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Abstract

Nutritional supplementation has become the standard of care for management of critically ill patients.
Traditionally, nutritional support in this patient population was intended to replete substrate
deficiencies secondary to stress-induced catabolism. Recognition of the influence of certain nutrients
on the immune and inflammatory response of the critically ill has led to the evolution of more
sophisticated nutritional strategies and concepts. Administration of immune-enhancing formulas
supplemented with a combination of glutamine, arginine, omega-3 fatty acids and nucleotides have
been shown in most studies to reduce infectious outcomes. More recently, the separation of nutritional
support from the provision of key nutrients, has led to a further appreciation of the
immunomodulatory and anti-inflammatory benefits of isolated nutrients, such as glutamine and
antioxidants. The purpose of this article is to review the molecular mechanisms that are unique to
each class of frequently utilized nutrients. A better understanding of the specific molecular targets
of immunonutrients will facilitate application of more refined nutritional therapies in critically ill
patients.
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INTRODUCTION

Multi-organ failure that occurs as a consequence of sepsis and shock is secondary to an
imbalance of inflammatory mediators. Both sepsis and shock lead to dysfunctional
inflammation and transient ischemic events that impair the integrity and function of the
intestinal mucosa. Subsequent reperfusion events incite the release of pro-inflammatory
mediators which worsen the systemic and local inflammatory response. Impaired mucosal
blood flow, increased permeability, and altered epithelial integrity lead to over colonization of
enteric bacteria, impaired intestinal transit and subsequent bacterial translocation. The
provision of intraluminal nutrients to the stressed gut has been shown to reverse shock-induced
mucosal hypoperfusion and restore intestinal transit [1]. Clinical studies evaluating the use of
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immune-enhancing formulas in hospitalized patients have shown a clear benefit with respect
to decreased infectious complications, reduced antibiotic requirements and decreased lengths
of stay. [2].

The realization that the greatest benefit in clinical outcomes were from studies utilizing specific
nutrients, both enteral and parenteral, led to the development of pharmaconutrition. This allows
the detachment of nutritional support from the provision of key nutrients that may modulate
the inflammatory and immune response associated with critical illness [3]. Trauma, in
particular, is characterized by the localized and systemic production and release of multiple
pro-inflammatory mediators as well as a parallel release of anti-inflammatory mediators which
may be responsible for post-traumatic immunosuppression and increased susceptibility to
infections, sepsis, and multiple organ failure seen in these patients [4].

The purpose of this article is to review the molecular mechanisms that are unique to each class
of frequently utilized nutrients. A better understanding of the specific molecular targets of
immunonutrients will facilitate application of more refined nutritional therapies in critically ill
patients.

GLUTAMINE

Clinical Benefits

Glutamine is a conditionally essential nutrient in states of serious illness or injury [5]. Under
catabolic conditions, such as sepsis and shock, release of glutamine from muscle tissue serves
as a ‘stress signal' to the organism that leads to gene activation to promote cellular protection
and immune regulation [6]. Glutamine is the preferred fuel source for the enterocyte and has
been shown to preferentially be absorbed over glucose in settings of gut ischemia [7]. The
small intestine is the principal site for glutamine absorption and occurs across the brush border
via the epithelial sodium-dependent, neutral amino acid transport system B (ATB®) and to a
lesser extent via the sodium-independent, neutral amino acid transport system L [8]. In addition
to glutamine's gut protective effects, glutamine is also important in nucleotide synthesis; it is
anti-catabolic, has anti-oxidant properties via metabolism to glutathione, and may enhance
immune responsiveness. An additional pathway by which glutamine may provide protection
is by its contribution to arginine production. In a randomized clinical trial by Houdijk et al,
glutamine supplemented enteral nutrition administered to severely injured trauma patients
demonstrated increased plasma concentrations of arginine [9]. They later found that the enteral,
rather than parenteral, route of administration provided the highest systemic levels of arginine.
The described metabolic pathway is that glutamine is a precursor of ornithine, which is
converted to citrulline by the intestine; citrulline is then transformed into arginine in the kidney
[10,11]. A recent review on intestinal permeability and systemic infections in critically ill
patients concluded that glutamine (both intravenous and enteral) reduced the frequency of
systemic infections. Benefit was attributed, in part, to maintenance of intestinal barrier function
[12]. A meta-analysis that included 14 randomized trials demonstrated that high dose (> 0.5
gm/kg) glutamine supplementation was beneficial [13]. The majority of these studies, however,
used parenteral rather than enteral supplementation.

