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ABSTRACT

Background: Neonatal necrotizing enterocolitis is a common and often fatal gastrointestinal disease, especially in premature
infants. To study potential mechanisms underlying the protective effect of breast milk on neonatal necrotizing enterocolitis, we
induced intestinal inflammation in a Caco-2 cell model of neonatal necrotizing enterocolitis by hypoxia/re-oxygenation to in-
vestigate whether breast milk supernatant fluid inhibited the expression of proinflammatory cytokines interleukin-1, interleu-
kin-6, and tumor necrosis factor-a. Methods: Caco-2 cells were divided into normal (control) and neonatal necrotizing entero-
colitis groups. Neonatal necrotizing enterocolitis was mimicked by exposing Caco-2 cells to hypoxia/re-oxygenation. Cells were
independently maintained in minimal essential medium alone, minimal essential medium containing 5% breast milk supernatant,
or 5% boiled breast milk supernatant. Production of interleukin-18, interleukin-6, and tumor necrosis factor-o. was investigated
in cell culture supernatants by ELISA, reverse transcription polymerase chain reaction, and immunofluorescence. Results: Hypoxia/
re-oxygenation significantly increased the expression of interleukin-1f, interleukin-6, and tumor necrosis factor-c. In the normal
group, breast milk supernatant and boiled breast milk supernatant markedly downregulated the expression of interleukin-18,
interleukin-6, and tumor necrosis factor-o. when compared with the minimal essential medium group, with the reduction in inter-
leukin-1pB expression being more pronounced in the breast milk group. In Caco-2 cells undergoing hypoxia/re-oxygenation, both
breast milk supernatant and boiled breast milk supernatant significantly reduced the expression of interleukin-18, interleukin-6,
and tumor necrosis factor-o, where the decrease in interleukin-1p expression was greater in the breast milk group. Conclusions:
Breast milk supernatant fluid inhibited the expression of proinflammatory cytokines interleukin-1p, interleukin-6, and tumor
necrosis factor-a in Caco-2 cells, especially after hypoxia/re-oxygenation. This may be one of the mechanisms underlying the
protective effect of breast milk on neonatal necrotizing enterocolitis. (REV INVES CLIN. 2016;68:105-11)
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INTRODUCTION

Necrotizing enterocolitis (NEC) is a severe gastrointes-
tinal disease of neonates, especially premature infants,
with a poor prognosis and a mortality of 10-50% in
China®2. Apoptosis is the main type of epithelial cell
death and a necessary stage in the progression of
NEC34. Cytokines including tumor necrosis factor-o
(TNF-o, lipopolysaccharide-binding protein, and plate-
let-activating factor play important roles in the patho-
genesis of NEC>¢. A number of studies have dem-
onstrated that multiple cytokines and the signaling
pathway mediated by them play important roles in
systemic inflammatory responses in children with NEC.
Most of these studies focused on proinflammatory
cytokines, including interleukin (IL)-1, IL-6, TNF-q,
and interferon (IFN)-y, while few studies were about
protective cytokines such as tumor growth factor
(TGF)-B and IL-10. Ischemia/reperfusion injury of the
intestine, a common cause of intestinal mucosal
barrier function injury, has been proved to activate
endothelial cells to cause an imbalance of the local
cytokine network, with overexpression of some cyto-
kines and adhesion molecules, resulting in tissue in-
jury mediated by white blood cells’.

Nuclear transcription factor-xB (NF-xB) is one of the
hubs of proinflammatory cytokines gene expression?,
including IL-1, IL-6, TNF-a, and INF-y. One study?
showed that activated NF-kB could enhance gene ex-
pressions of TNF-o and IL-6, increase TNF-a and IL-6
release, and thus upregulate the inflammatory re-
sponse. In addition, TNF-a and IL-6 could activate
NF-«B in a feed-back way and further amplify primary
inflammatory signals, causing a cascade of inflamma-
tory responses. A moderate intervention of NF-xB
could have positive effects on the clinical therapy of
ischemic injury of the bowel mucosa and provide a
new direction for research on the prevention of hy-
poxic/ischemic bowel mucosa injuries.

