactericidal killing (Alexander et al., 1978).
Little is known about how granularity may be affected by lipid composition, however,
membrane fusion of secretory vesicles as well as granule content (Deitch,1984) and
release are dependent on membranes (Sengelov et al., 1994; Tapper,1996). Increased
degranulation has been reported with physiological levels of 20:4n-6 in vitro (Bates et
al., 1995). Neutrophils released into circulation prematurely from the bone marrow,
reported to occur post burn (Wakefield et al.,1993), have both increased oxidative
burst and reduced enzyme content (Simms et al.,1989), characteristics of neutrophils
isolated between 12 and 19 days (12) in this study. Granularity and production of

superoxide reflect intracellular killing capacity of neutrophils and abnormalities in
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these effector functions may contribute to post burn infections and other
complications reported to occur most commonly at 2 weeks post burn (Gadd et al.,
1989).

In conclusion, neutrophils demonstrated increased oxidative burst activity
after stimulation between 12 and 19 days post burn (Gadd et al., 1989). It is likely
neutrophils were primed in vivo for this increased response in vitro. The decreased
levels of 20:4n-6 in membranes, also observed <19 days post injury, increased with
recovery. Other phospholipid compositional changes such as increased n-6 and n-3
fatty acids and reduced n-6/n-3 ratios could also influence the oxidative burst and
granularity following burn. Our data suggests that this decrease may be due to factors
other than the availability of dietary precursors. The possibility of reduced
conversion of 18:2n-6 to 20:4n-6 and 20:4n-6 release early after burn injury for
synthesis of lipid derived inflammatory mediators cannot be ruled out. Reducing the
n-6 or increasing n-3 content of the diet may reduce 20:4n-6 availability, however,
alterations in the activity of delta-6-desaturase, PLA, or other lipid pathways after
burn injury may override possible diet effects. Further work is need to develop
appropriate nutritional intervention strategies designed to modulate fatty acid
composition of neutrophils to reduce the harmful effects of the oxidative burst while

maintaining important infection defense mechanisms following bum injury.
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FIGURE II1.1: Effect of time post burn injury on oxidative burst ratio

of neutrophils. Mean channel fluorescence of gated cells was determined
using flow cytometry to measure reduction of the DHR substrate by oxidative
compounds released by the activated neutrophils after 10 minutes of
stimulation with PMA in vitro. Oxidative burst ratio is calculated as: mean
channel fluorescence at 10 minutes / mean channel fluorescence at 0 minutes.
Bars represent mean + SEM (n<10). Significant differences (p<0.05) from the
first timepoint (t1) following bum injury were determined using a repeated
measures ANOVA and are indicated in the figure with a star.
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FIGURE II1.2: Effect of time post burn injury on total 20:4n6 content
(% of total fatty acids) of the major PL fractions of neutrophils. Bars

represent mean =+ SEM (n<10). Significant differences (p<0.05) from the first
timepoint (t1) following burn injury were determined using a repeated

measures ANOVA and are indicated in the figure with a star.
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Table L1
Subject | Sex Age TBSA Burn  Lengthof  Daily Daily  Daily  Daily Daily Daily
ID (Years) Burn  Type  hospital  Energy fat n6 n3  carbohydrale protein
(%) stay Intake intake intake intake intake intake
, (keal)  (keal) (8 (&) ® £4)
01 F 23 90% Flame 59 days 2411 699.2 23 0.6 311 17
02 M 20 45% Flame 82 days 2550 7395 25 0.7 329 123
03 M 25 55% Flame 22 days 2247 6516 22 0.6 290 116
04 M 63  35% Hottar 36 days 2130 617.7 21 0.5 275 103
05 M 30 22% Flame 19 days 1913 554.8 19 0.5 253 95
06 M 65 20% Flame 24 days 2125 616.3 21 0.5 281 105
07 F 46 15% Flame 16 days 1722 4994 17 0.4 228 85
08 M 51 18% Electric 13 days 2025 587.3 20 0.5 268 100
09 M 57 60% Flame 98 days 2792 809.7 27 0.7 345 133
10 M 24 12% Flame 14 days 1913 554.8 19 0.5 253 95
Mean 40+ 374 38+ 2183+ 633+ 21t 062 283 + 107 £
6years 8% 10days 103 kcal 30kcal 1g 002g 12g S5g

TABLE IIL1; Characteristics of patients included in the study and their mean daily dietary intake. Enteral feeds were

stopped when feeding complications persisted and 6 hours prior to surgery, therefore values include those periods of reduced

intake and estimate average daily intake when Nitro-Pro™ provided the majority of the energy consumed. TBSA, total body

surface area,

(44!



Table II1.2A

Nutrition information Per 1000 ml
Calories 1240

Osmolality 310 mOsm/kg water
Protein (% of total calories) 60 g (19%)

Protein source Caseinates*

Fat (% of calories) 40 g (29%)

Fat source 50% com oil, 50% MCT
Carbohydrates (% of total calories) | 160 g (52%)
Carbohydrate source maltodextrin

Fiber N/A

Free Water 770 ml
Nonprotein:Calorie Ratio 104:1
Calorie:nitrogen ratio 129:1

*Complete protein source

TABLE II1.2A: Nutritional composition of Nitro-Pro™. Source: Nutrition
Medical, Inc. Minneapolis, MN
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Table I11.2B

Vitamins and Minerals | Per 1000 ml
Vitamin A 4000 I.U
Vitamin C 144 mg
Thiamine 1.2 mg
Riboflavin 1.4 mg
Niacin 16 mg
Calcium 800 mg
Iron 14.4 mg
Vitamin D 3201.U
Vitamin E 241U
Vitamin Bg 1.6 mg
Phosphorus 0.3 mg
Iodine 120 pg
Magnesium 320 mg
Zinc 12 mg
Copper 1.6 mg
Biotin 0.2 mg
Pantothenic Acid 8 mg
Mangenese 2mg
Choline 200 mg
Sodium 30 mEq
Potassium 30 mEq
Chloride 31 mEq
Vitamin K 80 ug
Selenium 120 pg
Chromium 120 pug
Molybdenum 240 pg

TABLE I11.2B: Vitamin and mineral composition of Nitro-Pro™. Nitro-Pro™

contains 80% of the USDA recommendations for water soluble vitamins and minerals
and 240% requirement of Vitamin C. Source: Nutrition Medical, Inc. Minneapolis,
MN.
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Table IT1.3

Fatty acid

2/1000 ml

C8:0
C10:0
C12:0
C 140
C16:0
C170
C 18:0
C 18:1
C18:2
C 183
C 200
C 22:0

14.62
5.76
0.21
0.02
2.29
0.02
042
4.64
11.58
0.32
0.07
0.02

Fat per serving: 10g/250 ml

TABLE II1.3: Fatty acid composition of Nitro-Pro™. The fat content was

composed of half medium chain triglycerides and the other half corn oil for a total of

29% of total energy coming from fat. Source: Nutrition Medical, Inc. Minneapolis,

MN.
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Table ITI1.4A

Nutrient Analysis | Per 5 g serving (1 Scoop)

Energy 28 kcal

Protein (Source) 5 g (whey concentrate, soy lecithin)

Fat <0.60g

Carbohydrates <0.67g

Water <0.60g

Calcium 23 mg

Sodium 13 mg

Potassium 65 mg

Phosphorus <22 mg

Table I11.4B

Amino Acid mg/5g protein
Essential
Histidine 83
Isoleucine 292
Leucine 542
Lysine 458
Methionine 125
Phenylalanine 167
Threonine 375
Tryptophan 83
Valine 292
Nonessential
Alanine 250
Arginine 125
Aspartic Acid 542
Cystine 125
Glutamic Acid 917
Glycine 125
Proline 333
Serine 292
Tyrosine 167

TABLE I11.4: Composition of Pro-Mod™ protein supplement

Source: Ross Products Division, Saint-Laurent, PQ
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Table II1.5

Postburn 0 minutes 5 minutes 10 minutes 15 minutes
time (Mean FSC)

tl 626 + 26" 645 + 28° 646 + 30° 657 £29°

2 573 +26* 599 + 28% 590 + 30 579 + 29

t3 466 + 26" 529 +28° 533 +30° 486 +29°

t4 518 + 39" 591 + 42% 603 + 46 564 + 43

t5 467 +35° 505+ 37" 499 + 41° 482 + 38%

TABLE III.5 : Effect of bum injury and recovery on size of

neutrophils before and after stimulation with PMA. Size of neutrophils was

determined by measuring mean forward scatter (FSC) of gated cells using

flow cytometry before and after stimulation with PMA for 5, 10 and 15

minutes in vitro. Data are expressed as means + SEM (n <10). Significant

differences during recovery were determined using a repeated measures
ANOVA and values within a column not sharing common superscripts are

significantly (p<0.05) different.
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Table I11.6
Postburn | 0 minutes 5 minutes Index 10 minutes Index 15 minutes Index
time (Mean SSC)
tl 680.5+24.3® 659.6+24.8° 098+0.02" 614.5+255" 091+0.02* 6150+284" 0.91+0.02°
) 628.6+24.3" 613.2+248° 096+002° 5785255 093.4£0.02° 6204284 0.93+0.02%
t3 7340+£243% 770.7+24.8° 1.03+0.02° 7452+255° 096+0.02™ 7368+284° 0.9710.02°
4 [669.1£369" 6193+£37.6° 1.02+003" 635.1+387° 098+0.03% 600.8:+43.0"° 0960.03"
t5 7423 £32.6° 723.6+33.2™ 0.98+0.03" 7082+34.2° 1.01£0.026° 691.4+38.1% 1.03+0.02°

TABLE I11,6: Effect of burn injury and recovery on granularity of neutrophils before and after stimulation with PMA.

Neutrophil granularity was determined by measuring mean side scatter (SSC) of gated cells using flow cytometry. Data are

expressed as means + SEM (n <10). Significant differences during recovery were determined using a repeated measures

ANOVA and values not sharing common superscripts in the same column are significantly (p<0.05) different.
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Table IT1.7

Post burn PC PE PS PI
Time (% of total)

tl 3.2+ 04" 129+1.6° 4.6+0.5" 8.0+1.5°
3.5+04° 133+ 1.7 3.8+0.5° 10.5 + 1.6°
t3 4.8+0.5° 14.5+1.9% 4.4+06™ 10.5+1.7°
t4 56+0.7" 13.6 £2.6® 6.2 +0.8° 10.5 +2.4%
t5 6.6 + 0.6° 19.0+2.3° 9.6 +0.8° 16.4+2.1°
Reference (n=6) 7.8 £0.8 19.1 £5.0 5.4 £2.2 12.4 £3.6

TABLE 1I1.7: Effect of burn injury and recovery on 20:4n6 content of major
neutrophil phospholipid fractions. Total 20:4n6 content in PL fractions of neutrophils
isolated at specific times during recovery from burn injury was determined using TLC
and GC analysis and is expressed a percent of total fatty acids. Data are expressed as
means + SEM (n <10). Differences during recovery were determined using a repeated

measures ANOVA and values not sharing common superscripts are significantly

(p<0.05) different.
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Table IT1.8

Post burn PC PE PS PI1
time (18:2n-6 / 20:4n-6 Ratio)
tl 42+0.6"° 1.3+04 1.5+0.3" 0.9+0.2
2 4.5+0.6"° 08+04 13+£0.3° 0.4+0.2
t3 2.5+08% 0.5+0.5 1.0+0.3° 0.6+0.2
t4 3.0+1.1% 0.5+0.6 08+04" 0.5+0.3
t5 1.2+09° 0.3+0.6 0.1+0.4° 0.4+0.2

TABLE II1.8: The 18:2n-6/20:4n-6 ratio in phospholipid fractions (separated
by thin layer chromatography) of neutrophils isolated at specific times during
recovery from bumn injury was determined by gas chromatography analysis. Data are
expressed as means + SEM (n <10). Significant differences during recovery were
determined using a repeated measures ANOVA and values within a column not

sharing common superscripts are significantly (p<0.05) different.
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Table I11.9

. tl t2 t3 t4 t5
Fatty Acid (% fatty acids)
18:2(6) 9.1+1.3 10.7+£1.7 94+20 12.0+29 9.5+1.8
18:3(6) 03+£02 0.1+0.1 0.1+0.0 0.3 +0.1 nil*
20:2(6) 0.7+0.3 0.9+ 0.3 0.8+0.2 0.9+02 0.6+02
20:3(6) 0.7 +0.1° 1.0+03% 1.1£0.2% 1.7+0.3° 1.5+0.1°
20:4(6) 32+0.4° 3.5+04° 4.8 +0.5° 5.6 0.7 6.6 + 0.6°
22:4(6) 0.3+0.1* 0.4+02% 0.4 £0.2% 1.0+£0.1> 06+02%®
22:5(6) 0.1£0.0 nil* 02+0.1 0.2+0.1 0.1+0.0
Zn6 14+1 17+1 17+1 14+2 1442
18:3(3) 0.3+0.1 0.2+ 0.1 0.2+0.1 0.4+0.1 0.6+0.3
18:4(3) 0.1+0.0 0.1+0.0 04+02 0.1+0.0 0.1+0.0
20:5(3) 0.7+0.2 0.8+0.3 0.8+ 0.6 0.5+0.1 1.0+ 0.6
22:5(3) 0.4+0.1 0.3+0.1 0.4+0.1 0.7 +02 0.4+0.1
22:6(3) 0.4+0.1 0.4+0.1 0.7+0.3 0.8+0.2 0.6+ 0.1
Zn3 240.3* 2+03" 3+04% 3+04% 3+04°
S PUFA 17+1° 18+1° 19+1° 23+1° 22+ 1°
ZSFA 48+ 1 48 +1 49+2 472 48 +2
SMUFA 35+1° 25+1° 34+1° 30+1° 28+ 1°
*nil=<0.04%

TABLE I11.9: Fatty acid composition of the PC fraction of neutrophils

isolated at specific times during recovery from burn injury was determined by gas

chromatography analysis. Data are expressed as means + SEM (n <10). Significant

differences during recovery were determined using a repeated measures ANOVA and

values within a row not sharing common superscripts are significantly (p<0.05)

different.
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Table II1.10

. t1 2 t3 4 t5
Fatty Acid (% fatty acids)
18:2(6) 53+0.5 5.0+1.1 51+0.7 5.8+1.0 42+0.7
18:3(6) 02+0.1 0.3 +0.3 02+0.1 0.7+0.7 02+0.1
20:2(6) 0.8+0.4 0.4+0.2 0.5+0.3 0.9+0.3 0.8+0.2
20:3(6) 1.7+0.3 3.0+£1.0 3.0+06 3.6+0.8 3.0+0.7
20:4(6) 80+1.2° 10.7+1.7% 11.1+14® 11.6+20® 175+39°
22:3(6) 0.1+0.1 0.1+0.1 0.1+0.1 12+1.2 nil’
22:4(6) 04+02 0.6 £0.3 0.8+0.2 0.9+0.3 09+0.3
22:5(6) 0.6+0.2 0.4 +0.3 0.7+ 0.4 0.1+0.1 03+03
Zné 17+2" 21 £2%* 19 +2% 21 3% 25+ 3%
18:3(3) 03+02 0.4+03 05+04 0.4+0.2 04+03
18:4(3) nil® 0.1£0.1%  02+0.1% 0.1 +0.1%® 03+0.2°
20:5(3) 27+09 1.8+0.8 1.1+£0.5 1.3+1.1 0.7+0.6
22:5(3) 02+0.1 0.5+0.3 02+0.1 0.2+0.1 0.4+0.2
22:6(3) 02+0.1* 02+0.1*° 05+02% 1.0+0.5° 0.8+0.3%
Zn3 3+1 3+1 31 5+1 41
X PUFA 22+2 24+2 22+3 26+ 4 29+3
I SFA 61+1° 56+2° 62 +2° 51+3° 59 £2%
SMUFA 17+1 18+1 171 19+2 16+2
*nil=<0.04%

TABLE II1.10: Fatty acid composition of the Pl fraction of neutrophils

isolated at specific times during recovery from burn injury was determined by gas

chromatography analysis. Data are expressed as means + SEM (n <10). Significant

differences during recovery were determined using a repeated measures ANOVA and

values within a row not sharing common superscripts are significantly (p<0.05)

different.
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Table II1.11

. t1 2 t3 4 t5
Fatty Acid (% fatty acids)
18:2(6) 4.0+0.5° 3.9+0.5% 42+0.6 42+0.7° 2.5+0.3°
18:3(6) 0.2+0.2° 1.0£0.7° 0.1+0.1% 04+03%® 0.1+0.1%
20:2(6) 0.4+0.2 14+13 0.3+0.2 1.5+ 1.1 24+2.1
20:3(6) 1.5+ 04 0.8+0.3 1.5+0.3 1.8+0.2 1.9+0.4
20:4(6) 4.6 +0.5® 3.8+0.5° 4.4 +0.6" 6.2+0.8° 9.6 +0.8°
22:3(6) 0.1+0.1 02+0.2 0.1+0.1 0.1+0.1 0.3+0.2
22:4(6) 0.8+0.5 03+0.2 0.6+0.2 0.9+0.2 1.4 +0.3
22:5(6) 0.3+0.1 0.5+0.5 0.7+0.5 nil” 0.3+0.1
Zné6 12+1° 11+1° 12+1° 14+1%® 17+1°
18:3(3) 0.3+0.2% 0.6 £ 0.3® 0.1+0.1° 02+0.2% 0.6 + 0.5
18:4(3) 0.2+0.1° 0.9+ 0.6° nil*’ nil** 0.1+0.1*
20:5(3) 14+04 24+1.2 1.2+06 0403 0.2 +0.1
22:5(3) 0.2+0.1 09+0.4 0.8+0.4 0.5+0.2 1.4+07
22:6(3) 0.5+0.3 0.2+0.1 0.4+0.3 0.6+0.1 0.9 +0.3
22:6(3) 0.5+0.3 0.2+0.1 0.4+0.3 0.6 0.1 0.9 +0.3
Zn3 2+1 5+1 3+1 3+2 4+2
X PUFA 15+1° 17+1%® 14 +2° 17 +£2% 21+2°
S SFA 3342 32+2 32+2 29+3 32+3
ZMUFA 51+2 51+2 52+2 51+3 48 +3
*nil=<0.04%

TABLE IIl.11: Fatty acid composition of the PS fraction of neutrophils

isolated at specific times during recovery from burn injury was determined by gas

chromatography analysis. Data are expressed as means + SEM (n <10). Significant

differences during recovery were determined using a repeated measures ANOVA and

values within a row not sharing common superscripts are significantly (p<0.05)

different.
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Table IT1.12

Fatty Acid t1 2 t3 t4 t5
(% fatty acids)
18:2(6) 88%1.7 9.3+0.6 83+1.0 102+1.1 6.9+ 0.6
18:3(6) 0.1+0.1 0.3+0.2 0.1+0.1 0.2+0.2 0.3+02
20:2(6) 0.5+0.1 0.7+0.3 0.3+0.2 0.8+0.1 0.8+ 0.4
20:3(6) 12+0.2 2.2+03 22+0.5 2.3+03 1.7+04
20:4(6) 13.6+1.4* 145x22® 154+1.7" 166+1.8® 206+3.9%
22:3(6) 0.1+0.1 0.1£0.1 nil” 0.1 +0.1 0.1%0.1
22:4(6) 22+1.0 27+13 24+0.9 42+04 57+1.6
22:5(6) 0.3+0.2 0.4+0.1 0.5+0.2 0.5%0.1 0.8+04
Zné6 26+2 27+2 2742 29+3 33+3
18:3(3) 0.4+0.1° 1.3+0.3° 1.0+ 0.4° 1.1 +02% 1.0+ 03%®
18:4(3) 0.5+0.2 0.2+0.1 0.5+0.2 0.5+0.1 04+02
20:5(3) 1.840.7 12+04 1.0+ 0.4 0.5+0.2 0.8+ 0.4
22:5(3) 1.9+ 0.4 1.7+£0.7 1.4£0.5 2.2+04 20+04
22:6(3) 1.4+04 1.3+£0.7 1.9+0.7 2.0+0.5 2.0+ 0.6
n3 6+1 7+1 611 611 6+1
X PUFA 30 £27° 32+ 2% 37+2° 37 +3% 44 +2°
I SFA 37+2 35+2 39+2 38+3 3142
SMUFA 29+ 1° 29+1° 26+1° 26+ 1° 25+1°

*nil=<0.04%

TABLE III.12: Fatty acid composition of the PE fraction of neutrophils

isolated at specific times during recovery from burn injury was determined by gas

chromatography analysis. Data are expressed as means + SEM (n <10). Significant

differences during recovery were determined using a repeated measures ANOVA and

values within a row not sharing common superscripts are significantly (p<0.05)

different.
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IV.
Alterations in Lymphocyte Function
and Relation to Phospholipid Composition Following Burn Injury

A. Introduction

Impaired immune functions involved in both acquired and innate immunity can
predispose patients to infection, a major complication following burn injury
(Alexander,1986; Sayeed,1996). Post burn immunosuppression is associated with a
reduced ability of lymphocytes to proliferate in response to mitogens, impaired
interleukin-2 (IL-2) production and receptor expression, dysregulated cytokine
production and changes in immune cell phenotypes (Barlow,1994; O'Riordain et al.,1995;
O'Sullivan et al.,1997; Teodorczyk-Injeyan et al.,1986). Natural killer cells and
macrophages produce and respond to IFN-y (Markovic et al.,1993; Tripp et al.,1993), an
important pro-inflammatory cytokine. IL-2 and IFN-y are cytokines produced by the T-
helper 1 (TH1) and T-cytotoxic 1 (TC1) subsets of lymphocytes (Mosmann et al.,1996).
Burn injury has been reported to inhibit TH1 responses and promote a TH2 response
thereby reducing effector responses against bacterial infections (Lyons et al.,1997;
O'Sullivan et al.,1995).

Lipids and their products have been shown to affect macrophage activation, NK
cell cytotoxicity (de Pablo et al.,1998; Yagoob et al.,1994), cytokine production (de Pablo
et al.,2000) and proliferation of lymphocytes both in vitro and in vivo (Calder,1999).
Fatty acid composition of membrane phospholipids (PL) has been reported to influence
the physical properties of immune cell membranes and impact on cell growth, maturation,
transformation, transport, enzyme activity, expression of cell surface antigens and
cytotoxic potential of T cells (Tomita-Yamaguchi et al.,1991; Traill et al.,1986).
Additionally, PL have been shown to be involved in lymphocyte activation signals
(Traill et al., 1986), and serve as precursors for prostaglandins that exert suppressive
effects on proliferation and cytokine production (Kinsella et al.,1990). Despite the effects
of lipids on immune function having been extensively studied, the changes in PL fatty
acid composition and their relationship to lymphocyte function following burn injury

have not been investigated. Many studies have examined nutritional intervention
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strategies aimed at improving outcome measures in critically ill patients (Bower et
al.,1995; Cerra et al.,1991; Daly et al.,1992; Gottschlich et al.,1990; Kemen et al.,1995;
Saffle et al.,1997; Weimann et al.,1998), however, the beneficial effects of specific fatty
acids are difficult to determine when other immunomodulating nutrients are included in
these formulations (Section 1.F.5). Before the optimal fat content in clinical diets aimed at
improving immune function can be recommended for burn patients, an understanding of
how bum injury affects fatty acid composition of immune cell membranes and how this
might impact on immune function is required. The current study was designed to
characterize lymphocyte related immune functions as well as alterations in the
lymphocyte phospholipids immediately following and during recovery from bum injury
to characterize the changes in fatty acid composition most consistent with immunological

recovery.

B. Methods

1. Materials

Sodium *'chromate and [’H]-thymidine were obtained from Amersham Canada
(Oakville, ON, Canada). RPMI 1640 culture media (with glutamine) was purchased from
Fisher Scientific (Edmonton, AB, Canada). Fetal calf serum (FCS) and antibiotic-
antimytotic were purchased from Gibco (Burlington, ON, Canada). All other culture
ingredients, Concanavalin A (Con A), Phorbol Myristate Acetate (PMA),
Phytohematogluttinin (PHA) and Ecolite® scintillation fluid were obtained from ICN
(Montreal, PQ, Canada). The K562 cell line was purchased from American Type Culture
Collection (Rockville, MD). H-plates were purchased from Analtech (Newark, DE) and
solvents were purchased from VWR (Edmonton, AB, Canada). Bovine serum albumin
(BSA, Fraction V), trypan blue, ficoll hypaque gradients, chemicals for buffers and all
other lipid supplies, including standards, were purchased from Sigma Chemicals (St.
Louis, MO).

2. Subjects

Ethical approval, subjects and sample collection were described in Section I11.B.2.
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3. Preparation of Lymphocytes

Warmed sterile lysis buffer was added to whole blood to deplete red blood cells.
After gently inverting for 5 minutes, cells were pelleted and washed twice with sterile
KRH+0.5% BSA. Cells were prepared and cultured in complete culture media (CCM;
RPMI supplemented with 50 g/I. FCS; 2.5 pmol/L 2-mercaptoethanol, 100 units/ml
penicillin, 100 pg/ml. streptomycin, and 25 mmol/LL HEPES). Lymphocytes to be used
for lipid analysis and NK cell cytotoxicity were isolated using ficoll hypaque gradient
centrifugation as previously described in Section III.B.6. After the lymphocyte gradient
was removed, cells were washed three times with buffer described above and prepared in
RPMI supplemented as described above. Cell viability for both isolation methods was
assessed using trypan blue exclusion and was greater than 99% for all samples. Cells to
be used for the NK cytotoxic assay were removed from the suspension and set aside. The
remaining cells were pelleted and frozen immediately at —70°C until phospholipid

analysis was performed.

4. Mitogenic Responses of Immune Cells

Under sterile conditions, mixed lymphocyte cultures (1.25 x 10°/L) in the media
described above plus 2-mercaptoethanol (2.5 pmol/L) were cultured in 96 well microtiter
plates in triplicate without mitogen or with either Con A (5 mg/L), PMA (40ug/L) or
PHA (5 ng/L). Plates were covered and incubated in humidified 5% CO, atmosphere at
37°C for 42, 66 and 90 hours. Eighteen hours before harvesting the cells, each well was
pulsed with of [°H] thymidine (18.5 kBg/well). Cells were harvested on glass fibre filters
using a multiwell harvester (Skatron, Lier, Norway), transferred to scintillation vials
containing Ecolite® and counted using a Beckman beta counter (LS 5801%®, Beckman
Instruments Inc., Missisauga, ON, Canada). Thymidine incorporation into cultured cells
was estimated using the mean total dpm for the triplicate wells and stimulation indices

(SI) were calculated using the formula:

([’H] thymidine (dpms) incorporated by stimulated cells)
- (’°H] thymidine (dpms) incorporated by unstimulated cells)

72
et
|

(*H] thymidine incorporated by unstimulated cells)
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When the number of cells obtained from patients were insufficient to perform the
proliferation assay with all mitogens at each incubation timepoint, PHA and the 90 h

timepoint were excluded.

5. Mononuclear Cell Phenotyping

A non-sterile 96 well v-bottom microtiter plate was conditioned with phosphate
buffered saline containing FCS (40 g/L; wash buffer) for at least 20 minutes prior to
starting the assay. Whole blood (100 pl) was added each well and red blood cells were
lysed by adding 100 ul warm lysis buffer to each well, pipetting gently to mix and
leaving at room temperature for 3 minutes. Plates were centrifuged for 2 minutes at 1500
rpm, supernatants removed and lysing procedure repeated until red blood cells were not
visible in the pellet. Plates were washed once with wash buffer (200 ul). Immune cell
subsets were characterized by immunofluorescence assay using supernatants from
hybridomas secreting mouse monoclonal antibodies (mAb) specific for the different
human immune cell subsets. Table IV.1 describes the specificity of each monoclonal
antibody used. All mAb were purchased pre-labelled in phosphate buffered saline (pH
7.4) containing bovine serum albumin and 0.1% (w/v) sodium azide. MAb concentrations
were optimized prior to use and aliquoted accordingly. Just prior to use, antibodies were
prepared in PBS and 10 pl of each antibody was added to the designated well. Table
1.V.2 describes the three-colour combinations that were used to identify the lymphocyte
subsets. Antibodies were added to the wells, plates were sealed, covered with foil and
incubated for 30 minutes at 4°C. Plates were washed once in 200 puL of wash buffer and
incubated for another 30 minutes at 4°C with the streptavidin conjugate (10 ul) in wells
contained biotinylated mAb. Cells were washed twice and fixed in phosphate buffered
saline containing paraformaldehyde (10 g/L plus Na azide) and analyzed on a FACScan®
(Becton-Dickinson, Sunnyvale, CA) according to the relative fluorescence intensity using
CellQuest software. Resulting percentages were corrected for background fluorescence

(0-5%) determined by incubating the cells with appropriate isotype controls (IgGl,
IgG2a, IgG2b).

144

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



6. NK Cell Cytotoxicity

NK cell cytotoxicity was determined on isolated lymphocytes from each patient using
a 4 h chromium release assay described by Field er al. (Field et al.,1991). NK sensitive
K562 cells (6 x 10°) were incubated with sodium chromate (*'Cr, 5.55 MBq) in 100%
FCS (total volume=1 ml) in a shaking water bath (37°C) for 1 hour. Cells were washed
with cold, sterile PBS and pelleted by centrifuging for 10 minutes at 1000 rpm. The wash
was repeated twice more, supernatant removed and cells resuspended in 5 ml complete
culture media (CCM, described above) with 20% (v/v) FCS and counted for viability
using trypan blue exclusion. Cells were then diluted to a final density of 0.1 x 10°
cells/ml in CCM. Cells (50 ul) were seeded into a 96 well v-bottom microtiter plate.
Lymphocytes, isolated using ficoll-hypaque gradients as described above, were added in
triplicate to the wells containing labelled K562 cells at effector:target ratios of 2:1, 10:1,
25:1, 50:1 and 100:1 when cell numbers were sufficient. When the number of cells
obtained from a patient were insufficient to perform the planned effector:target ratios,
only the 100:1 ratio was performed in triplicate. Spontaneous release was determined
from target cells incubated in the absence of effector cells and maximum release was
determined from detergent lysis of labelled target cells using CCM with 10% (v/v) FCS
and 4% (v/v) Triton-X (BDH chemicals, Toronto, ON). Plates were covered and
centrifuged up to 1000 rpm. Plates were incubated for 4 h in 5% CO, atmosphere at
37°C. Plates were spun at 1000 rpm for 10 minutes and an aliquot (75 ul) of the
supernatant from each well was transferred into borosilicate glass tubes and counted in a
Gamma counter (Beckman Gamma 8000®, Beckman Instruments, Inc. Mississauga, ON,
Canada) to determine the extent of target cell lysis. Cytotoxicity was calculated as

follows:

% Specific Lysis= 100 x (experimental release-spontaneous release)

(maximum release-spontaneous release).
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7. Cytokine Production

Under sterile conditions, mixed lymphocyte cultures in the media described above
were prepared at a concentration of 1x10° cells/ml in 4 ml sterile plastic tubes. Con A (5
mg/L) and PHA (5 ng/L) were added to tubes at the same concentration used for the
proliferation assay. Unstimulated cytokine production was estimated by adding the same
amount of RPMI supplemented with fetal calf serum (50 g/L). Tubes were covered and
incubated in humidified 5% CO: atmosphere at 37°C for 48 h. Cells were pelleted by
centrifuging tubes for 5 minutes at 1500 rpm. Supernatants from each tube were
transferred to sterile microcentrifuge tubes using plastic transfer pipets and frozen
immediately at —~70°C. Supernatants were later thawed and concentrations of IL-2 and
IFN-y were determined using commercially purchased ELISA kits (Pharmingen,
Mississauga, ON).

8. Cytokine Determination

Purified anti-cytokine capture antibody was diluted 1:250 in coating buffer and
100 pL added to each well of Nunc Maxisorp P/N microwell plate. Plates were sealed,
incubated overnight at room temperature and washed 3 times with 200 ul. wash buffer.
Afier the last wash, plates were inverted and blotted on an absorbent surface. Non-
specific binding was blocked by adding 200 ul of assay diluent, sealing the plate and
incubating at room temperature for 1 h. Plates were then washed 3 times with wash
buffer as previously described. Standards (7.8 pg/ml to 500 pg/ml) were prepared in
assay diluent and 100 pL of standard and 100 ul. of sample were added to each well in
duplicate. Plates were sealed and incubated for 2 h at room temperature. Plates were
washed five times as described above. Biotinylated anti-cytokine detecting solution was
prepared in assay diluent and 100 puL. was added to each well. Plates were sealed and
incubated at room temperature for 1 h. Plates were washed 7 times with wash buffer and
100 pl of substrate solution (tetramethylbenzidine) were added to each well. Plates were
left unsealed at room temperature for 30 minutes in the dark. Stop solution (50 ul) was
added to each well and the optical density was read at 450 nm on a plate reader (Model
EL309; Bio-Tek Instruments Inc., Burlington, VT).
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9. Fatty Acid analysis

A modified Folch method was used to extract lipids from isclated lymphocytes as
previously described for neutrophils in Section I1I.B.7. Individual PL were separated on
thin layer chromatography and standards were used to identify the major PL fractions
(PC, PE, PS and PI). Bands were scraped and methylated as described in detail in
Section INI.B.7. Fatty acid methyl esters were separated by automated gas liquid
chromatography as previously described in Section III.B.7. Total PUFA, SFA and
MUFA as well as percent of 20:4n-6, n-6 and n-3 fatty acids were determined. The
18:2n-6/20:4n-6 ratio was calculated to estimate delta-6 and delta-5-desaturase and

elongase activities, in addition to the n-6/n-3 fatty acid ratio.

10. Statistical Analysis

Data is feported as mean £ SEM. To determine differences between PL
composition and immune parameters at post burn timepoints bumn injury, a repeated
measures analysis of variance was used using the post burn time periods described above.
Subjects were grouped into groups based on size of burn (large= >35%, n=5 and
small=<35%, n=5) and when differences existed between these two groups, the resuits
were presented. When there were no differences between groups, all subjects were
included in the analysis and overall mean presented. Significant differences (p<0.05)
: between time periods were identified using least square means. The number of subjects
samples at each timepoint was as follows t1, n=10; t2, n=10; t3, n=8; t4, n=6; t5, n=8.
Subjects with burns >35% TBSA were sampled at every timepoint. To determine if
subjects followed the same pattern of changes in lymphocyte function and phospholipid
composition during recovery, orthoganol comparisons of the linear (y=mx-+b; time after
burn = x) and quadratic equations were used. To determine associations between cytokine
production, immune phenotypes, proliferation and lipid composition, specific correlations
were tested. All statistical analyses were conducted using the SAS statistical package

(Version 6.12, SAS Institute, Cary, NC).
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C. Resuits
1. Dietary Intake
Dietary intake of the subjects was described in Section II1.C.1 and shown in Table

mI.1.

2. Phenotypes in peripheral blood

There was a significant increase in the proportion of CD8+ cells in peripheral
blood from tl to t5 but no significant change in relative proportion of CD4 cells (Table
IV.3) nor the CD4/CDS8 ratio. There were no differences in the expression of CD45RA or
CD45RO on either T cell subset during recovery, however, the ratio of CD45RO to
CD45RA cells on CD4 cells decreased at t2 (Table IV.4). A higher percentage of CD8
cells expressed CD71 and CD25 at t2 than at t3 (Table IV.5). There was significantly
(p<0.05) higher expression of CD25 on the CD45RO subset at t2 (45 £ 5%) compared to

: t1 (31 £ 4%; data not shown). There were no changes in expression of activation markers
on the CD45RA subset throughout recovery.

The relative percent of NK cells, determined by the presence of CD11c on the cell
surface decreased from early (t1 and t2) to late (t5) post burn timepoints (Table IV.3).
Proportion of cells that were CD14+CD11c+ (macrophages/monocytes) did not change
during burn recovery (data not illustrated). However, the proportion of activated
macrophages (CD16+CD14+CD11c+) was higher at 2 compared to tS (Table IV.3) The
proportion of B cells (CD20+) was higher at early (t1) compared to late (t4 and t5) post
burn timepoints (Table IV.3).

3. Estimated proliferation
There were no differences between post bumn time points in the rate of [°H]
thymidine incorporation after 42 h- or 90 hours of stimulation with Con A (42
hours=29882 + 10926 dpms; 90 hours= 38697 + 6622 dpms) or PMA (42 hours=15289 +
9097dpms; 90 hours=19412 + 2893). Maximal [3H] thymidine incorporation occurred at
66 hours for the mitogens tested at all post burn time points. At 66 hours, unstimulated
[*H] thymidine incorporation was significantly higher at early (t2) compared to late post

burn timepoints (Table IV.6). The stimulation index measuring proliferative responses to
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Con A and PMA was significantly greater at t3 versus t2 and t1 respectively. Production
of IL-2 and IFN-y by stimulated cells was positively correlated with proliferative
responses to both Con A and PMA at 66 hours (Table IV.6). There were no significant
differences in proliferative responses or stimulation indexes at 42 h (24383 + 11253; SI=

13.82 +£6.7) or 66 h (48347.6 + 4040.3; SI=52.77 + 8.3) with PHA.

4. Natural Killer Cell Cytotoxicity
Subjects with smaller burn injury (less than 20% TBSA burns) were not included
in the NK analysis as it was not possible to perform the NK measurement at every
timepoint post burn. NK cell activity at the 100:1 ratio was lowest at tl compared to all
the other timepoints (Figure IV.1). Percent specific lysis at the 100:1 ratio was
significantly increased at t2 compared to t1 (Figure IV.1), even though numbers of NK
cells did not change (Table I'V.3).

S. Cytokine Production

IFN-y and IL-2 production in unstimulated cultures were undetectable. Production
of these two cytokines in response to Con A (IFN-y: 117.3 +43.2 pg/ml and IL-2: 75.7 +
42.6 pg/ml) and PHA (JFN-y 181.4 £ 50.1 pg/ml and IL-2: 74.7 + 37.1 pg/ml) did not
differ significantly between post burn timepoints. [FN-y production in response to PHA
correlated negatively with percent n-3 fatty acids in the PS fraction (r=0.7, p=0.008).
IFN-y production in response to PHA and Con A was positively correlated with percent
20:4n-6 in the PC (r=0.6, p=0.04) and PE fraction (r=0.06, p=0.05) of lymphocyte

membrane lipids, respectively.

6. Phospholipid analysis
The most consistent change observed in lymphocyte PL was the significantly
lower content of 20:4n-6 in all phospholipid fractions early after burn (Figure IV.2).
Compared to t1, the 20:4n-6 content increased at t5 in the PC fraction, at t3 in the PS
fraction and at t2 in the PE and PI fractions. Total n-6 fatty acids increased significantly
from t1 to t5 in the PS and PE fractions (Table IV.9, Table IV.10). In the PC, PS and PI
fractions, the n-3 fatty acid content decreased significantly at t2 (Tables IV.7-9). The
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18:3n-3 and 20:5n-3 content of PC were highest at t1 (Table IV.7) and significantly
greater than at t2 and t3. Both 18:3n-3 and 20:5n-3 content of PE were higher at t5 than
at t]1 (Table I'V.10) but there were no other changes in individual n-3 fatty acids in any PL
fraction. The n-6/n-3 ratio increased from tl to t5 in all fractions (Figure IV.3). PC was
the only fraction that increased in SFA content during recovery whereas the PS (Table
IV .8), PE (Table 1V.10) and PI (Table IV.9) fractions decreased in SFA content from
early to late burn recovery timepoints. MUFA content was lower at t5 than at t2 in the PC
(Table IV.7) and PE (Table IV.10) fractions. The 18:2/20:4n-6 ratio in the PC and PS
fractions was lower at t5 compared to tl1 (Table IV.11). Complete fatty acid profiles of
lymphocyte PL fractions following burn injury and those of healthy individuals are given
in Appendices IV.AP1-APS.

