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Background: The aim of this study was to investigate the 
effects of human β-defensin-3 (hBD3) on intestinal wound 
healing and in a neonatal rat model of necrotizing  enterocolitis 
(NEC).
Methods: Enterocyte migration and proliferation were 
detected in vitro and in vivo. The role of chemokine receptor 
CCR6 and its downstream signaling pathway was assessed. 
Newborn Sprague–Dawley rats were randomly divided 
into four groups: Control+NS, Control+hBD3, NEC+NS, and 
NEC+hBD3. Body weight, histological score, survival time, cyto-
kines expression, and mucosal integrity were evaluated.
results: hBD3 could stimulate enterocyte migration, but not 
proliferation, both in cultured enterocytes and in the NEC model. 
Neutralizing antibody and small interfering RNA confirmed this 
stimulatory effect was mediated by CCR6. Furthermore, hBD3 
induced Rho activation, myosin light chain 2 phosphorylation, 
and F-actin accumulation. The bactericidal activity of hBD3 
was maintained throughout a broad pH range. Strikingly, hBD3 
administration decreased the incidence of NEC, increased the 
survival rate, and reduced the severity of NEC. Moreover, hBD3 
reduced the proinflammatory cytokines expression in ileum 
and serum and preserved the intestinal barrier integrity.
conclusion: This study provided evidence that the anti-
microbial peptide hBD3 might participate in intestinal wound 
healing by promoting enterocyte migration and show benefi-
cial effects on newborn rats with NEC.

necrotizing enterocolitis (NEC) is the leading cause of 
death from gastrointestinal diseases in premature new-

borns (1). Intestinal barrier dysfunction plays an important 
role in the pathogenesis of NEC. Impaired healing of the dam-
aged mucosa, including epithelial migration and proliferation, 
has been observed in human and experimental NEC (2,3).

Human β-defensin-3 (hBD3, OMIM: 606611), one mem-
ber of cationic antimicrobial peptides, is inducibly expressed 
in the epithelium of gut. In addition to the primarily recog-
nized antimicrobial activities, hBD3 also functions as immune 

modulators linking innate and adaptive immunity (4,5). 
Analysis of intestinal resections obtained from infants with 
severe NEC revealed that low defensin mRNA and protein 
expression (6). Armogida et al. (7) reported that the pres-
ence of mediators of the innate immune system in human 
milk, including hBD3 provided protection for the developing 
digestive tract of newborns. In addition, defensins induction 
seemed to be a common and important mechanism of probi-
otics treatment (8,9). Collectively, these studies suggested an 
important role of defensins in neonatal mucosal defense and 
intestinal barrier function.

Previous studies revealed the capacity of hBD3 to chemoat-
tract T lymphocytes and CCR6-transfected human embryonic 
kidney 293 cells through chemokine receptor CCR6, which is 
also constitutively expressed on human enterocytes (10,11). 
Chemokine ligand CCL20, also known as macrophage inflam-
matory protein-3α, has been shown to be a unique functional 
ligand for CCR6. The ligand–receptor pair CCL20–CCR6 
plays an important role in gut homeostasis (12). Thus, CCR6 
seems to be able to act as a receptor for both hBD3 and CCL20. 
Recently, Hirsch et al. (13) reported that hBD3 expression sig-
nificantly promoted wound healing in Staphylococcus aureus–
infected diabetic wounds which were created on the backs 
of Yorkshire pigs. However, the effect of hBD3 on intestinal 
wound healing remains unknown to date.

The aim of the current study was to investigate the effects 
of hBD3 on wound healing in cultured enterocytes and in a 
well-established rat model of NEC. In this study, we reported 
that hBD3 could promote migration, but not proliferation, of 
human and rat intestinal epithelial cells (IECs). Furthermore, 
we showed that hBD3 treatment could decrease the incidence 
and severity of NEC, reduce the expression of inflammatory 
mediators, and protect the intestinal barrier integrity.

RESULTS
hBD3 Promotes IEC Migration
Tris-Tricine gel electrophoresis analysis revealed a single 
band migrating like a 5-kDa polypeptide (Figure 1a). And 
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hBD3 exhibited bactericidal activity against clinical isolates 
Escherichia coli (Figure 1b) and S. aureus (Figure 1c) in a 
dose-dependent manner.

No significant cytotoxicity of hBD3 against IEC-6 was 
observed over a broad range of concentrations and incuba-
tion periods as shown in Figure 2a. Comparable results were 
detected in Caco-2 cells treated with hBD3.

Next, as shown in Figure 2b, cells incubated with hBD3 or 
CCL20 migrated more than the unstimulated controls, with 
transforming growth factor-β 1 (TGFβ1) as a positive control. 
The result was further complimented by a real-time electrical-
impedance–based detection method, and the migratory effect 
was slightly dose dependent (Figure 2c,d).

