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Abstract: Background: Oxidative stress and inflammation are associated with the development of inflammatory bowel
diseases such as necrotizing enterocolitis. We tested the hypothesis that probiotics, prebiotics or synbiotics (a combina-
tion of pre- and probiotics) is effective for prevention of inflammatory responses to formula-feeding in the terminal ileum of
neonatal rats. Methods: Neonatal rats were exposed to hyperoxia/hypoxia during which they were either maternally-
fed or hand-fed with formula supplemented with probiotics, prebiotics or synbiotics. A non-supplemented formula
group served as controls. Cytokines and genes associated with oxidative stress and toll-like receptor signaling were
determined in the terminal ileum. Data were compared to room air littermates. Results: Exposure to hyperoxia/
hypoxia reduced growth accretion in maternally-fed pups. NEC-like symptoms and intestinal inflammatory markers
were induced with formula feeding. Supplementation with probiotics, prebiotics or synbiotics decreased pro-
inflammatory cytokines and downregulated genes involved in oxidative stress and toll-like receptor pathways, how-
ever, the effect was attenuated in hyperoxia/hypoxia. Conclusions: The combination of suboptimal nutrition due to
removal of breast milk and formula feeding with hyperoxia/hypoxia may increase susceptibility to oxidative stress,
inflammation, and NEC. Probiotics, prebiotics and synbiotics are protective against oxidative stress and inflammation,
but their efficacy may be reduced when administered during hyperoxia/hypoxia insults.
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Introduction

Necrotizing enterocolitis (NEC) is a devastating
inflammatory condition of the gastrointestinal
tract that afflicts approximately 12% of prema-
ture infants less than 32 weeks and less than
1500 grams [1]. Inflammation and tissue necro-
sis are the hallmarks of NEC. Oxidative stress
and uncontrolled and/or exaggerated inflamma-
tory responses in the immature gut secondary
to abnormal intestinal bacterial colonization
may play a central role in the pathogenesis of
necrotizing enterocolitis. Oxidative stress and
inflammation may contribute to the disruption
of the protective gut barrier through various
mechanisms; mitochondrial dysfunction result-

ing from inflammatory and oxidative injury may
potentially be a significant source of apoptosis
during NEC [2-4]. Emerging evidence suggests
that the innate immune system, comprised of
toll-like receptors (TLRs) and their associated
molecules, plays a pivotal role in the response
to invading pathogens and in the regulation and
control of intestinal inflammation [5]. Epidermal
growth factor (EGF), inflammatory mediators
including tumor necrosis factor o (TNF-a) and
interleukins like IL-13 and IL-6 also proposed to
have significant roles in the pathogenesis of
NEC [6, 7].

Probiotics are “live microorganisms (bacteria or
yeast) which when administered in adequate
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amounts confer a health benefit on the host [8].
Prebiotics, fructo-oligosaccharides (FOS) and
galacto-oligosaccharides (GOS), are non-
digestible food ingredients that benefit the host
by stimulating growth and activity of beneficial
bacteria. Synbiotics, a combination of probiotics
and prebiotics that improves the survival of the
probiotic organism and the intestinal environ-
ment, have also been shown to be beneficial [9-
11]. It beneficially affects the host by improving
the survival and implantation of live microbial
dietary supplementation in the gastrointestinal
tract, and thus improving host health and well
being [12]. The use of probiotics has recently
been shown to prevent NEC in extremely low
birth weight (ELBW) infants [13]. However, the
comparative effects of probiotics, prebiotics,
and synbiotics on inflammatory cytokines, EGF,
TLRs and oxidative stress in formula-induced
bowel inflammation have not been studied.

Formula-fed rats produce various degrees of
inflammatory changes and share many histo-
pathological and clinical features of NEC seen in
human preterm newborns [14]. Therefore, we
used formula-fed neonatal rats to test our hy-
pothesis that probiotics, prebiotics and/or syn-
biotics reduce inflammation and oxidative
stress in the terminal ileum of formula-fed rats
exposed to hyperoxia/hypoxia. Since ELBW in-
fants frequently experience extremes of oxygen
saturations, we performed our experiments dur-
ing hyperoxia with brief hypoxia in order to be
more clinically relevant.

