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ABSTRACT: The i.v. lipid emulsion (LIP) is a source of oxidants,
which may stimulate inflammation. Coadministration of parenteral
multivitamins (MVP) with LIP prevents lipid peroxidation in light-
exposed total parenteral nutrition (TPN). We hypothesized that this
modality of TPN administration affects systemic inflammation,
which may be modulated by exposure to oxygen. Premature infants
were allocated to three TPN regimens: control regimen — MVP
coadministered with amino acid/dextrose exposed to ambient light,
LIP provided separately (n � 9) — LIP�MVP light exposed (LE):
MVP coadministered with light-exposed LIP (n � 9) — LIP�MVP
light protected (LP): MVP coadministered with light-protected LIP
(n � 8). In LE and LP, amino acid/dextrose was provided separately.
On reaching full TPN, infants were sampled for IL-6 and IL-8 in
plasma and the redox potential of glutathione in whole blood (E, mV).
Data were compared (ANOVA) in infants exposed to low (�0.25)
versus high (�0.25) FiO2. Patients (mean � SD: birth weight 797 �
172 g; GA 26 � 1 wk) had similar clinical characteristics in TPN
groups. Cytokine levels correlated positively (p � 0.01) with FiO2

and E. High FiO2 stimulated an increase (p � 0.01) in cytokines in
control regimen, whereas these markers remained unaffected by
oxygen in the LE and LP groups. The choice of a TPN admixture
may have important consequences on the systemic inflammatory
response triggered by an oxidant stress. (Pediatr Res 68: 248–251,
2010)

Supplemental oxygen, assisted ventilation, and total paren-
teral nutrition (TPN) are therapies that expose premature

infants to significant oxidant and inflammatory stress (1–4).
As these infants are particularly deficient in antioxidant and
anti-inflammatory defenses, such therapies may also have
potentially harmful long-term effects on their developing
lungs and brain (5).

Synergistic deleterious effects of inflammation and oxidant
stress in preterm infants can occur through a number of
potential mechanisms. Exposure to oxygen leads to the accu-
mulation of reactive oxygen species (ROS), which results in
the generation of hydrogen and lipid peroxides. When antiox-
idant defenses are overwhelmed, this reaction self-propagates,
and the peroxides generated can damage cells and tissues (6).
In preterm infants, even brief periods of supplemental oxygen

at birth may produce sufficient oxidant stress to cause sus-
tained lung disease (7). Also, oxidized lipids and hydrogen
peroxides have a direct modulatory effect on inflammatory
pathways, including Toll-like receptors (8), and the transcrip-
tional activator nuclear factor (NF)-kB (9). Such a direct
activation of inflammatory pathways by oxygen byproducts
can potentiate inflammatory responses and promote further
endothelial injury and pulmonary capillary leakage, resulting
in systemic generalization of the inflammation with poten-
tially harmful consequences on the developing preterm brain
(10). Hydrogen peroxides are markedly increased in brain
tissues of animals exposed to hyperoxia (11). Oxidant stress
and systemic inflammation each have independent and synergis-
tic deleterious apoptotic effects on brain microglial cells and
immature oligodendrocyte (12–14). Notably, prolonged supple-
mental oxygen exposure and systemic inflammation as measured
by plasma levels of IL-6 and IL-8 have both been strongly
associated with adverse long-term pulmonary and neurodevelop-
mental outcomes in preterm infants (15–19).

Quality of nutrition early in life has documented beneficial
effects on health outcomes later in life (20). Premature infants
often require i.v. nutritional support (TPN) until optimal gut
maturity is achieved to allow full enteral feeding. Light ex-
posure of TPN induces the loss of antioxidant vitamins (21)
and the generation of oxidant products of photooxidation such
as hydrogen peroxide (22), lipid peroxides (23), aldehydes
(24), and ascorbylperoxide (25). The generation of these
products of oxidation can be decreased by protection from
light (23). It has been recently shown in vitro that multivita-
min coadministration with the lipid moiety of TPN prevents
lipid peroxidation and antioxidant vitamin loss in the infusate
(21). Based on the previously documented antioxidant effect
of light protection and coadministration of multivitamins with
lipids, which limits the principal sources of peroxides in
infants receiving TPN, we hypothesized that coadministration
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of i.v. multivitamins with lipids would reduce the proinflam-
matory effect of supplemental oxygen in the early days of life.