To measure the role of hBD3 on enterocyte migration 
in vivo, we examined the extent of intestinal restitution 
in a neonatal rat NEC model. The majority of 5-bromo-
2′-deoxyuridine (BrdU)–positive cells in control animals 
had traveled along the villus and even reached the tips 
(Figure  2e). On the contrary, most of the staining cells in 
rats with NEC remained in the crypts (Figure 2f). Both the 
distance and extent of intestinal restitution were decreased 
in NEC rats compared with control animals. The impaired 
enterocyte migration in NEC was attenuated after hBD3 
administration (Figure 2g,i,j). Taken together, these find-
ings indicate that hBD3 treatment could promote enterocyte 
migration in vitro and in vivo.

hBD3 Does Not Induce IEC Proliferation
In response to injury, intestinal barrier is re-established by 
epithelial restitution and proliferation (3,14). We next sought 
to determine the effects of hBD3 on enterocyte proliferation. 
After a 24- or 48-h incubation, proliferation of enterocytes was 
not significantly altered by either hBD3 or CCL20 (Figure 3a). 
To confirm the results, BrdU incorporation assay and cell 
cycle analysis were performed. The number of enterocytes 
labeled with BrdU did not increase significantly after hBD3 or 
CCL20 treatment when compared with unstimulated controls 
(Figure 3b). Data in Figure 3c showed that hBD3 or CCL20 
stimulation did not increase the percentage of cells in S phase. 
However, 10% fetal bovine serum markedly induced enterocyte 
proliferation.

To define whether hBD3 treatment could induce entero-
cyte proliferation in vivo, the terminal ileum in each group 
was immunostained with antiproliferating cell nuclear anti-
gen (PCNA) antibody. The extent of enterocyte proliferation 
was evidently reduced in animals with NEC (Figure 3d–g) 
and was not improved by hBD3 administration (Figure 3d,h). 
Together, these data indicate that hBD3 could not induce IEC 
proliferation in vitro and in vivo.

hBD3 Stimulates Enterocyte Migration via Action on CCR6
hBD3 is known to interact with CCR6 by direct binding (15). 
And CCR6, the cognate receptor for ligand CCL20, is expressed 
by human enterocytes (10,11). First, we confirmed the CCR6 
expression in Caco-2 and IEC-6 cells by western blot. And 
the epithelial CCR6 expression was not increased after hBD3 
treatment (Figure 4a). Immunofluorescence staining verified 
CCR6 localization at the cell surface (Figure 4b). In addition, 
as shown in Figure 4c–g, epithelial cells from ileum and colon 
expressed CCR6 both in newborn and adult rats. However, a 
reduction of CCR6 expression in neonatal rat was observed 
when compared with adult rat.

To determine the role of CCR6 in hBD3-stimulated cell 
migration, neutralizing anti-CCR6 antibody and specific 
CCR6 small interfering RNA (siRNA) were used to block 
CCR6 activation. In preliminary experiments, pretreatment 
with at least 2.5 μg/ml hBD3 for 30 min could significantly 
decrease the migratory effect of hBD3 (Figure 4h). As shown 
in Figure 4i, CCR6 neutralizing antibody, but not control 
IgG, significantly inhibited hBD3- or CCL20-mediated 
enterocyte migration. We confirmed that neither CCR6 neu-
tralizing antibody nor control IgG induced cell migration 
by itself. Moreover, pretreatment with CCR6 neutralizing 
antibody or control IgG did not reverse the TGFβ1-induced 
migration.

Next, CCR6 siRNA was transfected in Caco-2 cells, which 
resulted in a striking reduction in CCR6 expression compared 
with control siRNA (Figure 4j). Knockdown of CCR6 pre-
vented further increases in enterocyte migration after subse-
quent hBD3 treatment (Figure 4k).

CCR6 is a G-protein-coupled receptor activated mainly 
via the Gαi subunit. Therefore, we next sought to clarify the 

Figure 1. Identification and antimicrobial activity of hBD3. (a) Coomassie-stained 16.5% Tris-Tricine gel of the recombinant hBD3. Lane 1, 50 ng hBD3; 
lane 2, 25 ng hBD3; lane 3, protein marker. Bactericidal activities of hBD3 against clinical isolates (b) Escherichia coli and (c) Staphylococcus aureus after 2 h 
of incubation in 10 mmol/l sodium phosphate buffer (pH 7.4). Data are mean ± SD of three independent experiments.
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involvement of Gαi signaling in cell migration. Pretreatment 
with pertussis toxin (PTX) partially decreased the hBD3-stim-
ulated cell migration (Figure 4l). Together, these observations 
suggest that hBD3 stimulates enterocyte migration via the 
action on CCR6.