Material and methods

This study was approved by the State University of
New York, Downstate Medical Center Animal Care
and Use Committee, Brooklyn, NY. Animals were
cared for and handled according to the United
States Department of Agriculture guidelines.
Euthanasia was carried out according to the
American Veterinary Medical Association Panel
for Euthanasia guidelines.

Animals

Certified infection free timed pregnant Sprague
Dawley rats (200-300 grams) carrying fetuses
[6-17] of known gestational age (18 days) were
purchased from Charles River Laboratories. The
pregnant rats are placed in nesting cages and
allowed to stabilize (from transportation) for 48
hours where they remained undisturbed until
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delivery of their pups. The animals were housed
in with a 12 hours-day/12-hour night cycle and
were provided standard laboratory diet and wa-
ter ad libitum. Within 24 hours of birth, newborn
pups delivering on the same day were pooled
and randomly assigned to expanded litter of 18.
Each pup were weighed and measured for lin-
ear growth (crown to rump length) every 24
hours.

Probiotic, prebiotic and synbiotic preparation

The rat pups were either maternally-fed or hand-
fed with formula. The formula-fed groups were:
1) non-supplemented or formula only; 2) probi-
otics; 3) prebiotics; or 3) synbiotics. Similac Ad-
vance (Ross/Abbott) was used for formula only.
Similac Advance formula was supplemented
with live, freeze-dried yeast cells of the species
Saccharomyces boulardii lyo (“Florastor Kids”,
Biocodex, Inc. San Bruno, CA) and used in the
probiotic group. Similac Advance Early Shield
formula which contains FOS and GOS was used
in the prebiotic group. Similac Advance Early
Shield formula was supplemented with
“Florastor Kids” and used in the symbiotic

group.
Hyperoxia/Hypoxia

Newborn rat pups were exposed hyperoxia
(50%) with brief hypoxia (12%) lasting 1-2 min-
utes every 6 hours from the first day of life (PO)
to P3, in order to simulate frequent arterial oxy-
gen desaturations frequently observed in ELBW
preterm infants. On the day of birth, the hyper-
oxia/hypoxia litters were placed with the dams
in specialized oxygen chambers (BioSpherix,
New York) attached to an oxycycler (10"H x
22"W x 197D, 55 pounds). Oxygen inside the
chamber was continuously monitored using an
oxygen analyzer (Ventronics, Temecula, CA), and
recorded on a Dell Computer. Oxygen inside the
chamber was controlled by the oxycycler which
infuses nitrogen to reduce oxygen, or infuses
oxygen to raise it. Carbon dioxide in the cham-
ber was continuously monitored and removed.
Temperature and humidity inside the chamber
was continuously monitored and maintained at
standard values. The 50%/12% oxygen atmos-
phere was achieved by mixing appropriate
amounts of pure nitrogen and oxygen. The pups
were kept at 50% 02 and the hypoxia profile
was as follows: PO: 3 consecutive hypoxic epi-
sodes every 4 hours; P1: 3 consecutive hypoxic
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episodes every 5 hours; P3: 3 consecutive hy-
poxic episodes every 6 hours. Room air litter-
mates remained in room air from PO-P3.

Sample collection

On P4, the surviving pups were killed by decapi-
tation and samples from the terminal ileum
were collected for histologic, biochemical, and
molecular analyses. To identify the terminal
ileum, the intestines were dissected out and
biopsies were obtained from the most terminal
area. For light microscopy, 2-3 biopsies (~1 cm)
were obtained from four representative pups in
each group. The specimens were placed in 10%
neutral buffered formalin and taken to the pa-
thology department for processing using graded
alcohols and paraffin embedding. For analysis
of growth factors, fresh tissue samples (200
mg) were rinsed in ice-cold PBS to remove blood
elements and then placed in tubes containing
ceramic beads and 1.0mL sterile normal saline.
The samples were homogenized using a Fast-
Prep instrument (MP Biomedicals, Solon, OH).
The homogenates were centrifuged at 8000
rom for 20 min at 4°C and filtered before assay
for IL-183, IL-6 and TNF-a. Levels in the samples
were standardized using total cellular protein
levels. For mRNA extraction, fresh tissue sam-
ples (100 mg) were rinsed in ice-cold PBS and
placed nuclease-free microtubes and frozen
immediately at -70 ° C until assay.