METHODS

Subject recruitment and intervention. Infants born at 28 wk of gestation
or lower admitted to the Children’s & Women’s Health Centre of British
Columbia neonatal intensive care unit between 2006 and 2009 were prospec-
tively recruited as part of a study evaluating the antioxidant response to
different TPN regimens. Written informed consent was obtained. Infants were
allocated by chance in pharmacy to one of three different TPN regimens
initiated in the first 24 h of age and continued for at least 10 d:

Infants in the control regimen (AA) group received parenteral multivitamin
(MVP) mixed with the amino acids/dextrose solution (AA�MVP) ex-
posed to ambient light (clear syringes and tubing), and the lipid emulsion
(LIP) was administered separately.

Infants in the LIP�MVP light-exposed (LE) group received parenteral mul-
tivitamin mixed within the LIP (LIP�MVP) exposed to ambient light
(clear syringes and tubing), and the amino acid/dextrose solution was
provided separately.

Infants in the LIP�MVP light-protected (LP) group received parenteral
multivitamin mixed within the LIP (LIP�MVP) protected from light
(using amber syringes and tubing (26), and the light-exposed amino
acid/dextrose solution was provided separately.

In all three groups, nutrient intake was provided according to the institu-
tional TPN protocol (27), so that all infants in the study would have a similar
nutrient intake. Inclusion criteria: premature infants with birth weight �1000
g and GA �28 wk who required TPN. To control for variability in the nutrient
intake, subjects were excluded if enteral energy intake exceeded the parenteral
energy intake at any given time during the study. To minimize blood letting,
every other infant recruited in the trial was considered for plasma cytokine
analyses. Two samples for plasma cytokine and whole blood redox potential
analyses were collected 72 h apart, between days 7 and 10 of life. IL-6 and
IL-8 were specifically included in the analysis as they most strongly corre-
lated with outcomes in previous studies (18). The study protocol was ap-
proved by the Clinical Research Ethics Board of the University of British
Columbia.

Definitions. Chorioamnionitis was defined histologically as a maternal
stage 2 or greater with involvement of fetal membranes, according to criteria
previously established by Redline (28). The Score for Neonatal Acute Phys-
iology (SNAP-II) was measured within 12 h of age (29). The fractional
inspired oxygen (FiO2) was recorded on the day of blood sampling and
categorized into a low (FiO2 �0.25) or high (FiO2 �0.25) exposure to
oxygen. A cutoff of 25% FiO2 was chosen to better discriminate between the
clinical statuses of infants with mild versus more significant lung disease.
Necrotizing enterocolitis (NEC) was defined according to the attending
neonatologist if the infant presented signs of acute gastrointestinal deteriora-
tion with radiologic pneumatosis, free or portal air, or signs of fixed bowel
dilatation with bowel wall thickening. Culture-proven sepsis was defined by
either a positive blood or cerebrospinal fluid (CSF) culture. Because we were
interested in identifying a confounding effect of NEC or sepsis on the levels
of oxidant stress or inflammatory cytokines, only diagnoses occurring during
the 10-d study period were considered in the data analysis.

Laboratory analyses. Within 4 min of sampling, aliquots of whole blood
(EDTA tube) were homogenized in freshly prepared metaphosphoric acid
(5% wt/vol). The plasma fraction was separated by centrifugation within
minutes of blood sampling (EDTA tube) and stored at �80°C until batch
analysis. Concentrations of IL-6, IL-8, IL-1�, IL-10, IL-12, and TNF-� were
measured in duplicate using a cytometric-bead array multiplex assay (BD
Bioscience, San Diego, CA) and analyzed on a FACSCalibur flow cytometer
(Becton Dickinson). Interduplicate variations were within 10% and 6% for the
two detectable cytokines, IL-6 and IL-8, respectively. Reduced glutathione
(GSH) and oxidized glutathione (GSSG) in centrifuged whole blood
(5000�g) were determined at 200 nm after separation by capillary electro-
phoresis (30). The redox potential of glutathione [GSH/(GSSG�GSH), E,
mv], a measure of overall oxidant/antioxidant status, was calculated from the
Nernst equation (31).

Statistical analysis. Cytokine data (mean � SD) were compared by
factorial ANOVA 3 � 2 � 2, mode of MVP admixture {[LE versus LP (effect
of light)] versus AA} � effect of oxygen (low versus high) � duration of TPN
(sample 1 versus sample two). When indicated, data were transformed by
natural log to satisfy homoscedasticity tested by Barlett’s �2. The orthog-
onality of the comparisons was reached using the harmonic mean of the
sample size in each group. Correlations between oxygen exposure and
cytokine levels were determined using a Spearman’s rank test. Correla-
tions between redox potential and cytokines were determined by Pearson’s
correlation coefficient. Statistical analyses were performed using SPSS
11.0 for windows (SPSS Inc., Chicago, IL). The level of significance was
set at p � 0.05.

