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Abstract Protein utilization and requirements in critical
illness are much researched and debated topics. The
enhanced turnover and catabolism of protein in the setting
of critical illness is well described and multifactorial in
nature. The need to preserve lean body mass and enhance
nitrogen retention in this state to improve immunologic
function and reduce morbidity is well described. Debates as
to the optimum amount of protein to provide in such states
still exist, and a significant amount of research has
contributed to our understanding of not only how much
protein to supply to these patients, but how best to do so.
Small peptide formulations, intact protein formulations,
branched chain amino acids, and specialty formulas all
exist, and their benefits, drawbacks, and potential uses have

been investigated. Specific amino acid therapy has become
part of the concept of immunonutrition, or the modification
and enhancement of the immune response with specific
nutrients. In this article, we describe the changes in
outcomes demonstrated through the provision of protein,
both as a macronutrient and as specific amino acids.
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Introduction

The metabolic response to stress has been well character-
ized. There is an immediate inflammatory response to the
stressed state that occurs in the first hours following the
insult to the host. It can last anywhere from hours to days.
This initial response is followed by a longer, immunosup-
pressive phase that occurs from 48 h to 72 h after the insult
and can last several days to weeks. The degree to which this
peak and valley response occurs is dependent on the degree
of stress sustained by the host. The attendant morbidity
seen with these deviations from the homeostatic baseline
increases proportionally to the level of response.

In the stressed state, the body undergoes various
physiologic and metabolic changes. A hypermetabolic state
ensues after a stress response, leading to insulin resistance
and hyperglycemia. There is increased oxidative stress at
the cellular level and systemic activation of various
inflammatory processes that lead to complex immunologic
changes. There is a poor adaptation to starvation, and
accelerated turnover of energy stores [1]. All macro-
nutrients are affected by this process, however, protein

C. M. Lawson (*)
Department of Surgery, Division of Trauma/Critical Care,
University of Tennessee Medical Center,
1924 Alcoa Highway, Box U-11
Knoxville, TN 37920, USA
e-mail: cmlawson@utmck.edu

K. R. Miller
Department of Surgery, University of Louisville,
Louisville, KY 40292, USA
e-mail: keithmiller22@gmail.com

V. L. Smith
Department of Surgery, Division of Trauma/Critical Care,
Stanford University,
300 Pasteur Drive, Room H3591
Stanford, CA 94305-5641, USA
e-mail: vlsmith1@stanford.edu

S. A. McClave
Division of Gastroenterology, Hepatology and Nutrition,
University of Louisville,
Louisville, KY 40292, USA
e-mail: samccl01@gwise.louisville.edu

Curr Gastroenterol Rep (2011) 13:380–387
DOI 10.1007/s11894-011-0201-0



catabolism is increased in the stressed state disproportion-
ately more [2••].

Protein Use in Critical Illness

Why is protein so important to the critically ill patient? Why
do we focus so much on it? We know that negative energy
balance in critical illness correlates to morbidity [3]. This
negative outcome is seen most acutely with loss of lean body
mass [2••]. Heightened rates of protein catabolism in the
stressed state will lead to loss of lean body mass. Increased
turnover of protein is seen after a stress response despite
nutritional support that would be considered adequate for a
non-stressed individual [2••]. There are many factors leading
to this increased loss of protein, including mobilization of
peripheral stores for gluconeogenesis, production of acute
phase reactants, promotion of wound healing via production
of cells like fibroblasts, and restoration of acid base balance
in the kidney [2••]. Support of the immune system via
maintenance of gut mucosal integrity is another important
source of protein turnover and utilization [4]. Protein
turnover is also increased by states such as starvation and
prolonged immobilization, both of which are common
during critical illness. This heightened and exaggerated
catabolism of protein is disproportionate to the overall
increase in metabolism as well; we know that provision of
nonprotein calories in amounts sufficient to meet energy
demands does little to preserve lean body mass and improve
nitrogen sparing. In fact, protein requirements in critical
illness can increase to 15–20% of total calories [5].

Another concept to consider when thinking about protein
requirements in the critically ill is the idea of “conditionally
essential” amino acids. Certain amino acids which are not
considered essential in the nonstressed state become essential
during critical illness because of increased requirements for
that particular amino acid. For example, high amounts of
tryptophan, phenylalanine, and tyrosine are seen in acute
phase proteins, and the increased synthesis of these proteins
requires proportionately higher need for these amino acids [6].
Similarly, glutamine, which is normally 50% of the body’s
intracellular free amino acid pool (and is necessary as fuel
for rapidly dividing cells, and as a nitrogen shuttle between
visceral organs and muscle tissue) rapidly decreases in
concentration in certain states and exceeds the cell’s ability
to synthesize it [7, 8]. This alteration in substrate utilization
can lead to breakdown of muscle tissue in order to supply
these “conditionally essential” amino acids, further enhanc-
ing the loss of lean body mass.

