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Ángels Franch, Cristina Castellote, and Margarida Castell
Volume 2012, Article ID 537310, 16 pages
Reintroduction of Gluten Following Flour Transamidation in Adult Celiac Patients: A Randomized,
Controlled Clinical Study, Giuseppe Mazzarella, Virginia M. Salvati, Gaetano Iaquinto, Rosita Stefanile,
Federica Capobianco, Diomira Luongo, Paolo Bergamo, Francesco Maurano, Nicola Giardullo,
Basilio Malamisura, and Mauro Rossi
Volume 2012, Article ID 329150, 10 pages

Hindawi Publishing Corporation
Clinical and Developmental Immunology
Volume 2012, Article ID 207509, 2 pages
doi:10.1155/2012/207509

Editorial
Immunonutrition in Early Life: Diet and Immune Development
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1. Origins of Immunonutrition
The belief that “you are what you eat” originated from
Brillat-Savarin et al. (“tell me what you eat, and I will
tell you who you are”) in the 1800s [1] was the starting
point in the quest to understand the role of diet in
almost every function in the body and in overall health.
However, prior to the 1950s, there was little recognition of
the relationship between nutrition and immune function.
Scrimshaw and colleagues first described the bidirectional
interaction between nutrition and infection [2]. This initial
link between malnutrition and infective diseases has since
evolved; not only do we now consider that diet is critical
in maintaining optimal immune function, but it is widely
accepted that almost all nutrients in the diet play a crucial
role in maintaining an “optimal” immune response, and
that both deficiency and excessive intakes can have negative
consequences in terms of immune status and susceptibility
to a variety of pathogens [3].
Dietary components with immunomodulatory potential
include vitamins, minerals, polyphenols, dietary polyunsaturated fatty acids (PUFAs), and dietary components with the
ability of modulating the gut microbiota (fibre, prebiotics,
and probiotics). Although extensive research (experimental
and clinical) demonstrates the properties of some of these
dietary components, in many cases the exact mechanisms
remain unclear. The impact of particular nutrients has
been investigated by both epidemiological and intervention
studies, but there are relatively few studies dealing with
immune development in early life and in subjects with

common immune-mediated diseases in early life (coeliac
disease or asthma/allergies).

2. Current Research in Immunonutrition
Half a century after the conceptualization of immunonutrition, the aim of this special issue is to shed some light on the
mechanisms underlying the relationship between nutrition
and immunity, especially in early life, when diet may play
an important role in the immune development of the infant.
This issue comprises two research articles and four review
papers describing this complex relationship in humans and
also in animal models, either in health or in disease.
Human epidemiological data indicate that prenatal and
early postnatal nutrition modulates the developing immune
system. The confirmation of this epidemiologic association
requires dietary intervention in human neonates, despite
the ethical concerns and methodological considerations.
Alternatively, or complementarily, animal studies are needed
not only to elucidate the eﬀect of nutrients or particular diets
on immune function but also to understand mechanisms
involved in these responses. In this context, the paper by F. J.
Pérez-Cano et al. is a review of the diﬀerent methodological
approaches that can be used for early-life immunonutrition
studies using animal models. It discusses the advantages and
problems of using long versus short gestation period animal
models and explores the use of suckling rats in these types
of studies. The paper concludes that more complementary
studies justifying specific animal models are required.
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The term immunonutrition has often been employed in
the context of specific nutrients or combinations of nutrients
used to treat surgical and critically ill patients who are at
risk because of impaired or inappropriate immune activity.
Historically, glutamine has been prominent in this area
and in this issue, E. Briassouli and G. Briassoulis’s review
specifically addresses the use of glutamine in experimental
and clinical studies in early life. They conclude that while
there is promising data and plausible mechanisms, the
evidence is still insuﬃcient to allow recommendations to be
made.
Two papers in this issue deal with the influence of
PUFAs on atopic and respiratory diseases in utero and during
early life. Finally, two other papers examine novel strategies
to modulate the exposure, development and remission of
coeliac disease (CD). G. Mazzarella et al. evaluate the
ability of transamidated gluten to maintain a gluten-free
diet in CD patients in clinical remission, while T. PozoRubio et al. review the influence of environmental factors
on development of CD as well as strategies to induce or
increase gluten tolerance. Interestingly, this paper suggests
that modulation of the gut microbiota composition could be
beneficial in this context.

3. Future Directions for Immunonutrition
Scientific expansion of global methodological approaches—
the “omics” (genomics, transcriptomics, proteomics,
metabolomics, microbiomics, etc.)—are beginning to
influence research in immunonutrition and may prove to be
useful tools in establishing mechanisms of action. However,
nutrients are consumed as food; we cannot disregard the
“matrix eﬀect” and must recognize the importance of
absorption, bioavailability, and so forth, in our approach.
Moreover, the impact of genetic variability (nutrigenetics)
and variation in the microbiome are still emerging and
may in the future become increasingly important in the
appropriate selection of subjects for experimental and
clinical studies.
The design and the target period of a study, particularly
when dealing with early development, can be crucial. In this
sense, the fact that early life events (including gestational
development) can have significant long-term eﬀects is the
basis of early programming of the immune system. Some
of these events may involve dietary influences, either direct
or indirect. Thus, the initial idea that “we are what we eat”
has evolved in the last decade to “we are what our mother
ate” [4]. Therefore, maternal nutrition and physiology are
also relevant in this regard. However, many questions remain
about how diet during development alters immune function
in the long term. The use of appropriate experimental models
and exploitation of “omics” techniques may help to unravel
the answers.
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Variation in exposure to polyunsaturated fatty acids (PUFAs) might influence the development of atopy, asthma, and wheeze. This
study aimed to determine whether diﬀerences in PUFA concentrations in maternal plasma phosphatidylcholine are associated with
the risk of childhood wheeze or atopy. For 865 term-born children, we measured phosphatidylcholine fatty acid composition in
maternal plasma collected at 34 weeks’ gestation. Wheezing was classified using questionnaires at 6, 12, 24, and 36 months and
6 years. At age of 6 years, the children underwent skin prick testing, fractional exhaled nitric oxide (FENO) measurement, and
spirometry. Maternal n-6 fatty acids and the ratio of n-3 to n-6 fatty acids were not associated with childhood wheeze. However,
higher maternal eicosapentaenoic acid, docosahexaenoic acid, and total n-3 fatty acids were associated with reduced risk of nonatopic persistent/late wheeze (RR 0.57, 0.67 and 0.69, resp. P = 0.01, 0.015, and 0.021, resp.). Maternal arachidonic acid was
positively associated with FENO (P = 0.024). A higher ratio of linoleic acid to its unsaturated metabolic products was associated
with reduced risk of skin sensitisation (RR 0.82, P = 0.013). These associations provide some support for the hypothesis that
variation in exposure to n-6 and n-3 fatty acids during pregnancy influences the risk of childhood wheeze and atopy.

1. Introduction
Changes in dietary fat consumption have paralleled increases
in childhood asthma and atopy in industrialised countries
[1]. Consumption of oily fish, a source of long-chain n3 polyunsaturated fatty acids (PUFAs), has declined and
vegetable oils, a source of the n-6 PUFA linoleic acid (LA;
18:2n-6), have partly replaced animal fats [2–4]. As a result
of these changes, long-chain n-3 PUFA and saturated fat
intakes have decreased whilst LA intakes have increased
[2–4]. Epidemiological data suggest that dietary patterns

might influence allergic disease prevalence [1]. For example,
reduced asthma prevalence has been reported in children
who regularly eat fish [5, 6] and in the children of women
who have high fish or n-3 PUFA intakes during pregnancy [7,
8]. Conversely, a high intake of vegetable oil-based spreads, a
source of LA, is associated with an increased risk of asthma in
children [6, 9]. These observations suggest opposing actions
on n-6 and n-3 PUFAs on risk of asthma and allergy [10–12].
LA is converted to a longer chain more unsaturated n-6
PUFA arachidonic acid (AA; 20:4n-6) [13] which is the precursor of immunoregulatory eicosanoids like prostaglandin
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E2 . The plant n-3 PUFA α-linolenic acid (ALA; 18:3n3) is converted to longer chain more unsaturated n-3
PUFAs including eicosapentaenoic acid (EPA; 20:5n-3) and
docosahexaenoic acid (DHA; 22:6n-3) [3, 13]. Conversion
of both LA and ALA to their more unsaturated derivatives
involves the same metabolic pathway [3, 13]. Thus a high
exposure to LA impairs the conversion of ALA, so favouring
synthesis of AA over EPA and DHA [13]. Therefore, the
balance of n-3 and n-6 PUFAs is considered to be important
[3, 13]. This balance might influence risk of atopy and
asthma via eﬀects upon prostaglandin E2 formation, with
consequences for T cell and B cell responses and allergic
sensitisation [10–12]. Like oily fish, fish oil is a source of EPA
and DHA. Maternal fish oil supplementation in pregnancy
has been shown to alter neonatal T-cell cytokine production
[14] and to reduce asthma risk in the oﬀspring [15].
However, supplementation of infants with fish oil seems not
to reduce allergic sensitisation or asthma [16, 17], although
studies of asthma-related outcomes in older children are
equivocal [18, 19]. As allergic sensitisation occurs early in
life, exposures at this time are most likely to influence
immune development. Some studies have suggested that
cord blood n-6 and n-3 PUFAs diﬀer between infants
according to personal or family history of atopy [20–23] and
have been interpreted as evidence of disturbed fatty acid
metabolism in atopic individuals [24]. However, studies of
small “high-risk” populations are poorly generalisable and
are often underpowered to assess clinical outcomes. More
recently, associations between maternal or cord blood PUFA
status and clinical outcomes have been sought prospectively
in large birth cohorts. One such study found a positive
association between the ratio of n-3 to n-6 PUFAs in maternal plasma phospholipids and eczema in early childhood
[25]. In contrast, another study found inverse associations
between the ratio of n-3 to n-6 PUFAs in umbilical cord
blood red cells and both eczema and late-onset wheeze, a
sign of asthma [26], although the findings were regarded
as nonsignificant after adjusting for multiple comparisons.
Thus, currently the relationship between early exposure to
diﬀerent PUFAs and later outcomes related to atopy and
asthma is not clear and warrants further study. In particular,
it remains unclear whether natural variation in maternal
PUFA status influences childhood atopy or wheeze risk.
Here, we examine the relationship between maternal PUFA
status in late pregnancy and allergic disease in childhood.
The primary hypothesis being investigated is that high n6 PUFAs (individual and total), low n-3 PUFAs (individual
and total), and a low ratio of n-3 to n-6 PUFAs at 34 weeks’
gestation are associated with increased risk of childhood
atopy and wheeze. The secondary hypothesis is that a higher
ratio of precursor essential fatty acids to their unsaturated
metabolic products, suggestive of decreased conversion of
the plant-derived precursor PUFAs to their biologically active
derivatives, is associated with increased childhood atopy and
wheeze risk. Because of the mutual competition between
LA and ALA metabolism, a high exposure to LA would
be expected to increase the ratio of ALA to its derivatives.
Conversely, a lower exposure to LA would be expected to
decrease this ratio.
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2. Methods
2.1. Study Population. Participants were mothers and children in the Southampton Women’s Survey [27]. During
1998–2002, 12,583 20–34-year-old women were recruited;
those who became pregnant were followed up and their
children visited at ages 6, 12, 24, and 36 months and 6 years.
Infants born ≥ 35 weeks’ gestation were studied to exclude
abnormal lung development associated with prematurity.
1485 children born ≥ 35 weeks’ gestation were aged 67 years during the study period 2006–2010; of these, 865
had both maternal PUFA measurements and 6-year followup data (Figure 1). This study was conducted according
to the guidelines laid down in the Declaration of Helsinki
and all procedures involving human subjects were approved
by the Southampton and South West Hampshire Local
Research Ethics Committee (276/97, 307/97, 089/99, and
06/Q1702/104). Written informed consent was obtained
from all participant women for both their participation and
that of their child.

2.2. Maternal Plasma Phosphatidylcholine PUFA Composition.
Venous blood was sampled at 34 weeks’ gestation. Samples
were centrifuged and plasma stored at −80◦ C. Phosphatidylcholine (PC) is the major phospholipid in plasma. PC fatty
acid composition was determined by gas chromatography.
Plasma lipids were extracted using chloroform/methanol
(2 : 1) and PC separated by solid phase extraction (aminopropylsilica Bond-Elut cartridge, Varian Inc., CA). PC fatty
acids were converted to methyl esters by heating with
sulphuric acid containing 2% methanol. Fatty acid methyl
esters (FAMEs) were extracted into hexane and concentrated
by evaporation under nitrogen. FAMEs were separated by
gas chromatography (Series 6890, Hewlett Packard, BPX 70
column SGE Europe Ltd.) and were identified by comparing
retention times with those of authentic standards. Data are
expressed as percentage concentration (g/100 g total fatty
acids). Ten fatty acid exposures were calculated: total n3 and n-6 PUFAs as percentage of total fatty acids and
the ratio of total n-3: total n-6 PUFAs; percentages of the
essential n-3 precursor ALA, the essential n-6 precursor
LA, the n-3 products of ALA metabolism EPA and DHA,
and the n-6 product of LA metabolism AA; the ratios of
essential fatty acid precursors (i.e., LA or ALA) to their
unsaturated products for both the n-3 and n-6 PUFA families
(ALA/(20:4n-3 + EPA + 22:5n-3 + DHA) and LA/(18:3n-6 +
20:3n-6 + AA + 22:4n-6 + 22:5n-6)). For the latter, a high
ratio is a proxy indicator of lower conversion eﬃciency of the
essential fatty acid precursor to its unsaturated products.

2.3. Atopy. Skin prick testing was used to identify immunologic sensitization to a range of common allergens; such
sensitization is termed atopy. Skin prick testing was conducted in the children at age of 6 years in their homes
using cat, dog, house dust mite, egg, milk, and grass and
tree pollen allergens. Skin prick tests were considered valid if
positive and negative control wheals were ≥3 mm and 0 mm,
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Children born to women within the
survey aged 6-7 years
between 2006 and 2010 n = 1529

Excluded as preterm n = 44

Children born at ≥35 week s
gestation n = 1485
Excluded as missing data n = 620
Missing 6-year follow-up only 517
Missing fatty acid data only 49
Missing both 54

Mother-child pairs with both 6-year follow-up and fatty acid data
n = 865
Skin sensitisation data
complete n = 638
Sensitised 160
Not sensitised 478

Wheeze data complete n = 861
Transient wheeze 368
Persistent/late wheeze 137
Never wheezed 356

Other respiratory data
Spirometry 702
FENO 452

Figure 1: Study outline.

respectively. Atopy was defined as a wheal ≥3 mm to any
allergen.

had ‘any episodes of chestiness associated with wheezing or
whistling in his/her chest since they were last seen?’ The
results were combined to define

2.4. Airway Inflammation. Upon attaining their sixth birthdays, children were invited to a clinical visit. Those attending
attempted fractional exhaled nitric oxide (FENO) measurement, an indicator of the extent of airways inflammation.
FENO was measured using a NIOX chemiluminescence analyser (Aerocrine, Sweden) according to the recommendations
of European Respiratory Society-American Thoracic Society
[28, 29]. Mean FENO was calculated, where possible, from
three readings.

(i) transient wheeze: wheeze at 6, 12, 24, or 36 months
but no wheeze at 6 years and no asthma treatment at
6 years;

2.5. Childhood Wheeze. Wheezing occurs when lower airways are narrow or constricted which may be due to asthma
or to other lower respiratory conditions. Transient wheezing
is common in young children, often due to the presence
of an infection and usually stops altogether after about 3
years of age. Persistent wheezing is where wheezing continues
beyond the preschool years; these children are more likely
to have allergies and to develop asthma than those whose
wheezing stops. Late-onset wheezing is where the wheeze
does not develop until beyond the preschool years; again
these children are more likely to have allergies and to develop
asthma. Research nurses administered questions from the
“International Study of Asthma and Allergies in Childhood”
core questionnaire wheezing module [30] to the children’s
parents when the children were aged 6, 12, 24, and 36 months
and 6 years. Mothers were asked whether their child had

(ii) persistent wheeze: wheeze at 6, 12, 24, or 36 months,
plus wheeze at 6 years or asthma treatment at 6 years;
(iii) late-onset wheeze: no wheeze at 6, 12, 24, or 36
months, plus wheeze at 6 years or asthma treatment
at 6 years.
The persistent and late-onset wheeze groups were combined as few children wheezing at 6 years did not wheeze
before 36 months. Persistent/late wheeze was subclassified
according atopic status established through skin prick testing.
2.6. Lung Function. Spirometry was performed at age 6
years in the children’s homes according to the American
Thoracic Society guidelines [31, 32]; to avoid discomfort
nose clips were not used. Flow-volume loops were measured
using a Koko spirometer with incentive software. Absolute
forced expiratory volume at 1 second (FEV1 ) values were
recorded without height standardisation because it was
believed possible that any eﬀect of maternal PUFA status
upon childhood airway dimension, and hence wheeze risk
might be mediated by an eﬀect upon childhood height.
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2.7. Statistical Methods. Poisson regression with robust variance was used to model relative risk for binary outcomes.
This approach is appropriate for common outcomes where
odds ratios derived from logistic regression cannot be
interpreted as relative risks [33]. As the transient and
persistent/late wheeze phenotypes were mutually exclusive,
children suﬀering one of these types of wheeze could not
be regarded as at risk of the other. For this reason, relative
risks were calculated by comparing children with transient
or persistent/late wheeze to those who had never wheezed.
Persistent/late wheeze with atopy is believed to be a separate
phenotype to persistent/late wheeze without atopy diﬀering
not only in clinical presentation but likely also in aetiology.
Relative risks for these phenotypes were calculated using
nonatopic children who had never wheezed as the comparator group. Relationships between maternal PUFAs and
continuous outcomes were explored using linear regression.
An inverse square root transformation was used to normalise
FENO data. For ease of interpretation, transformed FENO
values were standardised and the sign switched so that high
untransformed FENO values gave rise to high standardised
scores.
The variables listed in Table 1 were considered potential
confounders a priori except birth weight and gestational
age as these factors may causally link maternal PUFA status
and childhood outcomes. Potential confounders were tested
for association with each respiratory outcome and models
developed comprising all variables associated with each outcome; for this reason, diﬀerent outcomes will have diﬀerent
confounders. Exposure variables were standardised so that
each variable was on the same scale so that relative risks could
be compared as change in risk per one standard deviation
increment in each exposure variable. The assumption of
linearity was confirmed using a quadratic term to exclude a
nonlinear, or U-shaped, association.
Interpretation of the analyses is complicated by the
number of statistical tests made, and the conventional
P value of 0.05 should be interpreted with caution. However, because the analyses were designed a priori to test
specific hypotheses and not all the tests were independent,
a Bonferroni correction would be over-conservative [34].
We therefore focused primarily on results with P values
≤0.025 and considered the consistency of the findings in our
interpretation. Analyses were completed using Stata 11 (Stata
Corp., College Station, TX).

3. Results
3.1. Participants. PUFA data were available for 865 (94.6%)
of the 914 mother-child pairs with 6 year follow-up data. The
865 mother-child pairs included in the study were broadly
similar across a number of demographic characteristics to
those missing either PUFA or follow-up data (Table 1). Study
mothers were, however, slightly older, less likely to smoke in
pregnancy and of higher education and social class, whilst
study children were less likely to be exposed to tobacco smoke
in infancy and more likely to have been breast fed than those
without follow-up or fatty acid data (Table 1).
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Suﬃcient questionnaire data were available to classify 856
children according to wheeze status; of these 635 children
consented to skin prick testing and had valid results. 160
(25.1%) study children were classified as atopic; 368 (42.7%)
had transient and 137 (15.9%) persistent/late wheeze. 94
children in the persistent/late group were characterized
according to atopic status, of these 50.0% were atopic and
50.0% nonatopic (Table 2). These data are comparable to
other cohorts in the United Kingdom [35, 36]. The median
percentage PUFA concentrations values (Table 3) were comparable to published data from a similar gestation [37].
Acceptable FEV1 and FENO measurements were available
from 702 and 452 children, respectively.
3.2. Maternal Late-Pregnancy PUFAs and Childhood Wheeze.
Total maternal n-3 and n-6 PUFA percentages and the ratio
of n-3 to n-6 PUFAs were not associated with any childhood
wheeze phenotype (Table 4). The ratio of the n-3 fatty acid
precursor (ALA) to its unsaturated metabolic products had
weak positive associations with transient wheeze (adjusted
RR 1.08, P = 0.03) and with persistent/late wheeze risk
(adjusted RR 1.14, P = 0.03) (Table 4). The latter association
was significant in nonatopic children only (adjusted RR 1.46,
P = 0.010) (Table 5). A similar weak positive association
was found between this ratio and transient wheeze (adjusted
RR 1.08, P = 0.03) (Table 4). Significant inverse associations
were found between total n-3 PUFAs, DHA and EPA, and
nonatopic persistent/late wheeze (adjusted RR 0.69, P =
0.021; adjusted RR 0.67, P = 0.015; adjusted RR 0.57,
P = 0.014) (Table 5). EPA, DHA, and total n-3 PUFAs had
weak inverse associations with atopic persistent/late wheeze
(adjusted RR 0.65, P = 0.04; adjusted RR 0.74, P = 0.05;
adjusted RR 0.72, P = 0.03) (Table 5). A significant inverse
association was found between maternal AA and nonatopic
persistent/late wheeze (adjusted RR 0.76, P = 0.023). There
was no evidence for a significant association between total
n-6 PUFAs and any wheeze phenotype, and the ratio of the
n-6 fatty acid precursor (LA) to its unsaturated metabolic
products had no significant associations with any wheeze
outcome.
3.3. Maternal Late-Pregnancy PUFAs and Childhood Atopy.
A higher ratio of the n-6 fatty acid precursor (LA) to
its unsaturated metabolic products was associated with a
decreased risk of childhood skin sensitisation (adjusted RR
0.82, P = 0.013) (Table 6). The n-6 fatty acid AA was
not significantly associated with skin sensitisation and no
significant associations were found for any other PUFA or
ratio of PUFAs examined.
3.4. Maternal Late-Pregnancy PUFAs and Childhood FENO.
No associations were found between total n-3 or n-6 PUFAs
or the ratio of n-3 to n-6 PUFAs and FENO (Table 6).
However, maternal AA and FENO were positively associated
(P = 0.024).
3.5. Maternal Late-Pregnancy PUFAs and Childhood FEV1 .
None the PUFAs, nor any of the fatty acid ratios, examined
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Table 1: Comparison of SWS mother-child pairs with complete data with those lacking either maternal fatty acid or 6-year follow-up data
but born in the same time period.
Mother-child pairs in analysis
(n = 865)

Mother-child pairs with missing data
(n = 620)

P

Age at child’s birth (mean (SD))
Primiparous (n (%))

30.4 (3.8)

29.6 (3.8)

0.0003

No
Yes
Education attainment (n (%))∗

463 (53.5)
402 (46.5)

368 (59.4)
252 (40.6)

0.03

None
GCSE D–G
GCSE A∗ –C
A Level
HND
University degree
Parents’ social class (n (%))†

14 (1.6)
84 (9.7)
248 (28.7)
251 (29.1)
64 (7.4)
203 (23.5)

35 (5.7)
67 (10.8)
179 (28.9)
184 (29.7)
40 (6.5)
114 (18.4)

I
II
III Nonmanual
III Manual
IV
V
Smoked in pregnancy (n (%))

91 (10.6)
427 (49.9)
234 (27.4)
67 (7.8)
34 (4.0)
2 (0.2)

54 (11.7)
199 (43.3)
123 (26.7)
54 (11.7)
23 (5.0)
7 (1.5)

No
Yes
Maternal asthma (n (%))

728 (85.5)
123 (14.5)

464 (78.0)
131 (22.0)

No
Yes
Maternal childhood eczema (n (%))

676 (78.8)
182 (21.2)

465 (76.1)
146 (23.9)

No
Yes
Maternal rhinitis (n (%))

706 (82.4)
151 (17.6)

498 (81.5)
113 (18.5)

497 (57.9)
361 (42.1)
24.3 (22.0–27.6)
2301 (1919–2748)

369 (60.4)
242 (39.6)
24.0 (21.9–27.3)
2354 (1958–2779)

No
Yes
Paternal childhood eczema (n (%))

699 (82.1)
152 (17.9)

484 (80.8)
115 (19.2)

No
Yes
Paternal rhinitis (n (%))

743 (88.2)
99 (11.8)

527 (88.1)
71 (11.9)

599 (66.3)
284 (33.7)

399 (66.5)
201 (33.5)

Maternal characteristics

No
Yes
Prepregnancy BMI, kg/m2 (median, IQR)
Total energy intake, kcal (median, IQR)

<0.001

0.01

<0.001

0.2

0.7

0.3

0.5
0.08

Paternal characteristics
Paternal asthma (n (%))

No
Yes

0.5

0.9

0.5

Child’s characteristics
Gender (n (%))
Male
Female

0.5
447 (51.7)
418 (48.3)

331 (53.6)
287 (46.4)
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Table 1: Continued.

Birth weight, kg (mean (SD))
Gestational age, weeks (mean (SD))
Months of breastfeeding (n (%))

Mother-child pairs in analysis
(n = 865)
3.49 (0.50)
39.9 (1.4)

Mother-child pairs with missing data
(n = 620)
3.46 (0.50)
39.9 (1.5)

133 (15.4)
170 (19.7)
153 (17.7)
153 (17.7)
143 (16.6)
111 (12.9)
17.0 (15–18)

130 (23.5)
113 (20.4)
119 (21.5)
70 (12.6)
81 (14.6)
41 (7.4)
17 (15–18)

712 (83.0)
146 (17.0)

434 (76.7)
132 (23.3)

None
<1
1–3
4–6
7–11
12 or more
Age of introduction solid food, weeks (median (IQR))
Mother smoking during child’s infancy (n (%))
No
Yes
Cats/dogs in home during child’s infancy (n (%))

P
0.4
0.6
<0.001

0.3
0.003

0.5

No
Yes

438 (50.8)
424 (49.2)

290 (52.8)
259 (47.2)

Numbers do not always add to the full column totals due to missing data
Binary outcomes were compared by χ 2 test, categorical outcomes by a χ 2 test for trend, and continuous variables using t-tests, after transformation where
appropriate, or a ranksum test.
∗ GCSE General certificate of secondary education, high school education (to age 16) graded from G (low) to A∗ (high), A level Advanced-level high school
education (to age 18), HND Higher national diploma higher education qualification of slightly lower level than that of a university degree.
† Social class graded from V (low) to (I) high according to occupation.

Table 2: Distribution of participants between outcome groups.
Outcome
Never wheezed
Transient wheeze
Persistent/late wheeze
Persistent/late wheeze with atopy
Persistent/late wheeze without atopy
Skin sensitisation

N
356
368
137
47
47
160

%
41.3
42.7
15.9
7.4
7.4
25.1

Wheeze classification possible for 861 children, skin sensitisation data
available for 638, and both wheeze and skin sensitisation data available for
635.

was significantly associated with childhood FEV1 (Table 7).
FEV1 was uncorrected for height due to concerns that height
might mediate any association between maternal fatty acids
and airway geometry; however, including child’s height in the
multivariate analysis did not alter the findings (results not
shown).

