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Background: Intestinal production of TGF-� is decreased in neonatal necrotizing enterocolitis (NEC).
Results: Oral administration of TGF-� (TGF-�1) inhibited inflammation in intestinal epithelium and systemic production of
IL-6 and IFN-� as well as NEC incidence in an animal model.
Conclusion:Oral administration of TGF-�1 can compensate for TGF-�1 deficiency in gut diseases.
Significance: TGF-�1 can potentially be used to prevent and treat gut diseases.

Inflammatory immune responses play an important role in
mucosal homeostasis and gut diseases. Nuclear factor �B
(NF-�B), central to the proinflammatory cascade, is activated in
necrotizing enterocolitis (NEC), a devastating condition of
intestinal injury with extensive inflammation in premature
infants. TGF-� is a strong immune suppressor and a factor in
breastmilk, which has been shown to be protective againstNEC.
In an NEC animal model, oral administration of the isoform
TGF-�1 activated the downstream effector Smad2 in intestine
and significantly reduced NEC incidence. In addition, TGF-�1
suppressed NF-�B activation, maintained levels of the NF-�B
inhibitor I�B� in the intestinal epithelium, and systemically
decreased serum levels of IL-6 and IFN-�. The immature human
fetal intestinal epithelial cell line H4 was used as a reduction-
istic model of the immature enterocyte to investigate mech-
anism. TGF-�1 pretreatment inhibited the TNF-�-induced
I�B� phosphorylation that targets the I�B� protein for
degradation and inhibited NF-�B activation. Chromatin
immunoprecipitation (ChIP) assays demonstrated decreased
NF-�B binding to the promoters of IL-6, IL-8, and I�B� in
response to TNF-� with TGF-�1 pretreatment. These
TGF-�1 effects appear to be mediated through the canonical
Smad pathway as silencing of the TGF-� central mediator
Smad4 resulted in loss of the TGF-�1 effects. Thus, TGF-�1 is
capable of eliciting anti-inflammatory effects by inhibiting
NF-�B specifically in the intestinal epithelium as well as by
decreasing systemic IL-6 and IFN-� levels. Oral administration

of TGF-�1 therefore can potentially be used to protect against
gastrointestinal diseases.

Necrotizing enterocolitis (NEC)2 is a deadly inflammatory
bowel disease affecting �12% of premature infants with a birth
weight �1500 grams (1). It is the most common gastrointesti-
nal surgical emergency in premature neonates. The pathophys-
iology behind NEC is poorly understood; however, the primary
risk factors are prematurity, enteral feeding, and inappropriate
bacterial colonization, which collectively lead to mucosal bar-
rier disruption, transmural intestinal injury, and significant
inflammatory responses typically affecting the terminal ileum
and colon (2).
Several aspects of intestinal immaturity place the preterm

gut at risk for NEC. In particular, studies in human tissues and
animal models have shown that intestinal NF-�B is strongly
activated at birth but is down-regulated as the intestinematures
(3, 4). This developmental down-regulation of NF-�B may not
be seen in preterm infants at risk for NEC, presumably due to
immaturity of the gut. The NF-�B family represents a group of
structurally related proteins that promote transcription of a
wide variety of proinflammatory cytokines. In their resting
state, homoor heteroNF-�Bdimers are bound to the inhibitory
�B proteins (I�B) and are thus functionally and physically
restricted to the cytoplasm. Extracellular stimulation can trig-
ger signal transduction pathways, which in turn phosphorylate
I�B�, targeting it for ubiquitination and subsequent protea-
some-mediated degradation (5). The NF-�B thus liberated
moves to the nucleus, where it activates proinflammatory cyto-
kine transcription. Our laboratory has specifically shown that
the underlying mechanism for the increased activation of
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NF-�B activity in the immature intestine is decreased expression
of theNF-�B inhibitor I�B� (3).Means of protecting or increasing
I�B� and thus decreasing NF-�B signaling may provide opportu-
nities to prevent NEC in the immature preterm gut.
TGF-� is a multifunctional factor that regulates cell growth,

adhesion, and differentiation in awide variety of cell types (6). It
is also a strong immune suppressor (7). TGF-� null mice
remain healthy for 2 weeks after birth but develop an excessive
inflammatory response leading to a lethal multifocal inflamma-
tory disease (7). TGF-� transduces signaling through a trans-
membrane type II receptor, which in turn recruits and acti-
vates/phosphorylates the intracellular type I receptor. The
activated type I receptor then activates/phosphorylates the
downstream effectors, Smad2 and Smad3, which subsequently
form complexes with the common Smad mediator, Smad4, to
translocate to the nucleus. The Smad complexes regulate tran-
scription of TGF-� target genes in conjunction with various
transcriptional or co-transcriptional regulators. In addition to
the canonical Smad pathway, other signaling pathways, includ-
ing the extracellular signal-regulated kinases (ERK1/2), mito-
gen-activated protein kinase (p38), Src, and phosphatidylinosi-
tol 3-kinase (PI3K) pathways, have been reported to mediate
TGF-� effects in a context-dependent manner (8).
Previous studies have shown that TGF-� can inhibit NF-�B