Tissue analysis

Cytokines in terminal ileum homogenates were
analyzed using multiplex bead array (MILLIPLEX
MAP Rat Cytokine/Chemokine Panel, Millipore).
Gene expression of cytokines, toll-like receptors
and oxidative stress were analyzed in the termi-
nal ileum using real-time PCR arrays (SA Biosci-
ences). Histology was performed using standard
laboratory techniques.

Assay of EGF

EGF levels in the terminal ileum homogenates
were measured using a quantikine mouse im-
munoassay kit (R & D Systems, Minneapolis,
MN) according to the manufacturer’s protocol.
EGF concentrations were calculated from a
standard curve ranging from 0 to 500 pg/mL.
The intra- and inter assay coefficients of varia-
tions are <10%, and the sensitivity of the assay
is 0.95 pg/mL. Data from ileum homogenates
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were standardized using total cellular protein
levels.

Quantitative real-time PCR

Total RNA was extracted using RNA Pro solution
(MP Bio, Solon, OH) and allowed to digest for 5
min at room temperature. The samples were
transferred to microtubes containing ceramic
beads and placed in a FastPrep-24 instrument
(MP Bio) for 40 s. After addition of chloroform,
the samples were vortexed for 30 s and centri-
fuged at 13,000 rpm at 4°C for 20 min. The
upper aqueous phase was transferred to a
clean Eppendorf tube containing 0.5 mL of ice-
cold 100% ethanol. The samples were placed in
a -20°C freezer overnight to precipitate the
RNA. After precipitation, the samples were cen-
trifuged at 13,000 rpm at 4°C for 20 min, and
the resulting pellet was washed in 75% ethanol/
water and re-dissolved in 100 yL nuclease-free
water. Cleanup of the RNA was performed using
RNEasy mini cleanup kits (Qiagen, Valencia,
CA). One microgram of total RNA was reversely
transcribed with random primers according to
the manufacturer’s protocol. The cDNA was di-
luted and the real-time PCR was performed us-
ing RT2 Profiler Rat NO Signaling PCR Array Sys-
tem (SABiosciences, Frederick, MD). The real-
time PCR arrays were done on 96-well plates
pre-coated with 84 genes in the cytokine, TLR,
and oxidative stress signaling pathways. An ali-
quot of 25 yL was added to each well. Five dif-
ferent control genes present on the PCR array
plates were used to normalize the mRNA ex-
pression of the genes studied. Calculations
were made by uploading the real-time amplifica-
tion data into the SABiosciences RT2 Profiler
PCR Array Data Analysis web portal. Quantitative
PCR was based on the cycle threshold (Ct)
value. A gene was considered not detectable if
the Ct value was >32.

Statistical analysis

One-way analysis of variance (ANOVA) was used
to determine differences among the groups for
normally-distributed data, and Kruskal-Wallis
test was used for non-normally distributed data
following Bartlett’s test for equality of variances.
Post hoc analysis was performed using the
Tukey and Student-Newman-Keuls tests for sig-
nificance. Significance was set at p<0.05 and
data are reported as mean + SEM. All analyses
were two-tailed and performed using SPSS
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Figure 1. Percentage change in body weight (A and B) and linear growth (C and D) in maternally-fed (Mat-Fed) neona-
tal rats; and rats gavaged with formula (Form-Fed); formula supplemented with probiotics (Pro-Fed); formula supple-
mented with prebiotics (Pre-Fed); and formula supplemented with synbiotics (Syn-Fed). n=18 pups/group. A and C:
(room air); B and D: (hyperoxia/hypoxia) groups. One-way analysis of variance (ANOVA) was used to determine differ-
ences among the groups for normally-distributed data, and Kruskal-Wallis test was used for non-normally distributed
data following Bartlett’s test for equality of variances. Post hoc analysis was performed using the Tukey and Student-
Newman-Keuls tests for significance. Significance was set at p<0.05 and data are reported as mean + SEM.