hBD3 Stimulates F-Actin Accumulation, MLC Phosphorylation, 
and ROCK and RhoA Activation
It has been reported that Rho-GTP, Rho-associated kinase 
(ROCK), phospho-myosin light chain 2 (MLC2), and 
F-actin polymerization were key regulators in cell migration 

Figure 2. hBD3 stimulates enterocyte migration. (a) IEC-6 cells were incubated with 0–100 μg/ml hBD3 (12 h, white bar; 24 h, black bar; 48 h, gray bar; 72 h, 
hatched bar), and cell viability was determined by MTT assay, n = 5. (b) Monolayer was wounded and left untreated (no stim), or treated with hBD3, CCL20, 
and TGFβ1 (12 h, white bar; 24 h, black bar). The traveled distance of 10 cells in fixed region of interest was measured, n = 10. The real-time electrical-imped-
ance data were collected during the experiment period (n = 4, in panel c, medium alone, filled circle; 5 μg/ml hBD3, open circle; hBD3 10 μg/ml, filled square; 
CCL20, open square; TGFβ1, filled triangle. In d, 12 h, white bar; 18 h, black bar; 24 h, gray bar). To assess enterocyte migration along the crypt–villus axis, (e,h) 
control and (f,g) necrotizing enterocolitis (NEC) rats were injected with BrdU 18 h before killing and immunostained with BrdU (magnification ×400). Bar = 
250 μm. (i) The migration distance and (j) the percentage of villus height achieved by the foremost labeled enterocyte were evaluated, n = 12–20. *P < 0.05 as 
compared between stimulated and nonstimulated cells, or between NEC+NS and NEC+ hBD3 with C+NS. §P < 0.05 between NEC+NS with NEC+ hBD3.
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(16,17). However, the effects of hBD3 on this pathway are 
still unknown. Thus, we first determined the accumulation of 
F-actin in Caco-2 cells after hBD3 or CCL20 incubation by flu-
orescein isothiocyanate–phalloidin staining and flow cytom-
etry (Figure 5a–c). hBD3 treatment could increase about 35% 
of F-actin accumulation compared with controls.

Phosphorylation of MLC2 plays a significant role in the reg-
ulation of the assembly of stress fibers (18). Figure 5d showed 
that hBD3 treatment increased phosphorylation of MLC2 at 
serine 19.

Then, we examined the effects of hBD3 on Rho activation. 
GTP-bound form of Rho increases actin dynamics through 
regulating the downstream effector ROCK. Of note, hBD3 
treatment could increase the formation of activated Rho 
 (Rho-GTP, Figure 5d,e).

ROCK, a direct effector molecule of RhoA, phosphory-
lates the myosin binding subunit of myosin phosphatase and 
inhibits the phosphatase activity (17). ROCK is also known 
to directly phosphorylate MLC. Therefore, we last investi-
gated the participation of ROCK in hBD3-induced migra-
tion using the selective ROCK inhibitor Y27632. ROCK 
inhibition resulted in striking reduction of enterocyte migra-
tion (Figure 5f) and F-actin accumulation (Figure  5g). 
Taken together, we conclude that hBD3-stimulated entero-
cyte migration is mediated via a canonical Rho-ROCK 
signaling pathway and correspondingly increased F-actin 
accumulation.

hBD3 Reduces the Incidence and Severity of NEC in Rat Model
Because hBD3 was administered via gastric tube, antimicro-
bial activity of hBD3 was first assessed at pH 1.8, pH 3.2, pH 
5.8, and pH 8.5. For both microorganisms, hBD3 activity was 
maintained throughout a broad pH range. The bactericidal 
effect of hBD3 was slightly inhibited at pH 8.5 for E. coli, and at 
pH 5.8 for S. aureus (Figure 6a,b).

We next sought to determine the physiologic relevance of 
these findings in the intervention of NEC. Body weight of rats in 
group NEC+NS gradually decreased throughout the experiment, 
whereas neonatal rats in group NEC+hBD3 could maintain the 
body weight during the same period (Table 1). And differences in 
body weight between NEC+NS and NEC+hBD3 groups became 
statistically significant at day 4 (P = 0.015). Mother-fed pups 
showed steady increases in body weight. There were no differ-
ences in body weight gain between C+NS and C+hBD3 groups.