activation by promoting mRNA expression and protein stabili-
zation of I�B� (9–11). We thus hypothesized that oral admin-
istration of TGF-�1, one of the TGF-� isoforms, would address
a critical aspect of intestinal immaturity by suppressing NF-�B
signaling through sustained I�B�, thereby protecting against
NEC in vivo. In a rat pup model of NEC, oral administration of
TGF-�1 activated Smad2, suppressed NF-�B activation, pre-
served I�B� expression specifically in intestinal epithelium,
and reduced NEC incidence. In addition, TGF-�1 reduced
serum proinflammatory cytokines IL-6 and IFN-�, two proin-
flammatory cytokines elevated in NEC. Correspondingly, in a
human fetal nontransformed immature cell line used as a
model of the preterm gut, TGF-�1 suppressed TNF-�-induced
NF-�B activation by down-regulating I�B� phosphorylation, a
necessary process preceding I�B� degradation. Chromatin
immunoprecipitation assays demonstrate that TGF-�1 also
suppressedNF-�B binding to I�B�, suggesting TGF-�1 did not
enhanceNF-�B-mediated I�B� transcription tomaintain I�B�
expression in response to TNF-� in immature enterocytes. We
observed involvement of the canonical Smad4 pathway in
mediating the TGF-�1 anti-inflammatory effect in immature
intestinal epithelial cells (IEC) by inhibitor and Smad4 silencing
studies. This is the first study to demonstrate the anti-inflam-
matory effect of TGF-�1 by oral administration specifically in
intestinal epitheliumof an immature gut, resulting in resistance
to intestinal injury in an animal model.

MATERIALS AND METHODS

Cell Cultures and Reagents—H4 cells (a generous gift from
Dr.W.AllanWalker,MassachusettsGeneralHospital, Harvard
Medical School) are a human fetal nontransformed primary
intestinal epithelial cell line used as a model of immature IEC
(12). H4 cells were cultured in DMEM supplemented with 10%
heat-inactivated fetal calf serum, 1% glutamine, 1% sodium

pyruvate, 1% amino acids, 1%HEPES, 50 units/ml penicillin, 50
�g/ml streptomycin, and 0.2 units/ml insulin at 37 °C in a 5%
CO2 atmosphere. Cell passages 11–21 were used. Recombinant
TGF-�1 and TNF-� were purchased from R&D Systems (Min-
neapolis, MN). Recombinant human IFN-� was from Pepro-
Tech (Rocky Hill, NJ). Inhibitors used to inhibit activation of
intracellular pathways (PD98059 for the ERK pathway, and
LY294002 for the PI3K/Akt pathway) were from Calbiochem.
Neonatal Rat NEC Model—All animal studies were carried

out in strict accordance with the recommendations in the
Guide for the Care and Use of Laboratory Animals of the
National Institutes of Health and approved by the University of
Chicago Institutional Animal Care and Use Committee
(IACUC) underAnimal ProtocolNumber 71557. Cesarean sec-
tions were performed under isoflurane anesthesia, and all
efforts were made to minimize suffering. If a rat pup showed
illness during the course of the study, the animal was humanely
euthanized, and death was not used as an end point.
Animal experiments were conducted following a well

described rat NEC animal model with modifications as follows
(13). Neonatal rat pups were delivered on embryonic day 20 by
cesarean section from time-dated pregnant Sprague-Dawley
dams. Once stabilized, pups were colonized with 107 colony-
forming units each of Serratia marcescens, Klebsiella pneu-
moniae, and Streptococcus viridans, fed with Esbilac puppy for-
mula every 3 h via an orogastric feeding catheter, and stressed
with hypoxia (5% oxygen and 95% nitrogen for 10 min) three
times a day to induce NEC. Naturally born and dam-fed pups
were included as healthy controls. Animals were sacrificed
when ill or at the end of the experiment on day 5. H&E-stained
intestinal sectionswere scored by a pathologist blinded to treat-
ment group using a previously published NEC scoring system
to evaluate the degree of intestinal injury on a “0–4” scale.
Scores �2 are defined as NEC (13).
Immunohistochemistry Staining—Intestinal (ileal) segments

were formalin-fixed and paraffin-embedded. Sections were
deparaffinized in xylene and hydratedwith ethanol. For antigen
unmasking, slides were heated in 10 mM sodium citrate buffer
(pH 6.0) before treatment with 0.3% hydrogen peroxide. The
specimens were blocked with 5% BSA in TBST (Tris-buffered
saline with 0.05% v/v Tween 20) followed by 4 °C overnight
incubation with p-NF-�B, I�B�, and p-Smad2 antibodies (Cell
Signaling) or control IgGs isolated before immunization from
the same animal species used to generate the antibodies. After
washing, the sections were incubated with polymer-HRP sec-
ondary antibodies (Dako, Carpentaria, CA). Positive staining
and nuclei were visualized with diaminobenzidine chromogen
and hematoxylin counterstaining, respectively. For quantita-
tion of NF-�B activity, nuclear p-NF-�B-positive IEC versus
total IEC from three fields of each slide (n � 3) were counted
and presented as means of percentages of p-NF-�B-positive
IECover total IEC� S.E. For quantitation of I�B� and p-Smad2
staining, IHC intensity was scored on a 0–4 scale with 0 being
the lowest and 4 being the highest intensity among all samples
examined (14). Results are presented as means of scores � S.E.
Immunoblotting—For tissue lysate preparation, 2-cm distal

intestine (ileum) was homogenized with a hand-held homoge-
nizer (Pellet Pestle, Kimble/Kontes, Vineland,NJ) in lysis buffer
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(50 mM Tris�HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% SDS,
50mMDTT, 50�g/ml aprotinin, 50�g/ml leupeptin, and 5mM