Although great progress has been made in elucidating
the potential mechanisms underlying the pathogene-
sis of NEC, its molecular biology has not been fully
understood and thus effective treatments have not
been developed?®.

It has been reported that the incidence of NEC in for-
mula-fed babies is higher than that in infants exclu-
sively fed breast milk. The basic mechanism for this
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protective role of human milk, however, has not been
extensively investigated. In the present study, in anin
vitro model of NEC, Caco-2 cells underwent hypoxia/
re-oxygenation and were then treated with breast
milk10. Expression of proinflammatory factors was de-
tected in these cells to explore the potential mechanism
underlying the protective effect of breast milk on NEC.

MATERIALS AND METHODS
Breast milk samples

Colostrum was collected from 12 mothers at 2-4 days
after normal deliveries at the Department of Obstet-
rics in the Combined Traditional Chinese and Western
Medicine Hospital in Jiangsu Province, from March to
June 2013. Approximately 15-20 ml of colostrum
was collected from each mother, stored at 4 °C, and
centrifuged within 24 hours at 12,000 rpm/min for
10 minutes to remove fat and cell fragments. Milk
supernatants were randomly pooled and assigned to
one of two groups of six samples each. One group
was stored (un-boiled) at 4 °C for further use, and the
other was boiled for five minutes to inactivate the pro-
teins or peptides (boiled). The boiled supernatant was
centrifuged for 10 minutes at 12,000 rpm/min and
the inactivated milk supernatant was collected. Both
un-boiled and boiled milk supernatants were stored
at —20 °C for further use.

Culture of Caco-2 cells

Caco-2 cells (Shanghai Cell Bank of the Chinese Acad-
emy of Sciences) were cultured in a 75 cm? dish and
maintained at 37 °C in a humidified environment with
5% CO, in a medium containing 10% fetal bovine
serum, 1% nonessential amino acids, 1% L-gluta-
mine, and 1% penicillin-streptomycin; cells were un-
treated (control) or treated with boiled or un-boiled
milk supernatant. Passaging was performed at a ratio
of 1:3 once every five days, reaching cell fusion seven
days later. When cell confluence reached approximate-
ly 80%, 6-7 days later, cells were harvested and pro-
cessed for further analysis.

Hypoxia/re-oxygenation of Caco-2 cells

Six days after passaging, 90% of medium was re-
moved to minimize the gas-diffusion distance, leaving
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Table 1. Concentration of proinflammatory cytokines in the supernatant of the control and hypoxia/re-oxygenation Caco-2 cell

groups
Group IL-1B IL-6 TNF-o.
Normal MEM 146.87 + 7.95 126.37 £ 1.38 938.46 + 180.80
BM 65.45 + 3.83 99.27 £ 6.07 694.29 + 49,58
BMb 76.38 £ 2.59 111.48 £10.22 704.51 + 7431
Hypoxia/re-oxygenation MEM 277.38 £ 11.56 363.87 + 43.42 3,918.01 £+ 761.54
BM 117.30 £ 23.16 197.21 + 6.59 1,751.92 + 6.95
BMb 167.43 £ 28.53 230.46 £ 24.47 1,896.24 + 86.55

IL: interleukin; TNF-o: tumor-necrosis factor o; MEM: minimal essential medium; BM: 5% breast milk supernatant; BMb: 5% boiled breast milk

supernatant.

the remaining medium to keep cells alive. Hypoxia/
re-oxygenation was induced as follows: cells were
placed in a closed container connected to a negative-
pressure generator and flushed with high purity ni-
trogen, followed by incubation for another 90 min-
utes (hypoxia). Then the medium was added to reach
the original volume and cells were grown for another
30 minutes (re-oxygenation)!l.