(SPSS, Inc. Chicago IL).
Results
Effects on growth

Randomization at birth resulted in comparable
mean total body weight (grams) and linear
growth (cm) in all groups. Percentage change in
body weight is shown in the Figure 1A and 1B.
In room air (A), weight accretion in the mater-
nally-fed pups was progressive and significant
from PO to P3. In contrast, the formula-fed
groups demonstrated a reversed effect despite
supplementation. In hyperoxia-hypoxia (B), the
response was similar, but attenuated. Percent-
age change in linear growth is shown in Figure
1C and 1D. In room air (C), there were marked
and significant increases in percentage change
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in linear growth from PO to P3 in the maternally-
fed group. Linear growth in all formula groups
did not appreciable change and was signifi-
cantly lower than the maternally-fed group. In
hyperoxia/hypoxia (D) there were no significant
differences between maternally-fed and supple-
mental groups at PO or P1. However, at P2 and
P3, percentage change in linear growth declined
significantly in the formula-fed groups.

Cytokine levels

Terminal ileum IL-1B levels are presented in
Figure 2A and 2B. Room air levels were gener-
ally higher than hyperoxia/hypoxia. In room air
(A), terminal ileum IL-1B levels were significantly
decreased in the supplemented formula groups
compared with the maternally fed group. In hy-
peroxia-hypoxia (B), IL-1B was significantly ele-
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Figure 2. Mean IL-1p and IL-6 levels in terminal ileum homogenates. Groups are as described in Figure 1.

vated in formula fed and synbiotic fed groups. IL
-6 levels are presented in Figure 2C and 2D. IL-
6 levels were low to undetected in all room air
formula-fed groups (C). However, in hyperoxia-
hypoxia (D), IL-6 levels were significantly ele-
vated in un-supplemented formula and prebiot-
ics compared to maternally-fed pups. TNFx lev-
els are presented in Figure 3A and 3B. In room
air (A), TNFa levels were significantly increased
in formula-fed group only whereas in hyperoxia/
hypoxia (B), TNFa levels were significantly ele-
vated in un-supplemented formula and synbiotic
groups. EGF levels are presented in Figure 3C
and 3D. In room air (C) EGF levels were gener-
ally lower than hyperoxia/hypoxia (D) and were
significantly higher in the un-supplemented and
synbiotic groups compared to maternally fed
group. In contrast, EGF levels were significantly
higher in all formula-fed hyperoxia-hypoxia com-
pared to maternally-fed groups.

Effects on pro-inflammatory cytokine genes

Expression of pro-inflammatory cytokine genes
in room air and hyperoxia-hypoxia in terminal
ileum of rat pups are depicted in Table 1. Data
are folded expression change from maternally-
fed. In general, there was up-regulation of pro-
inflammatory cytokine genes in all room air for-
mula-fed groups. Supplementation downregu-
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lated most pro-inflammatory cytokines, but the
most robust were IFN« (27-fold) and IL-1B (29-
fold) seen with probiotics. In hyperoxia/hypoxia
(Table 2) similar downregulation of proinflam-
matory cytokines were noted with supplementa-
tion. Other remarkable findings were marked
down regulation of IL-6 (12-fold) with prebiotics,
IFNB (15-fold) with probiotics and IFN-y (18-fold)
with synbiotics in hyperoxia/hypoxia.

Effects on Toll-like receptor genes

Expression of Toll-like receptor genes in room
air and hyperoxia-hypoxia in terminal ileum of
rat pups are depicted in Table 2. In room air,
TLR genes showed almost uniform up-regulation
with unsupplemented formula, except for TLR-4.
Supplementation generally led to down-
regulation of TLR genes. Most prominent
changes were down-regulation of TLR-3 (11-
fold) and -7 (8-fold) with probiotics, TLR-1 (8-
fold) and TLR-3 (7-fold) with prebiotics, and TLR-
1 (71-fold), TLR-2 (15-fold) and TLR-7 (7-fold)
with synbiotics. In hyperoxia/hypoxia, all the
groups showed a general tendency for down-
regulation of TLR genes irrespective of whether
the formula is supplemented or not. The most
robust effects were noted with prebiotics and
probiotics which resulted down-regulated of TLR
-3 (17-fold and 478-fold, respectively).

Am J Transl Res 2012;4(2):187-197
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Figure 3. Mean TNFa and EGF levels in terminal ileum homogenates. Groups are as described in Figure 1.