D. Discussion

This study provides evidence for immunosuppression early after burn followed by
activation of immune function corresponding to the second to third week post injury.
This study also demonstrates a relationship between the PL composition of lymphocytes
and their functions.  Higher expression of CD25 on CD8+ and CD45RO+ cells, and
CD71 on CD8+ cells, increased NK cytotoxicity, higher percent of activated
macrophages, and a higher unstimulated proliferative response provide evidence for
immunostimulation at t2. At the same time (t2), content of 20:4n-6 increased and n-3
fatty acid content decreased in major PL fractions.

Lipids are known to impact on lymphocyte functions both directly through
changes in physical properties of the membrane and indirectly through their role as
precursors for second messengers (de Pablo et al, 2000; O'Sullivan et al., 1997;
Sayeed,1996). The n-6/n-3 ratio, an indicator of membrane fluidity (Tebbey et al.,1992;
Traill et al., 1986) has been reported to alter functional parameters in lymphocytes
(Jeffery et al.,1996; Kelley et al.,1993; Wu et al.,1996). All PL fractions of lymphocytes
in this study exhibited an increase in the n-6/n-3 ratio from early to late post burn. This
suggests changes in the availability or use of the n-6 or n-3 fatty acids in elongase and
desaturase pathways (Cetinkale et al.,1997). In the present study, lymphocyte membrane
phospholipids exhibited a low content of 20:4n-6 early after burn that increased with
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recovery. PI and PE in lymphocyte membranes contain the largest proportions of 20:4n-6,
however, the values observed at t1 were half that observed in healthy individuals
(P1=28.0 + 2.3% and PE=22.1 *+ 4.6%; Appendix IV.AP5). These two fractions had
significant increases in 20:4n-6 content after only 12 days. The depletion of 20:4n-6
observed in all fractions in the immediate post burn period suggests that a proportion of
20:4n-6 was used for synthesis of inflammatory mediators derived from 20:4n-6
(Gerster,1995). Higher 18:2n-6/20:4n-6 ratios early after burn could also suggest slow
conversion to 20:4n-6 from 18:2n-6. Consistent with this, inhibition of delta-6-
desaturase activity has been reported post burn (Braquet et al.,1985). The supplemental
diet fed provided low levels of n-3 fatty acids, therefore, competitive inhibition by n-3
lipids is not a likely reason for lower 20:4n-6 levels. Consumption of diets rich in linoleic
acid, such as the clinical diet fed to the subjects in this study, would be expected to
increase PUFA, particularly 20:4n-6 in cell membranes (Lokesh et al.,1992). However,
the n-6 fatty acid content in lymphocyte PL was lower early after burn injury when
energy intake from the enteral diet was the highest. This suggests that the reduced
PUFA, particularly 20:4n-6, early after burn injury is likely the result of the injury on
metabolism or absorption rather than a dietary deficiency. In support of this, alterations in
intestinal lipases (Carter et al.,1994), lipoprotein metabolism and carrier proteins
necessary for lipid transport (Coombes et al.,1980; Vega et al.,1988) have been reported
to occur post burn (Birke et al.,1965; Coombes et al., 1980; Gottschlich et al.,1987).

The role of dietary n-3 fatty acids in reducing inflammatory responses is well
established (Blok et al.,1996; Cerra,1991). IFN-y is a key cytokine in inflammatory
responses and is produced by the TH1 and TC1 subsets of lymphocytes (Mosmann et al.,
1996). This study found a strong negative correlation between the n-3 fatty acid content
in the PS fraction of lymphocyte membranes and IFN-y production by stimulated
lymphocytes. At t2, the n-3 fatty acid content of PS decreased while 20:4n-6 content of
PE increased, both of which were significantly associated with increased IFN-y
production.

It is well established that IL-2 production is decreased following burn injury
whereas the effect on receptor expression is more controversial (O'Riordain et al., 1995)

with both no change (O'Riordain et al., 1995) increases (Schluter et al.,1991a) and
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decreases (Faist et al.,1993; Gadd et al.,1989; Wood et al.,1984) being reported. The
present study examined IL-2 receptor expression on unstimulated cells and IL-2
production by stimulated cells. There was increased expression of the IL-2 receptor on
CD8 and the RO+ subset in unstimulated cells and [°H]-thymidine incorporation was the
highest (t2), suggesting in vivo activation (Schluter et al.,1991b). Studies by others
(Teodorczyk-Injeyan et al.,1991) have suggested a strong in vivo activation of
lymphocytes post burn. In vivo T cell activation has been reported to be associated with
reduced T cell proliferation in vitro (Teodorczyk-Injeyan et al., 1991). This is consistent
with the response to Con A in the present study at t2. CD8+ lymphocytes, like CD4 cells,
have been shown to produce different cytokine profiles (Mosmann et al., 1996). This
study suggests it is the CD8 cells that may mediate burn injury immunosuppression as
suggested by their increased expression of antigen priming and activation molecules
(CD25, CD71). CD45RO+ cells are capable of proliferating in response to IL-2 and
providing help for activation of immune responses (Akbar et al.,1991). Consistent with
this, the highest expression of CD45RO on lymphocytes was observed when proliferative
responses increased. Higher CD45RA expression has been associated with hypo-
responsiveness of lymphocytes (Lightstone et al.,1993) and is consistent with the
observation of a reduced proliferative response at t2. The CD4"CD45SRA™ subset of
lymphocytes has been reported to suppress immune responses by inducing CD8
suppressor activity (Clement,1992). Reduced CD45RO/CD45RA ratio on CD4+ cells in
this study corresponded with increased expression of activation markers on CD8 cells and
reduced [° H]-thymidine incorporation in response to Con A.

Proliferation responses were positively correlated with production of IFN-y and
IL-2 in this study. IFN-y and IL-2 are cytokines produced by the CD4+ TH1 subset of
cells (O'Sullivan et al., 1995) and stimulate delayed type hypersensitivity responses and
inflammation (O'Sullivan et al., 1995). There have been reports of TH2 cell type being
predominant after burn injury (Lyons et al., 1997; O'Sullivan et al., 1995), which would
reduce T cell proliferation in vitro. There is recent evidence that dietary polyunsaturated
fats decrease TH1 but not TH2 responses (Wallace et al.,1999). Involvement of a TH2

response may be supported by an increased percentage of B cells early after burn.
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Burn injury has been reported to depress NK cell cytotoxicity (Blazar et al.,1986)
which can last up to 50 days in severely injured patients. NK cells have also been
reported to be affected by changes in fatty acids and the metabolites derived from them
(Chang et al.,1989; Oxholm et al.,1992; Seaman et al.,i984). NK cytotoxicity in this
study was reduced when the 18:2n-6/20:4n-6 ratio of lymphocytes was the highest.
Increased 18:2n-6 content of lymphocytes has been shown to increase the sensitivity of
NK cell function to the inhibitory action of prostaglandins (Oxholm et al., 1992). The
early depression of NK cytotoxicity may be attributed to the stress response (Blazar et al.,
1986) or surgical procedures (Pollack et al.,1991). NK cells defend against transformed
self cells and viruses and can also directly lyse infected cells (Bancroft,1993), therefore,
reduced cytotoxicity may place the patient at risk of viral infection. IL-2 and IFN-y
increase the cytotoxic capabilities of NK cells (Singh et al.,1992). Inhibition of TH1
responses reported in the early post burn period (O'Sullivan et al., 1995) would be
expected to reduce NK cytotoxicity. NK cells can stimulate the production of IFN-y by T-
lymphocytes (Chan et al.,1992). Improved NK cytotoxicity was observed at the same
time (t2) as higher proliferative responses to mitogens that were positively associated
with IL-2 and IFN-y production, and changes in the content of 20:4n-6 and n-3 content
that were associated with increased IFN-y production, were observed.

Higher percent of activated monocytes observed early after burn in this study
supports other investigators who have reported increased macrophage production of
inflammatory mediators following burn injury (Fukushima et al.,1994; Grbic et al.,1991;
Ogle et al.,1990; Waymack et al.,1989). Fatty acids released from Ilymphocyte
membranes via activation of phospholipase can be used by macrophages (Schultz,1991)
to produce prostaglandins (Fukushima et al., 1994; Ogle et al.,1993). Macrophages are
activated by a TH1 response and also stimulate the production of IFN-y and IL-2 by
lymphocytes and NK cells (Romagnani,1995).

This study demonstrates significant alterations in phenotypes, innate immune cell
activation and proliferative responses following burn injury. The innate immune system
appears to be activated at 12-19 days post injury as evidenced by improved NK
cytotoxicity and higher percent of activated monocytes. These responses appear to

precede activation of acquired immune defenses. Although the production of THI1
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cytokines was not different between post burn timepoints, several other indices would
indicate that stimulation of a TH1 response begins to occur at t2 as well. Proliferative
responses, which increased at 12-19 days and 21-35 days, were associated with IL-2 and
IFN-y, cytokines produced by THI subset of lymphocytes. IL-2 and IFN-y have been
reported to activate NK cells which also occurred between 12 and 19 days post injury in
this study. The immunosuppression observed early after burn appears to be mediated by
the CDS8 subset of cells which have also been shown to produce cytokine profiles similar
to that of TH1 cells. There were no differences in proliferative responses or phenotypes
from the third week to later post burn timepoints. Significant changes in fatty acid
composition of lymphocyte PL, specifically the 20:4n-6 and n-3 content, also occurred
between 12 and 19 days and may relate to functional changes observed at this timepoint.
This study provides evidence of alterations in lymphocyte PUFA metabolism in the early
post bumn period with decreases in 20:4n-6 in lymphocyte membranes as a result of
release or impaired synthesis. These results also suggest that the regulation in synthesis,
incorporation and release of fatty acids from each fraction differs, exemplifying the
importance of measuring fatty acid composition in isolated PL fractions. Further work is
needed to dissect the complex relationships between immune responses and fatty acid

metabolism in immune cells following burn injury.
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FIGURE IV.1: Natural killer cell cytotoxicity at the 100:1 effector/target
ratio at post burn timepoints. Data are expressed as means + SEM (n=5). NK cell
cytotoxicity was determined by incubating isolated mononuclear cells from each patient
with NK sensitive K562 cells labelled with sodium chromate and determining the extent
of target cell lysis. Spontaneous release was determined from target cells incubated in the
absence of effector cells. Cytotoxicity was calculated as follows: % Specific lysis = 100
x (experimental release-spontaneous release) / (maximum release-spontaneous release).
Significant differences between post burn timepoints were determined using a repeated
measures ANOVA and data points not sharing common superscripts are significantly

(p<0.05) different.
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FIGURE IV.2: 20:4n-6 content in major PL fractions of lymphocytes at post burn

timepoints. Bars represent mean £ SEM (n <10). Significant differences between post
burn timepoinis were determined using a repeated measures ANOVA and significant
differences (p<0.0S) from the first timepoint post burn (t1, <12 days) are indicated in the
figure with a star.
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FIGURE IV.3: The n-6/n-3 ratio in major PL fractions of lymphocytes at the first
(t1) and final (t5) post burn timepoints. Bars represent mean £ SEM (n <10). Significant
differences between post burn timepoints were determined using a repeated measures
ANOVA and significant differences (p<0.05) from the first timepoint post burn (t1, <12
days) are indicated in the figure with a star.
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Table IV.1

Monoclonal Antibody | Isotype Specific for Company Purchased
(Label) from

CD4 (FITC, B) IgGl helper/inducer T lymphocytes Sigma Chemicals®

CDS8 (r-PE, B) IgG2a | cytotoxic/suppressor T lymphocytes Sigma Chemicals®

CD3 (B) IgG2b | TCR receptor, T cells Serotec”

CD45RO (r-PE, FITC) | IgG2a | LCA for antigen memory on T and B cells Serotec”

CD45RA (QR, r-PE) IgG2a | LCA for antigen naivity on T and B cells Serotec’

CD25 (r-PE) IgG1 IL-2 receptor; activated T and B cells BD PharMingen®

CD71 (FITC) IgGl Transferrin receptor; activated T and B cells | Sigma Chemicals®

CD20 (r-PE) IgG2a | B cells Serotec”

CD14 (FITC) IgG2a | monocytes Serotec®

CDl1c (r-PE) IgG1 NK cells, monocytes, and macrophages. BD PharMingen®

CD11b (B) IgG1 Activated monocytes Sigma Chemicals®

CD16 (r-PE) IgGl | Fcylll receptor; NK cells, mature monocytes | BD PharMingen®

*Sigma Chemicals, St. Louis, MO
®Serotec, Raleigh, NC
°‘BD PharMingen, San Diego, CA

TABLE IV.1: Specificities of monoclonal antibodies used in the study. All
monoclonal antibodies were purchased prelabelled to in phosphate buffered saline (pH

7.4) containing bovine serum albumin and 0.1% (w/v) sodium azide.
Abbreviations: LCA=leukocyte common antigen, [gG=immunoglobulin,
FITC=fluoroscein isothiocyanate, r-PE=R-phycoerythrin, B=biotin+streptavidin

conjugate, QR=quantum red, TCR=T-cell receptor, IL-2= interleukin-2, NK=natural
killer cell
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Table IV.2

Lymphocyte Subsets
MAb 1 Mab 2 Mab 3 | Rationale
CDh4 CD45RO | CD2S

To determine the expression of antigen exposure and

CD4 CD45RO | CD71
naivity phenotypes and their simultaneous expression
CD4 CD45RA | CD25
of activation markers on the CD4 cell subset
CD4 CD45RA | CD71
CDS8 CD45RO | CD25
To determine the expression of antigen exposure and
CDS8 CD45RO | CD71
naivity phenotypes and their simultaneous expression
CD8 CD45RA | CD25 o
of activation markers on the CDS8 cell subset
CD8 CD45RA | CD71
CD20 To determine relative percent of B cells
Innate Immune Subsets
CD11b CD14 CDll1c | Natural killer cells, Monocytes
CDl11b CD14 CD16 | Mature monocytes

TABLE 1V.2: Three-colour combinations of monoclonal antibodies (mAb) used to

identify lymphocyte subsets.
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Table IV.3

Post Burn| CD4 CD8 CD45RO CD45RA CD71 CD25 CD20 MO’ NK*

Time (Relative percent)
tl 3843 27+2° 2742 34+4™  7+3 17£#3  26+3* 53+6™ 12+2°
t2 43+3 3242% 3142" 42+4° 8+3 2313 233" 5716 12%3°

t3 43+4 30+3™ 35+3% 4245 3+4 2043 2243 47460 2145
t4 45+5 29+3% 3243® 3246® 1345 244 11+4* 49+9® 204+ 12"

t5 47+5 35+3° 27+3" 21+6" 5+5  2+4 10+4° 36+7° S5+1b

'Percent activated macrophages were determined by the number of CD14+CDI Ic+ cells expressing CD16+
*Percent NK cells were determined by the number of CD14-CD1 1¢+ cells

TABLE IV.3: Lymphocyte subsets were determined on whole blood deplete of red blood cells using pre-labelled
immunofluorescent antibodies specific for the cell surface markers and analyzed using flow cytometry as described in the
methods. Data is expressed as relative percent. Data are expressed as means + SEM (n <10). Significant differences between
post burn timepoints were determined using a repeated measures ANOVA and values within a column not sharing common

superscripts are significantly (p<0.05) different.



Table IV.4

CD4 CD§
Post burn
RO/RA RO/RA
Time %CD45RO | %6CD45RA %CD45RO | %CD45RA
Ratio Ratio
t1 254+5.1 | 40.1+3.5 |138+08"| 41.6+6.8 343 +4.6 08+0.2
2 36.3+5.1 | 41.8+3.5 {1.3+08%| 49.3+6.8 289+4.6 09+0.2
t3 38.1+6.4 | 372445 [22+1.0°®]| 53.2+8.6 389+5.8 0.7+03
t4 31.7+85 | 502+59 [1.7+1.2%®] 366+11.4 | 27.7+7.7 09+0.3
t5 249+73 | 42.1+5.1 |3.3+£1.0®°| 36.7+98 32.2+6.6 1.3+0.2

TABLE IV.4: The relative percents of CD4 and CD8 cells expressing the

different isotypes of the common leukocyte antigen (CD45) was determined using pre-

labelled immunofluorescent monoclonal antibodies specific for the cell surface markers

indicated and analyzed using flow cytometry. Data is expressed as means + SEM (n

<10). Significant differences between post burn timepoints were determined using a

repeated measures ANOVA and values within a column not sharing common superscripts

are significantly (p<0.05) different.
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Table IV.S

Time CD25+ CD71+ | CD25+  CD7i+
t1 19+5 1743 18 £ 5% 11+3%®
t2 29+5 10+3 20+ 5* 16 £3°
3 20+6 8+5 6+7° 4+3°
t4 26+8 g8+5 17 £ 9% 9 + 3%
5 24+7 7+4 10 £ 8% 10 £3%
TABLE IV.S: The relative percents of CD4 and CD8 cells expressing the

activation markers CD25

and CD71

was

determined

using pre-labelled

immunofluorescent monoclonal antibodies specific for the cell surface markers indicated

and analyzed using flow cytometry. Data is expressed as means + SEM (n <10).

Significant differences between post burn timepoints were determined using a repeated

measures ANOVA and values within a column not sharing common superscripts are

significantly (p<0.05) different.
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Table IV.6

Post Burn Us’ Con A° Con A SF PMA* PMA ST
Time (Dpms)

tl 1460 +334%® | 56559 + 8920 51 +8® | 36951 +14908® 29+11°

2 2107 +335% | 64152 +8921 33+8" | 63704+14908° 44+11%°

t3 1302 + 334 | 48623 + 8921 53+ 8° 65029 + 14908* 59+ 11°

t4 1496 £ 592 | 37930 £ 13626 42+ 12* | 12484 +22772° 31+16®

t5 968 + 448" | 5657913636 50+ 12* | 39653 +22772%® 40 +16.%®
IL-2 R value -0.11 0.81 0.76 0.66
production P value NS 0.02 0.03 NS
IFN-y R value 0.52 -0.14 0.54 0.28
production P value 0.05 NS 0.04 NS

'US= Unstimulated
2Con A=Concanavalin A

3gI=Stimulation Index

*PMA=Phorbol myristate acetate

TABLE IV.6: Proliferation of lymphocytes was measured by [*H]-thymidine

incorporation 66 hours before and after stimulation with Concanavalin A and phorbol

myristate acetate. Values for each mitogen were correlated with the stimulated production

of IL-2 and IFN-y. Data are expressed as means + SEM (n<10). Significant differences

between post burn timepoints were determined using a repeated measures ANOVA and

values within a column not sharing common superscripts are significantly (p<0.05)

different.
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Table IV.7

Fatty acid t1 2 t3 t4 t5
(% fatty acids)
18:2(6) 83+1.0 7.5+0.6 88+13 10.7+0.7 8.1+09
20:2(6) 0.7 +0.1 0.6 +0.1 0.7+0.2 1.0+0.3 0.6+0.2
20:3(6) 1.3+02° 14+02® 1.0+03* 1.8+02%® 22+04°
20:4(6) 66+1.0° 65+0.1° 78+08° 84+12® 103+1.0°
22:4(6) 0.6 +0.1 0.7+0.2 0.5+0.1 0.9+0.1 0.6+0.1
22:5(6) 0.6+ 0.4 0.1+0.1 0.7+0.5 0.3+0.1 0.1+0.0
T n-6 18+1% 17+£1° 20+1° 21 +2% 20+2%
18:3(3) 03+0.1* 0.1+01° 01+0.1°®° 02+01® 01+£0.1%®
18:4(3) 0.5+0.2 0.2+0.1 0.4+0.2 0.110.0 0.2+0.1
20:5(3) 04+0.1* 02+0.1° 02+01° 02%0.1® 03+01%®
22:5(3) 0.8+0.1® 06+0.1* 07+01* 1.0+02* 05+0.1°
22:6(3) 1.5+0.5 0.8 +0.1 0.8+ 0.1 1.1+0.2 0.8 +0.1
T n-3 4+04" 2+04° 2+0.5° 3+1% 2+1°
T PUFA 22 +1%® 21+1° 24+1° 24+1° 23+1%®
T SFA 46 +1° 47 +1° 46 +2° 49 +2°° 53+2°
T MUFA 31+1° 32+1° 30+ 1% 28 + 1% 26+1°

TABLE IV.7: Fatty acid composition of the PC fraction (isolated by thin

layer chromatography) of lymphocytes at post burn timepoints expressed a

percent of total fatty acids. Data are expressed as means £ SEM (n <£10).

Significant differences between post burn timepoints were determined using a

repeated measures ANOVA and values within a row not sharing common

superscripts are significantly (p<0.05) different.
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Table IV.8

Fatty acid t1 192 t3 t4 tS
(% fatty acids)
18:2(6) 29+04 2.1+04 23409 3.6+0.7 26+0.7
18:3(6) 03+02® 02+0.1® 1.1+04> 07+04® 0.1%0.1°
20:2(6) 13+1.1 0.6+0.3 0.3+0.1 1.3+0.8 1.2+ 0.6
20:3(6) 1.2+0.2° 1.8+03° 21+09° 14+07®° 23+05°
20:4(6) 79+1.0° 95+1.0% 113+1.2° 123+16° 172+14°
22:3(6) 0.1 £0.1 0.1+0.1 nil” 0.2+0.2 02+0.1
22:4(6) 0.9+0.2 0.9+0.2 1.2+0.5 0.8 +0.4 1.0+0.3
22:5(6) 0.2+ 0.0 0.1+0.1 0.3+0.1 0.5+0.5 02 +0.1
T n-6 15+1° 15+1° 17+2° 20+2% 23+2°
18:3(3) 0.5+0.4 0.1+0.1 0.3 +0.1 0.8+0.5 0.2+0.1
18:4(3) 1.7+£1.2 0.8+0.4 0.3+0.1 0.1 0.1 01+13
20:5(3) 04+02 0.2+0.1 1.0+ 0.4 0.7+ 0.6 0.8 +0.6
22:5(3) 0.7+0.2 0.5+0.1 1.4+ 0.6 0.3+0.1 0.5+ 0.1
22:6(3) 1.5+0.3 1.0+0.1 1.4+0.6 0.6 +0.3 1.0+0.2
Tn3 4+1° 3+1° 3+1% 3£1® 5+1°
T PUFA 20 +2° 19+2° 24 +2% 25 +2% 26 +2°
T SFA 55+ 2° 53+ 2% 55 +2° 55 +3% 48 +3°
Z MUFA 24 +2% 28 +2° 26 + 2% 21 +3° 24 2%
“nil=<0.04

TABLE IV.8: Fatty acid composition of the PS fraction (isolated by thin

layer chromatography) of lymphocytes at post burn timepoints expressed a

percent of total fatty acids. Data are expressed as means + SEM (n <10).

Significant differences between post burn timepoints were determined using a

repeated measures ANOVA and values within a row not sharing common

superscripts are significantly (p<0.05) different.
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Table IV.9

Fatty Acid t1 12 t3 t4 t5
(% fatty acids)
18:2(6) 23+0.6 3.0+0.5 33+05 45+12 26+023
18:3(6) 1.1+09 0.1 £0.1 0.3+02 0.5+0.3 04+03
20:2(6) 0.5 +0.2° 0.4 +0.2° 0.8+ 0.6° 24+1.7° 0.3 +0.2°
20:3(6) 1.0+0.2 1.8+0.3 1.6+0.5 2.0+0.8 1.1+04
20:4(6) 13.2+2.5° 229+33% 146+34® 153+56® 215+7.1°
22:3(6) 0.1+0.1% 0.1 £0.0° 0.1+0.1* 0.5+0.5° nil*”
22:4(6) 0.3+0.1 0.6 +0.2 0.5+023 0.8 +0.1 0.5+0.2
22:5(6) 0.2+0.1 nil” 1.0+£0.8 0.3+0.3 0.1+0.1
T n-6 19 +3° 31+3° 26 + 4 24 + 6™ 29 + 4%
18:3(3) 03+0.2 0.2+0.1 0.4+0.3 0.6 +0.5 0.7+0.5
18:4(3) 3.1+1.5 1.1+£0.6 1.0+0.7 0.6+0.6 0.1 +£0.1
20:5(3) 20+13 0.3+0.1 0.3+0.2 0.6+04 03+0.2
22:5(3) 3.1+2.1 0.3+0.1 0.30.1 0.2+0.2 0.1+0.1
22:6(3) 0.8+0.3 0.5+0.1 0.4+0.2 0.6+0.4 0.8+0.4
T n-3 g +2° 2+2° 2+2° 7+3%® 3+2%
T PUFA 32+3 3343 29 +3 32+5 32+4
T SFA 12+1 13+ 1 12+1 16 +2 13+2
£ MUFA 55+3 52+3 58+4 53+6 54+5
“nil=<0.04

TABLE IV.9: Fatty acid composition of the PI fraction(isolated by thin

layer chromatography) of lymphocytes at post burn timepoints expressed a

percent of total fatty acids. Data are expressed as means + SEM (n <10).

Significant differences between post burn timepoints were determined using a

repeated measures ANOVA and values within a row not sharing common

superscripts are significantly (p<0.05) different.
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Table IV.10

Fatty Acid tl 2 t3 t4 t5
(% fatty acids)
18:2( 6) 45+0.6° 52+0.7° 3.2+06° 4.4+0.8° 34+03°
18:3 (6) 0.2+0.1 0.2+0.1 0.1 +0.1 0.1+0.1 0.2+0.1
20:2 (6) 0.5+0.2° 1.8+08° 0.4+0.2° 0.7+0.1®  0.7+0.1%
20:3 (6) 27+19 1.7+0.5 1.1+03 1.7+ 0.5 23+1.0
20:4 (6) 92+4.7° 242+43% 227+47® 208+7.7% 309+58°
22:3 (6) nil® nil’ nil® 0.1+0.1 0.1 +0.1
22:4 (6) 1.8+ 0.6 3.1+1.0 32+1.0 49+22 46+1.1
22:5 (6) 0.2+0.1 0.2+0.1 0.2+0.1 0.5+0.1 0.3+0.1
T n-6 23 +4° 33+3% 33 +4% 30+ 7 38+ 5°
18:3 (3) 0.4+0.2° 04+02% 0.7 £0.2% 0.6 + 0.4 1.0+0.2°
18:4(3) 0.9+0.3 0.3+0.1 0.6+04 0.8+0.8 0.22 +
20:5 (3) 0.3+0.2° 0.3+0.3* 0.5+0.3% 0.4 +0.4% 1.4+0.3°
22:5 (3) 1.6+0.5 20+04 1.8+04 1.9+0.5 1.9+05
22:6 (3) 1.7+£0.5 1.7+04 23+0.8 2.0+0.3 1.8+0.6
Zn-3 8+1 5+1 6+1 7+4 6+2
I PUFA 34+3° 14 + 3% 45+3° 37+ 7% 44 + 4%
T SFA 45 + 3° 34 +3° 37+3° 45 + 6 41 +4%
Z MUFA 19+ 1% 2+1° 19+1%® 18 +3% 16 +2°

*nil=<0.04%

TABLE IV.10: Fatty acid composition of the PE fraction (isolated by thin

layer chromatography) of lymphocytes at post burn timepoints expressed a

percent of total fatty acids. Data are expressed as means + SEM (n <10).

Significant differences between post burn timepoints were determined using a

repeated measures ANOVA and values within a row not sharing common

superscripts are significantly (p<0.05) different.
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Table IV.11

Post burn PE PC PS PI
Time (18:2n-6/20:4n-6 Ratio)
tl 0.7 £0.1 1.6+02° 08%0.1° 03+0.1
12 0.8+0.1 14+£02*® 03+01° 03%£0.1
t3 0.6 +0.1 1.1£02%®  04+02® 03x0.1
t4 0.7+0.2 1.0+£03*® 0.1+02° 06%0.2
ts 0.5+0.2 08+03°> 01+02° 02%0.2

TABLE IV.11: The 18:2n-6/20:4n-6 ratio in major PL fractions (separated by

thin layer chromatography) of lymphocytes isolated at specific times during recovery
from burn injury was determined using GC analysis. Data are expressed as means *

SEM (n <10). Differences between post burn timepoints were determined using a
repeated measures ANOVA and values within a column not sharing common superscripts

are significantly (p<0.05) different.
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V.

Fatty Acid Content of Plasma Lipids and Erythrocyte Phospholipids
are Altered Following Burn Injury

A. Introduction

There are profound alterations in fatty acid metabolism following burn injury
(Gottschlich et al.,1987; Wolfe et al.,1983). Fatty acid oxidation rates, free fatty acid
turnover and lipolysis are elevated (Barton,1994; Wolfe et al.,1987). In addition, plasma
levels of 18:2n-6 (linoleic acid) and 20:4n-6 (arachidonic acid) have been reported to be
reduced (Harris et al.,1981) while SFA and oleic acid are increased, characteristics
observed in essential fatty acid deficiency (Barton,1994; Gottschlich et al., 1987). Diet is
an important part of therapy for burn patients and lipids must be included in the diet to
provide energy, aid in the absorption of fat soluble vitamins and prevent essential fatty
acid deficiency. Essential fatty acids are involved in wound healing (Caffrey et al.,1981;
Hulsey et al.,1980) and serve important roles in immune functions (Calder,1995; de Pablo
et al.,2000). Dietary lipids have profound effects on immune functions and inflammatory
processes through changing cellular membranes and altering substrate availability for the
synthesis of lipid mediators such as prostaglandins (Aiexander,1986; Calder,1999;
Fischer et al.,1991; Gottschlich,1992; Kinsella et al.,1990) that may predispose patients
to infection. Preventing infection and reducing inflammatory processes are important
goals in the treatment of burn patients. Before diets designed to improve immune
recovery in these patients can be formulated, an understanding of the metabolism of
specific fatty acids, particularly the essential fatty acids involved in wound healing and
immunological functions following burn injury is needed. The objective of this study was
to characterize quantitative and compositional changes in fatty acids in plasma

components and red blood cells immediately following and during recovery from burn

injury.

A version of this chapter has been submitted for publication.
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B. Methods

Materials, subjects and sample collection for this study were described in Section
I.B.2.

1. Serum Collection
Whole blood (3 ml) was layered on top of ficoll hypaque gradients and centrifuged as
previously described in Section III.6. Plasma was collected from the top and stored
immediately at -70°C for plasma lipid analysis. Afier gradients were removed, remaining
red blood cells were washed once with KRH buffer with BSA (5 g/L.). Red blood cells

were frozen immediately for fatty acid analysis of phospholipids.

2. Fatty Acid Analysis

a) Lipid Extraction
Previously frozen plasma from the top of the gradient (described above) was
thawed and 100 ul transferred to a glass tube. Lipids were extracted from the sample
using chloroform/methanol (2:1 by volume) and the sample sat overnight at 4°C. The
lower phase containing the lipids was removed and transferred to a screw cap tube using
a glass pipet and dried down under nitrogen gas. Chloroform (100 pl) was added to the
dried sample.

b) Thin Layer Chromatography

Lipid classes were separated using “G” plates for total phospholipids (PL),
cholesteryl esters (CE) and triglycerides (TG) and “H” plates for PC, PE, and PI in
plasma. Plates were heat activated for 1 hour prior to spotting the plates with 50 pl of the
extracted lipid. Solvent tanks were lined with Watman #1 fliter paper and saturated with
the solvent systems for ! hour before plates were placed in the tank. “G” plates were
processed using a solvent system using petroleum ether/diethyl ether/glacial acetic acid
(80:20:1 by volume) until samples reached the top. “H” plates were processed in a
solvent system using chloroform / methanol / 2-propanol / 0.25% KCl/triethylamine
(30:9:25:6:18 by volume). Plates were air dried for 2-3 minutes, sprayed with ANSA and
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bands visualized by UV light. The PL, CE and TG fractions on the G-plates and the PI,
PC and PE on the H-plates were identified and placed in methylation tubes. Standards
were added to the PL (10 pug C17:0), TG (20 pg C15:0) and CE (20 ug C15:0) bands.

c) Saponification
Methanolic KOH (500 ul of 0.5 N) was added to the TG and CE samples and
tubes heated in a hot sand bath at 110°C for 1 and 1.5 hours respectively followed by

direct methylation.

d) Methylation
Hexane (2 ml) and BF; in methanol (1.5 ml) was added to the samples. Samples
were capped and heated at 100-110°C in a coarse sand bath for 1 hour. After samples
cooled, 2 ml of distilled water was added, tubes vortexed and placed at 4°C overnight.
The upper layer containing the fatty acid methyl esters was removed and placed in a GC

vial and dried down under nitrogen.

e) Gas-Liquid Chromatography

Fatty acid methyl esters were separated by an automated gas-liquid
chromatograph (GLC), Varian model 6000 equipped with a Vista 654 data system and a
Vista 8000 autosampler (Varian Instrument Company, Georgetown Ontario). The system
used a bonded phase fused silica capillary column (100 m x 0.25 mm i.d x 0.2 um film
thickness; Supelco, Inc., Bellefonte, PA). Helium was used as the carrier gas at a flow
rate of 1.8 ml/minute using a splitless injector. The GLC oven temperature was
programmed for a 2 stage increase from an initial temperature of 150°C to 190°C at
20°C/minute and held for 23 minutes followed by a second stage temperature increase to
220°C at 2°C /minute for a total analysis time of 40 minutes. Peaks of fatty acid methyl
esters were identified by comparisons with authentic compounds purchased from Supelco
Canada (Bellefonte, PA) and Sigma Chemical (St. Louis, MO) companies. These GLC
operating conditions are capable of separating methyl esters of all saturated, cis-
monounsaturated and cis-polyunsaturated fatty acids for 14-24 carbon chains in length.

Fatty acid content was calculated from the internal standard added.
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Fatty acid content of plasma lipid classes were calculated using the area peak of
the internal standard. PL, CE, TG and their respective contents of saturated,
monounsaturated, polyunsaturated as well as the essential fatty acids and their
elongation/desaturation products were calculated on both a quantitative and percent basis.

Percent fatty acids in red blood cell PL and major PL in serum were determined.

3. Statistical Analysis

Data is reported as means + SEM. Subjects were grouped into groups based on size of
burn (large= >35%, n=5 and small=<35%, n=5) and when differences existed between
these two groups, results are presented. When there were no differences between the two
burn injury groups, all subjects were included in the analysis and overall mean presented.
To determine differences between post burn timepoints, a repeated measures analysis of
variance was used to identify differences in fatty acids in each plasma fraction at the 5
post burn time periods described in Section II1.B.9 (t11=0-12 d; ©2=13-19d; t3=20-36 d;
t4=37-49 d and t5=>50 days). Number of subjects included in the analysis at each
timepoint was as follows: tl, n=10; t2, n=10; t3, n=8; t4, n=6; t5, n=8. Subjects with
burns >35% TBSA were sampled at every timepoint. When significant differences were
identified, differences between time periods were identified using least square means. A
t-test was used to identify differences between post burn timepoints and control values.
All statistical analyses were conducted using the SAS statistical package (Version 6.12,
SAS Institute, Cary, NC).

C. Results

1. Dietary Intake
Dietary intakes of n-6 and n-3 fatty acids are shown in Table III.1.

2. Plasma Total Phospholipids
Percent of 20:4n-6 and total n-6 in plasma phospholipids were significantly lower at

tl compared to t5 (Table V.1). Although not different on a relative percent basis,
quantitatively, the n-3 fatty acid content was lower at t1 and t2 than at t5 (Table V.2). The

178

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



total percent of MUFA in plasma PL was higher at tl compared to t3, t4 and t5 (Table
V.1). Compared to healthy control subjects, the relative proportion of total n-6 fatty acid
was lower and SFA higher at all post burn timepoints (Table V.1). At tl and t2, plasma
PL exhibited lower percent of 20:4n-6 and higher proportion of MUFA compared to
healthy control subjects. There were no significant differences in total plasma PL
concentration between post burn timepoints however, at t1 and t2, the total plasma PL
concentration was significantly less than healthy controls (Figure V.1 and Table V.1).
The complete fatty acid profile of plasma PL following burn injury is shown in Appendix
V.AP1] and that of healthy individuals in Appendix V.AP4.

3. Major Phospholipid Fractions

There was no significant difference in the 20:4n-6 content in the major plasma PL
fractions (PC=6.7 + 0.9%; PE=14.8 + 1.8%; PI= 6.9 + 1.6%) between post burn
timepoints, however, PE and Pl fractions contained significantly less 20:4n-6 than control
subjects (PE=20.2 + 2.2%; PI=22.9 *+ 1.9%; n=6) at tl and t2, and t1-t3 post burn
timepoints, respectively (data not illustrated). In the PI fraction there was a significant
increase in total n-6 fatty acids and a decrease in n-3 fatty acid content at t2 compared to
tl (Table V.3). SFA content of the PI and PE fractions was significantly greater at t1 and
t3 (PI1=47.5 + 1.3%; PE=40.9 + 1.4%) as compared to control subjects (PI=41.3 +2.3%;
PE=34.3 + 1.5%). At all post burn timepoints, PC and PE contained less percent n-3 fatty
acids than controls (Table V.3).

4. Cholesteryl Esters

Proportions of 20:4n-6 and total n-6 fatty acids in plasma CE were significantly
lower at t1 and t2 compared to t5 (Table V.4). CE isolated at t5 contained significantly
more n-3 fatty acids than any other post burn timepoint (Table V.4, Table V.5). The
percent of SFA was higher at t1 and t2 compared to t5. On a percent basis, CE isolated
from burn patients at tl, t2 and t3 contained significantly less n-6 fatty acids than control
subjects (Table V.4). The percent SFA was higher than that of control subjects at sample
points tl1-t4. At every post burn timepoint there was a lower concentration of CE in
plasma (Table V.5 and Figure V.2) and significantly (p<0.05) lower amounts of 20:4n-6,
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n-6 and n-3 fatty acids (Table V.5) compared to control values (data not illustrated). The
complete fatty acid profile of plasma CE following burn injury is shown in Appendix
V.AP2 and that of healthy individuals in Appendix V.AP4.

5. Triglycerides

The total percent n-6 fatty acids in plasma TG was lower at t1 than at t4 and t5 (Table
V.6). Total n-3 fatty acid content was lower (p<0.05) at t2 compared to tS.
Quantitatively, 20:4n-6 content at t1 (4.5 £ 0.9 pg/ml) was less than that of control
subjects (8.5 + 1.4 pg/ml). The n-3 fatty acid content at the first 4 timepoints (6.3 + 0.9
pg/ml) was half that of control subjects (15.5 + 2.6 pg/ml, data not illustrated). The
complete fatty acid profile of plasma TG following burn injury is shown in Appendix
V.AP3 and that of healthy individuals in Appendix V.AP4.

6. Erythrocyte Phospholipids
The content of major n-6 and n-3 fatty acids for PC and PE, the major PL of
RBCs, during the post burn period are depicted in Table V.7 and reference ranges of
healthy adults reported in the literature are shown. In the PC (Table V.7A), PS (Table
V.9) and PI (Table V.10) phospholipid fractions of RBC, the relative percent of 20:4n-6
was significantly lower at t1 than at t5. Every RBC PL fraction exhibited half the levels
of n-3 fatty acids of reference values at all post burn timepoints (data shown for PC and
PE only in Tables 7A and 7B). Complete fatty acid profiles of all RBC PL fractions are

shown in Appendices V.AP4-APS8.

D. Discussion

The results of this study support the hypothesis that essential fatty acid
metabolism is altered following burn injury. This study confirms other reports of reduced
PL and CE levels following burn injury (Batstone et al.,1976; Birke et al.,1965; Coombes
et al.,1979; Coombes et al.,1980; Harris et al., 1981; Kaufman et al.,1978) and expands
existing knowledge by demonstrating that n-6, particularly 20:4n-6, and n-3 fatty acids

are reduced in the early post burn period in plasma and erythrocytes. Reduced amounts of
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essential fatty acids in plasma suggest decreased availability from the diet or an increase
in their utilization by the tissues.

