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Purpose of review

This paper highlights recent studies of interest and provides rationale for why
deficiencies with the current scientific paradigm of immunonutrition has produced
studies with conflicting results, and why it should be replaced with a new paradigm
termed ‘pharmaconutrition’.

Recent findings

Considering the overall treatment effect of immune-modulating nutrients, parenteral
glutamine is recommended in patients receiving parenteral nutrition, while enteral
glutamine should be considered in burn and trauma patients. Antioxidants, particularly
selenium, should be considered for critically ill patients, and enteral formulas enriched
with fish oils are recommended in patients with acute respiratory distress syndrome.
Arginine-supplemented diets are not recommended. There are currently insufficient
data to enable useful recommendations on the optimal route, timing, duration and
dosage of each nutrient. The pending results of a large, rigorously designed,
randomized trial, however, in which nutrients are viewed and tested as pharmacological
agents, promise to clarify some of the current ambiguities and inform future practice.
Summary

This review provides insights into why the current paradigm of immunonutrition has
failed to consistently demonstrate a beneficial effect of key immunomodulating nutrients,

and offers a timely solution through the new paradigm of pharmaconutrition.
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Introduction

During acute illness patients experience a degree of
hyperinflammation, cellular immune dysfunction, oxi-
dative stress and mitochondrial dysfunction. Depending
on the severity and duration of these disturbances in
metabolism, multiorgan failure and death may occur.
Both as a result of this stress response and an inability
to maintain a normal oral intake, patients can rapidly
develop nutrient deficiencies. The relationship between
nutrient deficiencies and an altered immune status is well
known. Such deficiencies are common among hospital-
ized patients and are associated with an increased risk of
developing infectious complications, organ failure, and
death [1-4]. Consequently, artificial nutrition therapy, via
the enteral or parenteral route, is considered an integral
part of standard patient care. Over the past two decades,
specific nutrients have been added to commercially
available nutritional formulas in an attempt to modulate
the inflammatory or immune response and affect clinical
outcomes. ‘Immunonutriton’ and ‘immune-enhancing
diets’ are some of the terms that have been used to
describe these products. The purpose of this article is
not to provide an exhaustive review of the literature
on immunonutrition but to highlight recent significant
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studies. We will provide rationale for why the current
scientific paradigm of immunonutrition is deficient and
suggest an alternative paradigm captured by the term
‘pharmaconutrition’.

Immunonutrition

During the last 25 years, over 30 randomized control trials
(RC'T's) of immunonutrition in over 2000 critically ill and
surgical patients have been completed with disparate
results. These trials have utilized various combinations
of nutrients, most commonly arginine, n-3 fatty acids, and
nucleotides with or without glutamine and antioxidants.
The poor methodological quality and small sample size
included in many of these trials hamper our ability to
detect significant differences in clinical endpoints. Even
the largest high-quality study, involving a heterogeneous
population of 597 critically ill patients [5], failed to
show an effect of immunonutrition on mortality or other
clinical outcomes, in both an overall and several subgroup
analyses.

Attempts to resolve this controversy have been made
through the completion of five separate metaanalyses,
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including one by our research group [6—10]. Although
results differ across these analyses, all five report that
immunonutrition results in fewer infectious compli-
cations and reduced length of hospital stay, but has no
effect on mortality in surgical patients. Recently, we
updated our ongoing metaanalysis of studies in critically
ill patients (http://www.criticalcarenutrition.com); the
overall treatment effect was consistent with no effect
on mortality [relative risk (RR) 1.06 and 95% confidence
interval (CI) 0.90, 1.24] (Fig. 1), infectious complications
(RR 0.95, 95% CI 0.83, 1.15), and length of hospital stay
[RR standardized mean difference (SMD) —0.33,95% CI
—0.72, 0.06]. Consequently, the Canadian Clinical Prac-
tice Guidelines Committee [11] recommended that
immune-enhancing diets supplemented with arginine
and other nutrients should not be used in critically ill
patients. This ongoing controversy surrounding the effec-
tiveness of immunonutrition is reflected by its lack of
impact on clinical practice, with less than 6% of patients
in the intensive care unit receiving immunonutrition
formulas [12].

