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Glutamine may have benefits during immaturity or critical illness in early life but its effects on outcome end hardpoints are
controversial. Our aim was to review randomized studies on glutamine supplementation in pups, infants, and children examining
whether glutamine affects outcome. Experimental work has proposed various mechanisms of glutamine action but none of the
randomized studies in early life showed any effect on mortality and only a few showed some effect on inflammatory response, organ
function, and a trend for infection control. Although apparently safe in animal models (pups), premature infants, and critically ill
children, glutamine supplementation does not reduce mortality or late onset sepsis, and its routine use cannot be recommended in
these sensitive populations. Large prospectively stratified trials are needed to better define the crucial interrelations of “glutamine-
heat shock proteins-stress response” in critical illness and to identify the specific subgroups of premature neonates and critically
ill infants or children who may have a greater need for glutamine and who may eventually benefit from its supplementation. The
methodological problems noted in the reviewed randomized experimental and clinical trials should be seriously considered in any
future well-designed large blinded randomized controlled trial involving glutamine supplementation in critical illness.

1. Introduction

Amino acids have a crucial role in protein synthesis, trigger
signaling cascades that regulate various aspects of fuel and
energy metabolism, and serve as precursors for important
substrates. Glutamine, the most abundant amino acid in
the muscle and plasma of humans traditionally considered a
nonessential amino acid, now appears to be a conditionally
essential nutrient during stress, injury [1], or illness [2].
During the acute stress of critical illness, large amounts
of glutamine are produced by glutamine synthetase from
muscle tissue [3] in response to stress and the regulation
of glutamine synthetase protein turnover in response to
glutamine concentrations [4]. Despite this significant release
of glutamine, plasma levels decrease significantly following
major burns in adults and remain decreased for over 21
days [5]. This severe glutamine deficiency occurs rapidly
in adults and is associated with increased critical illness
morbidity and mortality [6]. Similarly, the sudden cessation

of glutamine supply from the mother to premature infants,
who are already stressed and undergoing rapid growth,
may be detrimental [7]. Thus, whereas plasma glutamine
increases during the first days of life in breastfed infants
[8], glutamine and arginine deficiencies have been reported
in neonates suffering from acute illness [9]. In contrast
to the breast milk containing glutamine adequate to influ-
ence gastrointestinal development and modulate immune,
metabolic, and inflammatory responses of the newborn [10],
standard infant formulas are low, and parenteral amino acid
formulas are free of glutamine [11].

One described hypothesis for the release of glutamine
following stress is that it provides a vital fuel source for
rapidly dividing cells such as those of the immune system
[12] and gastrointestinal tract [13], reticulocytes [14], and
fibroblasts [15]; it is a precursor for nucleic acid synthesis,
hexosamines, and nucleotides [12]; the nitric oxide precursor
arginine [16]; the major antioxidant-glutathione [17]; a key
precursor for acid-base homeostasis in the kidney [18]. In
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addition to its role as a gluconeogenic substrate in the
intestine, liver, and kidney [19, 20], glutamine is involved
in nitrogen transport from muscle to gut, kidney, and liver
[21] and the regulation of acid-base homeostasis by renal
regulation of interorgan glutamine flow in metabolic acidosis
[22].

Glutamine may have benefits during experimental
neonatal endotoxemia and in premature infants of very low
birth weight (VLBW), who are highly stressed and have low
energy and protein reserves [23]. Undergoing rapid growth,
preterm infants are most likely to be exposed to severe
glutamine deficiency (conditionally essential) more than
term infants [7]. Glutamine supplementation may also be
beneficial for critical childhood conditions including cancer,
severe burns/trauma, as well as gastrointestinal disease and
malnutrition. Its effects on pediatric systemic inflammation
or acute illness, however, are unknown since less data is
available on the effects of supplemental glutamine in infants
and critically ill children. The administration of glutamine
nutrient-enriched diets did not change the mortality of the
critically ill or surgical adult patients, but infection compli-
cations in the critically ill patients, particularly the surgical
population, were reduced [24].There is little information on
the role of pharmaconutrients in neonatal endotoxemia, or
whether glutamine supplementation is beneficial in preterm
babies or critically ill children. The purpose of this paper
was (a) to discuss the recent research-based evidence of
the glutamine role in sepsis, which best of all describes a
critical illness situation, and (b) to present the heterogeneity
and differences of methods and results of randomized
experimental and clinical studies of dietary glutamine in
early life: from VLBW and preterm infants to children and
up to adults.

2. The Glutamine Role in Sepsis
Immunopathology and Metabolism

Sepsis is the systemic inflammatory response associated with
an infectious insult. It is the leading cause of death in
critically ill patients, and the predominant cause of multiple
organ dysfunctions that is known to develop in response
to infection. Sepsis occurs in over 750,000 patients per
year in the United States and exhibits a mortality rate of
28% to 48% depending on the age of the patient [25].
Nosocomial infection/sepsis occurs in more than 40% of
children requiring long-term intensive care [26]. Potential
antiendotoxin strategies may have the potential to reduce
severity of illness and length of Pediatric Intensive Care Unit
(PICU) stay in critically ill children [27]. In very preterm
(<32 weeks of gestation) and/or very low birth weight
(VLBW < 1500g birth weight) infants, serious neonatal
infections are among the main causes of poor developmental
outcomes later in childhood. Implementation of an emer-
gency department septic shock protocol and care guideline
improved compliance in delivery of rapid, aggressive fluid
resuscitation and early antibiotic and oxygen administration
and was associated with decreased length of stay [28]. Despite
significant advances in critical care, there is still no efficient
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causal therapy applicable to patients indicating the need
to further elucidate the molecular pathways leading to the
immunopathology of sepsis [29]. In addition, host genetic
variability in the regulatory and coding regions of genes for
components of the innate immune system may influence the
susceptibility to and/or outcome from sepsis [30].