4. Discussion
In this study we found some limited support for our primary
hypothesis linking relatively low levels of maternal n-3
compared to n-6 PUFAs with later wheeze and atopy. Higher
maternal EPA, DHA, and total n-3 PUFAs at 34 weeks’
gestation were associated with a lower risk of persistent/late
wheeze at age of 6 years. This association was only significant

in nonatopic children, and there was no association between
total n-3 PUFAs, total n-6 PUFAs or the ratio of n-3
to n-6 PUFAs, and childhood atopy as measured by skin
sensitisation. However, maternal AA, a metabolic product of
the essential n-6 precursor LA, was significantly positively
associated with FENO, a marker of airways inflammation.
Associations may reflect a direct action of intrauterine PUFA
supply upon fetal development. Alternatively associations
may occur as a consequence of dietary patterns or metabolic
disturbance shared by mothers and their children. Little
support was found for the secondary hypothesis, although
the ratio of ALA to its unsaturated metabolic products was
positively associated with persistent/late wheeze in nonatopic
children and the ratio of LA to its unsaturated metabolic
products was inversely associated with skin sensitisation at
6 years. However, these findings cannot easily be interpreted
as evidence for decreased precursor conversion in atopic
disease.
The inverse associations between total maternal EPA,
DHA, and total n-3 PUFAs and childhood persistent/late
wheeze in the group as a whole, but particularly in those
without atopy, are consistent with the idea that highly
unsaturated n-3 fatty acids might protect against childhood
wheeze, as suggested by Black and Sharpe [10]. However,
only the associations with nonatopic persistent/late wheeze
were significant, and no significant association was found
between maternal n-3 PUFAs and skin sensitisation or atopic
persistent/late wheeze. There was no evidence that higher
maternal n-6 PUFAs increased the oﬀspring’s risk of wheeze
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Table 3: Fatty acid composition of maternal plasma PC measured at 34 weeks’ gestation.
Fatty acid exposure
Total n-3 PUFAs %
ALA %
DHA %
EPA %
Total n-6 PUFAs %
LA %
AA %
Total n-3 : n-6 PUFAs
Ratio of ALA to its unsaturated metabolic products
Ratio of LA to its unsaturated metabolic products

Median
5.01
0.29
3.78
0.36
35.4
23.1
7.67
0.14
0.06
1.87

25th and 75th percentiles
4.34, 5.84
0.22, 0.36
3.25, 4.41
0.27, 0.48
34.0, 36.8
21.6, 24.7
6.79, 8.54
0.12, 0.17
0.04, 0.08
1.66, 2.14

N = 865.
ALA: alpha-linolenic acid; DHA: docosahexaenoic acid; EPA: eicosapentaenoic acid; LA: linoleic acid; AA: arachidonic acid.

or skin sensitisation. Whilst these results do not support
competing eﬀects of n-3 and n-6 PUFAs upon allergic skin
sensitisation or the original Black and Sharp hypothesis [10],
the positive association between maternal AA concentration
and FENO suggests that eosinophilic airways inflammation
is higher in the children of mothers with high AA status.
A previous study found no association between maternal
or umbilical cord AA and atopy, although the study included
less than 300 mother-child pairs and did not consider
objective measures of atopy such as skin sensitization [38].
The weak inverse association between AA and persistent/late
wheeze in nonatopic children found in the current study,
however, contradicts the hypothesised association between
high levels of n-6 PUFAs and asthma. Although this finding
was unexpected and may have occurred by chance, inverse
associations have previously been found between AA and
risk of atopy in adults [24, 39] and in infants [20, 22]. This
finding is also comparable to an inverse association found
previously between the maternal ratio of n-6 to n-3 longchain PUFAs and childhood eczema [25].
The ratio of ALA to its unsaturated metabolic products
was significantly positively associated with nonatopic persistent/late wheeze and weakly with transient wheeze. These
results are compatible with the suggestion of altered fatty
acid metabolism in mothers of children who later develop
allergic disease [21], and also with genetic data linking
polymorphisms in the gene clusters coding for fatty acid
desaturases and the prevalence of allergic rhinitis and atopic
eczema [40]. However, given that no associations were found
between this ratio and skin sensitisation or persistent/late
wheeze with atopy, there was no evidence that ineﬃciency
in ALA metabolism is associated with childhood wheeze
as a consequence of allergic sensitisation. However, the
inverse association between the ratio of LA to its unsaturated
metabolic products and skin sensitisation might indicate
altered LA metabolism in the mothers of children who later
develop atopy compared to mothers of nonatopic children.
The direction of this association does not appear to support
a link between decreased fatty acid desaturase activity and
childhood atopy, although definitive assertions about flux

through pathways cannot be made without stable isotope
studies.
The current study has some limitations. Although a
priori hypotheses were examined, due to the number of
associations tested, unwarranted biological significance may
be attributed to false positive results. Response bias cannot
be excluded as the entire original cohort was not followed
up; this would only invalidate the study’s conclusions,
however, if the relationship between maternal PUFA status
and childhood outcomes diﬀered between study participants
and those with missing data. A broad range of potential
confounders were considered but residual confounding
cannot be excluded. We were unable to correct for maternal
PUFA status earlier in pregnancy, for breast milk fatty acid
composition, or for the children’s PUFA intake and status in
postnatal life, which are all likely to be factors contributing
to immune development and allergy risk in childhood. It is
also unclear whether suﬃcient variation in exposure exists
within this population to meaningfully aﬀect outcomes; less
than 1% of the mothers in this study reported an intake of
at least one fatty fish meal per week, the intake providing
the n-3 PUFA dose administered in a successful fish oil
intervention trial [15]. Epidemiological studies are further
complicated by the multiple asthma phenotypes thought to
exist, as these may show diﬀerent patterns of association with
early life influences. Heterogeneity within study outcomes is
likely, and this may decrease the study’s sensitivity. A final
limitation is that we measured the fatty acid composition
of maternal plasma PC, the major phospholipid in the
bloodstream. Although this has the advantage that plasma
PC fatty acids are influenced by dietary intakes and that
the context of the Black and Sharp hypothesis is an eﬀect
of maternal diet on later risk of allergy and asthma [10],
plasma phospholipids are not the principal vehicle for supply
of fatty acids from the maternal circulation to the fetus
[41]. For this reason, the fatty acid composition of maternal
plasma triacylglycerols and nonesterified fatty acids would
also be useful to measure, although the PUFAs in the former
correlate strongly with those in plasma PC, as would the fatty
acid composition of cord blood plasma lipids.

Transient wheeze
Adjusted∗ analysis n = 493
Unadjusted analysis n = 724
RR
(95% CI)
P
RR
(95% CI)
P
0.94
(0.88, 1.02)
0.14
0.97
(0.90, 1.04)
0.40
1.06
(0.98, 1.14)
0.13
1.06
(0.98, 1.14)
0.15
0.92
(0.85, 1.00)
0.04
0.95
(0.88, 1.03)
0.19
0.97
(0.90, 1.05)
0.51
0.98
(0.92, 1.06)
0.64
0.98
(0.91, 1.05)
0.58
0.97
(0.91, 1.04)
0.37
1.01
(0.94, 1.08)
0.84
1.00
(0.94, 1.08)
0.89
0.95
(0.89, 1.02)
0.19
0.94
(0.88, 1.02)
0.13
0.96
(0.89, 1.04)
0.29
0.98
(0.92, 1.05)
0.63
1.09
(1.02, 1.17)
0.012
1.08
(1.01, 1.16)
0.03
1.01
(0.94, 1.09)
0.72
1.02
(0.95, 1.09)
0.61

Persistent/late wheeze
Unadjusted analysis n = 493
Adjusted† analysis n = 479
RR
(95% CI)
P
RR
(95% CI)
P
0.85
(0.73, 0.99)
0.03
0.93
(0.79, 1.11)
0.44
1.15
(1.01, 1.31)
0.04
1.09
(0.96, 1.24)
0.17
0.81
(0.70, 0.95)
0.008
0.91
(0.76, 1.08)
0.28
0.88
(0.72, 1.08)
0.22
0.91
(0.73, 1.14)
0.42
1.05
(0.91, 1.21)
0.52
0.99
(0.85, 1.16)
0.92
1.05
(0.91, 1.21)
0.49
1.04
(0.90, 1.21)
0.60
0.91
(0.79, 1.04)
0.16
0.88
(0.76, 1.02)
0.09
0.85
(0.73, 0.99)
0.04
0.94
(0.79, 1.12)
0.49
1.21
(1.07, 1.36)
0.002
1.14
(1.01, 1.28)
0.03
1.02
(0.90, 1.16)
0.73
1.06
(0.93, 1.21)
0.42

Children with transient and persistent/late wheeze were compared to children who had never wheezed. Unadjusted and adjusted analyses for each maternal variable are presented.
RR: relative risk; ALA: alpha-linolenic acid; DHA: docosahexaenoic acid; EPA: eicosapentaenoic acid; LA: linoleic acid; AA: arachidonic acid. RR derived from Poisson regression.
∗ Adjusted for maternal asthma and rhinitis, parity, child’s sex, and maternal educational attainment.
† Adjusted for maternal asthma and rhinitis, paternal asthma, maternal smoking in pregnancy, child’s sex, and maternal educational attainment.

Total n-3 PUFAs %
ALA %
DHA %
EPA %
Total n-6 PUFAs %
LA %
AA %
Total n-3 : n-6 PUFAs ratio
ALA: unsaturated metabolic products
LA: unsaturated metabolic products

Maternal exposure

Table 4: Relative risks (RR) for the association between standardised values (z-scores) of maternal plasma PC fatty acids and wheeze phenotypes.
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Persistent/late wheeze with atopy
Adjusted∗ analysis n = 224
Unadjusted analysis n = 260
RR
(95% CI)
P
RR
(95% CI)
P
0.8
(0.62, 1.02)
0.07
0.72
(0.54, 0.96)
0.03
1.07
(0.80, 1.42)
0.65
0.91
(0.70, 1.19)
0.49
0.79
(0.59, 1.05)
0.11
0.74
(0.55, 1.00)
0.05
0.74
(0.54, 1.01)
0.06
0.65
(0.43, 0.98)
0.04
1.12
(0.88, 1.43)
0.35
1.05
(0.79, 1.39)
0.75
0.99
(0.76, 1.29)
0.94
0.88
(0.65, 1.20)
0.42
0.99
(0.78, 1.24)
0.90
1.06
(0.82, 1.36)
0.66
0.78
(0.60, 1.00)
0.05
0.73
(0.54, 0.99)
0.04
1.22
(0.94, 1.59)
0.14
1.07
(0.85, 1.34)
0.58
0.88
(0.69, 1.12)
0.29
0.78
(0.59, 1.04)
0.09

Persistent/late wheeze without atopy
Unadjusted analysis n = 260
Adjusted† analysis n = 254
RR
(95% CI)
P
RR
(95% CI)
P
0.62
(0.46, 0.84)
0.002
0.69
(0.51, 0.95)
0.021
1.11
(0.84, 1.49)
0.46
1.17
(0.87, 1.58)
0.30
0.59
(0.44, 0.81)
0.0009
0.67
(0.49, 0.93)
0.015
0.61
(0.41, 0.92)
0.017
0.57
(0.37, 0.89)
0.014
1.12
(0.86, 1.45)
0.40
1.00
(0.76, 1.30)
0.97
1.22
(0.92, 1.61)
0.18
1.17
(0.88, 1.54)
0.28
0.82
(0.65, 1.03)
0.08
0.76
(0.60, 0.96)
0.023
0.64
(0.46, 0.87)
0.005
0.73
(0.53, 0.99)
0.05
1.43
(1.12, 1.82)
0.005
1.46
(1.10, 1.95)
0.010
1.14
(0.93, 1.40)
0.20
1.19
(0.97, 1.48)
0.10

Children with persistent/late wheeze with and without atopy were compared to children without atopy who had never wheezed. Unadjusted and adjusted analyses for each maternal variable are presented.
RR: relative risk; ALA: alpha-linolenic acid; DHA: docosahexaenoic acid; EPA: eicosapentaenoic acid; LA: linoleic acid; AA: arachidonic acid. RR derived from Poisson regression.
∗ Adjusted for maternal asthma and atopy, paternal asthma, child’s sex, and dogs/cats in the home during the child’s infancy.
† Adjusted for maternal asthma, paternal asthma, maternal smoking during pregnancy, and dogs/cats in the home during the child’s infancy.

Total n-3 PUFAs %
ALA %
DHA %
EPA %
Total n-6 PUFAs %
LA %
AA %
Total n-3 : n-6 PUFAs ratio
ALA: unsaturated metabolic products
LA: unsaturated metabolic products

Maternal exposure

Table 5: Relative risks (RR) for the association between standardised values (z-scores) of maternal plasma PC fatty acids and persistent/late wheeze with and without atopy.
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Fractional exhaled nitric oxide
Unadjusted analysis n = 452
Adjusted† analysis n = 435
Beta
(95% CI)
P
Beta
(95% CI)
P
0.056
(−0.037, 0.148)
0.24
0.042
(−0.052, 0.135)
0.38
−0.041
(−0.135, 0.053)
0.40
−0.05
(−0.144, 0.044)
0.29
0.108
(0.016, 0.201)
0.021
0.095
(0.002, 0.189)
0.05
−0.012
(−0.109, 0.086)
0.82
−0.022
(−0.119, 0.074)
0.65
−0.014
(−0.108, 0.079)
0.76
−0.011
(−0.105, 0.083)
0.83
−0.058
(−0.151, 0.036)
0.23
−0.066
(−0.160, 0.028)
0.17
0.096
(0.001, 0.191)
0.05
0.108
(0.014, 0.201)
0.024
0.29
0.039
(−0.053, 0.131)
0.41
0.05
(−0.042, 0.141)
−0.08
(−0.172, 0.013)
0.09
−0.08
(−0.174, 0.013)
0.09
−0.071
(−0.166, 0.024)
0.14
−0.086
(−0.180, 0.008)
0.07

Children with skin sensitisation were compared to those without skin sensitisation. The association with FENO is expressed as change in FENO per standard deviation change in percentage fatty acid composition.
Unadjusted and adjusted analyses for each maternal variable are presented.
RR: relative risk; ALA: alpha-linolenic acid; DHA: docosahexaenoic acid; EPA: eicosapentaenoic acid; LA: linoleic acid; AA: arachidonic acid. RR derived from Poisson regression, Beta derived from linear regression.
∗ Adjusted for maternal asthma, atopy and parity, paternal rhinitis, parental social class, child’s sex and age, and dogs/cats in the home during the child’s infancy.
† Adjusted for child’s age, maternal asthma, and paternal rhinitis.

Maternal exposure

Skin sensitisation
Adjusted∗ analysis n = 545
Unadjusted analysis n = 638
RR
(95% CI)
P
RR
(95% CI)
P
Total n-3 PUFAs %
1.09 (0.97, 1.23)
0.16
0.99 (0.87, 1.13)
0.87
ALA %
0.95 (0.83, 1.09)
0.49
0.99 (0.86, 1.14)
0.90
DHA %
1.11 (0.98, 1.26)
0.10
1.00 (0.87, 1.14)
0.97
EPA %
1.01 (0.90, 1.13)
0.91
0.94 (0.83, 1.06)
0.29
Total n-6 PUFAs %
0.92 (0.81, 1.05)
0.22
0.94 (0.83, 1.08)
0.40
LA %
0.87 (0.76, 0.99)
0.03
0.86 (0.75, 0.99)
0.04
AA %
1.08 (0.95, 1.22)
0.26
1.10 (0.96, 1.26)
0.17
Total n-3 : n-6 PUFAs ratio
1.09 (0.98, 1.22)
0.13
1.00 (0.88, 1.14)
0.98
ALA: unsaturated metabolic products 0.93 (0.80, 1.08)
0.32
1.02 (0.87, 1.20)
0.83
LA: unsaturated metabolic products
0.85 (0.73, 0.98)
0.025
0.82 (0.70, 0.96)
0.013

Table 6: Relative risks (RR) for the association between standardised values (z-scores) of maternal plasma PC fatty acids and atopy and regression coeﬃcients for the association between
standardised values (z-scores) of maternal plasma PC fatty acids and airways inflammation.

10
Clinical and Developmental Immunology

Clinical and Developmental Immunology

11

Table 7: Regression coeﬃcients for the association between standardised values (z-scores) of maternal plasma PC fatty acids and FEV1 at 6
years of age.

Maternal exposure
Total n-3 PUFAs %
ALA %
DHA %
EPA %
Total n-6 PUFAs %
LA %
AA %
Total n-3 : n-6 PUFAs ratio
ALA: unsaturated metabolic products
LA: unsaturated metabolic products

Change in FEV1 (L/s) per SD change of each fatty acid exposure variable
Adjusted∗ analysis n = 702
Unadjusted analysis n = 702
Beta
(95% CI)
P
Beta
(95% CI)
0.013
(−0.001, 0.028)
0.07
0.010
(−0.004, 0.024)
−0.012
(−0.026, 0.003)
0.11
−0.009
(−0.024, 0.005)
0.12
0.008
(−0.006, 0.022)
0.011
(−0.003, 0.026)
0.016
(0.001, 0.030)
0.03
0.013
(−0.001, 0.027)
0.96
0.000
(−0.014, 0.014)
0.000
(−0.015, 0.014)
−0.004
(−0.019, 0.011)
0.59
−0.005
(−0.019, 0.009)
−0.001
(−0.016, 0.013)
0.84
0.000
(−0.014, 0.015)
0.08
0.010
(−0.004, 0.024)
0.013
(−0.001, 0.027)
−0.016
(−0.031, −0.002)
0.03
−0.011
(−0.026, 0.003)
−0.007
(−0.022, 0.008)
0.36
−0.008
(−0.023, 0.006)

P
0.15
0.18
0.28
0.07
0.99
0.50
0.99
0.16
0.12
0.25

Unadjusted and adjusted analyses for each maternal variable are presented.
RR: relative risk; ALA: alpha-linolenic acid; DHA: docosahexaenoic acid; EPA: eicosapentaenoic acid; LA: linoleic acid; AA: arachidonic acid. Beta derived
from linear regression.
∗ Adjusted for parity and child’s sex and age.

In summary, measurement of maternal PUFAs in a
large population-based cohort enabled us to investigate
hypotheses linking PUFA exposure during late-pregnancy
to childhood wheeze and atopy. An inverse association was
found for maternal EPA, DHA, and total n-3 PUFAs and
the relative risk of persistent/late nonatopic wheeze whilst
high maternal AA was associated with increased FENO, a
marker of airways inflammation. Together with a number
of weaker associations, albeit with small eﬀect sizes, these
results provide some support for a protective link between
the maternal n-3 PUFAs and wheeze and atopy in childhood.
Support for the suggested role of n-6 PUFAs was minimal.

Authors’ Contribution
J. S. A. Lucas, K. M. Godfrey, P. C. Calder, H. M. Inskip,
C. Cooper, S. M. Robinson, G. C. Roberts and C. Cooper
designed the research; K. C. Pike and J. S. A. Lucas conducted
the research; H. M. Inskip and K. C. Pike analyzed the data;
K. C. Pike, J. S. A. Lucas, and P. C. Calder wrote the paper; J.
S. A. Lucas had primary responsibility for final content. All
authors read and approved the final paper.

Conflict of Interests
P. C. Calder serves on the Danone Scientific Advisory Board
on Immunity and Allergy, acts as a consultant to the Danone
Research Centre for Specialised Nutrition and Mead Johnson
Nutritionals, has received speaking honoraria from Abbott
Nutrition and Nestle, and currently receives research funding
from Abbott Nutrition and Vifor Pharma. K. M. Godfrey
has acted as a consultant to Abbott Nutrition and Nestle
Nutrition, has received speaking honoraria from Abbott
Nutrition and Nestle, and is part of an academic consortium
that receives research funding from Abbott Nutrition, Nestec

and Danone. G. C. Roberts serves on the Danone Scientific
Advisory Board on Immunity and Allergy. None of the other
authors has any conflict of interests to declare.

Acknowledgments
This work within the Southampton Women’s Survey was
funded by the Medical Research Council, University of
Southampton, British Heart Foundation, and the Food
Standards Agency (Contract N05071). Dr K. C. Pike was
supported by a grant from the British Lung Foundation.
K. M. Godfrey and P. C. Calder are supported by the
National Institute for Health Research (NIHR). The research
is supported by infrastructure provided by the NIHR
Southampton Respiratory Biomedical Research Unit and the
NIHR Southampton Biomedical Research Centre. Clinical
investigations were conducted in Southampton Wellcome
Trust Clinical Research Facility.

References
[1] S. Tricon, S. Willers, H. A. Smit et al., “Nutrition and allergic
disease,” Clinical and Experimental Allergy Reviews, vol. 6, no.
5, pp. 117–188, 2006.
[2] T. L. Blasbalg, J. R. Hibbeln, C. E. Ramsden, S. F. Majchrzak,
and R. R. Rawlings, “Changes in consumption of omega-3
and omega-6 fatty acids in the United States during the 20th
century,” American Journal of Clinical Nutrition, vol. 93, no. 5,
pp. 950–962, 2011.
[3] British Nutrition Foundation, “n-3 fatty acids and health,”
Briefing Paper, British Nutrition Foundation, London, UK,
1999.
[4] British Nutrition Foundation, “Report of the task force on
unsaturated fatty acids: nutritional and physiological significance,” Tech. Rep., Chapman and Hall, London, UK, 1992.

12
[5] L. Hodge, C. M. Salome, J. K. Peat, M. M. Haby, W. Xuan,
and A. J. Woolcock, “Consumption of oily fish and childhood
asthma risk,” Medical Journal of Australia, vol. 164, no. 3, pp.
137–140, 1996.
[6] J. L. Kim, L. Elfman, Y. Mi, M. Johansson, G. Smedje, and D.
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Maternal nutrition has critical eﬀects on the developing structures and functions of the fetus. Malnutrition during pregnancy can
result in low birth weight and small for gestational age babies, increase risk for infection, and impact the immune system. Longchain polyunsaturated fatty acids (PUFAs) have been reported to have immunomodulatory eﬀects. Decreased consumption of
omega-6 PUFAs, in favor of more anti-inflammatory omega-3 PUFAs in modern diets, has demonstrated the potential protective
role of omega-3 PUFAs in allergic and respiratory diseases. In this paper, we examine the role of PUFAs consumption during
pregnancy and early childhood and its influence on allergy and respiratory diseases. PUFAs act via several mechanisms to
modulate immune function. Omega-3 PUFAs may alter the T helper (Th) cell balance by inhibiting cytokine production which
in turn inhibits immunoglobulin E synthesis and Th type 2 cell diﬀerentiation. PUFAs may further modify cellular membrane,
induce eicosanoid metabolism, and alter gene expression. These studies indicate the benefits of omega-3 PUFAs supplementation.
Nevertheless, further investigations are warranted to assess the long-term eﬀects of omega-3 PUFAs in preventing other immunemediated diseases, as well as its eﬀects on the later immunodefense and health status during early growth and development.

1. Introduction
The in utero environment which is extremely susceptible to
maternal influence plays an important role in the fetal
growth and development. Maternal metabolic and endocrine
function placental function as well as maternal diet can have
critical eﬀects on various aspects of developing structures
and functions of the fetus [1]. Maternal malnutrition during
pregnancy has been shown to result in low birth weight and
delivery of small for gestational age (SGA) babies [2], as well
as increased risk for neonatal infection [3, 4]. During infancy,
malnutrition can greatly impact the developing immune
system functionally and permanently [5, 6]. Changes in
dietary patterns with urbanization have been reported to
decrease immune tolerance, thus contributing to the rising
rates of the immune disease [7]. Besides oligosaccharides,

folate, and other vitamins which have been documented to
play a role in the immune function [7, 8], dietary lipids
have also been reported to have immunomodulatory eﬀects
[8], and the immunoactive properties of the polyunsaturated
fatty acids (PUFAs) have been utilized in a variety of clinical
settings [9, 10]. In this paper, we focus our review on how
dietary polyunsaturated fatty acids consumption during
pregnancy and early childhood may aﬀect the outcomes of
allergy and respiratory diseases in the oﬀspring.

2. Polyunsaturated Fatty Acids (PUFAs):
Sources and Intakes
Polyunsaturated fatty acids (PUFAs) consist of two main
groups of essential fatty acids: omega-3 (n-3) and omega-6

2
(n-6) [11, 12]. The simplest forms of the omega-3 and
omega-6 PUFAs are alpha-linolenic acid (ALA) and linoleic
acid (LA), respectively [11, 12]. The omega-3 fatty acid
ALA can be metabolized into longer and more desaturated
eicosapentaenoic acid (EPA) and docosahexaenoic acid
(DHA) while the omega-6 fatty acid LA can be synthesized
into long-chain arachidonic acid (AA) [11]; however, the
conversion rates are usually low, ranging from 1 to 10%
[13–16]. The conversion also varies depending on common
polymorphisms in the fatty acid desaturate (FADS) gene
cluster, which can result in diﬀerent amounts of EPA, DHA,
and AA being formed in diﬀerent individuals [17, 18]. It has
been reported that conversion rates are lower in infants than
adults and insuﬃcient conversion of ALA to EPA and further
to DHA, particularly in premature infants, will have adverse
eﬀects on visual and neural development [19, 20].
Significant quantities of LA are found in vegetable oils
such as corn, sunflower, and soybean and peanut oils as
well as in products made from these oils such as margarines
[11, 12]. Sources for ALA are green plant tissues, flaxseed,
walnut, beechnut, butternuts, chia seeds, canola, and soy
[11]. In most Western diets, as much as 98% of LA and
ALA contribute to dietary PUFAs intake, with LA intake
being in excess of that of ALA [12]. The intake of LA in
the Western diet has increased markedly over the second
half of the twentieth century, following the introduction
and increased consumption of cooking oils and margarines,
whereas ALA intake did not change much over this time
[12]. The changed pattern of LA consumption has resulted
in a marked increase in the ratio of omega-6 to omega3 PUFAs in the diet, with the current ratio being between
5 and 20 in most Western populations [21]. The increased
intake of the omega-6 PUFA linoleic acid has been claimed
to be causally related to increased prevalence and incidence
of atopic diseases in children [22, 23].
In developing countries, where energy and fat intake is
low, LA and ALA would be preferentially used for energy
expenditure rather than to synthesize EPA + DHA and AA
[11]. In addition, micronutrients such as iron, zinc, vitamin
B6, and vitamin E are required for the conversion of ALA and
LA to EPA + DHA, resulting in lower levels of EPA + DHA
and AA in these nutrient deficient populations [24].