Why is it that, despite the large volume of research in
this area, we are still unable to demonstrate a positive
treatment effect of immunonutrition? The historical
paradigm of immunonutrition has focused on delivering
various nutrient combinations to a heterogeneous patient
population. What is apparent from current evidence is
that this paradigm is fundamentally flawed and that this

fixed mixed cocktail approach does not suit every patient.
It is plausible that some of these nutrients, tested indi-
vidually, may have some positive (or negative) thera-
peutic effects in some groups of patients, but when
combined together and administered to a heterogeneous
patient population, any treatment effect is lost. If our
hypothesis is that the administration of nutrients in
supranormal amounts has ‘pharmacological’ effects on
the inflammatory response to critical illness and can
improve clinical outcomes, our approach to assessing
the efficacy of these nutrients should be analogous to
the assessment of any pharamacological agent, with due
diligence to discerning the precise dose, timing and route
of administration of individual nutrients, plus their
effects in select patient populations. Future studies in
this area should be conducted under this new paradigm
of pharmaconutrition.

Patient population

Some of the inconsistent results generated from
trials of immunonutrition may stem from the fact that
within a given patient over time or across different
patient populations, the severity of ‘gut failure’, the
degree of bacterial translocation, the degree of cellular
immune dysfunction, the balance of inflammation/anti-
inflammation, and the regional and systemic generation
of reactive oxygen species (ROS) will vary. For example,
following elective surgery, patients experience a period

Figure 1 Risk ratio (RR) and associated 95% confidence intervals (Cls) for the effect of immunonutrition on mortality in critically ill

patients
Review: Immunonutrition (combined)
Comparison: 01 Diets with arginine and other vs. standard
Outcome: 01 Mortality
Study Diets with arginine Standard RR (random) Weight RR (random)
or subcategory niN niN 95% CI % 95% Cl Year
Atkinson 95/197 85/193 - 29.23 1.09 [0.88,1.36] 1998
Bower 24153 12/143 T 5.40 1.87 [0.97,3.60] 1995
Brown 0/19 0/18 Not estimable 1995
Capparos 27/130 30/105 —a— 10.35 0.73 [0.46, 1.14] 2001
Cerra 1711 1/9 > 0.36 0.82 [0.06, 11.33] 1991
Chuntrasakul 1/18 1/18 > 0.35 1.00 [0.07,14.79] 2003
Conejero 14/43 9/33 — T 4.72 119 [0.59,241] 2002
Dent 20/87 8/83 —_— 4.07 239 [1.11,5.11] Press
Engel 718 5/18 — T 272 1.40 [ 0.54,3.60] 1997
Galban 17/89 28/87 —— 8.00 0.59 [0.35,1.00] 2000
Gottschlich 2/17 1/14 » 048 1.65 [0.17,16.33] 1990
Kieft 2005 114/302 106/295 - 29.93 1.05 [0.85,1.30] 2005
Kudsk 7 1118 < » 035 1.06 [0.07, 15.62] 1996
Mendez 1/22 1/21 < > 0.34 0.95 [0.06,14.30] 1997
Moore 1/51 2/47 < > 0.45 0.46 [ 0.04,4.92] 1994
Rodrigo 2/16 114 > 0.48 1.75 [0.18,17.29] 1997
Saffle 5/25 3/24 e s — 1.43 160 [0.43,5.97] 1997
Weimann 2/16 4/13 <«———F—> 1.06 0.41 [0.09,1.88] 1998
Wibbenmeyer 2012 o/11 > 0.29 462 [0.25, 86.72] 2006
Total (95% CI) 1243 1164 4. 100.00 1.06 [0.90,1.24]
Total events: 336 (diets with arginine), 298 (standard)
Test for heterogeneity: y? = 18.84, df =17 (P = 0.34), /= 9.8%
Test for overall effect: Z = 0.69 (P = 0.49)
. . . L .
0.1 0.5 1 2 5 10
Favors arginine Favors standard

n/N, number of patients that die/total number of patients in group.
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of immunosuppression that increases the risk for
acquired infectious morbidity and mortality. Con-
sequently nutrients, such as arginine, that enhance
cellular immune function may reduce infectious com-
plications in the elective surgical patient. In contrast,
critically ill patients experience complex and variable
immune and inflammatory changes that are poorly
understood. In the early stages of critical illness both
the cellular defence system, which includes both innate
(nonspecific) immunity and adaptive (specific) immu-
nity, and the systemic inflammatory response are acti-
vated. A decrease in the cellular defence response occurs
simultaneously with signs of hyperinflammation as early
as the onset of severe sepsis [13]. Hence, for critically ill
patients, nutrients that support the cellular defence
system, combat oxidative stress and attenuate the
inflammatory response are more likely to be of benefit.

