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Background: changes in the intestinal and colonic pro-
teome in patients with necrotizing enterocolitis (Nec) may 
help to characterize the disease pathology and identify new 
biomarkers and treatment targets for Nec.
Methods: Using gel-based proteomics, proteins in Nec-
affected intestinal and colonic sections were compared with 
those in adjacent, near-normal tissue sections within the same 
patients. Western blot and immunohistochemistry were applied 
to crossvalidate proteomic data and histological location of 
some selected proteins.
results: Thirty proteins were identified with differential 
expression between necrotic and vital small-intestine sections 
and 23 proteins were identified for colon sections. Five proteins 
were similarly affected in the small intestine and colon: hista-
mine receptors (hRs), actins, globins, immunoglobulin, and antit-
rypsin. Two heat shock proteins (hsPs) were affected in the small 
intestine. Furthermore, proteins involved in antioxidation, angio-
genesis, cytoskeleton formation, and metabolism were affected. 
Finally, secretory proteins such as antitrypsin, fatty-acid binding 
protein 5, and haptoglobin differed between Nec-affected and 
vital tissues.
conclusion: Nec progression affects different pathways in 
the small intestine and colon. hsPs may play an important role, 
especially in the small intestine. The identified secretory pro-
teins should be investigated as possible circulating markers of 
Nec progression in different gut regions.

necrotizing enterocolitis (NEC) is the most severe gastroin-
testinal complication in preterm infants. Although the clini-

cal features of NEC are well known, the pathogenesis in the tissue 
remains unclear (1), thereby hindering effective preventive and 
therapeutic interventions. The current understanding of NEC 
includes intolerance to enteral feeding, leading to nutrient fer-
mentation, bacterial overgrowth, and toxin production, which 
subsequently trigger a tissue inflammatory response, mucosal 
atrophy, and transmural necrosis. It continues to be debated 
whether factors such as tissue ischemia and the associated rep-
erfusion injury contribute to NEC, and particularly whether 
they are early predisposing factors or late consequences of the 

disease progression (2). The distal ileum and proximal colon are 
the most frequently affected regions, but sometimes NEC affects 
all regions of the gastrointestinal tract from the stomach to the 
rectum (2). It is believed that tissue lesions advance rapidly, over 
a few days, from focal patchy sites during the early stages of dis-
ease, but the exact time course of NEC remains unclear because 
access to tissue from mildly affected infants is limited.

No effective prevention strategy for NEC is known so far, 
although slow advancement of enteral food, particularly moth-
er’s milk, has been documented to reduce NEC incidence (3). 
Clinical signs (e.g., lethargy, abdominal distension and discolor-
ation, food intolerance, intestinalis pneumatosis) lead to differ-
ent forms of interventions (e.g., enteral food restriction, antibi-
otics, intestinal resection, peritoneal drainage) that differ among 
hospitals. There is a need to understand the key elements of NEC 
progression, both locally in the gut and at the whole-body level.

Animal models of NEC may help to identify the crucial steps 
in disease pathology, but it remains a large challenge to trans-
late the results from rodent and pig models to human infants. 
In a large proportion of pigs, preterm birth and formula feeding 
induce spontaneous development of intestinal lesions, which is 
very similar to infant NEC (4,5), without the need for artificial 
insults such as the hypoxia, hypothermia, bacterial challenge, or 
aggressive formula feeding often used in rodent NEC models. A 
series of recent studies investigated the intestinal proteome in 
preterm pigs during the progression of feeding- and bacteria-
induced NEC (6–8). Proteomics allows simultaneous detection 
of hundreds of proteins, and we showed that the key cellular 
and physiological processes that characterized NEC develop-
ment included intestinal stress response, protein processing 
and degradation, metabolism of selected amino acids (arginine, 
ornithine), carbohydrates, and energy (6–8). Similar studies are 
difficult to perform in infants, but the results from pigs may help 
to understand proteome differences between healthy and NEC-
affected parts of the infant gut.

By gel-based proteomics, proteins are separated based on 
their pI and Mr values, and the fluorescent staining dye provides 
a signal proportional to the protein amount. Protein identifi-
cation based on the mass spectra allows reliable detection of 
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specific proteins. Only proteins with extreme pI or Mr, or those 
present with low abundance, are difficult to separate, identify, 
and quantify with gel-based proteomics. More sensitive liquid 
chromatography–based proteomic approaches are needed to 
detect such proteins.

We hypothesized that the tissue proteome differences between 
NEC-affected and adjacent near-normal intestinal sections from 
the same infant would be similar to the differences observed 
previously between NEC and healthy pigs. Furthermore, we 
speculate that the NEC-affected tissue responses differ between 
the colon and small intestine, due to the marked differences in 
structure and functions of these two gastrointestinal regions. 
Using methods identical to those used in the pig experiments 
(6–8), we aimed to better characterize NEC progression in 
infants and some proteins that are central in the disease pro-
cess and might be relevant targets for biomarker development 
or NEC therapy.