3. Effects of Dietary PUFAs in Allergy and
Respiratory Diseases
With the decline in the consumption of omega-3 PUFAs in
favor of more proinflammatory omega-6 PUFAs in modern
diets, numerous studies have demonstrated the potential
protective role of omega-3 PUFAs in allergic diseases [7,
12]. Omega-3 PUFAs can be obtained from both fish and
fish oils, and these fatty acids may oppose the actions of
omega-6 PUFAs [12]. Kremmyda et al. [12] have done
a comprehensive systematic review of the eﬀects of early
exposure to omega-3 PUFAs on atopy risk in infants and
children. According to the review, maternal fish intake
during pregnancy has been consistently demonstrated to
have protective eﬀects on atopic or allergic diseases in infants
and children, such that maternal fish intake was inversely
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associated with eczema (adjusted odds ratio (OR): 0.75; 95%
confidence interval (CI): 0.57, 0.98), asthma (OR: 0.20; 95%
CI: 0.06, 0.65), and sensitization to food and dust mites
[25–28]. However, this is not the case for the eﬀects of fish
intake during infancy or childhood on atopic outcomes,
namely, eczema, hay fever, and asthma. The eﬀects have been
inconsistent, although the majority of the studies reported
protective eﬀects. This variation could be attributed to the
fact that these studies had diﬀerent designs, control of
confounders, and exposures as well as diﬀerent assessments
on the study outcomes [12].
Fish oil supplementation during pregnancy and lactation
have demonstrated higher provision of omega-3 PUFAs to
the oﬀspring and that early fish oil provision was associated
with immunologic changes, such as increased cytokine
production in cord blood [29–33]. These studies suggest that
there are clinical eﬀects of early fish oil provision including
reduced sensitization to common food allergens (egg, milk,
and wheat) and reduced prevalence and severity of atopic
dermatitis (adjusted OR: 0.22; 95% CI: 0.06, 0.81) in the
first year of life. On the other hand, a study on 706 infants
in Australia demonstrated that high-dose omega-3 PUFAs
supplementation of 900 mg/day in pregnancy did not reduce
the overall incidence of immunoglobulin E (IgE) associated
food allergy in the first 12 months of life, although omega3 PUFAs supplementation lowered the incidence of atopic
eczema and egg sensitization [34]. Fish oil supplementation
during infancy or childhood has also shown to result in
higher omega-3 PUFAs status in infants or children and
that fish oil provision may be associated with immunologic
changes in the blood [35–43]. However, it is not clear
whether these are of clinical significance and if these changes
persist as other factors come into play.
Although the majority of the studies have focused on the
role of omega-3 PUFAs on allergy, few studies have examined
the role of dietary PUFAs supplement in respiratory diseases.
As shown in Table 1, dietary supplementation of DHA and
AA is associated with delayed onset and reduced risk of
upper respiratory infection and asthma, allergic rhinitis,
allergic conjunctivitis, atopic dermatitis up to three years of
age [44], and lower incidence of bronchiolitis in the first
year of life [45], as well as fewer illness episodes and lower
incidence of respiratory illness [46]. However, in colostrum
samples fed to 580 infants, higher concentrations of AA,
DHA, and total omega-3 PUFAs were associated with a
decreased risk of gastroenteritis but not associated with
allergic manifestations or lower respiratory tract infections
[47]. A recent multicenter, randomized controlled trial
comparing the outcomes for 657 preterm infants who
consumed expressed breast milk from mothers taking either
tuna oil (high DHA diet) or soy oil (standard DHA) capsules
showed that DHA supplementation for infants of less than 33
weeks gestation reduced the incidence of bronchopulmonary
dysplasia in boys and in all infants with birth weights less
than 1250 grams [48]. DHA supplementation also reduced
the incidence of reported hay fever in boys at either 12 or 18
months, which suggested a preventative role for respiratory

Children

Randomized
controlled
trial

Grimm et al.
2002 [46]

Children

Sampath and Randomized
Ntambi 2005 controlled
[44]
trial

18–36

0–36

0–18

Preterm
infants less
than 33
weeks
gestation

Subjects
age (months)

Randomized
Manley et al.,
controlled
2011 [48]
trial

Types

0–14

Cohort

Design

Infants

Morales et
al., 2011 [47]

Study

86

89

657

580

n=
Protection against allergic
manifestations—wheezing
(adjOR = 0.53, 95% CI
0.32–0.89) and atopic
eczema
(adjOR = 0.58; 95% CI
0.32–1.04) between 7 and
14 months.

Allergy

1st group—DHA
0 mg (n = 28)
2nd group—DHA
43 mg (n = 29)
3rd group—DHA
130 mg (n = 29)

—

(1) Reduction in reported
hay fever in all infants in
the high-DHA group at
Breast milk from
either 12 or 18 months
mothers taking either
(relative risk RR = 0.41,
tuna oil (high-DHA
95% CI 0.18–0.91;
diet) or soy oil
P = 0.03) in boys (RR =
(standard-DHA)
0.15, 95% CI 0.03–0.64;
capsules
P = 0.01)
(2) No eﬀect on asthma,
eczema, or food allergy
DHA/AA group had
significantly lower odds of
having wheezing/asthma
DHA/AA
(OR = 0.31, 95% CI
0.10–0.90; P = 0.03),
supplemented
wheezing/asthma/AD (OR
formula (n = 38)
= 0.29; 95% CI 0.12–0.72;
versus
P = 0.008), or any allergy
nonsupplemented
(OR = 0.30; 95% CI
(n = 51) during the
first year of life
0.12–0.73; P = 0.008)
during the first 3 years of
life compared with the
control group

Predominantly
breastfed for 4–6
months

Type of
supplementation

No eﬀect on duration of
respiratory support,
admission length, or home
oxygen requirement

—

Subjects consuming
DHA-130 mg had
significantly fewer adverse
events than those
consuming DHA-0 mg
(P = 0.007)

(1) DHA/AA group had
significantly lesser episodes
of upper respiratory
infections (OR = 0.32; 95%
CI 0.14–0.75; P = 0.008)
(2) In addition, there was a
tendency towards a lower
number of episodes of
combined nonallergic
respiratory illnesses in the
DHA/AA group (P = 0.06)
Diﬀerence in respiratory
illnesses detected between
the groups (DHA-0 mg:
n = 13, 46%; DHA-43 mg:
n = 12, 41%; DHA-130 mg:
n = 5, 17%; P = 0.039)
with number of
participants with events
significantly lower in the
DHA-130 mg versus
DHA-0 mg group
(P = 0.024)

(1) Reduced risk of
gastroenteritis (GE) during
first 6 months and
recurrent GE
(2) Exposure to higher
doses of AA, DHA, and
total n-3 associated with
reduced risk of GE.

Others

Reduction in
bronchopulmonary
dysplasia in boys
(RR = 0.67, 95% CI
0.47–0.96; P = 0.03) and in
all infants with a birth
weight of less than
1250 grams (RR = 0.75,
95% CI 0.57–0.98;
P = 0.04)

Eﬀects on
respiratory infections
Significantly lower risk of
lower respiratory tract
infection (LRTIs) between
7 and 14 months
(adjOR = 0.51, 95% CI
0.31–0.83) and for
recurrent LRTIs (adjusted
OR = 0.48, 95% CI
0.24–0.96).

Table 1: Summary of studies on the eﬀects of dietary PUFAs supplementation on allergic and respiratory diseases.
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Design

Types

Healthy,
nonbreastfed
Valledor and Randomized
infants more
Ricote 2004
controlled
than 36
[45]
trial
weeks
gestation

Study

0–12

Subjects
age (months)

1342

n=

DHA supplemented
formula (n = 1094)
and control group
(n = 248)

Type of
supplementation
Allergy

Table 1: Continued.

—

Eﬀects on
respiratory infections
Others
(1) Significantly higher
incidence of
bronchiolitis/bronchitis
observed in the control
group compared to the
DHA group at 5 months
(13.9% versus 6.1%,
P = 0.0001), 7 months
(10.8% versus 5.1%,
P = 0.01), and 9 months
(11.3% versus 5.8%,
P = 0.01)
(2) Significantly higher
occurrence of rhinitis at 1
month for the control
group compared with the
DHA group (6.7% versus
3.0%, P = 0.005)
(3) Higher incidence of
upper airway infection in
the control group versus
the DHA group at 1 month
(12.1% versus 6.6%,
P = 0.05) and 12 months
(24.2% versus 16.2%,
P = 0.01)

—
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allergy. However, the study did not result in reduction in the
reported incidence of asthma, eczema, or food allergy [48].

4. Mechanisms by Which PUFAs Modulate
Immune Function
As pointed out earlier, the change in Western diets that
consisted of relatively balanced ratios of omega-3 PUFAs
and omega-6 PUFAs to a diet that was predominantly rich
in omega-6 PUFAs has been suggested as a possible cause
of high incidence of allergic diseases in the industrialized
world [49]. Predisposition to allergic disease is postulated to
result from insuﬃciently balanced T helper cell type 1 and
2 (Th1 and Th2) pathways during fetal life [50]. High
concentration of dietary omega-6 PUFAs has been proposed
to promote Th2 diﬀerentiation of the immune system during
ontogeny and development [49]. Omega-3 PUFAs may alter
the T helper cell balance by inhibiting interleukin-13 (IL13) production, where IL-13 could be related to allergic
diseases through its role in inducing IgE synthesis in B cells
and Th2 type diﬀerentiation in T cells [51]. Thus, it is
possible that diets high in omega-3 PUFAs may modulate the
development of IgE mediated allergic diseases and regulate
immune responses [34].
Diets rich in omega-6 fatty acids, through increased consumption of vegetable oils rich in LA, result in predominance
of AA in tissues, which in turn gives rise to eicosanoids
such as prostaglandin E2 [34]. Consequently, eicosanoids
enhance the synthesis of Th2 cytokines and IgE antibodies,
which is the hallmark of atopic responses to allergens [34].
Although it is beyond the scope of this paper to cover the
mechanisms of PUFAs in modulating the immune system
from the available literature, in this section, we highlight
how PUFAs may exert its actions by modifying the cellular
membrane, inducing eicosanoid metabolism and alerting
gene expression.
4.1. Cellular Membrane Alteration. Omega-3 PUFAs from
the diets can be incorporated into the membranes of
essentially all cells, displacing AA, which leads to membrane
modulation, aﬀect lipid-protein interactions, and membrane
lateral organization [52]. Biochemical and immunological
changes, including alteration of receptor expression, reduction of prostaglandin E2 synthesis, and reduced proinflammatory cytokine responses can occur [10, 53]. Incorporation
of PUFAs into antigen-presenting cells has been reported
to downregulate their function and alter recognition by
T cells [54]. EPA and DHA incorporate into lymphocyte
membranes and alter the fluidity, suppress signal transduction and aﬀect T-cell proliferation [55]. Furthermore, it
has been shown to change the protein composition of the
inner membrane lipid leaflet resulting in inhibition of T-cell
responses and activation-induced cell death [55, 56].
4.2. Eicosanoid Metabolism through Competition between
Omega-6 and Omega-3 PUFAs. Dietary omega-3 PUFAs also
modify the fatty acid composition of membrane phospholipids by decreasing AA and increasing EPA which suppress
eicosanoids associated with systemic inflammatory response
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syndrome. Eicosanoids are twenty carbon lipid mediators of
inflammation that include prostaglandins (PGs), thromboxanes (TXs), leukotrienes (LTs), and other oxidized derivatives
[12]. Phospholipase A2 cleaves membrane phospholipids to
release AA which serves as a substrate for cyclooxygenase
(COX) and lipoxygenase (LOX) enzymes leading to the
production of eicosanoids [53]. Both COX and LOX enzymes
are expressed in epithelial and inflammatory cells which give
rise to diﬀerent types of mediators [57, 58]. Presence of
eicosanoid mediators can regulate the severity and length
of inflammatory responses where some eicosanoids such
as PGE2 are reported to play a role in promoting sensitization to allergens through actions on dendritic cells, Tcell diﬀerentiation, and Ig class switching in B cells [12].
In addition to proinflammatory eﬀects, eicosanoids such
as PGE2 have been reported to influence the Th1/Th2
balance, where PGE2 decreases the production of the Th1type cytokines interferon (IFN-gamma) and IL-2, enhances
the production of Th2-type cytokines IL-4 and IL-5, and
promotes IgE synthesis by B cells [59, 60]. These eicosanoids
are strongly associated with clinical manifestations of allergic
diseases through their actions on inflammatory cells, smooth
muscles, and epithelial cells [12].
Omega-3 PUFAs can exert immunosuppressive eﬀects
by competing with AA as substrates for COX and LOX
enzymes, which in turn inhibit AA metabolism to lower
the production of proinflammatory eicosanoids. Omega-3
PUFAs can also generate novel eicosanoids that have antiinflammatory properties [61]. Interestingly, other omega-6
PUFAs were also found to exert anti-inflammatory eﬀects
[62], where the omega-6 PUFA dihomo-γ-linolenic acid
(DGLA) can act as a competitive inhibitor of eicosanoid
metabolism and inhibit the production of proinflammatory
cytokines [63].
4.3. Gene Expression. It has been reported that PUFAs alter
gene expression by either aﬀecting signaling pathways or
directly by interacting with nuclear receptors [64]. Transcription can be modified as PUFAs interact with sterol
regulatory element binding proteins, liver X receptor, and
peroxisome proliferator activated receptors (PPARs). PPARs
are ligand-activated transcription factors present in a variety
of cell types including inflammatory cells [65]. The omega3 PUFAs are natural ligands of nuclear receptors such as
peroxisome proliferator activated receptors PPAR-alpha and
PPAR-gamma. The omega-3 PUFAs bind to PPAR-gamma,
which has been shown to be involved in regulation of
immune and inflammatory responses [66].
The omega-3 PUFAs also directly alter gene expression
by modifying transcription factor activity such as nuclear
factor-kB (NF-kB) via inhibition of the inhibitory subunit of
NF-kB [10]. In response to inflammatory stimuli, NF-kB can
modulate a range of inflammatory genes including COX-2,
ICAM-1, VCAM-1, E-selectin, tumor necrosis factor-alpha,
IL-1-beta, inducible nitric oxide synthase (iNOS), and acute
phase protein [10]. The omega-3 PUFAs can influence the
expression of cell adhesion molecules such as intercellular adhesion molecule-1 (ICAM-1), vascular cell adhesion
molecule-1 (VCAM-1), E-selectin which in turn will direct
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the leukocyte-endothelium interactions, transendothelial
migration of leukocytes, and traﬃcking of leukocytes [67].

5. Summary and Perspectives
Intake of proinflammatory omega-6 PUFAs has increased
over the second half of the twentieth century, coinciding with
increased prevalence of allergy and its clinical manifestations.
Dietary sources of omega-3 PUFAs such as fish and fish
oils can act to suppress the actions of omega-6 PUFAs,
where the omega-3 PUFAs may protect against atopic
sensitization. Studies investigating the eﬀect of maternal
fish intake during pregnancy on atopic or allergic outcomes
in infant/children have demonstrated protective eﬀects of
omega-3 PUFAs against allergic diseases. However, further
studies of increased omega-3 PUFAs consumption during
pregnancy, lactation, and infancy are needed to better
elucidate the immunologic and clinical eﬀects and to identify
protective or therapeutic eﬀects. To date, evidence presented
in this paper suggests that dietary intake/supplementation of
omega-3 PUFAs during pregnancy may have greater impact
on decreasing prevalence and severity of allergies in infants
in comparison to dietary omega-3 PUFAs intake during
lactation or directly to infants. There is also more convincing
data on the benefits of providing omega-3 PUFAs in the
form of fish compared to fish oils. Further studies are needed
to determine the critical period of supplementation, as well
as to compare if fish provide added benefits due to the
accompanying nutrients when consumed together with fish
oil.
A few studies have investigated the impact of omega3 PUFAs supplement on the risk of infections; however,
the available literature seems to be limited to infections
related to respiratory diseases [44, 46, 48]. Data from these
studies are encouraging, indicating that there are benefits of
omega-3 PUFAs supplementation in reducing the incidence
of infectious respiratory diseases. These results may be particularly useful as a basis for potential clinical application of
omega-3 PUFAs in reducing the risk of infection on preterm
and intensive care unit infants. Data from various studies
[34, 51] also indicate that omega-3 PUFAs may influence
the activity of certain types of cells, which may subsequently
aﬀect the maturation and polarization of the immune
system. Supplementation of the maternal diet and/or early
childhood with omega-3 PUFAs may provide noninvasive
intervention in possibly preventing other immune-mediated
disease. Nevertheless, further investigations are warranted to
assess the long-term eﬀects of omega-3 PUFAs on the later
immune-defense and health status during early growth and
development.
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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 “glutamineheat 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 influence 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 complications 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 < 1500 g birth weight) infants, serious neonatal
infections are among the main causes of poor developmental
outcomes later in childhood. Implementation of an emergency 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 critically 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 signalling 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 injection of glutamine into endotoxic suckling rats partially
reversed hypometabolism, markedly reduced the incidence
of hypothermia, and improved clinical status [37].
Activation of NF-κB is dependent on the phosphorylation and degradation of IKB-α, an endogenous inhibitory
molecule that binds to NF-κB in the cytoplasm [38]. In
an experimental study glutamine suppressed NF-κB transcriptional activation and translocation to the nucleus and
significantly inhibited IKB-α phosphorylation and degradation in lung cytosolic tissue [39]. Similarly, glutamine
administration attenuated the peak in IL-18 release at 12–
24 h 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 mechanism 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, endotoxin 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-κB 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 expression 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-κB activation and proinflammatory 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-κB, 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 glutaminedeprived 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]. Glutamine has been shown to induce heat shock protein expression 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 β-N-acetylglucosamine (OGlcNAc) modification and subsequently to increase levels
of endonuclear HSF-1 expression and HSF-1 transcription
activity [49]. The molecular mechanism of glutaminemediated hsp70 expression appears to be dependent on OGlcNAc 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
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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 Bcl2 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 receptor4, 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-κB DNAbinding 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
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mediated the induction of hsp expression in IEC-18 rat
intestinal epithelial cells [65]. As previously observed, glutamine 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 α-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 glutaminedependent 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 responses 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 glutaminesupplemented 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 associated 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 μg/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: “glutamine” 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 breakdown of the epithelial junctions in the glutamine-deprived
and glutamine synthetase-inhibited intestines. Glutaminedeprived 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 (VO2 ,
mL/kg/h) of endotoxic suckling rats [71]. Glutamine additionally increased rectal temperature, reduced incidence of
hypothermia, and improved clinical signs. Undernourished
pups/dam supplemented with glutamine with or without
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12

6–12

7–10

30

Endotoxic
11–13-day-old
Wistar rat pups
[71]

Undernourished
swiss mice
pups/dam [72]

Male Wistar
suckling rat
pups,
well-nourished
and
malnourished
during lactation
[73]

Eleven-day rat
pups [74]

Artificially
reared 11 to
13-day-old
Wistar rat pups
[75]

Artificial
feeding using
the rat infant
“pup in the cup”
model through
gastrostomy

2 mmol/g

40 g/kg per
day total
protein, 10 to
15% of which
is glutamine +
glutamate,
added to a
mixture
containing
carbohydrates,
lipids, and
vitamins

Groups with
inhibition of
glutamine synthetase
by methionine
sulfoximine

Intraperitoneal
injections
glutamine

Saline plus
300 microg/g
Escherichia coli
lipopolysaccharide

By gavage
during postnatal
days 7 to 27

Daily supplementation with
subcutaneous
injections

500 mg/kg/day

100 mM,
40–80 microL

Zinc acetate was
added in the
drinking water
(500 mg/L) to the
lactating dams

Single
intraperitoneal
injection

Route

No

2 mol/kg

Dose

Saline plus LPS plus
glutamine

Combined with
other
immunonutrients or
inducers

7–11 days

2 or 6 hours

7 to 27 days

2–14 days

90–210 min

Duration

LPS: lipopolysaccharide; IL: interleukin; TNFα: tumor necrosis factor alpha; NS: nonstatistical diﬀerence.

n

Animal models
(pups)

—

—

—

—

—

Mortality

—

—

—

—

Improved
clinical signs
of endotoxic
rats

Hospitalacquired
infections

—

—

—

—

—

Length
of stay

—

In both nutritional
condition,
Glutamine rats
presented higher
cortical spreading
depression
propagation as
compared to
water-treated
controls

Glutaminedeprived animals
demonstrated
breakdown of the
epithelial junctions,
sloughing of
microvilli,
decreased actin
cores, and
degeneration of the
terminal

—

—

Protects against
malnutritioninduced brain
developmental
impairments

—

TNFα, IL-10
increased by
endotoxemia
were partly
prevented by
glutamine

Restored VO2 of
endotoxic
animals

Inflammation

—

Organ
function/Morbidity

Table 1: Methods and results of randomized, controlled studies investigating potential beneficial eﬀects of glutamine supplementation in mortality, morbidity, hospital acquired infections,
length of stay, or inflammation in endotoxic neonatal animals.
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20

35

41

Premature infants ≤ 32
weeks gestation with a
birth weight from 694
to 1590 g [77]

Ill preterm neonates of
<1000 g birth-weight
[78]

Infants after major
digestive-tract surgery
[79]

No

No

No

1433 No

n

Combined
with other
immunonutrients or
inducers

Extremely low birth
weight infants [76]

Premature or ELBW
infants on parenteral
nutrition
Route

16% of the
total amino
acids (amino
acids 1–
3.0 g/kg/day)
Early parenteral
nutrition

Early parenteral
nutrition

0.6 g/kg/day

0.4 g/kg/day

Early parenteral
nutrition with
amino acid intake
3.0 g/kg/day for at
least 3 days

Isonitrogenous
study amino
Early parenteral
acid solution
nutrition
with 20%
glutamine

Dose

1–4 weeks

For 7 days
or more

Tracer
isotope
studies at 6
to 7 days
old

120 days

Duration

(a)

NS

—

—

NS

Mortality

NS

NS

—

NS

Hospitalacquired
infections

NS

NS

—

NS

Length
of stay

—

No significant diﬀerences
between the groups in
blood urea nitrogen,
plasma ammonia, plasma
glutamine, or glutamate

Supplemental glutamine
was associated with a lower
rate of appearance of
glutamine, phenylalanine,
and leucine C. No
diﬀerence in leucine N and
urea turnover

Increased plasma
Glutamine concentrations
but also more days of PN
support. No diﬀerences of
late onset sepsis, NEC, day
to first and full enteral
feeds, feeding intolerance,
or growth

Organ function/Morbidity

—

No significant
diﬀerences in
white cell count,
diﬀerential
white cell count,
lactate, pyruvate

No significant
diﬀerence in
plasma cortisol
and C-reactive
protein levels

—

Inflammation

Table 2: Methods and short-term results of randomized, controlled studies investigating potential beneficial eﬀects of glutamine supplementation in mortality, morbidity, hospital-acquired
infections, length of stay, or inflammation in premature infants.
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n

13

53

44

141

30

Premature or ELBW
infants on parenteral
nutrition

VLBW age < 3 d, birth
wt: 820–1650 g; GA:
28–30 wk [80]

Premature infants [81]

VLBW premature
neonates age < 4 d
receiving PN for <3 d;
birth wt: 530–1250 g;
GA < 32 wk [82]

Infants with birth
weights of 401–1000 g
[83]

VLBW
Infants [84]

No

No

No

No

No

Combined
with other
immunonutrients or
inducers

Exclusive
parenteral
nutrition

Route

Early parenteral
nutrition

Parenteral
glutamine
supplementation
on plasma amino
acid
concentrations

Isonitrogenous
amino acid
solution with
20% of the
total amino
acids as
glutamine

0.3 g/kg/day

Early parenteral
nutrition

15–25% of
amino acid
mix

Isonitrogenous
study amino
Early parenteral
acid solution
nutrition
with 20%
glutamine

0.5 g/kg/day

Dose

—

NS

For ≥7
days

—

NS

—

Mortality

10 days

14 ± 6 days

14 days

Day 4 of
life for 24
hours

Duration

(a) Continued.

NS

—

—

Lower

—

Hospitalacquired
infections

Inflammation

—

Organ function/Morbidity

Decreased rates of Leu
release from protein
breakdown and Leu
oxidation, decreased rates
of nonoxidative Leu
disposal (an index of
whole-body protein
synthesis), safe

NS

—

NS

No diﬀerences in time to
full EN, episodes of gastric
residual, total duration of
PN, weight gain; hepatic
function improved

No significant diﬀerence
between the 2 groups in the
relative change in plasma
glutamate concentration
but significant decreases in
plasma phenylalanine and
tyrosine between the
baseline and PN samples

Birth wt < 800 g subgroup
fewer d on PN, fewer d to
full feeds, fewer d on
ventilator, safe

—

Higher
lymphocyte
count

Fewer days on PN, regained
Shorter birth weight sooner
—

—

Length
of stay
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n

174

n

68

9

649

Premature or ELBW
infants on parenteral
nutrition

Surgical infants less
than 3 months old who
required parenteral
nutrition [85]

Premature or ELBW
infants on enteral
nutrition

VLBW age < 3 d
receiving PN; birth wt:
500–1250 g; GA:
24–32 wk [86]

Critically ill infants
1–24 mo tolerating EN
[87]

VLBW age < 7 d
receiving PN; birth wt:
500–1250 g [87]

No

No

No

0.3 g/kg/day

0.3 g/kg/day

0.08 g/kg/d on
d3 and reached
0.31 g/kg/d by
d13

5 days

Day 3–30
of life

Duration

(b)

Until full
enteral
feeding

Duration

Within the first 7 d
of age, randomly
assigned to enteral
glutamine
7 days–36
supplement (3%
weeks post
glutamine in sterile
menstrual
water) or placebo
age
(sterile water)
given at the same
time but separate
from feedings

Glutamineenriched enteral
nutrition

Glutamineenriched enteral
nutrition (PN
n = 35)

Route

Dose

Combined
with other
immunonutrients or
inducers

Route

No

Dose

0.6 g/kg/day or
isonitrogenous
isocaloric
Early parenteral
parenteral
nutrition
nutrition
(control
group)

Combined
with other
immunonutrients or
inducers

(a) Continued.

NS

Hospitalacquired
infections

NS

NS

NS

NS

NS

Reduced
hospitalacquired
sepsis
(positive
blood
culture)

HospitalMortality acquired
infections

NS

Mortality

NS

NS

NS

Inflammation

—
Less gastrointestinal
dysfunction, severe
neurological sequelae
among survivors (grades 3
and 4 intraventricular
hemorrhage and
—
paraventricular
leukomalacia) in glutamine
group. No diﬀerence in
NEC, retinopathy of
prematurity, oxygen use at
36 weeks, or growth,

Well tolerated and safe

Blunted the rise
No diﬀerences in NEC, wt, in HLA-DR+
length, head circumference, and
mechanical ventilation, safe CD16/CD56
subsets

Inflammation

No diﬀerence in time to full
—
enteral feeding or time to
first enteral feeding

Organ function/Morbidity

Length
Organ function/Morbidity
of stay

—

Length
of stay
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No

No

No

VLBW < 48 h after birth
receiving PN;
86
birth wt: <1500 g;
GA < 32 wk [89]

VLBW < 48 h after birth
receiving PN; birth wt:
90
<1500 g;
GA < 32 wk [90]

VLBW infants
<48 h after birth
receiving PN; birth wt:
< 1500 g; GA < 32 wk
[91]

Day 3–30
of life

Day 3–30
of life

Day 3–30
of life

Day 3–30
of life

Glutamineenriched
isonitrogenous
enteral nutrition
added to breast
milk or preterm
formula
Enteral preterm
formula or breast
milk supplemented
with Glutamine or
isonitrogenous Ala
Enteral preterm
formula or breast
milk supplemented
with glutamine or
isonitrogenous Ala

Enteral preterm
formula or breast
milk supplemented
with glutamine or
isonitrogenous Ala

Increasing
doses from day
3–30 of life to
a maximum
dose of
0.3 g/kg/day

Increasing
doses to
≤0.3 g/kg/day

Increasing
doses to
≤0.3 g/kg/day

Increasing
doses to
≤0.3 g/kg/day

Duration

Route

Dose

(b) Continued.