Macroscopic and microscopic examination of the gut 
showed clear evidence of intestinal injury similar to neonatal 
NEC (Figure 6e–i). The incidence, survival rate, and histologi-
cal score in each group were shown in Table 2. Mother-fed rats 
did not develop NEC and showed no changes or abnormali-
ties in the small intestinal structure. The incidence of NEC was 
reduced from 80% (16/20) in group 3 to 50% (12/24) in group 
4 (P = 0.039). Mean NEC scores in these two groups were 2.50 
and 1.67, respectively (P = 0.01, Figure 6c). The survival rate 
(96 h) increased from 25% (5/20) in group 3 to 62.5% (15/24) 
in group 4 (P < 0.001, Figure 6d). Administration of hBD3 

Figure 3. Effects of hBD3 on enterocyte proliferation. IEC-6 cells were left untreated (no stim), or incubated with hBD3 (5, 10 μg/ml), CCL20 (50 ng/ml), 
or 10% serum for 24–48 h. (a) CCK-8 analysis (24 h, white bar; 48 h, black bar), n = 5. (b) BrdU incorporation assay. Data are expressed as the percentage of 
BrdU positive cells, n = 10. (c) The percentage of cells in S phase was calculated by flow cytometry (24 h, white bar; 48 h, black bar), n = 5. PCNA immunos-
taining was performed on the sections of terminal ileum from (e,f) control and (g,h) necrotizing enterocolitis (NEC) rats that were treated with normal 
saline (NS) or hBD3 (magnification ×400). Bar = 250 μm. (d) Quantification of PCNA staining in crypts was assessed, n = 12–24. *P < 0.05 as compared 
between stimulated and nonstimulated cells, or between NEC+NS and NEC+ hBD3 with C+NS.
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also increased mean survival time of rat pups (74.5 ± 15.8 and 
86.7 ± 13.8 h, respectively).

hBD3 Decreases Proinflammatory Mediators Expression and 
Preserves Mucosal Integrity
Many studies have evaluated that the inflammatory cascade 
is central to NEC process (1,19). Therefore, we measured 

cytokines expression in ileum and in serum. There were no 
differences of all the three cytokines expression between 
the two mother-fed groups. The ileum mRNA expression of 
tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6), and 
IL-10 were upregulated in the NEC+NS group compared 
with that in the C+NS group (4.77-, 13.74-, and 3.11-fold 
increase, respectively). hBD3 treatment decreased these 

Figure 4. CCR6 mediates hBD3-induced intestinal epithelial cell migration. (a) Western blot analysis: CCR6 expression was not changed after incubation 
with 5 μg/ml hBD3 for 12 h. (b) Caco-2 cells were immunostained with CCR6 or control IgG. CCR6 localization and nuclei were visualized by fluorescence 
microscopy (magnification ×400). Bar = 10 μm. (c) SDS-PAGE demonstrated CCR6 expression in mucosal scrapings of ileum and colon obtained from two 
newborn pups (lanes 1 and 2) and two adult rats (lanes 3 and 4). Immunostaining of CCR6 in sections of either normal newborn (d) ileum and (e) colon, or 
healthy adult (f) ileum and (g) colon. Both ileal and colonic epithelium are stained positively for CCR6 (magnification ×400). Bar = 250 μm. (h) Anti-CCR6 
neutralizing antibody caused a dose-dependent inhibitory effect in the extent of enterocyte migration stimulated by hBD3. (i) Caco-2 cells were pretreated 
with 5 μg/ml neutralizing CCR6 antibody or 5 μg/ml IgG control. Then medium alone, 5 μg/ml hBD3, 50 ng/ml CCL20, or 10 ng/ml TGFβ1 were applied and 
cell migration was evaluated. (j) SDS-PAGE of CCR6 and GAPDH expression in Caco-2 cells transfected with CCR6 siRNA (1#, 2#) or control siRNA (ctrl siRNA). 
(k) Migration in Caco-2 cells treated with CCR6 siRNA (1#) or ctrl siRNA. (l) Caco-2 cells were pretreated with 200 ng/ml PTX. Then, 5 μg/ml hBD3 or 10 ng/ml 
TGFβ1 were applied and cell migration was evaluated. Values are mean ± SD, n = 4. *P < 0.05 as compared between stimulated and nonstimulated cells.
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inflammatory mediators mRNA expression in the ileum  
(P < 0.05, Figure 7a–c). Next, the effect of hBD3 on the serum 
concentration of TNF-α was measured by enzyme-linked 

immunosorbent assay (ELISA). The TNF-α level was sig-
nificantly higher in NEC rats compared with controls (P < 
0.05, Table 3, Figure 7d). And, hBD3 administration could 

Figure 5. hBD3 regulates Rho activation and its downstream effectors. (a–c) Caco-2 cells were left untreated (No stim), or incubated with 5 μg/ml hBD3, 
50 ng/ml CCL20, or 1 μg/ml l-α-lysophosphatidic acid. F-actin was stained using phalloidin–fluorescein isothiocyanate (FITC) and analyzed by (a) flow 
cytometry (representative histogram) and (c) fluorescence microscopy (magnification ×400), n = 5. Bar = 10 μm. (d) MLC2 phosphorylation (Ser19) was 
increased after hBD3 treatment. Total MLC2 was assessed as a loading control. (d,e) Rho-GTP was induced by hBD3, and total Rho was used as a loading 
control. Caco-2 cells were pretreated with ROCK inhibitor Y27632 (10 μmol/l). (f) Cell migration and (g) F-actin staining were evaluated respectively, n = 
4–5. *P < 0.05 as compared between stimulated and nonstimulated cells.
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evidently reduce the serum level of TNF-α, although not to 
normal baseline.