ReSUlTS
Clinical Characteristics and Histology Findings
Ten neonates with different gestation ages were enrolled in this 
study. Clinical characteristics are described in Table 1, and 
representative histological sections of necrotic and vital sec-
tions from the small intestine and colon are shown in Figure 1. 
The vital small-intestinal sections appeared normal or showed 
mild local disruption of villi but never separation of submu-
cosal layers or serious hemorrhage (Figure 1a). Conversely, 
the NEC-affected small-intestinal sections showed extensive 
destruction of the villus architecture, separation of submu-
cosal layers, and hemorrhage (Figure 1b). Likewise, in colon 

sections, only mild disruption of the crypt structure, without 
any hemorrhage or separation of the submucosal layers was 
present in vital sections (Figure 1c), as compared with NEC-
affected colonic sections (Figure 1d).

Proteomics
The molecular weight range of the proteins separated on two-
dimensional gel electrophoresis (2-DE) gel was 15–250 kDa 
and ~500 spots could be detected on the gels by the analyz-
ing software PDQuest (Bio-Rad, Hercules, CA). For the small 
intestine, 30 proteins were identified with significantly different 
expression levels in NEC-affected vs. vital sections, whereas 23 
proteins were identified in the colon sections. The positions of 
these identified proteins on the two-dimensional gel electro-
phoresis gels are shown in Figure 2 (NEC-affected and vital 
small intestine (Figure 2a,b); NEC-affected and vital colon 
(Figure 2c,d)). Descriptive information of the identified pro-
teins, including spot number, protein name, protein score, and 
expression quantity in each group (NEC-affected and vital), 
are listed in Tables 2 and 3.

Five protein groups showed changes in both the 
 small-intestine and colon regions, and these proteins were his-
tamine receptor (HR) subunit peptide 1 (spot 1012 in Tables 2 
and 3), α actin (spot 1006, 2411 in Table 2 and spot 2411 in 
Table 3), immunoglobin J chain (spot 0122 in Table 2, spot 
0121 and 0122 in Table 3), and g-γ globin (spot 6005, 6007 
in Table 2 and spot 6007, 7003 in Table 3). Other cytoskeletal 
proteins affected by NEC were β-actin (spot 0017), α2 actin 
(spot 1006), and keratin 8 (spot 3607) in the small intestine, 
and γ2 actin (spot 0409) and keratin 6A (spot 3505) in the 

table 1. Clinical information of patients included for proteomic analyses

ID
Gestation 

age (d)
Birth  

 weight (g) Delivery
Age at 

surgery (d)
Bell’s 

classification Intestinal pathology Feeding Peritonitis Outcome

1 30 + 5 1,060 Cesarean 
section

1 IIIB Gangrene in ileum  
(10 cm) with perforation

None Fecal diffuse Survived

2 30 + 1 945 Vaginal 7 IIB Gangrene in colon Mother’s  
milk + PN

None Survived

3 24 + 5 664 Cesarean 
section

46 IIA Gangrene in colon Mother’s  
milk + PN

None Died (cvk to 
mediastinum)

4 28 + 4 648 Cesarean 
section

8 IIB Segmental gangrene of 
distal small intestine to 
transverse colon

Mother’s  
milk + PN

Ascites and 
fibrin

Survived

5 32 + 0 1,170 Cesarean 
section

4 IIIA Gangrene in right colon PN Ascites and 
fibrin

Survived

6 34 + 1 2,110 Vaginal 13 IIB Gangrene in colon Mother’s  
milk + PN

Ascites and 
fibrin

Survived

7 25 + 2 668 Vaginal 13 IIIB Necrosis and perforation  
in distal ileum

Mother’s  
milk + PN

Fecal diffuse Survived

8 28 + 6 860 Vaginal 7 IIIB Gangrene in distal  
ileum and colon with 
perforation

PN Fecal diffuse Died (at second 
look on day 8, 
gangrene in 
entire intestine)

9 32 + 6 2,260 Vaginal 22 IIIB Necrosis and perforation  
in distal ileum

Mother’s  
milk

Fecal diffuse Survived

10 32 + 5 2,286 Cesarean 
section

31 IV Necrosis and perforation  
in distal ileum

Mother’s  
milk + PN

Fecal diffuse Died

cvk, central venous catheter; PN, parenteral nutrition.
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colon. A number of other proteins related to the cytoskeleton 
and cell–cell and cell–matrix junctions also showed differences 
as a result of NEC progression in the small intestine (cytovil-
lin 2, spot 4601; motor protein, spots 4805 and 4810; vinculin, 
spot 5906; septin 11, spot 6405; Table 2).