Specific nutrients known as pharmaconutrients have
demonstrated an ability to modulate the immunologic and
inflammatory responses in clinical and laboratory studies.
Among these substrates, arginine, glutamine, n-3 fatty
acids, and nucleotides are the most relevant and exhibit
the greatest immune-modulatory action [31]. Although
the mechanisms of how pharmaconutrients benefit criti-
cally ill patients have not been established, experimental
work has shown that glutamine regulates the expression
of many genes related to signal transduction, antioxidant
capacity, immune and metabolic function [32], protein
synthesis, and degradation and activates intracellular sig-
nalling pathways [33]. Thus, the effectiveness of glutamine
in preventing liver damage in neonatal sepsis appears to
be mediated via glutathione synthesis [34]. In addition,
glutamine could improve insulin sensitivity and glucose
disposal in patients suffering from critical illness, a condition
frequently associated with insulin resistance and subsequent
hyperglycemia [35]. By being involved in the biosynthesis
of hexosamines, glutamine maintains gut wall integrity via
surface mucin and glycoprotein-forming intracellular tight
junctions and protects against bacterial translocation [36].
When hepatocytes from endotoxaemic rats were incubated
with glutamine, there was a restoration of mitochondrial
structure and metabolism. In vivo, intraperitoneal injec-
tion of glutamine into endotoxic suckling rats partially
reversed hypometabolism, markedly reduced the incidence
of hypothermia, and improved clinical status [37].

Activation of NF-xB is dependent on the phosphoryla-
tion and degradation of IKB-a, an endogenous inhibitory
molecule that binds to NF-xB in the cytoplasm [38]. In
an experimental study glutamine suppressed NF-«B tran-
scriptional activation and translocation to the nucleus and
significantly inhibited IKB-a phosphorylation and degra-
dation in lung cytosolic tissue [39]. Similarly, glutamine
administration attenuated the peak in IL-18 release at 12—
24h and maintained IL-18 levels at a consistently low
level throughout the initial 24-h period after cecal ligation
and puncture (CLP) in rats [39]. Thus, glutamine’s effect
on IL-18 expression may be an additional mechanism by
which glutamine improves survival and decreases end-organ
dysfunction following polymicrobial sepsis.

3. The Secrets of Molecular Chaperones

The heat shock response is a highly conserved cellular mech-
anism that protects against injury and environmental
stresses. Intracellular heat shock proteins (hsps) function as
molecular chaperones governing protein assembly, folding,
or transport and as anti-apoptotic regulators of cell signalling
pathways leading to cell death [40]. In addition, hsp peptides
promote the production of anti-inflammatory cytokines,
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indicating immune-regulatory potential of hsps [40]. Of
particular importance is the expression of members of the
70-kd hsp70 family. Experimental results indicate that the
expression of inducible hsp70 is vital to protect against the
proinflammatory response and lung injury associated with
sepsis. Induction of hsp60 has also been demonstrated in
cerebral ischemia models, possibly reflecting mitochondrial
stress and occurred early after the injury [41]. Sepsis, endo-
toxin tolerance, and heat shock all display downregulation
of innate immunity, sharing a common immune suppressive
effect, possibly through HS factor 1 (HSF-1)-mediated
competitive inhibition of NF-«B binding [42]. Heat shock
protein 70 plasmid-transfected cells had increased hsp70
expression and demonstrated decreased nitric oxide (NO)
release and inducible NO synthase messenger RNA expres-
sion in response to endotoxin compared with wild-type and
empty plasmid-transfected cells [42]. Cell cycle components,
regulatory proteins, and proteins in the mitogenic signal
cascade may be protected by hsp70 during periods of stress
[43].

Experimental evidence suggests that hsp70 expression
is required for glutamine’s protection against tissue injury
and for attenuation of NF-xB activation and proinflam-
matory cytokine release [44]. In the human gut, enteral
glutamine may attenuate ubiquitin-dependent proteolysis
as demonstrated by decreased ubiquitin RNA [45], and
in lung and muscle, it can regulate glutamine synthetase
protein degradation by facilitating its degradation by the 26S
proteosome [46]. It was shown that absence of hsp70 alone
can significantly increase ARDS, activation of NF-«B, and
inflammatory cytokine response whereas the specific absence
of hsp70.1/3 gene expression can lead to increased mortality
after septic insult [47]. The survival-promoting effects of
hsp70 could also be attributed in part to the suppression
of apoptosis, since reduced hsp expression in glutamine-
deprived cells together with their impaired antioxidant
capacity may make them more susceptible to apoptosis [48].

4. Glutamine Is a Prochaperone

A significant body of preexisting literature has hypothesized
a relationship between hsp70 expression and glutamine’s
protection in both in vitro and in vivo settings [39—44]. Glu-
tamine has been shown to induce heat shock protein expres-
sion and to attenuate lipopolysaccharide (LPS)-mediated
cardiovascular dysfunction. The molecular mechanism of
glutamine-induced hsp70 expression appears to be mediated
via enhancement of O-linked f-N-acetylglucosamine (O-
GIcNAc) modification and subsequently to increase levels
of endonuclear HSF-1 expression and HSF-1 transcription
activity [49]. The molecular mechanism of glutamine-
mediated hsp70 expression appears to be dependent on O-
GlcNAc pathway activation and subsequent O-glycosylation
and phosphorylation of key transcription factors required for
hsp70 induction [50]. It has been demonstrated that a single
dose of intravenous glutamine enhances phosphorylation of
nuclear HSF-1, which is a vital step in its transcriptional
activation [51], causing a rapid and significant increase in

hsp25 and hsp 72 expression in multiple organs of the
unstressed Sprague-Dawley rat [52].

Pioneer studies showed that glutamine supplementation
could attenuate lethal heat and oxidant injury and increase
hsp72 expression in intestinal epithelial cells (IEC-6 cells)
[53-55]. The effect of glutamine in delaying spontaneous
apoptosis in neutrophils and protecting activated T cells
may be mediated by upregulating glutathione [56] and Bcl-
2 expression and inhibiting Fas [57]. Glutamine effectively
improved vascular reactivity by inducing the expression of
hsp70, reducing inflammatory cytokine release and peroxide
biosynthesis in LPS shock rats [58]. In a recent study,
septic mice with glutamine administration showed less
severe damage to the kidneys and exhibited decreased high
mobility group box protein-1 (HMGB-1), toll-like receptor-
4, receptor of advanced glycation end-products (RAGE),
and reduced nitrotyrosine levels in kidney tissues [59]. In
glutamine-treated rats, lung hsp70 and HSF-1-p expressions
were enhanced, lung HMGB-1 expression and NF-xB DNA-
binding activity were suppressed, ARDS was attenuated and
survival improved [60]. Similarly, by inducing hsp70 in an
experimental model, glutamine was also shown to attenuate
LPS-induced cardiomyocyte damage [49].