PMSF). For cell culture lysate preparation, cells on plates were
rinsed with cold PBS and lysed in the same lysis buffer as for
tissues. Immunoblotting was carried out as described previ-
ously (15) with antibodies from Cell Signaling against NF-�B
(p65), p-NF-�B, I�B�, p-I�B�, poly(ADP-ribose) polymerase,
lactate dehydrogenase, Erk1/2, p-Erk1/2, Akt, p-Akt, p38,
p-p38, JNK, p-JNK, Smad2, p-Smad2, and Smad4.
Isolation of IEC from Animals—Intestine was collected, cut

into small pieces, and incubated in 7 ml of Ca2�-free RPMI
medium containing 1% serum, 5mM EGTA, and 1.5mMMgCl2
for 45min at 37 °C with shaking to wash off IEC and leukocytes
from intestine. Tissue debris was separated from cell suspen-
sion by filtrationwithmesh andwashed again to collect another
7 ml of cell suspension. A total of 14 ml of cell suspension was
subjected to centrifugation at 1600 rpm for 10 min, and cell
pellets were then resuspended in 44% Percoll in 1� Hanks’
balanced salt solution and centrifuged at 2000 rpm for 20 min.
The cloudy fractions on top of the Percoll as well as the pellets
were collected as IEC and intestinal leukocytes, respectively.
The IEC fraction was collected, pelleted, washed with PBS, pel-
leted again, and lysed in radioimmune precipitation buffer for
immunoblotting for Smad2 and phospho-Smad2.
Subcellular Fractionation—Cytoplasmic and nuclear frac-

tions were harvested using a method modified from Inan et al.
(16). Briefly, cells werewashedwith PBS and then lysed in a lysis
buffer (10 mM Hepes, 10 mM KCl, 0.1 mM EDTA, 2 mM MgCl2,
0.5 mM sucrose, 0.1% Nonidet P-40, 0.5 mM PMSF, 1 mM DTT,
1� complete protease inhibitor). Lysates were collected by
scraping and centrifuged at 2000� g for 5min at 4 °C to collect
cytoplasmic (supernatant) andnuclei (pellets). The cytoplasmic
fraction was spun at 12,000 rpm for 10 min to remove debris
and saved in a new microcentrifuge. Nuclei were washed with
lysis buffer without Nonidet P-40, centrifuged, lysed in high salt
buffer (20mMHepes, pH7.4, 1.5mMMgCl2, 420mMNaCl, 0.2mM

EDTA, 5% glycerol, 1 mM DTT, 0.5 mM PMSF, protease inhibi-
tors), and either sonicated briefly or incubated on ice for 40min to
disrupt nuclei. The nuclear fraction was collected following cen-
trifugation and combined with the same volume of low salt buffer
(20mMHepes, pH 7.4, 50mMNaCl, 0.2 mM EDTA, 20% glycerol,
1 mM DTT, 0.5 mM PMSF, protease inhibitors). Protein concen-
trations were determined by Bio-Rad protein assay.
NF-�B DNA Binding Activity Assay—Activation of NF-�B p65

was determinedby anELISA-basedDNAbindingTransAMassay
(Active Motif) using nuclear fractions as per the manufacturer’s
instructions. Assays were performed in triplicate, and data are
presented as means of intensity � S.E. * depicts p � 0.05
between the groups by Student’s t test.
RNA Interference—Toperform Smad4 silencing, 70% conflu-

ent cells on 6-well plates were transiently transfected with 200
nM of a pool of four scrambled control or Smad4 siRNAs
(Dharmacon, Lafayette, CO) usingOligofectamine (Invitrogen)
according to the manufacturer’s guidelines. Medium contain-
ing 30% serum was directly added to wells 4 h following trans-
fection. On the next day, cells were cultured back in regular
serum medium, treated with 30 ng/ml TGF-�1 overnight, and
then treated with 10 ng/ml TNF-� for 1 h before lysates were

collected for Smad4, I�B�, and phospho-I�B� immunoblot-
ting. Successful gene silencing was confirmed by immunoblot-
ting for Smad4.
Multiplex Cytokine Assay—Serumwas separated from blood

of experimental NEC animals by centrifugation, and 25 �l of
serum was diluted in 100 �l of PBS. 60 �l of diluted serum was
added in black wall microplates in duplicate, subjected to a
flow-assisted and bead-based multiplex cytokine assay (Bio-
Rad), and analyzed with a standard curve generated using the
five-parameter curve-fitting parameter of the BioplexManager
6.0 software (Bio-Rad). The cytokine concentration in serum is
expressed as picograms of cytokine perml of serum on log scale
(Log (pg/ml)).
Chromatin Immunoprecipitation (ChIP) Assay—A two-step

cross-linking ChIP assay was performed as described previ-
ously with modifications (17). Briefly, 2 � 106 H4 cells were
collected by trypsinization and first fixed in 2 mM disuccinimi-
dyl glutarate for 45 min at room temperature and then in 1%
formaldehyde for 8 min followed by a quenching of formalde-
hyde using 0.125 M glycine. Cells were washed with PBS and
lysed in cell lysis buffer (50 mM Tris-HCl, pH 8.0, 2 mM EDTA,
0.1% IGEPAL� 630, 10% glycerol, 1 mM DTT) supplemented
with protease inhibitors on ice for 10 min to release cytoplasm.
Nuclei were collected by centrifugation at 2500 � g at 4 °C and
lysed in 200 �l of SDS lysis buffer (50 mM Tris, pH 8.1, 10 mM

EDTA, 1% SDS plus phosphatase, and protease inhibitors) on
ice for 10 min. Nuclei were briefly disrupted by sonication for
10 s, and chromatin/DNA contents were measured using a
NanoDrop. The same amount of chromatin from each treat-
ment was sheared under identical conditions using a Bioruptor
(Diagenode Inc.) on high power and four cycles of 10min of 30 s
on/30 s off to an average size of 500–1000 bp. Sheared chroma-
tin were diluted 1:10 in immunoprecipitation buffer (20 mM