Two heat shock proteins (HSPs), HSPA5 and HSP27, were 
identified with NEC-related differential expression in the 
small intestine (spots 0705 and 3110, respectively, Table 2). 
Likewise, fatty-acid binding protein 5, a well-known marker of 
intestinal inflammation, was downregulated in necrotic small 
intestine, and lactoferrin (spot 4309) and proteins related to 
antioxidation, such as heme-binding protein 2 (spot 0113) and 
biliverdin reductase B (spot 8004) were also affected (Table 2); 
in the colon, thioredoxin-like 1 (spot 0206) and peroxiredoxin 
1 (spot 7006) were affected by NEC progression (Table 3).

Numerous proteins related to carbohydrate and protein 
metabolism were affected by NEC progression, including keto-
hexokinase isoform b (spot 4204), aldehyde dehydrogenase 
(spot 6515), and pyruvate kinase (spot 8603) in the small intes-
tine (Table 2), and ubiquinol-cytochrome c reductase (spot 
6102), pyruvate dehydrogenase (spot 6305), and carbonic anhy-
drase (spot 7106) in the colon (Table 3). Propionyl-coenzyme 
A carboxylase α polypeptide (spot 5706) and 5-aminoimida-
zole-4-carboxamide ribonucleotide formyltransferase/inosine 

monophosphate cyclohydrolase bifunctional enzyme (spot 
6613) were identified in the small intestine (Table 2), whereas 
HMGCS2 (spot 7401) was observed in the colon (Table 3). 
As indicated above, these protein-expression changes were 
region specific and had no consistent direction of change (up 
or down), reflecting highly complex and site-specific changes 
in cell metabolism during NEC progression.

Western Blot and Immunohistochemistry of HSPA5 and HSP27
The relative abundance of two selected proteins, HSPA5 and 
HSP27, was crossvalidated by western blot (Figure 3a,c). HSPA5 
showed lower levels in NEC-affected intestines than in the vital 
tissues (P < 0.05), whereas HSP27 showed higher levels in NEC-
affected intestine. The localization of HSPA5 and HSP27 in the 
small intestine was documented by immunohistochemistry 
using specific antibodies. The immunostaining against these two 
proteins showed that they were mainly expressed in the outer 
layer of intestinal villi where the enterocytes were in contact 
with the luminal content (digesta, endogenous secretions, and 
bacteria; Figure 3b,d).

DISCUSSION
The difficulties in obtaining human NEC intestinal speci-
mens and corresponding control tissue for biochemical 

a b

c d

200 µm

200 µm

200 µm

200 µm

Figure 1. Representative histological pictures of vital and NeC-affected small intestine and colon (original magnification ×50). (a) Vital small intestine: 
mild local disruption of villi, no separation of submucosal layers; (b) NeC-affected small intestine: extensive destruction of mucosal structure, blood con-
gestion; (c) vital colon: mild disruption of villi structure, no separation of submucosal layers; (d) NeC-affected colon: thorough disruption of mucosal layer, 
separation of submucosal layers and blood congestion. NeC, necrotizing enterocolitis.
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analyses have limited the understanding of early and late 
events of NEC in human infants. For ethical reasons, control 
intestinal tissue from healthy infants is difficult to obtain, 
and the quality of tissue removed from infants with other 
early intestinal complications (e.g., atresia, stenosis, and 
Hirschsprung’s disease) is limited by tremendous differences 
in the important and confounding factors such as pre- and 

postnatal age, intestinal region, feeding and antibiotic regi-
mens, genetics, and the associated diseases. We therefore 
chose to compare the NEC-affected parts of intestines and 
colon with near-normal vital sections removed from the 
same infant, which is part of the standard practice for intes-
tinal resection as treatment for NEC. Given that the vital 
sections removed were adjacent to the necrotic sections, the 

Figure 2. Representative 2-De gel graph of NeC-affected and vital (a, b) small intestine and (c, d) colon. All spots circled and labeled with a number 
represent protein spot identified; the numbers labeled here are consistent with ones listed in tables 2 and 3. NeC, necrotizing enterocolitis; 2-De, two-
dimensional gel electrophoresis.

a b

c d
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vital sections were mildly affected and the histological pic-
tures of these vital sections indicated a mild disruption of 
intestinal structure (Figure 1a,c). Therefore, the proteome 
changes between vital and NEC-affected tissues in this study 
provide information mainly about the changes during the 
late stage of NEC.