Marked attenuation of tissue metabolic dysfunction
was observed after glutamine administration as measured
by lung tissue adenosine 5’-triphosphate/adenosine 5'-
diphosphate ratio and the oxidized form of nicotinamide
adenine dinucleotide [61]. Furthermore, the ATPase cycle of
the chaperone hsp70 is regulated by co-chaperones. Hsp40
related proteins stimulate ATP hydrolysis by hsp70, whereas
hsp25, which is known to be a vital protective protein via
interaction with the cytoskeleton, may play an important
role in glutamine’s cellular protection [40]. It was shown
that glutamine could protect intestinal epithelial cells in
a dose-dependent fashion against heat stress and oxidant
injury [53], decrease lung injury [61], and enhance hsp
expression after endotoxin shock thus, improving survival
[52]. It has also been shown that hsp70 levels increase in
the myocardium of rats in experimental diabetes mellitus as
a protective mechanism and may be further increased with
parenteral administration of glutamine [62]. A randomized
trial in adult patients with full-thickness burns showed for
the first time that orally administered glutamine can enhance
tissue hsp70 expression [63] and improve survival following
lethal hyperthermia injury [64]. It was hypothesized that
glutamine may act as a HSF-1 activator and increase the
entire family of hsps after stress or injury since in HSF-1
knockout mouse fibroblasts, glutamine’s ability to generate
an hsp response is lost and the protection conferred by
glutamine is also completely abrogated [51].

5. Ornithine: A Glutamine Alternative

Glutamine is a substrate for polyamine synthesis and
stimulates the activity of ornithine decarboxylase (ODC), a
key enzyme for polyamine synthesis, in intestinal epithelial
cells. In a recent experimental work, polyamines (putrescine,
spermidine, or spermine) and their precursor ornithine



mediated the induction of hsp expression in IEC-18 rat
intestinal epithelial cells [65]. As previously observed, glu-
tamine was required for heat stress-induction of hsp70 and
hsp25, although it had little effect under basal conditions.
Under conditions of glutamine depletion, supplementation
of ornithine, or polyamines restored the heat-induced
expression of hsp70 and hsp25. In the same study, when
ODC was inhibited by a-difluoromethylornithine (DFMO),
an irreversible ODC inhibitor, the heat stress-induction
of hsp70 and hsp25 was significantly decreased even in
the presence of glutamine [65]. Ornithine, polyamines,
and DFMO did not modify the nuclear localization of
HSF-1. However, DFMO dramatically reduced glutamine-
dependent HSF-1 binding to an oligonucleotide with heat
shock elements (HSE) which was increased by glutamine. In
addition, exogenous polyamines recovered the DNA binding
activity. These results indicated that polyamines play a
critical role in the glutamine-dependent induction of the
intestinal epithelial heat shock response through facilitation
of HSF-1 binding to HSE [65].

6. Factors Influencing Glutamine
Protective Role in Sepsis

Recent work demonstrated that febrile-range temperatures
achieved during sepsis and noninfectious SIRS correlated
with detectable changes in stress gene expression in vivo
(whole blood messenger RNA), thereby suggesting that
fever can activate hsp70 gene expression and modify innate
immune responses [66]. In addition, analysis of septic
patients according to survival outcome indicated that hsp70
serum levels were modulated according to the patient
oxidant status [67]. Unexpectedly, hsp70 was shown to be a
key determinant of mortality in aged, but not young hosts in
sepsis. It might be concluded therefore, that hsp70 may play
a protective role in an age-dependent response to sepsis by
preventing excessive gut apoptosis and both pulmonary and
systemic inflammation [68].

Critically ill patients display variable physiologic re-
sponses when stressed; gene association studies have recently
been employed to explain this variability. Genetic variants
of hsp70 have also been associated with the development
of septic shock in patients [69, 70]. The specific absence of
hsp70.1/3 gene expression can lead to increased mortality
after septic insult [47].

Drug interactions were also shown to either suppress
hsp protective effects exacerbating therefore drug-induced
side effects or to induce hsp beneficial effects by suppressing
drug-induced exacerbations. Thus, it was recently shown
that bleomycin-induced pulmonary fibrosis is mediated by
suppression of pulmonary expression of hsp70 whereas an
inducer of hsp70 expression, such as geranylgeranylacetone,
may be therapeutically beneficial for the treatment of
gefitinib-induced pulmonary fibrosis [95].

7. Randomized Adult Studies

Despite the enthusiastic experimental results, suggesting
a beneficial effect for the immune-enhancing glutamine,
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systematic reviews and meta-analyses of randomized studies
failed to show any definite benefit of pharmacononutrition
in the critically ill adult [96]. Most of the randomized
studies have been largely performed in surgical patients [97],
and only a few in trauma patients receiving glutamine-
supplemented enteral nutrition [98] or septic patients on
enteral immunonutrition [99].

In a multicenter, prospective, double-blind, randomized
trial total parenteral nutrition (PN) supplemented with
alanine-glutamine in intensive care unit patients was asso-
ciated with a reduced rate of infectious complications and
better glycemic control [100]. In another recent multicenter
randomized, double blinded, factorial, controlled trial, 502
intensive care patients requiring PN were supported with
parenteral glutamine (20.2 g/day) or selenium (500 ug/day)
or both, for up to seven days [101]. The primary (intention
to treat) analysis showed no effect on new infections or
on mortality when PN was supplemented with glutamine
or selenium. Also, length of stay, days of antibiotic use,
and modified SOFA score were not significantly affected by
selenium or glutamine supplementation.

8. Randomized Experimental and Clinical
Studies of Glutamine Supplementation
in Early Life

The search methods for identification of studies consisted of
searches of PubMed database using the search terms: “glu-
tamine” and “critical illness,” or “sepsis,” or “endotoxemia.”
The search output was limited with the search filter for ages:
pups, infants, and children. References in selected studies
were examined also. The title and abstract of all studies
identified by the above search strategy were screened and
the full text for all potentially relevant studies published
in English was obtained. The full text of any potentially
relevant studies was assessed by the two authors (EB, GB).
The same authors extracted data from the published studies.
Study populations, main methodological data and results on
outcome are presented in Tables 1, 2, and 3.

