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Introduction

Necrotizing enterocolitis
Necrotizing enterocolitis (NEC) is the most common gastro-intestinal emergency in the 

neonatal intensive care. The incidence of NEC ranges from 0.3 to 2.4 infants per 1000 

live births, with nearly 70% of cases occurring in infants born at less than 36 weeks of 

gestation. The incidence of NEC varies, affecting 2-5% of all premature infants.1 The 

overall mortality for NEC ranges from 10% to 50%.2 Despite optimal medical and surgi-

cal management of NEC, infants that recover from the disease suffer from substantial 

morbidity, such as intestinal obstruction as a consequence of scarring, liver failure due 

to a prolonged requirement for total parenteral nutrition, short bowel syndrome with 

intestinal failure and associated nutritional deficiencies, and associated defects in growth 

and development.3‑4 Length of hospital stay in infants with surgical NEC and medically 

treated NEC exceeds those of controls by 60 days and 22 days respectively. Based on 

length of stay, the estimated total hospital charges for infants with surgical NEC in the 

USA averaged $186 200 in excess of those for controls and $73 700 more for infants 

with medical NEC. The yearly additional hospital charges for NEC were $216 666 per 

survivor.5 Hence, NEC is a significant and growing health concern for prematurely born 

infants. The costs in the Netherlands are not exactly known, but will not be very differ-

ent. As the number of preterm births has almost doubled over the past two decades in 

the Netherlands (Perinatale Registratie Nederland) and the United States (National Vital 

Statistics Report 2003), this burden will continue to increase. In addition, recently the 

national policy has changed into a more liberal approach to the lower limit of viability. 

More very immature infants (from a gestational age of 24 weeks onwards) will be given a 

chance to survive, with consequently more risk of developing NEC.

The etiology of NEC is presumed to be multi-factorial and although several 

potential causes of NEC have been proposed, the only established risk factors are pre-

maturity and a history of enteral feeding.6 Associated risk factors are formula feeding7‑8, 

intrauterine growth restriction9‑11, bowel ischemia12, chorioamnionitis and infection.6,13‑14 

Although the susceptibility to NEC in premature infants is linked to gastrointestinal tract 

immaturity, the mechanisms whereby these factors cause disease are poorly defined. 

However, bacterial colonization seems to play a key role in this matter.

NEC and the intestinal microbiota
Thus far, no single microorganism has been identified in cases of NEC. Nevertheless, 

bacterial colonization in premature infants differs significantly from healthy term subjects. 

Until recently it was thought that the fetal gut is sterile. However, Mshvildadze et al. 

showed that meconium contains micro-organisms that are not of postnatal origin.15 As 

NEC is not seen during fetal life, postnatal bacterial colonization presumably plays a 
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role in the disease etiology rather than prenatal colonization. Several determinants can 

influence colonization patterns in the intestine, for example the mode of delivery, i.e. 

caesarian section or vaginal delivery.16 Moreover, the type of feeding, breastfeeding or 

formula feeding, greatly influences intestinal colonization after birth. In breastfed infants, 

Bifidobacterium is a predominant organism with Lactobacillus and Streptococcus as 

minor constituents. In contrast, formula-fed infants develop a more diverse microbiota, 

consisting of the more pathogenic species Staphylococcus, E. coli, and Clostridia, in 

addition to Bifidobacteria.17‑21 The intestine of full-term infants is colonized by a large 

variety of aerobic and anaerobic bacteria at 10 days of age, whereas colonization in 

premature infants is delayed. In premature infants the number of bacterial species is 

limited and these species tend to be more virulent compared to full-term infants.22‑23 

Moreover, the microbiota shows an increase in abundance of Gamma proteobacteria 

and a decrease in other bacterial species.24 Common use of broadspectrum antibiotics, 

increased prevalence of opportunistic pathogens in the hospital environment, instrumen-

tation with nasogastric tubes for feeding and suction catheters to the oropharynx, use of 

medications such as opioids that delay intestinal transit time and the use of acid neutral-

izing drugs are all likely to contribute to aberrant bacterial colonization in premature 

infants. These factors are likely to at least partly explain the difference in vulnerability for 

developing NEC in premature infants.