Tris, pH 8.1, 2 mM EDTA, 150 mMNaCl, 1% Triton X-100) and
cleared first by centrifugation at 12,000 � g for 10 min at 4 °C
and then with 60 �l of protein A/G beads for 1 h at 4 °C. 1% of
diluted chromatin lysate for immunoprecipitation was saved as
input. Immunoprecipitation was performed with 4 �g of an
NF-�B antibody (Santa Cruz Biotechnology sc-372) overnight
at 4 °C with rocking and then with 60 �l of protein A/G beads
for 2 h. The beads were washed three times with immunopre-
cipitation wash buffer I (20 mM Tris, pH 8.1, 2 mM EDTA, 50
mM NaCl, 1% Triton X-100, 0.1% SDS), one time with immu-
noprecipitation wash buffer II (10 mM Tris, pH 8.1, 1 mM

EDTA, 0.25 M LiCl, 1%Nonidet P-40, 1% deoxycholic acid), and
finally three times with Tris-EDTA. DNA-protein complexes
were eluted from agarose in 250 �l of freshly prepared elution
buffer (100mM sodium bicarbonate, 1% SDS, 0.05 �g/�l RNase
A) at 65 °C for 20 min twice to collect a total of 500 �l of DNA
elute. NaCl and Tris-HCl, pH 6.8, EDTA, and proteinase K
solution were added to combined elutes (immunoprecipitated
chromatin) and input chromatin to final concentrations of 200
mM NaCl, 50 mM Tris-HCl, pH 6.8, 10 mM EDTA, 200 �g/ml
proteinase K and uncross-linked at 65 °C overnight. DNA was
extracted by phenol-chloroform-isoamyl alcohol (25:24:1) and
ethanol-precipitated in the presence of 20 ng/ml linear acryl-
amide. Purified immunoprecipitated and input DNA were dis-
solved in 60 �l, and 3 �l was used in TaqMan quantitative PCR
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reactions using TaqMan Fast Advanced master mix (Applied
Biosystems) and primers and probes (Table 1) designed and
prepared from Integrated DNA Technologies, Inc. that target
NF-�B elements on the promoters of IL-6, IL-8, and I�B� (18–
20). The PCR conditions were 50 °C for 2 min, 95 °C for 20 s,
and 40 cycles of 95 °C for 1 s and 60 °C for 1 min on an Applied
Biosystems 7900HT fast real-time PCR system. Immunopre-
cipitated and input DNA concentrations were automatically
calculated by SDS software using a standard curve generated
with 5, 0.5, and 0.05 ng/�l genomic DNA. Input-normalized
immunoprecipitated DNA concentrations represent relative
levels of NF-�B binding to promoters and are presented as -fold
changes to the untreated groups in the figures.
Statistical Analysis—Statistical analysis was performed using

a �2 test for NEC incidence, Student’s t test for paired data, or
one-way analysis of variance with a Bonferroni’s correction for
multiple comparisons with GraphPad InStat software. All data
are presented asmeans� S.E., and differences were considered
to be significant with p values �0.05.

RESULTS

Oral Administration of TGF-�1 Activated Smad2 in Intesti-
nal Epithelium and Decreased NEC Severity and Incidence—
TGF-� is a strong immune suppressor. The effect of TGF-�1,
one of the TGF-� isoforms, on the pathophysiology of NEC
through oral administration was examined in an experimental
rodent model with intestinal injury similar to NEC. Animal
studies were conducted as described under “Materials and
Methods”with nonstressed and naturally born dam-fed pups as
healthy controls. TGF-�1 at 30 ng/ml was used for oral admin-
istration as this iswithin the physiologic concentration found in
breast milk (21).Whether TGF-�1 can initiate signal transduc-
tion in the intestine throughoral administrationwas first exam-
ined. IHC staining of the active/phosphorylated form of the
intracellular TGF-� effector Smad2 in intestinal tissues shows
significantly enhanced Smad2 activation/phosphorylation in
TGF-�1-treated as compared with vehicle-treated experimen-
tal NEC animals. Activation of Smad2 was readily detected in
healthy dam-fed control pups, indicating a basal activation of
TGF-� signaling in pups receiving breast milk (Fig. 1, A and B).
The absence of background staining in the negative control for
phospho-Smad2 staining indicates that the phospho-Smad2
staining is specific. Immunoblotting of phospo-Smad2 with

lysates of purified IEC shows that TGF-�1 elicited signaling in
the intestine by 20 h following oral administration (Fig. 1C).
The degree of intestinal injury was scored on a 0–4 scale with
scores �2 defined as NEC. All dam-fed healthy controls had
score 0, and both vehicle-treated and TGF-�1-treated experi-
mental NEC pups had scores 0–3. However, the TGF-�1-
treated group had fewer pupswith score 3 as comparedwith the
vehicle-treated group. A statistical analysis confirmed that
TGF-�1 significantly reduced disease severity as well as overall
incidence (Fig. 2A). In the animal model, there was no NEC in
the dam-fed control group (n � 20) but 52% NEC incidence in
the vehicle-treated experimental NEC group (n � 48). Oral
administration of TGF-�1 reduced NEC incidence from 52 to
32% (n � 48) (p � 0.05, Fig. 2B).
TGF-�1 Inhibited NF-�B Activation, Maintained I�B�

Expression, and Decreased Proinflammatory Cytokine Produc-
tion in Experimental NEC—To determine whether TGF-�1
protection against NEC was associated with suppressed NF-�B
signaling, activation status of NF-�B (p-NF-�B) was examined
by IHC. Fig. 3A shows increased p-NF-�B-positive IEC in
experimental NEC as compared with healthy dam-fed pups.
Oral administration of TGF-�1 significantly decreased num-
bers of p-NF-�B-positive IEC in experimental NEC (Fig. 3, A
and B). The absence of background staining in the negative
control for p-NF-�B staining indicates that the p-NF-�B stain-
ing is specific. I�B� expression was also examined by IHC to
determine whether TGF-�1-suppressed NF-�B activation was
associated with protected expression of this NF-�B inhibitor.
I�B� was readily detected in the intestines of healthy dam-
fed pups, but was significantly diminished in experimental
NEC intestines (Fig. 3C). TGF-�1 administration signifi-
cantly protected I�B� expression in experimental NEC pups.
The absence of background staining in the negative control for
I�B� indicates that the I�B� staining is specific. IL-6 and IFN-�
are proinflammatory cytokines and NF-�B targets that have
been shown to increase in humans with NEC and animal mod-
els of NEC. Oral administration of TGF-�1 significantly
decreased their levels in serum (Fig. 4).
TGF-�1 Suppressed I�B� Phosphorylation in Human Imma-

ture IEC—TGF-�1 reduced NEC incidence, inhibited NF-�B
activation, andmaintained I�B� expression in vivo (Table 1 and
Fig. 3). We next studied the mechanism behind decreased

TABLE 1
Primers and probes used in NF-�B ChIP quantitative PCR

* Double-quenched probes with two nonfluorescent quenchers, an internal ZEN quencher, and a 3�-Iowa Black FQ (IBFQ) quencher.
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NF-�B activation and protected I�B� expression using the
human fetal intestinal epithelial cell lineH4 as an in vitromodel
of immature human IEC (12). TNF-� was used as a proinflam-

matory cytokine relevant to NEC. Immunoblotting and an
ELISA-based DNA binding assay with nuclear and cytoplasmic
fractions show that TNF-� induced NF-�B activation/nuclear
translocation and DNA binding activity as early as 15 min and
sustained this until at least 2 h following treatment (Fig. 5,A and
B). TGF-�1 pretreatment suppressed both the TNF-�-induced
nuclear translocation and the DNA binding activity of NF-�B
(Fig. 5,A and B) with corresponding greater cytoplasmic reten-
tion of NF-�B in the cells (Fig. 5A). Consistently, we observed
dose-dependentsuppressionofTNF�-inducedI�B�phosphor-
ylation by TGF-�1 pretreatment (Fig. 5C).
TGF-�1 Suppressed TNF-�-induced NF-�B Binding to IL-8

and I�B� Promoters—TNF-� has been shown to stimulate IL-8
production in H4 cells (22), and oral administration of TGF-�1
decreased IL-6 levels in serum in experimental NEC (Fig. 4).
Whether TGF-�1 decreased NF-�B binding to the promoters
of IL-8 and IL-6 was determined by ChIP assays. Fig. 6 shows
that NF-�B binding to IL-6 and IL-8 promoters was signifi-
cantly increased by TNF-� treatment. TGF-�1 decreasedTNF-
�-induced NF-�B binding to these promoters. This effect of
TGF-�1 appears to be specific as erythropoietin, also a breast
milk factor and a control to TGF-�1 in the assay, did not inhibit
the TNF-�-enhanced NF-�B binding to IL-6 and IL-8 promot-
ers. I�B� is an early response gene downstream of NF-�B, and
NF-�B induction of I�B� regulates NF-�B activation by auto-
feedback inhibition (23). A ChIP assay shows that TNF-�
enhanced NF-�B binding to the I�B� promoter but that this
binding was also decreased by TGF-�1 (Fig. 6).

FIGURE 1. Oral administration of TGF-�1 activated TGF-� signaling in IEC in experimental NEC. An animal model of NEC was conducted as described
under “Materials and Methods.” Intestinal sections from experimental NEC pups treated with vehicle or 30 ng/ml TGF-�1 and from healthy dam-fed controls at
the end of experiments on day 5 were IHC-stained for the active/phosphorylated form of the TGF-� intracellular mediator Smad2. A, representative staining
shows increased p-Smad2 in IEC in experimental NEC pups gavaged with TGF-�1 as compared with the vehicle-treated control. Healthy dam-fed controls had
basal activation of TGF-� signaling reflected by basal p-Smad2 levels. “�”, staining control of IHC was performed without using the primary antibody and
shows the absence of background staining of p-Smad2. B, staining from A was quantified by scoring p-Smad2 on a 0 – 4 scale in three fields of each intestinal
section (n � 3) as described under “Materials and Methods.” * depicts p � 0.05 by Student’s t test. C, Smad2 was activated in IEC by 20 h following oral TGF-�1
administration. Intestine was collected at 0, 2, and 20 h after the first gavage of TGF-�1. IEC were isolated from intestine as described under “Materials and
Methods,” lysed, and subjected to immunoblotting for total and phospho-Smad2.