8.1. Glutamine Supplementation in Animal Pups. Using light
and transmission electron microscopy in artificially reared
rat pups the greatest blunting of villus height in the ileum
and the lowest number of villi per unit length of bowel
were in the animals that were treated with inhibition of
glutamine and not provided with dietary glutamine [75].
Transmission electron microscopy demonstrated break-
down of the epithelial junctions in the glutamine-deprived
and glutamine synthetase-inhibited intestines. Glutamine-
deprived animals also displayed sloughing of microvilli,
decreased actin cores, and degeneration of the terminal
web [75]. In an experimental controlled study, glutamine
and leucine both caused nutrient-induced thermogenesis in
control animals and restored oxygen consumption (VO,,
mL/kg/h) of endotoxic suckling rats [71]. Glutamine addi-
tionally increased rectal temperature, reduced incidence of
hypothermia, and improved clinical signs. Undernourished
pups/dam supplemented with glutamine with or without



Clinical and Developmental Immunology

*OUIAYTP [edNsHRISTOU SN ‘eyde 10108] SIS0109U T0oumn) 0N ], ‘UnYnafIaut ] aprreypoesijododiy ;541

BUTULID SUTUIRIIA
Qi pue ‘spdi|
2y} Jo uonerouadap sorEIpAqogTED
unoe UMMNHMM . Awojsonjsel Bupure3ucs uUIWIXOJ[NS [sz]
. hmmgbm% ysnoiy ppouw S cho.Eu.uzwwE sdnd jex HSWMM\/
— Jo Surydnors — — — skep 11—/ «dn> oy ut dnd, © 01 poppe asejauhs aurwrein(3 0€ pro-Aep-¢1
suonoun( erpyda Juul L o orewEnis 0 uonIquyu o QIed1
< 10 e Busn Supaay -+ w1 e sdnozs o
B p3[ea1q [EDYDIY  UPIYM JO 06CT Pl O [[eynY
parensuowap o1 01 “wr01d
srewtue paaridop 39 fep
-ourueIn|o 10d S48 07
surureinys
£q payuanaxd aprreydoesAjododry
Apred atom dupwen(d 1102 V1YI1IIYIST [%2] sdnd
BIWIX0)OPUD - - - o smoy9 e suopoafug B/jowu §/Soxotwr 00¢ 0L g Aep-uoAd[g
; [esuojrrodenuy g
£q pasearour : snid surreg
01T “PANL
S[o1u0d
pajean-191eM [ez]
03 paredwod uonejoe] Jurmp
se uonjeSedoxd 17 01/ skep paysumouewr
— uorssaxdap — — — she 0] erewysod Sunnp  Aep/3y/Sw o - pue
Surpeaids [eonaoo pLeors 1 JEN >M P/A/2HL 00 N 29 paysumou-om
10y 31y pojuasaxd ‘sdnd
S)eI SUTWRIN[D) Jex uppns
‘uonIpuod TRISIAA I[N
[eUOIILIINU Y)Oq U]
syuauurreduur suondalul swep Suneoe]
o a1 0} (/8w wep/sdnd
B esuswdoppasp - - o shep P12 snoaupINOQNS  JOIIW 0§—(F Bt S«wm\w Ev%mwm . [eL] ouEm\wm:sm
e tpim roneo TN o0t o) ut pappe SysLNOUISpU
-uonIINUeW “addns Arep 3} Ul popp payst PUN
jsureSe $109301 SEM 9]ela0e duly/
s[ewTue el uornda(ur (1]
STX0JOPUD JO surureinys sdnd yer zeysipp
AL o o suSts [eorurp o HH 01206 eauojsadenur Byjowe snid 47 sn dur Bg s o-Ae -mT.:
10 ZOA pa1oIsay s [eotu] o[8urg | [d Ul pio-Aep
pasoxduy J1x0j0pUg
Ayrpiqioy/uondouny  £ejs Jo SUOHH 10 SJULI :QMWMMMMM sdnd
uoneWWeJU] PIGION/ MwwH ) mﬁw paxmboe  Ajieion uoneIn( oy asoq it PN u SIpOU MEE )
0w -[eadsoy b [Ppow [eunuy
) PIM pauIquion

*S[RLUTUER [BJBUOAU JIX0JOPUS UT UOTJRWWR[JUT 10 Ae)s JO (NSud]
‘suondajur parmboe [eyidsoy Krprqrow Kirperrowr ur uonejuswa[ddns sururein(s jo s1o0aye [eryauaq [enuajod SunednsaAut SAIPNIS PI[[OIIUOD “PIZIOPUERI JO S)NSAT PUE SPOYIIA i 14V],



Clinical and Developmental Immunology
|

(6£]
uonInNu . i
— SN SN SN Spam i1 [esopuared Apreg Kep/3/3 %0 ON T1¥  4£1981ns)oen-oansadip
I0(eUI I9)je S)URJU]
ABSEEE Stiadd! djewre)n[3 1o ‘durureinyd (Kep/3x/8 0°¢
JUNOD [[90 ATYM . :
ewsed ‘eruouwrwe ewserd —1 spmoe 8]
[PHEoIoHIP ‘udadoniu eaIn poo — SOt 10 tonrnt ourwre) spoe o ots JySrom-1aa1q 8 000 1>
GUNO) [0 ATYM : PooId SN SN skep /£ 101 [exayuared AJreg : & N Hotom-taiq
w muucob,&% ur sdnoid a3 usamiaq ourure 210} Jo sareuoau wraaxd [p
E.muﬂzma o.Z SIOUIIYIP JuedYTUSIS ON Y1 JO %91
JI2AOTIN] BAIN
s[oA9] urjoxd 0 sAep ¢ 1sed
S pUE N 2UINI] UT 2UIIIP . Pl . Mmm .ﬁ (2] 8 0651 01
2ANdeaI-0) pue ON "D dumnI[ pue SAep £ 0} Je I0J ABP/SY/5 0'¢ 769 WOL 1YSIoM (pI1q
PR owbedonund | === owgme mapmen ff0 oy 6 e,
! BP Jo aouereadde jo ajex 1OS1 i n 7€ S SjuRpUI 2IMEWRI]
YUBOYTUSIS ON  1oMO B ([JTM PIIRIIOSSE SEM 19o81], [esojuared Apreg
surwre)ny3 feyuswaddng
yimois 10
QoueIaour SUTPI] ‘SPadj surwen[3
Kep WMMMMMWWW%WMMHM uonnu o0z i [9£] syuejurySrom
; SN SN SN skep 01 iy uonnfos pie ON €€¥v1 o
—  jo saduazayIp oN ‘3roddns P [erjuared Ajreg oEEW \:waw )11q MO[ APPrua1ixy
Nd Jo sAep a1owr os[e Inq snousSoNTUOoS]
SUOTJBIIUDUOD JUTWEIN[L)
ewse[d pasearou]
s190npul
feis 1o SuomoduI 10 SjuoLI} uonInNU
uonewwreju]  AJIPIqIOIA/UOdUNJ UBSIO m:w paxmboe  Lyrejzoy uonjeIn(J anoy 2s0(] -nuounwwil U [exauared uo syuejur
o1 -reardsoyy I2UI0 YIMm METH 10 dInjewal
paurquion