Regulation of oxidative stress

Genes involved in regulation of oxidative stress
are depicted in Table 3. We examined catalase,
glutathione peroxidase (GPX) 1-7 and superox-
ide dismutase (SOD) 1-3 genes in terminal il-
eum. In room air, all genes were down-regulated
in un-supplemented formula groups with the
most robust effects seen with catalase (2096-
fold), GPX-5 (1546-fold), GPX-6 (645-fold), GPX-
7 (2288-fold), and SOD-3 (101-fold). Similar
responses were noted in the supplemented
groups, but the effects were substantially at-
tenuated. In hyperoxia/hypoxia, only SOD-3 ap-
peared to respond positively with supplementa-
tion.

Discussion

In neonatal intensive care, extremely premature
infants who are prone to develop NEC often
experience extremes of oxygen saturations lead-
ing to oxidative stress, a well known risk factor
for NEC [15-17]. The present study tested the
hypothesis that probiotics, prebiotics and/or
synbiotics supplementation are effective for
reducing formula-induced inflammation and
oxidative stress in the terminal ileum. The rat
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model has advanced our understanding of NEC
pathogenesis [18]. Gross and microscopic
changes similar to human necrotizing enteroco-
litis can be easily elicited in neonatal rat pups
with various insults as precipitating factors.
Combined treatment of formula gavage with
intermittent episodes of either cold or hypoxic
stress [19], stress induced by formula feeding
associated with asphyxia and/or exogenous
bacterial colonization [20], and combination of
asphyxia and cold stress over 4 days [21] are
some examples of stress used to precipitate
NEC in rat models. These insults are not clini-
cally relevant. We, as well as others showed in
our previous study that human formula feeding
alone in rat pups produces various degrees of
inflammatory changes and shares many histo-
pathological and clinical features of NEC seen in
human preterm newborns [9, 22].

We used live, freeze-dried yeast cells of the spe-
cies Saccharomyces Boulardii lyo as probiotic
because it is well known and well accepted pro-
biotic used world wide for more than 50 years.
The type of probiotics is not uniform. Studies
used Saccharomyces [23], bifidobacteria [24-
26] or probitic mixture-Bifidobacteria infantis,
Streptococcus thermophilus, and Bifidobacteria

Am J Transl Res 2012;4(2):187-197
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Table 1. Expression of Pro-inflammatory Cytokine Genes in the Terminal lleum of Neonatal Rats Raised
in Room Air (RA) and hyperoxia/hypoxia (H/H). Data are fold expression difference from Maternally-Fed

RA or H/H.

Genes of Un-supplemented Prebiotics Probiotics Synbiotics

Interest Formula

RA H/H RA H/H RA H/H RA H/H

COX-2 45.0 -1.9 4.4 2.1 -2.5 2.4 -14 2.7
IFNo 8.2 24.1 -1.8 -1.9 -27.1 -1.3 -8.1 -3.0
IFNB 104.3 6.9 5.8 -3.4 -2.6 -14.5 1.3 -3.0
IFNy 8.8 1.4 1.8 2.5 -1.0 -5.0 -3.3 -18.4
IL12a -3.0 -3.2 1.0 -9.8 -6.7 -2.6 -3.6 4.4
IL-1r1 22.3 -3.3 -1.4 -1.8 -3.8 -3.2 1.2 2.4
IL-1ax 2.9 1.3 -4.9 -4.5 -28.6 3.7 -2.6 2.7
IL-1B 6.3 11.7 -1.7 -5.8 -2.5 1.2 4.4 2.4
IL-6 26.4 6.2 17.3 -11.6 -3.3 1.9 -3.3 -2.9
NFkB 11.7 6.1 2.6 -1.8 -1.7 -2.0 -1.7 2.7
TNF«x 45.6 1.5 3.4 -3.4 2.4 -6.7 -3.2 -6.3

Genes of interest are: COX, cyclooxygenase; IFN, interferon; IL, interleukin; NFkB, nuclear factor kappa B; TNF, tumor necrosis
factor

Table 2. Expression of Toll-like Receptor (TLR) Genes in the Terminal lleum of Neonatal Rats Raised in
Room Air (RA) and hyperoxia/hypoxia (H/H). Data are folded expression difference from Maternally-Fed