A diet high in linoleic acid (18:2n-6) in healthy subjects would be expected to
increase n-6 fatty acids in plasma (James et al.,1993). However, patients in this study
exhibited lower n-6 and 20:4n-6 content early after burn injury when 18:2n-6 intake from
the enteral diet was high. Despite the return of total plasma PL concentrations to values
not different from healthy controls by t3, the content and relative percent of n-6 and total
PUFA in plasma remained low throughout the study. Low levels of 18:2n-6 and 20:4n-6
in total plasma lipid have previously been reported following burn injury (Harris et
al.,1982) and this report confirms that this occurs in each of the lipid fractions that
comprise the total plasma lipid pool. Low levels of 20:4n-6 in plasma PL and CE may
suggest increased utilization of 20:4n-6 during the early post burn period. Prostaglandins
(PG) derived from 20:4n-6 have been reported to be increased post burn (Fukushima et
al.,,1994; Waymack et al.,1989) and have been implicated in immunosuppression
associated with burn injury (Grbic et al.,1991; Teodorczyk-Injeyan et al.,1987). Fatty
acids in plasma have been reported to exchange with immune cell membranes (James et
al., 1993) and could potentially impact on PG synthesis and wound healing (Hulsey et
al.,1977).

N-3 fatty acid content of each plasma fraction was low in the early post burn
period and in some cases, persisted even 50 days after the initial injury. Reductions in
the content of n-3 fatty acids observed in plasma TG (primarily from chylomicrons and
VLDL fractions) suggest reduced availability to tissues. N-3 fatty acids are important in
balancing the production of cyclooxygenase products derived from 20:4n-6
(Gerster,1995) and have also been demonstrated to reduce inflammatory responses
(Blackburn,1992; Caughey et al.,1996; de Pablo et al., 2000). Increased SFA and MUFA
were observed in all plasma fractions which is consistent with increased lipolysis in these
patients (Cetinkale et al.,1997; Smith et al.,1983)

Quantitative and compositional differences between patients and control subjects
in this study suggest impairments in fatty acid assimilation and/or lipoprotein
metabolism. It is unknown if the decrease in plasma components hinder utilization of

essential fatty acids by tissues or if there is increase tissue utilization causing depletion in
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the plasma. Lipoproteins differ in CE, TG and PL constituents (Groff et al.,1995).
Marked reductions in plasma concentrations of CE and PL early afier burn observed in
this study and supported by others (Batstone et al., 1976; Birke et al., 1965; Coombes et
al., 1979; Coombes et al., 1980; Harris et al., 1981; Kaufman et al., 1978) suggest a
change in the relative proportions of the individual lipoprotein fractions or an overall
reduction in their synthesis. Unfortunately, lipoprotein fractions were not isolated in the
present study. Concentrations of LDL and HDL have been reported to be reduced
following burn injury (Birke et al., 1965; Coombes et al., 1980) which would
proportionately reduce cholesterol and PL in the plasma. Deficiencies in intestinal lipases
(Carter et al.,1994), lipoprotein carrier proteins (Vega et al.,1988), carnitine (Harris et al.,
1982) and liver functions (Aarsland et al.,1996; Birke et al., 1965; Czaja et al.,1975;
Huang et al.,1998; Mittendorfer et al.,1998) have been reported following burn injury and
might contribute to altered lipid metabolism and the compositional and quantitative
changes observed in the plasma lipid components in this study.

The fatty acid composition of red blood cells is frequently used as a method to
estimate the composition of dietary fat and abnormalities in essential fatty acid
metabolism (Brown et al.,1991; Stanford et al.,1991). It is likely that a sufficient amount
of 18:2n-6 was provided by the diet as 18:2n-6 levels were relatively constant throughout
the study and were similar to control values with the exception of a transient decrease at
t2 in the PC fraction. In spite of this, all RBC PL fractions exhibited lower 20:4n-6 levels
than reference values throughout the post burn period (Agren et al.,1995; Innis,1988).
These observations are inconsistent with Diboune (Diboune et ai.,1992) who observed
increases in 18:2n-6 at 14 days and no change in 20:4n-6 levels when intensive care
patients were provided an enteral diet with similar MCT and 18:2n-6 content as the
enteral diet provided in this study. Despite dietary intake consisting of higher amounts of
PUFA than MUFA and SFA (apart from the rapidly oxidized MCT), RBCs exhibited
higher SFA and MUFA than PUFA in PL early after burn and compared to control
subjects. These findings parallel the observations in the various plasma components and
are consistent with essential fatty acid deficiencies in the early post burn period
(Gottschlich et al., 1987). Low concentrations of 20:4n-6, 22:6n-3 and 18:2n-6 with high
levels of SFA have been reported in total RBC lipids following burn injury (Harris et al.,
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1981). In the current study, 22:6n-3 levels remained lower than healthy controls at all
post burn timepoints. If subjects were provided adequate amounts of 18:2n-6, slow
conversion to 20:4n-6 is a possible explanation of low 20:4n-6 levels observed in all
measured RBC PL fractions and plasma components. Reduced delta-6-desaturase
activity is supported by the observations of low levels of 22:5n-3 and 22:6n-3 and 20:3n-
6 at t]1 compared to t5 (and controls) even though 18:3n-3 content of RBCs was similar to
healthy controls and exhibited little change throughout the post burn period. This
pathway is reported to be reduced by a large essential fatty acid intake (Blond et al.,1984;
Innis,1986; Voss et al.,1988) and with burn injury (Brenner,1981). Several functions of
RBCs have been reported to be altered following burn injury (Deitch et al.,1993; Shen et
al.,1943; Terry et al.,1975; Welt,1967), some of which are known to be affected by PL
composition of the membrane (Kahlenberg et al.,1972; Kinsella,1990).

This study demonstrates essential fatty acid levels to be reduced in both plasma
and RBCs following burn injury and points to deficiencies in key enzymes involved in
regulation of lipid metabolism. All lipid containing plasma components measured
exhibited lower n-6 and n-3 fatty acid content and higher SFA and MUFA content in
early post burn timepoints compared to later post burn timepoints and those of control
subjects. Decreased essential fatty acids in plasma may be suggestive of the increased use
of these lipids in the synthesis of membrane lipids for wound healing and immune
functions. Achieving the optimal balance of fatty acids for skin regeneration, immune
competence and inflammatory processes through provision of specific fatty acids through
diet is a complex issue. Further work is needed to determine the ability of burn patients
to utilize essential fatty acids and to design nutritional intervention that prevents fatty
acid deficiencies early after burn while maintaining optimal wound healing and

immunological functions consistent with recovery in these patients.

183

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



900-

|
800- " .
700- ﬁ ]
Y, °
600-

Y r
_é _ . A .
| = e
500+ x
& ; § ¢ K
3 400, t + *
| s
+
300! 2 570 + 61 56262
432139  470+46 515+ 69
2007
100+
0- ‘ , . ‘ .
t1 t2 t3 t4 t5

Post Burn Time

FIGURE V.1: Total plasma PL of subjects (n <10). Data points represent

values from individual patients at the post burn times indicated. Means are shown
numerically. Shaded region represents values of healthy controls (mean + SEM,
n=8). Significant differences between post burn timepoints were determined using
a repeated measures ANOVA and values not sharing common superscripts are
significantly different (p<0.05). Timepoints with a star indicates a significant
difference (p<0.0.5) from healthy subjects (reference; n=6).
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FIGURE V.2: Total plasma CE of subjects (n <10). Data points

represent values from individual patients at the post burn times indicated. Means
are shown numerically. Shaded region represents values of healthy controls
(mean = SEM). Significant differences during recovery were determined using a
repeated measures ANOVA and values not sharing common superscripts are
significantly different (p<0.05). At all timepoints, the concentration of CE was
significantly (p<0.05) less than healthy subjects (reference; n=6).
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Table V.1

Post Burn| 20:4n-6 In-6 Xn-3 S SFA SMUFA Total

Time e
(% of total fatty acids) (ug/ml)

tl 69105 278+09™ 38:+03 49.0+05™ 18.7+0.7™* (432.4+39.0*
t2 74+05™ 30.1+1.0"* 35+03 49.2+05% 16.6+0.8"* (470.4 + 46.1*
t3 83+0.7% 303+13™ 36+04 505407 155+1.0° |569.9+6l.1

t4 82+08% 289+15% 36+04 51.7+08™ 152+1.2° [515.0+69.1

t5 87+0.7" 315+14% 36+04 507+07°* 142+1.0" [551.5+61.5

Reference| 9.1 406 356+12 38203 456410 141109 |684.8156.1

TABLE V.1: Fatty acid composition of plasma total phospholipids isolated (using TLC) at specific times after burn
injury was determined using GC analysis and is expressed as percent of total fatty acids. Total plasma PL was calculated using
17:0 (10 pg) as the standard and is expressed as pg/ml of plasma. Data are expressed as means + SEM (n <10). Significant
differences between recovery timepoints were determined using a repeated measures ANOVA and values within a column not

sharing common superscripts are significantly different. * indicates significant (p<0.05) difference from healthy subjects

(reference; n=6).



Table V.2

. tl 2 13 4 t5
Fatty acid (ug/ml plasma)
C 18:2(6) 792 +4.0 828+105 852+122 849+185 982+14.3
C 18:3(6) 03+0.1 0.7+0.2 0.5+02 0.4+0.2 0.6+0.3
C 20:2(6) 1.2+0.3° 2.5+04° 1.2+0.3° 2.0+0.6% 2240.2%
C 20:3(6) 146 +3.0 21.0+42 25.0+£3.9 20.9+6.7 157+3.4
C 20:4(6) 31.0+3.8° 358+4.5% 468+59° 384+67° 46.1+6.0°
C 22:4(6) 0.9+0.2° 1.1+0.1%® 1.5+0.3% 1.4+0.5% 1.3+0.2°
C 22:5(6) 0.8 +0.1 0.8+0.1 1.1+£03 1.0+ 04 1.1+04
S N-6 122 + 14 144 + 17 169 + 22 147 £25 165 +22
C 18:3(3) 0.7 +0.2° 0.5+0.2° 0.5+0.2° 0.9 + 0.4* 2.0+0.8°
C 18:4(3) 0.9+0.2 0.9+03 0.9+03 0.7+0.3 0.7+0.2
C 20:5(3) 22403 23406 1.9+0.6 1.6+0.2 2.0+0.8
C 22:5(3) 29+05 27+04 3.1+06 2.5+04 33406
C 22:6(3) 10.0 £ 0.9% 102+1.2° 11.5+23% 144+41° 128+25*
X N-3 15+2° 18 +2% 22 + 3% 24+ 3% 25+3°
S PUFA 142+ 15 164 + 18 190 + 24 172 +27 191 + 24
S MUFA 79 + 8 819 86 + 12 81 + 14 81+12
S SFA 212+ 19° 225 +23% 295 + 30° 262 +34% 281 +30%°

TABLE V.2: Fatty acid composition of plasma total phospholipids expressed as

pg/ml plasma calculated using 17:0 (10 ug) as the standard. Data are expressed as means

+ SEM (n <10). Significant differences between recovery timepoints were determined

using a repeated measures ANOVA and values within a row not sharing common

superscripts are significantly different (p<0.05).
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Table V.3
Post Burn PC PE Pi
Time -6 Zn-3 | Zn6 Zn-3 n-6 Zn-3
(% of total fatty acids) | (% of total fatty acids) | (% of total fatty acids)
tl 313117 3.0£04* 314417 11.14£1.0*|31.1£1.2™ 56+0.6°
2 1302+£18° 38+04*(339+18 11.8+1.1*|358+1.1° 33106
t3 270+19° 29+0.5* [33.5+2.1 99+12* |353+£14° 39407
t4 345+27° 23406* |31.5+£26 105+£1.5%|389+21° 32+1.1™
t5 35442.1° 33405* [348+23 9.1+13* [349+1.6" 52109%
Reference| 31.4 5.3 5.8 #1.2 357425 159215 |356+18 48209

TABLE V.3 : Fatty acid composition of the PC, PE and PI fractions of plasma phospholipids expressed as percent of total
fatty acids. Data are expressed as means + SEM (n <10). Significant differences between recovery timepoints were determined using a

repeated measures ANOVA and values within a column not sharing common superscripts are significantly different. * indicates

difference from healthy subjects (reference; n=6).
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Table V.4
Post Burn | 20:4n-6 n-6 Zn-3 2 SFA 2 MUFA Total
Time (% of total fatty acids) (ug/mi)

tl 45104 45419 13+0.1° 24.8+13™ 28.1+12*]336.4 +28.5™
t2 48+04° 48.1+2.0% 13+0.1° 24.1+1.4™ 27.0+1.3%(393.5+30.5%™*
t3 54105 475426 1.2+0.1° 22.8+1.9"™* 275+ 1,7*[443.1 £39,6™
t4 6.0+0.7" 51.4+33% 1.1£0.1" 21.6+£23™ 248121 [414.8 +49.9™*

t5 6.7+06° 53.0+29° 1.7+0.1° 186+2.1° 259+1.9 |495.6+443%*

Reference | 53 +05 576120 12401 166+17 220414 81854409

TABLE V.4 : Fatty acid composition of plasma cholesteryl esters expressed a percent of total fatty acids. Total
cholestery! esters were calculated using 15:0 (20 pg) as the standard and is expressed as pug/ml of plasma. Data are expressed
as means + SEM (n <10). Significant differences between recovery timepoints were determined using a repeated measures
ANOVA and values within a column not sharing common superscripts are significantly different. * indicates significant

(p<0.05) difference from healthy subjects (reference; n=6).



Table V.5

] tl 2 t3 4 t5
Fatty acid (ug/ml plasma)
C18:2(6) | 138.2+20.3* 1625+21.7"% 1703+172® 177.2+502® 2158+33.3°
C 18:3(6) 24+0.6 54+1.1 43+08 3.8+1.7 59+2.4
C20:22(6) | 02+0.1% 0.3 +£0.1® 0.3 +0.0° 0.0 £ 0.0° 02+0.1%
C 20:3(6) 1.7+0.7 2.5+0.8 24+0.7 33+1.6 3.6+1.0
C20:4(6) | 163 +3.0° 17.7 £3.2° 23.5+4.2% 242 +53% 33.5+4.7°
C22:46) | 03+0.1° 0.4+02° 0.7+0.2%® 0.2+0.1° 0.6 +0.4°
C 22:5(6) 0.4 +0.1 0.6 0.4 0.7+ 0.4 0.8+0.5 0.4+0.3
X N-6 171 £20° 190 +21* 217 £27% 195 + 34%® 271 £30°
C18:3(3) | 09+05° 0.6 +0.3° 1.7+0.7® 1.0 £ 0.6® 2.6+0.8°
C 18:4(3) 0.9+0.1 1.0+0.2 0.8+0.1 0.6+0.2 1.0+0.1
C 20:5(3) 1.7+0.4 2.1+0.6 12+03 0.9+0.3 20+0.4
C 22:5(3) 0.1 +0.1 0.1+0.1 0.2+0.1 02+0.2 02+0.2
C 22:6(3) 1.1+£03 1.7+0.4 1.6+0.2 0.9+0.3 2.0+0.3
2 N-3 5+1° 5+1° 6+1° 5+1° 9+1°
SPUFA | 165+20° 197 £19* 225 +25% 211 +£31* 259 + 28"
ZMUFA 101 +9 104 +9 113+ 12 109 + 15 131+13
2 SFA 71+7° 92+ 7° 105 +9° 95 +12% 105+ 10°

TABLE V.5: Fatty acid composition of plasma CE expressed as pug/ml plasma

calculated using 17:0 (10 ug) as the standard. Data are expressed as means + SEM (n

<10). Significant differences between recovery timepoints were determined using a

repeated measures ANOVA and values within a row not sharing common superscripts are

significantly different (p<0.05).
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Table V.6
Post Burn| 20:4n-6 n-6 rn-3 ' SFA 2 MUFA Total
Time (% of total fatty acids) (ug/ml)
tl 12402 155+1.0" 1.3£0.1"™ 34010 458+1.5|493.6+53.5*
€2 12402 170+ 11" 1.1£02" 36.1+1.1* 449416 | 54724582
63 10£03 173£1.4% 13202 371414 44.5+2.1 | 515.2+70.0
t4 14403 211+1.8" 13+03™ 358+18 41.4+27 |4682+883*
ts 13+03 198+1.6" 1.7402" 350%16 44.0+24 [481.7+784*
Reference | 11402 182+14 17203 313416 44819 | 682.7 4656

TABLE V.6 : Fatty acid composition of plasma triglycerides expressed as percent of total fatty acids. Total triglycerides were

calculated using 15:0 (20 pug) as the standard and is expressed as pg/ml of plasma. Data are expressed as means £ SEM (n <10).

Significant differences between recovery timepoints were determined using a repeated measures ANOVA and values within a column

not sharing common superscripts are significantly different (p<0.05). * indicates significant (p<0.05) difference from healthy subjects

(reference; n=6).
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Table V.7
V.7A.
PC
Post Burn 18:2n-6 20:3n-6 20:4n-6 18:3n-3 20:5n-3 22:6n-3 n-6 Zn-3
Time (% of total fatty acids) (% of total fatty acids) (% of total fatty acids)
tl 179407 2.1402° 22+04* |0.184002 02+01 05+01 [21.6+12%| 1.0+0.1°
£2 15140.7° 1.4+02° 32+03"[0.17+002 02401 06+0.1 |242+10°] 1.2412%
t3 17.5407° 1.9402® 32+03™[023+£002 02401 06+09 [23.0+1.1®] 1.3+0.1%
t4 17510 1.6+03"% 28+05%|013£003 0101 03+0.1 | 198+1.7°| 1.1£02%
ts 162+09" 15+03% 4.0+04° 0214003 0301 0701 |23.9+1.5%| 1.6+02°
Vs Reference’” | 157-254 20-26 58-113] 0-03 04-18 16-37 1296-370 1 50-76
PE
Post Burn 18:2n-6  20:3n-6 20:4n-6 18:3n-3  20:5n-3  22:6n-3 n6 | Zn3
Time (% of total fatty acids) (% of total fatty acids) (% of total fatty acids)
t1 71+£03  1.0+0.1* 132116 [05£01 0601 18+039]268+1.9°| 45+0.7°
£2 74404 12+0.1" 154+13® [054£0.1 06+01 25+03™ [288+1.6™| 5.606®
t3 70403 15+01° 179+13° | 06+01 06401 27+03"|32.7+1.6°] 59+0.6"
t4 80+0.5 13102 119+20° |[04£0.1 03+02 14104 |240+25 | 42+09°
t5 73+04 14102° 178+1.8" |05+01 07+0.1 3.5+03° [297+22™ 68+0.8°
Reference’” |  6.6-10 1.0-2.1 23.8-258 | 0.2-03 1.6-2.9 7.2-12.6 | 36.8-42.4 | 14.9-20.8
'Innis S (1988)
2Aagren (1995)

TABLE V.7 : Fatty acid composition of the PC and PE fractions of RBC expressed as percent of total fatty acids. Data are
expressed as means * SEM (n <10). Significant differences between recovery timepoints were determined using a repeated measures

ANOVA and values within a column not sharing common superscripts are significantly different (p<0.05).
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Table V.8
Post Burn PE PC
Time SSFA  IMUFA  XPUFA ZSFA IMUFA  ZPUFA
tl 361410 340+14" 298+23" [ 532+1.0" 247+07° 226+1.2
t2 357410 31.1+14™ 331424 519409 227+05° 255+1.1
t3 351 £1.0 292+1.4° 3701424 | 527409 244406 228+1.2
t4 369+ 1.7 328423 297438 | 542414 245+09" 214%1.7
ts 346414 292420 359+33" | 50.1+1.2° 24.0+08% 259+1.5

TABLE V.8: Fatty acid composition of the PC and PE fractions of RBC expressed as percent of total fatty acids. Data are

expressed as means + SEM (n<10). Significant differences between recovery timepoints were determined using a repeated measures

ANOVA and values within a column not sharing common superscripts are significantly different (p<0.05).
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Table V.9
Post Burn | 20:4n-6 n-6 Zn-3 ISFA  SMUFA  XPUFA
Time (% of total fatty acids)
tl 145415 25817 57+08 498+20 189+1.1° 320%25°
€2 186+1.2° 286+14 77+£07 475+1.7 156+09™ 369+22%
t3 159412 290+1.6 73408 467+19 148+1.0* 398+23
t4 15319 256424 62+12 453+28 184%1.6" 324+35°
t5 201+16" 296+21 8111 489+25 13.6+14° 36131
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TABLE V.9: The fatty acid composition of the PS fraction of RBCs expressed as percent of total fatty acids. Data are
expressed as means + SEM (n <10). Significant differences during recovery were determined using a repeated measures ANOVA and

values not sharing common superscripts are significantly different (p<0.05).
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VL

. Staphyloccocus aureus Infection Reduces Natural Killer Cell Cytotoxicity and

Stimulates Immune Function Following Surgery

A. Introduction

Control of wound infections in the clinical setting is critical as infections can
double length of hospital stay, increase number of surgical procedures and result in delay
of initiation of adjuvant therapies and reduced quality of life (Smith et al.,1994). Skin
grafts are an important part of treatment for patients with open wounds. An ineffective
immune system, particularly a failure of the innate component of immunity, can result in
infection which affects graft success and delays wound healing (Klein et al.,1995).

Staphylococcus aureus (S. aureus) is a common etiological agent following
surgery (Zimmerli et al.,1982). The enterotoxin produced by S. aureus has been
classified as a superantigen. Unlike conventional antigens, superantigens bind to the
external surface of the MHC II on antigen presenting cells (APCs) thereby activating a
large number of T cells (Blackman et al.,1995). Early host resistance to bacterial
invasions is thought to primarily depend on non T cell branches of immunity such as
neutrophils and macrophages (Cantor et al.,1993). Natural killer cells, also a component
of innate immunity, have been shown to lyse infected cells and directly inhibit microbial
growth (Levitz et al.,1993). In addition, cytokine and chemotactic factors produced by
activated T cells may also influence susceptibility to Staphylococcal infections (Cantor et
al,, 1993). B cells synthesize and secrete specific antibodies against infectious agents
(Griswold,1993). Therefore, cellular components of both innate and ceil-mediated
immunity have important roles in defense against infections (Griswold,1993).

The impact of an impaired immune system on wound healing (reviewed in
(Barbul et al.,1995) is evident in diseases like diabetes and physiological conditions such
as aging. Although wound healing can proceed normally in the absence of neutrophils
(Witte et al.,1997), neutrophil opsonization and killing is an absolute requirement for
resistance to extracellular pathological agents (Benhaim et al.,1992). Macrophages are

important phagocytes and also release growth factors and mediators necessary for wound
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healing. T lymphocytes release cytokines that promote wound remodelling (Barbul et
al.,1989) during the final stages of wound healing.

Patients with wounds that involve substantial skin loss are at risk of both fluid
loss and bacterial infection. Rapid closure of the wound aims to control these two
factors, however, wound closure products and their subsequent benefits can be lost
through infections caused by airborne, systemic or autochthonous microorganisms.
Products that provide antimicrobial control in the clinical setting would be of great
benefit. Acticoat™ is a silver-coated dressing designed for patients with substantial skin
losses due to burn injury that was developed to prevent wound adhesion, limit
nosocomial infection, control bacterial growth, and facilitate burn wound care (Tredget et
al.,1998).

Little work has been done attempting to isolate the immunological effects of a
wound as a result of surgery or injury from those of an infection. Knowing that effective
immune responses are important in both wound healing and resistance to infection, the
purpose of this study was to examine the effects of a surgical wound, with and without
infection, on several measures of immune function that involve T and B cells, natural
killer cells, macrophages and neutrophils. In addition, this study investigated the effects

of a silver coated dressing (Acticoat™) on immune parameters in infected animals.

B. Methods

1. Materials

Materials utilized in this study were described in Section III.B.1. Additional
experimental materials for this study were as follows: Lipopolysaccharide (E. coli
055:BS, LPS) was purchased from Sigma Chemical Co. (St. Louis, MO). Fluorescein
isothiocyanate (FITC)-conjugated anti-mouse IgG and mouse anti-goat phycoerythein
(PE) were purchased from Organon Teknika Inc. (Scarborough, ON). All anti-guinea pig
monoclonal antibodies were purchased from Serotec (Raleigh, NC). Isoflurane was
purchased from Janssen Laboratories (North York, ON) and Buprenorphine was
purchased from Reckett and Coleman Pharmaceuticals Inc. Ltd. (Richmond, VA).

Proviodine was purchased from Purdue Frederick Inc. (Pickering, ON). Staphylococcus
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aureus (strain # D0S) was obtained from Alberta Provincial Laboratories (Edmonton,
AB, Canada). Acticoat™ silver coated dressings were provided by the Westaim
Corporation (Fort Saskatchewan, AB, Canada).

2. Animals and Surgical Procedures

All procedures were reviewed and approved by the Health Sciences Animal Welfare
Committee at the University of Alberta and were consistent with Canadian Council on
Animal Care guidelines.

Thirty one adult female Hartley guinea pigs (493 * 18 g) were obtained from Charles
River Canada (Laval, Quebec, Canada) and housed in the Health Sciences Laboratory
Animal Services vivarium (University of Alberta, Edmonton, Alberta, Canada). Animals
were acclimated in group housing in wire mesh caging and provided Purina Certified
Guinea Pig Chow (St. Louis, MO), apples and water + powdered vitamin C supplement
for consumption ad libitum. Two days prior to surgery, guinea pigs were singly housed in
polycarbonate false bottom caging lined with Kimpac plastic backed absorbent material
which was changed daily during the experimental period. Temperature of the rooms was
maintained between 18 and 25°C, relative humidity of 50 + 20% and a 12 h light/ dark
cycle.

Following the acclimation period, animals were weighed and lightly anesthetized
with isoflurane inhalant. Once anesthetized, dorsal trunk hair was clipped and depiliated
with Neet™ (Carter Products Ltd, Mississauga, ON). Animals were allowed to recover
from anesthesia following depiliation. On day 0 the surgical procedure was performed.
All surgical procedures were performed aseptically. Animals were premedicated with
buprenorphine (0.05 mg/kg subcutaneous; SQ), and anesthetized with isoflurane inhalant.
The area was prepped with 70% v/v ethanol, followed by proviodine solution. Prior to
surgery, the proviodine was washed off with sterile saline. The area over the dorsal
midline, distal to the scapular area was insufflated with sterile saline and lubricated with
sterile mineral oil. Two split thickness wounds measuring 1.5 cm x 1.5 cm x 0.33 mm
were created on either side of the dorsal midline using a dermatome (Padgett Instruments
Ltd. Kansas City, MO). The skin was obtained from the animal and meshed (1 to 1.5) to

form an autologous skin graft. The graft was stapled in place over each wound. Wounds
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were maintained aseptically (Noninfected) or inoculated with Staphylococcus aureus at
0.5 ml of a 2x107 cfu/ml per wound (Infected). Wounds were dressed in either a
nonadherent fine mesh dressing, or Acticoat™ silver coated dressing (Acticoat), covered
by a plastic vapor barrier (sterile Saran Wrap®, Dow Chemical Ltd.) and bandaged with
a 5 cm Kling halter wrap. Following surgery, animals were allowed to recover under an
infrared heat lamp until they reached sternal recumbancy. Animals were returned to
clean caging and recovery monitored for 24 hours. Analgesia was maintained with
buprenorphine (0.05mg/kg SQ). Guinea pigs were weighed daily throughout the post-op
experimental period. In order to determine the immunological response of animals not
undergoing surgery, a group of guinea pigs was singly housed, handled and weighed
daily but did not undergo the surgical procedure (Control). On day 5, guinea pigs were
euthanized with CO,. Blood was collected by cardiac puncture into sodium heparin
Vacutainer® tubes (Becton Dickinson Ltd.) and spleens and prescalpular lymph nodes
(draining the wound) were aseptically collected. Prescalpular lymph nodes (PSN) were

not collected for the control animals.

3. Preparation of Lymphocytes

Splenocytes and prescalpular lymph nodes were isolated under sterile conditions by
pressing through a nylon mesh (100 um) into a petri dish and rinsing several times with
Krebs- Ringer HEPES (KRH) buffer with bovine serum albumin (5 g/L). Samples were
centrifuged for 10 minutes at 1000 rpm to pellet the cells, supernatants were removed and
cells resuspended in warmed lysis buffer (10 ml) for 2 minutes to lyse red blood cells.
KRH buffer was then added and cells were pelleted, resuspended and washed once more.
Celis were resuspended in 10 ml RPMI supplemented with fetal calf serum (50 g/L), 2.5
pumol/L 2-mercaptoethanol, penicillin (100 units/mL), streptomycin (100 pg/mL) and
HEPES (25 mmol/L). Cell viability was assessed using trypan blue exclusion and was
greater than 99% for all groups.

4. Mitogenic Responses of Immune Cells
Splenocytes (1x10°/L) in the media described above were cultured in 96 well

microtiter plates with or without mitogens as described for the human studies (Section
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IV.B.4). Mitogens used were Con A (10 mg/L), PMA (40 pg/L) plus Iono (0.5 pg/L),
PHA (5 mg/L), PWM (55 mg/L) or LPS (25 mg/L). Plates were incubated for 42, 66 and
90 hours and pulsed with [’H]-thymidine (18.5 kBg/well) eighteen hours prior to
harvesting the cells. Both dpms and stimulation indexes were used to estimate
proliferative responses to mitogens using the formula described in Section IV.B.4.
Number of animals included in this analysis were noninfected, n=6; infected, n=9;

Acticoat, n=6; Controls, n=10.

5. Mononuclear Cell Phenotyping

Lymphocyte subsets from spleens of the infected, noninfected and control animals as
well as from the PSN (draining the wound area) for all surgery groups were characterized
by immunofluorescence using supernatants from hybridomas secreting mouse mAb
specific for the different guinea pig mononuclear cell subsets. MAb were preserved in
0.1% sodium azide. MAD specific for pan T cells (CD3), T helper cells (CD4), T
cytotoxic cells (CD8), B cells and macrophages were used (Table VII.1). A mAb specific
for MHC II was used in combination (double-labelled) with both B cells and
macrophages. Fluoroscein isothiocyante (FITC; goat anti-mouse) and R-phycoerythrin
(r-PE; goat anti-mouse) were reconstituted in 4% v/v guinea pig serum and used as the
primary and secondary antibodies respectively. Plates were preconditioned as previously
described (Section IV.B.S5) and splenocytes were added to the wells (0.5x10° cells/well)
and made up to 200 pl/well with buffer. After pelleting and vortexing the cells, the first
antibodies were added to the wells and plate was incubated at 4°C for 30 minutes. The
wash was repeated before adding the immunofluorescent label, FITC, after which the
plate was incubated for at least 30 minutes more. Plate was washed and vortexed and r-
PE was added as the secondary immunofluorescent label. Following another 30 minute
incubation, cells were washed three times and fixed with 200 pul PBS + 1% (w/v)
paraformaldehyde. Cells were acquired by flow cytometry on a FACScan (Becton-
Dickinson, Sunnyvale, CA) and analyzed using CellQuest software. Cells incubated with
FITC and r-PE alone were used to determine the amount of nonspecific binding of the
imunofluourescent labels to the cells to correct for background fluorescence. For

splenocyte phenotype analysis, 6 animals each from the control, infected and noninfected
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groups were included. For the PSN, there were 6 animals from each group including the

Acticoat group. There were no PSN isolated from the nonsurgical control group.

6. Natural Killer Cell Cytotoxicity

NK cell cytotoxicity was determined on splenocytes isolated from each guinea pig
using a 4 h chromium release assay as previously described for the human studies
(Section IV.B.6) except that splenocytes were added in triplicate to the wells to achieve
effector:target ratios of 2:1, 5:1, 10:1, 12.5:1, 25:1, 50:1, 100:1 and 200:1. Cytotoxicity
against a cell line not sensitive to NK cells (P815) was measured at the 100 to 1 ratio to
confirm that lysis of K562 cells was specific to NK cells only (data not shown). For this
analysis, n=7 for the control and infected groups, n=9 for the non-infected group and n=6

for the Acticoat group.

7. Neutrophil Oxidative Burst
Neutrophil oxidative burst was carried out using 400 ul of whole blood deplete of red
blood cells as previously described for humans (Section I11.B.8) except that reaction
tubes were incubated for either 5 or 15 minutes after PMA was added before they were
placed on ice to stop the reaction. Non-fluorescent parameters and mean channel
fluorescence of gated neutrophils was measured at 0, 5 and 15 minutes as described in
Section II1.B.8. For this analysis, n=6 for the non-infected and Acticoat groups, n=9 for

the infected group and n=10 for the control group.

8. Statistical Analysis

Data is given as means = SEM. The effects of treatment on [°’H] thymidine
incorporation and phenotyping were analyzed using a one-way ANOVA and a 95%
confidence interval. When a significant effect (p<0.05) of treatment was found,
significant differences (p<0.05) were identified by least square means. The effect of time
on mitogen responses and neutrophil oxidative burst, size and granularity was determined
for each group by repeated measures ANOVA and significant differences between groups
determined by least square means. NK cell activity was analyzed using a repeated

measures 1-way ANOVA. All statistical analyses were conducted using the SAS
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statistical package (Version 6.12, SAS Institute, Cary, NC).
C. Results

1. Weight Loss
All surgery groups lost weight. There were no differences in percent weight loss
after surgery between the noninfected and infected groups (noninfected = 17 + 2%, n=6;
infected = 13 * 2%, n=9), however, the Acticoat group lost significantly more weight

after surgery than the infected group (18 + 1%, n=6).

2. Mitogenic Responses of Splenocytes

Peak response to Con A, PHA and LPS and PWM occurred at 42 hours (Table
IV.1). Peak response to PMA + Iono occurred at 66 hours (Table IV.2). [3H]-Thymidine
incorporation into unstimulated splenocytes was significantly higher for the infected
group compared to the Acticoat and control groups (p<0.03) at 42 h (Table VI.2A). [PH]-
thymidine incorporation into unstimulated cells did not differ among groups at 66 h
(Table VII.2B). [3H]-thymidine incorporation into unstimulated splenocytes at 90 h was
significantly lower in the noninfected group compared to other groups (Table VI1.2C).

At 42 and 90 h, [’H]-thymidine incorporation in response to Con A was
significantly lower for all groups undergoing surgery compared to the control group
(p<0.0001; Table VI.2A, 2C). At 66 hours, only the Acticoat and infected groups had
significantly lower proliferative responses to Con A than the control group (Table
VI.2B). There were no differences between experimental groups in the response to PMA
+ Jono, PHA, and LPS and cells from all experimental groups responded lower than
control cells, with the exception of the response to PMA + Iono at 90 h being higher in
the infected group than the non-infected and Acticoat treated groups. For the mitogen
PWM, at all timepoints, the infected group had a significantly higher rate of [*H]-
thymidine incorporation than the Acticoat and noninfected groups, but was not different

from the control group.
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3. Phenotyping

There were no significant differences in relative percentage of total T cells (pan T
cells) in the spleens of the different treatment groups (Figure VI.1A). However, the
control group had a significantly lower percent of both T helper (CD4+) and T suppressor
(CD8+) cells compared to infected and noninfected groups (p<0.03). The CD4/CDS8 ratio
did not differ among groups (1.5 + 0.2, data not shown). The control group had
significantly lower percent of B cells (p<0.001) and higher percent of macrophages
(p<0.03) than infected and noninfected groups (Figure V1.1A). Percent of B cells
expressing MHC II was significantly higher in the noninfected group compared to control
and infected groups (p<0.009; Figure VI.1B). The percentage of macrophages expressing
MHC I was highest in the control group (p<0.004). Compared to the noninfected group
the infected group had a lower expression of MHC II on both macrophages and B cells
from spleen (p<0.03, Figure VI.1B).

Prescalpular lymph nodes from the infected pigs had significantly lower total T
cells compared to the other groups but no differences in the relative percent of CD8 or
CD4 cells (Table V1.3). The Acticoat group had a significantly lower CD4/CD8 ratio
than the other two surgery groups due to significantly fewer numbers of CD4 cells. The
Acticoat group had significantly more macrophages in their prescalpular lymph nodes.
Total MHC 1II expression as well as expression of MHC II on both B cells and
macrophages was significantly less in the Acticoat group compared to the other surgery
groups (Table VIL.3).

4. Natural Killer Cytotoxicity
There was no lysis of P815 cells by splenocytes demonstrating that lysis of the
K562 cells was specific for guinea pig NK cells (data not shown). All surgery groups
(infected, noninfected and Acticoat) had significantly lower (p<0.001) percent specific
lysis of target cells by splenocytes at every effector:target ratio compared to the control
group (Figure V1.2). The infected group had further depression of cytotoxicity (p<0.006)
compared to the Acticoat and noninfected groups at the 100:1 ratio (Figure VI1.2).
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S. Neutrophil Oxidative Burst

Prior to stimulation (0 minutes), neutrophils from infected pigs had significantly
greater mean channel fluorescence than the noninfected group (p<0.001) and the control
group (Table VI.4A). After 5 minutes, neutrophils from all surgery groups had higher
neutrophil responses than the control group. After 15 minutes, neutrophils from infected
pigs demonstrated significantly higher mean fluorescence than the noninfected group
(Table VI.4A). To determine if there were significant changes in fluorescence between 0,
5 and 15 minutes within the same group a one way ANOVA was performed between the
timepoints. The percent increase in mean fluorescence was significant for neutrophils
from noninfected pigs after both 5 and 15 minutes (p<0.04). The Acticoat group had a
significant increase in mean fluorescence after 5 minutes whereas the control and infected
groups did not have a significant increase in mean fluorescence from the 0 timepoint until
15 minutes (p<0.02; data is shown in Table II.4A but statistics are not illustrated).

Neutrophils from the Acticoat group were less granular than all other groups at all
timepoints. Neutrophils from the control group were significantly more granular than the
noninfected and infected groups at 15 minutes (p<0.05, Table VI.4B). At all timepoints,
size of neutrophils from the control group was significantly less than the infected and
noninfected groups (p<0.001; Table VI1.4C). At time 0, neutrophils from noninfected
pigs were significantly larger the other groups (p<0.004). Neutrophils from the Acticoat
treated group were smaller than the infected and noninfected groups at all timepoints.
Neutrophils from the control group significantly increased in size at each timepoint
(p<0.005), neutrophils from infected pigs increased significantly from 0 to 5 minutes only
(p<0.001) and the neutrophils from the noninfected and Acticoat groups had no
significant changes in size at any timepoint (data is shown in Tables V1.4B and VI.4C but

statistics are not indicated).
D. Discussion
Control of wound infection following surgical procedures remains a challenge

(Holzheimer et al.,1997). It is thought that infection may result from alterations in

immune function as a result of surgery (Wakefield et al.,1993). This study demonstrates
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that skin graft surgery (with anaesthetic) suppresses T cell proliferation and neutrophil
oxidative burst. Skin graft surgery plus infection with S. aureus resulted in depressed
natural killer cytotoxicity and MHC II expression on APCs while stimulating neutrophil
oxidative burst. Treatment of an infected wound with Acticoat decreased MHC II
expression on antigen presenting cells in the lymph nodes, improved NK cytotoxicity and
oxidative burst in response to stimulation.

Decreased [*H}-thymidine incorporation into immune cells stimulated with
mitogens after surgery has been well documented (Abraham,1985; Faist et al., 1986;
Slade et al., 1975; Keane et al., 1983) with reports of further reductions preceding
infectious complications (Faist et al., 1986; Keane et al. 1983). In the present study there
were very low responses by all surgery groups to the T cell mitogens, Con A and PHA, as
well as LPS, a major B cell mitogen (Zubler et al.,1987). When cell surface structures
important in cell activation were bypassed using PMA + Iono, an activator of protein
kinase C and calcium ionophore respectively (Field,1995), responses remained
suppressed, suggesting that the alteration in T cell function caused by surgery also
involves postmembrane signals. In vitro response to mitogens and IL-2 secretion have
been reported to be decreased by 10- to 20-fold after a S. aureus infection (Baschieri et
al.,1993). The magnitude of reduction in mitogenic response in the present study is
consistent with this report (Baschieri et al., 1993). The use of the Acticoat bandage did
not improve proliferative responses of cells by infected animals.