We next investigated the effect of hBD3 on the inflam-
matory cytokines expression in cultured enterocytes. IEC-6 
cells were incubated with various concentrations of hBD3 
for 1–24 h, and hBD3 treatment did not induce the mRNA 
expression of TNF-α (Figure 7e). Moreover, after incuba-
tion with hBD3 for 48 h, the production of TNF-α in super-
natants did not increase evidently (Figure 7f). However, we 

have observed a slight increase of TNF-α at a higher concen-
tration (25 μg/ml).

To test the effect of hBD3 on the intestinal mucosal integ-
rity, we detected the serum level of diamine oxidase (DAO), 
an indicator of intestinal injury (20). Decreased levels of 
DAO activity were detected in the NEC+NS group (Table 3, 
Figure  7g). And hBD3 treatment increased the concentra-
tion of DAO in the serum (P < 0.05). Furthermore, histologi-
cal expression of tight junction protein zonula occludens-1 
(ZO-1) was evaluated. ZO-1 staining was lost in rat pups 

Figure 6. Effects of hBD3 on neonatal rat necrotizing enterocolitis (NEC) model. Bactericidal activities of hBD3 against clinical isolates (a) Escherichia 
coli and (b) Staphylococcus aureus after 2 h of incubation in 10 mmol/l sodium phosphate buffer (pH 1.8, filled circle; pH 3.2, open circle; pH 5.8, filled 
square; pH 8.5, open square), n = 3. (c) Summary of histological NEC score in each group. (d) Survival time was analyzed by Kaplan–Meier survival analysis 
(NEC+hBD3, dashed; NEC+NS, solid). Histological scores of distant ileum from neonatal rats (magnification ×400). (e) Grade 0, normal ileum; (f) grade 1, 
mild injury in villous tips; (g) grade 2, partial loss of villi; (h) grade 3, severe damage to submucosa; (i) grade 4, full necrosis. Bar = 250 μm.
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table 1. Body weight (g) of neonatal rats during the experiment

Group D1 D2 D3 D4

C+NS 5.09 ± 0.14 6.52 ± 0.27 7.73 ± 0.38 8.80 ± 0.28

C+hBD3 5.21 ± 0.29 6.33 ± 0.32 7.52 ± 0.36 8.72 ± 0.55

NEC+NS 5.39 ± 0.30 5.26 ± 0.27a 5.08 ± 0.29a 4.91 ± 0.26a

NEC+ hBD3 5.35 ± 0.54 5.27 ± 0.66a 5.22 ± 0.65a 5.36 ± 0.55a,b

Data are presented as mean ± SD.
NEC, necrotizing enterocolitis.
aStatistical significance with P < 0.05 (NEC+NS and NEC+ hBD3 vs. C+NS or C+ hBD3). 
bStatistical significance with P < 0.05 (NEC+NS vs. NEC+ hBD3).

table 2. Effects of hBD3 on neonatal rats

Group
Incidence 

rate of NEC Survival rate
NEC score 

(mean ± SD)

C+NS 0% (0/12) 100% (12/12) 0.17 ± 0.39

C+ hBD3 0% (0/12) 100% (12/12) 0.25 ± 0.45

NEC+NS 80% (16/20) 25% (5/20) 2.50 ± 1.05

NEC+ hBD3 50% (12/24)a 62.5% (15/24)a 1.67 ± 0.92a

NEC, necrotizing enterocolitis.
aStatistical significance with P < 0.05 between NEC+NS and NEC+ hBD3 groups.

Volume 76  |  Number 3  |  September 2014      Pediatric RESEARCH 275



Copyright © 2014 International Pediatric Research Foundation, Inc.

Articles         Sheng et al.

exposed to NEC stress when compared with mother-fed 
pups (Figure 7h–j). This alteration in ZO-1 was prevented 
by hBD3 administration (Figure 7k).

Taken together, these data demonstrate that hBD3 decreases 
the expression of proinflammatory mediators both in ileum 
and in serum and preserves the intestinal mucosal integrity.

DISCUSSION
The genomic and three-dimensional structural studies pro-
vide a convincing evidence for the high degree of conserva-
tion among defensins, chemokines, and chemokine receptors. 