We observed in our study that the small intestine and 
colon showed marked differences in their responses to 
NEC progression. Only five protein groups were affected in 
both regions: HRs, actins, globins, immunoglobulin, and 
α1-antitrypsin. The elevated expression of HRs in NEC-
affected tissues (both small intestine and colon) may reflect 
an effect of NEC on the histamine regulation of innate and 

acquired immune responses and a shift in the systemic Th 
(helper T cell) 1/Th2 balance from Th1 to Th2 to a more aller-
gic state (9). HRs also regulate smooth muscle contraction, 
gastric acid secretion, and neurotransmitter release (10), 
indicating that the progression of NEC lesions affects these 
important functions via increased HR abundance. Similarly, 
a region-independent marked increase of immunoglobulin 
production in local tissue was found, which suggests that the 
progression of NEC is probably associated with invading gut 
microbes. Increases in g-γ globin (a hemoglobin) in both 
regions may reflect a high need for oxygen in this crucial 
process but could also reflect hemorrhage. In addition, the 
increased local expression of α1-antitrypsin found in both 

table 2. Identified proteins with differential expression between vital and necrotizing enterocolitis–affected small intestines (n = 6, P < 0.05)

Spot no.a Protein name GI Id Protein scoreb
expression  

quantityc (necrotic)
expression 

quantityc (vital)
Fold change 

(necrotic/vital)

0017 β Actin gi14250401 83 0.6 ± 0.2 0 +

0113 Heme-binding protein 2 gi7657603 130 0 3.8 ± 1.1 –

0122 Immunoglobulin J chain gi400044 225 2.6 ± 1.1 0 +

0705 Heat shock protein A5 gi6470150 875 3.6 ± 0.9 8.1 ± 1.5 −2.2

1006 α2 Actin gi4501883 221 21.2 ± 6.4 10.3 ± 5.0 +2.1

1012 48 kDa Histamine receptor subunit 
peptide 1

gi998468 66 2.9 ± 1.6 0 +

1209 Proteasome α3 subunit isoform 2 gi23110939 93 2.0 ± 0.2 0 +

1702 α1 B-glycoprotein gi69990 457 1.9 ± 0.3 1.0 ± 0.2 +1.9

2411 α1 Actin gi56204817 114 3.7 ± 0.4 0 +

2501 α1-Antitrypsin gi6137432 341 2.3 ± 1.6 0 +

3110 Heat shock protein 27 gi662841 74 8.1 ± 2.1 2.7 ± 0.2 +3.0

3607 Keratin 8 gi14198278 119 4.5 ± 1.8 0.8 ± 0.1 +5.4

4204 Ketohexokinase isoform b gi5670342 464 1.0 ± 0.2 2.8 ± 0.6 −2.9

4309 lactoferrin gi2104522 389 6.7 ± 1.3 2.8 ± 0.8 +2.4

4501 Dihydropyrimidinase-like 2 gi4503377 223 1.7 ± 0.3 0.7 ± 0.2 +2.4

4601 Cytovillin 2 gi340217 123 1.1 ± 0.2 0.4 ± 0.1 +3.2

4602 Dihydropyrimidinase-like 3 gi4503379 223 3.7 ± 1.1 1.0 ± 0.2 +3.6

4805 Motor protein gi516764 259 1.3 ± 0.1 0.6 ± 0.1 +2.2

4809 α2 Macroglobulin gi46812315 374 1.4 ± 0.3 0 +

4810 Motor protein gi516764 266 1.9 ± 0.4 0.7 ± 0.1 +2.7

5002 Fatty-acid binding protein 5 gi4557581 110 8.4 ± 2.2 13.9 ± 1.8 −2.3

5706 Propionyl coenzyme A carboxylase gi65506442 97 1.0 ± 0.2 0.4 ± 0.1 +2.5

5906 Vinculin isoform meta gi7669550 179 0 1.4 ± 0.2 –

6005 Hemoglobin γ-G gi4378748 107 3.6 ± 0.5 0 +

6007 g-γ Globin gi6715607 252 17.7 ± 6.4 0 +

6405 Septin 11 gi8922712 149 1.8 ± 0.4 0.8 ± 0.2 +2.2

6515 Aldehyde dehydrogenase 1A1 gi21361176 224 0 2.2 ± 0.4 –

6613 AICAR formyltransferase/inosine 
monophosphate cyclohydrolase 
bifunctional enzyme

gi1263196 189 1.1 ± 0.2 0.4 ± 0.1 +2.6

8004 Biliverdin reductase B gi4502419 149 4.1 ± 1.6 1.8 ± 0.9 +2.3

8603 Pyruvate kinase isoform M1 gi33286420 156 1.6 ± 0.3 0.6 ± 0.1 +2.6

aIcaR, 5-aminoimidazole-4-carboxamide ribonucleotide; GI Id, Genbank identifier.
aspot number: the position of the spots on two-dimensional gel electrophoresis gels as shown in Figure 2. bProtein score: confidence of identification; the higher the score, the less 
probable that the identification is false (P < 0.05 for protein scores >66). cexpression quantity: mean expression quantity expressed as the sum of optical density (OD) of the each pixel 
of spot area (Σ OD × 105).