Pharmaconutrients

Historically, nutrition has been viewed as adjunctive care
and not as an active therapeutic strategy; however, the
concept of pharamaconutrition is based on the impact of
nutrients being greater than just the provision of nutrition
alone. A deficiency of the majority of studies to date
is that they have been trials of nutritional strategies;
comparing standard enteral formulas to specialized for-
mulas enriched with specific nutrients. Consequently,
the quantity of the nutrients delivered is dependent on
the provision of an adequate volume of enteral formula
which can be problematic in hospitalized patients who
often have trouble tolerating their enteral feeds. Other
studies add nutrients to parenteral nutrition, which has
limited application to clinical practice as parenteral nutri-
tion is only used in a minority of patients. This makes
attempts to isolate the effect of individual nutrients
problematic. In accordance with the new paradigm of
pharamaconutrition, the administration of key nutrients
should be dissociated from the provision of parenteral or
enteral nutrition so that their full dose can be delivered,
either parenterally or enterally, and their therapeutic
effects evaluated appropriately.

Arginine

Arginine stimulates release of growth hormone, prolactin,
and insulin, and increases the number of T cells and
enhances T-cell function. During catabolic disease argi-
nine serum levels decrease due to a reduced dietary
intake, increased uptake in endothelium, liver, and intes-
tine [14], and increased metabolism, but with increasing
time from the initial traumatic event and with the devel-
opment of sepsis arginine levels begin to increase [15].
Depending on the underlying pathophysiology, there is
an upregulation of different enzymes, and therefore, a
different metabolism of arginine [16]. It can be meta-
bolized through a family of nitric oxide synthetase
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enzymes to nitrogenous compounds like nitric oxide or
metabolized via arginase to urea and ornithine. An
increased expression of arginase leads to a depletion of
arginine and decreased T-cell activation and immu-
nocompetence, and an increased risk of infection.
Consequently, it is hypothesized that arginine supple-
mentation may inhibit arginase and prevent these nega-
tive sequelae. The benefit of this strategy on morbidity
has been demonstrated in elective surgery [10]. As high-
lighted previously, however, the underlying pathophy-
siology of critical illness is very different, and there is a
signal from current studies to suggest that arginine
supplementation may be associated with harm in infected
or septic critically ill patients. This potential toxic effect
of arginine may be due to its role as a substrate for
inducible nitric oxide synthase (iNOS). iNOS is upregu-
lated during inflammatory states resulting in an increased
production of nitric oxide, contributing to impaired
microcirculation and organ dysfunction. This theory is
supported by a recent study of parenteral arginine supple-
mentation in a canine model of Escherichia coli peritonitis
[17], which reported an increased mortality and worsened
shock in the supplemented groups. The administered
dose, however, was multiple times higher than physio-
logical levels and the parenteral mode of delivery would
have bypassed the significant gut regulation of arginine.
Nevertheless, there are three RCT's [18—20] of different
arginine-supplemented diets that demonstrate excess
mortality in patients with infection associated with these
diets. There are no RC'T's of arginine alone in critically ill
patients but a preliminary observational study in humans
published in abstract form [21] indicates that arginine
may be given to septic patients without increasing oxi-
dative stress or adversely affecting hemodynamic stabi-
lity. Further research is required on the influence of
arginine in specific populations and the genetic vari-
ability of nutrient response. In the meantime, arginine
and arginine-supplemented diets are not recommended
in critically ill patients.

