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Elevated cytokines, especially TNF-�, have been implicated in
the pathogenesis of necrotising enterocolitis (NEC). We have pre-
viously shown that TNF-� drives the production of matrix degrad-
ing enzymes, the matrix metalloproteinases (MMPs), in the gut wall.
In this study we have therefore investigated the role of MMPs in the
pathogenesis of NEC in neonates. Nine newborn infant nonnecrotic
resected bowels with confirmed NEC were studied and 8 newborn
infants with neonatal bowel obstructions were used as controls.
Immunostaining was used to identify the numbers of monocytes,
macrophages, neutrophils, and T cells in the tissue. We used quan-
titative, competitive RT-PCR to analyze the number of TNF-�,
IFN-�, MMP, and TIMP mRNA transcripts and western blotting to
analyze MMP and TIMP protein production. Double labeling (im-
munostaining and in situ hybridization) was used to identify the
phenotype of MMP mRNA expressing cells. We found increased
numbers of monocytes, macrophages, and neutrophils in NEC tissue
compared with controls. The number of T cells was unexpectedly

low in NEC as was the number of IFN-� transcripts in comparison
with the control samples. Increased numbers of transcripts for
TNF-� were detected in NEC tissue, as was mRNA expression and
protein production for stromelysin-1 and TIMP-1 but not collage-
nase, gelatinases, or TIMP-2. The cellular source of stromelysin-1 in
NEC was �-smooth muscle actin positive cells. These results sug-
gest that stromelysin-1, which has the ability to degrade the mucosal
extra-cellular matrix, may be responsible for the extensive tissue
injury in infants with NEC. (Pediatr Res 54: 160–164, 2003)

Abbreviations
ECM, extra-cellular matrix
IFN-�, interferon gamma
MMP, matrix metalloproteinase
NEC, necrotising enterocolitis
TIMP, tissue inhibitor of metalloproteinase
TNF-�, tumour necrosis factor-alpha

Necrotizing enterocolitis is a severe disease and is the most
common gastrointestinal emergency in the neonatal-intensive
care unit. It predominantly affects premature infants of birth
weight less than 1000 g and the onset of the disease is usually
between the 3rd and 10th days of life. It may present with a
wide spectrum of signs, ranging from benign gastrointestinal
disturbance to a rapidly fulminant course characterized by

intestinal gangrene, perforation, sepsis, and shock (1). The
typical patient has abdominal distention, ileus with delayed
gastric emptying, diarrhea, and abdominal tenderness as well
as gastrointestinal bleeding. The disease is characterized by an
extensive hemorrhagic inflammatory necrosis of the terminal
ileum and ascending colon, although in severe cases the entire
bowel may be involved. Pathologic examination shows that
intramural hemorrhage, gangrene, peritonitis, and edema may
progress to transmural “band” necrosis with extensive infiltra-
tion of neutrophils (1). Mortality is directly related to the
presence of bacteremia, disseminated intravascular coagula-
tion, ascites, and very low birth weight (2–4). Although nu-
merous risk factors including prematurity, hypoxia, formula
feeding, bacterial infection, and intestinal ischemia have been
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implicated in the pathogenesis of NEC, the etiology of the
disease remains unclear.

We have previously shown that matrix metalloproteinases
(MMPs), in particular stromelysin-1, are highly up-regulated in
inflammatory bowel disease (5). Mechanistic studies using
explant cultures of fetal human small intestine have clearly
demonstrated that mucosal degradation following local im-
mune activation is mediated by MMPs (6). MMPs are a group
of zinc-dependent neutral endopeptidases collectively capable
of degrading all components of the extra-cellular matrix
(ECM) (7–9). The human MMP gene family contains at least
22 structurally related members (10). They are of pathologic
significance in the ECM degradation seen in rheumatoid ar-
thritis, osteoarthritis, periodontal disease, atherosclerosis,
tumor cell invasion, and metastasis as well as in normal
physiologic tissue remodeling, inflammation, and tumor
spread (11, 12). Most of the enzymes involved are relatively
substrate specific, secreted as inactive pro-enzymes and
cleaved extra-cellularly to produce the active forms. The
natural inhibitor of MMPs are the tissue inhibitor of metal-
loproteinases (TIMPs). The extra-cellular activity of MMPs
is regulated by TIMPs, which are produced by the same cell
types that produce MMPs (8).

NEC represents the most extreme form of mucosal degra-
dation seen in any clinical condition. We have shown that
TNF-� can dramatically increase the production of MMPs by
stromal cells (6) and that local TNF-� concentrations are
elevated in NEC (13–15), we have now gone on to show that
MMPs are also over-expressed in NEC tissue and we provide
evidence that excessive stromelysin-1 could in part explain the
patho-physiologic inflammatory response in infants at the onset
of NEC. To the best of our knowledge, this is the first study of
MMPs in this severe gastrointestinal condition.