Loss of lean body mass and negative nitrogen balance are
seen most dramatically in the first 9–12 days following an
insult, but continue to exceed the loss that would be expected
based on the increase in resting energy expenditure in this

patient population through the first 21 days [9]. In fact, 16%
of total body protein is lost in that first 21-day period, 67%
of which comes from muscle stores [9]. Loss of lean body
mass in critical illness has been linked to increased rates of
pneumonia, impaired wound healing, and prolonged reha-
bilitation, pressure ulcers, and even mortality [10].

Delivery of Protein in ICU: How Much?

Minimizing the loss of lean bodymass and preserving positive
nitrogen balance is obviously important in critical illness
when one looks at the negative impacts of this catabolic state.
The question that remains is how dowe best achieve this goal?
Every patient is different, and different states affect this
catabolic state differently. For example, minor trauma or
surgery has less of an effect on protein turnover than severe
sepsis or burns. There are many calculations and methods to
assess protein metabolism and nitrogen balance, including
assessing nitrogen balance, measuring amino acids directly by
sampling directly across tissue beds, measurement of tracers
to assess protein degradation, and turnover of individual
components, such as urea. Of these methods, nitrogen balance
is the most widely used [2••].

Nitrogen balance is best assessed through the quantifi-
cation of urine urea nitrogen.

Nitrogen
balance

Nitrogen intake–Nitrogen output

Nitrogen output
(g/day)

urinary urea nitrogen (mg/100 mL) X
urinary volume (L/day)/100+20% of
urinary urea losses + 2 g [11]

This equation requires collection of a 24-h urine sample.
In addition, this equation must be adjusted to account for
losses from renal dysfunction, stool, ostomy, and fistula
losses [1]. These losses, plus incomplete urine collections,
can make this equation somewhat unreliable and cumber-
some to use at the bedside. However, this can be a reliable
tool to assess the adequacy of protein delivery.

Because of the discrepancies and difficulty assessing
nitrogen balance, because there is a paucity of data to suggest
that clinical benefits from reduction of net N losses through
provision of protein-rich diets, and because there are some data
available to suggest that provision of high amounts of protein
may in fact be harmful, there is a significant amount of
uncertainty about the optimum amount of protein to provide
these patients [12]. Current guidelines from the American
Society for Parenteral and Enteral Nutrition (ASPEN), the
European Society for Parental and Enteral Nutrition
(ESPEN), and the Society of Critical Care Medicine (SCCM)
suggest the provision of 1.5–2.0 g protein/kg/day to patients
with moderate to severe stress as a result of trauma, sepsis, or
surgery [13••, 14]. Patients with severe sepsis or burns may

Curr Gastroenterol Rep (2011) 13:380–387 381



require up to 2.5–3 g protein/kg/day [15]. Ongoing assess-
ments of adequate protein delivery, such as urine urea
nitrogen and documentation of wound healing, should be
performed.

With all the discussion about the potential benefits of
protein provision in critical illness, there is also the question
of whether or not protein intake should be limited in certain
disease states. There is some concern among practitioners
about provision of protein to patients with chronic liver
disease. The concern for hepatic encephalopathy in this
patient subset prompts many to restrict dietary protein. As
patients with cirrhosis are usually hypermetabolic to a
degree, this practice can worsen protein calorie malnutrition
that is already present in many of these patients and, in turn,
worsen outcomes [16, 17]. Most of these patients can
tolerate protein without exacerbation of hepatic encepha-
lopathy; however, there is a subset of patients who may
have worsening mental status that is refractory to medical
management. Branched chain amino acids (BCAA) have a
competitive action on amino acid transport across the blood
brain barrier, and are a substrate for protein synthesis [18].
In this setting, BCAA may be considered to provide the
necessary nitrogen intake and may not worsen hepatic
encephalopathy [16, 17]. There is also some data to suggest
that BCAA supplementation may decrease the frequency of
cirrhosis related complications and improve nutritional
status in chronic liver disease [19]. The cost associated
with BCAA therapy, as well as the poor palatability, limits
their use in standard clinical practice; however, they could
be considered in select patients.