Glutamine

The amino acid glutamine has many essential metabolic
functions. It plays a central role in nitrogen transport
within the body, is a fuel for rapidly dividing cells
(particularly lymphocytes, enterocytes, and colonocytes),
is the most important substrate for renal ammoniagenesis,
and is a precursor to glutathione [22]. Glutamine protects
structural and functional integrity of intestinal mucosa
and augments cellular immune functions, especially
those associated with cell mediated immunity [22]. Dur-
ing severe metabolic stress (i.e. trauma, sepsis, major
surgery, bone marrow transplant, chemotherapy and
radiotherapy) the requirement for glutamine exceeds
glutamine synthesis and supply from proteolysis, result-
ing in depletion of glutamine stores. Consequently,
glutamine may become a conditionally essential amino
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acid in these individuals [23,24]. In addition, lower levels
of glutamine have been associated with immune dysfunc-
tion [25] and increased mortality [26]. Glutamine supple-
mentation during illness may therefore enhance gut
barrier and lymphocyte function, preserve lean body
mass, and protect against the damaging effects of oxi-
dative stress. Another possible biological mechanism for
this positive therapeutic effect may be glutamine’s ability
to protect against septic shock. Heat shock protein (HSP)
expression is vital to cellular and tissue protection after
stress or injury, as their absence leads to increased cellular
apoptosis. Recent animal and human studies have
demonstrated that glutamine may enhance tissue HSP
expression and reduce inflammatory cytokine release
[27,28], and that these increased levels are correlated
with a decreased length of hospital stay and ventilator
time in critically ill patients [28]. In shock and myocardial
injury reperfusion models, glutamine supplementation
has been shown to reduce the occurrence of cell death or
apoptosis by preventing the fall in glutathione levels,
ATP/ADP ratioo, NAD/NADH content, and lactate
accumulation which occur during shock [28,29]. Evi-
dence is also emerging that suggests that some of the
benefit of glutamine supplementation may be as a con-
sequence of its role as an important precursor for the
endogenous synthesis of arginine through an intestinal—
renal pathway involving interorgan transport of citrulline
[30°,31°]. In addition, recent studies suggest that gluta-
mine may reduce insulin resistance, which is another
mechanism by which it may confer beneficial effects
[32°].

A recently updated metaanalysis  (http://www.
criticalcarenutrition.com) [33] examined the relationship
between glutamine supplementation and clinical out-
comes in critically ill patients, and revealed a significant
reduction in mortality (RR 0.75, 95% CI 0.59, 0.96,
P=0.02) (Fig. 2), a significant reduction in infectious
complications (RR 0.79,95% CI 0.63, 0.93, P=0.04), and
a significant reduction in length of stay (SMD in days
—4.50, 95% CI —8.28, —0.72, P=0.02). In a subgroup
analysis, it seems that the majority of the treatment effect
is from parenteral glutamine in the context of parenteral
nutrition studies. Based on these results, parenteral glu-
tamine is recommended when parenteral nutrition is
prescribed and enteral glutamine should be considered
when enterally feeding burns and trauma patients. The
role of glutamine supplementation in other critically ill
patients receiving enteral feeds is unknown.

Antioxidants

Antioxidants are part of a complex endogenous defence
system designed to protect tissues from the damaging
effects of oxidative stress caused by excessive amounts
of ROS and reactive nitrogen—oxygen species. Evidence
is growing that oxidative stress is central to the under-
lying pathophysiology of critical illness, especially the
development of organ failure. In critically ill patients,
there are reduced stores of antioxidants, which have
been associated with an increase in free radical genera-
tion, an augmentation of the systemic inflammatory
response, subsequent cell injury, increased organ failure,
and even higher mortality [34]. A systematic review