NS

NS

NS

NS

NS

NS

NS

Lower
incidence of
≥1 serious
infections

HospitalMortality acquired
infections

—

—

—

NS

Inflammation

—

No diﬀerences
in Th1 or Th2
cytokine
responses at
48 h–d 14 of life
following in
vitro whole
blood cell
stimulation

No diﬀerence in decreased
lactulose/mannitol ratio or
urinary lactulose or
—
increased urinary mannitol
concentrations

No diﬀerence in prevalence
of intestinal microflora
(bifidobacteria, lactobacilli,
Escheria coli, streptococci, —
clostridia) at <48 h–d30 of
life, by fluorescent in situ
hybridization

No diﬀerence in feeding
tolerance, NEC, or growth,
patent ductus arteriosus,
—
mechanical ventilation,
supplemental oxygen,
retinopathy

Length
Organ function/Morbidity
of stay

ELBW: extremely low birth weight; VLBW: very low birth weight; Wt: weight; GA: gestational age; AA: amino acid; PN: parenteral nutrition; EN: enteral nutrition; LOS: length of stay; NEC: necrotizing
enterocolitis; NB: nitrogen balance; IL: interleukin; NS: nonstatistical diﬀerence.

63

No

n

VLBW infants < 48 h
after birth receiving PN;
102
birth wt: <1500 g;
GA < 32 wk [88]

Premature or ELBW
infants on enteral
nutrition

Combined
with other
immunonutrients or
inducers
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n

Combined with other
immunonutrients or inducers
Dose

1.04 g/100 kCal Early enteral
feeding

1.04 g/100 kCal Early enteral
feeding
1.04 g/100 kCal Early enteral
feeding

L-arginine, docosahexaenoic
eicosapentaenoic acid, selenium

L-arginine, docosahexaenoic
eicosapentaenoic acid, selenium

40

38

Glutamine by
feeding tube
each morning

Route

L-arginine, docosahexaenoic
eicosapentaenoic acid, selenium

50

NB: nitrogen balance; IL: interleukin; NS: nonstatistical diﬀerence.

Children with septic
shock [93]
Children with severe
head injury [94]

Critically ill children
[92]

Nutriceutical supplementation
Long-term intensive care
with zinc, selenium, glutamine,
patients (age 1–17 yrs)
293 and metoclopramide (a prolactin 0.3 g/kg/day
expected to require >72
secretalogue) compared to whey
hrs of invasive care [26]
protein

Critically ill children

5 days

5 days

5 days

Daily for
up to 28
days

Duration

NS

NS

NS

NS

NS

NS

Trend for less

Reduction in
the immunecompromised
group

HospitalMortality acquired
infections

NS

NS

NS

NS

—

Inflammation

Higher osmolality,
sodium, urea.
Diarrhea and
gastric distention Increased NB
the most frequently
recorded
complications
Decreased
NS
IL-6
Decreased
NS
IL-8

NS

Length Organ function/
of stay Morbidity

Table 3: Methods and results of randomized, controlled studies investigating potential beneficial eﬀects of glutamine supplementation in mortality, morbidity, hospital acquired infections,
length of stay, or inflammation in critically ill children.

10
Clinical and Developmental Immunology

Clinical and Developmental Immunology
zinc showed increased CA1 layer volume and hippocampal 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 impairments [72]. Also, glutamine supplementation during brain
development facilitated cortical spreading depression propagation, 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 supplementation could increase plasma glutamine concentrations
without apparent biochemical risk [83]. When supplemented 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, clinical 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 supplementation. 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 glutaminesupplementation (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 morbidity 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 glutamineenriched 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, infections 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 detrimental 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 Ill Children. In a multicenter randomized, double-blinded, comparative eﬀectiveness trial, zinc, selenium, glutamine, and
intravenous metoclopramide conferred no advantage in the
immune-competent population of children requiring longterm intensive care compared with whey protein supplementation [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 immunologic 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 extrasynergic immune-enhancing eﬀect. Thus, parenteral glutamine 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 pharmaconutrients in premature infants and critically ill children are scarce
and are insuﬃcient to allow recommendations to be made.
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Recent evidence from studies in various pediatric diseases
and in premature newborns remains inconsistent, partly
because of the diﬀerent eﬀects of enteral and parenteral glutamine 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 isonitrogenous 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 eventually benefit from supplemental glutamine.

Conflict of Interests
The authors declare that there are no conflict of interests.

Acknowledgments
This research has been cofinanced by the European Union
(European Social Fund (ESF)) and Greek national funds
through the Operational Program “Education and Lifelong
Learning” of the National Strategic Reference Framework
(NSRF)-Research Funding Program: THALES.

Clinical and Developmental Immunology

13

References
[1] U. B. Fläring, O. E. Rooyackers, J. Wernerman, and F. Hammarqvist, “Glutamine attenuates post-traumatic glutathione
depletion in human muscle,” Clinical Science, vol. 104, no. 3,
pp. 275–282, 2003.
[2] P. E. Wischmeyer, “Can glutamine turn oﬀ the motor that
drives systemic inflammation?” Critical Care Medicine, vol.
33, no. 5, pp. 1175–1178, 2005.
[3] L. Gamrin, P. Essén, A. M. Forsberg, E. Hultman, and J.
Wernerman, “A descriptive study of skeletal muscle metabolism in critically ill patients: free amino acids, energyrich phosphates, protein, nucleic acids, fat, water, and electrolytes,” Critical Care Medicine, vol. 24, no. 4, pp. 575–583,
1996.
[4] B. I. Labow, W. W. Souba, and S. F. Abcouwer, “Mechanisms
governing the expression of the enzymes of glutamine
metabolism-glutaminase and glutamine synthetase,” Journal
of Nutrition, vol. 131, no. 9, pp. 2467S–2474S, 2001.
[5] M. Parry-Billings, J. Evans, P. C. Calder, and E. A. Newsholme, “Does glutamine contribute to immunosuppression
after major burns?” The Lancet, vol. 336, no. 8714, pp. 523–
525, 1990.
[6] P. E. Wischmeyer, “Glutamine: role in critical illness and
ongoing clinical trials,” Current Opinion in Gastroenterology,
vol. 24, no. 2, pp. 190–197, 2008.
[7] Y. Huang, X. M. Shao, and J. Neu, “Immunonutrients and
neonates,” European Journal of Pediatrics, vol. 162, no. 3, pp.
122–128, 2003.
[8] F. Pohlandt, “Plasma amino acid concentrations in newborn
infants breast-fed ad libitum,” Journal of Pediatrics, vol. 92,
no. 4, pp. 614–616, 1978.
[9] R. M. Becker, G. Wu, J. A. Galanko et al., “Reduced
serum amino acid concentrations in infants with necrotizing
enterocolitis,” Journal of Pediatrics, vol. 137, no. 6, pp. 785–
793, 2000.
[10] K. M. Bernt and W. A. Walker, “Human milk as a carrier
of biochemical messages,” Acta Paediatrica, International
Journal of Paediatrics, Supplement, vol. 88, no. 430, pp. 27–
41, 1999.
[11] S. Verbruggen, J. Sy, A. Arrivillaga, K. Joosten, J. Van
Goudoever, and L. Castillo, “Parenteral amino acid intakes
in critically Ill children: a matter of convenience,” Journal of
Parenteral and Enteral Nutrition, vol. 34, no. 3, pp. 329–340,
2010.
[12] E. A. Newsholme, B. Crabtree, and M. S. M. Ardawi,
“Glutamine metabolism in lymphocytes: its biochemical,
physiological and clinical importance,” Quarterly Journal of
Experimental Physiology, vol. 70, no. 4, pp. 473–489, 1985.
[13] H. G. Windmueller and A. E. Spaeth, “Respiratory fuels
and nitrogen metabolism in vivo in small intestine of fed
rats. Quantitative importance of glutamine, glutamate, and
aspartate,” Journal of Biological Chemistry, vol. 255, no. 1, pp.
107–112, 1980.
[14] S. Rapoport, J. Rost, and M. Schultze, “Glutamine and glutamate as respiratory substrates of rabbit reticulocytes,”
European Journal of Biochemistry, vol. 23, no. 1, pp. 166–170,
1971.
[15] D. Darmaun, D. E. Matthews, J. F. Desjeux, and D. M. Bier,
“Glutamine and glutamate nitrogen exchangeable pools in
cultured fibroblasts: a stable isotope study,” Journal of Cellular
Physiology, vol. 134, no. 1, pp. 143–148, 1988.
[16] G. C. Ligthart-Melis, M. C. G. Van De Poll, P. G. Boelens,
C. H. C. Dejong, N. E. P. Deutz, and P. A. M. Van

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

Leeuwen, “Glutamine is an important precursor for de novo
synthesis of arginine in humans,” American Journal of Clinical
Nutrition, vol. 87, no. 5, pp. 1282–1289, 2008.
J. Neu, “Glutamine in the fetus and critically III low birth
weight neonate: metabolism and mechanism of action,”
Journal of Nutrition, vol. 131, no. 9, pp. 2585S–2589S, 2001.
D. W. Wilmore, “The eﬀect of glutamine supplementation
in patients following elective surgery and accidental injury,”
Journal of Nutrition, vol. 131, no. 9, pp. 2543S–2549S, 2001.
N. Nurjhan, A. Bucci, G. Perriello et al., “Glutamine: a major
gluconeogenic precursor and vehicle for interorgan carbon
transport in man,” Journal of Clinical Investigation, vol. 95,
no. 1, pp. 272–277, 1995.
G. Mithieux, “New data and concepts on glutamine and
glucose metabolism in the gut,” Current Opinion in Clinical
Nutrition and Metabolic Care, vol. 4, no. 4, pp. 267–271, 2001.
J. M. Lacey and D. W. Wilmore, “Is glutamine a conditionally
essential amino acid?” Nutrition Reviews, vol. 48, no. 8, pp.
297–309, 1990.
T. C. Welbourne, D. Childress, and G. Givens, “Renal regulation of interorgan glutamine flow in metabolic acidosis,”
American Journal of Physiology, vol. 251, no. 5, pp. R859–
R866, 1986.
J. Neu, V. DeMarco, and N. Li, “Glutamine: clinical applications and mechanisms of action,” Current Opinion in Clinical
Nutrition & Metabolic Care, vol. 5, no. 1, pp. 69–75, 2002.
D. L. Waitzberg, H. Saito, L. D. Plank et al., “Postsurgical
infections are reduced with specialized nutrition support,”
World Journal of Surgery, vol. 30, no. 8, pp. 1592–1604, 2006.
D. C. Angus, W. T. Linde-Zwirble, J. Lidicker, G. Clermont,
J. Carcillo, and M. R. Pinsky, “Epidemiology of severe sepsis
in the United States: analysis of incidence, outcome, and
associated costs of care,” Critical Care Medicine, vol. 29, no.
7, pp. 1303–1310, 2001.
J. A. Carcillo, J. M. Dean, R. Holubkov et al., “The randomized comparative pediatric critical illness stress-induced
immune suppression (CRISIS) prevention trial,” Pediatric
Critical Care Medicine, vol. 13, no. 2, pp. 165–173, 2012.
S. Dholakia, D. Inwald, H. Betts, and S. Nadel, “Endotoxemia
in pediatric critical illness—a pilot study,” Critical Care, vol.
15, no. 3, article R141, 2011.
G. Y. Larsen, N. Mecham, and R. Greenberg, “An emergency
department septic shock protocol and care guideline for
children initiated at triage,” Pediatrics, vol. 127, no. 6, pp.
e1585–e1592, 2011.
H. R. Wong, N. Z. Cvijanovich, G. L. Allen et al., “Validation
of a gene expression-based subclassification strategy for
pediatric septic shock,” Critical Care Medicine, vol. 39, no.
11, pp. 2511–2517, 2011.
M. K. Dahmer, A. Randolph, S. Vitali, and M. W. Quasney,
“Genetic polymorphisms in sepsis,” Pediatric Critical Care
Medicine, vol. 6, supplement 3, pp. S61–S73, 2005.
D. K. Heyland, F. Novak, J. W. Drover, M. Jain, X. Su, and
U. Suchner, “Should immunonutrition become routine in
critically III patients? A systematic review of the evidence,”
Journal of the American Medical Association, vol. 286, no. 8,
pp. 944–953, 2001.
P. E. Wischmeyer, “Glutamine: mode of action in critical
illness,” Critical Care Medicine, vol. 35, no. 9, pp. S541–S544,
2007.
R. Curi, C. J. Lagranha, S. Q. Doi et al., “Molecular mechanisms of glutamine action,” Journal of Cellular Physiology,
vol. 204, no. 2, pp. 392–401, 2005.

14
[34] R. Babu, S. Eaton, D. P. Drake, L. Spitz, and A. Pierro,
“Glutamine and glutathione counteract the inhibitory eﬀects
of mediators of sepsis in neonatal hepatocytes,” Journal of
Pediatric Surgery, vol. 36, no. 2, pp. 282–286, 2001.
[35] T. Bongers, R. D. Griﬃths, and A. McArdle, “Exogenous
glutamine: the clinical evidence,” Critical Care Medicine, vol.
35, no. 9, pp. S545–S552, 2007.
[36] N. Li, P. Lewis, D. Samuelson, K. Liboni, and J. Neu, “Glutamine regulates Caco-2 cell tight junction proteins,” American Journal of Physiology, vol. 287, no. 3, pp. G726–G733,
2004.
[37] S. Eaton, “Impaired energy metabolism during neonatal
sepsis: the eﬀects of glutamine,” Proceedings of the Nutrition
Society, vol. 62, no. 3, pp. 745–751, 2003.
[38] B. Zingarelli, M. Sheehan, and H. R. Wong, “Nuclear factorκB as a therapeutic target in critical care medicine,” Critical
Care Medicine, vol. 31, no. 1, pp. S105–S111, 2003.
[39] K. D. Singleton, V. E. Beckey, and P. E. Wischmeyer, “Glutamine prevents activation of NF-κB and stress kinase
pathways, attenuates inflammatory cytokine release, and prevents acute respiratory distress syndrome (ARDS) following
sepsis,” Shock, vol. 24, no. 6, pp. 583–589, 2005.
[40] T. J. Borges, L. Wieten, M. J. van Herwijnen et al., “The antiinflammatory mechanisms of Hsp70,” Frontiers in Immunology, vol. 3, article 95, 2012.
[41] Y. Lai, C. Stange, S. R. Wisniewski et al., “Mitochondrial
heat shock protein 60 is increased in cerebrospinal fluid
following pediatric traumatic brain injury,” Developmental
Neuroscience, vol. 28, no. 4-5, pp. 336–341, 2006.
[42] M. Song, M. R. Pinsky, and J. A. Kellum, “Heat shock factor
1 inhibits nuclear factor-κB nuclear binding activity during
endotoxin tolerance and heat shock,” Journal of Critical Care,
vol. 23, no. 3, pp. 406–415, 2008.
[43] Y. G. Weiss, Z. Bromberg, N. Raj et al., “Enhanced heat shock
protein 70 expression alters proteasomal degradation of IκB
kinase in experimental acute respiratory distress syndrome,”
Critical Care Medicine, vol. 35, no. 9, pp. 2128–2138, 2007.
[44] P. E. Wischmeyer, J. Riehm, K. D. Singleton et al., “Glutamine
attenuates tumor necrosis factor-α release and enhances heat
shock protein 72 in human peripheral blood mononuclear
cells,” Nutrition, vol. 19, no. 1, pp. 1–6, 2003.
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Celiac disease (CD) is an immune-mediated enteropathy, triggered by dietary wheat gluten and similar proteins of barley and rye
in genetically susceptible individuals. The etiology of this disorder is complex, involving both environmental and genetic factors.
The major genetic risk factor for CD is represented by HLA-DQ genes, which account for approximately 40% of the genetic risk;
however, only a small percentage of carriers develop the disease. Gluten is the main environmental factor responsible for the
signs and symptoms of the disease, but exposure to gluten does not fully explain the manifestation of CD. Epidemiological and
clinical data suggest that environmental factors other than gluten might play a role in disease development, including early feeding
practices (e.g., breast milk versus formula and duration of breastfeeding), infections, and alterations in the intestinal microbiota
composition. Herein, we review what is known about the influence of dietary factors, exposure to infectious agents, and intestinal
microbiota composition, particularly in early life, on the risk of developing CD, as well as the possible dietary strategies to induce
or increase gluten tolerance.

1. Introduction
CD is an immune-based enteropathy triggered by dietary
wheat gluten and similar proteins in barley and rye in genetically susceptible individuals. The histological features of
CD are villous atrophy, crypt cell hyperplasia, and increased
number of intraepithelial cells. It is generally accepted that
CD is a T-cell mediated disease, in which gliadin-derived
peptides activate lamina propria, infiltrating T lymphocytes.
This leads to the release of proinflammatory cytokines, such
as IFN-γ and IL-15, which are responsible for the activation
of the cytotoxicity of intraepithelial lymphocytes that leads
to a profound tissue remodeling [1, 2].
This is a complex disorder, with environmental and
genetic factors contributing to its etiology. The main genetic
influence on CD is the HLA locus [3], specifically MHC
class II genes that encode HLA-DQ2 (HLA-DQ2.5 and HLADQ2.2) and HLA-DQ8 heterodimers. The strongest association is with HLA-DQ2.5 heterodimer. The risk heterodimer
HLA-DQ2.5 can be encoded in cis, when both DQA1∗ 0501

and DQB1∗ 0201 alleles are located on the same haplotype, or
in trans, when these two molecules are located on diﬀerent
haplotypes [4]. HLA-DQ genes account for approximately
40% of the genetic risk. Around 90–95% of CD patients
express HLA-DQ2 heterodimer while the remaining 5–10%
patients express the HLA-DQ8 heterodimer [2]. However, it
is still unknown why only a subset of individuals expressing
HLA-DQ2 and HLA-DQ8 heterodimers develop CD, and
why some do so very early in infancy after their first exposure
to gluten, and others in adulthood [2, 5]. Thus, HLA-DQ2
and HLA-DQ8 heterodimers underlie the disorder but are
not suﬃcient alone, thus other genetic and environmental
factors must be involved in CD onset [5].
To date, gluten is the only known environmental factor
to play a direct causal role in CD, and the only treatment
for CD is a gluten-free diet (GFD). Wheat-gluten proteins
include gliadins and glutenins. The closely related proteins
in barley and rye that activate CD are hordeins and secalins,
respectively. The gliadins are subdivided into α/β, γ, and ωgliadins, while the glutenins consist of low molecular weight
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(LMW) and high molecular weight (HMW) glutenins.
Gluten has high concentrations of glutamine and proline
residues (35 and 15% of the total amino acid content)
[6]. High proline content renders these proteins resistant
to complete proteolytic digestion by gastric, pancreatic, and
brush border enzymes in the human intestine, since these
enzymes are deficient in prolylendopeptidase activity [7, 8],
making it possible for large immunogenic gluten peptides
to accumulate and reach the mucosal surface [8, 9]. While
gluten is the main environmental factor responsible for the
signs and symptoms of CD, other environmental elements
might play a role in disease onset, either on their own or by
interaction with gluten exposure.
1.1. Prevalence and Epidemiology. The first publication to
demonstrate the true magnitude of CD was published by
Catassi et al. in 1996, reporting a CD prevalence of 1 : 184
in an Italian scholar population and a ratio of known to
undiagnosed CD cases of 1 in 7 [10]. Although screening
studies predict CD to aﬀect approximately 1% of the US
population, including both children and adults, only 10–
15% of these individuals have been diagnosed and treated
[11]. An international serological screening study revealed
diﬀerences in populations across Europe with high values in
Finland (2.4%) and low values in Germany (0.3%), while
prevalence recorded in Italy was 0.7% [12]. An analysis by
Abadie et al. [4] showed there are no significant correlations
between CD prevalence worldwide and wheat consumption,
or between the sum of DR3-DQ2 and DR4-DQ8 frequencies,
or the product of both factors. This would suggest that
other environmental and genetic factors must contribute
to the development or pathogenesis of CD. Due to the
heterogeneity of CD manifestations, epidemiologists refer
to the clinical and pathological spectrum of the disease as
an iceberg, including active, silent, latent, and potential CD
[4, 10, 13].
1.2. Immunopathology of Celiac Disease
1.2.1. Adaptive Immune Response: Gluten and HLA-DQ
Molecules. It is well known that gluten specific CD4+ T
cells can be isolated from CD patients but not from healthy
individuals [14]. In CD patients, gluten-derived peptides
are recognized by HLA-DQ2 or HLA-DQ8 heterodimers
of antigen-presenting cells, which trigger a CD4+ T cell
response. These two HLA-DQ molecules have preference for
negatively charged peptides. Although native gluten peptides
lack negative residues, the tissue transglutaminase 2 (TG2)
can convert noncharged glutamine into negatively charged
glutamic acid, a process called deamidation. Deamidated
gluten peptides are presented to CD4+ T cells with subsequent release of proinflammatory cytokines, such as IFNγ that enhances activation of cytotoxic CD8 intraepithelial
lymphocytes, contributing to a profound tissue remodeling.
TG2 is mostly retained intracellularly in an inactive
form and is activated upon its release during tissue damage;
however, the question of how TG2 is converted to its active
form is still unclear. Tjon et al. [15] suggest that CD4+ T cells
could respond against native gluten peptides representing
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the first breach in oral tolerance to gluten. Activated glutenspecific CD4+ T cells can also stimulate B-cell production
of antigluten, as well as anti-TG2 antibodies [16]. In 1970,
Shiner and Ballard [17] were the first to report IgA deposit
in the basement membrane of surface epithelial cells, in
crypt epithelium, around the subepithelial fibroblast and in
the walls of blood vessels in the intestinal mucosa of celiac
patients, later corroborated by other studies [18, 19]. IgA
deposits have also been found in skin and brain promoting
dermatitis herpetiformis [20] and gluten ataxia, respectively
[21]. However, whether IgA antibodies against either gluten
or the autoantigen TG2 are byproducts of the intestinal
adaptive immune response or whether they play a direct role
in CD pathogenesis remains unclear [2].
Recently, Matysiak-Budnik et al. [22] hypothesized a
transport function for antigliadin IgA antibodies. They proposed that gluten peptides may be complexed to intraluminal
secretory IgA, bound to an IgA receptor and transported,
protected from lysosomal degradation by a specific transcytosis pathway. The transcytosis of IgA in CD seems to
involve the transferrin receptor CD71, since in active CD,
CD71 expression is increased and CD71 is found at the
apical enterocyte membrane where it colocalizes with IgA.
By contrast, in the normal intestine and in patients on a
gluten-free diet, CD71 is only expressed on the basolateral
enterocyte membrane.
1.2.2. Intraepithelial Lymphocytes: Between Adaptive and
Innate Responses. Most IELs are CD8+ TCRαβ+ T cells (75%
CD8+ TCRαβ and 15% TCRγδ+ T cells) [2]. In active
CD the number of IELs (CD8+ TCRαβ+ and TCRγδ+ T
cells) is increased. In active CD, IELs express high levels
of activating receptors like CD94/NKG2C and NKG2D [23]
and intestinal epithelial cells have increased expression of
CD94/NKG2C and NKG2D ligands (MICA and HLA-E)
[24]. The interaction of NK receptors with their ligands
leads to the death of intestinal epithelial cells and releases
IFN-γ and cytolytic proteins (perforin, granzymes, etc.),
resulting in observable tissue damage. IL-15 has been shown
to upregulate both CD94/NKG2C and NKG2D NK receptors
in IELs of active patients, boosting their ability to lyse
enterocytes [15, 24].
1.2.3. Innate Immune Response. Some gluten peptides can
induce tissue damage by directly activating components of
innate immunity [25]. The peptide p31-43/49 has been
shown to activate the production of IL-15 and the NKreceptor-mediated cytotoxicity by IELs, independent of TCR
specificity [26]. The presence of a receptor for p31-43/49 in
intestinal epithelial cells has not been found yet and, thus,
the molecular mechanism underlying the biological eﬀects
observed for this peptide remains unclear [15].