Volume 73  |  Number 3  |  March 2013      Pediatric ReseaRch 273copyright © 2013 International Pediatric Research Foundation, Inc.

ArticlesIntestinal proteomics of NEC patients

small intestine and colon could protect the intestinal mucosa 
from the ongoing inflammation damage, similar to its role in 
inflammatory bowel diseases (11).

Two HSPs (HSPA5 and HSP27) were affected by the progres-
sion of NEC lesions in the small intestine as detected by pro-
teomic analysis. No differences were found in the colon sec-
tions. Generally, levels of HSPs are regulated by inflammation 
and metabolic stress, such as that occurring from ischemia 
reperfusion and oxidative stress. HSPs facilitate the synthesis, 
folding, distribution, and degradation of many cytoplasmic 
proteins, and the renaturation or removal of damaged proteins 
(12). Our previous studies in preterm pigs indicate that the 
presence of gut microbiota plays a major role in HSPA5 and 
HSP27 regulation in association with NEC (8). However, the 
roles of these proteins could be less pronounced in the progres-
sion of NEC in the infant intestine, and the upregulation of 
HSP27 levels detected by proteomics could not be confirmed 
conclusively by our  follow-up western blot analyses. The find-
ing that the two HSPs were detected in greatest abundance 
in the upper part of the villi in the preterm infant intestine 
support the notion that luminal factors play an important role 
in NEC-induced HSP regulation. Here, bacteria-mediated 

regulation of HSPA5 and HSP27 in NEC tissues may involve 
the nuclear factor-κB inflammatory pathway by its interaction 
with the inhibitor of κB kinase complex (13,14). HSP27 also 
plays an important role in the Ras homolog gene family, mem-
ber A, and protein kinase C-α pathways (15) that are involved 
in smooth muscle contraction and epithelial tight junctions.

NEC lesions were associated with an adaptive antioxida-
tive response in which the production of proteins protecting 
against oxidative stress was altered. The responses differed 
between the small intestine and colon with regard to the nature 
and direction (upregulated or downregulated) of affected pro-
teins. Heme-binding proteins bind free heme and thereby help 
to avoid the production of toxic reactive oxygen species (16). 
Likewise, the upregulation of biliverdin reductase B in intes-
tinal necrotic tissues serves to protect against oxidative stress 
and lipid peroxidation via a bilirubin–biliverdin antioxida-
tion cycle (17). The bilirubin–biliverdin antioxidation cycle 
is known to protect the mucosal architecture following isch-
emia–reperfusion injury (18), probably via biliverdin reductase 
working as a kinase to phosphorylate inhibitor of κB, which 
then inhibits the relocation of nuclear factor-κB in this inflam-
matory pathway (18). The observation that thioredoxin-like 1 

table 3. Identified proteins with differential expression between vital and necrotic colon (n =6, P < 0.05)

Spot no.a Protein name GI Id Protein scoreb
expression quantity 

(necrotic)c
expression 

quantity (vital)c
Fold change 

(necrotic/vital)