RESULTS

Clinical characteristics of infants. Twenty-six preterm in-
fants had samples drawn for determination of the redox po-
tential and cytokines on postnatal days 7 and 10. Clinical
characteristics, include anthropometric parameters and factors
that contribute to generating systemic inflammation or oxidant
stress, such as the presence of chorioamnionitis, blood-culture
proven infections or NEC, severity of illness score (SNAP-2),
are presented in Table 1. These variables, as well as nutrient
intakes on seventh day of life, did not differ between the three
study groups. However, there was an overall increase in total
energy intake (i.v. � p.o.,) between seventh day of life and 10
(72 � 19 versus 83 � 21 kcal/kg/d, p � 0.001) that is
accounted for by the expected advancement in enteral feeds.

Effect of exposure to oxygen on systemic inflammation.
There was a positive correlation between the amount of
oxygen infants were exposed to (FiO2) and plasma cytokine
levels (r2 � 0.28 for IL-6 and r2 � 0.31 for IL-8, n � 50; p �
0.001). Overall, cytokine levels also correlated positively with
E (r2 � 0.20 for IL-6; r2 � 0.20 for IL-8, n � 50; p � 0.002);

Table 1. Clinical characteristics of infants

Variable AA (n � 9) LE (n � 9) LP (n � 8)

GA, mean � SD (wk) 26 � 1 26 � 1 26 � 0
Birth weight, mean � SD (g) 751 � 211 763 � 163 749 � 118
Gender, n (%) male 5 (63) 6 (60) 3 (38)
Chorioamnionitis, n (%) 3 (38) 2 (20) 2 (25)
Apgar score at 5 min, mean � SD 7 � 2 6 � 2 7 � 2
SNAP score, median (IQ range) 9 (14–23) 6 (16–32) 14 (19–33)
Culture-proven sepsis or NEC, n (%) 1 (13) 1 (10) 2 (25)
Glucose i.v. intake on day 7, mean � SD (g/kg/d) 10.3 � 2.0 8.4 � 2.5 10.0 � 2.2
Protein i.v. intake on day 7, mean � SD (g/kg/d) 2.9 � 0.7 2.5 � 0.8 2.8 � 1.1
Lipid i.v. intake on day 7, mean � SD (g/kg/d) 2.1 � 0.8 2.6 � 0.8 2.7 � 0.8
Multivitamin i.v. intake on day 7, mean � SD (mL/kg/d) 1.2 � 0.2 1.1 � 0.3 1.1 � 0.4
Enteral intake on day 7, mean � SD (mL/kg/d) 14 � 17 20 � 22 13 � 19
Days of supplemental oxygen, median (IQ range) 48 (25–84) 79 (37–92) 76 (71–95)
Fractional inspired oxygen, day 7 median (75th centile) 0.23 (0.30) 0.23 (0.25) 0.24 (0.26)
Fractional inspired oxygen, day 10 median (75th centile) 0.26 (0.53) 0.26 (0.30) 0.28 (0.36)
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when analyzing samples 1 and 2 separately, this correlation
reached statistical significance only for sample 2 (r2 � 0.40
for IL 6, n � 24, p � 0.001 and r2 � 0.28 for IL 8, n � 24,
p � 0.01). For IL-1�, IL-10, IL-12, and TNF-�, measure-
ments were low and even below the level of detection in the
majority of infants and therefore not shown.

Effect of TPN regimen on oxygen-associated systemic
inflammation and oxidant stress. The analysis of variance
showed an overall significant effect of oxygen on both IL-6 (F1,34 �
7.33, p � 0.01) and IL-8 plasma concentrations (F1,34 � 9.92,
p � 0.01). Administration of MVPs with lipids seemed to
protect against the oxygen-associated inflammatory response
as a high FiO2 induced significantly lower IL-6 (F1,34 � 5.11,
p � 0.05) and IL-8 (F1,34 � 4.48, p � 0.05) cytokine
responses in the LE and LP regimen, compared with the AA
regimen (Fig. 1). Within our sample size, there was no addi-
tional detectable effect of light protection on the cytokine
responses as no differences were found between LE and LP
regimens (F1,34 �1.6). Furthermore, no significant effect of
duration of TPN [sample 1 versus sample 2, (F1,34 �4.0)] was
detected.