Another disease state in which protein provision is
controversial is renal failure. The restriction of protein in
these patients has been the topic of debate for many years.
The results of clinical trials are varied, some claiming
benefit and others claiming none [20–23]. The Modification
of Diet in Renal Disease Study (MDRD) published long
term follow up data on 255 patients with Stage 4
nondiabetic chronic kidney disease over 10 years. The
results of the MDRD study showed that despite the findings
of other small trials, provision of very low protein diet
(0.28 g/kg/day) did not delay the progression to renal
failure, and appeared to have an increased risk of death
[24]. In light of these findings, the practice of limiting
protein in patients with chronic kidney injury is not
recommended in the ASPEN or SCCM guidelines [13••].

Delivery of Protein in ICU: What Form?

Further compounding the debate over how much protein to
deliver in critical illness is the debate over what form of
protein should be delivered. There is a significant amount of
data emerging regarding whey-based formulas as compared to

casein or soy based formulas. Whey has been demonstrated in
preclinical studies to facilitate protein synthesis [25], reduce
inflammation, increase anti-oxidant effects [26], and reduce
gut-reperfusion injury [27]. Human data is lacking, however,
and further investigation must be done to fully elucidate the
optimum type of protein to supply.

Another area of interest revolves around small peptide
formulations. There are studies to suggest that, at a physio-
logic level, peptide based formulations are easier to absorb
across the gut lumen, result in less feeding intolerance, and
cause increase in protein synthesis at the visceral level with
resultant increases in nitrogen retention [28]. Preclinical
studies have also demonstrated that glucagon is increased
in greater amounts with peptide-based formulations, and that
glucagon may have a positive trophic effect on the intestinal
mucosa [29]. In animal models, research has found that
peptide diets show higher levels of nitrogen retention, higher
rates of weight gain, higher rates of tissue repair, and a positive
trophic effect on small bowel mucosa when compared to free
amino acid formulas [28, 30, 31]. While this has been well
substantiated in animal models, there are not a great deal of
level 1 data to support these claims in the clinical setting. A
number of small trials, however, have demonstrated a
decrease in intolerance as defined by diarrhea and better
visceral protein levels as measured by prealbumin [32]. In
addition, peptide formulations have shown promise in
Crohn’s patients, acting to reverse growth failure in children
and reduce steroid use [33, 34]. While more definitive data
in this area are necessary, peptide formulations may have a
role in the treatment of patients with malabsorption from
inflammatory bowel conditions or critical illness.

Specific Amino Acid Delivery

A promising area on the horizon for protein delivery is the
idea of specific amino acid delivery and the potential benefits
of this practice. Specific amino acids, such as glutamine and
arginine, which are discussed later in this review, are
becoming an ever-increasing part so-called immunonutrition,
the concept that specific therapeutic agents like amino acids,
antioxidants, or fish oils, can have powerful therapeutic
benefits. We know that certain amino acids exert pharmaco-
logic activity when given during critical illness, and that
these actions can have wide and varied clinical results.

The amino acids that are the most promising as
therapeutic targets are those that are conditionally essential,
as discussed earlier. There is an overwhelming amount of
data to support the claim that these immune modulating
formulas impact outcomes (see Table 1). It is difficult,
however, to know which portion of the formula is causing
the clinical effect. Specialty formulas designed to enhance
the immune system are costly, and many practitioners
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express concern that in the absence of hard data to support
their use, we cannot rationalize the expense. However,
ASPEN and SCCM both recommend the use of immune-
modulating formulas containing arginine, glutamine,
nucleic acids, and omega–3 fatty acids. Antioxidants are
recommended for patients undergoing major elective
surgery, trauma, burns, head and neck cancer, and critically
ill patients on mechanical ventilation, with caution being
exercised in those with severe sepsis [13••].

Glutamine

Glutamine is the most abundant free amino acid in the
human body, making up more than 50% of the
intracellular free amino acid pool. It has been studied
in great detail over the past 15 years, and its effects
and uses are wide and varied. Glutamine is an
important fuel source for rapidly dividing cells, such
as fibroblasts and reticuloendothelial cells, as well as
the gut mucosa of the small bowel [2••]. In addition, it
carries two nitrogen moieties per molecule, and serves as
a shuttle for nitrogen between muscle tissue and visceral
organs [1]. Glutamine obviously plays an important role
in cell homeostasis and organ metabolism. Because of
these functions, glutamine stores rapidly deplete and
decreased circulating concentrations are seen in exercise,
sepsis, and trauma [35]. When the circulating concentra-
tion of glutamine exceeds the body’s ability to synthesize
de novo glutamine, atrophy of intestinal mucosa, impair-
ment of immune function, and decreased protein synthesis
are seen [36]. Decreased levels of plasma glutamine have
also been shown to be correlated with increased mortality
[37].