Higher [*H]-thymidine incorporation in response to PWM was observed in the
infected group compared to the noninfected and Acticoat groups. PWM is mitogenic to
both T and B cells but, unlike LPS, requires interactions with MHC II for mitogenesis to
occur (Kasahara et al.,1979; Kina et al.,1982; Rosenberg et al.,1981). Superantigens have
been reported to induce proliferation of B cells through activation involving MHC II
molecules (Fullihan et al.,1991; Thibodeau et al.,1997). The lower expression of MHC II
on B cells and macrophages of splenocytes from the infected group suggests that
regulation of APC/T cell interactions, the target of superantigens, may be affected in vivo.
T cells specific for the B cells that have been activated by superantigen may have been
generated in vivo (Macy et al.,1980) and continue this response in vitro. Increased [°H]

thymidine incorporation estimates cell division and not immunoglobulin secretion or
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differentiation of B cells (Rosenberg et al., 1981; Kashiwa et al., 1987), therefore, B cell
function was not specifically measured in this study.

There were higher proportions of lymphocytes (CD4, CD8 and B cells) in the
spleens of experimental groups, however, their proliferative response to most mitogens
was reduced compared to the control group further suggesting a functional impairment of
these cells following surgery. Consistent with the present results, it has been reported that
the CD4/CDS8 ratio does not change after elective surgery (O'Mahony et al.,1984). Fewer
macrophages with reduced MHC II expression observed in both noninfected and infected
surgery groups may have also contributed to the reduced splenocyte proliferative
response compared to the control group. Low expression of MHC II on monocytes is
reported to occur after surgery and is associated with infectious complications (Wakefield
et al.,, 1993). MHC II expression is upregulated by interferon (IFN)-y which is produced
by activated NK cells (Bancroft,1993). MHC II expression on both B cells and
macrophages was reduced in the infected group which also had the lowest NK
cytotoxicity.

The relative proportion of CD4 cells in the prescalpular lymph nodes was lower in
the Acticoat group, compared to the other surgery groups, resulting in a reduced
CD4/CD8 ratic. The Acticoat group also had greater numbers of macrophages with
reduced expression of MHC 1I on both B cells and macrophages infiltrating the lymph
nodes, compared to both the infected and noninfected groups. The implications of these
findings and the impact it would have on localized immune responses are not known.
Reduced MHC II expression on antigen presenting cells has been reported to occur with
other types of infections (Bocca et al.,1999; Ditschkowski et al., 1999). MHC 11 is critical
for the development and function of cells in the immune system and for activation of T
cells in the periphery (Grusby et al.,1995; Pamer,1999). Therefore, these results could
suggest impaired local immune responses dependent on the antigen presenting capacity of
macrophages and B cells. Unfortunately splenocyte phenotypes were unavailable for this
group so an overall estimate of whole body immunity is difficult.

NK cytotoxicity has been shown to be reduced following surgery (Pratt et
al.,1996; Pollack et al.,, 1991). IL-12 is produced by macrophages (Bancroft,1993) in
response to infection with Staphylococcus (Tripp et al.,1993; Chan et al., 1992). IL-12
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increases cytolytic activity and IFN-y synthesis by NK cells. The infected group had
fewer macrophages in spleen which may have influenced both IL-12 production and IFN-
y production by NK cells. Applying the Acticoat bandage resulted in an improved NK
response by the infected group.

Resistance to infection is highly dependent on neutrophil responses (Benhaim et
al., 1992). There have been reports of both increased and reduced neutrophil oxidative
burst following trauma (Tschaikowsky et al.,1993) and surgery (Wakefield et al., 1993).
The Acticoat group had the highest oxidative response at 5 minutes that occurred with
increased granularity. This suggests an improved ability of neutrophils to respond to a
challenge in this group. The lower oxidative burst and granularity following stimulation
suggests a failure of the noninfected group to maintain this initial response in vitro (Gadd
et al.,1989; Utoh et al.,1988). Cytokines and circulating factors present during an
infection have been shown to prime neutrophils and increase their response when
stimulated (Doerfler et al.,1994; Daniels et al,, 1992). The high unstimulated response
suggests that neutrophils from infected pigs were primed in vivo to produce high amounts
of oxidative compounds. Higher neutrophil oxidative burst has been reported in acute
infections (Bass et al.,1986). In studies with humans, the frequency of burn wound sepsis
and secondary bacteremias arising from infected burn wounds has been shown to be less
frequent with the use of Acticoat compared to those treated with silver nitrate (Tredget et
al., 1998). Superoxide production is an important defense mechanism against invading
microorganisms in the wound area (Benhaim et al., 1992) and the observations of higher
neutrophil responses by the infected and Acticoat treated groups suggests effective
antibacterial function.

It has been established that the use of general anesthetics is immunosuppressive
(Markovic et al.,1993b; Markovic et al., 1993a; Waymack et al., 1991). The effects of
anesthetic can not be separated from those of surgery in the current study, however,
general anesthetic is a necessary part of surgery, therefore, the combination of anesthetic
+ surgery on immune function should be viewed as being part of the immunosuppressive
effects of surgery. Differences observed between the surgery groups reflect

immunological effects of the infection, as anesthetic treatment was identical in all groups.
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In conclusion, skin graft surgery decreased lymphocyte proliferative responses to
a variety of B and T cell mitogens, reduced NK cytotoxicity and oxidative burst of
neutrophils. Deficiencies in immune function caused by surgery could therefore
predispose a patient to infection. Post-surgical infection further suppressed NK
cytotoxicity, decreased macrophage numbers and reduced MHC 1I expression on antigen
presenting cells which may impact on T cel/APC interactions and corresponding immune
responses. Treatment of an infected wound with an Acticoat bandage improved NK
cytotoxicity and increased macrophage numbers although MHC II expression on
macrophages and B cells was decreased. Infection both with and without the Acticoat
bandage resulted in increased oxidative burst of neutrophils which is an important
defense against wound infections suggesting that stimulation of this branch of immunity
may provide some early protection. The generalized failure of the cell mediated response,
observed in the present study may contribute to reduced immunocompetence reported
during the later stages of wound healing and some, but not all, changes may be modified
by post-surgical treatment with Acticoat.
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FIGURE VL.1: Effect of surgery (Noninfected), and surgery + infection
(Infected) on guinea pig splenocyte phenotypes expressed as percent of total
splenocytes. Bars represent mean + SEM (n=6/group). Bars that do not share a

common superscript are significantly different (p<0.05) as determined by a one way

ANOVA and least square means.
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FIGURE VI.2: Effect of surgery (Noninfected), surgery + infection

(Infected) and infection + Acticoat (Acticoat) on guinea pig splenocyte natural
killer cell cytotoxicity determined by a [*'Cr] release assay expressed in percent
specific lysis and determined by the formula: [(experimental lysis-spontaneous
lysis) / (maximum lysis -spontaneous lysis)] x 100. Points represent mean + SEM
(non-infected surgery n=10; infected surgery n=7; control n=7; Acticoat n=6) at
the effector:target ratio indicated. Points that do not share a common superscript
are significantly different (p<0.05) as determined by a repeated measures one way

ANOVA and least square means.
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Table VII.1

Monoclonal | Isotype Specific for Cell Subset
Antibody Identified

MS gpl2 IgG1 Guinea pig thymocytes Total T cells

C17 IgGl1 Antigen present on a T-cell helper/inducer subset | CD4 cells

CTé IgG1 Antigen present on T-cell suppressor/cytotoxic CDS8 cells
lymphocytes

MCAS518 1gG1 Cytoplasmic component of macrophages and most | Macrophages
tissue macrophages

MsGp9 IgG1 Guinea pig B lymphocytes in tissue B cells

MSgp10 I1gG1 Major histocompatibility complex II on B cells MHCII

and tissue macrophages

TABLE VII.1: Specificities of the monoclonal antibodies used to identify

guinea pig immune cell subsets in lymph nodes and spleen. All antibodies were

purchased from Serotec (Raleigh, NC). Monoclonal antibodies were preserved in

0.1% sodium azide. Monoclonal antibodies were prepared using supematants

from hybridomas secreting mouse monoclonal antibodies specific for the different

guinea pig mononuclear cell subsets.
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Table V1.2
A. 42 Hours
Treatment Us® Con A PMA+Iono PHA LPS PWM°
Noninfected| 397 + 77.4> 248 + 152* 9587 + 11622* 231 +420* 304 + 1210* 380 + 257%*
Infected |567 +£63.2°*% 473 + 113* 38885 +9489* 529 +343* 556 +988* 1465 +210°
Acticoat | 265+87° 515+273% 16557 £4736* 227 +53* 274 +45*% 287 +257*
Control 335+72 1290+ 120 116309 + 11622 2594 +364 4203 + 1408 1872 +238

B. 66 Hours

Treatment | US°® Con A PMA+Iono PHA LPS PWM°

Noninfected [262 +37 359+ 111 11099 +£20325* 313 +£266* 130+165* 58+131%*
Infected |259 £30 308 +91* 52710+17602* 305+217* 197+135% 698 +107°
Acticoat [280+96 216+22* 16057 +1710* 276+101* 198 £28*% 227 +28"%

Control 1264+29 648 +86 120424 +15744 1341+206 838 +128 793 £ 101

C. 90 Hours
Treatment Us® Con A PMA+Iono PHA LPS PWA

Noninfected| 85 + 54** 275+ 75*% 4867+ 30052%* 247 +224* 53 +135* 86+ 58**
Infected |236+40° 259+61* 86628 +24538%* 255+183* 163+ 110* 340 +47°
Acticoat | 225 +65° 280+59* 16316+ 1958** 218 +67* 112+£9*% 72+ 8%

Control | 243 +38 515+ 58 158674 £ 23279 960+173 469 £ 105 30945

*US=Unstimulated
*PWM=Pokeweed mitogen
TABLE V1.2.: Effect of surgery (Noninfected), surgery + infection (Infected) and

infection + Acticoat (Acticoat) on guinea pig splenocyte response to mitogens after 42
(VI.1A), 66 (V1.1B) and 90 (VI1.1C) hours measured by [3H]-thymidine incorporation

expressed in dpms. Values are given as mean = SEM (noninfected n=6; infected n=9;

Acticoat n=6; control n=10). Values within a mitogen grouping that do not share a
common superscript are significantly different (p<0.05) as determined by a one way
ANOVA and least mean squares. Values indicated with an * are significantly different

from the control group as determined by a one way ANOVA and least square means.
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Table V1.3

Immune Cell Subset Noninfected -Infected Acticoat
(relative percent)

Total T 87+ 4° 72+ 4° 88 £ 1°
CD4 67+5° 60+5°  39+4°
CDS$ 28+2 25+2 31+4

CD4/CD8 22+02° 24+02° 14zx01°
B cells 30+6 30+6 36+6
Macrophages 17 £2° 20+ 2° 32+6°

MHC II* 12+3° 32+4° 5+2°
%B / MHC I 40 +12° 37+12* 126"
%MO® / MHC 1 24 + 6" 29+ 7" 2+1°

*MHC II = Major histocompatibility complex
®MO = Macrophages

TABLE VI1.3: Effect of surgery (Noninfected), surgery + infection
(Infected) and infection + Acticoat (Acticoat) on guinea pig lymphocyte subsets

from the prescalpular lymph nodes. MHC II was used alone and in combination
with the monoclonal antibody specific for B cells and macrophages and data is
shown as percent macrophages and B cells expressing MHC II. Values are given
as mean + SEM (noninfected n=6; infected n=9; acticoat n=6). Values within a
subset grouping that do not share a common superscript are significantly different

(p<0.05) as determined by a one way ANOVA and least square means.
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Table V1.4

A. Oxidative Burst (Mean Channel Fluorescence)

Treatment 0 5 15
minutes minutes minutes
Noninfected 5+3° 82+ 7°* 172+ 477
Infected 22+3% 59455 326+ 39°
Acticoat 13+3%® 199 +50°*% 233+27%®
Contral 63 307 211 +47
B. Granularity (Mean Side Scatter)
Treatment 0 5 I5
minutes minutes minutes
Noninfected 486 + 13* 466+ 9* 468+ 97+
Infected 492+ 11* 499+ 7° 482+ 7°
Acticoat 274 £39°* 332+9%* 353+ 16°*
Control 485+ 13 493 +9 506 +9
C. Neutrophil Size (Mean Forward Scatter)
Treatment 0 5 15
minutes minutes minutes
Noninfected 586 + 14°* 578+ 10°* 595+ 9°*
Infected 523+ 12% 564+ 9°* 593+ 8%
Acticoat 383+21° 386+21°> 399+ 16"
Control 368+ 14 40310 462 +9

TABLE VI1.4: Effect of surgery (Noninfected), surgery + infection

(Infected) and infection + Acticoat (Acticoat) on guinea pig neutrophil oxidative
burst (3A), granularity (3B) and size (3C) prior to, S and 15 minutes after
stimulation with PMA. Values are given as mean = SEM (noninfected n=6;
infected n=9; acticoat n=6; control n=10). Values within a timepoint grouping
that do not share a common superscript are significantly different (p<0.05) as

determined by a one way ANOVA and least square means.
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VIL
High Dose Chemotherapy with Stem Cell Transplant Changes Neutrophil

Fatty Acid Composition and Immune Function
A. Introduction

There is a poor remission prognosis beyond five years after chemotherapy
treatment for metastatic breast cancer (Crown et al.,1993). Higher doses of chemotherapy
have been proposed to completely destroy the tumour cells (Crown et al., 1993). Ten to
20% of the patients treated with high dose chemotherapy (HDCT) are reported to achieve
long term disease free survival (Crown et al.,1995; Vahdat et al.,1997). However, the
dose limiting factor in provision of this form of chemotherapy is the lethal effects it has
on other rapidly proliferating cells, such as those of the immune system and
gastrointestinal tract (Conners,1975). In order for patients to survive a higher dose of
chemotherapy, autclogous stem cell transplantation accompanies the procedure (Crown et
al., 1993). Autologous stem cell transplant involves harvesting stem cells from the blood
or bone marrow of the patient prior to chemotherapy (Steward,1995) and transplanting
them into the patient following the treatment. It has been reported that the recovery of
platelets and leukocytes is faster when blood rather than bone marrow is used for cell
harvest and transplant (Ho et al.,1994; Zimmerman et al.,1995).

The treatment protocols currently being tested for patients with high risk stage II
and HI breast cancer and metastatic breast cancer (stage I'V) at the Cross Cancer Institute
(Edmonton, Alberta) include high-dose chemotherapy with autologous stem cell
transplant (reviewed by McCauley,1996). Briefly, patients undergo three to six cycles of
intravenously administered induction chemotherapy on an outpatient basis. Peripheral
blood stem cells are harvested on day 11 or 12 after the last induction chemotherapy
cycle. Approximately 2 weeks later, patients are admitted as an inpatient for the
administration of intensive, high-dose chemotherapy after which they are transplanted
with autologous stem cells harvested earlier (Figure VII.1). Reconstitution is defined to

be clinically complete when white blood cell counts return to at least 2 x 10°/L and
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platelet counts to at least 50 x 10°L (Ho et al., 1994). Once reconstitution is achieved,
patients are discharged from the hospital.

During the period of time from administration of HDCT to reconstitution and for
some time afterwards, oral food intake is limited. Intensive nutritional intervention is not
currently part of the treatment protocol and patients are provided standard hospital diets.
However, due to mouth soreness, gastrointestinal disturbances and taste aversions, oral
food intake may be limited while in the hospital and for some time afterwards. This has
not been directly studied. The effects of this treatment on essential fatty acid metabolism
have not been explored.

The effects of nutritional depletion, both from preexisting cancer and the
chemotherapy protocols, on the immune system have been previously reported (DeWys
et al.,1980; Gross et al.,1980). Cytotoxic drugs are immunosuppressive (Harris et
al.,1976) as a result of cumulative effects on a variety of cell types. These factors increase
the risk for infection post-chemotherapy. Despite it being well established that restoring
nutritional status has beneficial effects on patient outcome afier other types of major
surgery (Braga et al.,1996; Cerra et al.,1991; Daly et al.,1992), no specific nutritional
intervention has been defined for women undergoing this treatment. TPN administration
has been the practice in the past, however, its use was terminated when efficacy of its use
was not demonstrated (Mackey,1997). Studies to date on this form of therapy have used
immune cell number but not function to define immune recovery. The objective of this
study was to characterize the function of the immune cells that progress at the time of
transplant throughout the acute recovery period, as well as to characterize changes in the
fatty acid compositions of plasma and neutrophil PL that may occur as a result of this

treatment.

B. Materials and Methods

1. Subjects
The protocol for this pilot study was reviewed and approved by the Alberta
Cancer Board Research Ethics Board. Six subjects were recruited from patients admitted
to the Cross Cancer Institute (Edmonton, Alberta, Canada) who fit the inclusion criteria

and had consented to the high dose chemotherapy procedure. Inclusion criteria included
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adult women residing in Edmonton or surrounding areas with poor prognosis stage 11 and
III breast cancer (determined by physician) who were undergoing high dose
chemotherapy consisting of either cyclophosphamide (6 grams/mz), mitoxantrone (64
mg/m?) and vinorelbine (95 mg/m?) or cyclophosphamide, mitoxantrone and vinblastine
(0.3 mg/kg) over 4 days were eligible for entry into the study. Other entrance criteria
included absence of immunosuppressive or autoimmune disease, or other types of cancer,
and a body mass index between 21-27. Patients requiring radiotherapy and/or surgery
following the high dose chemotherapy treatment were not included in the study. Standard

treatment protocols, use of antibiotics and other procedures were followed.

2. Sample Collection
Blood (16 ml) was collected into heparinized tubes by the medical staff during the
patient's regular blood work at the following times (Figure VII.1):
1. Atstem cell harvest (approximately 2 weeks pre-HDCT)
2. Day of discharge (approximately 2 weeks post-HDCT)
Blood was drawn from a central line by the nursing staff at the Cross Cancer Institute

during the patient’s regular blood work.

3. Identification of immune cell types
Identification of immune cell phenotypes was performed using whole blood as
described previously in Section IV.B.S with the following monoclonal antibodies used
alone or in combinations: CD3, CD4, CD8, CD25, CD45RA, CD45RO and CD71.

Monoclonal antibodies were previously described in Table IV.1.

4. Neutrophil function
After lysis of red blood cells, whole blood was incubated with DHR and
stimulated with PMA for 5, 10, or 15 minutes to activate the neutrophils as previously
described in Section III.B.8. Non-fluorescent (FSC and SSC) and fluorescent (FL-1)

parameters were used to measure neutrophil functions as described in Section III.B.8.
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5. Neutrophil Phospholipid Analysis
Lipids were extracted from Ficoll gradient isolated neutrophils and the major PL
isolated as previously described in Section III.B.7. Fatty acid methyl esters were
separated using gas liquid chromatography as described in Section III.B.7. with the
following changes in the gas chromatography method: Injection volume was 2.5 pl, split

ratio was 5:1 and run time was 50 minutes.

6. Plasma Lipid Analysis
Triglycerides (TG), cholesteryl esters (CE) and phospholipids (PL) were isolated
from plasma (200 ul) as described in Section V.B.2 using the following standards to
quantify plasma components: TG (10 pg 15:0), CE (20 pg 15:0) and PL (5 pg 17:0).
Fatty acid methyl esters from each plasma fraction were separated using gas liquid
chromatography as described in Section V.B.2 with the following changes to the method:

split ratio=20:1, injection volume=2.5 pl and run time=50 minutes.

7. Statistical analysis
Differences in immune parameters, lipid composition of neutrophil PL and plasma
components between time of harvest and discharge was determined using a paired T-test
and level of significance was set at p<0.05. Statistical analysis was carried out using the

SAS statistical package (Version 6.12).

C. Results

1. Subjects
Three subjects completed the study. Reasons for drop outs were as follows: two
women did not reside in Edmonton or surrounding areas and would not be available for
follow up and 1 began additional adjuvant treatment following the treatment.
Immunological parameters at time of harvest and discharge were obtained from each the
remaining three women. Harvest represents the time at which stem cells were harvested
from the women (approximately 2 weeks prior to HDCT) and discharge represents the

day women were discharged from the hospital (Figure VII.1). Due to failure to obtain
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adequate amounts of cells to perform all planned immune assays, two (lymphocyte
phenotyping and neutrophil oxidative burst) were chosen based on the number of cells the

assays require and the information that could be gained regarding immune cell function.

2. Cell Counts
The average time it took for reconstitution to occur (2 x 10°/L and platelet counts
to at least 50 x 10°/L) in these subjects was 16 + 2 days post stem cell transplant. The
average number of neutrophils obtained was 1.5 + 0.8 x 10%ml and 3.4 + 1.9 x 10%ml at
harvest and discharge respectively. Normal concentration of neutrophils defined by a
complete blood count procedure is 1.8 - 7.5 x 10°/ml and the level we previously reported
for bum patients at immune recovery was 2.4 + 0.4 x 10°/ml (Section I11.C.2). By

discharge, neutrophil blood concentrations were at levels within the normal range.

3. Immune Cell Phenotypes
There were no significant differences in the proportion of CD4" and CD8" cells in
peripheral blood, however, the CD4/CDS8 ratio was lower (p<0.06) at discharge compared
to harvest (Figure VI1.2). All subjects had higher total expression of CD45RO (antigen
mature T cells) due to a significant increase in the proportion of CD4"CD45SRO" cells
(Table VII.1) at discharge compared to harvest. There were no significant differences in
CD45RA (antigen naive T cells), CD25 (IL-2 receptor) nor CD71 (transferrin receptor)

expression between harvest and discharge (Table VII.1).

4. Neutrophil Functional Parameters
All subjects had a greater unstimulated and stimulated neutrophil response
(increase in the mean channel fluorescence) at discharge compared to harvest (Figure
VII.3A and 3B) however, the oxidative burst ratio did not differ (data not illustrated).
There were no significant differences in granularity of neutrophils between harvest and
discharge (data not shown). All subjects had a significant increase in the 15 minute size

ratio at discharge compared to harvest (Figure VII.4).
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5. Neutrophil Phospholipid Analysis

The PC fraction of neutrophil PL was proportionately higher in SFA at discharge
than at harvest (p<0.0001; Table VII.2). The PS fraction of neutrophils contained higher
amounts of MUFA, PUFA, n-6 and n-3 fatty acids and lower SFA and 20:4n-6 at
discharge compared to harvest (p<0.02; Table VII.2, Table VII.3). The PI fraction had a
three-fold reduction (p<0.03) in 20:4n-6 content at discharge compared to harvest (Table
VIIL.3). There were no significant changes in the fatty acid composition of the PE fraction
from time of harvest to discharge (data not shown).

The 20:4n-6 content of all PL fractions, with the exception of PC, were lower at
both harvest and discharge compared to reference values (>50 d post burn injury). Other
notable differences (not shown in Tables VII.2 and VII.3) were the lower PUFA levels in
the PE and PI fractions at harvest and discharge (PE mean = 34.2 + 3.3%, Pl mean = 19.0
+ 1.7%) compared to reference values (PE = 44 + 2%; PI = 29 + 3%). A complete fatty
acid profile of neutrophils isolated at harvest and discharge is given in Appendix
VIL.AP1.

6. Plasma PL analysis

There were no significant differences between harvest and discharge in the fatty
acid composition of plasma, neither on a percent nor quantitative basis. Concentrations
of plasma CE and PL were less than concentrations observed in healthy control subjects
and the 20:4n-6 content of these plasma fractions tended to lower in healthy control
subjects compared to the HDCT patients. The relative percents of major subsets of fatty
acids and total plasma TG, CE and PL are shown in Table VI1.4. A complete fatty acid
profile of plasma at harvest and discharge is given in Appendix VII.AP2.

D. Discussion

Few investigations of immunological status following high dose chemotherapy
with peripheral blood progenitor cell transplantation in women with breast cancer have
been carried out. No data regarding essential fatty acid metabolism with this, or similar
types of procedures, has been reported in the literature. Therefore, the findings from this

preliminary study will be discussed in comparison to similar measures made on burn
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patients at 50 d post-injury when immune recovery has occurred and when available, to
healthy subjects.

An important finding in this pilot study was the potential reduction in the
CD4/CDS8 ratio at discharge. This finding appears to be a combination of reduced CD4+
and increased CD8+ cells following the high dose procedure. Scheid et al. (Scheid et
al.,1995) reported depressed CD4/CD8 ratios even six months after transplant. Other
studies have reported increases in CD4 cells at 10 days (Ho et al., 1994) and 3 weeks post
high dose chemotherapy (Scambia et al.,1993). A possible decrease in the CD4/CDS8 ratio
of peripheral blood following the high dose treatment might be placing patients at risk of
infections as this ratio used as a clinical marker for cellular immunity (Gogos et al.,1998).
Circulating T-cells have been shown to have reduced antibody and delayed type-
hypersensitivity responses (Berd et al,1982) following successive cycles of
chemotherapy. Immunosuppression following other types of chemotherapy has been
related to increased suppressor cell activity (Berd et al., 1982). More detailed studies are
required to document possible immunological consequences of cytotoxic drugs in
humans with breast cancer (Sewell et al.,1993).

CD45RO expression was higher on CD4+ lymphocytes at discharge compared to
harvest and levels observed on the lymphocytes of late recovery burn patients. CD45RO
expression is indicative of antigen priming suggesting lymphocytes maintain their ability
to respond to antigen by antigen presenting cells. CD45RO expression is associated with
capacity to proliferate and produce and respond to cytokines (Johannisson et al.,1995),
suggesting the potential for improved lymphocyte function following the high dose
chemotherapy treatment. Conversely, even though it has been reported that the majority
of CD4+ cells emerging after bone marrow transplant are of the CD45RO isotype, their
function is reported to be impaired (Clement et al.,1990). Unfortunately, the inability to
obtain sufficient numbers of cells from these patients prevented investigations into the
ability of lymphocytes to proliferate and produce cytokines.

Even though neutrophil number is one of the criterion for discharge, to our
knowledge, the function of neutrophils following high dose chemotherapy with stem cell
transplant has not been investigated. Neutrophils produce oxidative compounds that are

toxic to tumor cells (Sagar et al.,1995), and they also play a pivotal role in infection
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defense(Dallegri et al.,1992). The change in size and production of oxidative radicals
translates as improved neutrophil function from time of harvest to discharge, to levels
similar to other patient groups. Lower granularity, smaller size and reduced oxidative
burst responses at harvest compared to other patient groups studied, support observations
of suppressed immunity as a result of chemotherapy protocols similar to those used
during the induction period in this study (Berd et al., 1982; Harris et al., 1976; Sewell et
al., 1993).

The effect of HDCT on essential fatty acid metabolism in PL of immune cells has
not been previously investigated. This preliminary study suggests metabolism of 20:4n-6
in neutrophil PL is altered by both induction and high dose chemotherapy regimens. In
all neutrophil fractions, with the exception of PC, the 20:4n-6 content was lower than
reference values at both harvest and discharge. The 20:4n-6 content of the PI fraction was
further reduced to a third of the harvest value by the time of discharge. Despite this, the
total n-6 fatty acid content in these fractions were higher than or similar to reference
values and plasma levels of 20:4n-6 appear to be similar to healthy controls. Cytotoxic
drugs are known to affect phospholipase A, activity and arachidonic metabolism
(Reviewed by (Ara et al.,1996). Neutrophils are highly dependent on cellular membranes
and the increased oxidative burst observed at discharge may relate to the fatty acid
content of cell membranes. Low levels of 20:4n-6 were also observed in neutrophils
early after burn injury (data presented in Section III) and were associated with higher
stimulated oxidative burst ratios (but not absolute production of oxidative radicals) in
these patients.

The fatty acid composition of plasma components did not change with the high
dose chemotherapy treatment nor were the compositions markedly different from that
observed in healthy control subjects. However, the concentrations of CE and PL in
plasma were less than what was observed in healthy individuals which could suggest
reduced availability of fatty acids to tissues. Each plasma fraction had a trend toward
lower n-3 fatty acid content prior to the HDCT treatment which may suggest increased
utilization in the tissues for cellular regeneration and repair during the induction
chemotherapy treatment (Caffrey et al.,1981; Dowsett,1996). Disturbances in the
gastrointestinal tract and poor food intake resulting from chemotherapy may affect the
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availability, absorption and metabolism of fatty acids (Conners,1975). Liver toxicity has
also been reported with chemotherapeutic regimens (van Berge et al.,1980; White et
al.,1979) that may impair packaging of lipids into lipoproteins.

Overall, this pilot study demonstrated a marked reduction in the CD4 to CD8 ratio
approximately 2 weeks after the transplant procedure. The proportion of CD4+CD45RO+
was significantly higher at discharge. The functional consequences that may result from
the lower CD4/CD8 ratio may have been compensated for by the improved function of
neutrophils at discharge which are an important first line of defense against infection.
The essential fatty acid content of neutrophil PL was reduced following the high dose
procedure, as were the concentrations of CE and PL in plasma compared to healthy
controls. A high prevalence of nutrition-related problems have been reported one year
following bone marrow transplantation (Lenssen et al.,1990) and the implications for
acute and long term nutritional support in this group of patients warrants further
investigation. Further work is needed to characterize essential fatty acid metabolism and
immune function, particularly T cell function following high dose chemotherapy
regimens. By doing so, immunological measures that may be improved by dietary

intervention can be investigated.
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FIGURE VIL1: A schematic of the high dose chemotherapy procedure and sampling times.
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FIGURE VII.2: The CD4/CDS8 ratio at harvest and discharge of women
undergoing high dose chemotherapy. CD4 and CD8 cells were characterized by

immunofluorescent monoclonal antibodies and analyzed using flow cytometry.
Bars represent mean + SEM (n=3). Significant differences (p<0.05) between
timepoints was determined using a paired T-test. The dashed lines represent mean

+ SEM of subjects at >50 days post burn.
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FIGURE VII.3 Effect of high dose chemotherapy on the oxidative burst

of neutrophils at harvest and discharge. Mean channel fluorescence of gated cells
was determined using flow cytometry to measure reduction of the DHR substrate
by oxidative compounds released by the activated neutrophils before (A) and after
15 minutes (B) of stimulation with PMA in vitro. Bars represent mean + SEM
(n=3). Significant differences (p<0.05) between timepoints was determined using
a paired t-test. The dashed lines represent mean + SEM of burn subjects at >50

days post burn.
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FIGURE VII.4: Effect of high dose chemotherapy on the size index of

neutrophils after 15 minutes stimulation with PMA in vitro. Size of gated cells

was determined using flow cytometry and the size ratio calculated using the
formula: size at 15 minutes / size at 0 minutes. Bars represent mean + SEM (n=3).
Significant differences (p<0.05) between timepoints were determined using a
paired t-test. The dashed lines represent mean + SEM of burn subjects at >50 days

post burn.
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Table VII.1

Lymphocyte Harvest Discharge Reference
subset (relative %) (relative %)
CD4 49 + 16 40+2 475
CD8 36 +18 54+9 353
CD45RO 31 +11° 60 +9° 27+3
CD45RA 40 £18 22+4 216
CD2s 11+£5 12+5 22+4
CD71 4+4 23+7 55§
CD4/CD45RA 39+17 26t 15 42+5
CD4/CD45RO 33+9° 59+5° 25+7
CDS8/CD45RA 46 £ 14 19+0.1 32+7
CD8/CD45RO 32+13 48+ 16 37+10
CD4/CD25 7+3 13+4 206
CD8/CD25 17£5 25+18 11+4

TABLE VII.1: Lymphocyte subsets at harvest and

discharge in women undergoing high dose chemotherapy.
Lymphocyte subsets determined by using pre-labelled
immunofluorescent antibodies specific for cell surface
markers and analyzed using flow cytometry. Data are
expressed as mean + SEM (n=3). Differences between
sampling points were determined using a paired t-test and
values within a row not sharing common superscripts are
significantly (p<0.05) different. Final reference column
represents values of burn subjects at >50 d post burn but

were not statistically compared to the subjects in this study.
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Table VIIL.2
PC PS
Fatty Acids | Harvest  Discharge  Reference | Harvest Discharge ~ Reference
(% fatty acids) (% fatty acids)

IZSFA 46.7+0.1" 504+0.8" | 48.1£20 [ 32.9+04° 584+04" | 32313.1
IMUFA | 317408 29.0+0.7 | 27.8+13 | 256+06° 21.2+0.7° | 479433
TPUFA | 216407 206+06 | 223+1.1 | 41.7£09" 204+1.0° | 212424

ZN-6 208+1.0 203+09 | 139419 | 359+06" 19.9+0.6" | 168+0.9

IN-3 09403 02+03 | 3.0+04 | 58104 05+04" | 42+18

TABLE VII.2: Fatty acids in the PC and PS fractions (separated by thin layer chromatography) of neutrophils isolated
at harvest and discharge was determined by gas chromatography analysis and is expressed a percent of total fatty acids. Data
are expressed as means + SEM (n=3), Significant differences during recovery were determined using a paired T-test and values
not sharing common superscripts are significantly (p<0.05) different. Reference column represents values of burn subjects at

>50 d post burn but were not statistically compared to the subjects in this study.



Table VIL.3

Neutrophil 20:4n-6
P L Harvest Discharge Reference
Fraction
(% fatty acids)
PC 43+04 44+09 6.6 £0.1
PE 6.5+09 64+09 19.0+2.3
PS 6.7 +0.4* 3.6 +£0.04° 9.6 +0.8
PI 12.4 £ 0.9° 3.0+1.4° 164 +2.1

TABLE VIL.3: Arachidonic acid content of major PL fractions (separated
by thin layer chromatography) of neutrophils isolated at harvest and discharge

from women undergoing high dose chemotherapy was determined by gas

chromatography analysis and is expressed a percent of total fatty acids. Data are

expressed as means =+ SEM (n=3). Significant differences during recovery were

determined using a paired T-test and values not sharing common superscripts are

significantly (p<0.05) different. Reference column represents values of bum

subjects at >50 d post burn but were not statistically compared to the subjects in

this study.
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Table VI1.4

A Harvest Discharge | Reference
Plasma TG
TSFA 260+ 0.9 23.9+2.0 31.3+1.3
IMUFA (9 of 526+1.0 501+22 | 44.8+1.9
SPUFA total 21.3+02 259+33 199+1.8
=N-6 fatty 18.5+0.3 209+1.6 182+14
20:4n-6 acids) 21+06 1.6 +0.3 1.1+0.2
TN-3 28+03 50+1.5 1.7+03
TOTAL  (ug/ml) 713 + 113 672 +235 683 + 66
Plasma CE
TSFA 18.7+5.1 126+ 1.1 16.6 + 1.7
IMUFA (5 of 32.1+04 279+24 | 220+14
SPUFA total 49.2+54 59.5+3.3 58.8+1.0
TN-6 fatty 489+53 58.4+3.5 57.6+2.0
20:4n-6 acids) 98+29 6.9+0.74 53+0.8
IN-3 0.3+03 1.1+0.2 1.2+0.1
TOTAL  (ug/ml) 340+ 59 475 + 154 819 + 41
Plasma PL
SSFA 43.4+09 41.0+0.8 456+ 1
IMUFA (9% of 16.7+12 164+ 1.3 14.1+0.9
TPUFA total 399+1.9 426+20 | 39.4+0.7
TN-6 fatty 39.8+19 412 +3.1 356+1.2
20:4n-6 acids) 17.2+3.0 132+1.5 9.1+0.6
*N-3 0.1+0.1 15+1.2 3.8+0.3
TOTAL  (ug/ml) 278 + 50 447 + 121 685 + 56

TABLE VIIL.4: Fatty acids in plasma TG, CE and PL (separated by thin

layer chromatography) at harvest and discharge from women undergoing high

dose chemotherapy were determined by gas chromatography analysis and is
expressed a percent of total fatty acids. Total plasma TG, CE and PL were
calculated based on standards added as described in the methods. Data are
expressed as means + SEM (n=3). Significant differences during recovery were
determined using a paired T-test and values not sharing common superscripts are
significantly (p<0.05) different. Final column represents values from healthy
subjects (Reference; n=6) but were not statistically compared to the subjects in

this study.
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VIIIL

Improvements in Immune Functions and Alterations in Plasma and Neutrophil PL

Composition After Fish Oil Supplementation in Weight Losing Cancer Patients
A. Introduction

Cancer and therapies used to treat it result in impaired immune responses which are
further exacerbated by poor nutritional status. Weight loss of 5% of is associated with
immune deficits and an increased risk of mortality (DeWys et al.,1980). Cachexia is a
multifactorial complication of cancer characterized by anorexia, weight loss, muscle loss,
and abnormalities in macronutrient metabolism (Wigmore et al.,1997). Fat mobilization
from adipose tissues (Kitada et al.,1982; Taylor et al.,1992) and oxidation of free fatty
acids have been reported to be increased (Douglas et al.,1990; Hansell et al.,1986). Plasma
lipid compositions of cancer patients has been reported to differ from healthy individuals or
those with benign disease (Chaudry et al.,1991; McClinton et al.,1991). In patients with
advanced pancreatic cancer, supplemental n-3 fatty acids in the form of fish oil have been
shown to prevent further weight loss and promote weight gain in some patients (Barber et
al.,1999; Wigmore et al.,1996; Wigmore et al.,1997). The mechanisms for these effects
have not been entirely elucidated, however, reduced production of catabolic cytokines,
reduced tumour growth, stimulation of anticancer immune defenses of the host, and an
attenuation of the acute phase response have been proposed.

Lymphocytes and neutrophils play important roles in anti-cancer defense (Dallegri et
al.,1992; Robins,1986). Cellular and innate immune functions have been reported to be
impaired in cachexia and malnutrition (Gross et al.,1980). Immune cells are known to be
affected by changes in the fatty acid composition of their cellular PL (reviewed in Section
LLF). The ability of cachexic patients to absorb and metabolize n-3 fatty acids is not well-
characterized. Whether these fatty acids get incorporated into host tissues or cells of the
immune system is not known nor at what dose is required to see these effects. The
objectives of this study were to examine appearance of eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA) in plasma and immune cells and investigate immune
parameters after 14 days of supplementation of fish oil to cancer patients who are

experiencing weight loss.
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B. Methods

1. Materials
The source of all materials purchased for this study are described in Sections I1I.B,
IV.B and V.B.

2. Subjects

Patients with advanced cancer (defined as locally recurrent or metastatic) at the
Acute Palliative Care Unit and Hospice, Caritas Health Group and both hospitalized and
outpatients at the Cross Cancer Institute (Edmonton, Alberta, Canada) were eligible for
entry into this study. Inclusion criteria included presence of anorexia (defined as more than
3 in a 0-10 visual analogue scale), weight loss of 5% or more of their pre-illness weight,
the ability to maintain oral intake, normal cognition (defined as a normal Mini-Mental State
examination for age and level of education) and the ability and willingness to give written,
informed consent. Eligible participants were randomized using a computer generated
randomized sequence to receive identical gelatin capsules containing fish oil (180mg EPA
and 120 mg DHA, Banner Pharmacaps, Olds, AB, Canada) or placebo oil (olive oil).
Random allocation to each treatment arm took place at the Pharmacy Department, Cross
Cancer Institute. Sealed envelopes were used to allocate patients to either fish oil or
placebo groups. All investigators and health care workers were blinded to the treatment
received throughout the trial. Subjects were instructed to take 18 capsules each day for 14
days. On day 0 and day 14 of supplementation, a sample of peripheral blood (16 ml) was
taken by a registered nurse during in-home visits or in the inpatient clinic. Twenty subjects
were assigned to receive placebo oil and 25 were assigned to receive fish oil during the

duration of the study.