FIGURE 2. Histological severity of intestinal injury and disease incidence
of experimental NEC pups. A, TGF-�1 significantly decreased the severity of
NEC injury in an animal model. A neonatal rat NEC model and NEC scoring
were conducted as described under “Materials and Methods.” Injury of intes-
tine from healthy dam-fed controls and experimental NEC pups treated with
vehicle or 30 ng/ml TGF-�1 was evaluated on a 0 – 4 scale by a pathologist
blinded to experiments. The healthy dam-fed pups show no intestinal injury.
* depicts p � 0.05 by one-way analysis of variance with Bonferroni’s correc-
tion. Bars represent mean values. B, TGF-�1 decreased NEC incidence in an
animal model. NEC is defined as scores �2, and the NEC incidence is deter-
mined from the same experiment as in A. * depicts p � 0.05 between the
experimental NEC groups by �2 test.
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TGF-�1 Suppressed NF-�B Activation and I�B� Phosphory-
lation via the Smad Pathway in Immature IEC—TGF-� can
initiate signal transduction by activating the canonical Smad
pathway as well as non-Smad pathways, including the JNK, p38
mitogen-activated protein kinase, Erk1/2, and PI3K/Akt path-
ways. The canonical signaling of TGF-� involves phosphoryla-
tion of Smad2 and Smad3 by the serine/threonine kinase TGF
type I receptor, upon ligand binding. To determine which sig-
naling pathway was involved in our findings, cells were pre-
treated with TGF-�1 overnight and then stimulated with
TNF-�. Immunoblotting for key signaling molecules shows
that TGF-�1 pretreatment did not significantly alter TNF-�-
induced activation of p38 or JNK (Fig. 7A). Instead, TGF-�1
pretreatment stimulated activation/phosphorylation of the Akt
and Smad pathways and prevented TNF-�-induced transient
suppression of Erk1/2 activation (Fig. 7A). These data suggest
the possible involvement of the Akt, Erk1/2, and Smad path-
ways in mediating the TGF-�1 immune suppressive effect.
Inhibitor assays were next performed using the MEK inhibi-

tor (PD98059) to inhibit the Erk1/2 pathway and the PI3K

FIGURE 3. TGF-�1 suppressed NF-�B activation and preserved I�B� expression in experimental NEC. A and B, intestinal sections from experimental NEC
pups treated with vehicle or 30 ng/ml TGF-�1 and from healthy dam-fed controls were IHC-stained for the active/phosphorylated form of NF-�B (p-NF-�B) (A)
and I�B� (B). A, TGF-�1 suppressed NF-�B activation in experimental NEC. Representative staining shows increased intestinal p-NF-�B in vehicle-treated
experimental NEC pups as compared with healthy controls and TGF-�1-suppressed NF-�B activation. “�”, staining control of IHC was performed without using
the primary antibody and shows the absence of background staining of p-NF-�B. B, staining from A was quantified by counting p-NF-�B-positive IEC in three
fields of each intestinal section, and numbers are presented as means of percentages of p-NF-�B-positive IEC � S.E. C, TGF-�1-protected I�B� protein
expression in experimental NEC. Representative staining shows decreased intestinal I�B� expression in vehicle-treated experimental NEC pups as compared
with healthy controls and TGF-�1-protected I�B� expression in experimental NEC. “�”, staining control of IHC was performed without using the primary
antibody and shows the absence of background staining of I�B�. D, staining from C was scored on a 0 – 4 scale in three fields of each intestinal section, and
numbers are presented as means of intensity � S.E. * depicts p � 0.05 by Student’s t test.

FIGURE 4. TGF-�1 decreased serum IL-6 and IFN-� levels in experimental
NEC. Blood was collected from vehicle- or TGF-�1-treated experimental pups
with the same degree of intestinal injury and from healthy dam-fed controls.
Serum was prepared and subjected to a multiplex cytokine assay. Data (n � 5)
are presented as means � S.E. * and ** depict p � 0.05 and 0.01, respectively,
as compared with the vehicle-treated group by one-way analysis of variance
with Bonferroni’s correction.
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inhibitor LY294002 to inhibit the Akt pathway. Fig. 7B shows
effective suppression of Erk1/2 and Akt activation by PD98059
and LY294002, respectively, as both basal phosphorylation and
TGF-�1-induced phosphorylation of Erk1/2 and Akt were
decreased. However, even with effective inhibition, TGF-�1
was still able to suppress phosphorylation of NF-�B and I�B�,
demonstrating that these pathways are not critical for TGF-�1
suppression of NF-�B.

Smad4 acts as a common partner in the Smad signaling path-
way. Smad4 forms complexes with ligand-activated receptor
Smads (Smad2 and Smad3 for TGF-� ligands) and facilitates
the translocationof theheteromeric complexes into thenucleus to
affect transcriptional regulation. To determine whether the Smad
pathway was mediating the TGF-�1 immune suppressive effect,
TGF-�1 suppression of I�B� phosphorylation was examined in
H4 cells with or without Smad4 knockdown by Smad4 and con-
trol siRNA transfection, respectively. Fig. 7C shows undetected
Smad4 protein in Smad4 siRNA-transfected as compared with
control siRNA-transfected or parental H4 cells. Blockade of the

Smad pathway by Smad4 knockdown inhibited TGF-�1 down-
regulation of phospho-I�B�, demonstrating that TGF-�1 pro-
tection of I�B� from phosphorylation/degradation and subse-
quent suppression of the inflammatory response are mediated
via the Smad pathway in immature IEC.