Comparing of the solution structures of hBD3 and rodent 
CCL20, the presence of NH2-terminal Asp-Cys-Cys-Leu 
(DCCL) motif is considered to be responsible for their capac-
ity to bind with the same receptor CCR6 (12,21,22). Our 
data showed CCR6 is widely expressed by epithelial cells in 
the ileum and colon of neonatal and adult rats. Blockage of 
CCR6 by neutralizing antibody and specific siRNA verified 
that hBD3-induced cell migration was mediated by CCR6. In 
addition, inhibition of the Gαi subunit by PTX resulted in a 
significantly reduced migratory response without returning to 
the baseline. The incomplete inhibition suggested that other 

Figure 7. Effects of hBD3 on inflammatory cytokines expression and mucosal integrity. Relative mRNA expression of (a) tumor necrosis factor-α (TNF-α), 
(b) interleukin (IL)-6, and (c) IL-10 in the ileum of rats among four groups was calculated. (d) TNF-α level in the serum was assessed using ELISA. (e) Real-
time PCR and (f) ELISA showed the expression of TNF-α in IEC-6 or in the supernatants, respectively. (g) Diamine oxidase (DAO) level in the serum was 
evaluated. ZO-1 was immunostained on the sections of terminal ileum from (h,i) control and (j,k) necrotizing enterocolitis (NEC) rats that were treated 
with normal saline (NS) or hBD3 (magnification ×400). Bar = 250 μm. (a–d,g) n = 12–24, (e,f) n = 3. *P < 0.05 as compared between NEC+NS and NEC+ 
hBD3 with C+NS. §P < 0.05 between NEC+NS with NEC+ hBD3.
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table 3. TNF-α and DAO levels in the serum

Group C+NS C+ hBD3 NEC+NS NEC+ hBD3

TNF-α (pg/ml) 109.37 ± 18.24 103.41 ± 19.56 278.21 ± 65.59a 134.27 ± 56.99b

DAO (U/l) 301.20 ± 51.37 296.51 ± 61.66 117.81 ± 83.98a 212.79 ± 70.78a,b

Data are presented as mean ± SD.
DAO, diamine oxidase; NEC, necrotizing enterocolitis; TNF-α, tumor necrosis factor-α.
aStatistical significance with P < 0.05 (NEC+NS and NEC+ hBD3 vs. C+NS or C+ hBD3). bStatistical significance with P < 0.05 (NEC+NS vs. NEC+ hBD3).
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signaling molecules may be involved such as phosphoinositide 
3-kinase signaling pathway.

The active form of Rho family (GTP-bound) regulates 
actin dynamics and coordinates cell motility. In this study, 
we showed that hBD3 treatment could stimulate Rho activa-
tion and in turn activate its downstream signaling pathway. 
However, RhoA triggers many target signaling molecules (17). 
The effects of hBD3 on other RhoA targets such as mamma-
lian diaphanous formins (mDia1) need further investigation. 
Furthermore, hBD3 activated different types of cells through 
alternative pathways, i.e., the G protein and phospholipase C 
signaling pathway in human keratinocytes (23) and the canon-
ical (p65/RelA) NF-κB signaling pathway in human mono-
cytes (24).

Previous studies confirmed that the majority of healthy pre-
term newborns secrete gastric acid in quantity sufficient to 
maintain the pH value in a range of 3.2–6.5. These changes 
in pH could affect the bactericidal activity of hBD3 by modi-
fying the peptide or its target. However, our results demon-
strated that hBD3 activity was maintained throughout a broad 
pH range. On the basis of extensive experimental and human 
investigations, it is clear that multiple risk factors of NEC 
stimulate the proinflammatory response that ultimately leads 
to intestinal injury. In addition, inflammatory mediators are 
known to induce barrier dysfunction (3,19). From our study, 
the expression of inflammatory cytokines, including TNF-α 
and IL-6, was upregulated in pups with NEC. And the intes-
tinal mucosal integrity was also impaired in NEC rats. Enteral 
administration of hBD3 decreased the overproduction of pro-
inflammatory cytokines and preserved mucosal integrity, but 
did not increase anti-inflammatory cytokine IL-10 produc-
tion. One possible explanation is that the protective effect of 
hBD3 is not mediated by IL-10.