Cell groups

Caco-2 cells were seeded into a six-well plate at a
density of 10° cells per well. Cells were divided into
two groups: normal group and hypoxia/re-oxygen-
ation group; cells were further subdivided into three
subgroups: (i) minimal essential medium (MEM) group;
(ii) 5% breast milk supernatant fluid (BM); (iii) 5%
boiled breast milk supernatant fluid (BMb). The con-
tents of proinflammatory factors (IL-1, IL-6, TNF-o)
secreted by Caco-2 cells were determined by ELISA in
culture supernatants in the six subgroups after a six-
hour culture.

Detection of nuclear factor-xB p65
messenger RNA expression by reverse
transcription polymerase chain
reaction

Reverse transcription polymerase chain reaction
(RT-PCR) was performed following the manufactur-
er’s instructions (Reverse Transcription System, MBI
Fermentas Co., USA), and repeated three times. The
PCR primers were as follows: (i) GAPDH primers: F:5’-
ACCACAGTCCATGCCATCAC-3’, R:5-TCCACCACCCT
GTTGCTGTA-3; (i) NF-xB p56 primers: F:5-AGGCTC
CTGTGCGTGTCTCC-3’, R:5-GGGTGGGCTTGGGGG
CAGGT-3".
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Detection of nuclear factor-xB p65
messenger RNA expression
by immunofluorescence

Cells in the logarithmic phase were inoculated in a
24-well plate, with a density of 70-80% per well. Cells
were fixed with 4% iced paraformaldehyde for 20 min-
utes, washed with phosphate buffered saline (PBS) for
15 minutes, and incubated with 0.1% Triton X-100 at
room temperature for 10 minutes. The first antibody
(NF-xB p65 antibody, CST Ltd., Chicago, IL, USA) was
incubated overnight at 4 °C, and the second antibody,
labeled with Texas red, was incubated for one hour.
After washing with PBS, cells were sealed with 3%
bovine serum albumin for one hour. The slides were
dyed with the fluorescent stain DAPI and sealed; cells
were observed under fluorescence microscope and pho-
tographed.

Statistical analysis

Statistical analysis was performed using SPSS ver-
sion 17.0. Quantitative data were expressed as means
+ standard deviation (X t S); one-way analysis of
variance was performed for comparisons between
groups. A value of p < 0.05 was considered statisti-
cally significant.

RESULTS

Concentration of proinflammatory
cytokines in Caco-2 cells

When compared with the normal group, the concen-
tration of IL-1B, IL-6, and TNF-a. markedly increased
in the hypoxia/re-oxygenation group (t = 16.112,
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Figure 1. Interleukin-13 concentration in Caco-2 cells. Milk
supernatant inhibited the expression of proinflammatory
cytokine IL-1B in Caco-2 cells, especially the un-boiled su-
pernatant, which induced a more potent inhibition of IL-13
compared to boiled supernatant. ‘Compared with the normal
group, the concentration of IL-1 markedly increased in hy-
poxia/re-oxygenation group (t = 16.112, p= 0.000).*In Caco-
2 cells undergoing hypoxia/re-oxygenation, the concentration
of IL-1B markedly decreased in the BM group (p = 0.000)
and BMb group (p = 0.001) compared with the control
(MEM) group. *#The decrease in IL-1p in the BM group was
significantly greater than in the BMb group (p = 0.033).

IL: interleukin; MEM: minimal essential medium; BM: 5% breast
milk supernatant; BMb: 5% boiled breast milk supernatant.
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p=0.000;t=9.468,p=0.001;t=6.593,p=0.003,
respectively) (Table 1, Fig. 1-3). This suggests that
the expression of proinflammatory cytokines increas-
es significantly after hypoxia/re-oxygenation.