Four prospective randomized trials in trauma and burn patients tested enteral glutamine as an
isolated immune enhancing agent added to standard enteral diets and all demonstrated
decreased infectious complications [14-17]. Likewise, a recent prospective randomized clinical
trial showed that enteral glutamine administered during shock resuscitation is not only safe,
but enhances gastrointestinal tolerance [18]. The potential for improved tolerance without
adverse affects suggests that initiation of enteral feeding should be incorporated into early
management of critically ill surgical patients.
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In the past, parenteral administration of nutrients has come under scrutiny; however, recent
randomized studies have shown that parenteral glutamine administration is beneficial in
reducing septic morbidity and overall mortality. Investigators have shown a significant
reduction in postoperative nosocomial infections after cardiac, vascular and colonic surgery in
patients receiving glutamine-supplemented parenteral nutrition [24]. Prospective studies have
also shown improved 6 month survival in patients with sepsis and ICU acquired infections who
received parenteral glutamine as compared to those on standard isonitrogenous parenteral
formulas [25]. Other studies suggest a decreased length of stay in patients receiving parenteral
glutamine formulas.

Laboratory studies have shown preservation of gut mucosal integrity, intestinal absorption,
and energy (ATP) supplies when glutamine was delivered locally to the post ischemic gut
[19]. Gut protection was correlated with transcriptional activation of PPAR-y and abrogated
by the specific PPARYy inhibitor, GW9662 [20]. PPARYy is a ligand activated nuclear hormone
initially identified as important in adipocyte development and glucose homeostasis [21]. Once
activated by a ligand, PPARy heterodimerizes with the retinoid X receptor (RXR). This
complex then binds to a specific DNA element, PPARYy receptor element (PPRE), in the
promoter of target genes. [20,21]. (Figure 1) The most potent endogenous ligand of PPARY is
15-deoxy-A12.14-prostaglandin J, (15d PG J,), a product of the cyclooxygenase pathway.
Additional, though less well studied endogenous ligands, include members of the lipoxygenase
(LOX) pathway, such as hydroxyeicosatetraenoic acid (HETE) and hydroxyoctaolecadienoic
acid (HODE). Thus far, 13-HODE, 13-OXO (dehydrogenated 13-HODE) and 15-HETE have
been identified in intestinal epithelial cells and may be important in regulation of intestinal
inflammation [21,22]. Lastly, numerous synthetic ligands, such as the glitazones used in the
treatment of Type Il diabetes mellitus, have also been identified. PPARy ligands activate
transcription via both ligand-dependent and ligand-independent mechanisms. Activation leads
to inhibition of pro-inflammatory mediators, such as nuclear factor-xB (NFxB), activated
protein-1 (AP-1), signal transducers and activators of transcription 1 (STATL), and nuclear
factor of activated T-cells (NFAT) through ligand-dependent transrepression [23].

In a series of experiments, Wischmeyer et al, have demonstrated that parenteral glutamine is
protective against pro-inflammatory induced injury via induction of heat shock proteins (HSPs)
[26]. Heat shock proteins are a family of constitutive and inducible stress proteins that confer
cellular protection by acting as molecular chaperones to ensure the correct fate of denatured
proteins [26,27]. The inducible isoforms of heat shock proteins, HSP 25 and HSP 72, are
thought to confer the greatest cytoprotection. In vitro studies showed that glutamine-induced
expression of inducible HSPs resulted in significant cellular protection in response to lethal
heat, oxidant, and ischemia-reperfusion injuries [28,29]. Further studies involving LPS-
induced septic shock in rats, confirmed that glutamine induced HSP25 and HSP72 in various
organs and was accompanied by decreased host mortality and reduction of end-organ damage.
This series of investigations demonstrates the crucial role of glutamine-induced HSPs in
cytoprotection and improved survival following various forms of insult.

In addition to heat shock-related protection, intravenous glutamine has also been shown to
confer protection by attenuation of systemic pro-inflammatory cytokines by interfering with
NFKB and p38/ERK MAPK signal transduction [30]. Interestingly, intravenous glutamine also
enhances gut mucosal immunity by promoting proliferation of gut-associated lymphocytes and
enhancing IgA secretion [31].