Figure 2 Risk ratio (RR) and associated 95% confidence intervals (Cls) for the effect of glutamine supplementation (enteral and

parenteral) on mortality in critically ill patients

Review: Glutamine new review
Comparison: 03 Glutamine vs control
Outcome: 01 Mortality
Study Glutamine Control RR (random) Weight RR (random)
or subcategory niN niN 95 % Cl % 95 % Cl Year
Dechelotte 2006 2/58 2/56 1.59 0.97 [0.14, 6.62] 2006
Xian-Li 0/20 3/21 <~ 0.70 0.15 [0.01, 2.73] 2004
Fuentes-Orozco 2117 3/16 2.16 0.63 [0.12, 3.28] 2004
Garrel 2/21 12/24 -« 3.1 0.19 [0.05, 0.76] 2003
Zhou 020 0/20 Not estimable 2003
Hall 27179 30/184 —a— 25.92 0.93 [0.57, 1.49] 2003
Wischmeyer 2/15 5/16 <« 2.69 0.43 [0.10, 1.88] 2001
Brantley 0/31 /41 Not estimable 2000
Ziegler 1/32 5/31 — 1.35 0.19 [0.02, 1.57] unpub
Powell-Tuck 14/83 20/85 —a— 15.76 0.72 [0.39, 1.32] 1999
Jones 10/26 9/24 —_— 11.74 1.03 [0.50, 2.08] 1999
Houdijk 4/41 3/39 e — 2.88 1.27 [0.30, 56.31] 1998
Griffiths 18/42 25/42 —— 32.09 1.72 [0.47, 1.11] 1997
Total (95% Cl) 585 599 ’ 100.00 0.75 [0.59, 0.96]
Total events: 82 (glutamine), 117 (control)
Test for heterogeneity: 32 =9.52, df = 10 (P =0.48), /2= 0%
Test for overall effect: Z=2.33 (P =0.02)

0.1 0.5 1 2 5 10

Favors glutamine Favors control

n/N, number of patients that die/total number of patients in group.
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(http://www.criticalcarenutrition.com) [35] examining
trials of antioxidant supplementation in critically ill
patients has recently been conducted. Thirteen studies
were identified, most studied the effects of selenium
either alone or in combination with other trace elements
and vitamins while others looked at the effects of zinc and
vitamins A, C and E. When the results of all the trials
were aggregated, overall antioxidants were associated
with a significant reduction in mortality (RR 0.69, 95%
CI 0.59, 0.82, P<0.0001) (Fig. 3), but had no effect on
infectious complications (RR 0.90, 95% CI 0.65, 1.24,
P=0.51), or ICU length of stay (SMD in days —0.10, 95%
CI —0.46, 0.26, P=0.56) in critically ill patients. A recent
large, multicenter RCT [36°°] of high-dose selenium
supplementation in 249 patients with severe systemic
inflammatory response syndrome, sepsis, and septic shock
demonstrated a large, but not significant, reduction in
mortality [odds ratio (OR) 0.66, 95% CI 0.39, 1.10,
P=0.109). A greater treatment effect, however, was
detected in patients with high normal levels of selenium
compared with normal levels of selenium, indicating that
selenium is having an effect beyond restoring a deficiency.
Thus antioxidant strategies, particularly selenium, should
be considered for critically ill patients.

n-3 fatty acids

The biological effects of n-3 fatty acids or fish oils
during illness is related to their ready incorporation into
inflammatory cell membrane phosopholipids, often at the
expense of n-6 arachidonic acid. Consequently, n-3 fatty
acids antagonize the production of proinflammatory eica-
saonids from n-6 arachidonic acid (e.g. leukotriene By,
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thromboxane A;, prostaglandin E;), and are precursors
for less inflammatory eicosanoids (e.g. thromboxane
A;, prostaglandin E;, leukotriene Bs) resulting in anti-
inflammatory effects. Studies of parenteral supplement-
ation of n-3 fatty acids alone have reported mixed results.
A prospective, open-label, multicenter study of 661
patients receiving parenteral nutrition with n-3 fatty acids
for more than 3 days [37°] reported a reduction in hospital
mortality as predicted by Simplified Acute Physiology
Score II, and found that dose of fish oil was correlated
with ICU and hospital length of stay and mortality. As
there was no direct comparison group, these results need
to be confirmed or refuted in the context of an RC'T'. Ina
randomized double-blind multicenter trial of 256 patients,
total parenteral nutrition enriched with fish oils [38°]
had no effect on postoperative mortality, morbidity, and
ICU length of stay after major abdominal surgery. A
significantly shorter length of hospital stay and higher
plasma levels of eicosapentaenoic acid, leukotriene B5,
and antioxidant, however, were detected in the group that
received fish oils. Three RCT's of enteral supplementation
of fish oil in patients with acute respiratory distress
syndrome (ARDS) have utilized enteral formulas that
were also enriched with other key nutrients (borage
oil and antioxidants) [39,40,41°]. A recent metaanalysis
aggregating the results of these three studies (http://
www.criticalcarenutrition.com; Fig. 4) demonstrated
that enteral formula enriched with fish oils significantly
reduces mortality (RR 0.63, 95% CI 0.48, 0.84, P=0.002)
and ventilator days (SMD in days —1.61, 95% CI —3.20,
—0.02, P=0.05), and tended to reduce ICU length of stay
(SMD in days —1.65,95% CI —3.41,0.10, P=0.06). Thus,