RA or H/H.
Genes of Interest Un-supplemented Formula Prebiotics Probiotics Synbiotics
RA H/H RA H/H RA H/H RA H/H
TLR-1 22.7 -7.3 -7.9 -3.7 1.03 1.0 -71.2 -1.8
TLR-2 14.1 2.7 -4.6 2.3 -1.5 1.9 -14.6 -1.2
TLR-3 1.1 -19.1 -6.9 -17.4 -10.7 -478.4 -1.8 -1.4
TLR-4 2.1 -5.8 -1.3 -2.3 -1.0 -1.3 -1.2 -3.3
TLR-5 9.8 -4.0 -1.8 1.3 1.4 1.2 -3.1 2.4
TLR-6 16.1 2.9 3.4 1.1 2.3 2.0 -4.9 -1.2
TLR-7 15.1 2.2 -1.3 1.4 -7.5 1.7 -6.8 -14
TLR-9 6.2 1.5 -3.4 4.4 1.2 -2.6 -3.1 5.7

Table 3. Expression of Oxidative Stress Genes in the Terminal lleum of Neonatal Rats Raised in Room Air
(RA) and hyperoxia/hypoxia (H/H). Data are folded expression difference from Maternally-Fed RA or H/H.

Genes of Interest  Un-supplemented Formula Prebiotics Probiotics Synbiotics
RA H/H RA H/H RA H/H RA H/H
CAT -2096 -1.5 -634 -1.2 -634 -3.9 -2051 -2.0
GPX1 -3 -1.4 -1 1.2 1 2.0 -2 -1.8
GPX2 -22 11.5 -2 8.4 -6 24.5 -8 10.5
GPX3 -28 -1.5 1 -2.6 9 1.4 12 -9.0
GPX4 -29 2.3 -4 1.6 3 -1.5 -7 1.2
GPX5 -1546 2.4 -335 2.4 -455 -26.0 -542 -10.7
GPX6 -645 -1.2 -140 -1.4 -191 -14.6 -162 3.7
GPX7 -2288 2.1 -80 -1.2 -120 -1.6 -174 2.8
SOD-1 -15 1.2 12 1.1 11 1.1 15 1.4
SOD-2 -28 1.5 -13 1.9 -18 2.5 -17 1.8
SOD-3 -101 -3.0 -7 -1.3 -29 -14 -19 4.7

Genes of interest are: Cat, catalase; GPX, glutathione peroxidase; SOD, superoxide dismutase

bifidus or probiotic mixture Infloran -which is a bacterium Infantis [27] in animal or human
mixture of Lactobacillus Acidophilus and Bifido- studies. Both GOS and FOS are found in breast
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milk. A mixture of 90% galacto-oligosaccharides
and 10% fructo-oligosaccharides was composed
to mimic the molecule size distribution of hu-
man milk oligosaccharides [28, 29].