2. Influence of Dietary Factors on Immune
Development in a CD Context
Dietary factors aﬀecting disease risk in later life seem particularly relevant at early stages when the immature neonate’s gut
is acquiring and shaping its own microbiota and undergoing
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major physiological and immunological developments up to
the point when the immune system acquires full competence
and tolerance to nonharmful antigens [27].
Infants’ first exposure to dietary gluten seems particularly
important in defining the risk of developing CD in predisposed subjects. The eﬀect of timing of gluten introduction on
CD was first reported at the end of the 1970s by pediatricians
in West Somerset, UK [28]. The authors noticed that the
incidence of CD declined from 1 : 1228 to 1 : 4168 following
the recommendations to avoid both the addition of cereals to
bottle feeds and the introduction of gluten before 4 months
of age. The role of age at the first gluten exposure in CD
onset was later studied by Norris et al. [29]. They carried
out a prospective observational study from 1994 to 2004
in 1560 children with an increased risk of CD or type I
diabetes, as carriers of either HLA-DR3 or DR4 alleles or as
having a first-degree relative with type I diabetes. In these
children they assessed the risk of CD autoimmunity (CDA)
defined as being positive for tissue transglutaminase (tTG)
autoantibody in two or more consecutive visits. The mean
followup was 4.8 years. Infants exposed to gluten in the
first three months of life have a 5-fold increased risk of
autoimmunity compared with infants first exposed at 4–
6 months (hazard ratio (HR) 5.17, 95% CI 1.44–18.57).
Infants introduced to gluten at 7 months or later also had an
increased risk of CDA compared with those exposed between
4 and 6 months (HR 1.87, 95% CI 0.97–3.00). This study
did not find any evidence for a protective eﬀect of prolonged
breastfeeding. The median duration of breastfeeding was 5
months both in CDA positive and in CDA negative children.
This analysis, however, was not restricted to HLA-DR3
children and possibly the protective eﬀect of breastfeeding
was evident only when children with genetic risk were
considered. The discrepancy between the results of this study
and others reporting the protective role of breastfeeding
might be explained by the diﬀerent methodologies between
retrospective and prospective studies. Another factor to
consider is the diﬀerent dietary practices in Europe and
the United States [29], since in Europe gluten tends to
be introduced as a replacement of breast milk at weaning
(e.g., the flour-based follow-up infant formula once used in
Sweden) whereas in the United States this does not seem to
be the case. Some explanations have been reported by Norris
et al. [29] for the increased risk of CDA when first gluten
exposure occurs in younger and older children instead of at
the age of 4–6 months. On the one hand, in younger children,
early introduction of solid foods (i.e., before the intestinal
immune system reaches a certain level of maturation) may
lead to intolerance [30]. On the other hand, in children aged
7 months or older, the factor leading to the increased risk of
CDA might be the large amounts of gluten intake at the first
exposure [29].
A position paper by the ESPGHAN Committee on
Nutrition has outlined possible practical suggestions on the
introduction of complementary feeding to avoid both early
(<4 months) and late (≥7 months) introduction of gluten,
and to gradually introduce small amounts of gluten whilst
the infant is still breast-fed [31]. This change in the policy
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of complementary feeding is aimed at modulating the predisposition of chronic disorders later in life (particularly of
CD) and has already been adopted by countries like Australia
[32]. This is, however, still a matter of debate since exclusive
breastfeeding for around six months is considered a desirable
goal both by ESPGHAN [33] and the WHO, in order to
support healthy growth and development and reduce the
risk of infections. Furthermore, the evidence for beneficial
eﬀects of delaying the introduction of complementary foods
until 6 months is very limited, and diﬃcult to support in
the face of emerging evidence that it may be detrimental
[34]. As suggested by Agostoni and Shamir [31] perhaps
the 6-month theorem should be partly revised and small
amounts of solids, including gluten, be allowed in the 4
to 7-month temporary window to modulate the genetic
predisposition towards an autoimmune response, especially
in developed countries were the exposure to infectious
agents diﬀers from that in the developing countries and,
therefore, the risk of infections. However, the time of first
exposure to potentially allergenic foods in infants diﬀers
significantly between countries, and they are introduced
much earlier than recommended in some countries [35].
Moreover, formula-fed infants receive potentially allergenic
foods earlier than breast-fed infants [35].
The protective role of breastfeeding against CD onset has
been reviewed and analyzed in a meta-analysis of observational retrospective studies published in May 2004, which
concluded that increased duration of breastfeeding is associated with a reduced risk of CD [36]. Five of the six casecontrol studies satisfying the inclusion criteria of methodological quality, found that children with CD had been
breastfed for a significantly shorter period compared to
controls. Age at the time of risk evaluation was variable
among participants and among studies, ranging from less
than 2 years to a median of 7.9 years. Also, the metaanalysis of four of these studies led to the conclusion that the
risk of developing CD was significantly reduced in children
who were breastfed at the time of gluten introduction (OR
0.48, 95% CI 0.40 to 0.59). However, the reviewed studies
do not clarify whether breastfeeding only delays the onset
of symptoms or provides permanent protection against the
disease. Furthermore, the results of the meta-analysis are
subject to limitations such as “recall bias” whereby the
duration of breastfeeding and the age of first gluten exposure
may be mistaken, or another bias might be derived from
suboptimal adjustment for potential confounding factors
across children who were breastfed and those who were not.
For instance, only one of the studies controlled the HLA
genotype and this was the only study that did not find a
relationship between breastfeeding and protection against
CD; however, since this was a very small study registering
only eight cases of children with CD, a type II error was likely
to have occurred.
The study by Ivarsson et al. [37], included in the metaanalysis, is a population-based incident case-referent study
of 627 cases with confirmed CD (reported to a CD register
between November 1992 and April 1995) and 1254 referents
assessing patterns of complementary food introduction to
infants. The study revealed that the risk of CD was reduced
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in Swedish children aged <2 years if they were still being
breast-fed when dietary gluten was introduced (adjusted OR:
0.59; 95% CI: 0.42–0.83) and the risk increased when the
gluten was introduced in the diet in large amounts (OR:
1.5; 95% CI: 1.1–2.1). In this study the eﬀect of age at
the time of gluten introduction was not conclusive. It is
biologically likely that the presence of breast milk at the
time gluten is introduced increases the chance of developing
oral tolerance for the antigens of importance. It is unclear
whether this possibility is only eﬀective during a certain
period in infancy. In the aforementioned study, the exposure
risk factors explored were of no or only minor importance
in children older than 2 years. Therefore, it is also important
to pursue further whether favorable infant dietary patterns
postpone CD onset or in fact reduce the overall lifetime risk
of the disease [37].
Previous to this analysis of risk factors, the authors had
documented an epidemic of symptomatic CD between 1984
and 1996 in Swedish children under 2 years of age, partially
explained by changes in infant feeding [38]. The increased
incidence was preceded by an increase in the amount
of gluten consumed and by delayed exposure to dietary
gluten, which might have resulted in a higher proportion of
children being introduced to large amounts of gluten after
breastfeeding was withheld. Recently, a Swedish study of the
prevalence in children born in 1993, during the epidemic,
and under these unfavorable dietary practices, revealed that
the prevalence of CD at 12 years of age was as high as 3%,
3-fold higher than the commonly reported prevalence of 1%
[39].
Other recent studies have pointed to the role of breastfeeding in delaying CD in infancy. D’Amico et al. [40]
showed that children with CD who had been exclusively
breastfed had a delayed onset and less severe disease symptoms than those who had not been exclusively breastfed [40].
Medical records of 89 infants (7–14 months of age) diagnosed with classic CD at the University Children’s Hospital
in Belgrade, from 2000 to 2008, were retrospectively analyzed
to determine the duration of breastfeeding and timing of
gluten introduction [41]. Breastfeeding, although generally
short, significantly reduced the risk of CD onset in the first
year of life (OR 0.655; 95% CI 0.48 to 0.89); moreover, the
duration of breastfeeding was the most significant predictor
of developing CD (B = 0.49; 95% CI 0.13 to 0.77). Onefourth of the infants were being breastfed at the time of
gluten introduction, and they developed the disease later
than the infants who were not being breastfed at the time
of gluten introduction. This finding supports the protective
eﬀect of consuming human milk while introducing other
food antigens [41]. However, this study also poses the
question of whether the action of breastfeeding might not
indirectly delay the onset, the symptoms, and the diagnosis
due to a delay in gluten exposure in breast-fed infants.
In spite of all the evidence reported, it remains unclear
whether those children breast-fed during the introduction
of gluten are more likely to develop an extraintestinal
(“atypical”) CD [42]. A series of 162 celiac children registered
by the University of Chicago, revealed that children breastfed at the time of gluten introduction were just as likely
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to develop intestinal as extraintestinal symptoms, whereas
children who were not breastfed when weaned with gluten
had a much higher chance of developing intestinal symptoms
[43].
Given the gaps in knowledge and the limitations of
the studies described above, it seems clear that long-term
prospective cohort studies are required to investigate further
the relationship between breastfeeding and CD.
The following hypotheses have been formulated to
understand the protective role breastfeeding plays in CD
onset.
(a) Breastfeeding might aﬀect tolerance induction in
infants because of both the possible transfer of small
amounts of gluten and gluten-specific IgA antibodies
through breast milk and the presence of factors
in breast milk that aﬀect immune system maturation and responses [44]. Human milk provides
many bioactive factors, including antimicrobial and
anti-inflammatory agents, enzymes, hormones, and
growth factors, many of which are involved in gut
maturation and development of the infant’s innate
and acquired immunity [45, 46]. A particular feature
of the neonatal immune system is the presence of a
wide pool of naı̈ve T cells waiting to participate in
primary immune responses. Intestinal antigen exposure during neonatal life influences the T cell receptor
(TcR) repertoire of these developing immature T cells
[47]. In our recent PROFICEL study the combined
eﬀect of HLA-DQ genotype and milk-feeding practices at 4 months of age on peripheral lymphocyte
subsets was studied in a group of infants with at
least one first-degree relative suﬀering from CD.
Our analysis revealed an independent eﬀect of milkfeeding practices on specific T cell subsets. The results
showing a higher percentage of T CD4+CD25+ cells
and lower T CD4+CD38+ counts in breast-fed than
in formula-fed infants, suggest that breast-fed infants
could have a more mature immune system than
formula-fed infants [48]. Further research is now
underway to ascertain whether the lymphocyte subset
profile of breast-fed infants is associated with a better
response to gliadin after gluten introduction.
(b) Children that are breastfed when gluten is introduced
during weaning, receive lower amounts of gluten,
even on a protein/kg body weight basis [42].
(c) As suggested from studies showing a reduced risk of
childhood type I diabetes with breastfeeding and late
introduction of cow’s milk, it seems plausible that in
addition to the immunologically active components
in breast milk, avoidance of the early introduction of
cow’s milk protein contributes to the protective eﬀect
of breastfeeding [31]. This might also be the case for
the role of breastfeeding in CD prevention.
(d) Other reasons that could explain a protective eﬀect
of breastfeeding against CD development could be
related to the role human milk plays in defining
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microbiota composition [49] and in the incidence of
infections, which is explained in the next section.

3. Intestinal Microbiota and CD
The composition of the intestinal microbiota has also been
related to CD recently. The first associations were established
in CD patients, untreated and treated with a gluten-free
diet [50–52]. The intestinal dysbiosis of CD patients was
characterized by increases in numbers or proportions of
Bacteroides spp. and reductions in those of Bifidobacterium
spp. and B. longum, which were not completely normalized after patient adherence to a GFD [50–52]. E. coli
and Staphylococcus numbers were also higher in feces and
biopsies of untreated CD patients than in those of controls,
but the diﬀerences were normalized after gluten withdrawal
[51]. The analyses of the prevalence of bacterial species
associated with duodenal biopsies also revealed a reduction
in Bacteroides species diversity in patients, untreated and
treated with the GFD, in comparison with controls [53]. In
addition, E. coli clones isolated from untreated and treated
CD patients carried a higher number of virulence genes than
those from healthy children. These findings indicated that
intestinal dysbiosis is associated with CD and that some of
the alterations are not only secondary to the inflammatory
milieu of the active phase of this disorder, but might play a
primary role together with genetics and gluten intake in this
disorder.
Further studies are ongoing to establish the possible
eﬀects of milk-feeding patterns and HLA-DQ genotype on
the microbiota in early life, and the possible influence
on later development of CD [54, 55]. In this context, a
prospective study including 164 healthy newborns, with at
least one first-degree relative with CD, indicated that both
the milk-feeding type and the HLA-DQ genotype play a
role in establishing infants’ gut microbiota [55]. Reduced
numbers of Bifidobacterium spp. were found in infants
with an increased risk of developing CD in the whole
population and in breast- and formula-fed infants, although
breastfeeding favored gut colonization by species of this
genus. The findings, therefore, suggest that Bifidobacterium
spp. and B. longum numbers can be influenced by both HLADQ genotype and milk-feeding type. Increased numbers of
Staphylococcus spp. were associated with increased genetic
risk of developing CD in the whole population and in
both subgroups of breast- and formula-fed infant, and the
colonization of this bacterial group was not significantly
favored by a specific type of milk-feeding, suggesting that
the HLA-DQ genotype plays a more prominent role in the
colonization of this bacterial group. In contrast, increased
numbers of the B. fragilis group were found in infants
with high genetic CD risk; however, this association was
only confirmed in the subgroup of formula-fed babies but
not in those breast-fed, indicating that the type of milk
feeding is the main factor influencing the colonization of
this bacterial group [55]. A study into the prevalence of
Bacteroides spp. in a subgroup of this cohort of infants also
showed that B. vulgatus prevalence was higher in infants
at high genetic risk of developing CD, while B. uniformis
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prevalence was increased in infants at low genetic CD risk
and in breast-fed infants [54]. Overall, breastfeeding seems
to reduce the microbial diﬀerences related to the HLA-DQ
genotype, which could partly explain the protective eﬀect of
human milk reported in some previous observational studies
[36, 37]. The followup of this cohort of infants is underway
to reveal additional evidence of the role played by early
intestinal microbial colonization of the infant’s gut in CD
development.
Breast milk contains human oligosaccharides (HMOs),
which seem to contribute to shaping the composition of the
microbiota and selectively stimulate the growth of specific
bacterial groups, such as bifidobacteria, in the infant’s gut
[56]. In breast-fed infants Bifidobacterium spp. predominate,
representing up to 90% of the total fecal microbiota, whereas
in formula-fed infants the microbiota is more heterogeneous and integrated by members of more diverse genera (Streptococcus, Bacteroides, Clostridium, Bifidobacterium,
etc.) [57, 58]. In recent years, the presence of commensal
bacteria in breast-milk of healthy women and their possible
transmission to the newborn has also been proposed [59,
60]. The main bacterial genera detected in breast-milk are
Streptococcus and Staphylococcus, representing 36–65% and
29–50% of the total bacteria, respectively, while the genus
Bifidobacterium only represents 3-4% [61]. However, Bifidobacterium spp. becomes predominant in the gut of breastfed infants, probably due to their better metabolic adaptation
to utilizing HMOs as revealed by genome sequencing [62].
The transfer of bifidobacteria from the mother’s milk to
the infant has been demonstrated by comparing bacterial
strains present in mother-infant pair samples [63]. However,
the mechanism involved in the colonization on human
milk remains unclear. Martı́n et al. [64] observed diﬀerent
lactic acid bacteria in breast skin and milk, suggesting that
these bacteria had a diﬀerent origin and proposing an
endogenous route for breast milk colonization. Meanwhile,
in vitro studies reported that dendritic cells (DCs) of the
lamina propria could penetrate the intestinal epithelium and
capture viable bacteria from the lumen, via the opening of
the tight junctions between epithelial cells [65]. Commensal
bacteria from the mother’s gut could use this mechanism
to migrate from the intestinal mucosa and colonize the
mammary gland. Nevertheless, some animal experiments
questioned the complete molecular mechanism involved in
this colonization, showing that commensal bacteria in DCs
were eﬃciently killed by macrophages and only pathogens
were able to survive in high numbers and during prolonged
periods of time [66].
The early colonization of the intestine by the microbiota
seems to exert a strong influence on the development of
mucosal and systemic immunity, as evidenced by studies
conducted with germ-free and colonized mice. In germ-free
mice, the serum immunoglobulin levels were reduced and
spleens were smaller and the gut-associated lymphoid tissue
was immature, with a low content of lamina propria T cells,
immunoglobulin (Ig) A producing B cells and intraepithelial
T cells; however, these deficiencies were restored after
colonization with commensal bacteria [67]. Human studies
have also reported that the bacteria colonizing the newborn
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intestine modifies production of salivary secretory IgA,
numbers of circulating IgA and IgM antibody-producing
cells as well as the expression of innate immune receptors
(e.g., Toll-like receptor) in peripheral blood monocytes [68,
69]. A previous prospective observational study also reports
that changes in microbiota composition, characterized by
a reduced ratio of Bifidobacterium to Clostridium counts,
early in life precede the development of atopic dermatitis
[70], suggesting that the microbiota plays a role in the risk
of developing immune-mediated diseases. In this context,
other authors [59] also described diﬀerences in breastmilk microbiota, characterized by decreased concentrations
of Bifidobacterium spp. in the milk of allergic mothers
compared to healthy mothers, as well as the impact of these
diﬀerences on the infant’s fecal levels of Bifidobacterium spp.

4. Infections and CD
Infectious agents are considered as possible environmental
factors triggering autoimmune diseases. In CD, exposure to
infectious agents (viral or bacterial) has also been suggested
as a factor causing tissue damage and inflammation, which
could eventually contribute to reduced gluten tolerance [71].
Infections can influence the host’s immune tolerance by
diﬀerent mechanisms. These include polyclonal lymphocyte
activation, increased immunogenicity of organ autoantigens
secondary to infection-mediated inflammation, or antigen
mimicry molecular mechanisms [72]. In the last case, the
autoimmune response is caused by cross-reactivity between
host (human) epitopes and immunologically similar epitopes in the infectious organism. The list of such homologies
in the bioinformatics-based search is long and can be
relevant in some cases. Nonetheless, such homologies do
not demonstrate definite evidence for a possible role of the
shared antigenic determinant between the infectious agent
and the autoantigen [72].
Several studies have described a possible link between CD
onset in susceptible patients with diverse infectious agents,
and these associations are even traced back to the perinatal
period. Several hypotheses about the possible pathogenic
mechanisms behind these associations have been discussed
in recent years, including antigen mimicry and increased
immune activation secondary to infection-mediated inflammation, for example by induction of TNF (tumor necrosis
factor)-α, IFN-γ and IL-15 [73].
In Sweden, a study of 3,392 infants born between 1987–
1997, who ultimately developed CD, compared various
perinatal data to those of healthy infants and reported that
the main risk factor for developing CD was exposure to
neonatal infections (OR 1.52; CI 1.19–1.95) [74].
Another study has attempted to establish an association
between CD and infections by assessing the serum pathogenspecific antibodies in CD patients compared to the general
population [75]. This study examined the association of
CD with five major infectious agents, including Toxoplasma
gondii, rubella virus, cytomegalovirus (CMV), Treponema
pallidum and Epstein-Barr virus (EBV). The serological
results demonstrated a lower prevalence of IgG antibodies
in CD patients compared to healthy subjects, suggesting a
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possible protective role of infections (clinical or subclinical)
by EBV, CMV, and rubella on CD development.
One of the first infectious agents associated with CD
was the adenovirus type 12 (Ad12). It was proposed that
CD could be triggered by the Ad12 infection through
mimicry of a peptide within the alpha-gliadin by the Elb
protein of this adenovirus 12 [76], but further studies did
not support this hypothesis. In one of them, five murine
monoclonal antibodies against a synthetic dodecapeptide of
α-gliadin were tested against whole-wheat gliadin and its
subfractions and the prolamins of rye, barley, oats, maize,
millet, rice, and sorghum. Four of the antibodies cross
reacted with one or more of the celiac nontoxic cereals, and
the other did not recognize Frazer’s fraction III, a peptictryptic digest of wheat-gluten which is known to be toxic
[77]. Other studies based on the detection of DNA coding
for the E1B-58 kDa protein of this adenovirus on intestinal
mucosal biopsies refuted the correlation between CD and
active Ad12 infection, although remote infection prior to
CD onset could not be excluded [78, 79]. Studies based on
detection of antibodies against the virus in serum of CD
patients in comparison with controls are also contradictory
regarding the association of infection with CD. In a study
in favor of this hypothesis, involving 44 children with CD
and 60 matched-controls, CD children had significantly
higher IgG antibody levels against the Ad12 E1b peptide
than the controls [80]. In contrast, another study, including
23 CD patients and 10 control subjects, did not report
increased presence of specific antibodies against the E1b-58kDa protein in serum of CD patients [81].
Another infectious agent epidemiologically associated
with CD onset is the hepatitis C virus (HCV). The prevalence
of CD in patients with chronic liver disease is 15 times
higher than that in the general population [82], and CD is
also present in about 5% of the patients with autoimmune
hepatic disease [83]. Although HCV has been identified to
cause secondary autoimmune processes in other parts of the
body, several studies have failed to find increased prevalence
of CD in patients with HCV infection [84] and concluded
that the association between HCV and CD can be causal or a
coincidental finding [85].
Gastrointestinal pathogens like rotavirus have also been
linked to CD [86]. The association is based on a prospective
study of a cohort of 1,931 children carrying CD HLA
risk alleles. This study reported that high frequency of
rotavirus infections, estimated by measuring the increase in
rotavirus antibodies, may raise the risk of CD autoimmunity,
defined as positivity at two or more clinic visits for tissue
transglutaminase (tTG) autoantibodies. In addition, there
are also studies in which the disease has been associated
with Campylobacter jejuni, [87] and Giardia lamblia [88].
Although some of these reports are case studies based on
a single patient, they suggest that gastrointestinal infections
may trigger or facilitate the onset of clinical CD by increasing
intestinal permeability [3] or by amplifying the immune
response to gliadin.
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5. Involvement of Genetic Factors in CD and
Autoimmune Diseases Influencing Immune
System Development
As we described previously, the HLA-DQ genes contribute
to the 40% of the sibling familial risk of CD and nonHLA linked genes are likely to be the stronger determinants
of CD susceptibility [89]. Two complementary approaches
have been used to target the genes that account for the
remaining 60% genetic linkage and association studies [5].
The genomewide association studies (GWAS) identified a
large number of genes involved in CD and other autoimmune diseases outside the HLA region. Some of these
genes are IL-2 and IL-21 genes in 4q27 region [3]. In
addition, six previously unknown risk regions harboring
genes controlling immune responses were identified (CCR3,
IL12A, IL18RAP, RGS1, SH2B3, and TAGAP) [90]. Dubois
et al. [91] found 13 new genetic risk regions. They described
four specific immunological pathways that are relevant to CD
pathogenesis, in which genes included in the 13 new risk
regions participate. These pathways are involved in (1) Tcell development in thymus, comprising THEMIS, RUNX3,
and TNFRSF14 genes; (2) innate immune detection of viral
RNA, including TLR8 gene; (3) T- and B-cell costimulation, including CTLA-4, ICOS-CD28, TNFRSF14, CD80,
ICOSLG, TNFRSF9, TNFSF4 genes; and (4) production
of cytokines, chemokines and their receptors, including
TNFSF18 and CCR4 genes.
CD has been associated with autoimmune diseases,
particularly with type I diabetes, rheumatoid arthritis, and
autoimmune thyroiditis [4, 5]. CD, type I diabetes (T1D),
and rheumatoid arthritis (RA) share the HLA region, and
other non-HLA regions, including IL2-IL21, SH2B3, and
TAGAP regions [92, 93]. CD and T1D have both shown
rising incidence in recent years [92], and it has been suggested that gluten consumption, and gut permeability and
inflammation are also factors involved in the development
of T1D [94]. T-cell infiltration in the target organs, the
development of disease-specific autoantibodies, and the role
of enzymes involved in posttranslational modifications in
the pathogenesis of the diseases are common features in
CD and RA although they are distinct in their phenotype
[93]. Further studies into the interactions between genetic
and environmental factors are necessary to establish the
biological mechanisms underlying the development of these
diseases and for the design of possible immunomodulatory
strategies to interfering some of the common pathologic
mechanisms for disease prevention.

6. Possible Induction of
Acquired Gluten Tolerance
Administration of antigens by the oral route induces
hyporesponsiveness to subsequent challenge with the antigen
given in an immunogenic form, usually by a parenteral
route, a phenomenon termed oral tolerance [95]. Oral
tolerance, however, usually aﬀects the response of the local
immune system in the intestinal mucosa, thus, preventing
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hypersensitivity reactions to food proteins that could lead
to disorders such as CD or food allergies [96]. Similarly,
immunological tolerance prevents the aberrant immune
responses to commensal bacteria in the gut [95]. However,
the acquisition of oral tolerance is a complex process and is
far from being fully elucidated.
Because CD activity is strongly correlated to the presence
and dosage of gluten, the induction of gluten-specific oral
tolerance is an attractive therapeutic approach. In this
line, one population study is currently being carried out
to seek new strategies for CD prevention during early
of life. PREVENT CD is a project funded under the
European Union’s FP6, studying the possible induction
of gluten tolerance in genetically predisposed children.
This is a prospective, randomized, blind dietary intervention in young children from high-risk families for
CD (http://www.preventceliacdisease.com/). The rationale is
that introducing small amounts of gluten and gradually
increasing the amount during a certain timeframe in the
infant’s development, preferably while they are still being
breastfed, will induce oral tolerance to gluten. A total of
1000 children with at least a first-degree relative suﬀering
from CD will participate in this intervention study and
followed up for 3 years. From the 4th to 6th months of life
they will receive a small amount of gluten, which will be
gradually increased during months 6 to 9, and followed by
free intake thereafter. The objective of this intervention is
to decrease the incidence of CD in the group receiving the
gluten supplement compared to the group receiving placebo.
Studies published in the 1980–1990s led to the idea
that the mechanisms responsible for oral tolerance depend
on the feeding pattern, which can induce tolerance by
either clonal anergy (or deletion) of specific T cells or
by the induction of regulatory T (Treg) cell activity [97].
More recent knowledge has pointed out antigen presenting
cells (APCs) as fundamental players directing tolerance or
immunity towards specific antigens.
Generation of immunological tolerance has been
attempted through ingested or inhaled soluble proteins
via the oral and nasal routes [98]. An attempt was made
to induce gliadin tolerance in HLA-DQ8 transgenic mice
immunized by intra foot pad injections of gliadin in
Freund’s adjuvant, after soluble gliadin had previously
been instilled into their nostrils following a tolerization
protocol. A decrease in systemic T cell responses to
the recombinant α-gliadin was found, as reflected by a
lymphocyte proliferation assay. While the immunization
protocol induced transcription of both Th1 and Th2
cytokines, the tolerization protocol only significantly
down-regulated IFN-γ mRNA expression [99]. This
finding highlights the potential use of this strategy for the
immunomodulation of this disease. However, the presence
of gliadin-specific T cell clones in transgenic mice models
is not suﬃcient to develop enteropathy and, therefore, the
down-regulation of these clones might not be suﬃcient
alone to control the disease, necessitating the control of
other pathogenic pathways involved in CD.
DCs play a central role in intestinal immune responses
to dietary proteins and commensal microbiota. Current
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evidence suggests that tolerance requires migration of DCs
that have taken up antigens in the mucosal lamina propria
to the mesenteric lymph nodes (MLNs) [100]. On the
other hand, the production of TGF-β and retinoic acid
(RA) by DCs drives the development of Treg cells. IL15 reduces the ability of DCs to induce the generation
of Treg cells and, unexpectedly, RA synergizes with IL15 in reducing the number of Treg cells [101]. A double
transgenic murine model partially reproducing human CD
was used to demonstrate that RA synergizes with IL-15 in
promoting gluten tolerance breakdown by inducing DCmediated production of proinflammatory cytokines (IL-12
and IL-23) and a Th1 response to gluten [101]. Therefore, RA
is not only a mediator of tolerance (as previously thought),
but in the presence of other cytokines it may activate DCs
towards a proinflammatory phenotype and induce specific
proinflammatory Th1 responses. Therefore, future immune
therapies based on RA, aiming to restore oral tolerance,
should be employed with caution because the presence of IL15 (and/or other proinflammatory cytokines) may also have
undesirable eﬀects.
With respect to restoring immune tolerance, it is worth
mentioning the development of a peptide-based therapeutic
vaccine, which has induced immune tolerance in rodent
models of HLA-DQ2-restricted T-cell immunity to gluten
[102]. The safety of this preparation (a combination of toxic
peptides termed Nexvax2; Nexpep, Ivanhoe, Vic, Australia),
aimed at inducing desensitization as traditional vaccines do,
is currently under investigation in patients with treated CD.
Active delivery of recombinant autoantigens or allergens
at the intestinal mucosa by genetically modified Lactococcus
lactis has also been proposed as a novel therapeutic approach
for tolerance induction. L. lactis was genetically engineered to secrete a deamidated DQ8-specific gliadin epitope
(DQ8d), which is immunodominant for DQ8-mediated Tcell responses (LL-eDQ8d). Its oral supplementation to NOD
AB◦ DQ8 transgenic mice (using the NOD background,
which contributes to autoimmunity and pathogenesis, in
combination with expression of a human DQ8 MHC class
II transgene, which contributes to sensitivity to gliadin)
was studied [103]. This treatment resulted in an Ag-specific
decrease of the proliferative capacity of inguinal lymph node
cells and lamina propria cells. Production of IL-10 and
TGF-β and a significant induction of Foxp3+ regulatory T
cells were associated with the eDQ8d-specific suppression
induced by LL-eDQ8d [103]. These data provide support
for the development of eﬀective therapeutic approaches
for gluten-sensitive disorders using orally administered Agsecreting L. lactis.
The studies showing that intestinal dysbiosis is associated
with CD and that there are diﬀerences in the intestinal
colonization pattern of infants with diﬀerent genetic risk of
developing CD and under diﬀerent types of milk-feeding,
would suggest the potential use of interventions with probiotics in the gut ecosystem to promoting the development
or increasing gluten tolerance. So far, B. longum CECT 7347
(IATA-ES1) and B. bifidum CECT 7365 (IATA-ES2) have
been shown to reduce inflammatory cytokine production
(IFN-γ and TNF-α) induced by the altered microbiota of
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CD patients, and to increase IL-10 production by peripheral
blood mononuclear cells in vitro [104]. These bifidobacterial
strains also provide protection against inflammation and
mucosal damage triggered by gliadin peptides, combined or
not with IFN-γ, in Caco-2 cultures [105] and in intestinal
loops of germ-free rats [105, 106]. In intestinal loops, B.
bifidum CECT 7365 increased the number of goblet cells
in the small intestine, which were reduced by the presence
of gliadin, IFN-γ and enterobacteria, and upregulated ZO-1
expression, which was downregulated by CD triggers (gliadin
peptides and IFN-γ) [106]. B. bifidum CECT 7365 also
increased the production of inhibitors of metalloproteinases
(TIMP-1), which could contribute to gut mucosal protection
[106]. In an animal model of this enteropathy, induced by
oral administration of gliadin to neonatal rats sensitized with
IFN-γ, administration of B. longum CECT 7347 attenuated
inflammatory cytokine (TNF-α) production and induced IL10 production in the small intestine, and also attenuated
the CD4+ T-cell mediated immune response in peripheral
blood. In contrast, Bifidobacterium lactis NCCC2818 and
several strains of Lactobacillus spp. (L. plantarum ITM21B,
L. paracasei IMPC2.1, L. fermentum DRL38, and L. casei
ATCC 9595) exerted inductive rather than suppressive eﬀects
on both the innate and adaptive immunity in cell cultures
in vitro and in vivo in DQ8 transgenic mice administered
gliadin intragastrically and cholera toxin as adjuvant [107].
The eﬀects of the strains on immature bone marrowderived DCs, extracted from these transgenic mice, were
analyzed in vitro. Results showed that all strains increased
CD86 expression, indicative of DC maturation, none of
the strains induced IL-10 or IL-12 production, while L.
paracasei IMPC2.1 and L. fermentum DRL38 increased TNFα expression. Moreover, in vivo administration of these
strains to the same DQ8 transgenic mouse model enhanced
the antigen-specific TNF-α secretion. In the same DQ8
mouse model, in vivo administration of L. casei ATCC 9595
increased the gliadin-specific response mediated by CD4(+)
T cells, increasing the gliadin-specific IFN-γ expression and
proinflammatory polarization of the cytokine milieu in the
small intestinal mucosa. In the light of these results, it
was suggested that L. casei ATCC 9595 could be used as
vaccine adjuvant to enhance both mucosal and systemic T
cell-mediated responses to gluten [108]. Subsequent studies
were conducted in the same DQ8 transgenic mice, which
were intragastrically administered gliadin and cholera toxin
as an adjuvant and were also given indomethacin orally to
induce the tissue lesions. Results showed that L. casei ATCC
9595 restored intestinal damage and TNF-α production,
but positive eﬀects on gliadin-specific production of IFNγ, IL-10, and IL-4 were not detected [109]. However, the
animal models and experimental conditions used were not
comparable, thus definitive conclusions cannot be drawn
about the diﬀerential eﬀects of diﬀerent bacterial strains.
Moreover, further animal studies focusing on CD prevention
would be required to sustain the notion that specific
components of the gut microbiota can contribute to the
development of gluten tolerance in early life.
In addition, human studies would be essential to definitively conclude that specific bacteria play a protective role
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in CD patients, or susceptible individuals, by modulating
immune responses and inducing or increasing tolerance to
gluten.
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Diet plays a crucial role in maintaining optimal immune function. Research demonstrates the immunomodulatory properties and
mechanisms of particular nutrients; however, these aspects are studied less in early life, when diet may exert an important role in
the immune development of the neonate. Besides the limited data from epidemiological and human interventional trials in early
life, animal models hold the key to increase the current knowledge about this interaction in this particular period. This paper
reports the potential of the suckling rat as a model for immunonutrition studies in early life. In particular, it describes the main
changes in the systemic and mucosal immune system development during rat suckling and allows some of these elements to be
established as target biomarkers for studying the influence of particular nutrients. Diﬀerent approaches to evaluate these immune
eﬀects, including the manipulation of the maternal diet during gestation and/or lactation or feeding the nutrient directly to the
pups, are also described in detail. In summary, this paper provides investigators with useful tools for better designing experimental
approaches focused on nutrition in early life for programming and immune development by using the suckling rat as a model.