3. Preparation of Neutrophils
Neutrophils were isolated using Ficoll Hypaque gradient centrifugation as previously
described in Section I11.B.6. Plasma was removed from the top of the gradient and frozen
immediately at -70°C. Cell viability was assessed using trypan blue exclusion and was
greater than 99% for all samples. Cells were pelleted and frozen immediately at -70°C

until lipid analysis.
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4. Phospholipid Fatty Acid Analysis

Previously frozen plasma from the top of the gradient was thawed and 100 pl
transferred to a glass tube. Lipids were extracted from the sample using
chloroform/methanol (2:1) as described in Section V.B.2. Chloroform (200 pl) was added
to the dried sample and divided into 2 tubes for duplicate sampling of plasma.
Phospholipids (PL) were isolated from other plasma components using “G” plates as
described in Section V.B2.

A modified Folch method was used to extract lipids from isolated neutrophils as
previously described in Sections III.B.7. Individual PL were separated on thin layer
chromatography “H” plates as previously described in Section III.B.7. The PL band from
the G-plates and PI, PS, PC and PE on the H-plates were identified and scraped into
methylation tubes. Standards were added to the serum PL band (10 pg C17:0) and cellular
PL bands (40 pg C17:0).

Samples were methylated using BF; and hexane as described in Sections II1.B.7
and V.B.7. After samples cooled, 2 ml of distilled water were added and samples kept at
4°C overnight. The upper layer containing the fatty acid methyl esters was removed,
placed in a GC vial and dried down under nitrogen. Fatty acid methyl esters from the
plasma PL fraction were separated by an automated gas-liquid chromatograph as described
in Section V.B.7. Fatty acid methyl esters from neutrophil PL were separated using a
Varian CP 3800 gas liquid chromatograph with the following changes in the method
described in Section ITI.B.7: Split ratio=5, run time=60 minutes and injection volume=5
pl. Fatty acid content of plasma PL was calculated from the internal standard added.
Percents of saturated, monounsaturated, polyunsaturated, n-6 and n-3 fatty acids as well as
EPA, DHA and 20:4n-6 content were analyzed in all PL fractions.

5. Neutrophil Oxidative Burst
Estimation of granularity and oxidative burst of neutrophils was carried out using 400
ul of whole blood deplete of red blood cells as previously described in Section 111.B.6.
Mean channel fluorescence (FL-1), mean forward (FSC, size) and side (SSC; granularity)
scatters of gated neutrophils were measured at 0, 5, 10 and 15 minutes. The change in
granularity and oxidative burst after stimulation was determined using a granularity or
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oxidative burst ratio given by the formula (5,10 or 15 minute value/0 minute value).

6. Mononuclear Cell Phenotyping
Whole blood (100 ul) was added to wells of a microtiter plate. Red blood cells were
lysed using warm lysis buffer and immune cell subsets characterized by
immunofluorescence assay as described previously in Section IV.B.5. Monoclonal
antibodies were described in Section IV.B.5 and specificities are shown in Table IV.1.
CD28 (Sigma, St. Louis, MO) was an additional antibody used and is specific for the CD80
ligand on antigen presenting cells. The three-colour combinations used to identify

lymphocyte subsets are shown in Table VIII.2.

7. Statistical Analysis
Data is reported as mean + SEM. To measure changes in immune parameters and
fatty acid composition within a supplementation group, a paired T-test was used.
Differences between groups and timepoints were analyzed using a repeated measures
ANOVA Significant differences (p<0.05) between treatments and day O and 14 were
identified using least square means. All statistical analyses were conducted using the SAS
statistical package (Version 6.12, SAS Institute, Cary, NC).

C. Results

1. Subjects

Twenty-three subjects completed the study. Reasons for noncompliance included
failure to maintain intake, complications due to cancer progression and death. Thirteen and
10 subjects completed 14 days of fish oil (FO) and placebo supplementation, respectively
and their characteristics are shown in Table VIII.2.  These groups did not differ
significantly in age, body weight or the presence of metastasis. The primary site of the
cancer varied widely among subjects in both groups. Number of capsules consumed by the
subjects did not differ significantly between groups. The FO group consumed on average 6
to 17 capsules per day (mean=12 + 1) and the placebo group consumed on average 6 to 18

capsules per day (mean=10 + 1).
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2. Fatty Acid Composition of Plasma PL

All subjects in the FO group exhibited increases in the EPA content of plasma PL
after 14 d supplementation (Figure VIII.1). The mean percent increase in EPA and DHA
from day 0 was 495 + 39% and 125 + 20%, respectively (Table VIII.3). Quantitatively,
EPA increased from 0.7 + 0.4 pg/ml plasmato 4.3 + 0.4 pg/ml plasma and DHA increased
from 3.1 £ 0.4 ug/ml plasmato 4.6 + 0.4 ug/ml plasma. Fish oil supplementation resulted
in a significant reduction in 18:2n-6 but no change in the 20:4n-6 content in plasma PL
(Table VIIL.8). Total n-6 fatty acids and the n6/n3 ratio of plasma PL were significantly
reduced after 14 days of FO supplementation (Table VIII.3).

The placebo group did not exhibit significant changes in plasma PL fatty acid
composition. Compared to the FO group, the percent MUFA was higher and percent
PUFA lower in plasma PL after 14 days of supplementation. Both the FO and Placebo
group had lower plasma PL concentrations than healthy individuals (Table VIII.3). The
level of plasma PL did not increase with fatty acid supplementation in either group. The

complete fatty acid profile of plasma PL is shown in Appendix VIII.AP1.

3. Fatty Acid Composition of Neutrophil PL
The PI fraction of neutrophil PL exhibited significant reductions in total PUFA and
20:4n-6 content, and an increased content of MUFA after fish oil supplementation (Table
VIIL.4). There were no significant differences between pre and post FO supplementation in
any other major PL fractions and percent of EPA and DHA in neutrophil PL did not change
with 14 days of supplementation (Table VIIL.2).

4. Neutrophil Function

There were no significant alterations in neutrophil oxidative burst (Table VIIL.5),
size or granularity (Table VIII.6) with FO supplementation. The placebo oil group
exhibited a significant increase in the basal response (0 minutes) following
supplementation making the 0 minute value (unstimulated response) significantly higher in
the placebo compared to the fish oil group post-supplementation (p<0.008; Table VIII.5).
Granularity and granularity ratios of neutrophils from both groups were lower than values
observed at >50 days post burn injury (Table VIIL.6).
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5. Lymphocyte Phenotypes
There were no changes associated with supplementation in the relative percent of

CD4 or CD8 cells or the CD4/CD8 ratio in either group (Table VIII.7). The proportions
CDS8 cells expressing CD25 significantly increased in the FO group from 0 to 14 days
(Table VIIL.7). The FO group had a significant reduction in CD28 expression on CD8 cells
post-supplementation. The proportion of B cells was significantly higher after 14 days of
fish oil supplementation compared to the placebo group (Table VIIL.7). Despite
randomization, prior to supplementation the two groups differed significantly in CD4/CD8
ratio, expression of CD45RA, CD45RO and CD25 on CDS8 cells (Table VIIL.7).

D. Discussion

The ability of supplemental fish oil to reduce the cachexic response in patients with
advanced cancer has been recently demonstrated (Barber et al., 1999; Wigmore et al.,
1996; Wigmore et al., 1997). Our study supports that dietary fats from fish oil can be
absorbed and incorporated into plasma lipids but there is a low incorporation of these fatty
acids into neutrophil cellular membranes after 14 days of supplementation. This is
important in that incorporation into membranes is a proposed mechanism for the effects of
fish oil on the favourable clinical response by cachexic cancer patients (Wigmore et al.,
1997). Neutrophil function following supplementation with EPA and DHA in cachexic
cancer patients has not been previously investigated. Feeding cachexic cancer patients fish
oil for 14 days resulted in a lower unstimulated response of neutrophils compared to
subjects fed the placebo treatment.  This could suggest a lower in vivo production of
oxidative radicals. High free radical production could potentially be harmful to the host
and might indicate an increased infection rate (Fujishima et al.,1995). Infection has been
shown to increase the unstimulated production of oxidative radicals (Wakefield et
al.,1993). Dietary fish oils have been reported to reduce the incidence of infection of other
critically ill patients (Table 1.F.2). There was a trend toward increased stimulated
oxidative burst response in the fish oil supplemented group. The response by neutrophils
in this study was within ranges observed in other patient groups (Section III.C.3)
suggesting maintenance of a key effector function important in tumor toxicity (Dallegri et
al., 1992) and infection defense (Gadd et al.,1989).
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The proportion of B cells in the fish oil supplemented group increased after 14 days,
and approached values reported for healthy individuals (Abbas et al.,1994b). Changes in
the proportion of B cell numbers in cachexic cancer patients has not been reported
previously. Tumor bearing hosts have been shown to produce antibodies against tumour
antigens that contribute to antibody-dependent cell mediated cytotoxicity by macrophages
or natural killer cells (Abbas et al.,1994a). Of greater importance in immune surveillance,
however, are the CD8+ cells which are cytotoxic against tumor cells (Melief,1992). Anti-
tumour activity mediated by CD8 cells is stimulated by cytokines produced by the TH1 and
TC1 subset of lymphocytes, 1L-2 and IFN-y (Mosmann et al.,1997). An upregulation of
the IL-2 receptor (CD25) is suggestive of activation in response to IL-2. Dietary fish oils
have been shown to increase the proportions of CD8+CD25+ and the production of TH1
cytokines by splenocytes of tumor-bearing rats (Robinson,2000). To induce an 8-fold
increase in CD25 expression within 14 days is a novel and exciting finding. Other studies
have reported immune improvements after 40 days (Gogos et al.,1995) and 6 months
(Purasiri et al.,1995) but our data suggests that changes in CD8 mediated immunity may
occur by 2 weeks of supplementation. The clinical importance of reduced CD28 expression
in the fish oil supplemented group requires further investigation as CD28 has been shown
to aid in overcoming mechanisms used by the tumour to evade host defenses, such as
preventing T-cell anergy (Allison,1994) and apoptosis (Harding et al.,1992). The
observations of changes specific to CD8+ cells with fish oil supplementation which serve
important roles in anti-cancer defense provides an exciting direction for further research.

The percent increase in plasma EPA and DHA after 14 days of fish oil supplementation
was similar to levels reported in other studies that have used longer intervention periods
(Barber et al., 1999; Wigmore et al., 1997). However, the concentration of plasma PL in
all subjects in this study (pre and post-supplementation) were nearly one eighth of that
observed in healthy individuals (Table VIII.3). This finding has not been previously
reported. Prior to supplementation, the proportion of EPA and DHA content in plasma was
similar to levels observed in healthy subjects, however, the marked reduction in plasma PL
concentrations results in significantly less EPA and DHA in the plasma on a quantitative
basis. Tumours or presence of metastasis in sites important in fatty acid metabolism would
be expected to interfere with lipoprotein synthesis and composition (Wigmore et al., 1997),

however, this finding was observed in all cancer patients regardless of tumor site. Several
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factors could contribute to lower plasma PL concentrations. Poor appetite and reduced
dietary intake are common among terminal stage cancer patients (Feuz et al.,1994; McCann
et al.,1994) and a high proportion of all cancer patients have been reported to develop some
degree of clinical malnutrition (Kern,1988; Ollenschlager et al.,1991). Additionally, the
elevated levels of cytokines, reported during cachexia (Tisdale,1999) impact on fatty acid
metabolism (Grunfeld et al.,1991; Hardardottir et al.,1992). Alterations in fatty acid
metabolism are characterized by increased fatty acid oxidation, lipolysis, and accelerated
clearance of endogenous and exogenous fat sources in both the fed and fasting state
(Douglas et al., 1990; Kitada et al., 1982; Mulligan et al.,1991; Mulligan et al.,1992;
Waterhouse et al.,1971; Wigmore et al.,, 1997). Reduced dietary intake coupled with an
increased metabolic rate may exert cumulative effects on plasma lipoprotein
concentrations.

Other abnormalities in fatty acid metabolism have been reported in cancer patients. In
patients with bladder and prostate cancer, the plasma content of 18:1 has been reported to
be increased with reductions in 18:2n-6, 20:4n-6, EPA and DHA as compared to healthy
controls (Chaudry et al., 1991; McClinton et al., 1991). These plasma profiles would be
consistent with deficiencies in essential fatty acids (Gottschlich et al.,1987). The present
study confirms low levels and proportions of 18:2n-6 in the plasma of cancer patients,
however, no change in the 20:4n-6 content or composition of plasma occurred with FO
supplementation.

Neutrophils isolated both before and after fish oil supplementation did not differ in the
percent EPA and DHA content in cellular PL. The low concentrations of plasma PL may
have limited the availability and incorporation of these fatty acids into cell membranes,
despite 14 days of supplementation. Increased fatty acid oxidation rates that have been
reported to occur in cachexic states may have resulted in oxidation of the supplemented
fatty acids rather than their incorporation into cellular membranes. N-3 fatty acids have
been reported to exert immunomodulatory effects on immune cell functions by changing
membrane fluidity, enzyme activities and intracellular signals (reviewed in Section LF),
however, these fatty acids need to be incorporated into the cell before they can exert these
effects. Appearance of EPA in cellular lipids has been demonstrated after only 2-6 weeks
(Lee et al.,1985) of fish oil supplementation in healthy humans, with no changes in 20:4n-6
content. Although no change in EPA or DHA content in the PL factions of neutrophils was
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produced after 14 days of supplementation with fish oil, the 20:4n-6 content of Pl was
reduced by half after the supplementation period. PI is linked to a major receptor binding
site that enhances neutrophil activation (Hundt, 1992) and it has also been shown to be an
important intracellular signalling molecule in these cells (Tissot et al.,1991). N-3 fatty
acids have been shown to inhibit 20:4n-6 metabolism and incorporation into PL
(Gerster,1995; Virella et al.,1991; von Schacky et al.,1985). Surprisingly, there appeared to
be no relationship between number of capsules consumed, types of cancer or other patient
characteristics and the levels of DHA and EPA found in their membranes.

In conclusion, this study is the first to report low levels of plasma PL in cancer patients
experiencing weight loss. EPA, rather than DHA, was more consistently increased in the
plasma PL of the subjects consuming fish oil. There was a limited incorporation of either
EPA or DHA content in neutrophil PL, although a significant reduction in 20:4n-6 was
observed when fish oil was consumed. Of the immune cell phenotypes examined, CD8
cells appear to most affected by fish oil supplementation and there was a large increase in
the expression of CD25 on these cells after 14 d of fish oil supplementation. This is
suggestive of improved anti-tumour responses but requires further investigation of
functional parameters. In the placebo treatment group, but not the fish oil, there was a
higher unstimulated oxidative burst production by neutrophils, which may suggest in vivo
activation of neutrophils. Our results confirm that feeding fish oil to cancer patients for a 2
week period can alter the composition and activation of peripheral immune cells. The
recent reports of attenuated weight loss with dietary fish oil supplementation provides
exciting evidence for the ability of complex metabolic disease processes to be altered by
nutritional intervention and warrants further investigations into utilization of n-3 fatty acids
by the host.
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FIGURE VIIL.1: Percent of EPA and DHA in plasma PL before and after 14 days
of supplementation with fish oil (n=13). Plasma PL were isolated using G-plates and fatty
acid composition determined using gas liquid chromatography. Significant (p<0.05)

differences were determined using a paired t-test.
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Table VIIL.1

Lymphocyte Subsets
MAb 1 Mab 2 Mab 3 Rationale
CD4 CD45RO | CD45SRA | To determine the expression of antigen exposure
CD8 CD45RO CD45RA | and naivity phenotypes on T cell subsets
CD4 CD28 CD25
To determine the expression of IL-2 receptor and
CD8 CD28 CD25
CD28 molecule on T cell subsets
CD3 CD28 CD2s
CD20 To determine relative percent of B cells

TABLE VIII.1: Three-colour combinations of monoclonal antibodies used to

identify lymphocyte subsets.
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Table VIIL.2ZA

Patient | Age Gender Weight Cancer Meta- Mean # EPA/d DHA/d
ID (yrs) (kg) site stasis capsules () (2)
CG 48 M 73 pancreas No 16 28 1.9
T 65 M 87 prostate Yes 17 3.1 2.1
AB 61 F N/A lung No 8 1.5 1.0
M 73 M 54 rectum Yes 8 1.4 0.9
LH 58 M 68 rectum yes 17 3.1 2.1
ES 67 M 92 prostate yes 12 22 14
OB 82 M 63 jejunum yes 11 2.1 1.4
GK 69 F 54 rectum yes 16 29 1.9
BI 78 M 59 lung no 6 1.1 0.7
PS 61 F 49 breast yes 6 1.1 0.7
KM 77 F 62 adenocarcinoma  yes 12 22 1.4
Sw 46 F 44 unknown yes 9 1.6 1.1
RW 61 M 70 Cecum yes 16 2.8 1.9
mean | 65 +3 65 +4 1241 23402 1.5+0.2
TABLE VIII.2.A: Characteristics of subjects randomly allocated to receive
fish oil.
Table VIIL.2B
Patient | Age Gender Weight Cancer Metastasis Mean #
ID ors) (kg) site capsules
RG 69 M 73 lung yes 10
HH 63 M 73 kidney Yes 18
HP 77 M 45 parotid yes 8
JL 81 M 67 prostate Yes 14
KC 59 M 54 leiomyosarcoma yes 6
AH 73 M 58 lung no 9
CT 66 M 50 stomach yes 15
PB 62 M 55 rectum yes 6
CL 76 M 60 colon yes 7
RO 65 M 63 lung yes 7
mean | 69 +2 60 £ 3 10+1

TABLE VIII.2B: Characteristics of subjects randomly allocated to receive
placebo oil.
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Table VIIL.3

Fatty acid Pre FO Post FO Pre Placebo  Post Placebo
(% of total fatty acids)
C18:2 (6) 180+0.8° 152+06° 170+09® 178%1.1°
C 20:2(6) 0.6+0.1° 03+00° 05+0.1%® 0.4 +0.1%®
C 20:3(6) 1.2+0.1 14402 1.6 +0.1 1.6 +0.3
C 20:4(6) 87+04 79+04 8.6+04 7.6+04
C 22:4(6) 02 +0.0* 0.1+0.1° 0.3+0.0* 0.2+0.1°
C 22:5(6) 03+0.1 0.0+ 0.0 03+0.1 0.3+0.1
Zné 287 +1.6° 25.0+12° 279+18% 26.5+16%
C 20:5(3) 0.7 £ 0.2° 3.8+0.6° 0.5+0.1° 0.5+0.1*
C 22:5(3) 0.6 £0.1° 1.0+0.1° 0.7 £0.0° 0.6 +0.0*
C 22:6(3) 29+0.3° 41+05> 32+05% 2.8+03°
C20:5(3) 0.7+0.2° 3.8+0.6 0.5+0.1° 0.5+0.1*
C 22:5(3) 0.6+0.1° 1.0+0.1° 0.7 £0.0° 0.6 +0.0*
C 22:6(3) 29+0.3" 41+05° 32105%  28+03°
N6/N3 Ratio 6.8 + 0.6 29+0.6° 69+0.7" 6.8+ 0.6°
S PUFA 364+12° 362+12° 345+22% 326+20°
I SFA 47.8+23 495+23 494126 50.8+2.6
SMUFA 158+1.0% 143+10° 160+1.0% 16.5+09°
Total PL
(ugrml) 11234474 8994474 67.9+50.7 79.1 444.7

TABLE VIII.3: The fatty acid content of plasma PL expressed a percent of total

fatty acids. Total plasma PL was calculated using the internal standard (10 pg C17:0) and
is expressed as pg/ml. Data are expressed as means = SEM (FO, n=13, Placebo, n=10).
Significant differences between groups were determined using repeated measures ANOVA
and differences identified using least square means. Values within a column not sharing
common superscripts are significantly (p<0.05) different. Values for healthy subjects are
available in Appendix V.AP4.
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Table VII14

SFA MUFA PUFA 20:4n-6 EPA DHA

PI
Pre FO 457154 107+3.1° 489168 268+42° 2112 25+09

Post FO 49.0+40 208+23° 303£50° 13.7+£3.1° 1.6+09 14112
Reference | 574432 129412 281147 149434 071403 08102

PC
Pre FO 39.7+27 287123 336+34 14129 02101 07104

Post FO 39.1+22 336+19 276+28 119+23 01+01 08+03
Reference 46.1£12 296105 242108 781208 19210 03102

PE

02102

Pre FO 276143 249129 403142 263%3.1 1.1+1.0
Post FO 37.7+39 290+26 314137 23.0%31 03+£02 1.1+08
Reference | 403156 222118 386149 214241 04201 192403

PS
Pre FO 399+39 226+34 375+47 192+36 06104 14108

Post FO 375132 26.1+28 364139 164129 04104 1.2+ 0.6
Reference 321427 483130 208217 96208 02+01 09104

TABLE VIIL4: Fatty acid composition of major PL fractions of neutrophils before and after 14 days of fish oil
supplementation (n=12) expressed as a % of fatty acids. Major PL were isolated from gradient isolated neutrophils using
TLC and fatty acid composition determined using gas liquid chromatography. Significant differences (p<0.05) between pre
and post FO supplementation was determined using a t-test. Reference values of fatty acids are shown (healthy control
subjects, n=4 for PC, PE and PI, and >50 days post burn injury for PS, n=6) but were not statistically compared to the subjects
in this study.
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Table VIILS
Stimulation Pre-FO Post-FO | Pre-Placebo  Post-Placebo Reference
time Mean channel fluorescence (FL-1)

Ominutes | 21.7+74° 25068 | 317+59"°  57.8+106° 28.0£5.5
Sminutes | 2689+788  213.0%729 | 413841057 4142+£722 | 4121£952
lsn:‘ei:“‘e 17.743.2 110429 11,8442 73422 19.246.5
10 minutes | 819.0+1542 8106+ 1428 | 1029242087 119241246 [ 124401654
l"?d'e“;““"’ 597+11.0  466+102 | 373+137  322+112 67.8+27.7
1S minutes | 142291918 1392.1%177.5 | 1671.3£243.9 1842.7£175.6 | 1820.8+196.8
pmme | joa2£206 858190 | T31£240  454%232 | 9194305

TABLE VIIL5: Oxidative burst of neutrophils before and after 14 days of supplementation with fish oil (n=13) or placebo

(n=10), Freshly isolated neutrophils were stimulated with PMA for 5, 10 and 15 minutes in vitro and production of oxidative radicals

quantified using flow cytometry. The index at each timepoint was determined using the formula: Mean channel fluorescence (5, 10
and 15 minutes) / 0 minute Mean channel fluorescence. Data are expressed as means + SEM. Significant differences between groups
were determined using a repeated measures ANOVA and values within a row not sharing common superscripts are significantly
(p<0.05) different. The control values are those from burn patients at >50 days post burn (Section II1.C.3) but were not statistically

compared to the subjects in this study.
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Table VIIL.6
Stimulation Pre-FO Post-FO | Pre-Placebo  Post-Placebo Reference
time Mean Granularity (SSC)

Ominutes | 521.1+14.5 55434139 | 5454+159  3300+167 | 7423+326
Sminutes | 5228+11.8 53312114 | S160+116 5236123 | 723.6%332
3 e 1104002 096002 | o09sxoe2  *P£002 4 o9840.03a
10 minutes | 48494134  5208+129 | 49874140 5020148 | 7082342
OmIME | 093002 0933002 | 0923002 091002 | 1.01+003°
ISminutes | 4784 +£13.6 4784118 | 4736129 473.1+13.6 | 691.4+38.
'Sh'::::‘e 093+0.02  090+002 | 087+002 086002 | 1.03+0.02°

TABLE VIIL6: Neutrophil granularity before and after 14 days of supplementation with fish oil (n=13) or placebo (n=10).
Freshly isolated neutrophils were stimulated with PMA for 5, 10 and 15 minutes in vitro and granularity measured using mean SSC
of gated cells by flow cytometry. The index at each timepoint was determined using the formula: Mean SSC (5, 10 and 15 minutes) /
0 minute SSC. Data are expressed as means + SEM. Differences between groups were determined using a repeated measures

ANOVA and values not sharing common superscripts are significantly (p<0.05) different. The control values are those from burn

patients at >50 days post burn (Table II1.6) but were not statistically compared to subjects in this study.




Table VIIL.7

Lymphocyte Pre FO Post FO Pre Placebo  Post Placebo
Marker (Relative Percent)

CD4 48629 45.5+4.8 39.8+3.1 35.8+3.6
CD8 28.1+2.4 32.9+3.2 342426 35.5+3.5
CD4/CD8Ratio | 1.9+0.2° 1.8 +0.2% 1.1+£0.2° 12+02°
CD20 7.0£0.8% 10.8+1.2* 62+1.4% 54+09°
CD4/CD45RA | 14.0+3.6 89+19 159+4.0 11.9+2.1
CD4/CD45RO | 53.6+49 50.9+5.0 51.1+53 58.6+5.5
CD4/CD25 17.1+5.5 14.5+ 6.0 28.1 6.1 22.9+6.5

CD8/CD45RA | 468+6.0° 60.2+3.8%® 69.7 £ 6.6 68.8 +4.2%
CDS8/CD45RO | 33.3 +3.0° 28.8+£2.6 245+3.3° 28.5+2.9
CD3/CD25 284+4.8 30.9+5.4 269+5.2 33.0+5.9
CD8/CD25 33+44° 23.1+7.5° 30.5+4.8° 39.1 +8.2°
CD4/CD25 17.1+5.5 145+6.0 28.1+6.1 22.9+6.5
CD3/CD28 74.1+3.3 62.9 + 6.4 83.3+3.6 71.9+7.0
CD4/CD28 85.5+5.7 83.9+5.7 73.7+8.1 91.8 +8.1

CD8/CD28 39.7+7.8° 23.0+5.5° 28.1+7.8%  383+7.8%®

TABLE VIIIL.7: Lymphocyte subsets were determined by performing

immunoflourescence on whole blood of subjects consuming fish oil (n=13) or placebo
(n=10) for 14 days. Pre-labelled monoclonal antibodies specific for cell surface markers
indicated were used to determine relative percents of lymphocytes bearing the specific cell
surface antigen. Data are expressed as means + SEM. Differences between groups were
determined using a repeated measures ANOVA and values not sharing common

superscripts are significantly (p<0.05) different.
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IX.
Changes in Membrane Composition are

Associated with Changes in Neutrophil Oxidative Burst in an In Vitro Model

A. Introduction

The fatty acid composition of immune cell membranes has been reported to affect
cellular function through a variety of mechanisms including changes in membrane
fluidity, membrane proteins, intracellular messages and eicosanoid production (reviewed
in Section I.F.3). In each human trial (Chapters 3,7,8), there were alterations in the fatty
acid composition of neutrophil PL (Sections I, VII, VIII). In particular, the 20:4n-6
content was associated with changes in the oxidative burst and granularity of neutrophils
in these studies. Several lines of evidence suggest 20:4n-6 is involved in the oxidative
burst activity of human neutrophils. Neutrophils have been reported to have PLA;
activity that is specific for membrane 20:4n-6 (Meshulam et al.,1992; Ramesha et
al,1993). PLA; activity has been reported to be increased upon stimulation of
neutrophils (Cockcroft et al.,1989; Mayer et al.,1996). Arachidonic acid has been shown
to be involved in oxidative burst signalling pathways of human neutrophil cell lines
(Mayer et al., 1996) and has also been reported to be involved in the “priming’ response
(Mayer et al., 1996). Prostaglandins derived from 20:4n-6 are thought to play a role in
the oxidative burst of neutrophils (Bjornson et al.,1989; Takasaki et al.,1996).
Arachidonic acid is involved in phagocytosis which activates NADPH oxidase activity
(Lennartz,1999).

The objective of this study was to change the 20:4n-6 content of human neutrophil
PL to levels similar to those observed in the human trials (Chapters 3, 7, 8) and measure
changes in oxidative burst and granularity. An in vitro model was developed to
determine whether compositional changes in cellular PL observed in these studies were
associated with functional changes in neutrophils. Increases in EPA content of cultured
cells has been reported to decrease the 20:4n-6 content (Kinsella,1990; Ogle et al.,1990).
Linoleic acid, from which 20:4n-6 can be derived, was a major component of the clinical

diet fed to the burn subjects. The fatty acids used in this experiment are shown in Table
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IX.1. Human primary cell culture was chosen for these experiments as it was thought to
be the most physiologically relevant model (Chen et al.,1994; Ramesha et al., 1993) for
the proposed objective and application to the clinical studies.

It was hypothesized that a change in the content of 20:4n-6 in neutrophil PL
within physiological ranges observed in the human studies, would result in changes to the
oxidative burst and granularity of neutrophils. More specifically, increasing the 20:4n-6
content would result in increased oxidative burst and increasing the n-3 content would

decrease the oxidative burst.
B. Methods

1. Materials

Tritiated arachidonic acid ([5,6,8,9,11,12,14,15->H]-arachidonic acid) was purchased
from Du Pont New England Nuclear (Boston, MA). Arachidonic, eicosapentaenoic and
elaidic acid were purchased as a free fatty acids from Nu-chek Prep (Elysian, MN). The
fatty acid 16:0 (hexadecanoic acid) and fatty acid free-BSA were purchased from Sigma
(St. Louis, MO). Linoleic acid was extracted from safflower oil (Ma et al.,1999). All

other materials were described in Section II1.B.1.

2. Ethics approval
The protocol for this study was approved by the Agriculture, Forestry and Home
Economics Research Ethics Board. Informed consent was obtained from subjects (n=8)
who were recruited from the University of Alberta. Blood (15 ml) was drawn into 10 ml
heparinized tubes from the medial cubital vein by a medical laboratory technologist and

placed on ice immediately.

3. Preparation of Fatty acids

All procedures were performed under sterile conditions. Stock solutions of fatty acids
were prepared in ethanol (10 mg/ml). From the stock solution, fatty acids were serially
diluted to a concentration of 0.01M. Prior to the experiments, an aliquot of this stock

solution was added to 15 ml conical tubes to achieve a final concentration of 10”7 M.
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Ethanol was evaporated under nitrogen. Hank’s balanced salt solution (HBSS)
containing + 0.1% fatty acid free BSA (w/v) was added to each tube and tubes were
incubated in a shaking water bath (37°C) for 1 hour with vortexing every 15 minutes.
This procedure has been shown to optimize conjugation of fatty acid to BSA
(Robinson,2000).

4. Fatty Acid Incorporation

From a time trial fatty acid incorporation experiment (Appendix IX.AP1), it was
determined that 4 hours was an optimal timepoint to achieve fatty acid incorporation and
maintain oxidative burst in isolated neutrophils. Neutrophils were isolated from whole
blood using Ficoll-Hypaque 1119 and 1077 as described previously in Section II.B.6.
After removal of the neutrophil band, cells were washed twice with sterile HBSS.
Neutrophils were counted using trypan blue exclusion. An aliquot of isolated neutrophils
(1x10% was added to each experimental tube containing fatty acids conjugated to BSA
(20:4n-6, 18:2n-6, EPA, 16:0, 18:1) and one tube containing buffer only. Volume was
made up to a total of 2 ml with HBSS + 0.1% (w/v) BSA. When possible all assays were

performed in duplicate. Suspensions were incubated in a shaking water bath for 4 hours.

S. Neutrophil Oxidative Burst

After 4 hours incubation, cells were pelleted by centrifuging for S minutes at 1250
rpm. Supernatants were removed and cells were washed twice with HBSS. Afier the
final wash, cells were resuspended in sterile 400 ul HBSS + EDTA and aliquots
transferred into 4 ml polypropylene tubes for lipid and flow cytometry analysis. DHR
(1.8 ul) was added to each tube to be used for flow cytometric oxidative burst analysis as
described in Section ITI.B.8. Cells to be used for lipid analysis were immediately frozen
at —20°C. Cells to be used for analysis of neutrophil function were analyzed immediately
using flow cytometry as described in Section III.B.8. After acquisition of the cells, the

samples were frozen immediately.
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6. Lipid Extraction and Phospholipid Analysis

When cell numbers were insufficient to perform both oxidative burst and lipid
analysis with the same subject, cells used for flow cytometry analysis were pooled with
cells used for lipid analysis to obtain the greatest number of cells possible. The 5 minute
and 15 minute stimulated samples were pooled to measure the lipid composition of
stimulated cells. A modified Folch procedure was used to extract lipid from the
suspensions as described in Section III.B.7. Extracted lipid was made up in 100 ul in
chloroform and plated on G-plates to isolate total PL as described in Section V.B.2.
Following thin layer chromatography, the band at the origin was scraped into methylation
tubes and samples were methylated immediately using BF; and hexane as described
previously in Section V.B.2.  After tubes cooled, 1 ml ddH;0 was added, sample
vortexed and held overnight at 4°C. The top layer was removed and dried down under
nitrogen. Hexane (100 ul) was added to the dried samples and inserts placed in each GC
vial. Fatty acid methyl esters were separated and identified using gas liquid

chromatography as described in Section VIII.B.3.

7. Statistical Analysis

Differences in fatty acid composition and oxidative burst between lipid incubations
were determined using a paired t-test. For each culture condition, differences in fatty
acid composition between unstimulated and stimulated cell cultures was determined
using a paired t-test. Correlations between fatty acid composition and oxidative burst
were performed using correlational linear regression analysis. Statistical analysis was

carried out using the SAS statistical package (Version 6.12).

C. Results

1. Phospholipids Fatty Acid Composition
In the human trials, the major PL fractions rather than total PL were isolated from
neutrophils. Based on the percent each major PL comprises in neutrophil cell membranes
(Gottfried,1972), calculations were performed to estimate fatty acid composition of total

PL in each of these studies. This calculation is based on PC and PE comprising 38.6 +
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0.8%, and 33.4 + 0.5%, respectively and PS and PI together comprising 15.0 + 0.5% of
membrane PL (Gottfried,1972). Missing from this calculation is the sphingomyelin
fraction which comprises 10.5 + 0.3% (Gottfried,1972). Sphingomyelin composition was
not determined in the human studies, however, it would be part of the total PL isolated
from neutrophils in this experiment. Therefore values were adjusted to a total of 100%
total PL and the estimates of total PL from each study based on the mean content of each
fatty acid group from the human trials are shown in Table IX 4.

Culturing human neutrophils in media deplete of fatty acids (buffer group)
resulted in 20:4n-6 levels similar to those observed in human studies (TableIX.4) with the
exception of the discharge timepoint in the HDCT study (Section VII) and levels
observed prior to FO supplementation (Section VIII). The EPA content of cultured
neutrophil PL was higher than levels observed in human studies whereas DHA levels
were similar to the patient groups studied. Saturated, n-6, and PUFA fatty acid content of
neutrophils isolated prior to supplementation with fish oil was not achieved but were
similar to levels observed in other patient groups. The MUFA content at harvest and both
pre and post fish oil supplementation was less than levels achieved in cell culture.
Culturing cells in fatty acid depleted media (buffer only) resulted in higher levels of
PUFA and 18:2n-6 than what was observed in burn patients at t1 and t5. Overall, we can
conclude that levels of fatty acid incorporation observed in the cell culture experiments

were within physiological ranges observed in each of the trials.

2. Relationship of 20:4n-6 to the Oxidative Burst

Neutrophils cultured in EPA had significantly greater content of 20:4n-6 (Table
IX.2) and significantly higher 5 minute oxidative burst compared to neutrophils cultured
without fatty acids (buffer, Table IX.3). Neutrophils cultured in EPA had significant
differences in the 18:2n-6 and EPA content after stimulation compared to cells cultured in
buffer (Table [X.2). Neutrophils cultured in EPA had greater 20:4n-6 content compared
to the LA group (Table IX.2) and had a significantly greater 5 minute oxidative burst
ratio (Table IX.3). Afier stimulation, cells culture in EPA had significant changes in the
MUFA, n-3, EPA and DHA compared to the 18:2n-6 group (Table IX.2).
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Neutrophils cultured in buffer exhibited higher n-6 content compared to those
cultured in 18:1 and a significantly lower S minute oxidative burst. There were significant
differences in the n-3 and EPA content after stimulation between these two groups.
Culturing cells in 20:4n-6 did not result in significant changes in fatty acid composition
or oxidative burst compared to neutrophils cultured with other fatty acids. There were
no significant differences observed in the granularity of neutrophils neither before not
after stimulation by culturing with any of the fatty acids. The 20:4n-6 content of
neutrophil PL did not significantly change with PMA stimulation in this model.

D. Discussion

Culturing human neutrophils with various fatty acids resulted in physiological
levels of fatty acids observed in the various human trials that produced subtle changes in
neutrophil function. Although granularity did not appear to be affected by changes in
cellular composition, the oxidative burst was significantly reduced when 20:4n-6 levels
were decreased in PL such as observed in cells cultured with linoleic acid and without
fatty acids. Likewise, neutrophils with a higher 20:4n-6 content had higher oxidative
burst responses compared to cultures with the lowest 20:4n-6 levels. Together, these
results support that 20:4n-6 content of neutrophil PL does have an effect on the oxidative
burst of neutrophils. However, the magnitude of change, both in the content of 20:4n-6
and the oxidative burst was not as high as what was observed in the clinical studies, thus
additional factors in vivo are involved. In these cell culture experiments, the 0 minute
(unstimulated) mean fluorescence was higher than what was observed in the human
studies. As a result, indexes within the ranges observed in the patient groups studied
were not achieved. Cells cultured in buffer (which had the lowest oxidative burst) may
have been deplete of other fatty acids necessary for function. However, their response
did not differ significantly from the control fatty acids and 4 hours was likely not long
enough to induce this. Contrary to other reports (Daniels et al.,1992; Doerfler et al.,1994;
Ramesha et al., 1993), there was not a significant change in 20:4n-6 content in the

membranes following stimulation in this study. However, those studies did not measure
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membrane composition directly but rather release of 20:4n-6 into supernatants which
would not take into account synthesis or conversion of other fatty acids to 20:4n-6.

The change in arachidonic acid and corresponding oxidative burst differed from
the human studies. In both the burn and HDCT trials, lower 20:4n-6 content was
associated with higher oxidative burst responses. Achieving levels of 20:4n-6 such as
those observed early after burn in some patients and at discharge in the HDCT patients
was not achieved by culturing cells in media deplete of fatty acids. In these cell culture
experiments, 20:4n-6 content was reduced by eliminating all fatty acids from the media.
However, in the disease state, reduction of 20:4n-6 in the membranes likely occurs as a
result of biological events of the disease. Changes in 20:4n-6 in PL may impact on the
generation of second messengers (Cockcroft et al., 1989; Mayer et al., 1996; Takasaki et
al., 1996) that activate the oxidative burst when cells are stimulated in vitro (Bass et
al ,1986; Gamner et al.,1994). The events preceding 20:4n-6 reductions in humans were
not included in cell culture system, however, several factors have been shown to play an
important role in neutrophil responses in vivo such as cytokines, hormones and the
presence of infection (Daniels et al., 1992; Doerfler et al., 1994; Rodeberg et al.,1997).

There were no significant differences in n-3 fatty acid content prior to stimulation.
However, it does appear that they have some role in the oxidative burst response as
supported by the significant reductions in n-3, EPA and DHA content after stimulation.
Although 20:4n-6 was the main focus of this investigation, it also appears that 18:2n-6
may also play a role as it was reduced prior to stimulation in the EPA culture which had
the highest oxidative burst response. Fatty acids used in these culture models could have
other yet to be identified effects on the oxidative burst response of neutrophils.