We found major differences in the growth accre-
tion rate between room air and hyperoxia/
hypoxia exposure even in maternally-fed pups.
These findings indicate that exposure to supra-
physiologic levels of oxygen with hypoxic insults,
although brief, may reduce the feeding capacity
of pups, maternal milk production, and/or
growth-promoting effects of maternal milk. Fur-
thermore, percentage increase in body length
was delayed at least one day in hyperoxia/
hypoxia, further demonstrating the growth re-
tarding effect of oxidative stress. Poor weight
gain in the formula group was due to less than
adequate nutrition, but, exposure to hyperoxa/
hypoxia ameliorated the dramatic weight loss
seen in room air. The patho-physiology of NEC
involves a complex interaction of pro- (IL-6, IL-8,
IL-12, IL-18, interferon gamma, TNF-&, and PAF)
and anti-inflammatory (IL-1ra, IL-6, IL-10, IL-11)
mediators [30-33]. A large number of different
cytokines have been found to be involved in
bowel inflammation and these are presumedto
be the source for any elevations in circulating
levels. IL-1 is a cytokine released from macro-
phages and other antigen-presenting cells. IL-1
promotes the inflammatory response, is stimu-
lated by TNFa [34], and is often attributed to
the onset of fever, increased endothelial leuko-
cyte adhesion, phagocyte activation, and lym-
phocyte co-stimulation [35]. IL-1 is significantly
increased during reperfusion [36]. Due to these
properties, IL-1 has been noted to play a pivotal
role in the systemic inflammatory response syn-
drome [35]. In room air, the levels of IL-13 were
noticeably higher than that in hyperoxia/hypoxia
and supplementation resulted in decreased IL-
1B levels. This is most likely due to organ failure
and intestinal ischemia. The same may be true
for lower levels found in the hyperoxia/hypoxia
groups. However, lower IL-1B in the prebiotics
and probiotics supplemented hyperoxia/hypoxia
groups may suggest possible beneficial effects.
IL-6 and its associated receptors are expressed
by intestinal endothelium, macrophages, and
helper T cells. IL-6 is stimulated by a variety of
other pro-inflammatory cytokines, including TNF-
o and IL-1B [37]. During sepsis or a systemic
inflammatory response, there is an increase in
enterocyte-secreted IL-6, which is augmented by
bacteria, endotoxins, and other cytokines [38-
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40]. IL-6 has been shown to be protective for
recovery from intestinal ischemia/reperfusion
injury [41, 42], and prevent intestinal cell death
[43]. In our study, IL-6 was not detected in the
room air formula groups suggesting intestinal
damage and possibly ischemia. Prolonged expo-
sure to hyperoxia/hypoxia may have opposite
effects that are attenuated with probiotics, pre-
biotics or synbiotics. In room air, supplementa-
tion reduced the inflammatory response of in-
creased TNFa seen in the un-supplementated
group. This effect was abolished in the symbi-
otic group exposed to hyperoxia/hypoxia. EGF is
known to play significant role in intestinal muco-
sal repair, intestinal epithelial healing, regenera-
tion, and permeability and suggested to be
beneficial in treatment of NEC [44]. EGF was
lower in all room air than hyperoxia/hypoxia
groups suggesting an association with oxidative
stress. Higher levels in the formula groups sug-
gest an attempt against injury.

Both pro- and anti-inflammatory cytokines
genes were up-regulated in our model of intesti-
nal inflammation. How nonpathogenic bacteria
activate epithelial signaling pathways is a topic
of intense investigation. Classically, pathogens
are monitored by cellular pattern recognition
receptors such as TLRs. Probiotics also express
TLR ligands, but in the context of intact barrier
function, do not cause overt cellular inflamma-
tion. TLR ligands and other bacterial products
clearly affect epithelial signaling, gene transcrip-
tion and mediate cytoprotective effects, and
TLR signaling is clearly necessary for the overall
integrity of the mucosa [45-48]. In our study,
TLR receptor genes in terminal ileum were down
-regulated in both probiotics and synbiotics.
Down-regulation of TLRs indicates protection of
intestinal mucosa. The protective effect of syn-
biotics was most robust. SOD-1 and -2 may be
the main enzymes that regulate oxidative stress
in our model of NEC. Several limitations of our
study must be acknowledged including small
sample size, choice of human formula to
achieve bowel inflammation, and the microbial
content in the small bowel was not determined.
Various studies have used different probiotics
which adds to the confusion. However we used
S. Boulardii which is the most widely used probi-
otic in humans over half a century. We did not
study the correlation between the levels of cyto-
kines to the severity of inflammation in the ter-
minal ileum and we did not examine blood cul-
tures to correlate with elevated cytokines. Not-

Am J Transl Res 2012;4(2):187-197



Probiotics and inflammatory markers

withstanding, our study demonstrates that sup-
plementation with probiotics, prebiotics, or syn-
biotics may provide protection against the bio-
chemical and molecular inflammatory re-
sponses to formula-induced bowel inflamma-
tion.

In summary, our study is the first to examine
comparative effects of probiotics, prebiotics and
synbiotics on inflammatory markers and genes
that regulate inflammation and oxidative stress
in the terminal ileum of formula-induced bowel
inflammation. The combination of suboptimal
nutrition due to removal of breast milk and for-
mula feeding with hyperoxia/hypoxia may in-
crease susceptibility to oxidative stress, inflam-
mation, and NEC. Probiotics, prebiotics and syn-
biotics are protective against oxidative stress
and inflammation, but their efficacy may be re-
duced when administered during hyperoxia/
hypoxia insults.
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