The molecular mechanisms underlying hBD3 protection 
are complex. First, compared with hBD1 and hBD2, hBD3 
contains significantly more positively charged residues and 
possesses a stronger bactericidal activity. The bactericidal 
activity of defensins in vitro does not necessarily imply its 
ability in vivo. However, findings in knockout mice (matri-
lysin deficient) suggested that direct pathogen clearance was 
at least one mechanism of defensin function (25). Second, 
antimicrobial peptides, including hBD3, have been shown 
to demonstrate a biphasic effect, being proinflammatory at 
higher concentrations, but anti-inflammatory at lower lev-
els (23,26,27). In contrast, our data showed hBD3 did not 
increase the expression of TNF-α in enterocytes. However, 
TNF-α production is slightly increased after incubation 
with a higher concentration of hBD3. Although the exact 
concentration of hBD3 in intestinal mucosa of newborns 
is still unknown, studies confirmed that hBD3 peptide was 
expressed in healthy lower gastrointestinal tract and the 
expression was selectively increased during inflammation 
and inflammatory bowel disease (28,29). Thus, anti-inflam-
matory effect of hBD3 may also contribute to its beneficial 
function. Third, in this study, we introduced a new role of 
hBD3 in the prevention of NEC via regulation of intestinal 

restitution. Activation of Rho-ROCK signaling pathway 
leads to efficient enterocyte migration and intestinal barrier 
repair in NEC model. Fourth, there is little doubt that intes-
tinal microbes are critically involved in the pathogenesis of 
NEC. Recent studies suggested defensin also serves to help 
shape the composition of the colonizing microbiota (30). It is 
possible that changes in the microbiota in response to hBD3 
administration might be attributed in part to the protective 
effect. Obviously, there are other important factors within 
enterocyte itself or in the microenvironment participated in 
the pathogenesis of NEC. And the effects of hBD3 on these 
targets and its clinical relevance need further studies.

In summary, the data from our study, for the first time, indi-
cated that hBD3 had protective effects on neonatal rats with 
NEC via reducing inflammatory mediators, preserving muco-
sal integrity, and promoting intestinal restitution. Our findings 
provide evidence that hBD3 functions as a key host defense 
peptide not only to its bactericidal and chemotactic activity, 
but also to its induction of wound healing in the gut.

METHODS
Cell Cultures, Reagents, and Antibodies
The Caco-2 (passages 22–28) and IEC-6 (passages 20–28) cell lines 
were obtained from American Type Culture Collection. Caco-2 was 
cultured in minimum essential medium supplemented with 10% 
heat-inactivated fetal bovine serum. IEC-6 was grown in Dulbecco’s 
modified Eagle’s medium supplemented with 10% fetal bovine serum. 
Recombinant hBD3 (E. coli derived, Prospec, Ness-Ziona, Israel); 
Recombinant human TGFβ1 and CCL20 (Peprotech, Rocky Hill, 
NJ); PTX, BrdU, fluorescein isothiocyanate–phalloidin, Y27632, and 
l-α-lysophosphatidic acid (Sigma, St Louis, MO); Neutralizing anti-
CCR6 antibody and IgG control (R&D Systems, Minneapolis, MN); 
BrdU, PCNA, ZO-1, and CKR-6 primary antibodies (Santa Cruz 
Biotechnology, Dallas, TX); GAPDH, MLC2, phospho-MLC2, and 
Rho primary antibodies (Cell Signaling Technology, Beverly, MA); 
CCR6 siRNA (GenePharma, Shanghai, China).

Antimicrobial Assay
The antimicrobial activity of hBD3 against clinical isolates E. coli 
and S. aureus was determined using a liquid microdilution assay. 
Test organisms were provided by Professor Hong Zhang (Children’s 
Hospital of Shanghai). Exponentially growing bacteria were adjusted 
to a density of 107 CFU/ml. Ten microliters of each bacterial suspen-
sion was exposed to hBD3 (0–20 μg/ml) in 100 μl sodium phosphate 
buffer (pH 7.4) and incubated at 37 °C for 2 h. To investigate the effect 
of acid on hBD3 activity, sodium phosphate buffer was prepared at 
pH 1.8, pH 3.2, pH 5.8, and pH 8.5. After the incubation period, serial 
dilutions of the assay culture were prepared and plated in triplicate 
onto Luria-Bertani broth (Oxoid, Hampshire, UK) plates. The num-
ber of colonies was counted the next morning.

Cell Proliferation Assays
Enterocyte proliferation in vitro was measured using Cell Counting 
Kit-8 (CCK-8, Beyotime, Shanghai, China), BrdU incorporation 
method, and cell cycle analysis (2,23). Ten percentage of fetal bovine 
serum was used as a positive control. The methodology for quantifica-
tion of enterocyte proliferation in vivo has been described by Sodhi et 
al. and Feng and Besner (2,31). PCNA-positive cells in the crypts were 
counted from five high power fields for each segment of intestine.

Cell Migration Assays
IEC-6 and Caco-2 cells were grown and a wound was created. 
Wounded monolayers were then cultured in defined concentrations 
of hBD3 or CCL20 for 24 h. TGFβ1 was assessed as a positive con-
trol. The migration was monitored by measuring the mean traveled 
distance of 10 cells in fixed region of interest during the experiment. 
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A second migration assay was completed on CIM-16 plates with the 
xCELLigence Real-time Cell Analyzer (ACEA Biosciences, San Diego, 
CA). The detailed procedures have been previously described by 
Rahim et al. and van Gils et al. (32,33). In experiments that involved 
the combination of hBD3, CCL20, or TGFβ1 with another treatment, 
cells were pretreated with neutralizing CCR6 antibody (0–10 μg/ml, 
30 min), IgG control (5 μg/ml, 30 min), PTX (200 ng/ml, 1 h), and 
Y27632 (10 μmol/l, 1 h), respectively.