Figure 3 Risk ratio (RR) and associated 95% confidence intervals (Cls) for the effect of antioxidant supplementation on mortality in

critically ill patients

Review: Antioxidants
Comparison: 01 Antioxidants (single + combined) vs standard
Qutcome: 01 Mortality
Study Antioxidants Standard RR (random) Weight RR (random)
or subcategory niN niN 95% CI % 95% CI Year
Berger ‘98 1/10 0/10 > 0.30 3.00 [0.14, 65.90] 1998
Berger 2001a 2/9 1112 > 0.57 2.67 [0.28, 25.04] 2001
Berger 2001b 0/11 1/12 < = 0.29 0.36 [0.02, 8.04] 2001
Berger 2002 1/9 1/8 B L I 0.42 0.89 [0.07, 12.00] 2002
Crimi 49/112 76/112 - 47.05 0.64 [0.50, 0.82] 2004
Porter 0/9 0/9 Not estimable 1999
Preiser 8/20 6/17 —_— 4.04 1.13 [0.49, 2.62] 2000
Kuklinski 0/8 8/9 <« 0.39 0.07 [0.00, 0.98] 1991
Zimmerman 3/20 8/20 _— 2.06 0.38 [0.12, 1.21] 1997
Nathens 5/301 9/294 —_—— 2.43 0.54 [0.18, 1.60] 2002
Young 4/33 9/35 — 2.45 0.47 [0.16, 1.38] 1996
Angstwurm 7121 11721 —_— 5.34 0.64 [0.31, 1.32] 1999
Angstwurm 2007 46/116 61/122 — 34.67 0.79 [0.60, 1.06] 2007
Total (95% CI) 679 681 ’ 100.00 0.69 [0.59, 0.82]
Total events: 126 (antioxidants), 191 (standard)
Test for heterogeneity: 32 = 9.82, df = 11 (P = 0.55, /2= 0%
Test for overall: Z = 4.24 (P < 0.0001)

0.1 0.5 1 2 5 10

Favors antioxidants Favors standard

n/N, number of patients that die/total number of patients in group.
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Figure 4 Riskratio (RR) and associated 95% confidence intervals (Cls) for the effect of enteral formulas enriched with fish oils, borage
oils and antioxidants on mortality in patients with acute respiratory distress syndrome

Review: Fish oils
Comparison: 01 Fish oils vs standard
QOutcome: 01 Mortality
Study Fish oils Standard RR (random) Weight RR (random)
or subcategory niN niN 95% CI % 95% CI Year
Gadek 11/70 19/76 —— 17.93 0.63 [0.32, 1.23] 1999
Singer 14/46 26/49 —a— 30.72 0.57 [0.34, 0.96] 2006
Pontes-Arruda 26/83 38/82 —i— 51.36 0.68 [0.46, 1.00] 2006
Total (95% CI) 199 207 <o 100.00 0.63 [0.48, 0.84]
Total events: 51 (fish oils), 83 (standard)
Test for heterogeneity: 2= 0.25, df = 2 (P = 0.88), /2= 0%
Test for overall effect: Z = 3.15 (P = 0.002)
0.1 05 1 2 5 10
Favors fish oils  Favors standard

n/N, number of patients that die/total number of patients in group.

enteral formulas with fish oils, borage oils, and antioxidants
are recommended in patients with ARDS.