METHODS

Patients. Resection material was obtained from the Univer-
sity Children’s Hospital, Zurich, Switzerland, over a period of
3 years. Only specimens that have been removed for clinical
reasons and for routine histopathology were used in this study.
Resected bowels from nine newborn infants with confirmed
NEC (based on clinical diagnosis and histology) were studied.
Seven of them were operated on within the first 10 d of life.
Eight newborn infants with neonatal bowel obstruction, includ-
ing intestinal atresia, were used. Most of these patients were
4–5 mo old at the time of the bowel resection. Nonnecrotic
areas were resected and snap-frozen immediately with liquid
nitrogen and stored at �70°C for further analysis.
Immunohistochemistry. Five �m frozen sections were cut

and stained with anti-CD3 (for T cells), anti-CD68 (for mac-
rophages), anti-CD14 (for monocytes), and anti-neutrophil
elastase (for neutrophils), all diluted 1 in 50, Dako Ltd, High
Wycombe, U.K., by indirectimmunochemistry. The secondary
antibody was conjugated with alkaline phosphatase and fast red
was used as the substrate. The density of positive cells in the
lamina propria was quantified by another investigator on coded
slides using a Zeiss image analyzing system.

Quantification of cytokine and MMP mRNA. Competitive
reverse transcriptase PCR was used to measure the absolute
number of transcripts of cytokine, MMP, and TIMP genes per
microgram of total RNA as previously described (16, 17).

In brief, 0.5 �g of total RNA was used for first strand cDNA
synthesis together with a serial dilution of synthetic RNA
template which has encoded the cytokine, MMP, and TIMP
primer sites. A competitive PCR was then performed after the
standard RNA and test RNA were co-reverse transcribed using
M-MLV reverse transcriptase (100 units, Life Technologies).
The thermal cycle was programmed with a hot start at 94°C for
5 min followed by 35 cycles at 94°C for 1.5 min, annealing at
58°C for 2 min, followed by extension at 72°C for 3 min (18).
PCR products were electrophoresed in 1.5% agarose gels
containing 0.3 �g/ml ethidium bromide. Bands were visualized
and their intensities were quantified by densitometry (Seescan
1D gel analysis package v1.00, Seescan, Cambridge, U.K.).
The ratios of the band intensities of the PCR products from the
standard RNA and the target RNA were plotted against the
starting amount of standard RNA molecules on a semi-
logarithmic scale. Preliminary experiments have shown that
the mRNAs detected are at linear phase but not on a plateau.
This technique allows us to quantify the number of cytokines
or MMP transcripts in a tissue sample down to 1,000 tran-
scripts per microgram of total RNA.
Western blotting. Western blotting was conducted on tissue

lysates from control and NEC samples (6M urea, 5mM CaCl2
and 50mM Tris, pH 7.4) according to the methods described
previously (5). In all cases, 150�g of protein was loaded onto
each lane of the 10% SDS-PAGE and ran in SDS-Tris-glycine
running buffer under reducing conditions. Ponceau S solution
was used to reveal the uniformity of protein loading onto gels.
The primary antibodies used were sheep anti-human strome-
lysin-1 (1 in 500 dilution, The Binding Site Ltd, Birmingham)
and mouse anti-human TIMP-1 (1 �g/mL, CN Biosciences
UK, Nottingham). Rabbit anti-sheep (1 in 2500 dilution, Dako
Ltd, Ely, Cambridgeshire) or rabbit anti-mouse (1 in 1000
dilution) antibodies were conjugated to horseradish peroxidase
and were used as secondary antibodies. The reactions were
developed with the ECL-plus kit (Amersham Pharmacia Bio-
tech UK Ltd, Amersham Place, Buckinghamshire).
Identification of matrix metalloproteinase mRNA express-

ing cells by in situ hybridization. In situ hybridization com-
bined with immunohistochemical staining to define the pheno-
type of the MMP mRNA expressing cells was performed.
Immunohistology was performed immediately before prehy-
bridization using ribonuclease-free buffers and glassware. Sec-
tions were stained with MAb specific for CD3 (UCHT-1, Dako
Ltd), smooth muscle �-actin (IA4, Sigma Chemical Co.),
neutrophil elastase (Dako Ltd) and the monocyte/macrophage
antigen CD68 (PG-M1, Dako Ltd) using the immunoalkaline
phosphatase (APAAP) method with affinity-purified rabbit an-
ti-mouse immunoglobin antibodies (Dako Ltd), APAAP com-
plex (1:20 dilution, Dako Ltd), and new fuchsin. In situ
hybridization was performed on fresh-frozen tissue sections
with 35S-labeled MMP-3-specific riboprobes. Prehybridization
washing procedures including removal of nonspecifically
bound probe by RNAse A digestion, and autoradiography of
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slides were carried out as described previously (19, 20). As
controls, sense probes to MMP-3 were used as well as an
antisense probe to pro-collagen �1(I).
Statistical tests. The significance of the data were analyzed

by the Mann-Whitney U test using the SPSS statistics program
version 10 (SPSS Inc., Chicago, IL, U.S.A.).