Arginine is a semi essential amino acid obtained both from dietary sources and endogenous
synthesis via the urea cycle. The metabolic products of arginine, rather than arginine itself, are
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the effector molecules that participate in cellular restitution processes and modulate the
immune response of the host. Under non stressed conditions, arginine contributes to adequate
wound healing, an enhanced immune response, and stimulation of various anabolic hormones.
L-arginine is also a unique substrate for the production of nitric oxide (NO). Nitric oxide is
generated by oxidation of L-arginine mediated by various isoforms of NO synthases (NOSs)
[32]. Sustained production of nitric oxide is thought to be a major contributor to the deleterious
effects of postinjury inflammation. Therefore, identification of the metabolic pathways that
utilize L-arginine has generated significant interest, as they offer a potential mechanism to
control nitric oxide production by regulating the bioavailability of the substrate. The metabolic
fate of arginine is determined by two groups of enzymes: the NO synthases and arginases. Two
isoforms of arginase exist, Arginase | (Al) and Arginase Il (All), these enzymes are
differentially expressed in various organs and cell types [33]. Arginase | is more widely
distributed and has been shown to be prevalent in activated macrophages [34,35]. In addition,
arginase | has been shown to be co-localized with ornithine decarboxylase (ODC), which
promotes production of polyamines and a subsequent restitution processes in those tissues
[34]. Competitive consumption of the substrate arginine by arginase I has been shown to impact
the iINOS function by limiting substrate availability [35]. The immune state of the host and
associated cytokine expression determines which enzyme, iNOS or Arginase |, is preferentially
induced [35](Figure 2). TH-1 immune states, such as sepsis, are associated with the release of
the T-helper 1 (TH-1) cytokines, interleukin (IL)-1, tumor necrosis factor alpha (TNF-a), and
interferon gamma (IFN-y), which preferentially induces iNOS expression [36]. The enzymatic
activity of iNOS requires dimerization with arginine for proper activation. Once activated,
iNOS leads to sustained production of NO, which is an important effector molecule of the
cytotoxic actions of the activated macrophages in the hosts' bacteriocidal response. In trauma,
a T-helper 2 (TH-2) immune state predominates and the release of IL-4, IL-10 and transforming
growth factor beta (TGF-p) increases arginase | expression. Ochoa et al, demonstrated that
peripheral mononuclear cells of trauma patients have increased arginase-1 expression,
corresponding to increased immune cell arginase activity and decreased plasma arginine and
citrulline levels [36]. Increased arginase activity utilizes available arginine for polyamine and
proline synthesis, and prevents arginine from being used as a substrate for iNOS dimerization
[37] and subsequent nitric oxide production. In addition, it is suggested that polyamines
produced by arginine exert negative feedback on the iNOS enzyme. The competition for
substrates and intrinsic feedback mechanisms, preferentially employ one of the two pathways
for arginine utilization based on the immune state and metabolic needs of the host. Therefore
supplemental arginine may be beneficial in trauma patients by altering metabolic pathways in
immune cells that leads to reduced nitric oxide production in the post injury period.

Conversely, Heyland et al have suggested that arginine supplementation increases nitric oxide
production, amplifying the systemic inflammatory response syndrome (SIRS), and increasing
mortality in critically ill septic patients [38]. Rodent models of ischemia-reperfusion mediated
gut injury also demonstrate a deleterious effect of arginine administration by a similar
mechanism [39]. However, Ward et al in a gut ischemia/reperfusion model and Mailman in a
hemorrhagic shock model both demonstrated protection by enteral arginine [40,41]. Data with
intravenous arginine is similarly controversial [42-45]. The reasons for these disparate results
are unclear; the timing, route of administration, and severity of shock, are all likely to be
important contributing factors.

NUCLEOTIDES

Nucleotides are low molecular weight intracellular compounds that play an active role in
cellular proliferation and immune modulation. Nucleotides are composed of a purine and
pyridimine backbone with a ribose and one or more phosphate groups [46]. They serve as
building blocks for DNA, RNA and ATP and are coenzyme components of flavin adenine
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dinucleotide (FAD), Nicotinamide adenine dinucleotide (NAD) and coenzyme A. Nucleotides
are available through two major pathways: de novo synthesis or a salvage pathway. The former
requires synthesis from amino acid precursors while the later is much less time and energy-
dependent and involves linkage of a ribose phosphate moiety to available free bases [46]. The
availability of free bases is the rate-limiting factor for host utilization of the salvage pathway.
This is thought to be critically important in rapidly dividing cells, such as lymphocytes and
enterocytes during times of stress when cells rely heavily on the salvage pathway. The
modulating effects of nucleotides on intestinal and immune cells are considered to be
overlapping entities. Intestinal epithelial cells that comprise the gut associated lymphoid tissue
(GALT) are awell recognized as a source of cytokines and antigen presentation [47]. A number
of studies have demonstrated that parenteral supplementation of nucleotides leads to increased
immune responsiveness such as enhanced lymphocyte blastogenesis, decreased bacterial
translocation [48] and fewer episodes of graft rejection [49]. The most well-defined models
that demonstrate the influence of nucleotides on immune function are those evaluating the host
response against allografts. Preformed nucleotides are postulated to be required for optimal T
cell proliferation and responsiveness to antigens. Functional in vivo studies evaluating
lymphocytes have showed decreased lymphocyte proliferation in response to mitogens and
decreased IL-2 production that is restored with RNA and uracil supplementation [49]. These
findings translated into improved cardiac allograft survival in animals fed a nucleotide-free
diet [47]. Overall, these studies suggest that dietary nucleotides are substrates needed for
optimal T cell maturation, which influences T cell effector functions.