(®)
"sjuejul aInjewaid ur uonewweyul 10 Ae1s Jo YISUS ‘suonddjul
paxmboe-rendsoy “Krpiqiow “Arerrow ur uonejuswajddns sururein(s jo s1099 [eOYaU] [eru0d SUNEZNSIAUL SAIPNIS PI[[OIIUOD PIZIWOPUEI JO SINSII UWLI)-1I0YS PUB SPOYIIA i A18V],



Clinical and Developmental Immunology

pasoxdwr uonouny

dneday fured 1ysrom ‘Nd skep uonLNu . [¥8] syuejup
—  jouoneinp [ejo] fenpisar SN SN SN /= 100 [exouared Apreg Kep/33/3 ¢'0 ON 0¢ MITA
s1nsed jo saposida ‘N [0
0} WIT} UT SOUIIPIP ON
sojdures Nd pue aurjaseq surwen3
a3 UsaMIaq JUIS0IL} SUONEHUNUOD se spooe
pue sutueerfuayd ewrserd PRY e ooy (e8]
up sosea1dap JuedyuBIs NG S skepop  OoT® NEEM G A0 %0z ON I¥I  $0001-10 JO S1yStom
UOTJEIUIOUOD djewein(s vonguatoddns UIm uonnos IIIq YIIM Sjuejuy
ewiseld ur a8ueyo aane[a1 surwrenig .?um ouTe o
ay3 ur sdnoid 7 sy usamiaq [eIIWIE] ) e b:.S&
20UIYIP JuedYIUu3Is ON '
[28]mzEe > VD
JUnod oyes ,ws%a% donmnu XTut B 05TI-0€S M yhaIq
a1hvoydud] UO P IOMIJSPaoj Iy g\ — — skep 9 F §1 %N.A« proe ourure ON ¥#F ‘P> 10J Nd Sulatdar
oySiy O P 1OMO) ‘Nd Uo p 1omd) [e1otored ALTey JO %S7—S1 p¥ > 25e s;yeuoau
dnoi3qns 3008 > M g amjeward MITA
surureinys
%0T YIm
— PUOOSIYBIM P pypoyg  zamoT SN sep ¥1 HOMEINT onnpos wcm ON €5 [18] Syupjur amjpworg
pauredar ‘N J Uo s{ep 1oma [esojuared Apreg ourwe Aps
snoua30I13Tuos|
oJes ¢(SISAYIUAS
urajoxd £poq-ajoym
Jo xopur ue) [esodsip sImoy uonLnu [08] M 0¢—8T
_ N9 LApepIxouou jo — — $7 10§ 1] ewared  Aep/3N/8c0 ON €I VD B 0691078 M
§9Jel PaseaIdIP UONEPIXO Jo ¢ Ae(y QAISNXF QIIq ‘p € > a8 MATA
NoT pue UMOPYEa1q
urajoxd woiy asesfar
N9 JO SaJeI PASLaId(]
sI0npul
fess 3o SUONOYUI 10 8:%: uontnnu
uonjewweu]  AJIPIGIOA/UOndOUNY URSIO) e parmboe  Aypeyropy uoneIn( oy 350(]  -nuounwiwr U [exyuared uo syuejur
-reyrdsopy IOIO PIM MGTH 10 dInjeuaig
paurquion

‘panunuo) (e)



Clinical and Developmental Immunology

UIMOIS 10 ‘SNIM 9¢

je asn uadLxo ‘Ayunjeward
Jo Aypedounar ‘OIN

ur 2ua1yIp oN "dnoid

s3urpasy woxy
9eredas ynq owmn
auues 1) Je UdAI3
(197eM J[113)S)

surwein[3 ur (eroe[RWON N[ . .MM“QE oqaoeyd 10 (19em (£8] 8 05Z1-00¢
— TeornuaAered SN SN SN uﬁwo Joyoon THS U ourweind  Aep/3y/S 0 ON 6F9 9m q Nd Suraradar
pue JdeyLioway ot %¢) yuswapddns pL>93%e MTA
IRTNOLIJUARIIUL § PUR 9¢—skep £ surwen3
¢ sopeis) s10AIAINS SUoUTE [R12U2 0] Vocwamm
se[onbas [eordojoinau Aquopuex S j0
919A3$ “‘UONOUNJSAP P £ 1814 941 UM
[eunsajuroxses sso
uoninnu [£8]
— oJes pue pajed[O} [P SN SN SN skep g [BIOIUD PAYPDLIUD Aep/3y/8 ¢0 ON 6 N4 Sunemo} ow yz—|
el 9) syuejut [t A[edniy
(eamymnd
SENIN pooiq
=Uu M 7C—
95AD/O1AD  ayes woneIHUAA [dIULYIW aanisod) RUEN Nd) c%mzé Lqp/3/8 M.w %W wm_ wm%mowm
PU®  puaropuunoan peay ‘yidus SN stsdas SN ) . ON 8§89
} > peay 3suo[ : 0c—¢ Aeq BIDJUD PAYPLIUD  PAYDBI PUE ¢ M QN SUTATAI
HIA-VIH UL 9m ‘DFN Ul S9OUIJTP ON parmboe ! -ucw:wm n wnm 3 vm .ﬁ o 238 A«
ast1 a1y pajunyg : : -endsoy rrenyo P/93/580°0 P ¢ >90e MATA
paonpay
s10NpuUr
(o8 10 SUOI}OJUI 10 SjudLI} uonINuU
uonewweyu]  AIPIGIOI/UOndUN] UedIQ m:w paxmboe  fyeyroly  uonein(g Inoy 250(] -nuounwiwr U [BI9)UD UO SjuejuT
hiskad! -reandsory IOUI0 [PIM METH 10 dInjewaiy
pauiquion
@
(dno13
[o1u0d) [¢8] wonLINU
Butpad) [eiapua sy Butpady uonLynu tontnnt [exoyuared parmbar
—  ojown 10 SuIpady [eIRUD  — SN SN [e13U2 eI J \.fwm rexayuared ON ¥/1 ot pio sqow m.:m%
[[J 03 ST} UT OUSIIP ON My [un LI0eD0ST 6851 SUTIUT [eorSin
snoua301TUoST [ SHUEFUL [0S
10 Aep/33/3 970
s1oNpur
(oo SUOBOUIL 10 SJuILI} uonynu
uonewrwreju]  AJIPIqIOIA/UOTdUNJ ULSIO m:w parxmboe  Lyejroy uonjeIn(] Anoy 9s0(] -nuounwiwil U [exauared uo syuejur
Rl -reardsory IOYI0 PIM METH 10 dInjewaiy
paurquion