RESULTS

Characteristics of inflammatory cells in NEC. Nonnecrotic
NEC samples were used in this study for they might reveal the
mechanism of the development of NEC. Immunohistochemis-
try was performed in full thickness frozen sections of NEC and
control samples. Confirming previous studies, we found that
the number of neutrophils in NEC samples was significantly
higher than that in the control samples (p � 0.002 in the
submucosa and p � 0.001 in the mucosa), Fig. 1A. We also
observed that the numbers of CD68 and CD14 positive cells
were increased in full thickness NEC tissue samples compared
with controls (Fig. 1B and C). CD3 positive cells were present
in all the control samples tested. However, CD3 positive cell
densities were low in the mucosa of NEC (p � 0.005), Fig. 1D.
In addition, increased numbers of neutrophils, CD68� and
CD14� positive cells were seen in both mucosa and sub-
mucosa of NEC samples (Fig. 2). Neutrophils and CD68
positive cells were not localized in the same areas.
Cytokines in NEC. The numbers of transcripts for IFN-�

and TNF-� in the control samples were low with a median
of 2,764 and 276, respectively. The median number of
IFN-� transcripts in NEC was decreased to 567 transcripts
per �g of total RNA (p � 0.03) whereas that of TNF-� was
increased to 2455 transcripts per �g of total RNA (p � 0.03)
(Fig. 3A and B).
MMPs and TIMPs in NEC. Control samples contained

transcripts for gelatinase A, stromelysin-1, TIMP-1 and
TIMP-2 but the numbers of interstitial collagenase and gelati-

nase B transcripts were low or absent. Both stromelysin-1 (p �
0.027) and TIMP-1 (p � 0.043) transcripts were significantly
higher in NEC than in control samples, whereas there was no
significant difference in the number of transcripts for interstitial
collagenase, gelatinase A, gelatinase B, or TIMP-2 (Table 1).

We then determined whether the up-regulation of stromely-
sin-1 and TIMP-1 mRNA transcripts in NEC was reflected in
increased protein production. Immunoreactive bands for pro-
stromelysin-1 (60 kD) were readily detected in the tissue
lysates of the control samples (Fig. 4). The intensity of this
band was stronger in most of the NEC tissue samples than in
the controls. Additional bands corresponding to the active
forms of stromelysin-1 (54, 50, 44 and 36 kD) were found in
all tissue samples of NEC. Only trace amounts of these active
forms were found in the control samples.

TIMP-1 protein was detected in low amounts in controls
while like stromelysin-1, there was an up-regulation of TIMP-1
production in the NEC samples. Culture supernatants of fetal

Figure 1. Densities of (A) neutrophils (B) macrophages (C) monocytes and (D) T cells in the sub-mucosa and mucosa of NEC and controls. (*p � 0.005, **p
� 0.01 control vs NEC, t test).

Figure 2. Immunostaining of neutrophils, CD68� and CD14� cells in
nonnecrotic NEC and control samples. PBS is negative control. The red
staining shows the positive cells. These are representative of 9 NEC and 8
controls (magnification �100 of the original).
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gut mesenchymal cells stimulated with TNF-� (21) were used
as positive controls (Fig. 4).
Identifying the cellular source of stromelysin-1 in NEC.

Frozen sections were immunostained with MAb to cell specific
markers and then the stromelysin-1 mRNA expressing cells
were detected by in situ hybridization on the same sections.
Stromelysin-1 mRNA was detected in the tissue sections from
the subjects with NEC. The cells expressing the mRNA did not
stain with antibodies against T cells, monocytes, macrophages
nor neutrophils. However, the cells did react to anti-�-smooth
muscle actin. These spindle-like cells located between the
mucosa and sub-mucosa margin plate (Fig. 5). This is exactly
the same pattern of stromelysin-1 expressing cells as seen in
inflammatory bowel disease (22).

DISCUSSION

In this study, we have presented evidence that monocytes,
macrophages and neutrophils are increased in the mucosa and

submucosal areas of NEC. Increased transcripts for TNF-� are
detected in NEC tissue as well as increased mRNA expression
and protein production for stromelysin-1 and TIMP-1. The
cellular source of stromelysin-1 is mainly �-smooth muscle
actin positive cells localized between the mucosa and sub-
mucosa margin plate.