Nucleotide supplementation is also thought to augment the nonspecific host response to
infection by altering the intestinal microflora environment, which is best demonstrated by
reduced infections in infants receiving nucleotide supplemented formulas[47,51]. In these
instances, nucleotides are thought to act as prebiotics, facilitating the proliferation of beneficial
flora. Finally, nucleotides are also thought to maintain the integrity of gut mucosal barrier
function. Nucleotide supplementation mitigates the effects of endotoxin-induced mucosal
damage. This mechanism leads to reduced bacterial translocation in LPS-induced sepsis
models [52]. Similarly, parenteral supplementation of nucleotides reduced total parenteral
nutrition (TPN)-induced mucosal atrophy and permeability [48]. In conclusion, the benefits of
nucleotide supplementation on the immune system and maintenance of enterocyte integrity
have led to the inclusion of nucleotides in immune enhancing formulas.

OMEGA-3 FATTY ACIDS

Fish oils leads to suppression of excessive endothelial activity and decreased production of
pro-inflammatory mediators [53]. The active components of fish oils are eixosapentaenoic
(EPA) and docosahexaenoic acid (DHA). These compounds are further classified as n-3
polyunsaturated fatty acids. Omega-3 fatty acids (w-3 FA) have demonstrated significant anti-
inflammatory properties which are thought to occur through three principal mechanisms: (1)
displacement of arachidonic acid from cellular membranes, (2) differential prostaglandin E2
and LTB4 production, and (3) diminished nuclear factor kappa B (NF-xB) and AP-1 activation
[54]. To further elucidate the molecular mechanisms of the anti-inflammatory properties of
fatty acid supplementation, a lipopolysaccharide (LPS)-stimulated macrophage model has been
utilized to evaluate the effect of omega-3 fatty acids on induction of pro-inflammatory
mediators. In this experimental model, ®-3 FA were shown to attenuate pro-inflammation by
down regulation of TNF-a through inactivation of the NF-«B signal transduction pathway
[55] and inhibition of AP-1 [56]. However, down regulation of TNF-a after treatment with
-3 FA only approached 45-50%. To account for the full anti-inflammatory potential of @-3
FA, other factors such as nitric oxide were examined. Pre-treatment with an »-3 FA emulsion
demonstrated decreased production of nitric oxide via down regulation of iNOS protein
expression [57]. These findings offer a plausible mechanism for reduction of inflammation-
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associated tissue damage that occurs with ®-3 FA supplementation. There have been three
prospective randomized trials of enteral supplementation with omega-3 fatty acids in critically
ill (primarily medical) patients and all have shown beneficial effects on respiratory mechanics
[58-60]. Unfortunately, these studies all included additional supplements, making assignment
of benefit to the omega-3 fatty acids difficult, and all utilized a high fat diet as the control.
Nonetheless, results are promising and omega-3 fatty acid supplementation should be
considered for use in patients with acute respiratory distress syndrome.