DISCUSSION

This study reports the effect of different modalities of
coadministration of parenteral amino acid, lipid, and MVP
solutions on the proinflammatory responses detected on expo-
sure to supplemental oxygen. Infants in this study represent a
subgroup of extremely low birth weight (ELBW) premature
infants enrolled in a larger study designed to compare modal-
ities of MVP admixture with TPN on antioxidant vitamin
bioavailability and on the redox status of ELBW premature
infants. In previous studies, we demonstrated that administer-
ing the parenteral LIP with multivitamins (whether light ex-
posed or not) protected premature infants against the oxidant
stress induced by oxygen supplementation (FiO2 �25%),
independently of antioxidant vitamin levels (Chessex P, un-
published data). A cutoff of 25% FiO2 was chosen to better
discriminate the clinical status of infants. In addition, oxidant
stress has been reported with even relatively mild changes in
supplemental oxygen (32). Furthermore, the inflammatory
response to FiO2 �50% does not change substantially (33).
We also confirmed that ELBW premature infants exhibited

biologic markers of oxidant stress (redox potential of gluta-
thione, di-tyrosine, and iso-PG-F2�) that were significantly
more oxidized than in adults (34), generally indicating a
greater vulnerability to ROS-mediated tissue injury.

Similarly, in this subgroup, we demonstrate that the mode
of administration of TPN modulates the inflammatory re-
sponse induced by oxygen (Fig. 1). Indeed the AA in which
MVP was mixed with the amino acid plus dextrose solution
resulted in a greater systemic inflammatory response, as de-
tected by levels of IL-6 and IL-8 in plasma. Both exposure to
supplemental oxygen and TPN regimens influence markers of
inflammation and oxidation. Modulation of the proinflamma-
tory effect of oxygen by TPN can potentially be explained by
a reduction in the generation of lipid and hydrogen peroxide,
which likely impact on the activity of proinflammatory intra-
cellular signaling events (e.g. NF-kB translocation to the
nucleus) (9,35). This model is supported by recent data show-
ing that ROS, such as hydrogen peroxide, cause the scavenger
protein thioredoxin (TRX) to dissociate from its thioredoxin-
interacting partner (TXNIP), which can then directly interact
with the inflammasome component NLRP3 to cause produc-
tion of an inflammatory responses (36). The infusion of TPN
solutions containing peroxides, which are relatively stable and
permeable oxidants, would also induce a traditional “inside-
out” stressor in the vessels, directly affecting the integrity of
the endothelium (37). It has recently been proposed that
stimulation of cytokines can also induce an “outside-in” par-
adigm that produces in turn a large amount of H2O2 in the
vessel wall, potentiating an inflammatory response and caus-
ing initiation of necrosis, hypertrophy, and angiogenesis (35).
This may account for some of the mechanisms (38) by which
both inflammation and TPN are involved in the later devel-
opment of bronchopulmonary dysplasia (18,39). The presence
of positive linear correlations between the redox potential and
the systemic cytokine response supports a similar physiologic
link between these two stressors in preterm infants.

Limitations of this study include the small sample size and
the short duration of observation. However, the effect was
reproducible at two time points (samples 1 and 2) even if both
samples were not systematically distributed in the same high
or low oxygen groups. The ANOVA showed no statistically
significant effect related to samples. Although the clinical

Figure 1. Plasma levels of IL-6 and IL-8 in preterm
infants receiving TPN. Preterm infants were allocated
to receive one of the following TPN regimens: AA,
multivitamin (MVP) � amino acid/dextrose solution
with lipid (LIP) provided separately (n � 9); LE,
MVP administered with LIP exposed to light with
amino acid/dextrose solutions provided separately
(n � 9); LP, MVP administered with LIP protected
from light with amino acid/dextrose solutions pro-
vided separately (n � 8). IL-6 (left panel) and IL-8
(right panel) were measured from plasma sampled
on 7th day of life (F sample 1) and 10th day of life
(E sample 2). Data (mean � SD) were compared by
ANOVA between infants (n � sample 1; sample
2) exposed to low (�0.25) vs high (�0.25) FiO2;
*p � 0.05.
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characteristics of infants in the three groups are not statisti-
cally different, a logistic regression model to exclude other
confounders was not performed because of the limited sample
size. The clinical complications of inflammation could have
extended well beyond the treatment period of our protocol,
which was limited to the first 2 wk of life.

In conclusion, supplemental oxygen exposure is associated
with a systemic inflammatory response, detected by measuring
plasma levels of IL-6 and IL-8: two significant markers of
adverse long-term pulmonary and neurodevelopmental out-
comes in preterm infants. Delivering light-exposed lipids sep-
arate from amino acids may enhance the proinflammatory
effect of oxygen. Furthermore, we provide compelling evi-
dence that the proinflammatory response generated by supple-
mental oxygen exposure is attenuated in infants exposed to
lipids mixed with the multivitamin preparation. Therefore, the
different modalities of coadministration of TPN components
may have important protective effects against potentially del-
eterious inflammation. These results need to be confirmed on
a larger sample size incorporating relevant clinical outcomes.
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