Inflammatory bowel diseases and the intestinal microbiota
In adults, inflammatory bowel disease (IBD) consists of Crohn’s disease (CD) and ulcerative 

colitis (UC). Bacteria play an important role in the etiopathogenesis IBD, which is supported 

by several lines of evidence.25‑28 First of all, in experimental colitis models, a clear relation 

between bacterial colonization and the development of colitis has been described, since 

genetically engineered animal models of IBD, such as Il-10 deficient mice and HLA-B27 

transgenic rats, do not develop colitis under germ-free conditions.29‑31 Secondly, the role 

of luminal bacteria in the pathogenesis of CD is strongly supported by observations show-

ing that clinical symptoms of CD improve when luminal bacterial levels decrease following 

intestinal washes and antibacterial drug administration.32‑34 In addition, postoperative ex-

posure of the terminal ileum to luminal contents is associated with increased inflammation 

in CD, and diversion of the fecal stream is associated with improvement.35

Intestinal innate defense; the mucin Muc2 and the mucus layer
Defense and tolerance against luminal bacteria are regulated by several factors that col-

lectively constitute the innate immune system, which is defined as: ‘The capacity of a nor-

mal organism to remain unaffected by microorganisms and their toxins. It results from the 

presence of naturally occurring anti-infective agents, constitutional factors such as body 

temperature and immediate acting immune cells such as natural killer cells’ (mesh term 
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PubMed). The innate defense system recognizes pathogens in a non-specific manner, 

e.g. it responds to pathogens in a generic way, but unlike the adaptive immune system, it 

does not confer long-lasting or protective immunity to the host. Innate immune systems 

provide immediate defense against infection, and are found in all classes of plants and 

animal life. The first line of defense in the intestine is formed by a single layer of epithelial 

cells, in which several cell types can be distinguished as depicted in Figure 1A. A major 

component of innate defense in the intestine is the physical barrier that is formed by the 

intestinal mucus layer, of which the mucin MUC2 is the structural component (Fig. 2). The 

large MUC2 glycoproteins are secreted into the intestinal lumen by goblet cells (Fig. 1A). 

Along with small amounts of mucin-associated proteins such as trefoil factor 3 (TFF3), 

MUC2 polymerizes into a gel of which 80% by weight consists of oligosaccharide side 

chains, which are added as post-translational modifications to the mucin proteins (Fig. 2). 

This gel provides an insoluble mucous barrier that protects the intestinal epithelium by 

trapping bacteria and viruses, which are subsequently expelled by the peristaltic process 

of the gut, a process called ‘non-immune exclusion’. MUC2 is expressed throughout the 

intestinal epithelium as early as nine weeks of gestation (mRNA), with a developmental 

switch from a fetal to an adult pattern of MUC2 gene expression at around 23 weeks in 

the small intestine, and 27 weeks for the colon.36 Post-translational modifications of the 

MUC2 protein, such as sialylation and glycosylation, contribute to its higher viscosity and 

acidity.37 A remarkable degree of heterogeneity exists between adult and fetal mucins. In 

contrast to adult intestinal mucins, the same structures are identified in each part of the 

fetal intestinal tract and only slight variation in the level of expression of certain glycans 

is observed.38 This suggests that region-specific glycosylation of intestinal mucins is 

acquired after birth and likely depends on environmental factors such as nutrition and 

bacterial colonization. Moreover, significant differences in acidic mucin composition from 

primarily sulfated to an increase in sialylated sugars at d 4 posthatch were observed in 

conventionally reared chicks39, again suggesting a role for postnatal bacterial colonization 

of the intestine. These findings suggest that immature mucins might limit intestinal barrier 

function in premature neonates. However, further studies are needed to confirm this.

Van der Sluis et al. previously showed that Muc2 knockout mice (Muc2‑/‑) spontane-

ously develop clinical and histological signs of colitis.40 In humans, decreased numbers of 

goblet cells and a diminished mucus layer have been related to NEC41 and IBD.42‑44 The 

role of an intact intestinal mucus layer is schematically depicted in Figure 1B. Johansson 

et al45 demonstrated that the mouse colonic mucus consists of two layers: the inner layer 

is densely packed, firmly attached to the epithelium, and devoid of bacteria. In contrast, 

the outer layer is movable, has an expanded volume due to proteolytic cleavages of the 

Muc2 mucin, and is colonized by bacteria (Fig. 1A, B and C). Absence of a protective 

mucus layer in Muc2‑/‑ mice allows direct contact between bacteria/bacterial products 

with the epithelial cells, causing inflammation. Culture dependent studies of the bacte-
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Figure 1. Schematic overview of the small intestinal and colonic epithelium
A schematic overview of a small intestinal left crypt-villus unit (left) and colonic crypts (left) is depicted in 
(A). (B) The intestinal mucus layer consists of a firm inner layer (dark green) that is devoid of bacteria and a 
loose outer layer (light green) that contains bacteria. A decreased mucus layer or absence of a functional 
mucus layer has been related to intestinal diseases i.e. human IBD and NEC and Muc2‑/‑ mice. (C) Bacterial 
colonization and probiotics seem to play an important role in the development, prevention and treatment 
of IBD and NEC. (D) Antimicrobial peptides are mainly produced in Paneth cells and stored in Paneth cell 
granules. (E) