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Abstract
Purpose of review—Nutritional supplementation is paramount to the care of severely injured
patients. Despite its widespread use in trauma, many areas of clinical nutrition remain
controversial and not well defined. The benefit of early enteral nutrition in the care of injured
patients has been well established, with further benefit derived by the administration of immune-
enhancing formulas supplemented with glutamine, arginine, nucleotides, and omega-3-fatty acids.
A new paradigm of pharmaconutrition has been developed that separates the administration of
immunomodulatory nutrients from that of nutritional support. The optimal utilization and benefit
of pharmaconutrients, however, remains unclear, as does the need for full caloric provision in the
early postinjury phase.

Recent findings—Nutrition studies with the greatest reduction in morbidity and mortality are
those utilizing specific nutrients. The use of pharmaconutrients to modulate the inflammatory and
immune response associated with critical illness seems to provide benefit to critically ill and
injured patients. Additionally, studies at least suggest that trauma patients derive comparable if not
additional benefit from hypocaloric feeding during the acute phase of injury.

Summary—Building upon previous well performed studies in trauma patients, the current focus
of nutritional investigations center on the use of pharmaconutrients to modulate the inflammatory
response and the use of hypocaloric feeds. These practices will be reviewed and evidence
presented for their use in critically ill and injured patients.
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Introduction
Early enteral nutrition has clearly been shown to improve outcomes in severely injured
trauma patients [1,2]. Further benefit has now been demonstrated with the use of
immunonutrition, standard enteral formulas supplemented with glutamine, arginine,
omega-3 poly-unsaturated fatty acids (PUFAs), and nucleotides, in most but not all studies
[3–5]. Because of inconsistent results, three meta-analyses have been conducted [6–8]. In
the review by Heyland et al. in 2001 [8], the authors included 22 studies and over 2000
patients, the majority of which were conducted in surgical patients and those with
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malignancies. Eighteen studies reported infectious complications. When these were
aggregated, immune-enhancing enteral nutrition resulted in a significant reduction in
infectious complications [relative risk (RR), 0.66; 95% confidence interval (CI), 0.54–0.80].
Additionally, when the mortality results were aggregated, there was no advantage associated
with immune-enhancing diets (RR, 1.10; 95% CI, 0.93–1.31). There was significant
heterogeneity across the studies and the treatment effect appears to depend on the type of
immune-enhancing formula, the patient population, and the study quality. On the basis of
careful review of these studies, we believe that immune-enhancing formulas should be
employed in high-risk trauma patients including those with major torso trauma and
hemodynamic instability. Neither the precise nutrient combinations nor amounts required to
achieve benefit, however, have been well studied. Additionally, the use of total parenteral
nutrition should be reserved for those patients unable to tolerate enteral nutrition. Unlike the
immunologic benefits derived from the early use of enteral nutrition, there are no benefits
from the early use of total parenteral nutrition and it should therefore be utilized only as a
nutritional supplement.

Pharmaconutrition
In the most recent meta-analysis on immunonutrition in critically ill patients, Marik and
Zaloga [9•] analyzed studies by the type of formula administered, a somewhat different
concept from pharmaconutrition but important as previous meta-analyses have grouped all
studies, regardless of the type of supplemental nutrient. The study had significant flaws,
mainly related to the small sample size when studies were broken down by patient
population and formula type, raising more questions than answered. Half of the 24 studies
analyzed involved trauma or burn patients. There was no mortality benefit when all formula
types in this patient population were grouped together. Glutamine decreased infections in
burn patients and there was a suggestion that arginine combined with fish oils negated the
beneficial effect of fish oils. Again, this type of subanalysis is limited by small sample size
but reinforces the conclusions of previous studies, mainly that heterogeneous patient
populations and formula type make any type of meaningful conclusion difficult. Attempts to
sort out the individual effects of nutrients, separate from their nutritional contribution, will
be presented below using the concept of pharmaconutrition.

The realization that the greatest benefit in clinical outcomes was from studies utilizing
specific nutrients 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
(www.criticalcarenutrition.com, an excellent resource with updates on nutrition practice,
evidence-based guidelines and protocols for critically ill patients). Trauma, in particular, is
characterized by the localized and systemic production and release of multiple
proinflammatory mediators as well as a parallel release of anti-inflammatory mediators,
which may be responsible for posttraumatic immunosuppression and the increased
susceptibility to infections, sepsis, and multiple organ failure seen in these patients [10]. The
trauma population may therefore be particularly susceptible to the modulatory and protective
effects afforded by pharmaconutrition. In addition, Beale et al. [11•] recently demonstrated
in critically ill septic patients the safety and efficacy of early enteral pharmaconutrition in
promoting significantly faster recovery of organ function.

Glutamine
Glutamine is a conditionally essential amino acid that can influence genes important in
metabolism, signal transduction, and inflammation. It has been shown to induce heat-shock
protein when administered parenterally and peroxisome proliferator-activated receptor
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gamma (PPARγ) when administered enterally, both being associated with protective effects
[12•,13•].

It is actively absorbed across the intestinal epithelium, metabolized in the small bowel and
serves as an energy source for the enterocyte. In stress conditions, the demand for glutamine
is increased and thus pharmacological supplementation may be necessary. Novak et al. [14]
performed a systematic review of studies evaluating the effect of glutamine supplementation
in elective surgical and critically ill patients. When these were aggregated, glutamine
supplementation resulted in a significant reduction in infectious complications and length of
stay was decreased. Glutamine enrichment was also associated with a relative risk of
mortality of 0.78 (95% CI, 0.58–1.04). Acknowledging the considerable heterogeneity in the
systematic review, the authors concluded that in surgical patients, glutamine was associated
with decreased infectious complications and lengths of stay. In critically ill patients, they
noted a significant decrease in complications and mortality. The authors concluded that the
greatest effects were seen in patients receiving high-dose, parenteral glutamine
supplementation. The majority of the studies, however, used parenteral rather than enteral
nutrition. Jones and Heyland [15••] have subsequently recommended parenteral
supplementation when parenteral nutrition is being delivered but enteral administration
when enteral nutrition is being utilized. As specific studies in trauma and burn patients have
demonstrated benefit with enteral supplementation, it is our practice to provide enteral
glutamine supplementation whenever possible [16,17]. In fact, recent data had shown that its
use during active-shock resuscitation is well tolerated and may promote tolerance [18•].

Arginine
Arginine is a semiessential amino acid important in T-cell functioning, collagen synthesis,
and the production of growth hormone, prolactin, somatostatin, insulin, and glucagon.
Additionally, it is the chief precursor of nitric oxide [19,20]. It is this association with nitric
oxide that has led to speculation that arginine may enhance the systemic inflammatory
response syndrome and therefore be potentially harmful [21]. During sepsis, levels of
inducible nitric oxide synthase (iNOS) are increased. Arginine is a substrate for iNOS and in
its presence combines with molecular oxygen to produce citrulline and nitric oxide (Fig. 1).
In septic conditions, nitric oxide has potential adverse effects including vasodilation, cardiac
dysfunction, and direct cytotoxic injury [22]. Two studies [23,24] have documented
increased mortality in critically ill septic patients receiving an immune-enhancing diet, and
arginine has been implicated as the causative agent. However, there has been limited testing
of arginine as an isolated pharmaconutrient. There are two studies [25,26] from the 1980s
(in gastrointestinal cancer patients and in normal human volunteers), which focused on the
effects of arginine on systemic immunity and demonstrated increased CD4 helper T cells
and lymphocyte blastogenesis. Ochoa et al. [27] and Tsuei et al. [28] have studied arginine
metabolism in trauma patients and demonstrated increased expression of arginase-1, which
shunts arginine away from the iNOS pathway (Fig. 1). Though Jacob et al. [29] reported
increased nitrate and nitrite levels in septic medical patients, they were unable to detect these
products of iNOS in trauma patients. Even when patients became septic, levels of nitrate/
nitrite were only minimally elevated. Thus, increased arginine at the systemic level does not
appear to be problematic for trauma patients. However, laboratory studies have shown
increased gut injury and inflammation when arginine is delivered to the hypoperfused gut
during shock [30].

Nucleotides
Nucleotides are low molecular weight intracellular compounds found in human milk (and as
a supplement in infant formula) and diet. They serve as active precursors of DNA, RNA,
ATP and coenzymes and play a role in growth and differentiation of the gut [31]. In stress
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states, they may be necessary to maintain rapid cell proliferation and responsiveness. In
these instances, most tissues increase de-novo synthesis of nucleotides; however,
lymphocytes, macrophages, and enterocytes rely on increased salvage from the extracellular
pool that may be depleted during stress [32]. It is their role in enterocyte function and
immunomodulation that led to inclusion of nucleotides in some immune enhancing diets
[33]. There have been no trials examining the effect of nucleotides as isolated agents.

Omega-3 fatty acids
Standard enteral formulas often contain a high proportion of omega-6 fatty acids, whereas
formulas supplemented with omega-3 fatty acids (or fish oils) are now available. The active
components of omega-3 fatty acids are eicosapentaenoic (EPA) and docosahexaenoic acid
(DHA). The anti-inflammatory properties of omega-3 fatty acids have been attributed to
displacement of arachidonic acid from cellular membranes, antagonizing proinflammatory
eicosanoids (such as prostaglandin E2 and leukotriene B4) while promoting production of
less-inflammatory eicosanoids (such as thromboxane and prostaglandin E3), and inhibition
of proinflammatory mediators, including iNOS [34•]. There have been three prospective
randomized trials [35–37] of enteral supplementation with omega-3 fatty acids in critically
ill (primarily medical) patients and all have shown benefit. Unfortunately, all these studies
included additional supplements, making assignment of benefit to the omega-3 fatty acids
difficult, and 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 and micronutrients
There have also been a number of recent investigations evaluating the use of antioxidants.
Part of the difficulty in interpreting these studies is that the types, routes, and doses of
antioxidants differ between studies and patient populations. As oxidant stress is being
increasingly appreciated as an important component of shock and critical illness, interest in
antioxidants has escalated. Micronutrients considered to have antioxidant properties include
those with endogenous defense mechanisms such as superoxide dismutase, catalase, and
glutathione (including their cofactors, selenium, and zinc) as well as vitamins (particularly
vitamin A, C, and E) [38]. Antioxidants generally have shown a reduction in the incidence
of organ dysfunction, including in critically ill surgical patients [39]. However, Berger et al.
[40•] recently reported that the use of antioxidants in critically ill patients had no influence
on infectious complications and no reduction in early organ dysfunction. They did find a
significant reduction in the inflammatory response in trauma and cardiac surgery patients,
suggesting that conditions inciting an intense inflammatory response, such as that evoked by
trauma may show benefit from antioxidant therapy. Indeed, an earlier study [41] of zinc,
copper, and selenium supplementation in burn patients showed a decrease in infectious
complications, primarily pulmonary. Additionally, although most studies have shown
improvement in infectious complications and organ dysfunction, mortality benefit has been
harder to demonstrate [42•]. However, Collier et al. [43•] were able to demonstrate a 28%
RR adjustment in severely injured trauma patients [average injury severity score (ISS) = 21]
who received high-dose antioxidants compared with historical controls. Additionally, a
meta-analysis [44] reviewing the use of all antioxidants in critically ill patients found a
decrease in mortality (but no impact on infectious complications). This and other studies
[45•] suggest that selenium is the responsible agent. Selenium is an essential nutrient that is
a cofactor in glutathione’s enzymatic function and possesses immunomodulatory properties
[46]. It has been studied primarily in patients with septic shock. Levels are low with critical
illness and augmentation enhances endogenous antioxidants. Not all studies have shown
benefit with the discrepancies attributed to dosing and timing of administration [42•,47•]. If
the fine balance between selenium’s antioxidant and prooxidant effects are upset, increased
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oxidative stress may actually ensue. As is common for many of these nutrient studies, the
optimal dose and timing are not known and not well studied. Because of this and the fact
that many of the positive antioxidant studies have included the administration of glutamine,
Heyland et al. [48•] are currently conducting a large multicenter, randomized trial with a
factorial 2 × 2 design in mechanically ventilated patients with clinical evidence of hypo-
perfusion and organ dysfunction. Patients will receive glutamine, antioxidants, or both with
mortality as the primary outcome though infectious complications and organ dysfunction are
also being studied. Results of the phase I 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. Unfortunately, the number of trauma patients enrolled in this study will likely be
small as the entry criteria require evidence of organ dysfunction and hypoperfusion within
24 h of admission. Nonetheless, this important study should provide definitive data on the
efficacy of glutamine and antioxidant supplementation in critically ill patients and help to
clarify the timing, dosing, and combination benefit lacking in so many of the previous trials.

Hypocaloric feeding
The concept of hypocaloric nutrition began as a feeding strategy for critically ill obese
patients but is now being considered for all critically ill patients [49]. It avoids the
consequences of overfeeding such as hypercapnia, hyper-glycemia, uremia, and
hypertriglyceridemia yet prevents malnutrition by the provision of adequate protein
supplementation. There is no standardized definition of hypocaloric feeding but it usually
involves meeting energy needs with less than 100% of the recommended nonprotein calories
(typically ≤20 kcal/kg) but normal amounts of protein calories (1.5 to 1.75 g of protein/kg).
Dickerson et al. [50] found a shorter ICU length of stay and a decreased duration of
antibiotic use in obese surgical patients with no impairment in nitrogen balance or pre-
albumin levels. There have been several studies in medical ICU patients which have
compared outcomes with caloric intake and have shown benefit to patients receiving
‘suboptimal’ caloric intake. In a prospective observational study [51] aimed at examining
the success in achieving recommended caloric requirements, medical ICU patients receiving
approximately half of the intended calories had the best outcomes with more patients
discharged alive and ventilator free. The use of gastric feeds in critically ill patients at least
raises the possibility of aspiration as the cause of poorer outcome in patients receiving full
caloric supplementation. To support this speculation, when early versus late enteral feeds in
ventilated patients were compared, a lower incidence of ventilator-associated pneumonia
was demonstrated in patients receiving late feeds [52]. The early feed group received bolus
gastric feeds and had a high (49%) incidence of ventilator-associated pneumonia, at least
suggesting that aspiration of tube feeds was responsible for the high pneumonia rate. A
study [53•] performed in critically ill mechanically ventilated trauma patients is also
consistent with aspiration as a contributing factor to pneumonia rates. Patients were
randomized to a diet supplemented with glutamine, high fiber, peptides, or synbiotics via a
gastric tube and begun no later than 24 h after injury. There was no difference in mortality
or infectious complications except for pneumonia rates. Patients receiving the synbiotics had
a significantly lower incidence of pneumonia (16% in synbiotic versus 40% in other groups
combined), but interestingly much higher gastric residual volumes (1150 ml in synbiotics
versus 410 ml in the glutamine group). Whether aspiration of feeds supplemented with
synbiotics lowers pneumonia rates can only be speculated. Finally, there has been only one
study [54] performed in trauma patients comparing outcomes with quantity of enteral
nutrition. This published abstract was a retrospective study of 121 patients divided into
quartiles based on daily caloric intake. Patients receiving the greatest caloric intake during
the first 7 days after injury had poorer outcomes (increased hospital length of stay and
increased ventilator days) than those patients receiving between 25 and 60% less calories per
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day. Though this study had significant flaws, it suggested the need to further study
hypocaloric feeding of critically injured patients during the acute metabolic phase of injury.

Conclusion
By examining immunomodulating agents for their pharmaconutrient potential, a better
understanding of their mechanism of action, optimal dosing and timing, and target patient
population is being increasingly recognized. Most current studies, however, suffer from
combination therapy and mixed patient populations. Recent data suggest that in trauma
patients early enteral nutrition is beneficial and enhanced by supplementation with
glutamine and antioxidants. Success with hypocaloric feeding in the obese patient has
prompted speculation that lower calories with adequate protein supplementation in critically
injured patients during the acute metabolic phase of injury, but no longer than 7–10 days
postinjury, may be beneficial.

In summary, acutely injured trauma patients benefit from the early administration of enteral
nutrition with added benefit from pharmaconutrients. Data reviewing the new paradigm of
pharmaconutrition has been presented and suggestions for their use in trauma patients are
included. The rationale and potential benefit of hypocaloric feeding in critically injured
patients is presented.
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Figure 1. Metabolic fate of arginine
Arginine is involved in two divergent metabolic pathways. In the first, arginase converts
arginine into ornithine and urea. Arginase II, a form of arginase, is involved in the synthesis
of polyamines, important in wound healing. Alternatively, arginine can serve as a substrate
for nitric oxide synthase, which has vasodilatory and potentially proinflammatory effects.
iNOS, inducible nitric oxide synthase.
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