DISCUSSION

NEC is an inflammatory disorder with significant morbidity
andmortality, associated with intestinal immaturity in preterm
infants (24). Studies in human tissues and animal models have
shown that intestinal NF-�B is strongly activated at birth and is
down-regulated as the intestine matures in a healthy gut; how-
ever, this developmental inhibition of NF-�B is not yet present
in preterm infants at risk for NEC (4, 25). Our laboratory has
previously reported that the underlyingmechanism for the loss
of developmental inhibition of NF-�B activity in immature
intestinal epithelial cells is decreased expression of the NF-�B
inhibitor I�B� (3). Thus, agents that protect or increase I�B�

FIGURE 5. TGF-�1 suppression of NF-�B nuclear translocation, DNA binding, and phosphorylation was associated with decreased I�B� phosphory-
lation and degradation in immature IEC. A, TGF-�1 suppressed NF-�B nuclear translocation induced by TNF-�. Immature human fetal H4 IEC were pretreated
with 30 ng/ml TGF-�1 overnight and then 10 ng/ml TNF-� for different intervals as indicated. Nuclear and cytoplasmic fractions were isolated and subjected
to immunoblotting for NF-�B, a nuclear marker poly(ADP-ribose) polymerase (PARP), and a cytoplasmic marker lactate dehydrogenase (LDH). B, TGF-�1
suppressed NF-�B DNA binding activity induced by TNF-�. Nuclear fractions from A were subjected to an ELISA-based NF-�B DNA binding assay as described
under “Materials and Methods.” Results are presented as means � S.E., n � 3. * depicts p � 0.05 by Student’s t test. OD, optical density. C, TGF-�1 suppressed
NF-�B phosphorylation and I�B� phosphorylation and degradation induced by TNF-�. Immature human fetal H4 IEC were pretreated with TGF-�1 at 30 ng/ml
overnight and then with increasing doses of TNF-� as indicated for 1 h. Whole cell extracts were isolated and subjected to immunoblotting for total and
phospho-I�B� (p-I�B�) and total and phospho-NF-�B (p-NF-�B).
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expression and concomitantly decrease NF-�B activity could
have a protective role against injury in immature gut.
TGF-� has been shown to inhibit NF-�B-dependent inflam-

matory responses in multiple cell types. I�B� is an immediate
early gene downstream of NF-�B, and transcription is highly
induced in response to NF-�B activation, keeping the NF-�B
signaling under control. Previous studies have shown that
TGF-� can inhibit NF-�B activity through induction of I�B�
mRNA and protein expression as well as through prevention of
I�B� degradation in different cell contexts (9, 11, 26). In our
study, TGF-�1 did not further enhance NF-�B binding to the
I�B� promoter to promote I�B� transcription in response to
TNF-� as the ChIP result shows suppressed NF-�B binding to
the I�B� promoter in response to TGF-�1. Instead, we
observed that TGF-�1 suppressed I�B� phosphorylation,
resulting in inhibited degradation and subsequent protection of
I�B� protein in response to TNF-� in immature IEC.
Inhibition of NF-�B, an important transcription factor in the

regulation of cellular inflammation, has been studied in many
diseases. Agents to inhibit NF-�B to suppress inflammation in
anNEC animal model have been investigated. A previous study
reported that administration of the NEMO-binding domain
(NBD) peptide (where NEMO is NF-�B essential modulator)
that selectively inhibits the critical upstream I�B kinase (IKK)
decreased mortality and bowel injury in an NEC model (25).
Their findings therefore indicate that selective NF-�B inhibi-
tion represents a promising therapeutic strategy forNEC.How-
ever, there is a potential advantage to using TGF-�1 to prevent
or ameliorate the development of NEC. Besides the innate
immune suppressive effect in IEC in an immature gut from our
studies, there are other aspects of TGF-�1, i.e. enhancing epi-
thelial maturation and restitution to maintain the integrity of
intestine, that can additionally protect an immature gut from

FIGURE 6. TGF-�1 decreased TNF-�-induced NF-�B binding to IL-6, IL-8,
and I�B� promoters in immature IEC. H4 cells were treated overnight with
30 ng/ml TGF-�1 or 0.5 units/ml erythropoietin, as a control for TGF-�, and
then with 10 ng/ml TNF-� for 1 h. Cells were collected and subjected to ChIP
assay using an NF-�B antibody (Santa Cruz Biotechnology sc-372) and a nor-
mal IgG as a negative control antibody to the NF-�B antibody. Data are
derived as described under “Materials and Methods” and presented as -fold
changes to untreated group as means � S.E. * depicts p � 0.05 by one-way
analysis of variance with Bonferroni’s correction. IP, immunoprecipitation.

FIGURE 7. The Smad pathway mediated TGF-�1 suppression of NF-�B activation and I�B� phosphorylation in immature IEC. A, TGF-�1 stimulated
Erk1/2, Akt, and Smad pathways in the immature human fetal H4 IEC. Cells were pretreated with 30 ng/ml TGF-�1 overnight and then with 10 ng/ml TNF-� for
different intervals as indicated. Cells were then lysed for immunoblotting for activation of effectors downstream of various pathways as indicated. B, inhibition
of Erk1/2 and Akt activation did not block TGF-�1 suppression of NF-�B and I�B� phosphorylation. Cells were pretreated with the inhibitors PD98059 (to the
Erk1/2 pathway) and LY294002 (to the Akt pathway) for 30 min and then together with TGF-�1 overnight. Cells were then treated with 10 ng/ml TNF-� for 1 h
and lysed for immunoblotting for total and phospho-proteins as indicated. C, Smad4 knockdown blocked TGF-�1 suppression of I�B� phosphorylation
induced by TNF-�. Cells at 80% confluence were transfected with 200 nM of a pool of four Smad4 or scrambled control siRNAs. 40 h later, cells were pretreated
with 30 ng/ml TGF-�1 overnight and then together with 10 ng/ml TNF-� for 1 h before lysis for immunoblotting. All experiments were repeated at least twice
with consistent results.
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NEC injury. It is noted that although TGF-�1 directly sup-
pressed innate immunity of intestinal epitheliumanddecreased
disease incidence, TGF-�1 was not completely protective as
some of the TGF-�1-treated pups still went on to develop NEC
regardless of increased I�B� expression and decreased NF-�B
activation. NEC is a multifactorial disease, and presumably
other risk factors or mechanisms may have contributed to the
development of NEC in TGF-�1-treated pups that still devel-
oped disease. Indeed, intestinal barrier disruption is an impor-
tant process during the development of NEC, and we have pre-
viously reported that oral administration of TGF-�1 does not
protect intestinal barrier integrity (27). It is possible that a com-
bination of anti-inflammatory and barrier-protective agents
would have a greater protective effect.
TGF-� family members include isoforms TGF-�1, TGF-�2,