There are many proposed mechanisms by which gluta-
mine acts on and supports the immune system. Glutamine
exhibits a direct antioxidant effect and reduces oxidative
stress on cells by attenuating the inducible nitric oxide
synthase (iNOS) pathway in sepsis. It also acts directly on
the tissue by preserving mitochondrial function and acting
as a substrate for adenosine triphosphate (ATP) synthesis.
In addition, it attenuates cytokine expression [36]. But
perhaps the most important manner in which glutamine
exerts its actions on the immune system is by upregulation
of heat shock proteins. Heat shock proteins function to
refold misfolded proteins coming off the endoplasmic
reticulum, help eliminate irreversibly damaged proteins by
marking them for apoptosis, stimulate the innate immune
system, and attenuate proinflammatory cytokines [38]. Heat
shock proteins are induced by a stress response, and this
induction is enhanced by glutamine administration, height-
ening their response [39, 40]. The proposed mechanism
through which this occurs is via attenuation of the
inflammatory response by binding and inhibiting NF-ΚΒ,
thus limiting IL-6 and TNF-α, which occurs as a
proinflammatory response to injury/sepsis [41].

Glutamine supplementation in critical illness has been
shown in the clinical setting to have decreases in mortality,
length of stay, and infectious morbidity. Interestingly, howev-
er, there are some data to suggest that there is no effect to
glutamine supplementation. These studies are very heteroge-
neous with respect to patient population, route of glutamine
administration, and amount of glutamine administration [40].
It seems that high doses given via a parenteral route
demonstrate greater effect than low doses given by the enteral
route. It is recommended to give high-dose oral glutamine at
levels >0.2–0.3 g/kg/day (or roughly, 20–40 g/day). There is
more data for intravenous glutamine than for glutamine

Table 1 Support in the literature for the use of immune-modulating agents

Author Journal Year Population Patients, n Outcome

Braga M [54] Arch Surg 1999 GI surgery 206 Decreased infection

Senkal [55] Arch Surg 1999 Surgery 154 Decreased infection

Synderman [56] Laryng 1999 Head and neck cancer 134 Decreased infection

Riso [57] Clin Nutr 2000 Head and neck cancer 44 Decreased infection

Tepaske R [58] Lancet 2001 Cardiac 50 Decreased infection

Gianotti L [59] Gastro 2002 GI surgery(N) 354 Decreased infection

Braga M [60] Arch Surg 2002 GI surgery(M) 196 Decreased infection

Giger [61] Ann Surg Onc 2007 GI cancer 46 Decreased infection

Helminen [64] Scand J Surg 2007 GI surgery 50 No change

Klek S [62] Ann Surg 2008 GI surgery /TPN 103 No change

Fukuda T [63] Dis Esophagus 2008 Esophageal cancer 123 Decreased infection

Ryan A [65] Ann Surg 2009 Esophageal cancer 58 No change lean body mass

Okamoto [66] WJS 2009 Gastric cancer 60 Decreased SIRS infection

GI gastrointestinal, SIRS systemic inflammatory response syndrome.
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administered orally, however high oral doses seem to be
efficacious [40].

Arginine

Arginine is considered a nonessential amino acid under
normal physiologic conditions. L-Arginine is available to
the host from endogenous synthesis via citrulline conver-
sion in kidney, from endogenous protein breakdown, and
from dietary protein sources [42]. Arginine plays an active
role in cell growth and proliferation, wound healing,
immune function and regulation, and waste ammonia
disposal through the urea cycle [2••]. Arginine also helps
regulate vascular endothelial vasodilatation through the
nitrogen oxygen synthase (NOS) pathway and the genera-
tion of nitric oxide (NO) [43]. NO is also a potent
intracellular signaling molecule influencing virtually every
mammalian cell type and is involved in the cytotoxicity of
activated macrophages [42]. De novo synthesis, as well as
dietary supplementation of arginine is diminished in critical
illness, making it a conditionally essential amino acid.