ANTIOXIDANTS

Immune enhancing nutrients are directed at ameliorating both metabolic and immune
dysfunction that occurs in critical illness. The therapeutic value of most supplemental nutrients
is attributed to their immunomodulating potential. However, oxidative stress also causes
significant damage to mucosal barriers in states of hyper inflammation. Intrinsic defense
mechanisms against reactive oxygen species (ROS)-induced cell injury include special
enzymes known as anti-oxidants that catalyze the breakdown of ROS [61] (Figure 3). Well
known antioxidants include superoxide dismutase, catalase and glutathione peroxidase, which
are associated with cofactors selenium, zinc, manganese, and iron. In critically ill patients,
endogenous supplies of anti-oxidants and their co-factors are significantly depleted and the
ability to detoxify damaging radical oxygen species is greatly compromised. Investigators have
shown that low levels of plasma selenium are inversely related to the degree of systemic
inflammation in intensive care unit (ICU) patients with the systemic inflammatory response
syndrome (SIRS) [62]. Ongoing oxidative stress is associated with cell injury, potentiation of
the SIRS response, and increased morbidity and mortality in critically ill patients [62,63].
Antioxidant replacement strategies have demonstrated overall reduction in mortality and
specific end organ protection. In a cohort of trauma patients, those supplemented with
antioxidants had a lower incidence of multiple organ failure, reduced ICU length of stay and
a shorter duration of mechanical ventilation [64]. Likewise, Collier et al demonstrated a
significant risk reduction in mortality in severely injured patients who received high-dose
antioxidants compared to historical controls [65]. A systemic review of aggregated clinical
trials in critically ill patients demonstrated an overall reduction in mortality with antioxidant
supplementation [66]. After subgroup analysis, selenium appeared to be the premier
antioxidant, having a greater association with reduced mortality as compared to nonselenium
antioxidant strategies. The REDOX trial is a large prospective, randomized, double blinded
multicenter trial currently in progress that is designed to evaluate mortality in critically ill
patients with evidence of hypoperfusion receiving supplementation with antioxidants alone,
glutamine alone, or a combination of glutamine and antioxidants [61]. Results of the Phase |
dose-escalating study failed to show any adverse effect on organ function from the nutrients
but did show a reduction in markers of oxidative stress, greater preservation of glutathione
levels, and an improvement in mitochondrial function [67]. This important study should
provide definitive data on the efficacy of glutamine and antioxidant supplementation in
critically ill patients.

CONCLUSION

In summary, the rationale and benefit of immune enhancing nutrients and anti-oxidants in
surgical and trauma patients has been carefully reviewed. The replacement of macronutrients
under catabolic conditions has obvious benefits. Additionally, the use of combination therapy
is emerging as a strategy not only to replace deficits, but more importantly to modulate
metabolic and immune pathways, a concept known as pharmaconutrition. A better
understanding of each supplements' specific molecular targets will facilitate application of
more refined nutritional therapies in critically ill patients.
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Fig. 1. Overview of the proposed mechanisms for differential modulation of gut function by enteral
glutamine and arginine in the hypoperfused gut

Following gut ischemia/reperfusion (IR), the proinflammatory transcription factor, AP-1, is
increased, as is the downstream, proinflammatory enzyme iNOS. Both are associated with gut
inflammation, mucosal injury, and dysfunction. When the enteral nutrient, arginine, is added
to the hypoperfused gut, iNOS expression and AP-1 DNA-binding activity are further
increased. Arginine is a known precursor to iNOS, but the mechanism by which arginine
increases AP-1 is unknown. There is a recently described, NO-mediated protein kinase G
pathway that may explain the increase in AP-1 by arginine. PPARYy is believed to inhibit the
proinflammatory pathway at the level of AP-1, protecting the hypoperfused gut. Glutamine
increases PPARy DNA-binding activity and may be a novel PPARYy agonist. When PPAR v is
activated, it heterodimerizes with the retinoic acid receptor (RXR) and then binds to the
peroxisome proliferator response element (PPRE), resulting in target gene expression.
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Fig. 2. Differential pathways for arginine metabolism
L-Arginine is differentially metabolized based on the predominant cytokine profile. Th-1
cytokines that accompany the pro-inflammatory response lead to nitric oxide and reactive
oxygen species as by-products of arginine. When a TH-2 cytokine profile exists, arginine is
metabolized by arginase-1 into proline and polyamines, which promotes cell division and
collagen synthesis. IL-1 (interleukin 1), IFN-y (interferon gamma), iNOS (inducible nitric
oxide synthase), NO (nitric oxide), ROS (reactive oxygen species). IL-10 (interkeukin 10),

IL-4 (interleukin 4), TGF-B (tumor growth factor beta).
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Fig 3. Antioxidant enzymes catalyze the breakdown of reactive oxygen species (ROS)
Antioxidant enzymes are the first line of defense against free radical damage. Superoxide
dismutase (SOD) is associated with various cofactors, selenium (Se), zinc (Zn) and manganese
(Mn); it initiates the breakdown of free radicals into hydrogen peroxide (H202). Hydrogen
peroxide, which is also harmful to the host, is further catabolized into water and oxygen by

catalase and glutathione peroxidase (GPX).
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