To summarize, high content of 20:4n-6 in neutrophil PL was associated with
higher oxidative burst with stimulation. Although reduced 20:4n-6 in human studies were
associated with higher oxidative burst responses, the events preceeding low 20:4n-6
levels may play an important role in neutrophil activation. Significant changes in content
of fatty acids occur after stimulation in vitro and support a role of n-3 fatty acids in
oxidative burst responses. Dissecting the complex relationships that are apparent
between fatty acid compositions and cellular functions, particularly in disease states

requires further investigation.
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Table IX.1

Fatty Acid

Rationale

20:4n-6*

To increase the 20:4n-6 content of the membrane through direct

incorporation of 20:4n-6 into membrane PL.

EPA*

To increase EPA in the membrane such as that proposed by feeding fish
oil to cachexic cancer patients (Chapter VII) and to inhibit 20:4n-6
metabolism and replace it in cellular PL (Gerster,1995).

18:2n-6°

To determine if 18:2n-6 incorporation into membranes has similar effects
to 20:4n-6

18:1*

To serve as a fatty acid control

16:0°

To serve as a fatty acid control

Buffer®

to reduce 20:4n-6 content in neutrophil PL

® free fatty acids purchased from Nu-chek Prep (Elysian, MN).
b extracted from safflower oil (Ma et al., 1999)

¢ Sigma (St. Louis, MO)

4HBSS + fatty acid free BSA

TABLE IX.1: Fatty acids used in the cell culture experiments.

272

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




‘uolssiwiad 1noyum paugiyosd uononpoidal Jayung “1aumo ybuAdoo ayy Jo uoissiwiad yum paonpoiday

Table I1X.2
20:4n-6 EPA 18:2n-6 18:1 16:0 Buffer
ISFA(%) [US | 48.1+2.7 | 44.1+13° | 464+15° | 471137 | 44.6408® | 40612.1°
AS | -20%38 -1.03.5 -53+3.8 20+13 n/a -5.9+4.3
IMUFA (%) [US | 265+15 | 269+1.3 29.0+0.7 27.6 1.4 27.0 +1.1 26.6+ 1.7
AS | -1.2+20% | -37+1.6° 32+1.8 0.6+2.2% n/a 2.0+23°
SPUFA (%) |US | 254+34 | 29.0+22 24.6 + 1.6 253+4.5 280+ 1.1 32.8+3.4
AS | 43%5.1 3.6+4.7 3.0+5.1 2.645.7 n/a 3.9+5.7
IN-6(%) |US | 21.0+3.5" | 252428° | 197+14® | 2L114.1° 223+1.0° | 27.4%29%
AS | 36148 52+44 02448 39+54 n/a 3.5t54
IN-3(%) |US | 45108 3.9+08 491071 4.7+0.6 58109 5310.5
AS | 08+12% | -26+08° 32+ 1.7 3.1+13° n/a -0.5+1.0%
18:2n-6 (%) [US | 6.1+1.8"° 7.7+1.5° 86+1.7* 123+39% | 10774196 | 21.0+2.0°
AS | 2.7+4.1° -4.0+3.8 22+4.1% 2.5+4.6% n/a 9.0 +4.6°
20:4n-6 (%) |US | 13.4+21% | 13317 7.6 +2.0% 9.17+£1.7° | 10044229 | 6.7+23°
AS 1.0+4.6 9.7+4.1 -14+46 09+5.2 n/a -0.02+5.2
EPA (%) US | 28103 22403 28103 2.8+03 3.0+0.5 25403
| AS | -0.1+04* | -06104° 0.9 +0.4% -1.9+0.5% n/a 0.02+0.5°
DHA(%) |US | 08+03 0.7£0.3 0.7£0.3 04+0.2 1.3+0.6 06104
AS | 04104® | -05+04° 0.8+04° 0.2 +0.5% n/a -0.50.5°

TABLE IX.2: Fatty acid composition of cells following incubation with fatty acids (shown in headings) for 4 hours is shown
in the shaded rows. Changes in fatty acid groups (shown on the left side) after stimulation with PMA in vitro are shown in clear rows.
Data is shown as mean + SEM. Significant differences (p<0.05) in fatty acid groups between culture conditions were determined
using a paired t-test (n < 8).

Abbreviations: US=unstimulated, AS=change after stimulation, EPA=eicosapentaenoic acid, SFA=saturated fatty acids,
MUFA=monounsaturated fatty acids, PUFA= polyunsaturated fatty acids, DHA=docosahexaenoic acid
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Table IX.3
Oxidative 20:4n-6 EPA 18:2n-6 18:1 16:0 Buffer
Burst (Mean Channel Fluorescence)
0 min 74 + 8% 73+ 7 86+ 7° 83 +9® 80 +9® 56 + 8*
5 min 303 +33% 359 + 32° 367+32®  406437% 275 + 45 205 + 37
5 index 43+04° 52104 4.0+ 04" 52107 3.5+0.5% 3.6+ 04°
15 min 805 + 66 872 + 63 896 + 63 1080 + 71 934 195 787+ 73
15 index 11.1£1.0 129+1.0 1041 1.0 136+ 1.0 13.6 0.6 127+ 1.1

TABLE IX.3: Oxidative burst and oxidative burst ratios of neutrophils cultured with fatty acids. Gradient isolated
neutrophils were incubated with fatty acids for 4 hours. Cells were incubated with DHR and stimulated with PMA for 5 and 15

minutes. The oxidative burst was measured immediately using flow cytometry. The oxidative burst ratio is given by the

formula: stimulated FL-1 at 5, 15 minutes/FL-1 at 0 minutes. Differences (p<0.05) in oxidative burst obtained with different

fatty acid cultures were determined using a paired t-test (n=8).
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Table 1X.4
Tl TS HDCT HDCT PreFOf Post FO Range of
Fatty Acid Burns®  Burns  Discharge’®  Harvest Cultured Cells
(% fatty acids)

LSFA 40.5 38.3 48.6 37.5 273 30.8 41-48
IMUFA 30.7 25.8 314 23.8 215 25.2 27-29
ZPUFA 19.3 27.5 334 24.5 31.0 24.2 25-32
ZN6 15.3 16.7 304 22.5 29.7 23 19-27
IN3 4.5 7.8 29 20 1.3 1.3 4-6
18:2n6 7.0 6.3 20.7 14.1 8.0 10.2 6-21
20:4n-6 6.9 12.2 74 4.2 16.6 13.9 7-13
EPA 14 0.72 097 0.71 0.18 0.21 2.2-3.0
DHA 0.63 1.08 0.29 0.11 0.74 0.72 0.4-1.3

*Section III

bSection VII

®Section VIII

TABLE 1X.4: Total PL in the human trials (based on group means) and calculated based on the percent each major PL
fraction constitutes in neutrophils (Gottfried,1972).
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x.

General Summary and Discussion
A. General Summary

1. The Effects of Burn injury on Phospholipid Composition and Function of
Immune Cells

It was hypothesized that:

a) the phospholipid fatty acid composition of immune cells, lymphocytes and
neutrophils, will be altered after burn injury and change in the direction of

healthy individuals during recovery of the patient. More specifically:

@) The phospholipids of lymphocytes and neutrophils will have a lower
content of arachidonic acid immediately post-injury in the major

phospholipids fractions and increase with recovery.

Each major PL fraction of neutrophils and lymphocytes exhibited reduced amounts of
20:4n-6 at the first post burn timepoint compared to the final sampling timepoint and
compared to healthy subjects (Figures II1.2 and IV.2; Table II1.7). By the last sampling
timepoint (>50 days post burn), the 20:4n-6 content was similar to levels observed in
healthy individuals. The length of time it took for significant increases in 20:4n-6 to
occur differed among the major PL fractions and between neutrophils and lymphocytes.
The PE and PI fractions of lymphocytes doubled in 20:4n-6 content after t1, whereas this
magnitude of change was not observed in any neutrophil PL fraction.

(ii) Total n-6 and n-3 fatty acids in the phospholipids of lymphocytes
and neutrophils will be reduced in the early post burn period and will

increase during recovery in the direction of that seen in the healthy

population.
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The change in the concentration of these lipid classes varied among major PL fractions
and lymphocytes and neutrophils (Tables II1.9; IV.8-11). Few changes in total n-3
content were observed in neutrophils whereas n-3 content tended to be higher in
lymphocytes at the early compared to later post burn timepoints. Conversely, the n-6
content was lower at the initial postburn timepoints and increased with recovery in both
lymphocytes and neutrophils. The changes in n-3 fatty acids were not attributed to a
specific fatty acid.

b) There will be impaired function of immune cells of both the acquired and

innate immune branches post-burn injury. More specifically:
@) After burn, the relative percentages of CD4 cells will be low.

Percentage of CD4 cells was not reduced post injury but rather it was the CD8
cells that were reduced early after burn and this phenotype increased with recovery
(Table IV.3).

(i) Cell mediated immunity, as estimated by mitogen stimulated [*H]-
thymidine incorporation, will be decreased at 1-12 days post injury and will
increase as the patient recovers. Unstimulated [3H]-thymidine incorporation

will be high initially and decrease with recovery.

The unstimulated mitogen response was highest at 12-19 days post burn (Table IV.6).
Mitogen stimulated [°H] thymidine incorporation was lowest at t1 in response to PMA
and lowest at t2 in response to Con A. Therefore an increased in vivo activation and a
reduced ability to respond to mitogenic challenges were observed within the first 21 days
post burn injury. The unstimulated and stimulated responses at 21-35 days did not differ

from the later timepoints.

(iii) The TH1 subset will be activated immediately post-injury with a
high production of IFN-y and IL-2.
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The production of cytokines produced by the TH1 subset of lymphocytes was not
statistically different between post burn timepoints (Section IV.C.5). However, other
changes in lymphocyte function (increased expression of CD25 and CD71 on CDS8" cells,
higher unstimulated proliferative response, lower CD45RO/CD45RA ratio, increased
natural killer cytotoxicity) and fatty acid composition support a change in T-cell
phenotypes at 12 —19 days post burn injury (Table IV.6, Section IV.D).

(iv) T cells (CD4+ and CD8+) will express a high percentage of CD45RA
(antigen naivity) in the initial post burn period and the percent CD45RO
(antigen mature) will increase by the second timepoint (d12-19). Activation
markers (CD25 and CD71) on lymphocytes will be high early after burn and

decrease with recovery.

The highest expression of CD45RO was observed at 21-35 days post burn and the
highest expression of CD45RA was observed at 12-35 days post burn which were both
significantly higher than levels observed at >50 days post burn (Table IV.3). There were
no significant differences in the expression of CD45RO and CD45RA on the CD4 and
CD8 subsets (Table IV.4). However, the ratio of CD45RO/CD45RA cells on CD4 cells
was reduced at 12-19 days post injury (Table IV.4). The total expression of CD71 and
CD25 was not different between post burn timepoints, however, CD8" cells expressed
higher levels of CD25 and CD71 at 12-19 days compared to 21-35 days post burn (Table
IV.5).

W) Natural Killer cell activity will be low initially following burn injury

and increase with recovery.

Even though numbers of NK cells did not change, a significant increase in NK cell
cytotoxicity was observed at 12-19 days compared to <12 days (Table I'V.3, Figure IV.1).
Number of NK cells was lowest at >50 days post burn and the cytotoxicity was highest at
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this timepoint suggesting that there was a reduced cellular activity in the early post-burn
period.

(vi) Neutrophil activation will be high initially producing high amounts
of oxygen radicals during the first weeks following burn. Unstimulated

neutrophil activity will decrease as the patient recovers.

The unstimulated responses of neutrophils did not significantly change throughout
recovery from burn injury. Neutrophils isolated between 12 and 19 days exhibited the
highest stimulated oxidative burst response (Figure II1.1) with values approaching 3 times
higher than healthy subjects. These results suggest that neutrophils isolated between 12
and 19 days post burn may have been primed in vivo for a higher oxidative burst

response. The level of this response was not observed in any other patient group.

(vii) The proportion of macrophages (particularly activated

macrophages) will be high at the first sample point post-burn injury.

The highest proportion of activated macrophages was observed at 12-19 days post
injury and this decreased with recovery (Table IV.3). Macrophages are a source of
prostaglandins and inflammatory cytokines and this study supports the literature that

there is an increase in these mediators early after burn.

2. Effects of Burn injury on fatty acid compesition of plasma compenents and

erythrocytes

It was hypothesized that:

a) the 20:4n-6 content of RBCs, CE, TG and PL will be reduced following

burn injury and increase with recovery.
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The percent 20:4n-6 in plasma CE and PL was reduced in the early post burn period
compared to later post burn timepoints (Table V.1, V.4). On quantitative basis, 20:4n-6
was reduced in all plasma fractions measured at the first timepoint compared to healthy
control subjects. The 20:4n6 content increased with recovery, both on a percentage and
quantitative basis to levels observed in healthy individuals in the TG and PL fractions.
However, 20:4n-6 remained significantly less on a quantitative basis in the CE fraction
even >50 days post burn. The 20:4n-6 content of RBC PL was lower at t1 compared to t5
in all fractions except PE (Tables V.8, V.10, V.11). These results suggest increased
utilization/release or reduced synthesis of 20:4n-6 after burn injury.

b) there will be reduced concentrations of CE and PL and elevated
concentrations of TG in plasma early post burn that return to normal levels

(those observed in healthy individuals) with recovery from injury.

The concentrations of PL and CE in the plasma of burn patients were significantly
lower at 0-12 days than at >50 days post burn and concentrations observed in healthy
individuals (Figure V.1, V.2; Table V.1, V.4). Hypertriglyceridemia was not observed at
any timepoint, but rather reduced levels of TG compared to healthy controls was also
observed at the early post burn timepoints (Table V.6). CE levels did not return to levels
observed in healthy controls even after 50 days post burn (Table V.4). These results
suggest that are alterations in the synthesis or a change in the distribution of lipoproteins
following burn injury.

3. The Effects of Surgery and Infection on Immune Function in Guinea Pigs

It was hypothesised in a guinea pig model that-

a) surgery will result in reductions in the oxidative burst activity of
neutrophils, decreased natural Killer cell cytotoxicity, reduced mitogen
stimulated [°H]-thymidine uptake, and a reduced CD4/CD8 ratio in lymphoid
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tissues.

Compared to control animals, animals undergoing surgery had depressed NK cell
activity (Figure V1.2) and lower mitogen reponses (Table V1.2). Animals undergoing
surgery exhibited no change in the splenocyte CD4/CDS8 ratio and had similar oxidative
burst responses by neutrophils compared to the control animals (Table VI.4). Neutrophils
from noninfected pigs were larger and less granular than control animals (Table V1.4).

These results confirm the immunosuppressive effects of surgery.

b) infection with Staphylococcus aureus post surgery will result in an
increased oxidative burst of neutrophils, increased MHC Class II molecule
expression on immune cells and a further (compared to the effects of surgery
alone) depression of NK cytotoxicity and mitogen stimulated [’H]-thymidine
uptake.

Animals infected with S. aureus had increased unstimulated and stimulated oxidative
burst by neutrophils (Table VI.4) and higher splenocyte [’H]-thymidine uptake in
response to PWM (Table VI.2). Incorporation of [°H]-thymidine did not differ from the
noninfected group for any other mitogen. Infected animals had a further depression of
NK activity compared to the noninfected animals (Figure V1.2). However, unlike the
proposed hypothesis, MHCII expression was reduced on antigen presenting cells in the
spleen (Figure VI.1) but not in the prescalpular lymph nodes (Table V1.3). Therefore,
localized infection following surgery can stimulate certain immune parameters while

depressing others.

¢) infected animals treated with the Acticoat™ Silver coated dressing will

have immune responses similar to the noninfected surgery animals.

Acticoat treated animals had similar NK cytotoxicity to noninfected animals
(Figure V1.2). However, they had a decreased CD4/CD8 ratio and MHCII expression
on antigen presenting cells in the prescalpular lymph nodes compared to both

noninfected and infected groups (Table VI1.3). Neutrophils from guinea pigs treated
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with Acticoat similar oxidative burst responses but were smaller and less granular
than those from infected pigs (Table V1.4). Therefore, treatment of an infected
wound with Acticoat can overcome some but not all, immune parameters depressed

by infection.

4. The Effect of Stem Cell Harvest and High Dose Chemotherapy on Immune

Function in Women With Breast Cancer

It was hypothesized that:

a) At discharge, cellular function will be reduced from pre-HDCT levels.
Specifically, compared to harvest values the following measures will be different
at discharge:

@) The CD4/CDS8 ratio will be reduced.

The CD4/CD8 ratio was reduced after the HDCT procedure (Figure VIL.2),
suggesting depressed cellular immunity after the HDCT treatment

(i)  Neutrophil oxidative burst will be reduced.

Contrary to the hypothesis, the oxidative burst of neutrophils increased after HDCT
(Figure VIL3). This was associated with changes in size (Figure VII.4) and granularity in
the direction observed in other patient groups. This suggests that neutrophil function is
reduced prior to HDCT and improved after the therapy.

(iii) T cells will have lower expression of activation markers.

There were no significant differences in the expression of CD25 or CD71 on

lymphocytes between harvest and discharge timepoints.
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(iv) The expression of the CD45RO isotype on T-lymphocytes (CD4+ and
CD8+) will be decreased.

Contrary to the hypothesis, the expression of CD45RO was increased on lymphocytes
following the procedure due to a higher percent of CD4" cells expressing CD45RO. This
suggests that although proportions of CD4 cells were reduced, they may have maintained
their ability to produce and respond to cytokines. Further functional measures are

required.

b) Immune cell membranes and plasma lipid components will suggest
deficiencies in essential fatty acid metabolism both at harvest and at discharge.

These deficiencies will be more pronounced following the high dose procedure.

The fatty acid composition of plasma components (pre- and post-HDCT) did not
markedly differ from that of control subjects, however, there were reduced concentrations
of CE and PL both prior to and after the procedure compared to control subjects (Table
VIL4). The percent of n-3 fatty acids was lower at harvest than at discharge and
compared to healthy control subjects on a quantitative basis whereas the n-3 content in
TG appear to be higher than levels observed in healthy subjects (Table VII.4). The
percent of 20:4n-6 in neutrophil PL were markedly reduced compared to control subjects
but only the PS fraction exhibited a significant decrease at discharge compared to harvest
(Table VII.3). Levels of n-3 fatty acids in PL fractions were generally lower than levels
observed in healthy subjects and were significantly reduced in the PS fraction following
the HDCT procedure (Table VII.2). These results suggest that alterations in lipid
metabolism occur as a result of induction chemotherapy protocols as well as the HDCT

procedure.

5. The effects of Fish Oil supplementation on Immune Functions in Cachexic

cancer patients
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It was hypothesized that:

a) Supplementing weight losing cancer patients with 18 g of long chain
polyunsaturated n-3 fatty acids for 14 d, compared to a placebo oil will result in
an increase in long chain n-3 fatty acids in the membranes of neutrophils and in

the plasma phospholipids.

There was a significant increase in EPA and DHA in plasma after 14 days of
supplementation with fish oil on a percent basis (Table VIIL2). However,
supplementation did not result in higher levels of these fatty acids in the PL of
neutrophils in all subjects. This suggests weight losing cancer patients are able to
absorb supplemental n-3 fatty acids but a problem may exist in their ability to

incorporate them into cellular membranes.

b) Supplementing palliative cancer patients with 18 g of long chain
polyunsaturated fatty acids/d for 14 d, compared to a placebo will improve some
peripheral blood measures of immune function (parameters of the acquired and
innate immune system). Specifically:

@) the CD4/CDS8 ratio will increase.
The CD4/CDS8 ratio did not increase with fish oil supplementation (Table VIIL.7).

(ii) the expression of CD45RO on CD4+ and CD8+ T cells will increase.

The expression of CD45RO on CD4 and CDS8 cells did not change with fish oil
supplementation (Tabie VIIL.7).

(iii) the expression of the IL-2 receptor and CD28 on immune cells will

increase.
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The expression of CD25 on CDS8" cells increased, and the expression of CD28 on
CDS8" cells decreased after 14 days of supplementation with fish oil (Table VIIL.7). This
suggests that CD8 cell function is altered but the clinical consequence requires further
investigation of functional indices of these specific cells.

(iv)  The neutrophil oxidative burst will decrease.
The neutrophil oxidative burst did not change with fish oil supplementation (Table
VIIL6). However, the unstimulated response was lower after 14 days of fish oil
supplementation compared to the group receiving placebo. This suggests a change in the

in vivo activation state of neutrophils with fish oil supplementation.

6. Changes in phospholipid composition of neutrophils impacts on their

functional capacity

It was hypothesized that:

1. Increasing the 20:4n-6 content in neutrophil PL will increase the oxidative

burst of neutrophils.

Neutrophils with a higher content of 20:4n-6 had higher oxidative burst responses
than those with lower 20:4n-6 content (Table IX.2 and IX.3).

2. Increasing the n3 fatty acid content of neutrophil PL will decrease the

oxidative burst of neutrophils.

The cell culture system did not significantly change the content of n-3 fatty acids of
neutrophils (Table IX.2). However, significant reductions in the content of n-3 fatty
acids in neutrophil PL occurred after stimulation (Table IX.2).
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B. Discussion and Future Directions

Several studies have demonstrated immunological alterations in both cell-
mediated and innate immune branches following burn injury, and during cancer and
chemotherapy. These alterations can lead to immunosuppression or immune activation,
either of which can be detrimental to the host. Several of these functions have been
shown to relate to fatty acid composition of the immune cells, however, this is the first
report, to our knowledge, of changes in membrane composition in immune cells
regulating these key effector functions. The changes observed in the fatty acid
composition of immune cell membranes may relate to alterations in immune parameters

measured in these studies and those reported by others in the literature.

1. The Effects of Burn Injury on Fatty Acid Metabolism and Immune Function

Our study demonstrated decreases in 20:4n-6 content in the PL of lymphocytes,
neutrophils and red blood cells, as well as in plasma cholestryl esters, triglycerides and
phospholipids following burn injury. In addition, all plasma components and some
cellular PL fractions exhibited low levels of n-6 and n-3 fatty acids and higher levels of
MUFA and SFA in the early post burn period. Therefore, enzymatic and biochemical
alterations involved in the regulation of essential fatty acid metabolism appear to be a
whole body response to stress induced by burn injury. The reduction in 20:4n-6 in plasma
and immune cell PL appears to occur very rapidly following the injury. These changes
cannot then, be entirely attributed to reduced availability from the diet. Increased
utilization by peripheral tissues (i.e. skin) and immune cells also likely contribute to the
low levels of fatty acids found in plasma.

Lymphocytes have been reported to preferentially oxidize PUFA (Yaqoob et
al.,1994) which were reduced in cellular PL following burn injury. Prostaglandin
production has been reported to increase following burn injury but the release of 20:4n-6
from PL following bumn injury and the relationship to PG production has not been
investigated. This study suggests that the decreased level (or increased release of 20:4n-
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6) from both neutrophils and lymphocytes may serve as potential sources of eicosanoids
derived from 20:4n-6. This change in fatty acid composition seems to be specific for
20:4n-6, as it occurred independently of the 18:2n-6 content, other n-6 fatty acids or n-3
fatty acids. The change in 20:4n-6 was also observed in RBCs, which are frequently used
as an indice of essential fatty acid metabolism (Stanford et al.,1991). Increases in the
20:4n-6 content of lymphocytes occurred at the same time as changes in phenotypes and
proliferative responses were observed that would further support an increased in vivo
response in the period post-injury. However, the higher neutrophil responses occurred
when 20:4n-6 content was low, which may have also contributed to the lower levels of
20:4n-6 in these cells. Uncontrolled or magnified activation of neutrophils and
macrophages may be harmful to the host due to increased damage from free radicals.
However, activation of lymphocytes is likely beneficial for infection defenses. The
enhanced stimulated oxidative burst response of neutrophils between 12 and 19 days post
injury was not observed in any other patient group. The in vitro work (Chapter IX)
demonstrated a relationship between the oxidative burst of neutrophils to their PL content
of 20:4n-6. However, the magnitude of change in neutrophil function was much less than
observed in burn patients, suggesting other factors contribute to this response in vivo.
Arachidonic acid has been shown to be involved in pathways leading to NADPH
activation (Cockcroft et al.,1989; Mayer et al.,1996), however, the role of fatty acids in
contributing to this response post burn has not been investigated. This warrants further
investigation as acute respiratory distress syndrome is currently the major cause of death
in burn patients (Hansbrough et al.,1996) and is associated with neutrophil infiltration
and activation in lung tissues (Fujishima et al.,1995). Furthermore, investigations into
the mechanism by which EFA exert effects on neutrophils would be of benefit in the
application to other inflammatory diseases.

Immune responses carried out by CD8 cells following burn injury have not been
as well characterized as the CD4 subset of lymphocytes. Our studies suggest alterations
in CD8 cells, evidenced by increased expression of activation markers during the early
phases of recovery from burn. Like CD4 cells, CD8 cells have been shown to produce
different patterns of cytokines (Mosmann et al.,1997). The reports of inhibition of TH1
responses (cytokines also produced by TC1) reported by others (Lyons et al.,1997;
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O'Sullivan et al.,1995) and supported by the observations in Chapter IV, deserves further
attention.

Although not investigated in these studies, it is likely that the gastrointestinal tract
and its associated lymphoid tissues play a role in the changes observed in fatty acid
metabolism following burn injury. Absorbed 20:4n-6, like that which occurs in other cell
types, is stored in PL of enterocytes (Hollander et al.,1991). The intestinal mucosa has the
ability to desaturate and elongate essential and nonessential fatty acids (Thomson et
al.,1988). Prostaglandins have been consistently demonstrated to have an important role
in the mucosal defense and repair (Hollander et al., 1991; Tao et al.,1984; Wilson et
al.,1976; Wilson,1991). Mucosal damage during cold stress has been shown to be
inversely proportional to the amount of 18:2n-6 in the diet of rats (Hollander et al., 1991).
Bum injury has been shown to induce physiological changes in the gastrointestinal
mucosa (Bragg et al.,1991; Hosoda et al.,1989), which has been reported to increase the
susceptibility of patients to bacterial translocation from the gut (Maejima et al.,1984).
This can result in sepsis, a major threat following burn injury. Therefore, protection
offered by PG may serve a potential therapeutic role in the stress response to burn injury.
Given the important role of the gut as both a major immune organ and its importance in
delivering nutrients to the tissues, the effects of burn injury on the gastrointestinal tract
cannot be overlooked. The liver is also an important organ in distributing fatty acids
throughout the body. The reduction in plasma concentrations of lipoprotein constituents
would suggest liver involvement in the metabolic changes observed in essential fatty acid
metabolism following burn injury.

The skin has a large requirement for essential fatty acids (Ziboh et al.,2000) re
and the demand would be significantly increased in a burn patient. Clinical signs of
essential fatty acid deficiencies are manifest in the skin (Burr et al.,1930). Linoleic acid
is the most abundant fatty acid in the skin (Chapkin et al.,1986) and may play a role in
the maintenance of the epidermal water barrier. Additionally, 20:4n-6 is the second most
abundant PUFA in the skin comprising approximately 9% of total fatty acids in the
epidermis (Ziboh et al., 2000). Skin cells lack desaturase enzymes, therefore they must
obtain 20:4n-6 from endogenous sources. The mechanism of how they obtain fatty acids

from circulation is not well-characterized (Ziboh,1994). Arachidonic acid metabolites
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have been shown to regulate proliferative and differentiation processes in the epidermis,
serving an important role in wound healing. The implications of skin involvement in
altering fatty acid availability in response to large burns has not been investigated.

The use of enteral compared to parenteral routes of nutrient administration has
proven efficacy (Alverdy et al.,1985; Kudsk et al.,1992; Minard et al.,1994; Moore et
al,1992). In our study, feeding began immediately upon admission, which has been
shown to be beneficial in the critically ill patient (Hansbrough,1998). Immune parameters
that relate to in vivo immune responses were improved after the first 10 days in this
patient group. Improved NK cytotoxicity, proliferative responses and immune cell
phenotypes, in addition to the low mortality rates observed collectively in patients
admitted to this particular burn unit, would support the use of early enteral nutrition
containing a high nitrogen content, supplemental vitamin C and medium chain
triglycerides. However, the optimal diet for burn patients may not be adequately defined
at present. Doing this will require carefully controlled clinical trials to integrate positive
results reported in the literature with what is known about immune function, essential
fatty acid metabolism, and other nutrients thought to have immune-enhancing properties,
rather than adding several different “immuno-nutrients” to an existing formula and
measuring outcomes. The few studies that have examined low fat regimens on clinical
outcome have shown beneficial effects, regardless of the composition (Garrel et al.,1995;
Gottschlich et al.,1990). The impact of low fat diets on the availability of essential fatty
acids has not been investigated in burn patients. The beneficial effects of n-3 fatty acids
are more pronounced when they are included in low fat regimens (Robinson,2000). The
formula used in the present study did not contain carnitine, which has been shown to be
deficient early after burn injury and serves an important role in fat metabolism (Harris et
al.,1982). Glutamine should also be considered for addition into specialized formulation
for burn patients, as it is a major fuel for the gastrointestinal tract and immune cells, and

is considered to be an essential amino acid in states of stress (Pratt et al.,2000).

2. Phospholipids
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Phospholipid membranes are comprised of unequal proportions of PC, PE, PI and
PS. Each of these fractions differs in their relative content of n-3 fatty acids and 20:4n-6.
These studies support the work of others (Clandinin et al.,1991; Field et al.,1989;
Robinson,2000), that release and incorporation or synthesis of various fatty acids differs
in each major PL fraction exemplifying the complexities of membrane structure. Each
PL fraction may serve different functional roles in immune cells as indicated by their
various and different response to burn injury chemotherapy and cancer. Future studies
examining the role of membrane composition in cellular function must isolate these

fractions.

3. Surgery and infection

Chapter VI supports the numerous studies that have reported suppressive effects
of surgery on innate and cell mediated immune functions. Surgery is an integral and
necessary component in the treatment of cancer and burns. Localized infection was
shown to stimulate certain aspects of immune function that would be expected to enhance
defense against infectious organisms introduced at a local site, such as a wound. Release
of cytokines in a localized area serve to enhance or down-regulate specific immune
responses. Cytokine production has been demonstrated to be under partial control of fatty
acids (Caughey et al.,1996; Endres,1996; Hubbard et al.,1993; Meydani,1992). The role
of dietary fat in altering the cytokine profiles of T cells would be of benefit to a wide
variety of diseases including burns, cancer and infection. In addition, although not part
of these investigations, the prevalence of antibiotic resistant bacteria is increasing and has
become a major issue in the care of critically ill patients. Ways in which to reduce the
need for the use of antibiotics against these life-threatening bacteria are worthy of further

investigation.

4. High Dose Chemotherapy
Very little data exists regarding immune function and fatty acid metabolism
during administration of high dose chemotherapy regimens for cancer, making
comparisons from our study to the literature not possible. The treatment strategy
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discussed in Chapter VII was not as immunologically devastating as was predicted,
however, significant alterations in essential fatty acids compared to healthy individuals
were observed both during the induction chemotherapy period and following the HDCT
procedure. These effects could be a cumulative result of long term chemotherapy
regimens as well as a reduction in food intake in these patients. The dietary intake of
patients undergoing this or other types of high dose procedures has not been documented.
Unlike patients with burns, where energy requirements and macronutrient intakes have
been more clearly defined, it has been stated that “nutrition during chemotherapy and
other cancer treatments are of little benefit” (McGeer et al.,1990). Nutrition in the past
has provided in the form of TPN. Not surprisingly, this form of therapy in an
immunosuppressed patient has been associated with an increased rate of infection. It may
be that previous studies have not tested the appropriate formula that would be aimed at
reversing the lipid abnormalities in patients undergoing chemotherapy. Given the impact
chemotherapy and other cancer treatments have on immunity and nutritional status,
formulations that improve nutritional status, encourage repair of tissues and enhance
immune function are clearly warranted in this group of patients, not only during acute

inpatient procedures, but throughout the course of the disease.

S§. Cancer Cachexia

Evidence for altered fatty acid metabolism in cancer is supported by plasma and
immune cell compositions in the subjects from Chapters VIII (fish oil) and VII (HDCT).
A critical issue that needs to be addressed is the severe reduction of PL in the plasma of
patients with cancer cacheixa. A prerequisite to observing beneficial effects of nutritional
supplementation is the capacity of the patient group of interest to absorb and metabolize
the nutrients. In the case of weight losing cancer patients, the ability to incorporate fatty
acids into cells of the immune system was not demonstrated. The incorporation of these
fats into immune lipids has been postulated as one mechanism for the effect of dietary n-3
supplementation (Robinson,2000). Reduced circulating levels of fatty acids likely
contribute to the inability to incorporate supplemental fatty acids into cell membranes.

Therefore, attempts to improve immunological parameters based on the beneficial effects
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of membrane fatty acids may be precluded by biochemical and metabolic abnormalities
in the patient group of interest. Correction of the malnourished state may be helpful to
further demonstrate beneficial effects of fish oils on attenuating cachexic responses. The
effects of the acute phase response, proteins, cytokines and other mediators on essential
fatty acid metabolism is an area that requires further investigation.

Multiple treatment strategies currently used to treat cancer patients would be
expected to diminish nutritive and immunological status. However, no formal dietary
recommendations exist for this patient group. The findings that 14 days of
supplementation with a nutrient with few side effects can modulate immune functions
(CD8 cells) thought to be important in cancer defense should provide a strong rationale
for studying the efficacy of earlier and more aggressive intervention in this group of
patients, certainly before they are deemed “palliative”. The role of the CD8 subset of
lymphocytes in anti-tumor defenses and the subsequent improvements in their function

observed with dietary fish oils provides a direction for future research studies.

C. Summary and Conclusion

In conclusion, the subjects investigated in each of these studies represent unique
patient groups where nutritional intervention to modulate lipid and immune function
using appropriate nutrients is warranted but currently, not well-defined.  An
understanding of the immune changes that occur following burn injury has advanced
considerably in the past decade and nutritional support has become appreciated as an
integral part of therapy in a number of other conditions. Although the issue of fatty acid
requirements for burn patients remains to be debated, this research offers a significant
contribution to the understanding of essential fatty acid metabolism in this group of
patients. No formal dietary recommendations exist for cancer patients under palliative
care or those undergoing various cancer treatments. It is clear that abnormalities in
essential fatty metabolism exist in each of these conditions and are reflected in immune
cell membranes. Immunological functions explored in these studies provide evidence for
altered immune responses that may relate to the PL composition of immune cell
membranes. More research regarding the involvement of fatty acids in the induction of

key effector functions of immune cells is needed. These investigations offer the promise
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of deciphering the complex relationships that exist between dietary fat and immune
function in both health and disease.
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Appendix III.AP1

) t1 2 3 t4 t5
Fatty Acid (% fatty acids)

14:0 09+02 0.6+0.1 0.5+0.1 0.5+0.1 0.8+0.2
16:0 312+1.5 329+13 323420 27.6+1.3 30.8+0.7
16:1(7) 0.5+0.1° 0.3+0.1° 04+01° 05+01® 03+0.1°
16:1(5) 0.8+02° 0.5+0.1° 0.6 +02° 0.6+0.1b 0.5+0.1°
17:0 0.7+0.3* 0.2+0.1° 0.2 +0.1° 06+0.1° 06+0.1%
18:0 11.5+1.1 11.8+1.0 11.7+0.9 124+1.1 11.5+£0.5
18:1(9) 306+1.2* 307+1.0° 314+07° 256+05° 236+1.6°
18:1(7) 25+04* 2.0+06% 13+05° 27+03® 21+04°
18:2(6) 9.1 +1.3 10.7+1.7 9.4+20 120£2.9 9.5+ 1.8
18:3(6) 03+£0.2 0.1 +0.1 0.1 £0.0 0.3+0.1 nil*
19:0 0402 0.1+0.1 0.1 +0.1 0.3+0.0 0.2+0.1
18:3(3) 0.3+0.1 0.2 +0.1 0.2+0.1 04+0.1 0.6+0.3
18:4(3) 0.1+0.0 0.1+0.0 0.4+02 0.1+£0.0 0.1+0.0
20:0 0.5+02%® 0.9 £0.3° 0.1+0.1° 03+£0.1® 03+0.1*
20:1(9) 0.1 0.0 nil* 0302 02+0.0 0.2+0.1
20:1(7) 12+£0.3 1.1+£02 0.9+0.2 12+0.1 1.1+0.1
20:2(6) 0.7+0.3 09+023 0.8+0.2 09+0.2 0.6+0.2
20:3(9) 03+0.1* 0.2+0.1* 0.3+0.2* 1.1+02° 0.5+0.2°
20:3(6) 0.7 +0.1* 1.0+£0.3% 1.1+02% 1.7+03° 1.5+ 0.1b
20:4(6) 32+04" 3.5+04° 4.8 +0.5° 5.6+0.7% 6.6 £ 0.6°
20:5(3) 0.7+0.2 0.8+ 0.3 0.8+ 0.6 0.5+0.1 1.0£0.6
22:0 02+0.1 0.1+0.0 0.1 +0.0 02+0.1 0.3+0.1
22:3(6) 0.1+0.1 nil® nil® nil* nil®
22:4(6) 0.3+0.1" 0.4+0.2% 04+02® 10%0.1°® 0.6+02%
22:5(6) 0.1+0.0 nil* 0.2+0.1 02+0.1 0.1+0.0
22:5(3) 0.4+0.1 0.3+0.1 0.4+0.1 07+0.2 0.4+0.1
24:0 0.1 0.1 nil® 0.1+0.1 0.3+0.1 0.1 +0.1
22:6(3) 0.4+0.1 0.4+0.1 0.7+03 0.8+0.2 0.6 0.1
24:1(9) 0.1 +0.1% 0.1+0.03* 0.1+003* 04+0.2° 0.3+£0.2%
Zn-6 14+1 17+1 17+1 14+2 14+2
n-3 2+0.3° 2+0.3% 3+04%® 3+0.4% 3+04°
S PUFA 17+1° 18+1° 19+1° 23+1° 2+1°
SSFA 48 + 1 48 +1 49 +2 47 +2 48 +2
SMUFA 35+1° 25+1° 34+1° 30+1° 28 +1°

*nil=<0.04%

TABLE ITII.AP1: Fatty acid composition of the PC fraction of neutrophils

isolated at specific times during recovery from bum injury was determined by gas

chromatography analysis. Data are expressed as means + SEM (n <10). Significant
differences during recovery were determined using a repeated measures ANOVA and
values within a row not sharing common superscripts are significantly (p<0.05) different.
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Appendix III.AP2