and TGF-�3. Although highly homologous in structure and
similar in biological activities in many bioassay systems, the
TGF-� isoforms are encoded by different genes and have dif-
ferent distributions and biological actions within the body (28).
Although TGF-�2 is the most abundant isoform in body fluids,
including the aqueous and vitreous fluid of the eye, saliva, amni-
otic fluid, and breast milk, TGF-�1 is the most abundant iso-
form in all tissues and is also found in breast milk. TGF-�3 is
usually the least abundant isoform in both tissues and body
fluids (29). The different physiological functions of TGF-� iso-
forms have been demonstrated in gene knock-out mice.
TGF-�1 null mice can survive in the perinatal period when
nursed by their dams but die of excessive inflammatory reac-
tions after weaning (30). In contrast, TGF-�2 null mice display
a wide range of developmental heart, lung, craniofacial, limb,
spinal column, eye, inner ear, and urogenital defects (31). It has
been shown that TGF-�1 is more effective than TGF-�2 in
inducing migration of epithelial cells across a wound edge and
enhancing epithelial restitution in wounded IEC-6 monolayers
(32). Furthermore, TGF-�1 inhibits LPS-induced NF-�B acti-
vation in both intestinal epithelial cells and microglial cells (33,
34). Thus, for this study, we specifically investigated the effect
of TGF-�1 against the pathophysiology ofNECusing an animal
model.
Others have studied the impact of TGF-�2 on the immature

gut andNEC (35). These studies found that supplementation of
TGF-�2 in the feed formula suppresses mucosal injury in two
NEC animal models through a mechanism involving sup-
pressed innate immunity in macrophages, whereas our study
observed TGF-�1 suppression of innate immunity in epithe-
lium. In addition, two animal models of NEC used in the same
previous study (35) are different from the one used in this cur-
rent study. In one of the NEC models used in the study using
TGF-�2 (35), gutmucosal injurywas induced in 10–12-day-old
mouse pups by intraperitoneal administration of platelet-acti-
vating factor and LPS in an acute fashion, and mice were sacri-
ficed 2 h immediately after platelet-activating factor and LPS
administration. In the otherNECmodel used in the same study,
10-day-oldmouse pups were separated from the dam, formula-
fed, and exposed to hypoxia (5% oxygen for 2 min) twice daily
before feedings to induce NEC, and pups were sacrificed 4 days
later. In contrast, in our animal model, premature pups were
obtained by cesarean section on embryonic day 20, 1 day before

the completion of normal gestation, and thus were not exposed
to breastmilk. Using animals without exposure to breastmilk is
important to study the effect of oral administration of TGF-� in
the gut as TGF-� is a breastmilk factor and activation of Smad2
signaling is readily detected in dam-fed pups, presumably by
active TGF-� in the breast milk (Fig. 1A). Thus, we used imma-
ture pups that had not been exposed to breast milk or factors
present in the breast milk to directly examine the effect of oral
administration of TGF-�1 in an NEC model.
TGF-� is expressed by intestine and intestinal epithelial cells

at detectable levels (35, 36). Therefore the low basal level of
phospho-Smad2 staining in intestine of vehicle-treated exper-
imental NEC pups is presumably due to activation of TGF-�
signaling by endogenous TGF-� produced by intestine. The
absence of background staining in the negative control for
phospho-Smad2 staining in Fig. 1A indicates that the phospho-
Smad2 staining is specific. The TGF-�1-fed pups and dam-fed
pups that were exposed to abundant TGF-� in breast milk had
much stronger staining of phospho-Smad2 in the intestine as
compared with the vehicle-fed group, indicating specific stain-
ing of phospho-Smad2 in tissues. Difference in technique leads
to this basal Smad2 phosphorylation not being seen in Fig. 1C,
which shows data in intestinal lysate by immunoblotting. How-
ever, the robust TGF-�1-stimulated Smad2 phosphorylation is
confirmed and evident 20 h after TGF-�1 oral administration.
Mechanistically, the TGF-�1 inhibition of inflammatory

NF-�B signaling appears to be mediated through the canonical
Smad pathway as TGF-� suppressed I�B� phosphorylation,
which results in protected I�B�, and restricted NF-�B activa-
tion is lost in cells with Smad4 knockdown in the in vitro study.
An in vivo study to confirm the observed in vitromechanism for
the TGF-�1 will be an important next step but was beyond the
scope of this present study; thus, immature intestinal epithelial
cells were used as an in vitromodel with biological and clinical
relevance.
In conclusion, oral administration of TGF-�1 reduces the

incidence of NEC through an immune suppressive effect
directly on intestinal epithelium in vivo and decreased systemic
IL-6 and IFN-� levels.Mechanistic in vitro studies in the human
immature fetal H4 IEC show that TGF-�1 suppressed NF-�B
activation by protecting I�B� phosphorylation and subsequent
degradation in a Smad-dependent manner. Our study provides
useful insights into molecular mechanisms and strategies to
control innate immune responses of the gut and suggest poten-
tial use of oral administration of TGF-�1 in treating or prevent-
ing gastrointestinal diseases.
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