1. Introduction
The impact of nutrition on neonatal growth and early-life
physiology is essential, not only because this is a critical
stage of development and adaptation but also because it
has a potentially long-lasting impact. In this sense, human
epidemiologic data have indicated that prenatal and early
postnatal nutrition modulates developing functions and
influences adult susceptibility to diet-related chronic diseases. This lasting eﬀect until adulthood is now referred
to as “imprinting” or “programming” [1, 2]. Focusing on
the immune function during early life, the relationship
between nutrition and gut microbiota, mucosal homeostasis
and immune programming has been reviewed [3–5]. In
order to confirm epidemiologic associations, dietary interventions in human neonates have been performed; however,
there are several limitations, such as ethical concerns and
methodological aspects (type of samples, study design—
preventive versus curative—in health and disease, dosage,

genetic heterogeneity, etc.) [6]. In addition, when intestinal
immune function is examined, tissue samples can only be
obtained in a hospital environment from patients with prescribed intestinal biopsies, limiting, therefore, the number
of samples that can be analyzed. Animal models have the
advantage of allowing invasive tissue sampling to assess
nutrient status and easily monitor compliance with the
dietary protocols [7]. In fact, animal studies are needed to
focus and direct further studies conducted in humans. In this
sense, there is no doubt about how research using animals
as experimental models has contributed to increasing the
current knowledge about the interaction between diet and
physiology, and more specifically about the immune system.
In this context, immunonutrition studies using animal
models have been able to elucidate not only the eﬀect of
particular nutrients or diets on immune functions but also
the precise mechanisms involved in these responses [8].
These studies have usually been performed on adult animals
through the consumption of enriched diets or by direct
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Table 1: Physiological characteristics and logistical considerations of the three most used animal models for nutritional intervention in early
life [10–15].

Pregnancy period (days)
Placenta type
Litter size
Birth weight (g)
Weaning weight male/female (g)
Suckling period (days)
Solid diet beginning (days)
Puberty male/female (wk)
Life expectancy (years)
Developmental maturity at birth1

Mouse
Physiological characteristics
18–21
Discoidal, hemoendothelial
choroidea, decidual
6–12
0.5–1.5
18–25/16–25
21–28
10
4–6/5
1-2
∗

Animal model logistical considerations2
Minimum enclosure size for mother and litter (cm2 )
330
Purchase and maintenance cost
∗-∗ ∗ 3
Availability
∗-∗ ∗ ∗ ∗ ∗3
Easily of pup’s manageability
∗∗

Rat

Pig

21–23
Discoidal, hemoendothelial
choroidea, decidual
6–15
3–5
55–90/45–80
21
12
6/6–8
2-3

110–118
Epitheliochorial
11–16
900–1600
6000–8000
28–49
12–15
20–28
14–18

∗

∗∗

800

0.2–2.5 m2

∗

∗∗∗

∗∗∗∗∗

∗∗∗

∗∗∗∗∗

∗∗∗

1 Developmental

maturity (i.e., gastrointestinal functions—nutrition and evacuation—thermoregulation, locomotion, etc.) related to adults from immature
(∗) to mature (∗ ∗ ∗ ∗ ∗).
2 Animal model desirability factors evaluated from relatively low (∗) to relatively high (∗ ∗ ∗ ∗ ∗).
3 Cost and availability diﬀer depending on the particularities of the animal strain.

administration of dietary supplements (oral gavage) such
as vitamins, minerals, polyunsaturated fatty acids (PUFAs),
fiber, probiotics, prebiotics, and other ingredients. However,
the impact of nutrients on the developing immune system in
animals during gestation or early life has been studied less.
Thus, the purpose of this paper is to describe the potential
of the suckling rat as a model for immunonutrition studies
in early life and, more specifically, to provide tools for the
investigators for better designing experimental approaches
focused on the importance of nutrition in early life for programming and immune development.

2. Animal Models for Early Nutritional Studies
The importance of developing animal models to examine
the nutritional eﬀects on human health and disease led
to the organization of the symposium about Appropriate
Animal Models for Nutritional Research in Health and
Disease, celebrated in Washington in 2007 in the context of
the “Experimental Biology Meeting”. The symposium was
intended to provide both conceptual and technical guidance
to help expand the interactions between human and animal
nutritional scientists [7, 9].
While animal models for the study of human neonatal
nutrition include mice, rats, rabbits, guinea pigs, dogs,
pigs, and nonhuman primates [6], the species that have
provided the most useful nutritional information are rodents
(mainly mice and rats) and pigs, particularly in terms of
the interaction between nutrients and the immune system.

However, there are several aspects that must be considered
when choosing the most appropriate animal model for a
study and it should be based on the desirability for a specific
intervention and evaluation procedure. In this sense, Table 1
compares some physiological characteristics and practical
information that should be taken into account regarding
these three species.
Among the factors included in Table 1, the length of
life periods is important: gestation, suckling, puberty, and
life expectancy, all of which are shorter in rodents than in
the pig model, which facilitates the nutritional intervention
along one or several of these developmental stages [6, 10, 11].
Other factors that influence the overall relative desirability
of mice, rats, and pigs are the cost, which includes not only
the price of a particular animal but also its housing, the
availability or the ease with which animals are obtained from
the supplier, and the manageability, comprising the housing
requirements, the time needed to take care of the animals and
the ease of handling [12, 13].
Based on these criteria, rodents are generally the most
economical models; they are more easily available and managed in the laboratory than larger animals [12]. Moreover,
rodents are well-characterized models and provide many
particular options, such as diﬀerent strains, and knockout or
transgenic animals, among others, which help in the process
of resembling pathologies. However, the rodent models have
some limitations regarding the extrapolation of the results
to humans, such as diﬀerences in food intake and energy
expenditure for body size, lifespan, and morphology and
other physiological aspects [16]. If newborn mice and rats
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are compared as neonatal models, the diminutive size of mice
pups constitutes the main obstacle to their choice, especially
if the nutritional intervention has to start from the first day
of suckling by artificial rearing.
Regardless of the limitations associated with large animals—such as long length periods, relative cost, availability,
and manageability in a laboratory setting—in the symposium about Appropriate Animal Models for Nutritional
Research in Health and Disease, the benefits of large-animal
research models for nutrition were admitted because of their
greater physiological similarity to humans than rodents [9].
In this regard, in recent years the young pig has come into
particular prominence as an animal model for nutritional
research due to its much closer resemblance to human
physiology [7, 14, 16].
It should be taken into account that there are vast differences in the bioavailability of certain nutrients between
animal models and humans. There are well-documented
diﬀerences in how they use, metabolize, and excrete nutrients
[7, 17]. For example, the selection of the animal model for
studying vitamin A supplementation is crucial because the
carotenoids are very diﬀerently absorbed depending on the
selected model [7].
As no one technique or animal model is perfect, and
as diﬀerent methodological approaches are used to complement each other to increase the understanding of a particular
question, it would be very helpful to use diﬀerent animal
models to address the issues of interspecies diﬀerences and
to better predict what might happen in humans. Overall,
although at present both rodents and pigs are used to study
nutrient interactions with the immune system in early life; on
the basis of our own experience [15], we will focus this paper
on the suckling rat as a suitable model for immunonutrition
studies.

3. Immune System Development in the Rat
In rats, as in humans and other rodents, the ontogeny of
the immune system starts in the embryo and continues
during fetal life, but it actually finishes several years after
birth [18]. In general, the immune system in mammals is
not fully functional at birth and develops later. This is due,
in part, to the low exposure to antigen before birth. The
ontogeny of immune system in rats is parallel to that in
mice and it is delayed compared with humans probably
due to their shorter gestation period. Thus, although the
lymphoid architecture forms prenatally in humans and
mostly postnatally in rodents, it seems that they both develop
via similar schemes [19].
3.1. Ontogeny of the Systemic Immune System. Data about
immune system development in rat fetus are focused on
thymus. It has been reported that the number of thymic
cells is very low before day 14 of fetal life, but increases
exponentially during the last week gestation and from birth
to reach adulthood [20]. After birth, by the beginning of the
second week of rat life, a sudden increase in TCRαβ+ cells
and a decrease in CD4−CD8− cells appear in the thymus
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[20]. A deeper study, performed in mice during fetal life,
shows that the first cells populating the thymus rapidly diﬀerentiate and give rise to both cortical and medullar lymphoid
populations of thymus; a second generation of precursors
enters the thymus during the second half of fetal period and
gives rise to a second generation of thymocytes which grows
exponentially and replaces the first one at the end of the
second week after birth [21]. The ontogeny of thymus in
rodents is similar to that reported in humans. The embryonic
thymus in humans appears around 6 weeks gestation [22],
and later, T-lymphocyte diﬀerentiation begins. At week 10,
the thymus has diﬀerentiated cortical and medullar zones
with T cells and, at week 13, T cells colonize the fetal liver,
spleen, and bone marrow [23].
To establish the immune development in rats after birth,
we have studied the appearance of lymphocyte subsets in
spleen of newborn Lewis rats during suckling by means
of immunofluorescence and flow cytometry [24]. We have
observed that T lymphocytes in neonatal rat spleen are found
in very low proportions during the first two weeks of life [24].
In rats, B lymphocytes constitute the earliest occurring population in the spleen after birth (Figure 1(a)), and during the
suckling period these cells present an immature phenotype
characterized by low surface IgM expression [24]. Similarly,
in mice, immature B cells are also described in the neonatal
spleen [25]. Data from humans report that B cells appear in
the fetal spleen together with liver, bone marrow, and lymph
nodes at 7-8 weeks of gestation, and these B cells possess an
immature phenotype with no surface immunoglobulins but
cytoplasmic IgM [26].
Studies about phenotypical lymphocyte composition
performed by flow cytometry analysis of the spleen cell
suspensions during the rat suckling period [24] have allowed
two phases to be defined: early neonatal life (first half)
and late suckling period (second half) (Figure 1(a)). Early
neonatal life in the spleen (first phase) is characterized by a
low proportion of CD4+ cells and CD8+ cells with immature
phenotype [24]. In the second phase of the suckling period
(i.e., 10–21 days), the number of CD4+ and CD8+ cells
increases, and lymphocytes bearing CD3, TCRαβ, CD5, and
CD2 molecules appear in the spleen (as can be seen in the
T-cell pattern of Figure 1(a)) [24]. NK cells are present in
liver and spleen from suckling mice [27] and in the spleen
from suckling rats (Figure 1(a)) in a similar proportion to
that found in adult rats [24], suggesting a key role of these
cells in the defenses of newborn rodents. Moreover, NKT
cells are present in the newborn rat spleens where they may
exert some regulatory function and play a role in peripheral
tolerance. In humans, NK cells are predominant during early
infancy to early childhood [28], but their activity is reduced
in newborns in comparison with children and adults [29].
Rat neonatal T and B immune responses are low at
birth, less competent and functionally deficient compared
with adult animals, as observed in mice [32]. Similarly,
spleen lymphocytes from rat oﬀspring present a very low
proliferative response, increasing at suckling although it does
not reach adult ability at weaning (Figure 1(b)) [24]. This
feature is similar to human’s newborns: the immunoproliferative response of neonatal T lymphocytes to mitogens is
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Second phase

Lymphocyte subset (%)

60
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(50%)

50
B cells (about 40%)

40

B cells
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30
T cells (about 30%)

20
10
0

NK cells (about 11%)

0

7

14

21

NK cells
(7%)

Adult

(a)
Proliferative response (%)

week of life produce antibodies depending of Th2-responses
but, in contrast to adult rats, failed to develop Th1dependent antibodies [38]. Th2 polarization in the fetus
plays a physiological role because otherwise Th1 response
could induce fetal damage. This Th1 response would involve
excessive IFNγ production that is not only deleterious to
the placenta integrity, but also the major cause of fetal loss
[39, 40].

T cells B cells
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60
50
40
30
20
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0
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14
21
Age (days)
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(b)

Figure 1: Developmental pattern of the systemic immune system in
rats from suckling to adult age. Spleens of Lewis rats were obtained
at several time points during suckling and, after mechanical spleen
disruption, splenocytes were isolated by density gradient. Cells
were stained by fluorochrome-conjugated monoclonal antibodies
directed against several lymphocyte surface molecules (CD45RA
for B cells, TCRαβ for T cells and NKR-P1A for NK cells).
The percentage of each subset was established by flow cytometry analysis. Other splenocytes were incubated in presence of
Concanavalin A or pokeweed mitogen over 72 h and proliferating
cells were identified by means of a cell proliferation assay [24].
(a) Main spleen lymphocyte subsets during suckling in Lewis
rats (expressed as a percentage of total spleen lymphocytes). (b)
Proliferative response of neonatal spleen cells with concanavalin A
(T-cell proliferation) and pokeweed mitogen (B-cell proliferation)
in comparison with adult Lewis rats (which is considered as 100%).
Results are estimated from data obtained from 1, 3, 5, 7, 11, 14, and
21-day-old rats (modified from [24]).

lower than in children and adults [33]. On the other hand,
neonatal antibody response in rats is slower and exhibits
lower average aﬃnity and reduced diversity compared with
adult counterparts [24, 33–35]. Sera immunoglobulin (Ig) G
and IgM are already detected in 5-day-old rats and increase
progressively during suckling. Similar to humans, IgA is the
last antibody isotype to appear in rat sera [24].
Mice neonates, like human newborns, develop Th cell
responses biased to Th2 [25, 36]. Th1 immune response is
compromised with a deficient production of Th1 cytokines
(IFNγ) and hyporesponsiveness of neonatal macrophages to
this cytokine [37]. Similarly, rats primed during the first

3.2. Ontogeny of the Intestinal Immune System. The mucosal
immune system, also known as mucosa-associated lymphoid tissue (MALT), is more complex than its systemic
counterpart and it includes the gut-associated lymphoid
tissue (GALT), the nasopharynx-associated lymphoid tissue (NALT) and the bronchus-associated lymphoid tissue
(BALT), among others [41, 42]. The lymphoid cell distribution in various compartments of the MALT is diﬀerent
among some animal species, and, for example, rodents and
humans clearly diﬀer in the anatomy of the NALT [42].
However, bearing in mind that the intestine represents the
main compartment reached by dietary immunomodulatory
compounds, GALT should be the focus of attention here.
In this sense, the GALT anatomy of rats is more similar
to humans than other species because they both share,
besides the classical structures that are mentioned below,
lymphocyte-filled villi, which are absent in pigs and mice;
moreover, these latter species have lymphoid structures
lacking in humans such as continuous ileal Peyer’s patches
and cryptopatches, respectively [41].
Peyer’s patches (PPs), lymphoid aggregates in the small
intestine, constitute the inductive site of intestinal immune
response. At the end of rat fetal life, on day 18 gestation,
PP are visible, although as aggregates without T or B cells
[43]. At birth, in the PP there are only a few T cells and with
age this proportion increases while IgM+ cells also appear.
On day 12 of life, neonatal PPs are structurally similar, but
without germinal centers, to those in adult rats, although
of a smaller size [44]. Thus, the number of cells within the
PP is of about 0.5 × 106 at the end of suckling and keeps
increasing through early life: 1.2 × 106 (day 28), 2.0 × 106
(day 35) and 2.5 × 106 (day 42) [45]. With respect to T-cell
development, on day 21, 15% of PP cells are CD5+, 12% are
CD4+ and only 4% are CD8+ [45]. PP development in rats
is rather slower than that in humans. It has been described
that, at four months gestation, B cells and T cells appear in
human fetal PP although there is no evidence of germinal
centre formation [46]. After birth, however, they develop
rapidly due to stimulation from luminal antigens [47] and
the number of PP increases from about 60 at birth to over
200 by 12–14 years [48].
With regard to the development of intraepithelial lymphocytes (IELs), which are lymphocytes found in the
epithelial layer of the intestinal mucosa, we have isolated
and characterized by flow cytometry the IEL pattern in
rat small intestine during suckling (Figure 2(a)) [30]. The
number of IELs in rats expands after birth, and almost all
the major IEL subsets identified in adults are already present
in suckling rats, but in diﬀerent proportions. During the first

Clinical and Developmental Immunology

5
Suckling period
First phase

IEL (lymphocyte (%))

60

Second phase
Tαβ+

50

Tαβ+

cells

40
30

NK cells
CD4+ CD8+

20

Tγδ +

10
0

Tγδ + cells
CD4+ CD8+ cells

0

7

14

21

NK

Adult

(a)
LPL (lymphocyte (%))

60

CD4+

50
CD8+ cells

40

B

B cells

30
20

CD4+ cells

10

CD8+
NK

NK cells

0
0

7

14

21

Adult

Ig-SC/106 LPL

(b)
1400
1200
1000
800
600
400
200

IgA-SC

IgM-SC
IgM-SC

60
40
20
0

IgA-SC

0

7

14
21
Age (days)

Adult

(c)

Figure 2: Pattern of maturation of the main eﬀector lymphocyte populations in the rat small intestine during suckling. Results were
estimated from data obtained from 1, 3, 5, 7, 11, 14, and 21-day-old rats. (a) Relative proportions of intraepithelial lymphocytes (IELs)
in suckling and adult Lewis rats. Intestinal IEL suspensions were obtained by incubations with DTT, EDTA and medium, and subsequent
purification with 44/67.5% Percoll. Immunofluorescence staining with anti-rat antibodies to CD4, CD8α, TCRαβ, TCRγδ, and NKR-P1A
was then applied. Flow cytometry analysis allowed establishing the percentage of a particular IEL subset with respect to the total number of
IEL [30]. (b) Relative proportions of lamina propria lymphocytes (LPLs) in suckling and adult Lewis rats. LPLs suspensions were obtained
after removing IELs, by digestion with collagenase, and purified with 44/67.5% Percoll. LPL were then stained with fluorescence-conjugated
antibodies to CD4, CD8α, CD45RA, and NKR-P1A. Analyses were performed by flow cytometry and cells were expressed as the percentage of
positive cells with respect to total LPL [31]. (c) Number of IgM- and IgA-secreting cells (SC) in 106 cells from small intestine lamina propria
in suckling and adult Lewis rats. LPL suspensions were obtained after removing IELs by digestion with collagenase-dispase. Thereafter, serial
dilutions of LPL were incubated in anti-rat IgM or IgA-coated plates. Biotin-conjugated anti-rat IgA or IgM, extravidin-peroxidase and
colorimetric substrate allowed enumerating spots that corresponded to each secreting cell [31].

few days of life, CD3+ CD45− IELs colonize the rat small
intestine epithelium. Throughout the suckling period, there
is an increase of CD3+ IELs, parallel to that observed in
TCRαβ+cells (Figure 2(a)), the same occurs in mice [49].
Analogously, in humans, IELs increase exponentially after
birth and up to 10-fold by 1-2 years of age [50].
Among neonatal intestinal IELs, NK cells are relatively
abundant (Figure 2(a)) and, at weaning, their proportion is

still higher than that present in adults [30, 51–53]. In addition, intraepithelial NK phenotype varies during suckling: at
birth, most intraepithelial NK cells are CD8+ and, thereafter,
there is an expansion of CD8- NK cells, being the main NK
IEL population in adult rat. Moreover, a high proportion
of intestinal intraepithelial NKT cells is found during early
life and it shows a marked age-decreasing pattern being only
about 1% of IELs in adult rats [53]. During the first days of
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rat life, besides NK cells, there is a significant proportion of
TCRγδ+ IELs (Figure 2(a)) [30, 54], while these cells appear
later in blood [55]. There is no data about NK cells in gut
of human newborns; however, these cells are important in
the innate responses in human adult gut [56]. On the other
hand, TCRγδ+ cells are relatively important in human fetal
IEL and decrease later [22].
The proportion of TCRαβ+, that mainly are CD8+ IELs,
increases progressively during the suckling period in rodents
[30, 54, 57] and becomes the predominant population at
the end of the first week of rat life (Figure 2(a)) [30].
In contrast to peripheral cells, CD8+ IELs can be either
CD8αβ+ (type a) or CD8αα (type b) [58]. CD8αα+ IELs
develop in the gut microenvironment, can be CD4+ and
either NK, TCRαβ+ or TCRγδ+, and express an oligoclonal
TCR repertoire [58–61]. CD8αα+ IELs are thought to have
an extrathymic origin or derive from early thymus precursors
[62] and, in rats, are abundant cells both during suckling and
adult life [30, 54]. CD8+CD4+ IELs are hardly found during
the suckling period and expand after weaning (Figure 2(a))
[30, 63]. In a similar way to rat development during suckling,
the TCRαβ+ CD8αα+ IELs are prevalent in the human fetal
intestine initially appearing from 12 to 14 weeks of gestation
and decreasing thereafter, being rather rare in adults [58].
Intestine lamina propria (LP), placed between epithelium
and the muscularis mucosa, contains, when achieves mature
state, eﬀector cells as mature IgA-producing plasma cells, T
lymphocytes (mainly Th), macrophages, dendritic cells, and
mast cells [64]. In immunologically mature LP, the intestinal
immune response is primarily characterized by the production of secretory IgA by plasma cells, which predominate in
human intestinal LP and represent approximately 80% of all
Ig-producing cells in the body [65–67]. The transport of Ig
across the intestine is mediated by the polymeric Ig receptor
(pIgR).
LP lymphocyte (LPL) composition in newborn rats is
quite diﬀerent from that in adults (Figure 2(b)). Adult rat
LPLs show a predominance of CD4+ T cells, followed by
B lymphocytes, a small proportion of CD8+ cells and also
a minor population of NK cells (Figure 2(b)) [31, 68].
However, during the first 14 days of rat life, the proportion
of CD8+ LPLs is 2–4 times higher than that of CD4+ LPLs
(Figure 2(b)) and no Ig-secreting cells are present [31].
During the first week of rat life, CD8+ LPLs express the typical mucosal molecule CD8αα and lack the thymus-derived
marker CD5. These data suggest that the subpopulation
which controls the early antigen stimulus of the luminal contents is thymus-independent and is developed in the intestine
LP, in a similar way to the intraepithelial compartment [31].
At the end of the second week of life, rat gut LP increases
the content of CD8+CD5+ and CD8αβ+ cells, which seems
to reflect an increasing colonization and defense provided by
CD8+ cell subsets originating from the thymus [31].
Another particular lymphocyte population that seems to
be relevant in LP during these first stages of development
is the NK subset (Figure 2(b)). There is a relatively high
percentage of NK CD8+ cells during the first two weeks of
rat life, diﬀering from adult age, when there is only a low
proportion of NK LPLs and they do not bear CD8 [31].
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Although little is known about the presence and phenotype
of intestinal LP NK cells, this particular subset may act in
the nonspecific immune response needed in the first days of
life when subsets involved in specific immunity are not yet
developed. During the first two weeks of rat life, there are
only a few B cells in the intestinal LP (Figure 2(b)) but, at
weaning, B cells become the main LPL [31] although their
ability to produce antibodies is lower than in adults, and
IgM-secreting cells are more abundant than those producing
IgA, similar to human development (Figure 2(c)) [31]. The
production of polymeric Ig receptor (pIgR), involved in the
mucosal secretion of IgA and IgM starts, in rats, at the age of
19–22 days [69]. CD4+ T LPLs, the most predominant subset
in adult rat LP, is the last lymphocyte population to expand
and this occurs after weaning (Figure 2(b)) [31].
Gut LP development in humans shows that scattered B
cells and T cells are present from 14 weeks gestation [46].
T cells in intestine LP expand during the fetal period and
have a density similar to the postnatal intestine by 19–27week gestation [46]. Plasma cells in LP do not appear until
about 12 days after birth. At first, IgM cells are more common
than IgA plasma cells, but by 1 to 3 months, IgA plasma
cells predominate. There is a switch from monomeric IgA
to polymeric IgA during the first year and, moreover, at
birth, secretory IgA1 is the predominant subclass but sIgA2
increases rapidly by 6 months of age [48].
3.3. Biomarkers of Immune System Development in Rats.
Knowledge of the development of the immune system allows
the examination of the eﬀect of particular nutrients on the
time course of immune maturation and function.
Considering systemic immune system, lymphocyte composition of rat spleen during suckling shows an immature
pattern that, at weaning, diﬀers from that of adult animals.
Due to the predominance of B cells during the first weeks
of life, the ratio between B- and T-cell percentage could
indicate the maturation phase of the spleen. In addition,
the proportion of CD4+, and CD8+T cells, very low in the
first days of life, also indicates the stage of the immune
development of the spleen. The maturation of immune
system functionality can be also studied considering the
lymphoproliferative responses against specific T- and B-cell
mitogens, which develop during suckling and finish later
after weaning. Moreover, Th1 and Th2 responses could
indicate the maturation state in young rats. These can be
achieved by means of cytokines produced by isolated cells
under stimulation.
With regard to the intestine compartment, there is a
close association between maturation of the small intestine
and activity changes of the mucosal immune system in
early rat life [70]. Intestinal length and weight, enzymatic
activity, crypt and villus length and width, and microbiota
composition, among others, are useful tools for evaluating
the primary impact of a nutrient on the maturation of the rat
small intestine. In this sense, the degree of development of
such variables increased during suckling without achieving
adult values at weaning become a useful biomarker for
evaluating the modulatory action of certain nutrients.
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On the other hand, it can be studied more specific immune elements that change during suckling. In this context,
IELs and LPLs are under influence of intestinal commensal
bacteria, which help in the development of the immune
function. Intestinal microbiota enables the IEL expansion
and the acquisition of their cytotoxic ability, promotes IgA
production by LPLs, and interacts with antigen presenting
cells (APC) inducing the activation of regulatory cells and
stimulating the tolerance against these bacteria [71].
In rats, the development of IELs after birth includes
a first phase with a high content of NKT and NK cells,
and furthermore these cells change from a typical systemic
phenotype (CD8+) to a characteristic intestinal phenotype
(CD8−). Thus, a predominance of both NK and NKT cell
subpopulations in the epithelium of the small intestine is
characteristic of the early life rats. Meanwhile, there is a
progressive rise in acquired immunity associated with the
TCRαβ+CD8+ IELs. Later, after weaning, IELs undergo
CD8+CD4+ subset expansion [30]. Therefore, it could be
interesting to establish as possible biomarkers of immune
maturation in the small intestine intraepithelial compartment, the transition of NK CD8+ to NK CD8− cells, and the
expansion of TCRαβ+ and CD8+CD4+ lymphocytes.
During the first two weeks after birth, rat LPLs development shows a predominance of CD8+ lymphocytes and NK
cells. Later, around weaning, B cells expand, and afterwards
and in adult life, CD4+ LPL are the most common [31].
Functionally, Ig-secreting cells are scarce during suckling
and, as in humans, cells producing IgM are the most
precocious. Therefore, the immune maturation of LPL could
be estimated by establishing the proportions of CD4+ and
CD8+ lymphocytes and B and NK cells. In addition its functionality can be measured by the number of cells producing
antibodies and by the transition from predominance of IgMto IgA-secreting cells.