0116 Rho GDP dissociation inhibitor 1 gi4757768 76 4.8 ± 0.8 2.4 ± 0.4 +2.0

0121 Immunoglobulin J chain gi21489959 194 9.4 ± 3.1 1.9 ± 0.5 +5.0

0122 Immunoglobulin J chain gi400044 225 7.0 ± 2.1 0 +

0206 Thioredoxin-like 1 gi4759274 217 1.5 ± 0.3 3.2 ± 0.8 −2.2

0409 γ2 Actin gi49168516 102 0 1.2 ± 0.4 –

1012 48 kDa Histamine receptor subunit 
peptide 1

gi998468 66 4.1 ± 1.1 0.8 ± 0.2 +4.9

2310 Haptoglobin protein gi47124562 128 4.6 ± 0.8 2.1 ± 0.4 +2.2

2411 α1 Actin gi56204817 114 5.9 ± 1.0 0 +

2501 α1-Antitrypsin gi6137432 341 1.7 ± 0.3 0.8 ± 0.2 +2.0

3505 Keratin 6a gi46812692 333 1.9 ± 0.2 0.9 ± 0.0 +2.2

5208 Thrombospondin gi553801 352 0 0.8 ± 0.2 –

6007 g-γ Globin gi6715607 252 13.0 ± 4.2 0 +

6102 Ubiquinol-cytochrome c reductase gi45768728 197 2.1 ± 0.4 5.9 ± 0.6 +2.8

6305 Pyruvate dehydrogenase α1 precursor gi4505685 330 0.7 ± 0.1 1.5 ± 0.3 −2.0

7003 g-γ– Globin gi6715607 470 77.5 ± 24.7 23.9 ± 9.5 +3.2

7006 Peroxiredoxin 1 gi55959887 116 3.9 ± 0.9 2.0 ± 0.4 +1.9

7106 Carbonic anhydrase II gi9257153 222 10.6 ± 1.2 2.2 ± 0.5 +4.9

7108 Karyopherin gi5107637 291 2.5 ± 0.6 4.9 ± 0.7 −1.9

7112 Agglutinin gi10835792 217 23.2 ± 5.4 10.2 ± 4.0 +2.3

7310 Arginase gi178995 156 1.9 ± 0.4 0.8 ± 0.2 +2.3

7401 3-Hydroxy-3-methylglutaryl-coenzyme 
A synthase 2

gi48145817 182 2.1 ± 0.5 6.1 ± 1.0 −2.9

8001 Chain a, cyclophilin a gi1633054 239 16.8 ± 3.3 34.2 ± 6.4 −2.0

8106 Ig κ chain nig26 precursor gi7438711 155 20.0 ± 3.0 8.6 ± 3.9 +2.3

GI Id, Genbank identifier.
aspot number: the position of the spots on two-dimensional gel electrophoresis gels as shown in Figure 2. bProtein score: confidence of identification; the higher the score, the less 
probable that the identification is false (P < 0.05 for protein scores >66). cexpression quantity: mean expression quantity expressed as the sum of optical density (OD) of the each pixel 
of spot area (Σ OD × 105).



274 Pediatric ReseaRch      Volume 73  |  Number 3  |  March 2013 copyright © 2013 International Pediatric Research Foundation, Inc.

Articles Jiang et al.

was decreased in necrotic colonic tissue may reflect a reduced 
metabolic rate (19) and may lead to reduced protection against 
glucose deprivation–induced cytotoxicity and lowered protein 
reduction and proteolysis (20). On the other hand, colonic 
peroxiredoxin 1 was upregulated, thus increasing the cellular 
protection against reactive oxygen species damage (21,22). 
This protein is central to eliminating H2O2 generated by a vari-
ety of cellular stresses and proinflammatory cytokines, and it 
may have a protective role against apoptosis signal–regulating 
kinase 1–induced apoptosis (23).

As the necrosis advances during NEC, the cytoskeleton pro-
teins probably undergo tremendous change in expression in an 
attempt to maintain cell integrity. The activation of the cytovil-
lin2 (ezrin)-readixin-moesin family results in tight junc-
tion and adherent junction disassembly (24), which is found 
in NEC. Vinculin is also related to the loss of focal adhesion 
(25). In addition, the expression of cytovillin 2 is also related 
to a stress-activated c-Jun N-terminal kinase (24). Keratin 8, a 
major intermediate filament protein, acts as an antiapoptotic 
factor in hepatocytes and small intestine (26). Together, effects 
on the above proteins by NEC progression suggest that entero-
cyte cytoskeleton rearrangement may be regulated not only by 
external signals such as attachment of gut microbes but also by 
intracellular pathways such as the mitogen-activated protein 
kinases pathway.

The progressing inflammatory lesions changed various 
metabolic pathways, including lowered metabolism of fruc-
tose (ketohexokinase isoform b) (27) and alcohol (aldehyde 
dehydrogenase) in the small intestine. The higher level of 
pyruvate kinase in NEC-affected small intestine and lower 
level of pyruvate dehydrogenase in NEC-affected colon 
indicate effects on pyruvate metabolism in NEC tissues. 
Increased metabolism was indicated for pyrimidine and 
purine (dihydropyrimidase, 5-aminoimidazole-4-carboxam-
ide ribonucleotide formyltransferase/inosine monophosphate 
cyclohydrolase) and cholesterol (propionyl-Co enzyme A) 
(28) in intestinal NEC tissues, whereas some differentially 

regulated proteins in colon suggest NEC-reduced ketogen-
esis (3-hydroxy-3-methylglutaryl -coenzymeA synthase 2) 
(29) and increased mitochondrial respiratory chain activity 
(ubiquinol- cytochrome c reductase) (30).