Nutrient administration: route, timing,
duration and dosage

Under the new paradigm of pharamaconutrition, when
nutrients are treated as pharmacological agents rather
than as part of a nutritional strategy, there is a need
for greater attention to elucidating the most efficacious
route, timing, duration and dosage of nutrient adminis-
tration. From a review of the studies to date, conducted
under the paradigm of immunonutrition, there are insuf-
ficient data to enable useful recommendations on mode
of delivery. A subgroup analysis of the metaanalysis of
studies of glutamine supplementation [33] suggests that
parenteral nutrition may confer greater benefits. As the
hypothesized mechanism of action of many of these
immunomodulating nutrients is via the gastrointestinal
tract, however, it makes intuitive sense that the enteral
route may be preferred. As there are no trials published to
date comparing enteral and parenteral delivery of gluta-
mine or other pharmaconutrients, we remain uncertain as
to which is the most efficacious route. With our growing
knowledge of the pathophysiology and nutrient—gene
interactions in different disease states, in the future we
will have a better understanding of the optimal timing
and duration of delivering a nutrient intervention. Emer-
ging evidence suggests that oxidative stress leading to
mitochondrial dysfunction may become irreversible within
6—24h [42] and is irreversible 48 h [43] after the onset of
severe sepsis. Therefore, it appears the sooner the nutri-
ents are provided after insult, the more likely they are to
have a treatment effect.

The optimum dose of pharmaconutrients is unknown.
The results of subgroup metaanalyses suggest that

studies using a higher than median dose of selenium
(500-1000 wg/day) or glutamine is associated with a trend
towards or significant reduction in mortality (RR 0.52,
95% CI 0.24, 1.14, P=0.10 and RR 0.71, 95% CI 0.51,
0.99, respectively), whereas studies using a lower dose of
selenium or glutamine had no effect on mortality (RR
1.47, 95% CI 0.20, 10.78, P=0.7 and RR 1.02, 95% CI
0.52, 1.2.01, respectively) [30°32°]. Extremely high
doses, however, may be associated with toxic effects
[44°]; therefore, further research is required to define
the optimal dose of key nutrients.

Accordingly, to investigate the maximum tolerable dose
of glutamine and antioxidants, we recently completed a
phase I, single-center, open-label, dose-escalating study
involving 28 critically ill patients [45°°]. We discovered
that as we escalated the dose of glutamine to an optimal
dose of 0.35 g/kg/day parenterally plus 30 g/day enterally,
and the dose of selenium to 500 pg/day parenterally plus
300 pg/day enterally, we observed a greater reduction in
markers of oxidative stress, greater preservation of gluta-
thione levels, and an improvement in an indirect marker
of mitochondrial function with no apparent adverse effect
on organ function. The results of this dosing study
suggest that glutamine and antioxidant supplementation
at high doses is safe and may positively affect biological
endpoints. A large, multicenter, double-blind RCT in
1200 mechanically ventilated critically ill patients [46°°]
is now underway to test the therapeutic effects of these
high doses of glutamine and antioxidants. The Reduc-
ing Deaths due to Oxidative Stress (REDOXS) study
embraces a novel study design in which the parenteral
and enteral study nutrients are dissociated from nutrition,
and thus the REDOXS study represents an important
paradigm shift from immunonutrition to pharmaconutri-
tion. The first results of this landmark study are expected
in 2009.



Conclusion

Despite a quarter of a century of time, money and
resources invested in immunonutrition it has failed to
live up to its promise to improve patient outcomes. T'he
strength of inference we can make for single nutrients
from current evidence is limited by small studies of poor
methodological design in which nutrients were combined
and administered to a heterogeneous patient population.
While immunonutrition continues to be a topical issue,
generating numerous narrative reviews and ongoing
debates in the medical literature, its translation into
clinical practice has been negligible. We argue that con-
tinuing to conduct studies under this current paradigm
of immunonutrition will only add to the controversy.
Moving forward under the new paradigm of pharmaco-
nutrition, with a focus on single nutrients dissociated
from nutrition, tested in homogenous patient populations
in large, rigorously designed RCTs powered to detect
differences in mortality, as illustrated by the REDOXS
study, will finally start to provide us with solutions to the
many long unanswered questions.
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