In critical illness, the cellular demand for arginine is
increased. This is related to the upregulation of arginase-1,
which is reported in trauma and surgery [44]. In addition,
plasma arginine levels diminish rapidly in trauma, critical
illness, and sepsis [45]. When arginase pathways are
upregulated, there is a resultant decrease in substrate
availability for the opposing NOS pathway, thereby down-
regulating NO synthesis [42]. It is believed this inhibition of
the NOS pathway is secondary to increased circulating levels
of asymmetric dimethylarginine (ADMA), which may have a
direct inhibitory effect on the NOS pathway [46, 47].
ADMA is then converted to citrulline, which is then use to
synthesize arginine [42]. The question is whether this
downregulation of the NOS pathway and resultant decrease
in the levels of circulating NO is the source of the
vasoconstriction and end-organ malperfusion seen in sepsis,
or if this downregulation is an adaptive strategy the body
undergoes to prevent hypotension after critical illness [48•].

This question is the source of much controversy in the topic
of arginine supplementation. Is the increased activity of
arginase-1 involved in the increased levels of ADMA purely
a mechanism by which to increase de novo synthesis of
arginine in times of need? Does supplementation of arginine
fuel the NOS pathway in preference to the arginase-1
pathway? In hemodynamically unstable critically ill patients,
there was growing concern that the vasodilatation related to
increased NO could worsen systemic hypotension [49]. As
arginine is a common constituent of many immune-
enhancing formulas utilized in the critically ill patient, this
concept led to growing concern about immunonutrition use
in septic patients.

Making generalized statements about amino acid metabo-
lism in critical care is extremely difficult because the critically
ill population is not a homogeneous group. Making any
generalized statements about the toxicity or benefits of any
dietary supplement, let alone an amino acid with the metabolic
complexity of arginine, is not advisable as no study of these
individual supplements can effectively be done in a clinical
setting. Although theoretical concern is understood, both
animal and human data are available to support arguments for
and against the use of arginine [50, 51]. In light of this
conflicting data, safety issues remain. Currently ASPEN
recommends against the use of arginine-containing formulas
in the hemodynamically unstable patient, regardless of the
nature of the insult [13••]. Further research as to the safety
and efficacy of arginine in sepsis is needed.

In hemodynamically stable patients, the optimal dose of
arginine to be delivered has yet to be determined. It seems
that the 15 g to 30 g of enteral supplemental arginine is safe
and appears to meet the needs of the patient [52]. This is the
amount that is commonly received at goal rates with
immune-modulating formulas.

Amino Acids on the Horizon

In addition to arginine and glutamine, there are many other
promising amino acid targets that are the fuel for ongoing
research. Citrulline is one such amino acid. Citrulline is
utilized in the de novo synthesis of arginine and is produced
through conversion of ADMA, as previously discussed
[47]. Studies demonstrate that citrulline availability is
closely linked with arginine availability [50, 52]. Provision
of citrulline may provide for de novo synthesis of arginine,
thereby reducing the amounts of circulating ADMA and its
deleterious effects.

Choline is another essential amino acid that is necessary
for cell membrane structure. Choline is not a part of many
parenteral nutritional formulations (PN), and patients on
longterm PN have impaired choline synthesis [2••]. There is
some evidence to support that this choline deficiency plays
a role in the hepatic impairment seen in patients on
longterm PN. Enteral repletion of choline to prevent or
treat PN-induced hepatic failure is currently under research
and shows a lot of promise [53].

Conclusions

Is it fact or fantasy that we can improve outcomes in our
critically ill patients through the appropriate and timely
supplementation of protein and by specifically targeting
certain amino acids for immune modulation? By review of
the current data and promising glimpses at the future of
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nutritional support, we can conclude that this is a fact. We
can change outcomes for the better. It is therefore important
to remember:

& Supply adequate protein calories for the degree of
metabolic insult. Namely, 1.5–2.0 g protein/kg/day for
moderate to severe stress, and 2.5–3.0 g protein/kg/day
for severe sepsis or burns.

& Provision of more protein than these recommendations
is not helpful. Enough is enough.

& Protein restriction is rarely indicated, and can potentially
exacerbate already severe malnutrition in the state of
critical illness.

& Glutamine is beneficial in the setting of critical illness.
Glutamine supplementation has been demonstrated
reliably to reduce inflammation, reduce infectious risks,
and improve outcomes.

& Arginine is also recommended for immune support in
appropriate patient populations, namely surgical or
trauma patients and some medical patients. Use caution
in sepsis because of safety concerns.

& There is little support for the use of branched chain amino
acids routinely in hepatic encephalopathy, although they
may play a role in the treatment of select patients who are
refractory to maximized medical management.

& The use of peptide-based formulations remains an area
of ongoing research, although there are some trends to
favor their use in the management of patients with
inflammatory bowel disease and malabsorption related
to critical illness. There is some evidence to support
reduction in diarrhea, retention of nitrogen, and reduc-
tion of steroid use in Crohn’s disease, specifically.
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