‘panunuo)) (&)



Clinical and Developmental Immunology

*20UISYIP [EITISIIBISUOU :GN] SUDNI[IdUL ][ 0UB[Rq UISONIU (N STI[0I0IUD
Surznomau :DHFN Ae1s Jo PSUL] :§OT {UOHINNU [eI2)US N ‘UonInnu [eruared :NJ proe ourwre :yy a8e euonelsad :yo 9ySom aa 9ySom [IIq mo[ A10A M TA YSIom [IIq MO[ A[PUIdnXa MITT

uonenwns

112 pooq
J[oyM OIIA

B[y SNOU250I)1UOST

[16]

ut 3ULMO[[0] oI 10 To sutwrein|s yyum - Aep/3y/8 ¢'0> AMTE > VO B 00ST >
o1 JO ¥1 P—Y 8F - — SN SN o m M WmQ payuowapddns 01 sa50p ON €9  amaq iNd Suraroar
je sosuodsax JS21q 10 B[ULIOJ Sursearduy )IIq I9)e 1 8F>
2un|034d urejaid [erojuy syuejuI MATA
¢yl o Tqr ut
SOOUDIAPIP ON
SUOT}RI}UDUOD e[y snoudadonruost
[O}TUURW ATBULIN PISEIIOUT 11 Jo To ourwrein(s yyum - Kep/3y/8 ¢'0 (o611 wmmow m«w
- 10 aso[nyoe] Areurm SN SN 06— ke payuawd[ddns Sy 5 03 $3s0p ON 06 .\ 1q <N SuTAI1
10 OTJBI [OJIUURW/3SO[N)O.] 1sea1q 10 e[nULIOY ursea.10uy IIq 1R 4 81 > MATA
PISEIOOP UI DUIIIIP ON wijaid [erjug
uonezIpLqiy
NS Ul JudsaIonyy 4q [ B[y SNOUI30NIUOST (68] M 7€ > VO
_ 10 durwein mm  Aep/3y/8¢os
_ Jooep amwwv e (e1prnsop - N N R —" QMW Mﬁ.ﬁ P/ M\u mwmww o 98 $005T> 3M yIIq
1500503d313S 7702 u.cm&ummw 0¢—¢ Leq 1501q 10 ESEH.@ Sursearouy ‘N d Suraraoar
[[1PeqOIOE] ‘BLIAOEqOPYIq : 111q 19)5e >
BIOJOIOTUI [BULISAIUT JO wjaid ferajuyg AU H8Y > MATA
2oudeAdId UT 20UIJIP ON
e[NULIOJ .
Ayyedounax wroya1d 10 Sy Kep/33/3 ¢70
‘ua8Axo reyusworddns mcoﬁu&mu 1S821q 0] POppE JO 9sop hwww_ %S.N.m >VD
_ ‘UONP[HUDA [EIIURRIW o0 SNOLISS 1< SN um: wo uonIINU [eIAUD E:EUGEW ON 01 . q 6 00ST> M 13IIq
‘snsor1a)Ie snionp judjed JO aduspur 0¢—¢ Aeq SNOUSZOIIIOST 01 JJI[JO 0¢—¢ ‘Nd SUTAIIAI [)IIq 1a)Je
UIMOIZ 10 ‘DN “QOUBII0} Tomo] ﬁuﬂ& e Aep woiy sasop U 8% > sjuejul MdTA
Surpasy ur 2OUIPIP ON -wEEE.EO Suisearouy
SIoNpur
JE. SUOT}OJUI 10 SjuaLI} uonIINU
uonewweyu]  AIpIqIoj/uonouny uedio mqw paxmboe  fyeyroly  uonein(y anoy 2s0(] -nuounwiwi U [eI9IUD UO SyUER)UI
hlstad -rendsopy IOJ0 M MITT T0 daIjeurdIf
paurquion

‘panunuo) (q)