Plasma concentrations of the intestinal fatty-acid binding 
protein 2 are elevated in patients with NEC (31), and this may 
relate to our observation that intestinal fatty-acid binding pro-
tein 5 expression was reduced in NEC intestines. The role of 
this protein remains unclear apart from its known role in fatty-
acid absorption and transport and in local nervous system and 
regulation of water permeability (32). A protein with increased 
intestinal expression in NEC, α1 B-glycoprotein, is elevated in 
pancreatic juice from patients with pancreatic ductal adeno-
carcinoma and in hepatocellular carcinoma cell lines and liver 
tumor tissue samples (33,34). Similarly, the marked expression 
increase in local intestinal and colonic immunoglobulin pro-
duction might result in elevated circulating levels of the same 
components. Finally, increased local colonic production of 
haptoglobin may give rise to elevated levels of this important 
circulating acute-phase protein mainly synthesized in hepato-
cytes in response to infection or inflammation (35). Of note, a 
precursor of haptoglobin, zonulin, modulates the permeabil-
ity of tight junctions (36). Colonic cyclophilin A is secreted 
in response to inflammatory stimuli such as hypoxia, infec-
tion, and other conditions of oxidative stress (37). Another 
colonic protein with reduced expression, thrombospondin, 
probably indicates increased angiogenesis (38) and migration 
of endothelial cells, as well as impaired transforming growth 
factor α–dependent mucosal repair (39).

The observed differences in proteome expression profile 
between normal and NEC-affected sections in different parts 
of the gut (intestine, colon) provide new knowledge about the 
region-specific changes during NEC progression. Proteins 
related to physiological processes such as antioxidation and car-
bohydrate, fatty acid, and energy metabolism were clearly region 
dependent. NEC progression takes quite different molecular 
pathways in these two regions, probably due to the numerous 

Figure 3. Western blots of (a) HSPA5 and (c) HSP27, and representative immunohistochemical images (original magnification ×200) of (b) HSPA5 and 
(d) HSP27 showing their location in the small-intestine sections with the fluorescein isothiocyanate, bright field, and merged images (from left to right, 
respectively). The immunohistochemical pictures demonstrate that the HSPA5 and HSP27 proteins are mainly expressed in the outer layer of the intesti-
nal villi where the enterocytes are in contact with the luminal content. For western blots, values are mean ± SeM (n = 6, *P < 0.05). HSP, heat shock protein.
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differences in epithelial cell function, local immune system, and 
bacterial interactions between the small intestine and colon. 
Although histamine and its receptor appeared similarly regu-
lated in the two regions, antioxidation and heat shock responses 
to NEC differed. The HSPs are particularly interesting because 
they have also repeatedly been observed to be affected by NEC 
in the preterm pig small intestine. HSPs may play different roles 
at the early and late stages of NEC, which may include managing 
stress and chaperoning of misfolded proteins. The immunohis-
tochemical pictures of the examined infant intestines revealed 
that the HSPs were most abundant in cells at the outer layer of 
villi, perhaps indicating that contact with the luminal microbes 
may play a role for NEC-related HSP upregulation. The identified 
proteins related to the heme-homeostasis and nuclear factor-κB 
pathway suggest that NEC progression involves heme-centered 
oxidative stress and inflammatory responses.

The data of the current study could serve as the basis for 
developing new circulating biomarkers of region-specific NEC 
development. Unfortunately, we were not able to collect blood 
samples from the infants investigated in this study, and future 
investigations should attempt to analyze target-specific protein 
groups in both plasma and tissue. Secreted proteins are partic-
ularly interesting, especially, if they can be located specifically 
to the small intestine or colon. Further studies are required to 
show if the circulating levels of specific gut-derived antioxi-
dants, immunoglobulins, antitrypsin, lactoferrin, hemoglobin, 
and fatty-acid binding protein subunits could serve to identify 
a region-specific NEC progression during the early phase of 
the disease, and thus help to support decisions about medical 
and/or surgical interventions.

MeTHODS
Infants and Collection of Intestinal Specimens
The study was performed on the neonates operated for NEC at Odense 
University Hospital, Odense, Denmark. Following laparatomy for 
surgical NEC intervention, necrotic tissue sections (0.5 cm) and adja-
cent sections were removed, then either immediately frozen in liquid 
nitrogen and stored at −80 °C for proteomics analyses or fixed in 4% 
paraformaldehyde for later histological evaluation. Patient’s records 
were reviewed in order to characterize the clinical findings and dis-
ease progression. The study was approved by the ethical committees 
of the Capital Region of Denmark. All parents gave informed con-
sent to tissue collections. No extra tissue was required for the analy-
ses beyond the tissue removed as a part of the surgical intervention 
(removing both NEC-affected and adjacent vital sections).

Histology Assessment
The paraformaldehyde-fixed samples were embedded in paraffin and 
sectioned at 3 μm before being mounted on slides for staining with 
hematoxylin and eosin. All slides were checked with a light microscope 
(Orthoplane, Leitz, Germany) and imaged by Image J software (version 
1.22c; National Institutes of Health, Bethesda, MD) (40).