In the normal group, one-way analysis of variance
showed that IL-1B, IL-6, and TNF-o. concentrations
reduced significantly in the BM and BMb groups when
compared with the MEM group (p < 0.05). Further
paired comparisons revealed that the IL-1p decrease
in the BM group was greater than in the BMb group
(p < 0.05), but the reductions in IL-6 and TNF-o. were
similar in both groups. This suggests that milk super-
natant may inhibit the expression of proinflamma-
tory cytokines (IL-1B, IL-6, TNF-a) in Caco-2 cells,
and especially the un-boiled supernatant has a more
potent ability to inhibit IL-1p as compared to boiled
supernatant.
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Figure 2. Interleukin-6 content of Caco-2 cells. Milk super-
natant inhibited the expression of proinflammatory cytokine
IL-6 in Caco-2 cells. ‘Compared with the normal group, the
concentration of IL-6 significantly increased in the hypoxia/
re-oxygenation group (t = 9.468, p = 0.001). *In Caco-2 cells
undergoing hypoxia/re-oxygenation, the concentration of
IL-6 significantly decreased in the BM (p = 0.000) and BMb
(p =0.001) groups compared with the control (MEM) group.
IL: interleukin; MEM: minimal essential medium; BM: 5% breast
milk supernatant; BMb: 5% boiled breast milk supernatant.
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Figure 3. Tumor necrosis factor-a. content of Caco-2 cells.
Milk supernatant inhibited the expression of proinflamma-
tory cytokine TNF-a. in Caco-2 cells. "‘Compared with the
normal group, the concentration of TNF-a significantly in-
creased in the hypoxia/re-oxygenation group (t = 6.593,
p = 0.003). #*In Caco-2 cells undergoing hypoxia/re-oxygen-
ation, the concentration of TNF-a significantly decreased in
the BM (p = 0.001) and BMb (p = 0.001) groups compared
with the control group.

TNF: tumor necrosis factor; BM: 5% breast milk supernatant;
BMb: 5% boiled breast milk supernatant.
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Table 2. Relative nuclear factor-«B p65 messenger RNA expression in Caco-2 cells (X = S, n = 3)

Relative NF-xB p65 mRNA expression

Group

Control group MEM
BM
BMb

Hypoxia/re-oxygenation group MEM
BM
BMb

1.00 £ 0.10
0.48 £ 0.05%
0.45 + 0.08*$
2.12 +0.22*
0.63 + 0.07%#
0.97 + 0.25F

*p < 0.01 when compared with MEM group in control group; fp < 0.01 when compared with MEM group in hypoxia/re-oxygenation group; *p <
0.05 when compared with BMb group in hypoxia/re-oxygenation group; *p < 0.05 when compared with MEM group in control group; $p > 0.05

when compared with BMb group in control group.

NF-xB p65: nuclear transcription factor kB p65 protein; mRNA: messenger RNA; MEM: minimal essential medium; BM: 5% breast milk

supernatant; BMb: 5% boiled breast milk supernatant.

In Caco-2 cells undergoing hypoxia/re-oxygenation,
one-way analysis of variance revealed that the con-
centration of IL-1B, IL-6, and TNF-o. markedly decreased
in the BM and BMb groups when compared with the
MEM group (p < 0.05). Further paired comparisons
indicated that the IL-1B reduction in the BM group
was greater than in the BMb group (p < 0.05), but the
reductions in IL-6 and TNF-o. were similar in the BM
and BMb groups. This indicates that milk supernatant
may inhibit the expression of proinflammatory cyto-
kines in Caco-2 cells after hypoxia/re-oxygenation,
and especially un-boiled supernatant had a more po-
tent ability to inhibit IL-1B as compared to boiled su-
pernatant.

Reverse transcription polymerase chain
reaction for detecting nuclear factor-«B
p65 messenger RNA expression

in Caco-2 cells

Results of RT-PCR (Table 2) show that the relative
expression of NF-kB p65 mRNA in the MEM subgroup
of hypoxia/re-oxygenation increased significantly when
compared with the MEM subgroup of the control group
(p < 0.01), indicating that NF-xkB p65 mRNA was
highly expressed after hypoxia/re-oxygenation, which
proved a successful establishment of the model. When
the BM and BMb subgroups in the hypoxia/re-oxy-
genation group were compared with those in the MEM
group, the expression of NF-xB p65 mRNA signifi-
cantly decreased (p < 0.01); and when the BM and
BMb sub-groups in the control group were compared
with the MEM group, the expression of NF-kB p65

109

mRNA also decreased significantly (p < 0.01), indicat-
ing that BM and BMb could downregulate NF-xB p65
mMRNA expression in both control and hypoxia/re-ox-
ygenation groups, and that both BM and BMb could
downregulate NF-xB p65 mRNA expression in Caco-2
cells before and after hypoxia/re-oxygenation. Rela-
tive NF-kB p65 mRNA expression in the BM subgroup
in the hypoxia/re-oxygenation group was lower than
that in the BMb group (p < 0.05), while there was no
significant difference in relative NF-xB p65 mRNA ex-
pression between BM and BMb subgroups in the con-
trol group (p > 0.05), suggesting that the downregu-
lation effect of BM on NF-xB p65 mRNA expression
was more significant than that of BMb after hypoxia/
re-oxygenation of Caco-2 cells.

Immunofluorescence to detect nuclear
factor-xB p65 messenger RNA
expression in Caco-2 cells

Results of immunofluorescence (Fig. 4) showed
that there was almost no red fluorescence in Caco-
2 cell nuclei in the control group, while there was
red fluorescence in all Caco-2 cell nuclei in the hy-
poxia/re-oxygenation group, which was most sig-
nificant in the MEM group and least in the BM
group. This indicated that NF-xB p65 in the plasma
of Caco-2 cells after hypoxia/re-oxygenation was
activated and entered and expressed in cell nuclei;
BM could inhibit the entrance and expression of
NF-xB p65 in nuclei, which was more significant than
the BMb. These were consistent with the results of
RT-PCR.
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Figure 4. Nuclear factor-kB p65 messenger RNA expression in Caco-2 cells by immunofluorescence.

NF-xB p65 dye gives a red fluorescence; the DAPI dye of cell nuclei gives a blue fluorescence. Activation of NF-kB may be iden-
tified by its entrance to the nucleus. There was almost no red fluorescence (NF-xB p65) in cell nuclei in the control group, while
red fluorescence was seen in all Caco-2 cell nuclei in the hypoxia/re-oxygenation group. This was most intense in the control

(MEM) group and least in the BM group.

NF-kB: nuclear factor-kB; MEM: minimal essential medium; BM: 5% breast milk supernatant.
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DISCUSSION

Neonatal NEC is a common but severe digestive
tract disease in which a number of unanswered
questions regarding its diagnosis and treatment still
remain. To date, the etiology and pathogenesis of
NEC are still poorly understood. Studies have pro-
posed that a variety of factors, such as premature
birth, hypoxia, hypothermia, improper feeding, in-
testinal ischemia, and infections, synergistically
cause NEC. On the other hand, breast-feeding is a
protective factor. For neonates, breast-feeding is
recommended for adequate growth and develop-
ment and the prevention of diseases. It has been
reported that the incidence of NEC in formula-fed
neonates is higher than among those receiving
breast milk. The osmotic pressure of breast milk is
286 mmol/l and it contains a large amount of epi-
dermal growth factors, which are beneficial in the
prevention of NEC12, In the present study, Caco-2
cells, human colon cancer cells with characteristics
similar to human intestinal epithelial cells, were cul-
tured in vitro to investigate at the cellular and mo-
lecular levels the potential mechanisms underlying
the protective effect of breast milk on NEC. In this
study, we tested colostrum collected after 2-4 days
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of delivery, which contains significantly more ade-
quate cytokines than mature breast milk, making it
more suitable for our research purposes.

Caco-2 cells are derived from human colon adenocar-
cinoma and have homology with human intestinal
cells. Caco-2 cells have spontaneous epithelial differ-
entiation and may form tight junctions between cells.
In addition, the morphology, expression of functional
enzymes, and osmolality of Caco-2 cells are similar to
those of intestinal cells. Thus, these cells can be used
to investigate drug transport, absorption, and me-
tabolism of intestinal epithelial cells in vitro and have

been widely used in studies. Cytokines refer to small
molecular polypeptides secreted by immune cells,

mainly mediate and regulate immunity, inflammation,
and hematopoiesis, and are important for the regula-
tion of infection, immune response, inflammation and
trauma. Proinflammatory cytokines include IL-1, IL-6,
TNF-a, and IFN-y, among others. Intestinal ischemia/
reperfusion is a common cause of mucosal barrier
dysfunction of the intestine. It has been confirmed
that ischemia/reperfusion may activate endothelial
cells and cause an imbalance of the cytokine network
and overexpression of cytokines and adhesion mole-
cules, resulting in leukocyte-mediated injury’. In the



present study, results showed that hypoxia/re-oxy-
genation significantly increased the expression of
proinflammatory cytokines (IL-1B, IL-6, TNF-o.), which
was consistent with previous findings!!, and further
confirms that the imbalance of the cytokine network
is related with the pathogenesis of NEC. In the cyto-
kine network, the corresponding anti-inflammatory
cytokines to proinflammatory cytokines, such as
TGF-B and IL-10, also play important roles in the
pathogenesis of NEC. In this study, both un-boiled and
inactivated milk supernatant could downregulate lev-
els of proinflammatory cytokines IL-1B, IL-6, and
TNF-a in cells with hypoxia/re-oxygenation injuries,
suggesting that there may be other active substances
involved. In future studies we will aim to clarify the
regulation mechanisms from both pro- and anti-in-
flammatory cytokines.

In previous studies, 1 and 5% breast milk superna-
tants could exert inhibitory effects on Caco-2 cells,
with the effects of 5% supernatant being more pro-
nounced, but no significant difference was observed
(p > 0.05). In the present study, 5% breast milk su-
pernatant was used. In the normal group (not sub-
jected to hypoxia/re-oxygenation), BM and BMb could
downregulate the expression of IL-1B, IL-6, and TNF-c..
Moreover, IL-1 reduction was greater in the BM than
in the BMb group. In the hypoxia/re-oxygenation
group, BM and BMb were found to markedly reduce
the expression of IL-1B, IL-6, and TNF-o, and the re-
duction of IL-1B was greater in the BM than in the
BMb group (p < 0.05). These results show that boiling
the supernatants decreases, but does not eliminate,
their protective function, implying that not only heat
denaturalizing-prone elements are participating in
this phenomenon. It is important to consider that BM
also contains other substances besides cytokines, for
example, soluble human milk oligosaccharides that
strongly attenuate inflammatory processes in the in-
testinal mucosa. These findings suggest that breast
milk is able to downregulate the expressions of pro-
inflammatory cytokines (IL-1B, IL-6, TNF-a) in Caco-2
cells, especially after hypoxia/re-oxygenation. This
may be one of the mechanisms underlying the pro-
tective effect of breast milk on NEC. Breast milk has
many components with biological activities, and
boiling may affect the biological activities of heat-
sensitive proteins and polypeptides. When com-
pared with boiled milk supernatant, reduction of
IL-1B was greater after treatment with un-boiled
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milk supernatant. In addition, the concentration of
breast milk supernatant may be another contributing
factor, and the influence of milk supernatant concen-
tration on NEC will be further investigated in our
future studies?3.

The pathogenesis of NEC is complex. Studies have
shown that it is associated with the abnormal activa-
tion of toll-like receptor and nuclear transcription
factor signal transduction!#15. New studies have been
conducted to investigate the molecular mechanisms
regulating the expression of nuclear transcription
factors and toll-like receptor in intestinal epithelial
cells after breast milk intake.
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