"30URIDYIP [BI1ISIIRISUOU SN UDYNI[IdIUL 1 ] ddue[eq usontu :gN

Clinical and Developmental Immunology

8-TI she Surpady WNIUIs “pIoe droudejuadesodrd [#6] Lnfur peay
paseamag SN SN SN SN Ps [eIud AJ1eg TeDY001/3%0°T STOUILXIYLSOJ0P “QUIUISIL-T 8¢ 9I9A3S TPIM TIP[IYD
911 Surpaay WU ‘proe drousejusdesodro [€6] oys
she [U9[as “pIoe 1 1 I
pasealded SN SN SN SN Ps [er)uo A[req  [eDY001/370'T SIOUEXIYLSOO0P ‘QUIUIZIe-] or ondas yrm waIp[y)
suornyesrjdurod
PpapIodax
Apuanbauiy 3sowr oty
N pasearouy Mzo:zom% uEme SN SS9 10 pudIf, SN skep ¢ Buipaoy wWnTua(as ‘proe dloudeiuadesoord 0S [z6]
' pue wwﬂ.u re1q [e11ud Afreg  [eDN001/870'T SIOUEXIYBSOO0P ‘QUIUIZIR-T UDIPTIY (1 A[[eInI)
“eAIN “WNIPOS
“Ay1ejowrso 19YSIH
dnoi3 ujo1d [97] 2182 2AISBAUL JO SIY
pastwrordurods skep supuow yoea Aaym 01 paredwos (angoferardas 7/< 21mba1 0) pajoadxo
— SN SN U o SN gz 01 dn aqn) 3urpasy Aep/3y/3 ¢70 unoejoid e) oprurerdopolowr pue €6 (514 Dlﬁ %) syuoned
ur co:us.ﬁum 103 Are 4q sururesnin QUITEIN(S ‘WNIUI[IS OUIZ M 218D JAISUIUTL Euwu-mmou_
o uonejuawa[ddns [eonnaotnnN : :
UoTjRWIWE[U AUpIGIOW - Ae3s jo mcwwwumwm Ayerzo uoneIn no 250 SIoompUL 10 sivrnnuountL UDIPTIYD [T AJ[eO1ILY
n DUl Juonpuny uediy ypdusy -Wﬁ.%om JI[RLIOIN nemq oy a I15YI0 M PAUIQqUION) PIHYP [IE A[[EIBLD

"UIPTIYP [[T A[[EINLID UT UOT)BWWIRJUT IO AB)S JO [I3Ua]

‘suonoayut paxmboe [eydsoy Kirprqiow “rperrow ur uonejuswajddns suturein|s jo s159)9 [eYauaq [erjualod SureSnsaAUT SAIPNIS PA[[OIIUOD “PIZIUIOPUERT JO SINSIT PUB SPOYIIIA i€ ATAV],

10



Clinical and Developmental Immunology

zinc showed increased CAl layer volume and hippocam-
pal gamma-aminobutyric acid and synaptophysin levels
as compared with the other groups, consistent with the
trend toward increased number of neurons and protection
against malnutrition-induced brain developmental impair-
ments [72]. Also, glutamine supplementation during brain
development facilitated cortical spreading depression propa-
gation, as judged by the higher cortical spreading depression
velocities, recorded on 2 cortical parietal points of the right
hemisphere, an effect not abolished by malnutrition [73].
Importantly, when injected intraperitoneally in eleven-day
rat pups, glutamine partially prevented the sepsis-induced
fall in plasma glutamine levels and reduced the concentration
of both proinflammatory and anti-inflammatory cytokines
[74].

8.2. Parenteral Glutamine in Extremely Low Birth Weight
(ELBW) and Preterm Infants. Glutamine appears to be safe
for use in premature infants and seems to be conditionally
essential in premature infants with extremely low birth
weights [82]. In ELBW infants, parenteral glutamine supple-
mentation could increase plasma glutamine concentrations
without apparent biochemical risk [83]. When supple-
mented PN for more than 2 weeks, glutamine shortened
days on PN and length of stay in hospital, and decreased
hospital acquired infection episodes in premature infants
[81]. Although parenteral glutamine failed to enhance rates
of protein synthesis, it was assumed that it may have an acute
protein-sparing effect, as it suppressed leucine oxidation and
protein breakdown, in parenterally fed very low birth weight
infants [80]. Thus, parenteral glutamine supplementation
was shown to be associated with lower whole-body protein
breakdown and protein accretion in selected populations of
LBW infants [77] and to improve hepatic tolerance in VLBW
infants, suggesting a hepato-protective effect [84]. In another
randomized study, although parenteral glutamine appeared
to be well tolerated and safe in the ill preterm neonate,
able to reduce the time to achieving enteral nutrition, it did
not reduce the episodes of culture-positive sepsis or age at
discharge [78].

In a large multicenter, randomized, double-masked, clin-
ical trial in ELBW infants, the safety and efficacy of early
PN supplemented with glutamine in decreasing the risk of
death or late-onset sepsis were assessed; infants 401 to 1000 g
were randomized within 72 hours of birth to receive either
TrophAmine (control) or an isonitrogenous study amino
acid solution with 20% glutamine whenever they received
PN up to 120 days of age, death, or discharge from the
hospital [76]. Of the 721 infants assigned to glutamine
supplementation, 370 (51%) died or developed late-onset
sepsis, as compared with 343 of the 712 control infants
(48%). Also glutamine had no effect on tolerance of enteral
feeds, necrotizing enterocolitis, or growth. No significant
adverse events were observed with glutamine supplemen-
tation. Accordingly, although no harm was demonstrated,
parenteral glutamine supplementation as studied in this large
study could not be recommended in ELBW infants [76].
In a double-blind, randomized trial, short-term glutamine-
supplementation (0.4 g/kg/day) of PN did not show any
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benefit on intestinal permeability in newborns and infants
after major digestive-tract surgery [79]. Similarly, in a recent
randomized clinical trial of glutamine-supplemented versus
standard PN, glutamine supplementation did not reduce the
incidence of sepsis in surgical infants with gastrointestinal
disease [85]. Thus, using the Cochrane Central Register of
Controlled Trials (The Cochrane Library, 2011, Issue 4),
MEDLINE, EMBASE and CINAHL (to November 2011),
conference proceedings and previous reviews, it has been
recently concluded that the available trial data do not provide
evidence that glutamine supplementation confers important
benefits for preterm infants [102].

8.3. Enteral Glutamine in ELBW and Preterm Infants.
Double-blind randomized trials in VLBW infants did not
show that enteral glutamine supplementation decreases mor-
bidity or mortality [87, 103]. Blinded, randomized studies
provided evidence for a blunting of the inflammatory process
[86] and lower sepsis rates in VLBW infants receiving enteral
glutamine supplementation [88]. In contrast to reports
showing better tolerance to enteral feedings in glutamine-
enriched enteral nutrition in VLBW infants [87], other
studies did not find any improvement of the median days
to reach full enteral feeds [86, 88]. In addition, despite a
decreased infectious morbidity, glutamine supplementation
in VLBW infants was not associated with alterations in the
prevalence of bifidobacteria, lactobacilli, E. coli [89] and did
not enhance the postnatal decrease in intestinal permeability
in this population [90]. Importantly, examining the effect of
enteral glutamine on whole-body kinetics of glutamine in
growing preterm infants, enterally administered glutamine
was shown to be entirely metabolized in the gut and to have
no detectable effect on whole-body protein and nitrogen
kinetics [104]. Studied by dual tracer cross-over techniques,
dietary glutamine was shown to be used to a great extent by
the splanchnic tissues in preterm infants, its carbon skeleton
having an important role as fuel source [105]. Similarly
no differences between groups for plasma concentrations
of glutamine, glutamate, other amino acids, glucose, or
ammonia were shown during the enteral supplementation of
glutamine [106, 107].