Gel-Based Proteomics
Not all of the selected patients had NEC lesions in both the small-
intestine and colon regions, and in some patients the resected NEC-
affected tissue section in one region was so necrotic that it was consid-
ered unsuitable for proteomic analysis. Considering the macroscopic 
evaluation, small-intestine sections from patients 1, 2, 4, 7, 8, and 9 
and colon sections from patients 3, 4, 5, 6, 8, and 10 were used in the 
proteomic analyses, giving an n value of six for each region (n = 6 each 

for NEC-affected and vital small intestine and NEC-affected and vital 
colon). Extraction of intestinal proteins was carried out as previously 
described (6,7). Briefly, the tissue specimens were disrupted with a 
tissue teaser (Biospec Products, Bartlesville, OK) in a cocktail buf-
fer (1% Triton X-100, 25 mmol/l N-2-hydroxyethylpiperazine-N9-2-
ethanesufonic acid, 150 mmol/l NaCl, 1 mmol/l EDTA disodium salt, 
1 mmol/l dithiothreitol, and the protease inhibitor cocktail set III (Bio-
Rad)). Superfluous salt in the protein extracts was removed with the 
trichloroacetic acid–acetone precipitation method as described previ-
ously (6–8). The cleaned protein pellets were resuspended in a buffer 
containing 7 mol/l urea, 2 mol/l thiourea, 4% Chaps, and 100 mmol/l 
dithiothreitol. Protein concentration was determined with the Protein 
Quant Kit (GE Healthcare, Piscataway, NJ). The final protein solution 
was stored at −80 °C until proteomic analysis.

The details of the two-dimensional gel electrophoresis procedure 
have been described previously (6,7). One strip was run on each tissue 
sample. A protein sample (100 μg) was mixed with the rehydration buf-
fer (9.5 mol/l urea, 2% Chaps, 0.28% dithiothreitol, 0.5% immobiline pH 
gradient buffer pI 3–10) before being added onto one 18-cm ReadyStrip 
IPG Strip (pI 3–10 Nonlinear, Bio-Rad). The isoelectric focusing was 
carried out on an Ettan IPGphor III IEF System (GE Healthcare), after a 
7-h active rehydration step, following a five-step program until voltage 
× time reached 90,000 Vh.

The SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis) of gel strips after isoelectric focusing was carried out 
using 12.5% PAGE gel in a Protean xi II cell (Bio-Rad) after a two-
step equilibration, with the equilibration buffer (50 mmol/l, pH 8.8 
Tris–HCl, 6 mol/l urea, 30% glycerol, 2% SDS) containing 20 mmol/l 
dithiothreitol or 20 mmol/l iodoacetamide. After electrophoresis, 
the gels were stained with Sypro Ruby Protein Stain (Bio-Rad), then 
scanned with the Molecular Imager PharosFX Plus System (Bio-Rad), 
and analyzed with the analyzing software PDQuest 8.0 (Bio-Rad). 
The matched spots, those that matched among the gels, were assigned 
numbers. The expression level of matched spots was exported to SPSS 
11.5 for statistical analysis.

For identification, protein spots with significant expression difference 
between groups (necrotic and vital tissue in either small intestine or 
colon) were cut out manually and subjected to in-gel trypsin digestion 
as described previously (6,7). The purified protein digests were then 
subjected to protein identification with mass spectrometry on a 4800 
MALDI-TOF/TOF Analyzer (Applied Biosystems, Carlsbad, CA). The 
protein identity was searched out based on a combination of peptide 
mass fingerprint and tandem mass spectrometry on a GPS Explorer 
Workstation (Applied Biosystems) with taxonomy limited to Homo 
sapiens (human) against the NCBInr database. Basic information of 
identified proteins was obtained from the mass spectrometry platform, 
which included protein name, GenInfo identifier, and protein score. A 
protein identity with a protein score of more than 66 was regarded as 
correct, considering that the probability of a mismatch in the identifica-
tion of a protein with a protein score higher than 66 is P < 0.05.

Western Blot and Immunohistochemistry
Briefly, 25 μg protein was resolved by electrophoresis. Anti-GRP78 and 
anti-HSP27 (Abcam, Cambridge, UK) were used to detect the expres-
sion of HSPA5 and HSP27, respectively. The protein bands were visu-
alized, and the density of the protein bands was detected by Quantity 
One (Bio-Rad). For histological localization of HSPA5 and HSP27, 
tissue section slides were deparaffinized and treated with the specific 
primary antibodies, followed by incubation with a fluorescein isothio-
cyanate–conjugated secondary antibody to visualize the proteins with 
microscopy.

Statistics
All data are expressed as mean ± SEM. Two-tailed paired t-test was 
used to analyze the difference of protein expression level measured by 
proteomics or western blot. SPSS 11.5 (SPSS, Somers, NY) was used for 
all statistical analyses, with P = 0.05 as the critical level of significance.
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