Both latent and active forms of stromelysin-1 were increased in
NEC compare with the controls. We have shown previously that
nano-molar concentrations of recombinant stromelysin-1 can
completely degrade fetal gut explants within 24 h (6). In children
with inflammatory bowel disease, large amounts of this enzyme
were also found in inflamed bowel (5). In IBD, there is no change
in TIMP-1 production in controls or in diseased tissue. But in
NEC, we found that both TIMP-1 mRNA expression and protein
production are significantly higher than in the controls. We think
this is an important homeostatic mechanism and that the damaged
neonatal tissue is trying to repair itself.

Our previous studies have shown that the production of
MMPs by human fetal gut myofibroblasts is TNF-� dependent
(6, 21). In this study, we found significantly increased numbers
of TNF-� transcripts in NEC samples compared with controls.
However, the number of transcripts detected in NEC was still
relatively low in comparison to that of patients with IBD using
the same methodology (5). This low level of TNF transcripts
could be related to the mutations in TNF AU-rich elements
(ARE). The deletion of the TNF ARE sequence has recently
been shown to regulate the translational activation of the TNF
message hence the TNF biosynthesis in mice (23). This dereg-
ulation resulted in the development of chronic inflammatory
arthritis and inflammatory bowel disease, suggesting a possible
link between a defective function of the ARE regulatory machin-

Figure 4. Western blotting for stromelysin-1 and TIMP-1 production in
control and NEC samples. MSC is a positive control which is culture super-
natant of fetal gut mesenchymal cells stimulated with TNF-�. These are
representative of 9 NEC and 8 controls.

Table 1. Number of MMP and TIMP transcripts in controls and necrotising enterocolitis

MMPs/TIMPs

Median number of transcripts per ug RNA (range)

Controls [n � 8] NEC [n � 9]

Interstitial Collagenase 556 (0–56,035) 216 (0–103,444)
Gelatinase A 6,481 (54–407,083) 8,516 (211–143,104)
Stromelysin-1 3,480 (711–6,380) 29,703 (0–264,585)*
Gelatinase B 42 (0–28,451) 69 (0–125,773)
TIMP-1 19,429 (820–676,962) 222,669 (3,285–19,691,101)*
TIMP-2 364,510 (72,100–9,728,284) 419,976 (4,028–5,270,048)

* Mann-Whitney U, 2-tailed (p � 0.05), NEC vs controls.

Figure 3. Competitive and quantitative RT-PCR. Both IFN-� and TNF-�
were at relatively low levels in control samples. The number of (A) IFN-�
transcripts was decreased in NEC, p � 0.03, 2-tailed Mann-Whitney U test
however (B) TNF-� transcripts was increased in NEC, p � 0.03, 2-tailed
Mann-Whitney U test. (Bars show the median).
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ery and the development of analogous pathologies in humans
(23). And this is likely to be the reason why we could only detect
a relatively low level of TNF-� mRNA in resected bowel from
infants with NEC. In this study, we have shown that the number
of IFN-� transcripts was decreased in NEC. This differs from
previously reported data (24, 25). We used an mRNA plasmid to
measure IFN-� transcripts quantitatively, a method that can detect
subtle changes more accurately than semi-quantitative RT-PCR.
There are conflicting reports that preterm cells produce more or
less inflammatory mediators than term newborns (26). In this
study, the control tissue used was slightly older (4–5 mo old at the
time of the bowel resection) than the preterm NEC tissue. More-
over, our results correspond to the decreased number of T cells
detected in the mucosa of NEC, suggesting an impairment in the
immune response in NEC neonates who would be unable to clear
bacterial infections and would accumulate bacterial by-products in
the gut. It has been shown that excessive bacterial metabolites in
the intestine may cause an inflammatory condition resembling
NEC (27, 28). N-Butyrate, a bacterial by-product derived from the
bacterial metabolism of unabsorbed carbohydrate may increase
the risk of NEC (29). Indeed, it has been shown that butyrate can
selectively up-regulate the mRNA expression and protein produc-
tion of stromelysin-1 in fetal gut myofibroblasts (30). This matrix
degrading enzyme has a broad substrate spectrum and is capable
of causing severe tissue damage in the gut (6).

The infiltration of huge numbers of monocytes, macrophage
and neutrophils into the mucosa and submucosa might be a
secondary response to the bacterial invasion and tissue inflam-
mation. We found increased numbers of macrophages and
neutrophils in the mucosa and submucosa areas. This may
indicate the presence of other MMPs, such as neutrophil
elastase and macrophage metalloelastase.

The data here together with that of many others show that
the impairment of immune response in the immature gut
encourages bacteria and that the bacterial by-products syner-
gise with TNF-�, leading to the production of stromelysin-1
which causes severe tissue inflammation in the gut.
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