Followup of all surviving VLBW infants having received
enteral preterm formula or breast milk supplemented with
glutamine showed a lower risk of atopic dermatitis but no
differences in incidence of bronchial hyperactivity, infec-
tions of upper respiratory, lower respiratory, urinary, or
gastrointestinal tracts [108, 109], of intestinal microbiota,
neurodevelopmental impairment or cerebral palsy [110]. No
difference was also detected among randomized groups in
intestinal (faecal) microbiota at age 1 year as analyzed by
fluorescent in situ hybridization [111] or in TH1 and TH2
cytokine profiles either during the days of supplementation
[91] or at 1 year of age following in vitro whole blood
stimulation [112]. Importantly, glutamine-enriched enteral
nutrition in VLBW infants had neither beneficial nor detri-
mental effects on long-term cognitive, motor, and behavioral
outcomes of very preterm and/or VLBW children at school
age, although visuomotor abilities were poorer in children
that received glutamine [113].
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8.4. Effect of Glutamine Supplementation on Critically Il Chil-
dren. In a multicenter randomized, double-blinded, com-
parative effectiveness trial, zinc, selenium, glutamine, and
intravenous metoclopramide conferred no advantage in the
immune-competent population of children requiring long-
term intensive care compared with whey protein supple-
mentation [26]. Further evaluation of these constituents’
supplementation was thought to be warranted only in the
immune-compromised long-term pediatric intensive care
unit patient.

In a blinded, prospective, randomized, controlled clinical
trial in critically ill children given an immune-enhancing
formula supplemented with glutamine, a favorable effect on
nutritional indices and antioxidant catalysts was reported,
but none on outcome hard endpoints [92]. Also, although
it posed a higher metabolic burden to the patient, it showed
a trend to improve colonization and infection rates; diarrhea
in the immunonutrition and gastric distention in the control
group were the most frequently recorded complications [92].
In another single-center, randomized, blinded controlled
trial in children with septic shock a significant decrease
in IL-6 levels was recorded after 5 days of early enteral
feeding using the same immune-enhancing formula [93].
The variation in cytokines was independently correlated
only to PRISM, but mortality and other pediatric intensive
care unit outcome hard endpoints did not differ between
the two groups. Similarly, in another randomized, blinded,
controlled study in children with severe head injury, using
masked isocaloric formulae, immunonutrition improved
nitrogen balance and decreased interleukin-8 and gastric
colonization but was not associated with additional clinical
advantage over the one demonstrated by conventional early
enteral nutrition [94]. In two randomized studies in trauma
patients (children and adults) no significant differences were
also recorded in mortality, LOS, lung infection or immuno-
logic or biochemical parameters between the glutamine
supplemented groups (enteral or parenteral) and controls
(114, 115].

9. Concluding Remarks

Given the encouraging experimental results, the absence
of glutamine-related adverse effects, and the immune cells
need for glutamine to grow and multiply, it has long been
hypothesized that high risk patients could benefit from
the use of this highly promising pharmaconutrient [12];
furthermore, combining glutamine with antioxidants and
other selective pharmaconutrients, might exert an extra-
synergic immune-enhancing effect. Thus, parenteral glu-
tamine supplementation for 7 days increased total plasma
glutathione levels in adult trauma patients receiving standard
enteral nutrition [116]. In another study, however, glutamine
administration by enteral or parenteral routes did not appear
to affect antioxidant capacity or oxidative stress markers
compared to unsupplemented adult ICU patients [117].
Studies evaluating the effect of specific pharmaconutri-
ents in premature infants and critically ill children are scarce
and are insufficient to allow recommendations to be made.

Clinical and Developmental Immunology

Recent evidence from studies in various pediatric diseases
and in premature newborns remains inconsistent, partly
because of the different effects of enteral and parenteral glu-
tamine supplementation, inefficient treatment doses [118],
co-administered multi-immune-enhancing constituents or
more or less amino-acids, heterogeneity, timing, dosing
regimens, and other [119]. In our meta-analysis, none of
the randomized studies in early life showed any effect in
mortality, one in the length of stay, and only a few showed
some effect on inflammatory response, organ function and a
trend for infection control. Thus, although apparently safe
in ELBW premature infants and in critically ill children,
blinded controlled randomized studies in these populations
concluded that glutamine supplementation does not reduce
mortality or late onset sepsis, and its routine use cannot be
recommended for the immune-competent patients.

Once again, laboratory research preliminary beneficial
effects failed to be reproduced in clinical randomized (and/or
blinded and masked) studies. The lack of beneficial effect of
glutamine supplementation in sepsis might be explained by
any of the factors influencing glutamine protective role as
described above. Various factors during the clinical course
might have also influenced results of those studies. In
addition, by using isonitrogenous controls (to ensure the
specific effect of glutamine), the overall amino acid intake
may have been inadequate in the glutamine group, as a
consequence of the substitution of 20% of the standard
amino acids with glutamine. Although adding more amino
acids to the control groups might have prevented the removal
of amino acids from the glutamine supplement, the isoni-
trogenous control groups would have then received more
amino acid/nitrogen than the recommended allowances.
On the other hand, enteral supplementation of glutamine
seems to be locally used by the intestine but may not help
entering the systemic circulation to enhance the immune
response. All these different research methods along with the
use of different feeding guidelines for the introduction or
withholding parenteral and enteral feeds among institutions
make comparisons between studies difficult [120]. Further
molecular and biochemical data is needed along with large
randomized controlled trials in select populations of sick
children, such as immune-compromised, who may eventu-
ally benefit from supplemental glutamine.
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