. t1 t2 t3 t4 t5
Fatty Acid (% fatty acids)
14:0 1.6+0.4 1.3+0.3 1.4+0.2 1.1+0.4 13+05
14:1(9) 0.1 £0.04%® nil® 02+0.1° 02+0.1* 03+0.2°
16:0 24.1+2.9° 20.6 + 4.0° 223+£27° 183 +3.8 17.0+5.2%
16:1(7) 0.6 0.2 04+0.2 0.5+0.3 0.6+0.2 02+02
16:1(5) 0.2+0.1 0.1+0.1 0.4+0.2 0.4+0.1 03+02
17:0 0.5+0.2 0.5+0.3 04+02 0.5+0.2 0.6+0.4
18:0 27.7+1.6 284+ 1.5 205+19 27.1+1.3 294+1.7
18:1(9) 11.4+0.8* 11.6+1.5% 9.7+0.8% 8.6+14% 7.0+0.9°
18:1(7) 1.2+0.3 08+04 12+04 1.4+02 12+04
18:2(6) 53+0.5 50+1.1 51+0.7 58+1.0 42+07
18:3(6) 0.2+0.1 0.3+0.3 02+0.1 0.7+0.7 02+0.1
19:0 1.6+ 1.0 04+03 1.4+0.7 0.6+0.3 15+05
18:3(3) 0.3+0.2 04+0.3 0.5+ 0.4 04+02 04+03
18:4(3) nil® 0.1+0.1% 0.2 +0.1% 0.1+0.1* 0.3+0.2°
20:0 1.2+£1.0 0.4+0.3 0.5+0.2 0.6+03 02+0.1
20:1(9) 0.4+0.3 0.6+0.4 0.4+0.2 0.6+ 0.1 0.8+0.1
20:1(7) 1.9+0.5 1.8+0.6 1.2+0.4 0.6+ 0.1 0904
20:2(6) 0.8+0.4 04+02 0.5+0.3 0.9+0.3 08+02
20:3(9) 0.3+0.1° 0.3+02° 0.5+ 02" 1.8+1.0° 0.6 £ 0.3*
20:3(6) 1.7+£0.3 3.0+1.0 3.0+ 0.6 3.6+0.8 3.0+ 0.7
20:4(6) 80+1.2° 10.7 +1.7® 11.1+1.4% 11.6 £ 2.0% 17.5+3.9°
20:5(3) 2.7+£0.9 1.8+0.8 1.1+0.5 13+1.1 0.7+ 0.6
22:0 0.6+0.4 0.2+0.1 0.7+02 1.2+0.6 03+0.2
22:1(9) 0.2+0.2 0.7+04 0.4+0.1 0.7+03 1.0£0.5
22:3(6) 0.1 +0.1 0.1+0.1 0.1+0.1 12+1.2 nil
22:1(7) 0.1+0.1 0.2+0.2 0.1+0.1 nil® 0.6+ 0.4
22:4(6) 0.4 +0.2 0.6+0.3 0.8+0.2 09+0.3 09+0.3
22:5(6) 0.6 0.2 0.4+0.3 0.7+ 0.4 0.1+0.1 03+0.3
22:5(3) 0.2+0.1 0.5+0.3 02+0.1 0.2+0.1 04+0.2
24:0 0.5+0.3 0.8+0.6 0.8+0.5 1.2+0.7 1.1+0.7
22:6(3) 0.2+0.1° 02+0.1° 0.5+ 0.2% 1.0+ 0.5° 0.8+ 03®
24:1(9) 22+1.6 3.0+28 25+1.5 3.5+22 44+2.6
n-6 17 +2° 21 £2% 19 +2% 21 £3%® 25 +3°
n-3 3+1 3+1 3+1 5+1 4+1
S PUFA 2+2 24 +2 22+3 26+4 29+3
S SFA 61+1° 56 +2° 62 +2° 51+3° 59 + 2%
> MUFA 1741 18 +1 17+1 19+2 16 +2

*nil=<0.04%
TABLE IIL.AP2: Fatty acid composition of the PI fraction of neutrophils isolated
at specific times during recovery from burn injury was determined by gas

chromatography analysis. Data are expressed as means * SEM (n <10). Significant
differences during recovery were determined using a repeated measures ANOVA and

values within a row not sharing common superscripts are significantly (p<0.05) different.
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Appendix ITI.AP3

Fatty Acid t ©2 (% fat:y?’ acids) t e
14:0 1.2+03 1.0£0.3 0.6+0.1 1.5+0.1 1204
14:1(9) 0.1+0.1 nil nil 0.1+0.1 nil
15:0 0.9+02 0.8+0.3 0.7+0.2 0.7+0.1 0.7+02
16:0 145+2.7 13.8+1.8 114+1.8 15.1£1.9 11.8+2.1
16:1(7) - 0.5+02° 0.3+0.1%® 0.1+0.1° 0.8 +0.4% 04+0.1%
16:1(5) 0.2+0.1 0.3+0.1 0.1+0.1 04+0.1 0.5+0.1
17:0 0.5+0.3 1.2+0.5 1.4+0.7 1.0+0.3 12+09
18:0 31.6+2.6 326+1.8 36.1+2.2 33.8+223 326+1.8
18:1(9) 26.4+3.7 262+2.5 292+2.1 23.8+29 23.8+2.9
18:1(7) 1.5+1.1 0.4+0.2 0.3+0.1 1.1+04 0.8+ 0.1
18:2(6) 40+0.5 3.9+0.5 42+0.6 42+0.7 2.5+03
18:3(6) 0.2+0.2° 1.0+0.7° 0.1+0.1% 0.4 +03% 0.1+0.1%
19:0 1.4+1.3 0.7+£0.5 0.9+0.6 0.7+04 1.4+0.5
18:3(3) 0.3+ 02% 0.6 +0.3* 0.1%0.1° 0.2 +02% 0.6 +£0.5%
18:4(3) 0.2+0.1° 0.9 +0.6° nil** nil* 0.1+0.1°
20:0 0.2+0.1* 0.8+0.3° 0.4+02" 0.6 +0.2% 1.0+ 0.4%
20:1(9) 02+0.1% 05+02° 0.1 £0.04° 0.3 +0.2%® 0.5+0.3%
20:1(7) 3.1+1.1* 1.4+0.4° 1.6 £ 0.8 0.4 +0.1% 0.5+0.1%
20:2(6) 0.4+02 1.4+1.3 03102 1.5+1.1 24+2.1
20:3(9) 0.3+0.1 0.5+0.3 0.2+0.1 0.7+02 0.4+02
20:3(6) 1.5+0.4 0.8+0.3 1.5+0.3 1.8+0.2 1.9+0.4
20:4(6) 4.6 +0.5% 3.8+0.5% 4.4 +0.6% 6.2 +0.8° 9.6 + 0.8°
20:5(3) 1.4+04 24+1.2 1.2+0.6 04+03 02+0.1
22:0 0.6+0.3 0.2+0.1 0.3+0.2 03+03 02402
22:1(9) 0.2+0.1* 0.3 +£0.2° 0.2+0.1 0.4 +0.2% 0.6+0.3°
22:3(6) 0.1+0.1 02+0.2 0.1+0.1 0.1 +0.1 03+0.2
22:1(7) 0.1+0.1 nil 0.10.1 02+02 nil”
22:4(6) 0.8+0.5 0.3+0.2 0.6+0.2 0.9+0.2 14+0.3
22:5(6) 0.3+0.1 0.5+0.5 0.7+0.5 nil 03+0.1
22:5(3) 0.2+0.1 09+04 0.8+0.4 05+0.2 1.4+0.7
22:6(3) 0.5+0.3 0.2+0.1 0.4+0.3 0.6+ 0.1 09+0.3
24:0 0.3+0.2 0.2+0.1 03+0.2 0.5+03 04+03
22:6(3) 0.5+0.3 0.2+0.1 0.4+0.3 0.6+0.1 09+0.3
24:1(9) 0.7+0.3 0.5+0.3 0.8+0.4 1.0+ 0.6 0.6+ 0.4
Zn-6 12+1° 11+1° 12+1° 14 + 1% 17+1°
Xn-3 2+1 5+1 31 342 4+2
S PUFA 15+1° 17+1% 14 +2° 17 £2% 21+2°
S SFA 3342 3242 3242 29+3 32+3
SMUFA S1+2 S1+2 5242 51+3 48 +3

*nil=<0.04%

TABLE HI.AP3: Fatty acid composition of the PS fraction of neutrophils isolated
at specific times during recovery from bum injury was determined by gas
chromatography analysis. Data are expressed as means + SEM (n <10). Significant
differences during recovery were determined using a repeated measures ANOVA and
values within a row not sharing common superscripts are significantly (p<0.05) different.
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Appendix I1I.AP4

Fattv Acid tl 2 t3 t4 t5
(% fatty acids)

14:0 0.8+0.3 12+0.3 1.0+ 0.3 1.0+ 04 1.0+£04
14:1(9) 0.1+£0.0 02+0.1 0.1+0.0 02+0.1 0.1+0.1
15:0 1.0+0.4 1.1+0.6 0.6+0.2 0.4+0.1 04+02
16:0 12.1+1.6 126+1.9 14.1+2.1 13.0+2.4 11.9+33
16:1(7) 08+02 0.6+0.2 0.4+02 0.5+0.3 0.5+0.3
16:1(5) 0.5+0.2° 0.4+ 0.3 0.4+02% 0.3+0.1° 0.5+03%
17:0 29+1.1° 1.3+0.5° 1.5+0.6° 0.8+0.1% 09+03°
18:0 16.5+1.0 159+1.0 17.0+12 17.1+1.1 170+ 1.9
18:1(9) 24.0+2.7 27122 23.2+1.6 19.6+1.5 19.7+2.6
18:1(7) 0.8+02 0.8+0.3 0.9+03 13+0.5 1.0+04
18:2(6) 8.8+1.7 93+0.6 83+1.0 102+1.1 6.9+0.6
18:3(6) 0.1+0.1 03+0.2 0.1+0.1 0.2+02 03+0.2
19:0 0.3+0.1 0.1+0.1 0.1+0.1 0.5+ 0.3 0.5+0.2
18:3(3) 0.4+0.1° 1.3+0.3° 1.0 +0.4° 1.1+02% 1.0+0.3%
18:4(3) 0.5+0.2 02+0.1 05+02 0.5+0.1 04+02
20:0 0.3+0.1 04+02 03+0.1 0.4+0.2 0.3+0.1
20:1(9) 23+2.1 0.5+0.4 0.1+0.0 02+0.1 0.3+0.2
20:1(7) 1.3+£0.5 09+0.3 22+13 0.6+ 0.1 0.5+0.2
20:2(6) 0.5+0.1 0.7+0.3 03+02 0.8 +0.1 0.8 +0.4
20:3(9) 0.3+0.1* 02+0.1° 0.5+ 0.2% 0.9 +0.2° 0.4 +02%
20:3(6) 12+02 22403 22+0.5 2.3+0.3 1.7+04
20:4(6) 13.6+:1.4° 145+22% 154+17% 166+18%° 20.6+3.9%®
20:5(3) 1.8+0.7 12+04 1.0+ 0.4 0.5+0.2 0.8+ 04
22:0 1.2+0.7* 0.1+0.1%® 0.2+0.1%® 0.3 +02% 0.1 £0.1°
22:1(9) 0.1+0.0 03+0.2 0.1+0.0 0.2+ 0.1 0.2+0.1
22:3(6) 0.1+0.1 0.1+0.1 nil 0.1 +0.1 0.1+0.1
22:1(7) 0.1+0.1 nil” 0.1+0.1 0.2+0.2 nil”
22:4(6) 22+1.0 27+1.3 24+09 42+0.4 57+£1.6
22:5(6) 03+02 04+0.1 0.5+0.2 0.5+ 0.1 0.8+0.4
22:5(3) 1.9+ 0.4 1.7+0.7 1.4+05 22+04 2.0+0.4
24:0 03+02 03+02 03+02 04+03 0.4+0.2
22:6(3) 1.4+04 1.3+0.7 1.9+0.7 20+0.5 2.0+0.6
24:1(9) 0.1+0.1 0.1+0.1 0.1 +0.0 0.4+0.3 0.3+02
Zn-6 26+2 27+2 2742 29+3 33+3
Xn-3 6+1 7+1 6+1 6+1 6+1
S PUFA 30 +27° 32+2% 37+2° 37+3% 44 +2°
S SFA 3742 35+2 39+2 38+3 31+2
ZMUFA 29+1° 29 +1° 26+1° 26+1° 25+1°

*nil=<0.04%

TABLE HII. AP4: Fatty acid composition of the PE fraction of neutrophils isolated
at specific times during recovery from burn injury was determined by gas
chromatography analysis. Data are expressed as means + SEM (n <10). Significant
differences during recovery were determined using a repeated measures ANOVA and
values within a row not sharing common superscripts are significantly (p<0.05) different.
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Appendix IIL.APS

. PS PS PI PC
Fany Acid (% of total fatty acids)
C12:0 03+0.2 0.5+0.2 1.2+0.5 nil*
C 140 3.3+09 1.6+0.6 2.0+0.6 0.6+0.2
C 14:1(9) nil* nil* nil* 0.1+0.1
C15:0 1.0+£0.2 2.8+0.8 0.5+0.2 0.1+0.1
C16:0 28.5+4.9 14.8+5.0 17.6+4.2 325+1.4
Cc16:1(7) 09+0.3 04+0.1 47+4.3 0.2+0.2
C16:1(5) 09+04 0.7+£0.3 1.0+0.7 0.4+02
C17:0 1.7£03 19+1.1 04+04 0.2+0.1
C18:0 28.5+4.7 17.2+2.0 25.2+45 11.9+0.8
C 18:19) 18.1+1.8 16.5+29 69+14 24.6+04
C 18:1(7) 04+04 14+04 7.2+5.2 40+09
C 18:2(6) 3.1+0.6 5.0+0.9 2.7+09 9.6+0.6
C19:0 04104 0.8+0.2 1.0+0.6 nil*
C 18:3(3) 1.2+0.3 04+0.2 1.8+14 nil*
C 18:4(3) nil* 0.2+0.1 0.1+0.1 nil*
C20:0= 02+0.2 04+0.1 1.2+0.8 0.7+0.3
C 20:1(9) 0.9+0.1 0.3+0.1 04+0.2 nil*
C 20:1(7) 0.2+0.1 0.2:0.1 04+0.2 0.3+0.3
C 20:2(6) 1.7+04 0.5+0.2 0.5+03 0.5+0.3
C 20:309) 0.4+0.2 0.3:0.2 05+0.2 0.3+0.3
C 20:3(6) 0.6+0.2 54+43 23+0.7 09+03
C 20:4(6) 54+2.2 16.3+5.0 12.4+3.6 7.7+0.8
C 20:5(3) 0.2+0.2 04+0.1 0.7+0.3 1.9+0.9
C22:0+ 0.5+0.2 0.3+0.2 0.7+0.2 0.1+0.1
C 22:109) nil* 0.0£0.0 0.3+0.1 nil*
C22:1(7) nil* 0.0:0.0 0.2+0.1 nil*
C 22:4(6) 04+0.2 2.6+0.6 05+0.2 0.5+0.3
C 22:5(6) nil* 0.2+0.1 35+19 22+1.0
C 22:5(3) 02+0.2 1.8+0.4 0.3+0.1 0.2+0.1
C 22:6(3) 0.5+0.3 1.91+0.3 0.8+0.2 03+£0.2
C 24:1(9) 0.2+0.1 0.1:0.1 0.8+0.5 nil*
*nil=<0.04%

TABLE IIILAPS: Fatty acid composition of neutrophils isolated from healthy

subjects was determined by gas chromatography analysis. Data are expressed as means +

SEM (n=6).
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Appendix IV.AP1

Fatty acid tl t2 (%jbtg acids.) t4 t5
14:0 0.9 +0.3 0.7+0.3 0.6 +0.1 0.8+0.2 1.3+0.4
1‘51:1(9) 02+0.1* 0.1+£0.1° 0.0%200* 0101 0.1+0.1*
15:0 0.6 +0.2 0.4+0.1 0.6 +0.2 0.4 +0.1 0.5+0.1
16:0 284+0.8* 33.6+1.0° 307+1.1° 282+1.8% 300+1.7*
16:1(7) 0.5+£02® 06+0.1° 08%0.1* 06+02® 03z%0.1°
16:1(5) 0.6 £0.1 0.8+0.1 0.7+0.1 0.7 +0.1 0.6+0.2
17:0 09+02* 0.5+0.10° 05+02° 1.1+03" 22106
18:0 15.1+£1.1 127412 13110 138=+1.1 14.4+0.7
%gzi% 23.9+16" 247+1.8° 248+1.2* 225+1.3% 196+1.7°
: 3.1+03 3.2+0.3 3.1+02 2.7+0.2 24+0.1
18:2(6) 83+1.0 7.5+0.6 88+1.3 10.7 + 0.7 8.1+09
18:3(6) 0.1+0.1 0.11+0.0 0.1+0.1 0.1 +£0.0 0.0+0.0
19:0 02+£0.1° 0240.1® 01200° 07+03% 1.7+1.0°
18:3(3) 03+0.1* 01+0.1° 01%0.1® 02+0.1% 0.1+0.1%®
18:4(3) 0.5+02 02+0.1 0.4+0.2 0.1 +0.0 0.2+0.1
20:0 09+04® 08+02® 06+0.1*° 06+0.1% 19+1.0°
%8:1% 0.7+0.2 0.8+0.3 0.2+0.2 0.3+0.1 04+0.1
11 0.7+02 1.0+03 0.6+0.2 1.2+0.1 1.0+0.2
20:2(6) 0.7 +0.1 0.6+0.1 0.7+0.2 1.0+0.3 06+0.2
20:3(9) 0.5+0.1 0.6+0.2 0.9+0.3 0.7 +0.2 0.6 +0.1
20:3(6) 1.3+02° 141+02® 10+03*° 18+02% 22+04°
20:4(6) 66+10° 65+01* 78+08% 84+12% 103+1.0°
20:5(3) 04+0.1* 02+0.1° 02%01° 02+0.1* 03+0.1%
22:0 03+£0.1° 01+£00° 02+£0.1® 03+0.1% 0.1£0.1%
22:1(9) 0.1+£00® 0.0+00® 0.0+00° 0.1+00® 05%0.3
22:1(7) 0.0+0.0 0.0+ 0.0 0.1+0.0 0.1 +0.1 0.1+0.0
22:4(6) 0.6 £0.1 0.7+0.2 0.5+0.1 0.9+0.1 0.6+0.1
22:5(6) 0.6 +0.4 0.1 +0.1 0.7+0.5 0.3+0.1 0.1+0.0
%3:3(3) 08+0.1® 0.6+0.1® 0.7+£0.1*® 1.0+0.2° 0.5+0.1°
: 0.1 0.1 0.1 +£0.0 0.2+0.1 0.4+0.2 0.1 £0.0
22:6(3) 1.5+0.5 0.8+0.1 0.8 +0.1 1.1+0.2 0.8+0.1
24:1(9) 0.2+0.1 0.2 +0.1 0.2+0.1 0.3+0.1 0.2 +0.1
gn-g 18 _«:01;’ 2174(_35‘; 2204_61: 21 J_rza:" 2;_)¢12:"
n- 4+0. +0. +0.5 3+1 +
S PUFA 2+1%® 21+1° 24+1° 24 +1° 23+ 1%
S SFA 46+ 1° 47 +1° 46 +2° 49 + 2% 53+2°
_ZMUFA 31+1° 32+1° 30+1* 28 +1% 26+1°

TABLE IV.AP1: Fatty acid composition of the PC fraction of lymphocytes at
post burn timepoints expressed a percent of total fatty acids. Data are expressed as means
+ SEM (n <10). Significant differences between post burn timepoints were determined
using a repeated measures ANOVA and values within a row not sharing common
superscripts are significantly (p<0.05) different.
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Appendix IV.AP2

: tl 2 t3 t4 tS
Fatty acid (% fatty acids)
14:0 1.1+04 0.9+0.3 1.0+0.4 1.9+0.8 1.6+0.5
14:1(9) 0.2+0.1 0.1+0.1 0.2+0.1 0.1 +0.1 nil
15:0 21+1.0 1.1+03 0.7+0.3 1.7+£0.5 0.7+0.9
16:0 163+29°  102+23% 125+51% 208+55% 157+45®
16:1(7) 0.4+02 0.4 +0.1 04+02 0.7+0.5 0.6 +0.2
16:1(5) 0.3+0.1 0.2+0.1 0.2+0.1 0.5+0.2 0.5+0.2
17:0 1.6 £0.3° 1.1+0.2° 09+04> 19+05° 08+02°
18:0 306+1.1 367+1.8 30.8%+126 277+27 296+38
18:1(9) 182+1.8 248+14° 220+9.0® 165+32% 19.1+2.7®
18:1(7) 0.5+0.2 0.5+0.1 0.7+03 1.0+0.8 0.4+0.1
18:2(6) 29+04 2.1+04 2.3+0.9 3.6+0.7 2.6+0.7
18:3(6) 03+02% 02%0.1% 1.1£04* 07+04% 0.1+0.1°
19:0 1.2+0.5 0.7+023 0.6+02 1.3+0.5 08+04
18:3(3) 0.5+0.4 0.1+0.1 0.3+0.1 0.8+0.5 0.2+0.1
18:4(3) 1.7+12 08+04 03+0.1 0.1 +0.1 0.1+1.3
20:0 1.0+0.2 1.6 £0.3 1.7+0.7 0.9+0.3 0.6+0.3
20:1(9) 0.7+0.4 0.7 +0.1 0.5+0.2 0.1+0.1 1.0+0.3
20:1(7) 12+04 0.6 £0.1 09+0.4 0.2 +0.1 0.5+0.5
20:2(6) 13+£1.1 0.6+03 0.3+0.1 1.3+0.8 12+0.6
20:3(9) 0.4+02 0.2+0.1 1.1 +0.5 1.0+0.6 03 +0.1
20:3(6) 12+0.2° 1.8+0.3° 21+09° 14+07®% 23+05°
20:4(6) 79+1.0° 95+1.0® 113+12° 123+16° 172+14°
20:5(3) 0.4+0.2 0.2+0.1 1.0+0.4 0.7+0.6 0.8 0.6
22:0 0.5+0.2 0.5+0.3 0.5+0.2 0.3+0.3 0.6+04
22:1(9) 0.4+0.2 0.3+0.1 0.2+0.1 0.5+03 0.67+£0.3
22:3(6) 0.1 +0.1 0.1+0.1 nil 0.2+0.2 0.2+0.1
22:1(7) 0.1+0.1 0.1+0.1 0.1 +0.1 0.7+0.7 nil
22:4(6) 0.9+0.2 0.9+0.2 12+0.5 0.8+0.4 1.0+03
22:5(6) 0.2+0.0 0.1+0.1 0.3+0.1 0.5+0.5 0.2+0.1
22:5(3) 0.7+0.2 0.5+0.1 1.4+0.6 0.3+0.1 0.5+0.1
24:0 03+02® 02+02® 03%01® 08+0.5° 03 +0.1°
22:6(3) 1.5+0.3 1.0+0.1 1.4+0.6 0.6 +0.3 1.0+0.2
24:1(9) 0.7+£02° 0.5+03%® 02+0.1° 07+05® 05+02%®
>n-6 15+1° 15+1° 17+2° 20 + 2% 23 +2°
Xn-3 4+1° 3+1° 3+1%® 3+1%® 5+1°
X PUFA 20 + 2° 19 +£2° 24 +2% 25 +2% 26 +2°
ISFA 55+2° 53 +2% 55+2° 55+ 3% 48 +3°
SMUFA | 24+2% 28 +2° 26 +2% 21 +3° 24+2%
nil=<0.04

TABLE IV.AP2: Fatty acid composition of the PS fraction of lymphocytes at
post burn timepoints expressed a percent of total fatty acids. Data are expressed as means
+ SEM (n <10). Significant differences between post burn timepoints were determined
using a repeated measures ANOVA and values within a row not sharing common
superscripts are significantly (p<0.05) different.
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Appendix IV.AP3

Fatty Acid tl 2 13 t4 tS
(% fatty acids)
14:0 1.6+0.6 1.0+0.2 1.6 +0.5 0.8+0.5 2.0+0.6
14:1 (9) 02+0.1 0.1%0.1 02+0.2 0.1£0.1 0.5+0.3
15:0 40+1.2° 1.7+0.6° 12+02° 0.7 £0.4% 0.7+02°
16:0 16.8 +£3.1 13.2+23 20325 145+59 18.6+5.7
16:1 (7) 0.5+0.3 0.5+0.2 0.5+0.1 0.8+0.5 0.5+02
16:1 (5) 03+0.1 02+0.1 04+0.2 04+0.2 08+04
17:0 0.9+0.2 0.5+02 09+04 0.7+0.4 0.5+03
18:0 26.1+2.5° 362+22° 278+35% 258426 29.1+34%
18:1(9) 79+1.2 7.7+0.5 71+£1.1 82+1.9 8.6+2.6
18:1 (7) 1.0+0.2%® 1.6 £0.2% 0.8 +0.3® 2.1+0.6° 1.0+03%
18:2 (6) 2340.6 3.0+0.5 3.3+0.5 45+12 26+03
18:3 (6) 1.1+0.9 0.1 £0.1 03+02 0.5+03 0.4+0.3
19:0 09+04 0.3+0.1 23+14 0.8+0.6 1.1+04
18:3 (3) 03+0.2 0.2+0.1 0.4+0.3 0.6%0.5 0.7+0.5
18:4 (3) 3.1+1.5 1.1+06 1.0+0.7 0.6 +0.6 0.1+0.1
20:0 1.7+1.8 0.7 +0.1 1.9+1.1 41+35 0.5+0.2
20:1(9) 03+0.1° 03+02* nil** 03+0.1° 0.6 £ 0.2°
20:1 (7) 1.1+04 09+0.2" 0.8 +0.3* 3.1£29° 0.6 +0.3*
20:2 (6) 05+02* 04+02° 0.8+0.6" 24+1.7° 0.3+0.2°
20:3(9) 1.6+1.4 03+02 04+0.3 3.5+2.5 0.5+0.2
20:3 (6) 1.0+0.2 1.8+0.3 1.6 £0.5 2.0+0.8 1.1+£0.4
20:4 (6) 132+£25° 229+33° 146+34%® 153+56® 215+7.1°
20:5 (3) 20+1.3 0310.1 03+0.2 0.6 +0.4 0.25+0.18
22:0 0.5+0.2° 0.3+0.1%® 0.3+0.2% 0.6 £0.5%® 0.1+£0.1°
22:1(9) 02+0.1 0.4+0.1 0.4+0.2 0.6+0.3 0.8+0.4
22:3(6) 01£0.1®  01%00*° 0.1x0.1% 0.5+0.5° nil*
22:1(7) nil 0.1+0.1 0.1 £0.1 0.1+0.1 02+0.17
22:4 (6) 0.3+0.1 0.6+0.2 0.5+0.3 0.8+0.1 0.5+0.2
22:5 (6) 02+0.1 nil 1.0+0.8 03103 0.1+0.1
22:5(3) 3.1+2.1 0.3+0.1 0.3+0.1 0.2+0.2 0.1+0.1
24:0 03+0.2 03402 03+0.2 1.1+£0.7 1.7+1.4
22:6 (3) 0.8+0.3 0.5+0.1 0.4+0.2 0604 0.8+0.4
24:1 (9) 1.5+1.1 0.8+04 0.7+0.5 1.6 +0.9 1.5+0.8
Sn-6 19 +3° 31+3° 26 + 4% 24 + 6% 29 + 4%
Zn-3 g+2° 2+2° 2+2° 7+£3% 3+2%®
S PUFA 32+3 33+3 29+3 32+5 32+4
X SFA 12+1 13+1 12+1 162 13+£2
_ZMUFA 55+3 52 +3 58+4 53+6 54+5S
“nil=<0.04

Table IV.AP3: Fatty acid composition of the PI fraction of Lymphocytes
at post burn timepoints expressed a percent of total fatty acids. Data are expressed
as means + SEM (n <10). Significant differences between post burn timepoints
were determined using a repeated measures ANOVA and values within a row not
sharing common superscripts are significantly (p<0.05) different.
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Appendix IV.AP4

i tl 2 t3 t4 t5

Fatty Acid (% fatty acids)

14:0 1.7+0.4 1.1+03 12+0.3 0.8+0.5 09+04
14:1 (9) 0.1+0.1 nil 0.5+0.3 0.1+0.1 0.2+0.1
15:0 5.1+3.0 25+1.1 2.0+0.9 0.240.1 0.6+0.2
16:0 213+3.0° 126+19° 13.0+1.4° 125+5.7% 16.8 +
16:1 (7) 0.8+0.3 0.3+0.1 04+03 0.2+0.1 0.4+0.1
16:1 (5) 1.1+0.3 0.8+03 0.5+0.2 0.4+0.1 0.6+02
17:0 0.9+023 1.1+0.6 23+1.6 03 +0.1 1.7+0.6
18:0 212 +2. 17.5+0.9 19.0+1.3 23.5+7.1 17.7+1.3
18:1 (9) 155+1.8 184+0.8° 140+1.4% 147+1.0% 10.7106°
18:1 (7) 1.5+£0.3 1.2+03 1.1+04 1.5+04 1.3+03
18:2( 6) 45+0.6° 52+0.7° 3.2+0.6° 44+0.8° 3.4+03°
18:3 (6) 0.2+0.1 0.2+0.1 0.1 +0.1 0.1+0.1 0.2+0.1
19:0 0.2+0.1 0.6+05 28+1.8 0.8 +0.01 0.7+02
18:3 (3) 04+0.2° 0.4 +0.2%® 0.7 +0.2% 0.6 +0.4® 1.0+0.2°
18:4 (3) 0.9+0.3 0.3+0.1 0.6+04 0.8+0.8 022+
20:0 0.5+0.2 0.8+04 1.7+1.2 0.6+0.2 0.4+02
20:1 (9) 0.3+0.1 0.2+0.1 0.4+0.2 0.6+0.1 0.6 +0.1
20:1 (7) 1.4+0.6 06+0.1 1.0+ 0.6 0.7+0.1 0.9+04
20:2 (6) 0.5+0.2° 1.8 +0.8° 04+02° 07+0.1% 0.7+0.1%®
20:3 (9) 0.5+0.1 0.5+0.2 0.3+0.1 0.4+02 0.6+03
20:3 (6) 27+19 1.7+05 1.1+0.3 1.7+0.5 23+1.0
20:4 (6) 92 +4.7° 242+43% 227+47% 208+7.7° 309+58°
20:5 (3) 03+02° 03+0.3* 0.5 +0.3%® 04+04® 14+03°
22:0 0.2+0.2 0.3+0.1 0.4+0.2 0.2+0.1 1.0+0.7
22:1 (9) 0.2+0.1 0.1+0.1 0.1%0.1 0.2+0.0 0.5+03
22:3 (6) nil® nil nil 0.1+0.1 0.1+0.1
22:4 (6) 1.8+0.6 3.1+1.0 32+1.0 49+22 46+1.1
22:5 (6) 0.2+0.1 0.2+0.1 0.2+0.1 0.5+0.1 0.3+0.1
22:5 (3) 1.6+0.5 20+04 1.8+0.4 1.9+0.5 1.9+0.5
24:0 0.3+0.3 0.2+0.1 0.5+03 0.7+0.3 0.3+0.1
22:6 (3) 1.7+£0.5 1.7+04 23+038 2.0+0.3 1.8+0.6
24:1 (9) 0.1 +0.1 1.7+1.6 0.3+0.3 0.6+0.5 0.7+0.5
X n-6 23 + 4° 33 +3% 33 + 4% 30+ 7® 38 +5°
Zn-3 8+1 5+1 6+1 7+4 6+2
S PUFA 34 +3° 14 +£3% 45 +3° 37+ 7% 44 + 4%
SSFA 45 +3° 34 +3° 37+3° 45 + 6% 4] + 4%
SMUFA 19+ 1% 22+1° 19+1% 18 + 3% 16 +2°

*nil=<0.04%

TABLE IV.AP4: Fatty acid composition of the PE fraction of
lymphocytes at post burn timepoints expressed a percent of total fatty acids. Data
are expressed as means + SEM (n <10). Significant differences between post burn
timepoints were determined using a repeated measures ANOVA and values
within a row not sharing common superscripts are significantly (p<0.05) different.
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Appendix IV. APS

] PS PE PI PC
Fatty Acid 9% fatty acids

14:0 2410.7 1.9+0.5 24+1.0 0.8 +£0.03
14:1(9) nil nil 03+0.2 nil

15:0 0.7+0.2 22+1.0 14+1.0 0.5+0.5
16:0 27.4+100 215+53 198+75 30.5+1.8
16:1(7) 1.5+0.5 0.7+0.2 1.1+0.9 0.1 +£0.1
16:1(5) 0.4+0.2 0.7+02 0.6 +0.3 04102
17:0 nil’ nil® 0.6+0.4 nil’
18:0 280+55 206+24 244+64 12.7+09
18:1(9) 19.1+3.0 149+2.1 65+1.3 13.5+6.2
18:1(7) 0.8+0.6 12+0.2 19+095 335+1.70
18:2(6) 3.5+0.8 36+1.0 274+064 7.13+0.32
18:3(6) nil’ nil” 0.60 £ 0.60 nil’
19:0 039+026 0.81+045 066+048 1.40%1.40
18:3(3) 0.99+0.78 0.52+036 1.05+0.62 0.19%0.19
18:4(3) nil’ 0.14+0.11 029+029 0.15+0.15
20:0 nil 040+020 0.12+0.12 0.85+0.12
20:1(9) 0.73+0.38 0.38+0.28 nil’ nil:
20:1(7) 0.12+0.12 0.32+024 0.11+0.11 nil
20:2(6) 244+1.12 049+025 061+044 0.19%0.19
20:3(9) 0.12+0.12 026+0.15 0.18+0.11 nil"
20:3(6) 045+045 1.33+045 093+062 1.7410.10
20:4(6) 6.59+332 22.12+46 2792+23 10.17+0.94
20:5(3) 023+023 0.29+0.14 162+101 5.64+3.31
22:0 0.18+0.18 0.21+0.18 035+0.20 0.00 + 0.00
22:1(9) nil’ nil’ nil’ nil”
22:1(7) nil’ nil” 0.20 + 0.20 nil’
22:4(6) 0.73+042 298+1.09 027+0.16 126+0.61
22:5(6) nil’ 020+0.10 1.18+0.69 5.08+2.62
22:5(3) 0.16+0.16 1.86+080 048+031 0.63+0.23
24:0 nil nil nil nil
22:6(3) 081+0.14 1.55+0.67 3.29+237 164127
24:1(9) nil nil nil nil
Zn-6 155+13 323+1.8 343+23 256%19
Zn-3 2.1+09 43+13 55+2.1 26+1.8
S PUFA 184+12 376+6.0 127+25 338%+72
S SFA 609+57 489+7.1 508+6.5 48.8+0.8
> MUFA 28+27 182+24 105+1.7 226+26

*nil=<0.04%

TABLE IV.APS: Fatty acid composition major PL fractions of

lymphocytes isolated from healthy subjects expressed a percent of total fatty

acids. Data are expressed as means + SEM (n < 6).
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Appendix V.AP1

) t1 2 3 t4 t5
Fatty acid (ug/ml plasma)

C 14:0 43+1.8 3.7£0.9 45+1.2 63+2.6 3.8+06
C 14:1(9) 1.4 +0.4* 1.6 £0.6® 2.0+ 04 24+1.7%® 33+0.7°
C15:0 14+02 20+04 2.1+02 1.7+0.6 2.0+03
C15:1 0.9 + 0.2 0.8+0.2° 1.6 +0.5% 1.0+ 02%® 1.7+0.4°
C 16:0 1345+6.5 1472+148 161.8+21.5 1475+39.1 159.8+13.6
C16:1(7) 0.9 +0.2° 1.0+£0.3® 1.4+0.1% 0.8 +0.4% 1.8 +0.6°
C 16:1(5) 32404 3.5+0.7 3.9+0.8 25402 3.1+03
C 18:0 729+3.3 80.7+87 81.9+10.7 80.1+174 90.7+11.6
C 18:1(9) 61.6+3.3 612+70 59.0+10.6 57.8+13.7 50.1+7.9
C 18:1(7) 10.3+ 0.8 9.6+1.1 101+1.3 8.1+1.0 123+1.8
C 18:2(6) 792 + 4.0 82.8+105 852+122 849+185 982+14.3
C 18:3(6) 0.3+0.1 0.7+0.2 05+0.2 04402 0.6 +0.3
C19:0 1.3+0.1° 1.5+0.4" 1.4+0.2* 0.9+0.3* 39+25°
C18:3 (3) 0.7 +0.2° 0.5+0.2° 0.5+02* 0.9 £ 0.4 2.0+ 0.8°
C 18:4(3) 09+02 0.9+0.3 0.9+0.3 0.7+03 0.7+0.2
C 20:0 0.5+0.1° 0.8 +0.2" 1.0+02° 0.7+0.4° 28+14°
C 20:1 (9) 0.3+0.1 0.3+0.1 0.4+0.2 02+0.2 0.5+0.2
C20:1(7) 0.6+ 0.1 0.6 +0.2 0.510.1 0.6+0.3 09+0.2
C 20:2(6) 1.2+0.3* 25+04° 1.2+0.3" 2.0+ 0.6 22+02%
C 20:3(9) 3.1+1.2 25+2.1 0.4+02 0.6 0.1 21+14
C 20:3(6) 14.6+3.0 21.0+42 25.0+3.9 20.9 +6.7 15.7+3.4
C 20:4(6) 31.0+3.8° 35.8+4.5® 468+59° 384+67% 46.1+60°
C 20:5(3) 22+03 23+06 1.9+0.6 1.6+0.2 2.0+0.8
C 22:1(9) 0.7 +£0.3° 0.8 £ 0.2% 13+04° 1.3+£0.7® 1.7+0.5°
C22:1(7) 0.4+0.2 0.6+0.2 0.7+0.3 1.0+03 09+02
C 22:4(6) 0.9+0.2" 1.1+0.1%® 1.5+03% 1.4 +0.5% 1.3+02°
C 22:5(6) 0.8+0.1 0.8+0.1 1.1+03 1.0+04 1.1+04
C 22:5(3) 29+0.5 2.7+0.4 3.1+0.6 25+04 33+0.6
C 22:6(3) 10.0 £ 0.9% 102+12°  11.5+23% 144+41° 128+25%
C 24:1(9) 1.7+0.4 22+05 1.9+0.7 2.6+0.9 20+07
n-6 15+2° 18 + 2% 22 +3°%° 24 +3% 25 +3°
Zn-3 122+ 14 144 + 17 169 + 22 147 £ 25 165 +22
S PUFA 142+ 15 164 + 18 190 + 24 172 £27 191 +24
ZSFA 79+ 8 81+9 86 +12 81+14 8112
SMUFA 212+19° 225 +23% 295 + 30° 262 + 34*° 281 +30%®

TABLE V.API1: Fatty acid composition of plasma total phospholipids expressed
as pg/ml plasma calculated using 17:0 (10 pg) as the standard. Data are expressed as
means + SEM (n <10). Significant differences between recovery timepoints were
determined using a repeated measures ANOVA and values within a row not sharing
common superscripts are significantly different (p<0.05).
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Appendix V.AP2

; tl 2 3 t4 t5
Fatty acid (ug/ml plasma)
C 14:0 0 22+04* 49+09° 2.8+1.0% 1.5+1.0® 3.1+1.0°®
C 14:1(9) 2.7+1.2 24+0.6 42+1.0 3.1+1.5 3.6+1.1
C15:1 0.5+0.1 0.3+0.1 0.6 £ 0.1 0.6+ 0.2 0.7+0.2
C 16:0 54.8 +6.4° 64.0 + 5.0% 76.0 +£5.6° 66.7+11.0%° 768+12.3"
C 16:1(7) 2.1+04 29+0.5 1.9+04 24+09 3.6+08
C 16:1(5) 9.6+1.9 128+1.9 16.9+54 69+1.6 120+2.2
C17:0 3.0+04 27405 40+1.0 41+0.7 2.5+0.2
C18:0 147453 11.6+12 13.0+2.7 13.0+2.5 150+2.9
C18:1(9) | 73.1+95 81.4+7.9 83.2+11.9 69.8 +19.7 88.2+12.5
C18:1(7) | 46+08 5.8+0.7® 6.0 +£0.5%® 46+1.3% 7.7+1.6°
C18:2(6) | 1382+20.3° 1625+21.7% 1703+172® 1772+50.2*®® 215.8+33.3°
C 18:3(6) 24+0.6 54+1.1 43+0.8 3.8+1.7 59+24
C 19:0 3.1+£0.9 2.8+0.6 23104 23+1.5 13+04
C18:3(3) | 09+05° 0.6 +0.3* 1.7+ 0.7® 1.0+ 0.6 26+08°
C 18:4(3) 0.9+0.1 1.0+£0.2 0.8 +0.1 0.6+0.2 1.0£0.1
C 20:0 0.6+0.2" 0.6+0.2" 1.5+03° 0.9 +£0.4%® 1.0+03%
C20:1(9) | 0.2+0.1*® 0.0+ 0.0 0.0 +0.0° 0.7+0.7° 0.1+0.1%
C20:1(7) 0.3+0.1 0.3+0.1 04+02 0.2+0.1 0.2+0.1
C20:2(6) | 0.2+0.1® 0.3+0.1® 0.3 +0.0° 0.0 +£0.0° 0.2+0.1%
C 20:3(9) 1.2+0.3 1.3+0.7 23+08 1.2+1.1 0.5+0.3
C 20:3(6) 1.74+0.7 25+08 24+0.7 33+1.6 36+1.0
C20:4(6) | 163 +3.0° 17.7+3.2° 23.5+4.2® 242 +53% 33.5+4.7°
C 20:5(3) 1.7+04 2.1+0.6 12403 0.9+03 20+04
C22:0 0.4+0.1 0.5+02 0.8+02 0.3+0.2 0.6+0.3
C 22:1(9) 0.5+0.1 0.7+0.2 0.4 +0.1 0.3+0.2 0.5+0.1
C22:1(7) 0.3+0.1 0.4 +0.1 0.6+0.2 0.4+02 0.9+0.2
C22:46) | 0.3+0.1* 04+02° 0.7 +02%® 0.2+0.1® 0.6 + 0.4
C 22:5(6) 0.4 +0.1 0.6+04 0.7+04 0.8+0.5 0.4+0.3
C 22:5(3) 0.1+0.1 0.1 £0.1 0.2+0.1 02+02 02+0.2
C 22:6(3) 1.1+0.3 1.7+0.4 1.6+0.2 0.9+0.3 2.0+03
C 24:1(9) 0.6+0.2 0.6 +0.3 0.4+02 0.7+ 0.4 0.2+0.1
Zn-6 5+1° 5+1° 6+1° 5+1° 9+1°
Zn-3 171 +20° 190 +21° 217 £27® 195 + 34% 271 £30°
S PUFA 165 + 20° 197 + 19%® 225 +25% 211 +£31%* 259 +28°
ZSFA 101 +9 104+9 113+12 109 £ 15 131+13
SMUFA 71+7° 92+7° 105 + 9° 95 + 12% 105 + 10°