4. Suckling Rat as a Model for
Immunonutrition Studies
The introduction of dietary supplements in strategic periods
during immune system development (both systemic and
intestinal) potentially allows us to identify nutrients with
immunomodulatory properties and to establish when nutritional intervention can result in optimal outcomes. Studies
aimed at knowing the eﬀects of certain immunonutrients
in early life can use diﬀerent approaches consisting of
manipulating the maternal diet during gestation and/or
lactation, or feeding directly to the pups (Figure 3).
4.1. Nutritional Intervention on Gestating and Lactating Rats.
The early gestation period of rats (days 0–7) corresponds
to the embryonic phase of development because embryo
implantation occurs at around day 4-5 [72]. The mid
gestation period (days 8–14) largely corresponds to the time
of organogenesis, while late gestation (days 15–22) is the
period of the fastest growth and structural diﬀerentiation
[73]. Overall, for rats, the pregnancy period lasts 21–23 days
and is followed by a suckling period of about 21 days [10, 11].
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A nutritional intervention can be performed during
the gestation period. In this case, the breeding must take
place in the own animal facilities where the researcher can
control the timings and the diets of the animals [74]. In
these studied animals, pregnancy should be confirmed by
using, for example, sperm-positive vaginal smears. Another
possibility is to obtain the gestating (G) animals as G7 or
G14 from the supplier, and therefore the researcher still has
14-7 days, respectively, for the dietary intervention [75, 76].
In this case, nutritional intervention in dams determines
the experimental group. When the targeted interventional
period for the immunonutrition study is the suckling period,
the diet can start just after the delivery up to weaning [77–
79]. In this case, it is possible to randomize animals into different experimental groups on the basis of pup criteria (i.e.,
birth body weight). Obviously, in both designs (gestation
and suckling nutritional interventions), for a better following
up of the process, dams (gestating or lactating) should be
housed in individual cages under controlled temperature and
humidity conditions in a 12 h : 12 h light:dark cycle and with
access to food and water ad libitum. Daily food intake during
pregnancy and/or lactation and weekly body weight should
be recorded [74, 76].
With regard to the dietary intervention during suckling,
the target nutrient can either be directly administered by
oral gavage (Section 4.2) or added to the maternal diet
[74, 80, 81]. Alternatively, nursing bottles adapted to mice
have been described [82] and applied in some studies [83].
The incorporation of the nutrient in the maternal diet is
an easy, physiological and nonstressing way to perform the
dietary intervention and is therefore fully recommended. As
with any nutritional intervention, a pelleted diet containing
the test nutrient should be isoenergetic in comparison
with the reference diet, and its macro- and micronutrient
composition as similar as possible. These diets are usually modifications of the American-Institute-of-Nutrition(AIN-), 93 M diet, which is specially formulated for the
growth, pregnancy, and lactational phases of rodents [84].
Moreover, it would be interesting to evaluate the quantity
of the test nutrient in the diet. In this sense, its oxidation
or degradation during the diet preparation or conservation
must be avoided, and this is particularly important in the
case of adding lipids as PUFAs [80]. For example, when the
test nutrient is labile, it is crucial to protect the pelleted diet
from light, temperature, humidity, oxygen by an appropriate
packaging and changing the diet in the cage every day. It is
important to bear in mind that suckling rats usually start
eating the dam’s pelleted diet around the second week of life
(days 12–14), and therefore the intake of the test nutrient can
be increased [10, 11, 79].
When the immunonutrition study focuses on the earliest
lactating period, certain considerations need to be borne in
mind. The delivery can be natural or induced. In this regard,
some authors allow the rats to deliver at term [77, 79] and
some others induce it by subcutaneous injection of oxytocin
(1 IU per animal) on the 21st day of their pregnancy [85].
Variables such as litter size should be recorded in order to
discard diﬀerences among groups before dietary intervention
or to evidence the eﬀects of a nutritional intervention during
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(a) Nutritional intervention
Pups’ oral
gavaging

Modifying
dam’s diet

Delivery
Gestation
(−3 to 0 wk )

Modifying oﬀspring diet

Weaning
Suckling
(0 to 3 wk)

Gestating/lactating rat
Physiological parameters: feed
intake, weight gain, length of
gestation
Periodical noninvasive samples:
plasma/sera, feces, breast milk
Invasive/postsacrifice samples:
lymphoid tissues for cell isolation
and functional analysis

Puberty
Infancy/young
(3 to 6–8 wk)

Adult age
(8–12 wk)

Suckling/infant/young/adult oﬀspring
Body morphological parameters: Litter size
and pup birth weight and further weight,
length, BMI, Lee index
Periodical noninvasive samples:
plasma/sera, feces
Invasive/postsacrifice samples: Lymphoid
tissues for cell isolation and functional
analysis

(b) Physiologic outcomes

Figure 3: Diagram of the possible designs for experimental nutritional interventions beginning at gestation, through suckling and infancy
to rat adult age and main physiological outcomes. (a) Nutritional interventions: maternal diet can be manipulated during gestation (3 wk)
and/or suckling (3 wk) in order to transfer the nutrient to the oﬀspring. During suckling, a precise amount of nutrient can be administered
to pups by oral gavage. When the pups start eating the solid diet (2-3 wk), their diet can also be manipulated up to adult age. The objective
of the study will lead the researcher to decide the interventional period (with the experimental diet) and the period in which the eﬀect will
be evaluated (end point of the design). (b) Physiological outcomes: samples from the gestating and lactating dams during the study period
are needed to confirm nutrient incorporation and later transfer to pups (i.e., breast milk and plasma). Plasma and feces are noninvasive
samples that can also be obtained periodically from the developing animals and are useful for immune determinations such as cytokines
or immunoglobulins. At the end of the study, immune lymphoid tissues can be obtained for cell isolation and further phenotypic and/or
functional studies (usually after ex vivo culture under stimulation).

gestation. Precise and easy measurements in litters comprise
body weight and body length (nose-anus length), which can
be used to determine the body mass index (BMI), calculated
2 (g/cm2 ), and Lee index, calculated as
as√body weight/length
3 weight/length (3 √g/cm) [76].
In order to minimize variation among groups in the
nutrition of the pups during suckling, litters must be pooled
and redistributed to keep the same number of pups per
lactating dam. Although it depends on rat strain, the number
of delivered pups usually ranges from 7 to 12 [78, 86]. Litters
with less than 7 or more than 12 pups should be excluded
from the experiment. Groups should not be constituted by a
unique dam and litter because the influence of the dam on
the pups’ development can mask the eﬀect of the nutrient.
Thus, at least 2-3 litters per compound should be required.
Depending on the number of test nutrients or test doses
and the type of determinations to be performed on the
individual animals of the oﬀspring, it may not be possible
to perform the entire study at the same time, and sometimes
it requires a progressive experimental design with diﬀerent
cohorts, including in every cohort groups representative
of each condition. Moreover, due to the early age of the

animals, sometimes is also needed the pooling of samples
from diﬀerent individuals from the same group [30, 31].
When an immunonutrition study includes a protocol of
feeding dams by test nutrient, the test nutrient absorption
and tissue/plasma/milk incorporation by dams should be
confirmed. For this purpose, maternal blood samples at
diﬀerent gestational/suckling ages could easily be obtained
by experimental procedures performed in accordance with
the institutional guidelines for the care and use of laboratory
animals established by the corresponding Ethical Committee
[76]. In addition, the amount of the nutrient in the
oﬀspring’s blood can be and indicator of the eﬃciency of the
transfer from the dam to the pups. Blood from animals just
after birth can provide information about the transplacental
transfer of the nutrient, whereas the amount of nutrient
in the blood of older neonatal animals can represent
the nutrient transferred either during gestation or during
suckling and coming from maternal body stores. For that
reason, also it is necessary to evaluate the presence of
the nutrient in breast milk. Traditionally, to achieve this
objective, milk from the pup’s stomach has been obtained
after animal sacrifice. In the last decade some groups have
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(a)

(b)

(c)

(d)

Figure 4: Images showing dam and oﬀspring handling. (a) Milk from dams is collected by using elastic tubing connected to a gentle suction.
(b) Animal identification by labeling the animals with a marker pen on the skin. (c) Oral gavaging in newborns younger than 5 days with
ophthalmic 23-gauge gavage tubes and a short-volume syringe. (d) Example of noninvasive sampling (feces) from a neonatal rat.

described how to collect and process the milk directly from
the dam [76, 87, 88]. Briefly, pups are separated from dams
during a certain time period (i.e., 1 h) to allow the milk
to accumulate in the mammary glands. Then dams are
anesthetized (e.g., intramuscularly with ketamine, 90 mg/kg
rat) and then intramuscularly treated with 2–5 IU oxytocin
around 10 minutes before milking. By gentle hand-stripping
of teats, milk droplets can be collected in a test tube using
silastic tubing connected to a gentle suction (Figure 4(a)).
Depending on the type of nutrient and methodological
aspects, total milk or milk whey supernatant fraction,
obtained after centrifugation and fat layer discarding, can be
used for nutrient quantification [76].
Some nutritional interventions mainly focused on suckling animals can also induce some eﬀects on dams. This
kind of protocol enables the study of both mother immune
variables and plasma composition, which can also influence
pup immune development. As an example, when a PUFA
is introduced at a high proportion in the dam’s diet, it is
interesting to evaluate changes in fatty acid composition
in the milk and plasma of the dams [76]. The changes in
proportion of saturated n-3 and n-6 fatty acid patterns and

plasma ratio of n-3/n-6 can be a key factor in a possible
role on the immune development and passive defense of
the litter in the experimental group. On the other hand, the
test nutrient can also influence the formation of immunemediators or their accumulation in the mammary gland and
therefore its transfer by milk to pups. A clear example is the
change in milk immunoglobulin concentration that can be
induced after certain types of immunonutrients [76].
4.2. Nutritional Intervention on Suckling Rat: Oral Gavage.
Although the dietary manipulation of the pregnant or
lactating dam is a suitable approach, it is not always the
best option for immunonutrition studies in early life. The
test nutrient can be aﬀected by the mother’s metabolism
and therefore the direct eﬀect on the oﬀspring could be
misinterpreted. In addition, there are some studies focused
on a particular nutrient present in an infant formula. In this
case, the administration of the product must be performed
directly in the oﬀspring. Finally, some studies require a
precise control of volume and nutrient intake. For all these
reasons, and as early suckling pups do not eat a pelleted
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diet, oral administration to pups or even artificial rearing is
alternative methodologies.
Oral gavaging of neonatal rats requires some aspects concerning handling of the litters to be taken into consideration
[15]. Daily handling should be done during the same time
range to avoid influences on biological rhythms. On the
basis of our own experience, some actions can help to avoid
the rejection and/or cannibalism from the lactating dam
of handled pups, such as not wearing perfumes or strong
smelling substances. Also it is recommended to allow the
rat bed material to pervade the hands prior to handling the
litters, or separating the mother into another cage while pups
are handled.
Animal identification by labeling the animals with a tag
or just with a permanent marker pen on the skin can facilitate
the daily assessment of the animals (Figure 4(b)). As pups
are continuously licked by their dam, when the permanent
marker is used, animals have to be spotted every day.
As mentioned before in the case of the intervention
through the dam’s diet, in order to homogenize the litter
size and weight, pups from diﬀerent mothers can be mixed
when they are born on the same day and before dietary
intervention [77, 78]. This redistribution is limited when the
diet has already been manipulated during gestation.
Dietary intervention by oral gavage has to guarantee that
the volume is within appropriate limits for the size and
species of the animal [13], which in the case of rats is limited
to 10 mL/kg/day. The dose of the nutrient can be the same
during the suckling period or can be adjusted to body weight.
A fixed amount of test compound is usually used in probiotic
studies [89]. But sometimes a useful approach is to adjust
the amount of tested nutrient as an extrapolation of the
consumption from an adult diet in which the proportion of
the nutrient is known in the pelleted diet (i.e., 1% w/w). In
order to calculate the equivalent volume of the solution to
administer to neonates, data from the daily intake of rats
from 21 to 28 days old (10–15 g chow/100 g of rat body
weight) can be used [79].
The method of oral administration to baby rats needs
skill and experience so as not to cause injury to their weak
upper gastrointestinal tissues. As the volume to be administered is very low, a precise technique may involve using
low-capacity syringes (i.e., Hamilton Bonaduz, Bonaduz,
Switzerland) (Figure 4(c)). These volumetric tools should
be adapted to oral gavage tubes, which can be diﬀerent
depending on the age of the animal. Our group, for example,
is adapting them to human ophthalmic 25- or 23-gauge
gavage tubes, 27 mm in length (ASICO, Westmont, IL,
USA) for oral administration before and after day 5 of life,
respectively [76, 77]. Oral administration can be performed
several times a day without producing any adverse eﬀects
on suckling rats: no inducement of mortality, or changes
in animal behavior, or interference with the dam-litter
relationship, with their growth rate being similar to that of
nonadministered animals. We have successfully oral-gavaged
suckling rats from birth, three times a day (unpublished
data), and others have even described 6 oral administrations
per day [89]. It is also important to discard the influence
of the oral gavaging stress or the vehicle composition

Clinical and Developmental Immunology
and volume on the pup’s development. For that reason
the ideal experimental design would include, besides the
group administered by oral gavage, a nonmanipulated group
(reference group), a group gavaged without liquid (oral
gavage stress control group), and a group receiving the same
volume of the vehicle than the test nutrient group (vehicle
control group).
Another aspect to be considered is that rats suckle compulsively. For this reason, in order to avoid gastric dilatation
and to facilitate the introduction of the volume of test nutrient, it is recommended to allow pups to keep their stomachs
empty by separating them from their dams for a brief period
(i.e., 15–30 min before oral supplementation [15, 77, 78].
Finally, it is known that rats have a propensity for
practicing coprophagy, a fact that can have an impact on
the results of a nutritional study. In this particular context,
as dams are used to eating feces from their pups during the
care process, it is not suitable to mix treatments within the
same litter. Each compound group has to be constituted by
the whole litter.
The “pup-in-a-cup” model described in 1975 by Hall
[90] for rats has since been adapted for mice, due to its
primary use in transgenic research [91]. This model allows
both the quantity and the composition of the dietary intake
in the pups to be manipulated, by inserting an intragastric
feeding tube, without the interference of the compounds
present in breast milk. Some limitations of this model are
that artificial rearing induces significant diﬀerences in some
anatomical and physiological parameters when compared
to maternally reared animals. In addition, artificially reared
pups are deprived of their maternal contact, and besides
the importance of this relationship for their physiological
development, pups have to be hand stimulated to urinate and
defecate by the researcher [91].

5. Nutritional Intervention after Suckling
After weaning, animals are separated by sex and the immunonutrition intervention can last until adult age [80]. Weaned
animals can then consume a pelleted diet containing the test
nutrient. However, it should be taken into account that the
optimal diet composition for rats just after suckling, that is,
during growing periods, is, among other diﬀerences, higher
in protein and lipids but lower in carbohydrates (AIN-93G)
than that required for the maintenance of adult animals
(AIN93 M). Therefore, the basal flour in which the nutrient
will be incorporated should be diﬀerent depending on
whether the intervention is to last until young or adult age.
However, more interesting than a long-term feeding study
[80] could be the impact of the dietary supplementation
just during a certain critical period and to evaluate its
eﬀect later in life [92, 93]. The observation of a significant
eﬀect several weeks after finishing the dietary intervention
can demonstrate the test nutrient action in the immune
programming during development.
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6. Immunomediated Pathologies in
Early Rat Life
Besides the importance of studying the role of certain nutrients in the physiological development of the immune system
during early life, there are pathological situations in which
the addition of such compounds can help in their prevention
or can contribute as curative treatments. This is the case
with malnutrition or overnutrition and their impact on
the immune system later in life, or common infective and
inflammatory pathologies such as acute gastroenteritis in
infants, necrotizing enterocolitis (NEC) or allergies and tolerance disorders, among others. Some experimental studies
in diﬀerent animal models, including the suckling rat model,
have been performed in this regard.
6.1. Malnutrition/Overnutrition. Altered nutrition (i.e., malnutrition/overnutrition) during gestation or suckling may
aﬀect, among other functions, the immune system development of neonatal animals or produce a long-term impact on
adult or even aged animals.
Undernutrition in pregnancy has been identified as an
important risk factor of many disease states [94]. Experimentally, the intrauterine growth restriction rat models
involve exposure during fetal life to relatively short periods of
undernutrition either by an intrauterine artery ligation or by
micronutrient deficiency or restriction of food intake, as well
as by dexamethasone exposure [95]. For example, the model
of low protein (LP) feeding during rat pregnancy consists of
feeding gestating rats with either a control diet protein (∼17–
19% casein) or the deficitary diet (low protein diet, ∼8-9%
casein) [96]. In the case of overnutrition during gestation, a
high-fat maternal diet during pregnancy, for example, with
an additional 20% fat in the form of lard, has also been used
as a model for developmental programming [93].
With regard to the suckling period, a protein-free diet
in dams for the first 10 days of lactation causes protein
malnutrition during the perinatal period in the oﬀspring
[97]. As stated before, litters from diﬀerent mothers are
culled to a standard number of pups to minimize variation
in their nutrition during suckling. However, in order to study
the malnutrition during this period, there is an experimental
model which consists of using a nursing mother with a larger
litter (i.e., ∼15 pups/dam) (malnourished rats) and comparing it with mothers that have around 8–10 pups/dam (wellnourished rats) [45]. This model of malnutrition during
suckling has shown an impairment in the development of Band T-cell maturation in PP and MLN [45, 98].
Conversely, overnourished rats during suckling can be
obtained by adjusting litter size to a smaller number of pups
(i.e., 4 pups/dam) [99]. Besides this easy model, overnutrition during suckling can also be achieved by manipulating
dams’ diet, for example, by using diets with diﬀerent
fat:carbohydrate content [100] or some of the highfat diets
provided by animal food companies [86]. Using both of
the above models it has been demonstrated that postnatal
overnutrition aﬀects the ontogeny of intestinal microbial
communities [86, 99].
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6.2. Necrotizing Enterocolitis. Necrotizing enterocolitis
(NEC) is the most common gastrointestinal disease in
premature infants and is associated with high mortality and
morbidity. Although mice and pig models of NEC exist,
the oldest [101] and the most used are neonatal rat models
which are based on damage provoked by overfeeding,
pathogenic bacteria/endotoxins or stress due to hypoxia
and/or hypothermia, or combinations of these [6, 102, 103].
NEC induction must be histopathologically validated by
scoring the ileal tissue during the process. These models and
determinations may help not only in the understanding of
the protection mechanisms in the premature intestine and
their contribution to NEC, but also in the modulatory action
of some dietary interventions which could be added in a
specific infant formula. Among the diﬀerent approaches,
hypoxia seems to be the crucial instigating factor [104]
and nutritional interventions to ameliorate this disease are
mainly based on the modulation of bacterial colonization by
probiotics.
A method to develop NEC based on stress involves
inducing asphyxia (breathing 100% nitrogen gas for 60 s) and
cold stress (4◦ C for 10 min) twice daily for 4 days [105, 106].
Using this model, it has been observed that oral administration of several probiotics, such as Bifidobacterium bifidum
or Lactobacillus bulgaricus, may help in the protection of
the small intestine against NEC and reduce the associated
inflammation in the ileum as well as the specific modulation
of some molecules involved in this process [89, 107, 108].
Another approach consists of inducing NEC immediately
after birth by a combination of both gavaging twice daily
with a special puppy formula and inducing hypoxia 3 times
daily (5% oxygen and 95% nitrogen) up to the 4th day of life
[109]. For example, in this experimental NEC model in rats,
a dietary intervention with resveratrol, a polyphenol compound with antioxidant and scavenger properties, modulates
key enzymes in the cell cycle including iNOS and prevents
mucosal damage [85].
Finally, some researchers have modified the above models
by including the administration of lipopolysaccharide (LPS,
2 mg/kg) in addition to gavage feeds, hypoxia, and hypothermia [110].
Although the rodent model is not “perfect” for studying
NEC pathogenesis and modulation, it seems better than the
pig model, which lacks the hypoxic insult that is thought to
happen in the human development of NEC [103].
6.3. Rotavirus Diarrhea. Acute gastroenteritis in children
under two years is mostly caused by Group A rotaviruses
(RV) which infect enterocytes of the small intestine and cause
severe dehydration. RV diarrhea produces high worldwide
morbidity, and symptomatic treatment such as rehydration
is the only way to control it [111, 112].
Several animal modelsin mice, rats, and pigs have helped
to advance knowledge about the infection process and
pathophysiology of group A RV-associated diarrhea [112,
113]. Some of these experimental models performed in
rats have been induced in germ-free suckling rats [114].
Later, Ciarlet et al. [112] developed an extensive work on
the characterization of the diarrhea process in suckling rats
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with some heterologous RV strains. The model globally
consists of inoculating orally with a high dose of the specific
RV strain, usually SA-11, in early suckling life (i.e., 5–
7-day-old animals) and evaluating the process by growth
rate and clinical indexes based on stool appearance and
consistency (Figure 4(d)). Besides these outcomes, our group
has provided a self-limiting acute model that show some
of the mechanisms involved in immune protection and
resolution of the diarrhea process. It provides some immune
response biomarkers, such as lymphocyte phenotype and
proliferative ability, which may help to evaluate the activity of
several food compounds, not only by shortening the diarrhea
process, but also by enhancing the specific RV immune
response [115].
Using these models, dietary intervention in early life with
several compounds (i.e., probiotics, prebiotics, or whey protein concentrates) in RV-infected animals has been shown to
provide a significant reduction in the incidence and severity
of diarrhea as well as changes in viral shedding or some
immune variables [116, 117]. These studies are the first step
towards including such compounds in human infant formula
with the objective of enhancing immune development and
protecting against virulent diarrheic process.
6.4. Allergies and Oral Tolerance. Food allergy represents an
important health concern in the Westernized world because
epidemiologic data show that 6–8% of children below 3 years
of age reveal food allergic reactions and about 4% of the
general population are estimated to have an IgE-mediated
food allergy in the United States and Europe; in addition,
epidemiologic studies also evidence the increase in allergy
and food allergy in industrialized countries [118]. Several
experimental models in rodents have been established in
an attempt to provide insights into the complex pathophysiological and immune mechanisms of human allergic
diseases and asthma. At present, one of the most used
animal models for evaluating food allergy is the Brown
Norway rat, a high IgE responder strain. This model, which
was described in detail by Knippels et al. [119], satisfies
criteria of orally sensitization and challenge, with no use of
adjuvant and IgE production, among others [120]. Although
several dietary interventions in this model have shown their
immunomodulatory activity in young-adult animals [121],
very few studies have focused on earlier periods of life [122].
For example, this rat strain is also suitable for studying how
diet can modulate spontaneous allergic sensitization when
the early oral allergen exposure is performed during maternal
milk feeding [123]. Therefore, this model can also be used
to ascertain the dietary modulation of the development of
oral tolerance in early life. Regarding the rat as a model for
asthma, it oﬀers some specific advantages and similarities to
humans when compared to other animals, for example, due
to the existence of a mucosal blood supply from the bronchial
arteries, which lacks in mice [124].