To measure enterocyte migration in vivo, we followed the proce-
dures described by Houle et al. and others (31,34,35). Animals were 
injected with BrdU (50 mg/kg) intraperitoneally 18 h before sacrifice. 
Enterocyte migration was expressed in two ways: (i) by measuring the 
distance from the bottom of the crypt to the foremost labeled entero-
cyte and (ii) by expressing the migration distance as a percentage of 
total villus height (foremost labeled enterocyte/total villus height ×100).

RNA Interference
Enterocytes were transfected with 80 nmol/l CCR6 siRNA, or control 
siRNA using Lipofectamine 2000 (Life, Grand Island, NY) as a car-
rier. The efficacy of knockdown was assessed by real-time PCR and 
western blot. Twenty-four hours after transfection, cells were further 
stimulated with other reagents.

Determination of F-Actin Content and RhoA Activation
To analyze cellular F-actin level, subconfluent enterocytes were 
serum-starved overnight before hBD3 or CCL20 treatment. Cells 
were fixed in 3.7% paraformaldehyde, permeabilized with 0.1% 
TRITON X-100, and then stained with 50 μg/ml fluorescein isothio-
cyanate–phalloidin. Images were acquired by fluorescence micro-
scope. F-actin formation was further measured by flow cytometry. 
Rho activation levels were detected using the Active Rho Detection 
Kit (Cell Signaling Technology) according to the manufacturer’s 
protocol. l-α-Lysophosphatidic acid (1 μg/ml) or TGFβ1 (10 ng/ml) 
were used as positive controls.

Experimental Design, Animal Model, and NEC Evaluation
All experimental protocols were approved by the Animal Care 
Committee of the Children’s Hospital of Shanghai. Newborn male 
Sprague–Dawley rats were collected by cesarean section on day 21.5 
of gestation. We used the rat NEC model described by Caplan et al. 
and further developed in our laboratory (36,37).

Sixty-eight neonatal rats, originating from nine different litters, 
were divided randomly into four groups: Group 1 (C+NS, n = 12), 
mother-fed and gavaged with 0.1 ml normal saline daily. Group 2 
(C+hBD3, n = 12), mother-fed, hBD3 (100 μg/kg with a volume of 
0.1 ml) administrated. Group 3 (NEC+NS, n = 20), NEC-induced and 
treated with 0.1 ml NS before asphyxia stress. Group 4 (NEC+hBD3, 
n = 24), NEC-induced and 100 μg/kg hBD3 administrated. Animals 
were sacrificed via cervical dislocation upon the development of NEC 

clinical signs (abdominal distension, discolored abdominal walls, or 
bloody stools) or at the end of the experiment on day 4.

After the killing, the intestine was removed and macroscopically 
evaluated for typical signs of NEC. Hematoxylin and eosin (H&E) 
staining was performed. Pathological changes were scored blindly 
by an experienced pathologist (X.W.) using a previously published 
NEC scoring system (31,36,37). Tissues with scores 2 or higher were 
defined as NEC positive. The rest of the ileum was stored for protein 
and RNA analysis. The small intestine and colon of adult Sprague–
Dawley rats were obtained and prepared as indicated above.

Immunostaining, Real-Time PCR, Western Blot Analysis, and 
ELISA
Immunostaining for Caco-2 cells and rat intestine was performed as 
previously described (2,37). The mRNA levels were detected in trip-
licate using SYBR Green, two-step RT-PCR (TakaRa, Dalian, China). 
Primer sequences are listed in Table 4. Electrophoresis of hBD3 was 
performed on a 16.5% Tris-Tricine gel under reduced condition (50 
mmol/l dithiothreitol). The gel was then stained with Coomassie dye. 
SDS-PAGE was also performed as described (2). DAO in the serum 
and TNF-α in the serum or supernatants were determined using rat 
DAO and TNF-α ELISA kit (R&D systems), respectively.

Statistical Analysis
Statistical analysis was performed using the SPSS 17.0 software pack-
age. The incidence of NEC was compared using χ2 test. Survival time 
was analyzed by Kaplan–Meier analysis (with log-rank test). The 
severity of NEC was calculated using Mann–Whitney U-test. Other 
results were expressed as mean ± SD. The differences among four 
groups were detected by one-way analysis of variance and Students-
Newman-Keuls post hoc test. Difference was considered to be signifi-
cant when P < 0.05.
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