TABLE V.AP2: Fatty acid composition of plasma CE expressed as pg/ml plasma

calculated using 17:0 (10 pg) as the standard. Data are expressed as means + SEM (n

<10). Significant differences between recovery timepoints were determined using a
repeated measures ANOVA and values within a row not sharing common superscripts are
significantly different (p<0.05).
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Appendix V. AP3

. t1 2 t3 t4 t5
Fatty acid (ug/ml plasmay)
C 140 6.0+3.1 65+2.1 9.1+3.6 35+1.8 62+24
C 14:109) 45+14 50+£1.0 3.1x1.1 45+£25 44+1.7
C 15:1 40+2.1 2621 04=x0.1 03+0.1 0.6 £0.0
C 16:0 1534+£23.5 1549+239 148.1+32.6 124.1+£23.1 129.0+242
C16:1(7) 8.8+2.6 5720 4.0+0.7 41+1.5 39+0.8
C 16:1(5) 152+25 19.1+39 20.8 +5.9 7.1+14 159+3.8
C17:0 33+0.7 76142 34+04 3.8+0.2 29+04
C18:0 343+6.5 30.1 £4.9 253 +44 23.1+36 23.5+29
C18:1(9) |224.5+£31.9 213.7+£35.1 193.4+392 1442+245 162.7+33.3
C 18:1(7) 154+23 15.1+33 163 +£3.9 85+06 13.6+33
C18:2(6) | 98.7+234 90.1+19.5 87.5+234 93.7+260 88.8+24.0
C 18:3(6) 1.7£04 3.1+0.7 1.4+0.6 25+1.0 3.7£1.8
C19:0 21+06 26+0.6 32+10 24+£0.8 23+0.8
C183(3) | 22.1+£113 121+11.0 1.6+0.5 27+1.1 32+1.6
C 18:4(3) 5.0x2.1 25+09 2004 09+0.3 1.0+03
C 20:0 1.5+£05 1.0+£0.3 0.6 +0.1 13+£0.8 0.8+0.1
C 20:1 (9) 40+1.8 1.6+0.8 09+04 04+0.1 0.5+0.1
C20:1(7) 1.0+03 09+0.2 0.5+0.1 2114 09103
C 20:2(6) 0.7+£0.2 09+0.3 1.4+0.6 1.5+04 1.0+ 04
C 20:3(9) 06+03 1.4+0.8 0.9+0.6 0.0+0.0 0.8+0.3
C 20:3(6) 30+1.3 1.2+04 1.2+0.6 21+0.7 1.1+0.5
C 20:4(6) 11.0+£3.5 80+£22 7.2+26 63+14 6.7+2.1
C 20:5(3) 07103 0.6+0.2 0.6+03 04+0.1 0.6 +0.2
C 22:0 29+1.5 13+1.0 0.2+0.1 09+0.7 0.2+0.1
C 22:1(9) 1.1+04 09104 0.4+0.1 03+0.1 0.7+0.1
C22:1(7) 09104 0.8+04 04+0.1 0.7+0.1 0.5+0.1
C 22:4(6) 0.8+£0.2 0.7+0.1 0.8+0.3 08+03 0.8+0.2
C 22:5(6) 47+1.6 2.1+0.8 1.4+£0.2 0.7+0.3 20+08
C 22:5(3) 1.8+0.5 09+0.2 0.9+0.2 05+0.2 1.0+03
C 22:6(3) 1.5+0.3 14+0.3 1.8+0.5 0.8+0.3 1.7+0.3
C 24:1(9) 0.1 £0.1 0.6+0.4 0.1+0.1 0.0+0.0 0.1 +0.1
Zn-6 65+13 5014 7.0+1.7 58122 8.1+19
Zn-3 88.5+13.2 782+143 102.8+172 1009+21.7 78.7+19.3
2 PUFA 803+13.0 96.0+14.1 113.1+17.0 1033214 122.4+19.0
2 SFA 247.5+£27.7 2589+30.1 24791362 197.0+45.7 231.1+£40.6
JMUFA | 164.1 £21.6 189.9+23.5 162.1 £28.2 162.7+35.6 188.3 +31.6

TABLE V.AP3: Fatty acid composition of plasma TG expressed as ug/ml plasma
calculated using 15:0 (10 pg) as the standard. Data are expressed as means + SEM (n
<10). Significant differences between recovery timepoints were determined using a
repeated measures ANOVA and values within a row not sharing common superscripts are
significantly different (p<0.05).
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Appendix V.AP4

Fatty PL PL CE CE TG TG
Acid (% F4) (ug/ml) (%) (ug/ml) (%) (ug/ml)

C 14:0 1.0+0.4 59+29 0.4 +0.1 2.1+0.6 0.7+0.2 47+15
C 14:1(9) 0.2+0.0 1.7+0.5 0.7+0.2 6.7+2.7 1.1+£05 6.0+22
C 16:0 284%1.1 2065+31.0{ 13.1+2.0 107.4+23.4| 23.1+2.0 148.1+225
C 16:1(7) 02+0.0 1.5+02 0.4 +0.1 24+04 14+0.5 8.9+3.2
C 16:1(5) 04+0.1 3.0+0.6 20+04 156%+35 | 24+04 153+3.0
C 18:0 144+1.0 988+109| 40+17 369+213| 46+06 31.8+50
C 18:1(9) 100£0.8 702+98 | 19.0+1.8 134.7+17.0| 36.0+24 262.5+59.1
C 18:1(7) 2.1+£0.2 147+25 | 1.2+0.1 92+14 3005 21.2+53
C 18:2(6) 23.1+£1.7 1747+298| 498+23 3729+51.7| 169+2.6 120.4+304
C 18:3(6) 0.1+0.0 0.6+0.1 0.5+0.2 34+08 03+0.1 2.4+0.6
C 19:0 06+04 27+13 0.5+ 0.1 29+0.8 0.7+0.1 41+1.0
C 18:3(3) 02+0.1 15+0.6 02+0.1 1.5+09 26+21 19.6+13.1
C 18:4(3) 02+0.0 0.8+0.2 0.2+0.0 1.1+0.2 05+0.2 3.3+1.1
C 20:0 0.5+0.3 2.1+1.1 0.0+0.0 0.3+0.1 0.2+0.1 1.7+0.6
C 20:1 (9) 0.1+0.0 0.5+0.2 0.0+0.0 0.1+0.1 03+0.2 22+1.0
C 20:1(7) 0.1+0.0 08+0.2 0.1+0.0 0.8+0.4 02+0.1 1.6 £ 0.9
C 20:2(6) 0.3+0.1 20+05 0.10.0+ 05+0.2 02+0.0 09+04
C 20:3(9) 0.4+0.3 28+18 0.3+0.1 2.3+0.6 0.2+0.0 09+04
C 20:3(6) 2.5+0.6 168+32 | 0.240.1 1.7+£1.0 0.2 0.1 1.7+ 0.6
C 20:4(6) 9.1+04 679%112| 53+03 393+54 | 1.1+03 85+1.9
C 20:5(3) 03+0.1 1.5+04 0.4+0.1 2.8+0.6 0.1+0.0 0.7+0.3
C 22:0 04+0.2 2.1+0.7 0.0+0.0 03+0.1 03+0.2 1.5+1.2
C 22:1(9) 02+0.1 1.8+09 0.1 +0.0 0.5+0.1 02+00 1.3+0.5
C22:1(7) 0.0+0.0 02+0.1 0.0+0.0 0.2+0.1 0.0+ 0.0 04+0.3
C 22:4(6) 0.3+0.0 22+0.3 0.0+0.0 0.3+0.1 03+0.1 12+0.2
C 22:5(6) 0.2+0.0 1.7+0.4 0.1+0.0 0.6 +0.3 08+0.4 66134
C 22:5(3) 0.6+0.1 4.1+0.6 0.0+ 0.0 02+0.2 02+0.0 1.5+04
C 22:6(3) 2.8+02 206+32 | 0.4£0.1 3.1+06 0.4+0.0 3.0+0.6
C 24:1(9) 0.3+0.1 28+1.0 0.1 +£0.0 0.6 + 0.3 0.0+0.0 0.1+0.1

TABLE V.AP4: Fatty acid composition of plasma PL, CE and TG isolated from

healthy subjects (n < 6) expressed as percent of total fatty acids and as pg/ml plasma

calculated using 17:0 (10 pg; PL and CE) 15:0 (10 pg; TG) as the standards. Data are
expressed as means + SEM (n <8).
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Appendix V.APS

Fatty acid t] 2 t3 ) 4 t5
(% fatty acids)
C 14:0 0.5+0.1 0.4 £0.1 05+0.1 0.5+0.1 0.5+0.1
C 15:0 0.1 £0.02 0.2+0.1 0.1+0.02 0.1+0.1 02+0.1
C 16:0 42.0+0.7 40.4+0.8 406+12 43.1+05 390+1.2
C 16:1(7) 1.1+0.1 1.0+0.1 0.9+0.1 0.7+0.2 0.8+0.1
C 16:1(5) 0.1+0.1 nil’ nil” 02+02 nil"
C17:0 0.2+0.02 0.2 +0.02 0.1+0.03 0.1 +0.03 0.2+0.02
C 18:0 102+0.1 10.2+0.3 107£06 113402 10.7+0.7
C 18:1(9) 203+0.4 18.7+0.5 19.6+09 20.2+0.6 19.8+0.6
C 18:1(7) 296+0.05 2.89+0.18 2.68+0.15 273+0.15 2.93+0.04
C 18:2(6) 169+0.4 18.5+ 0.6 156+1.1 15306 180+1.3
C 18:3(6) 0.1+0.01 0.1 £0.02 0.1£001  0.1+0.02 0.1 +0.03
C 19:0 0.1+0.02 nil” nil” nil” 0.1+0.1
C 18:3(3) 0.2 +0.03 0.2 +£0.02 02+0.03 0.1+0.01 0.2+0.04
C 18:4(3) 0.2+0.01 0.2 +0.03 02+0.04 0.2+003 0.2+ 0.01
C 20:0 0.1 £0.01 0.1 £0.00 0.1+0.1 0.1 £0.01 0.1 +0.07
C 20:1(9) 0.2+0.01 0.2+0.02 03+0.01 0.3 +0.01 0.2+0.02
C 20:1(7) 0.1 £0.02 0.1 +£0.03 0.1+£0.03 0.1+0.04 0.1 +0.03
C 20:2(6) 0.3 4£0.02 0.+0.02 03+0.04 0.4+0.04 0.4+ 0.03
C 20:3(9) 0.1+0.01 0.1 £0.01 0.1£0.01 0.1+0.00 0.1 £0.01
C 20:3(6) 12+0.1 2.0+02 20403 1.7+0.3 1.6+£0.2
C 20:4(6) 22+04° 3.2+03®  32+03® 28+05% 40+04°
C 20:5(3) 0.2 +0.02 0.2 + 0.05 02+0.07 0.1+0.01 0.3+0.10
C 22:4(6) 0.1 £0.02 0.1 £0.02 0.1£0.02 0.1 +0.02 0.1+0.1
C 22:5(3) 0.1 £0.02 024003 0.17+0.04 0.07+0.01 0.21+0.06
C 22:6(3) 0.4 +0.04 0.6+0.1 1.1+0.5 0.3+0.1 0.7+0.2
C 24:1(9) 0.1+0.1 0.1 £0.02 0.8+0.7 0.2+0.1 nil’
T N6 216+12%° 242+1.0° 23.0+1.1*® 198+1.7° 239 +1.5%®
T N3 1.0+0.1° 1.2+1.2% 1.3+0.1% 1.1+0.2% 1.6+0.2°
T SFA 532+1.0% 51.9+0.9 527+09 542+14 50.1+1.2
TMUFA | 247+07° 22.7+05° 244+06%® 245+09®% 240+0.8°

nil = <0.04%

Table V.APS: Fatty acid composition of the PC fraction of erythrocytes at
post burn timepoints expressed a percent of total fatty acids. Data are expressed as
means * SEM (n <10). Significant differences between post burm timepoints were
determined using a repeated measures ANOVA and values within a row not
sharing common superscripts are significantly (p<0.05) different.
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Appendix V.AP6

Fatty Acid t] 2 t3 t4 t5

(% farty acids)
C 14:0 0.3 +£0.03 0.4 +0.1 0.3+0.1 0.6+0.1 0.2 +0.03
C15:0 02+0.02 0.1+0.03 0.2+0.1 02+0.1 0.5+0.3
C 16:0 218405 208+09 204+1.1 248+15 201+14
C 16:1(7) 0.7 £0.1 0.8+0.2 0.6 +0.2 04+02 0.5+0.1
C 16:1(5) 03+0.1 0.2+0.1 0.3+0.1 0.6 £0.2 02402
C17:0 5.5+0.8 49+13 50+13 22+0.8 46+1.1
C 18:0 9.0+0.4 89+0.5 8.5+0.8 10.4 +0.7 8.2+1.1
C 18:109) 299+1.0 264+16 257+16 308+17 262+23
C 18:1(7) 2.1+0.3 24+02 1.9+0.2 27403 22+04
C 18:2(6) 7.1+0.1 74+023 7.0+0.5 8.0+ 0.6 7.3+0.5
C 19:0 0.1 £0.02 nil® 036+027 0.1+0.1 0.2+0.1
C 18:3(3) 0.5+0.04 0.46 +0.02 0.6 £0.1 04+0.1 0.5+0.1
C 18:4(3) 0.3+0.1 0.20+0.1 0.2 +0.04 0.1+0.1 0.2 +0.04
C 20:0 0.1£0.02  0.05+0.01 0.4+0.3 02+0.1 0.1 £ 0.04
C 20:1(9) 0.5+0.1 0.4 +0.1 04+0.1 0.5+0.1 0.5+0.1
C 20:1(7) 0.4 +£0.1 0.3+0.1 0.3+0.1 04+02 03+0.2
C 20:2(6) 04+001 044002 04+004 0.5+0.06 0.4+0.1
C 20:3(9) 0.1+0.01  0.1+0.01 0.1+£0.02  0.1+0.01 0.1 £0.01
C 20:3(6) 1.0+0.1 1.2+0.1 1.4+0.2 1.3+02 1.4+02
C 20:4(6) 132+1.6° 154+13% 179+13%° 11.9+20° 178+1.8®
C 20:5(3) 0.5+0.1 0.6 £ 0.1 0.6+0.1 0.3 +0.03 0.7+0.3
C 22:1(9) 0.1+£002 0.1+£0.02 01+£0.02 01+0.02 0.1+0.01
C 22:4(6) 27+04 3.0+04 3.5+0.6 1.8+0.6 3.2+1.0
C 22:5(6) 03+003 04+004 04+0.06 02+0.04 0.4 +0.1
C 22:5(3) 1.7+£0.2 2.0+03 2.1+03 1.2+0.1 2.1+04
C 22:6(3) 1.7+0.2 2.5+0.3 25+023 1.4+0.1 3.1+0.8
C 22:1(9) 0.05+0.02 0.05+0.02 nil® nil” nil”
N6 26.8+1.9° 288+1.6% 32.7+1.6° 240+25 29.7+22®
N3 45+0.7° 56+06® 59+06® 42+09° 6.8+0.8°
S SFA 36.1+1.0 35.7+1.0 351+1.0 369+1.7 346+14
SMUFA 340+1.4° 31.1+1.4% 292+14° 328+23% 292+20%
S PUFA 298+23" 33.1+24® 37.1+£24° 297+3.8% 359+3.3"

nil’= <0.04%

Table V.APS: Fatty acid composition of the PE fraction of erythrocytes at
post burn timepoints expressed a percent of total fatty acids. Data are expressed as

means + SEM (n <10). Significant differences between post burn timepoints were
determined using a repeated measures ANOVA and values within a row not

sharing common superscripts are significantly (p<0.05) different.
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Appendix V.AP7

. t1 2 t3 t4 t5
Fatty acid (% fatty acids)
C 14:0 0.5+0.1 0.4+0.1 0.4+0.1 0.7+04 04+0.1
C15:0 0.2+0.0 0.16+003 024+005 022+004 0.19%0.10
C 16:0 147+1.3 9.0+1.3 113+1.1 11.6+2.5 102+
C 16:1(7) 0.4+0.1 03+006 036+002 047+0.13 026+0.02
C 16:1(5) 0.240.1 0.1 £0.1 02+0.1 02+0.2 0.2+0.1
C17:0 1.0+0.3 0.4+0.2 0.6 £ 0.1 0.6 +0.1 0.3+0.1
C18:0 343+1.8 383+13  34.1+3.1 33.7+49 387+1.7
C 18:1(9) 156+1.1 118+1.1 126+23 17.8+24  11.1+25
C 18:1(7) 2.2+0.1 1.9+0.2 1.7+0.2 2.0+0.1 20+02
C 18:2(6) 4.7+04 3.7+0.3 42+0.2 43+04 3.5+023
C 19:0 0.2+0.04 0.1 £0.03 0.3+0.1 0.1 + 0.03 02+0.1
C 18:3(3) 0.5+0.1 0.3+0.1 0.5+0.2 0.4 +0.2 0.1 +0.1
C 18:4(3) 0.1+£0.0 0.1£003 0.1+003 0.1+004 0.1+002
C 20:0 0.3+0.02 0.3+0.1 0.3+0.1 0.2+0.1 02+0.1
C 20:1(9) 0.3+0.1 0.4 +0.1 0.4+0.2 0.6+02 04+0.04
C 20:1(7) 0.3+0.1 0.2+0.1 0.2 +0.1 0.2+0.2 0.1+0.02
C 20:2(6) 0.3 +0.02 0.2 +0.1 03+004 03+004 0.3+0.1
C 20:3(6) 1.6+0.2 2.0+0.2 2.2+0.3 23+04 23103
C 20:4(6) 145+1.5° 186+12° 159+12® 153+19® 20.1+1.6°
C 20:5(3) 0.2+0.1 0.3 £0.03 0.4 +0.1 0.2 +0.04 0.3+0.1
C 22:0 0.2 +£0.04 03102 02+0.1 0.1+004  0.1+0.03
C 22:1(9) 0.5+0.2 04+0.2 0.7+0.4 0.6+ 0.4 0.1 £0.04
C 22:4(6) 21403 2.7+03 3.5+0.6 3.1+02 24407
C 22:5(6) 0.5+0.1 0.7+£0.1 0.7+0.1 0.6 +0.1 0.8+0.2
C 22:5(3) 20+02 26+02 2.7+03 19+0.1 2.5+05
C 22:6(3) 2.8+0.3 43+0.5 42+0.5 2.8+0.1 54+14
C 22:1(9) 0.2 +0.05 0.1 £0.04 0.3+0.1 0.1 £0.1 0.1 +£0.1
IN-6 258+1.7 286+14 290+1.6 256+24 296+2.1
IN-3 57+0.8 7.7+0.7 73+0.8 62+1.2 8.1+1.1
SPUFA 32.0+2.5% 369+22® 398+23° 324+35% 36.1+3.1%®
S SFA 49.8+2.0 475+17 467+19 453+28 489+25
SMUFA |189+1.1° 15.6+09% 148+1.0"° 184+16%® 13.6+14°

nil = <0.04%

Table V.AP7: Fatty acid composition of the PS fraction of erythrocytes at post
burn timepoints expressed a percent of total fatty acids. Data are expressed as means +
SEM (n <10). Significant differences between post burn timepoints were determined
using a repeated measures ANOVA and values within a row not sharing common
superscripts are significantly (p<0.05) different.
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Appendix V.APS8

. tl 2 13 t4 ts
Fatty acid (% fatty acids)
C 14:0 0.7+0.2 09+02 0.9+03 09+04 08104
C 15:0 0.4 £0.1 0.5+02 0.4+ 0.1 0.2+0.1 0.4+0.1
C 16:0 246+1.5 235+12 272+17 23.3+0.9 24.0+24
C 16:1(7) 0.6+0.1 0.7+02 0.5+0.1 0.6+0.2 084023
C 16:1(5) 0.5+0.1 0.5+0.2 0.4+0.2 0.7+0.4 0.4+0.2
C17:0 43+1.2 1.7+ 0.8 23406 23+1.2 0.8+023
C 18:0 230+£1.7 213+14 20418 20.1+1.3 25.7+0.7
C 18:1(9) 165409 155+1.5 180+ 1.8 22.4+3.1 152+1.7
C 18:1(7) 29+0.4 25+02 2.5+0.3 3.3+0.8 2.8+03
C 18:2(6) 6.7+1.3 6804 67105 6.8+04 57+09
C 19:0 1.1+0.4 1.5+0.8 0.1+0.1 0.2 +0.1 0.5+0.3
C 18:3(3) 1.0+0.2 1.6 +£0.7 0.8+02 0.6 +0.2 0.4+0.1
C18:4(3) 03+0.1 1.0+0.7 0.4+0.1 0.2 +0.1 0.5+0.1
C 20:0 0.8+0.3 1.2+0.6 0.2 +0.1 0.3+0.1 0.4 £0.1
C 20:1(9) 0.7 +0.1 04+02 0.6+0.2 03102 0.2+0.1
C 20:1(7) 0.3+0.1 0.6 +0.3 0.3+0.1 0.8+0.2 0.2+0.1
C 20:2(6) 0.3+0.1 0.4 +0.1 0.5+0.1 0.5+0.2 0.3+0.2
C20:3(9) | 0.10+004  0.10.1 0.2+0.2 0.4+0.2 0.2+0.1
C 20:3(6) 1.1+0.2 1.5+£0.2 1.6+0.3 1.8+ 0.6 1.8+0.4
C20:4(6) |6.8+0.7° 86+0.6® 9.0+0.6° 7.0+0.9%® 11.6 £ 0.8°
C 20:5(3) 0.2+0.1 02+0.1 0.1 +0.1 nil” 0.2+0.1
C22:0 0.6+0.2 05+0.2 0402 0.4+0.2 0.5+0.1
C 22:1(9) 0.9+0.3 1.4+0.7 1.0+0.5 0.7+ 0.6 0.6+03
C 22:1(7) 0.6+0.2 0.7+03 0.2+0.1 04+0.2 0.4+03
C 22:4(6) 1.0+0.1 1.7+£0.5 1.5+0.2 12+0.4 1.5+04
C22:5(6) | 0.08+0.04 02+0.1 0.1 +0.1 0.1 +£0.1 0.2+0.1
C 22:5(3) 0.7+0.2 0.8+03 0.6+0.2 0.4+0.2 0.9+0.3
C 24:0 0.11+£0.09 008+007 02+0.1 nil® nil”
C 22:6(3) 1.5+0.2 1.8+0.3 2.1+03 14+0.4 2.5+06
C 24:1(9) 1.6+ 0.3 1.1+03 1.6+0.3 24+09 1.8+0.5
EN-6 16.7+1.6° 185+14%® 21.4+15° 187+23% 21.7+2.0%
=N-3 3.8+0.7 54+0.6 42406 32+1.0 46109
ZSFA 564+1.7° 528+14%® 53.8+15 475+23% 51.0+2.1%
IMUFA 247+12° 235+10° 23.6+1.1° 296%17° 27+1.5°
>PUFA 199+1.4° 235+12"® 226+1.3*° 20.6+2.0° 273+1.8°

nil'= <0.04%

Table V.APS8: Fatty acid composition of the PI fraction of erythrocytes at post burn
timepoints expressed a percent of total fatty acids. Data are expressed as means = SEM (n
<10). Significant differences between post burn timepoints were determined using a
repeated measures ANOVA and values within a row not sharing common superscripts are
significantly (p<0.05) different.
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Appendix VII.AP1

Fatty PL CE G
Acid Harvest Discharge Harvest Discharge Harvest Discharge
(ug/ml plasma) (ug/ml plasma) (ug/ml plasma)

C14:0 0.1+0.1 0.0+0.0 13+0.7 1.2+£0.7 45+23 39+09
Ci6:0 73.7+x14.6 529+17.7 30.1+6.8 319+1.5 | 999+354 122.7+19.1
Cile6:1 1.1+£0.6 0.9+£0.5 64+14 6.7t1.6 15.1£5.7 19.0 +3.5
C17:0 0.0+0.0 0.0+£00 02+0.1 04+04 1.4+0.7 28+1.0
C17:1 0.7+0.5 0.6+0.3 04+02 0.2+0.2 1.1£0.6 1.4+0.1
C18:0 52.1+16.1 324+6.2 35+0.7 53+2.1 23.5+10.0 23.5+53
Ci18:1 40.8+8.7 28.5+43 | 68.7+17.8 59.5+6.0 [2573+975 287.2+48.9
C182(6) | 73.0+22.7 37.6+74 | 150.7+52.4 882+19.1 | 93.4+383 874+153
C18:3 (6) nil" 0.2+0.2 23+1.0 0.9+0.9 1.0+0.5 1.6+ 0.5
C18:3 (3) 1.1£0.2 0.1+0.1 21+£06 04+£04 7.9+£43 55+2.1
C20:0 04+03+ 0.1+0.1 nil” nil’ 0.9+0.7 0404
C20:1 (9) 09+03 03+0.2 nil” nil’ 33+£19 22+0.6
C20:2 (6) 2.7+£0.7 0.7+£0.2 0.8+0.2 0.2+0.2 83107 7.0+0.2
C20:3 (6) 14.1£5.5 69+25 2712 1.3+£0.7 1.5+0.8 1.0£0.5
C204(6) | 43.1+£13.8 34.6+92 216+ 84 23.2+8.8 7520 124 +£3.6
C20:5 (3) 1.3+£09 0.1 +0.1 0902 0.2+0.2 6.4+0.7 55+0.1
C22:1 (9) 3.8+0.2 1.3+0.2 25+05 04104 04104 03+03
C22:6(3) | 0.7+0.7 nil’ nil’ nil’ 5206 50+0.5
C24:1 (9) 1.7+£0.8 0.9+0.1 nil® 54+54 25+0.7 1.2+03
X SFA 126.4+30.6 853+13.2| 35.1+£8.2 388+3.9 [1534+23.6 130.1+464
TMUFA | 49.1+10.1 326+50 | 78.0+19.5 722+9.7 [311.3+£52.8 279.6+104.3
S PUFA | 1359+40.2 803+16.2| 181.2+63.5 114.5+264|1254+18.7 131.2+45.0
% n-6 132.8+41.6 80.0%16.1| 1782+629 113.8+26.11094+173 111.7+41.5
Zn-3 31x18 03x03 3.0+£0.6 0.6+0.6 16.0+2.0 195+ 4.0
TOTAL 447 + 121 278 £50 475+ 154 340 £ 59 716 £ 113 672 + 235

nil = <0.04 pg/ml

expressed as means + SEM (n =3).

TABLE VIL.AP1: Fatty acid composition of plasma PL, CE and TG isolated
from subjects before (harvest) and after (harvest) HDCT expressed as pg/ml plasma
calculated using 17:0 (10 ug; PL and CE) 15:0 (10 pg; TG) as the standards. Data are
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Appendix VILAP2

Fatty acid| Harvest Discharge Harvest Discharge Harvest Discharge
(% fatty acids) (% fanty acids) (% fatty acids)
C14:0 0.1+0.1 nil’ 04+03 0.7+£0.5 06+04 0.7+0.1
C16:0 245+1.6 270+ 14 10.8+1.0 150+29 188+23 209+1.2
Cie:1 0.5+0.3 0.5+03 23+04 3.0+ 0.5 27+04 33+04
C17:1 0.2+0.1 03102 0.1+0.1 0.1+0.1 02+0.1 0.3+0.03
C18:0 16.2+1.0 16.3+1.0 1.3+02 28+15 42+05 39+03
C18:1 13.5+0.7 146 £ 0.7 245121 269+1.9 458 +2.5 48.5+0.7
C18:2(6) | 22.7+1.5 189+1.3 49.6 +2.7 38.1+3.8 16.5+1.6 14.7+0.3
C18:3 (6) nil” 0.1+0.1 0.7+0.2 0.5+0.5 0.1+0.1 0.3+0.1
C18:3 (3) 0.5+0.2 0.1 £0.1 0.7+ 0.01 02+02 12+04 0.9+0.2
C20:0 0.1+0.1 nil’ nil" nil’ 0.1+0.1 0.1+0.1
C20:1(9) | 03+0.02 0.1 +0.1 nil’ nil’ 04+0.2 04+0.1
C20:2 (6) 1.1 +0.6 04+0.1 04+02 0.1+0.1 25+14 1.3+02
C20:3 (6) 4.1+0.8 33+08 0.8+0.1 0.5+0.3 0.2+0.1 0.2 +£0.08
C20:4(6) | 132115 17.2+29 6.91+0.7 98+29 1.6+03 21+0.6
C20:5 (3) 0.6 £0.6 0.1 £0.1 04+02 0.1£0.1 21+13 1.0+0.2
C22:1 (9 1.4+04 0.7+0.0 1.0+0.3 02+0.1 0.1+0.1 0.1+0.1
C22:6(3) | 04+04 nil” nil" 0.1 +0.1 1.7+1.1 0.9+0.3
C24:1 (9) 0.5+0.1 0.5+0.1 nil’ 2.1+ 21 1.0+£0.7 0.2+0.04
X SFA 41.0+0.8 43.4+09 126+1.1 18.7+5.1 239+2.0 26.0+0.9
SMUFA | 164+14 16.7+1.2 27925 32104 50.1 £2.2 526+1.0
2 PUFA 42.6+2.0 399+19 59.5+33 492 +54 26.0+3.3 21.3+0.2
2 n-6 41.2+3.1 398+1.9 584+3.5 489+53 21.0x1.6 185+0.3
Zn-3 1.5+1.2 0.1 £0.1 1.1+0.2 03+0.3 5015 28+0.3

nil = <0.04 pg/ml

TABLE VII.AP2: Fatty acid composition of plasma PL, CE and TG isolated

from subjects before (harvest) and after (harvest) HDCT expressed as pg/ml plasma
calculated using 17:0 (10 pg; PL and CE) 15:0 (10 pg; TG) as the standards. Data are

expressed as means + SEM (n =3).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

319



Appendix VIILAP1

Farnty acid Pre FO Post FO Pre Placebo Post Placebo
(% fatty acids)
C 14:0 0.4+0.2 0.5+0.2 0.5+0.0 0.5+0.0
C 15:0 03+0.0 0.4+0.1 0.4+0.0 0.3+£0.0
C 15:1 0.5 + 0.0® 0.5+0.1% 0.3+0.1° 03+0.0°
C 16:0 29.4+0.5 30.8+0.9 29.0+ 1.1 298 +1.1
C 16:1(5) 0.4+0.1 0.3+0.0 0.4+0.0 0.4 +0.1
C 18:0 13.1£04 143409 13.0+0.6 11.8+04
C18:109) | 120+0.7 104+06° 124+08°> 133+12°
C 18:1(7) 1.9+0.1 2.2+0.1 23402 22+0.2
C18:2 (6) 180+0.8° 152+06° 17.0+09® 17.8+1.1°
C 19:0 1.1+0.1 1.3+0.2 1.4 +0.1 1.3+0.3
C 18:3(3) 02+0.0 0.1+0.0 0.2+0.0 0.2 +0.1
C 20:0 0.8+0.1° 0.9 +0.2% 1.5+0.1° 1.1 £03%
C 20:1(9) nil" 0.3+02 nil’ 0.1+0.1
C 20:1(7) 02+0.1 0.3+0.2 0.1+0.0 0.3+0.1
C 20:2(6) 0.6 +0.1° 0.3 +0.0° 0.5+ 0.1% 0.4 +0.1®
C 20:3(9) 25+03a 1.3+02b 2.1+0.2a 21+0.2a
C 20:3(6) 12+0.1 1.4+0.2 1.6 £0.1 1.6+0.3
C 20:4(6) 8.7+04 79+04 8.6+0.4 7.6 +0.4
C 20:5(3) 0.7+0.2° 3.8+0.6° 0.5+0.1° 0.5+0.1*
C 22:0 1.1£0.1 1.4+0.2 1.6 £0.1 1.5+£0.3
C 22:1(9) 0.5+0.1 0.6 £ 0.1 0.4 +0.1 0.4+0.1
C 23:0 1.1+0.1 1.2+0.2 1.4+0.1 1.4+0.3
C 22:4(6) 02 +0.0° 0.1+0.1° 0.3 £0.0° 0.2+0.1°
C 22:5(6) 03+0.1 nil’ 0.3+0.1 0.3+0.1
C 22:5(3) 0.6+0.1° 1.0+0.1° 0.7 £0.0° 0.6 £ 0.0°
C 24:0 09+0.1 1.0+ 0.2 1.0+0.1 1.0+£0.2
C 22:6(3) 29+03 4.1+0.5 3.2+0.5 2.8+0.3

nil = <0.04%

TABLE VIILAP1: Fatty Acid content of plasma PL expressed as percent of
total fatty acids before and after 14 days of supplementation with fish oil (FO, n=13)
or Placebo oil (n=10). Data are expressed as means * SEM. Significant differences
were determined using a repeated measures ANOVA and values within a row not
sharing common superscripts are significantly different (p<0.05).
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Appendix IX.1

Method Development for Fatty Acid Incorporation
into Neutrophil Phospholipids

A. Using a purified neutrophil suspension after fatty acid incorporation into whole
blood: Fatty acids were used at a concentration of 1 mg/ml as this has shown to result
in fatty acid incorporation into whole blood cultures (Bellinati-Pires et al., 1993)and
is similar to the total fatty acid concentrations found in plasma of the burn subjects.
Fatty acids were prepared using the stock solutions described in Section IX.B and
incubated with HBSS + 0.1% fatty acid free BSA for 1 hour as described in the
methods. Whole blood (8 ml) was incubated at a 4:1 ratio (Bellinati-Pires et al., 1993)
with the fatty acid suspensions. [°H]-arachidonic acid (100 pl/ml; 20pul) was added to
each tube. Samples were rotated on a rotor for 1, 2, 4, 8 and 24 hours in humidified
atmosphere at 37°C. After each incubation, neutrophils were isolated using Ficoll-
Hypaque (1119/1077 described in Chapter III) from 2 ml of each fatty acid/whole
blood suspension. The neutrophil band was removed with a plastic transfer pipette
and washed twice in HBSS. Cells were counted and adjusted to 1 x 10° cells/ ml.
One ml was added to scintillation vials containing Ecolite® (2 ml) and counted in a

Beckman counter to measure incorporation of [°H]-arachidonic acid label into cells.
** this method resulted in low neutrophil yield (Table IX.AP1).

B. Using whole blood deplete of erythrocytes: Red blood cells were lysed from whole
blood (5 ml) using warmed lysis buffer and inverting several times. Cells were spun
at 1250 rpm for 10 minutes. Supernatant was removed and cells were gently washed
twice with HBSS. After the last wash, cells were suspended in 1 ml HBSS and
counted using trypan blue and crystal violet staining to assess both viability and
percent neutrophils in the suspension.

Neutrophils (1 x 10%) were added to each tube of fatty acids prepared in 1 ml
BSA as described in Section IX.B. [’H}-arachidonic acid (20 ul of a 10 ul/ml stock,
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40000 cpm) was added to each tube. Tubes were incubated for 1, 2, 4, 8 and 24 hours.
At each timepoint, cells were pelleted by centrifuging at 1500 for 2 minutes.
Supernatants were collected and added to scintillation vials containing Ecolite® (2 ml)
and samples were counted in a Beckman counter to measure disappearance of

radiaoactive label from the supernatant.

**This procedure resulted in disappearance of the label, however, the cell
culture contained both lymphocytes and neutrophils and these two cell types may vary
in their ability to take up fatty acids (Figure IX.AP1). The inconsistencies in fatty acid
incorporation observed at the different timepoints (non-linear pattern) were thought to

be due to higher numbers of lymphocytes in those suspensions.

C. Purifying Neutrophils prior to fatty acid incorporation: Neutrophils were isolated
from whole blood using Ficoll Hypaque gradient centrifugation as described in
Section III.B. The neutrophil band was removed and washed twice with HBSS. Cells
were counted and adjusted to 1 x 10° cells/ ml. Cells (1 x 10°%) were incubated with
the fatty acid suspension (10”7 M) with or without [*’H]-arachidonic acid for 2, 4 and 6
hours in a shaking water bath set at 37°C. Following incubation, tubes were spun for
5 minutes at 1250 rpm and supernatants removed. Cells were washed once with
HBSS and counted using trypan blue exclusion. Cells (1 x 10% were added to
scintiallation vials containing Ecolite® and counted using a Beckman counter to
measure incorporation of label into neutrophils. Cells incubated without 3[H]-AA

were used to measure functional parameters of neutrophils using flow cytometry.

**Gradient isolated neutrophils provided a more accurate cell count and more
consistent label incorporation. Oxidative burst was retained up to 8 hours when

gradient isolated neutrophils were used (Figure IX.AP2).
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Table IX.AP1

Time of AA EPA LA Buffer
incubation (Cells/ml)
1 hour 34+33 14+04 21+1.0 24+0.71
2 hour 081 0.7+0.9 0506 20+23
4 hour 0.8+04 0.8+0.1 02+00 22+06
8 hour 04+£0.1 00x0.0 0.0+0.0 1.1+0.2

TABLE IX.AP1: Data is shown as mean + SD (n=2). Number of
neutrophils obtained from ficoll-hypaque gradient centrifugation after fatty acid

incubation with whole blood. Minimum number of neutrophils required to

perform the planned assays was 2 x 10° cells.
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[] 2HOUR

[] 8 HOUR

FIGURE IX.AP1: Columns represent means and data is shown as

2 different subjects. Measurement of the disappearance of [*H]-

arachidonic acid in supernatants of cultures of whole blood deplete of red

blood cells after incubation with fatty acids.
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B0 min

B5min
015 min

Fresh 2 hour 8 hour

FIGURE IX.AP2: Gradient isolated neutrophils were cultured
with fatty acids and oxidative burst was measured after S and 15 minutes
stimulation with PMA in vitro. Fresh refers to whole bilood deplete of red
blood cells that were stimulated in the same way. Columns represent the

data from one subject.
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