7. Concluding Remarks
Diet plays a crucial role in maintaining optimal immune
function, but, in addition, during early life it also exerts an
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important role in the immune development of the neonate.
Due to the limited data from epidemiological and human
interventional trials in early life, animal models hold the
key to increasing the current knowledge about the nutritionimmunity interaction in this particular period. However,
which experimental model is the most appropriate? We think
that two aspects are crucial when choosing the animal model
for an experimental design: the experimental feasibility of the
dietary intervention and knowing which immune biomarkers can allow us to examine whether the supplementation
with the nutrient of interest accelerates its physiological
time course maturation. The suckling rat immunonutrition
model presented here satisfies both aspects.
Some authors think that short-gestation-period animals,
such as rats, which are born with a very immature physiology
(i.e., gastrointestinal and immune systems), are less suitable
than other models based on longer-gestation animals such as
the pig, which is more similar to humans at birth. However,
in our opinion, the rat model has some advantages due
to these short periods and immaturity. In this sense, the
interventional procedure can be more easily performed over
a whole period (i.e., gestation and/or suckling) in a relatively
short time and with a higher cost-eﬀective ratio due to the
intrinsic characteristics of rat physiology. In this paper we
have provided some methodological aspects to bear in mind
for the experimental design. Furthermore, the anatomy and
immune function of the rodent gut are immature at birth but
develop rapidly during suckling and throughout weaning.
This postnatal period, continuously changing, is optimal for
performing the dietary intervention and evaluating whether
the test nutrient modulates the immune biomarkers (i.e.,
proportions of immature cells, ability to proliferate or to
synthesize immunoglobulins) to a more mature proportion
or activity, which have to be more similar to that found in
adult age.
It is true that the extrapolation of data obtained from
rodents to humans should be carefully evaluated due to
physiological diﬀerences, but in the field of nutritional modulation of the immune system in early life, there are relatively
few studies justifying a specific animal model.
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vol. 23, p. 72, 2003.
[16] J. K. Patterson, X. G. Lei, and D. D. Miller, “The pig as an
experimental model for elucidating the mechanisms governing dietary influence on mineral absorption,” Experimental
Biology and Medicine, vol. 233, no. 6, pp. 651–664, 2008.
[17] J. L. Greger, “Using animals to assess bioavailability of
minerals: implications for human nutrition,” Journal of
Nutrition, vol. 122, no. 10, pp. 2047–2052, 1992.
[18] G. Chirico, “Development of the immune system in
neonates,” Journal of the Arab Neonatology Forum, vol. 2, pp.
5–11, 2005.
[19] K. Hoorweg and T. Cupedo, “Development of human lymph
nodes and Peyer’s patches,” Seminars in Immunology, vol. 20,
no. 3, pp. 164–170, 2008.
[20] A. Vicente, A. Varas, R. S. Acedón, E. Jiménez, J. J. Muñoz,
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A lifelong gluten-free diet (GFD) is mandatory for celiac disease (CD) but has poor compliance, justifying novel strategies. We
found that wheat flour transamidation inhibited IFN-γ secretion by intestinal T cells from CD patients. Herein, the primary
endpoint was to evaluate the ability of transamidated gluten to maintain GFD CD patients in clinical remission. Secondary
endpoints were eﬃcacy in prevention of the inflammatory response and safety at the kidney level, where reaction products are
metabolized. In a randomized single blinded, controlled 90-day trial, 47 GFD CD patients received 3.7 g/day of gluten from
nontransamidated (12) or transamidated (35) flour. On day 15, 75% and 37% of patients in the control and experimental groups,
respectively, showed clinical relapse (P = 0.04) whereas intestinal permeability was mainly altered in the control group (50%
versus 20%, P = 0.06). On day 90, 0 controls and 14 patients in the experimental group completed the challenge with no variation
of antitransglutaminase IgA (P = 0.63), Marsh-Oberhuber grading (P = 0.08), or intestinal IFN-γ mRNA (P > 0.05). Creatinine
clearance did not vary after 90 days of treatment (P = 0.46). In conclusion, transamidated gluten reduced the number of clinical
relapses in challenged patients with no changes of baseline values for serological/mucosal CD markers and an unaltered kidney
function.

1. Introduction
Celiac disease (CD) is caused by the ingestion of wheat gluten
and related prolamins in genetically predisposed subjects [1],
influencing 1% of population in developed countries [2, 3].
Currently, a lifelong gluten-free diet (GFD) is mandatory
to alleviate the symptoms of CD and to normalize the
antibodies in the intestinal mucosa [4]. Recovery is often
observed after only a few weeks on a GFD [5]. CD is
mainly characterized by the activation of intestinal glutenspecific CD4+ T cells [6]. In particular, gluten becomes a
better antigen following its deamidation, which is catalyzed
by tissue transglutaminase (tTG) [7]. Furthermore, proline

residues protect against digestive proteolysis and direct tTGmediated deamidation of glutamines [8]. A noteworthy
finding was that gliadin can be cleaved by bacterial prolyl
endopeptidases (PEPs) into short peptides that lose their
activity [9]. Accordingly, oral PEP therapy has been proposed
as a possible treatment [10, 11]. PEPs have also been evaluated as a technological tool for the preparation of detoxified
gluten. Selected sourdough lactobacilli have specialized PEPs,
and baked products from sourdough following 24 h of
fermentation did not produce any alteration in intestinal
permeability in 13 out of 17 patients [12]. A 60-day diet
of baked goods made from hydrolyzed wheat flour, which
was manufactured with sourdough lactobacilli and fungal
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proteases, was not toxic to patients with CD [13]. We
tested a diﬀerent enzymatic approach: the transamidation
activity of food-grade microbial transglutaminase (mTG),
a transamidase of the endo-γ-glutamine:ε-lysine transferase
type [14]. We recently found that mTG exhibited the same
site specificity as tTG but lacked the deamidase activity
[15]. Most importantly, the transamidation of gliadin by
treatment of wheat flour with mTG and lysine methyl
ester (K-CH3 ) caused a dramatic downregulation of IFN-γ
production in vitro in the intestinal T cells of CD patients
[15].
In this first clinical study, we examined the safety of
(K-CH3 )-transamidated wheat flour in CD patients. The
primary outcome measures included the appearance of
clinical symptoms, by applying the gastrointestinal symptoms rating scale (GSRS) [16], and an altered intestinal
permeability [17]. The second outcome was to evaluate the
tolerance of treated flour by analyzing serum IgA antitissue
transglutaminase (tTG) antibodies [18], changes in the
Marsh degree of intestinal biopsies [19], and intestinal IFNγ mRNA after 90 days [20]. In addition, by considering that
the Q-K isopeptide, the final product of transamidation is
largely metabolized in the kidney [21], we also determined
creatinine clearance to monitor the integrity of renal function.

2. Materials and Methods
2.1. Patients and Study Design. The study was a randomized, controlled clinical trial. 65 asymptomatic celiac
patients on a GFD for almost two years were enrolled
at two investigator sites: S. Maria Incoronata dell’Olmo
Hospital, Cava de’ Tirreni-SA, and the Gastroenterology
Department of S. G. Moscati Hospital, Avellino. Nine of
them declined participation after elucidation of the protocol
study; another nine patients were excluded because of
an antiendomysial antibodies (EMA)-positive test. Finally,
47 CD patients were enrolled for a 90-day trial. Their
demographic characteristics, symptoms at diagnosis, and
baseline laboratory data are reported in Table 1. Patients
were randomized to receive 50 g/day of twice-baked bread
slices produced from either nontransamidated wheat flour
containing K-CH3 (control group, n.12) or (K-CH3 )transamidated wheat flour (experimental group, n.35). A
simple randomization scheme was generated using a web site
resource (http://www.randomization.com/). Patients were
monitored for the appearance of clinical symptoms by using
the gastrointestinal symptoms rating scale (GSRS) [16] and
intestinal permeability [17] every 15 days throughout the
study. On day 90, upper-gastrointestinal endoscopy and
duodenal biopsies were performed to evaluate alterations.
Figure 1 is a flow chart of the study.
Patients with appearance of clinical symptoms related to
gluten exposure or altered intestinal permeability were considered for withdrawn at any time. The following outcome
measures were also considered for relapsed CD: changes in
serum anti-tTG IgA antibodies [18], intestinal IFN-γ mRNA
[20], and changes in the Marsh degree of examined intestinal
biopsies [19].
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Assessed for eligibility
(n. pts: 66)
Excluded (n. pts: 18)
- Ema+ (9)
- Refused to participate (9)
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Control group (12)
50 g/day bread from
nontransamidated wheat
flour containing K3 CH

Experimental group (35)
50 g/day bread from
(K-CH3 )-transamidated wheat flour

Figure 1: Flow chart of the study.

2.2. Ethical Considerations. The study protocol was approved
by the Ethical Committee of San G. Moscati Hospital (http://oss-sper-clin.agenziafarmaco.it/), OsSc registry
n.06/09, trial n.234, 12/21/2007, and by the Ethical Committee ASL Salerno, OsSc registry n.318; trial n.118/AA.GG,
7/7/2009 in conformity to the provisions of the Declaration
of Helsinki (as revised in Tokyo 2004). All participants gave
their written informed consent.
2.3. Reagents. K-CH3 (99% purity) was purchased from
Sisco Laboratories (Mumbai, India). Mono-dansylcadaverine (MDC) and ninhydrin were purchased from Sigma
(St Louis, MO, USA). mTG (ACTIVA WM, 81–135 U/g)
was provided by Ajinomoto Foods Europe, (Hamburg,
Germany). All other reagents and solvents were available
from Carlo Erba (Milan, Italy).
2.4. Biochemical Analyses of Flour. The transamidation activity on wheat flour was qualitatively estimated by using MDC.
A concentration of 500 μM MDC was added to a flour
suspension in water. 8 U/g mTG was added, and the reaction
was conducted for 2 h at room temperature. The protein
fractions were then extracted with a modified Osborne
procedure [22] and analyzed using 12% denaturing SDSPAGE. Protein bands were visualized by UV and Coomassie
R-250 blue staining. The enzyme reaction was quantitatively
monitored using a modified ninhydrin assay [23]. The results
were expressed as nmoles α-amino N/mg protein.
2.5. IFN-γ mRNA Analysis. RNA was extracted from the
biopsies using the TRIzol reagent (Invitrogen, Milan, Italy).
cDNA was prepared by reverse transcription. Real-time PCR
was performed on the iCycler iQ (Bio-Rad Laboratories Inc,
Hercules, CA, USA). The reaction conditions for 39 cycles
were 95◦ C for 30 s, 56.4◦ C for 30 s, and 72◦ C for 40 s. Gene
expression levels were calculated using the ΔΔCt method
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Table 1: Demographic data, clinical symptoms (GSRS) at diagnosis, and baseline laboratory investigations in 47 GFD CD patients.
Group
n. pts
Age (years)∗
GFD (years)∗
Gender
Female
Male
GSRS
Abdominal pain
Constipation syndrome
Diarrhea syndrome
Indigestion syndrome
Reflux syndrome
Total2
Nil
C/M ratio > 0.037
Baseline
Anti-tTG IgA titre (UA/mL)∗
Baseline

P value1

Control
12
40 (23–50)
3 (2–14)

Experimental
35
37 (18–53)
8 (2–28)

9
3

24
11

10
0
4
1
2
10
2

20
3
18
1
4
33
2

0.16
0.56
0.33
0.44
0.63
0.26

2

1

0.15

6 (2.3–10.3)

5 (1.0–35.0)

0.35

0.13
0.07

1.00

∗

Median (range).
1 GSRS, intestinal permeability data and gender distribution were compared via Fisher’s exact test; the Mann Whitney test was used to analyze age, GFD and
the anti-tTG IgA titre.
2 Total number of patients manifesting at least one symptom.

[24] and presented as fold changes after normalization to
the L-32 housekeeping gene. The following primer sequences
were used: L-32, forward 5 -CCTCAGCCCCTTGAAGC3 ; reverse 5 -GCCCTTGAATCTTCTACGAACC-3 ; IFN-γ,
forward 5 -TCAGCTCTGCATCGTTTTGG-3 , reverse 5 GTTCCATTATCCGCTACATCTGAA-3 .
2.6. Enzyme Treatment. The large-scale quantitative transamidation of commercial wheat flour was conducted using
food-grade mTG (8 U/g flour) and 20 mM K-CH3 for 2 h at
30◦ C, followed by centrifugation of the flour suspension. The
recovered dough was used to manufacture the double-baked
bread slices in gluten-free conditions; the control bread was
similarly treated but without the addition of enzyme. A R5sandwich ELISA analysis of the bread was performed by
Imbiosis, SL (Madrid, Spain).
2.7. Intestinal Permeability Test. After an overnight fast,
patients drank the test solution containing cellobiose (5 g),
mannitol (2 g), and sucrose (40 g) dissolved in 100 mL of
water (1500 mOsmol). All urine passed during the next five
hours was collected into 25 μM thiomersal. The mannitol
and the cellobiose in the urine were measured using the
method of Corcoran and Page [25] and Strobel et al. [17],
respectively. Finally, the percent recovery ratio of cellobiose
to mannitol (C/M) was calculated by assuming as upper limit
of normality 0.037 [17].
2.8. Morphometric Analysis of Biopsy Specimens. Biopsies
from the distal duodenum of patients were obtained during

upper-GI endoscopy at time 0 and after 90 days of challenge.
Two specimens were used for routine examination, whereas
the others were stored in liquid nitrogen or embedded in the
optimal cutting temperature (OCT) compound. Histology
was performed according to a modified Oberhuber-Marsh
classification [19]. Immunohistochemistry was performed
on cryostat sections (5 μm) fixed in acetone and stained
according to the peroxidase-antiperoxidase (PAP) method.
The sections were individually tested with monoclonal
antibodies to CD3 (Dakopatts, Copenhagen, Denmark).
The density of cells expressing CD3 in the intraepithelial
compartment was determined by counting the number of
stained cells as a percentage of 100 enterocytes.
2.9. Haematochemical Analyses and Creatinine Clearance.
Blood samples were collected and analyzed for haemoglobin.
The serum samples obtained at various times during the
challenge were assayed for anti-tTG IgA antibodies using
a commercial kit (Menarini Diagnostics srl, Firenze, Italy).
Urine was collected for 24 h to determine the amount of
creatinine that was removed from the blood per min (CCr )
according to standard protocols.
2.10. Statistical Analyses. CD-related gastrointestinal symptoms and intestinal permeability data were tabulated and
compared via Fisher’s exact test. The Mann Whitney test
was used to compare patient ages, GFD periods, and antiTG IgA titre. The Student’s t test was used to analyze the
ninhydrin reaction. Diﬀerences between the baseline and
end results in the experimental group were determined
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Table 2: K-CH3 -gluten challenge: clinical and intestinal permeability assessment.
15
Group∗

Time of challenge (days)
n. pts
(A) C/M ratio > 0.037
Baseline
End
(B) GSRS
Abdominal pain
Constipation syndrome
Diarrhea syndrome
Indigestion syndrome
Reflux syndrome
Total2
Nil
Dropouts
Withdrawn for (A) or (B)
Withdrawn for other reasons

P

30
Group
ctr
0

exp
20

60
Group
exp
17

—

2

0

2

—
—
—
—
—
—
—

2
0
1
0
0
0
18

0
0
0
0
0
0
17

0
1
0
0
0
0
16

—
—

2
1

0
0

—

value1

ctr
12

exp
35

2
6

1
7

0.15
0.06

7
5
2
2
0
9
3

13
0
2
0
0
13
22

0.31
0.0005
0.26
0.06
1.00

10
2

14
1

0.04

90
Group
exp
17

∗ctr:

control; exp: experimental.
exact test.
2 Total number of patients manifesting at least one symptom.
1 Fisher’s

by the Wilcoxon signed-rank test for the morphological,
haematochemical, and serological analyses, by Chi-square
test for the Marsh degree, and by the Kruskal-Wallis statistic
and Dunn’s Multiple Comparison Test for IFN-γ RNA. For
all tests, the level P < 0.05 was selected to denote a significant
diﬀerence.

3. Results
3.1. Transamidation of Flour Modified Both Gliadins and
Glutenins without Altering Their Bread-Making Properties.
Wheat flour was incubated with mTG in the presence of
MDC. As shown in Figure 2(a), the electrophoretic profiles
indicated that both gliadins and glutenins, but not albumins
and globulins, were substrates of mTG. The assessment of
K-CH3 content found a significant increase in α-amino-N
belonging to the cross-linked lysine in both gliadins and
glutenins of the transamidated flour (Figure 2(b)). Then,
we conducted a large-scale transamidation of the flour
according to a previously established methodology [15]. The
recovered experimental dough rose similarly to the control
dough following the addition of yeast, and thus, it was
possible to manufacture the bread used in the clinical trial
(Figure 2(c)). Interestingly, the R5-ELISA indicated a drastic
reduction in the levels of detectable protein, suggesting that
following the binding of K-CH3 , gliadin loses its crossreactivity towards the R5 monoclonal antibody. The in vitro
assessment of the immunostimulatory activity of gliadin
isolated from transamidated flour confirmed the blockage
of IFN-γ secretion in intestinal T-cell lines derived from CD
patients (data not shown), as previously reported [15].

3.2. Assessment of Clinical Symptoms and Intestinal Permeability. 47 CD patients on GFD were enrolled in the
study. Demographic, clinical, and intestinal permeability
and serological data are reported in Table 1; there were no
diﬀerences between the two groups in the baseline values.
Notably, a diﬀerence in the appearance of clinical symptoms
was observed within two weeks of treatment (Table 2). The
assessment of GSRS indicated that 9/12 (75%) and 13/35
(37%) of the patients in the control and experimental groups,
respectively, had a clinical relapse (P = 0.04). It is noteworthy
that 2/3 patients in controls had no symptoms and were
asymptomatic at the time of diagnosis (Table 1). Baseline
values of intestinal permeability were found to be normal in
all patients, with the exception of one and two patients in
the experimental and control groups, respectively (Table 1).
After 15 days, 7/35 (20%) patients in the experimental
and 6/12 (50%) in the control group showed an altered
permeability (P = 0.06; Table 2).
In summary, 10/12 in controls and 14/35 patients in
the experimental group were withdrawn from the study
within 15 days for clinical relapse and/or altered permeability. In addition, two patients of the control and
one of the experimental group dropped out for personal
reasons.
Twenty patients in the experimental group continued
the (K-CH3 )-transamidated gluten challenge. Three more
dropped out after 30 days, two for clinical relapse and altered
C/M ratio, and one for personal reasons (Table 2). On day 90,
16 patients completed the study without developing clinical
symptoms, but two more patients showed an altered C/M
ratio at the end of the challenge (Table 2).
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∗
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+
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1.102
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Figure 2: Activity of mTG in wheat flour. (a) SDS-PAGE of protein fractions following mTG-mediated transamidation of flour in the
presence of MDC; the bands were visualized by UV (left) or Coomassie blue staining (right). (b) Quantification of lysine cross-linked to
gliadins and glutenins following wheat flour transamidation with K-CH3 ; results are expressed as nmoles α-amino N/mg protein, and the
statistical assessment was performed using the Student’s t test; ∗ : P < 0.05. (c) Baking features of dough following transamidation. Inset,
gluten content in the sample breads as determined by R5-ELISA (Imbiosis, Madrid, Spain). These results are representative of five diﬀerent
experiments.

3.3. Analysis of Intestinal Mucosa after a 90-Day (KCH3 )-Transamidated Gluten Challenge. Upper gastrointestinal endoscopy and biopsy specimens were obtained from
10/14 consenting patients who completed the 90-day study
without developing symptoms or altered permeability. By
evaluating the mucosal changes, we found that no subject developed villus subatrophy (Figure 3); moreover, the
observed variation in the Marsh-Oberhuber grading was not
found to be significant (Table 3). In particular, the statistical
assessment did not indicate any diﬀerence in villus height
with baseline values (P = 0.25) (Figure 4(a)). In contrast, the
crypt depth values were found to be significantly diﬀerent
(Figures 3 and 4(a), P = 0.008). The analysis of IEL
infiltration indicated no diﬀerences for CD3+ cells (P =
0.11). Next, the IFN-γ mRNA in the intestinal biopsies were
evaluated. The results in Figure 4(b) showed a significant
diﬀerence in the baseline values between the treated and
untreated CD patients who are representing the positive

Table 3: Biopsy analyses following a 90-day K-CH3 -gluten challenge.
Marsh-Oberhauber
Grade
0
1
2
1

Baseline
n. pts
3
7
0

90 days
n. pts
2
4
4

P value1

0.08

Chi-square test.

control (P < 0.01). Interestingly, after 90 days of challenge
with the transamidated gluten, the levels of IFN-γ transcripts
were not significantly changed in the experimental group.
3.4. Laboratory Investigation following a 90-Day (K-CH3 )Transamidated Gluten Challenge. Notably, the anti-tTG IgA
end titre did not significantly increase in the patients
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90 dd

Baseline

100 μm

100 μm
(a)
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Figure 3: Histological appearance of intestinal mucosa from a CD subject at baseline (a) and following a 90-day (K-CH3 )-transamidated
gluten challenge (b). Lines indicate the crypt depths; original magnification: ×20.

undergoing a protracted transamidated gluten challenge
(median, 5.7 versus 6.6, baseline versus post-challenge, P =
0.63, n.17; Figure 5). In addition, no substantial diﬀerences
for haemoglobin were found (medians, 13.2 versus 13.0,
baseline versus postchallenge, P = 0.64; n.11). As a measure
of kidney function, creatinine clearance (CCr ) was evaluated
and was found to be nonsignificantly changed (median, 168
versus 148, baseline versus postchallenge, P = 0.46; n.11).
Similarly, no diﬀerences were reported for this parameter in
the six normal subjects who underwent the same challenge
with transamidated gluten (data not shown).

4. Discussion
In this trial, a protracted intake of gluten from wheat flour
treated with mTG and K-CH3 was associated to a reduced
number of relapses in challenged GFD CD patients.
The possibility of preventing immune activity against
gluten has been underscored by the finding that the digestive
resistance of gliadin may play a role in the pathogenesis
of CD [26]. Gliadin can be cleaved by bacterial PEPs into
short peptides that lose their immune activity [26, 27].
Accordingly, oral PEP therapy has been proposed as a
possible treatment [10]. Recently, protein engineering has
been exploited to improve PEP activity [28]. However, a
very long fermentation is required to reduce the intolerance;
therefore, it is still a challenge to prepare bread for CD
patients [29].
We studied the transamidation activity of food-grade
mTG, an alternative enzymatic approach to detoxify gluten
[30]. Our previous experiments indicated that consequent
to the transamidation with K-CH3 , but not with lysine, the
immune reactivity of gliadin was completely suppressed in
intestinal T-cell lines isolated from CD patients [15].

It is widely accepted that both gliadins and glutenins are
responsible for the toxicity in CD [31]. Therefore, it was an
important finding that both protein types are substrates for
mTG. Moreover, the dough from transamidated flour rose
similarly to the control dough, which gave us the opportunity
to produce normal slices of the double-baked bread used in
the trial. Patients received 50 g/day of bread, corresponding
to a 3.7 g daily gluten intake. This quantity is considered
suﬃcient to reinduce the disease; in previous studies, 1–
5 g gluten/day caused CD relapse on a clinical, laboratory
and histological level both in children and in adults [32–
34]. In a subsequent study, 50 mg gluten/day was considered the minimum dose required to produce measurable
damage to the mucosa in CD patients [35]. Notably, the
gluten content, detectable by R5-ELISA, drastically dropped
following transamidation. We interpreted this data to mean
that the enzymatic reaction masked the epitopes of the
gliadins. In agreement with these observations, we detected
increased levels of lysine moieties bound to transamidated
gliadins and glutenins. Given the considerations described, a
single-blinded, randomized, controlled trial was performed
to verify the safety of the enzyme treatment in treated CD
patients. We applied the GSRS, a disease-specific instrument,
developed to evaluate common symptoms of gastrointestinal
disorders [16]. We found that the dose was suﬃcient for
producing a significant diﬀerence between the experimental
and control groups in terms of clinical relapse after only 15
days. In fact, 37% and 75% of the experimental and control
groups, respectively, exhibited clinical symptoms.
The intestinal permeability was investigated by the noninvasive C/M test [17] because, in CD, there is a decreased
absorption of small molecules (mannitol) and a paradoxically increased absorption of large molecules (cellobiose).
The test was valuable for monitoring dietary lapses in
patients on a GFD [36]. Interestingly, although the C/M
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Figure 4: Assessment of intestinal mucosa following a 90-day (K-CH3 )-transamidated gluten challenge. (a) Morphometric and
immunohistochemical analyses of biopsy specimens from consenting patients (n.10) who completed the 90-day study without developing
symptoms or altered permeability; the density of CD3+ cells in the intraepithelial compartment was determined by counting the number
of stained cells as a percentage of 100 enterocytes; bars indicate medians, and the statistical evaluation of data was performed using the
Wilcoxon signed-rank test. (b) IFN-γ mRNA levels in intestinal biopsies from patients in the experimental group (n.10) and from untreated
CD patients (n.6) were evaluated by real-time PCR; the cytokine values were normalized to L-32 mRNA and are presented as fold change in
gene expression (AU); bars indicate medians, and the Kruskal-Wallis statistic and Dunn’s Multiple Comparison test were used to compare
diﬀerences among groups (1) ∗ : P < 0.05; ∗∗ : P < 0.01.

8

Clinical and Developmental Immunology

30

Anti-tTG IgA (UA/mL)

25

20

15

10

5

0
17
16

Hb (g/dL)

15
14
13
12
11
10
9
300

Ccr (mL/min)

250

200

150

100

50
Baseline

K-CH3 gluten
challenge
(90 days)

Figure 5: Laboratory investigation of patients in the experimental group. Anti-tTG IgA titre (UA/mL; n.17), haemoglobin content (g/dL;
n.11) and creatinine clearance (mL/min; n.11) following a 90-day (K-CH3 )-transamidated gluten challenge. Bars indicate medians. Statistical
evaluation of the data was performed using theWilcoxon signed-rank test. The level P < 0.05 was selected to denote a significant diﬀerence.
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ratio was not significantly diﬀerent between the experimental
group and the control group after 15 days of treatment, the
90-day challenge showed that abnormal values essentially
developed early, within 15 days, concomitantly with the
timing of clinical relapse. In particular, only 2 patients in the
experimental group dropped out later (Table 2), suggesting
the existence of two distinct subsets of CD patients with
diﬀerent sensitivity to transamidated gluten. In line with
these findings, we also registered unchanged haematological
values after the 90-day challenge. On the other hand,
these results indicated that our primary endpoint was only
partially fulfilled.
The Q-K isopeptide, the final product of transamidation,
is largely metabolized in the kidney, where ε-(γ-glutamyl)lysine represents a substrate for γ-glutamylamine cyclotransferase (EC 2.3.2.4) [21]. The cleavage of the isopeptide
bond by this enzyme results in the formation of free Llysine and 5-oxoproline, which is metabolized to glutamic
acid by 5-oxoprolinase. However, 5-oxoprolinase is an ATPdependent enzyme, and ingestion of transamidated proteins
would increase the consumption of ATP in the kidney,
thus, potentially influencing renal function. Accordingly, we
examined creatinine clearance in the experimental group and
found that the end values were not diﬀerent from the baseline
values. Also, no diﬀerences were observed in the normal
subjects undergoing the same challenge.
No variation was reported for the anti-tTG titres after
90 days, which are a good noninvasive indicator to assess
the compliance in CD patients [18]. The morphometry and
IEL counts of duodenal biopsies are considered hallmarks
for a quantitative assessment of gluten-induced damage in
CD [19]. Therefore, we compared the baseline and end
values in 10 consenting patients who completed the 90-day
challenge. The statistical evaluation of the morphological
data highlighted a diﬀerence only in the crypt depth. Notably,
the overall number of IELs, a very sensitive signal of mucosal
damage, was unchanged. Accordingly, no significant changes
in the Marsh-Oberhuber grade occurred in the experimental
group. Taken together, the serological and morphological
results confirmed that transamidated gluten was tolerated
in this subset of CD patients. Finally, the IFN-γ mRNA
levels in the intestinal biopsies at baseline and after the 90day challenge did not show a significant diﬀerence, thus
confirming our previous in vitro results [15].

5. Conclusions
The present study demonstrated that a protracted intake of
gluten from wheat flour treated with microbial transglutaminase and lysine methyl ester was associated to a reduced
number of relapses in challenged patients. Nevertheless, the
enzyme reaction we described was not found suﬃcient in
eradicating the gluten activity in all examined CD patients.
Whether an upgrade of the transamidation reaction might
be instrumental in blocking other immune components
involved in the mucosal lesion is under investigation in
our lab. Indeed, 19 out of the 94 glutamine residues in
recombinant α-gliadin were identified as substrates for tTG
[37]; this is a much higher number of substrates than
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that normally involved in generating DQ2/DQ8-restricted
immunodominant epitopes. Therefore, novel studies should
modify the reaction conditions to better address this issue.
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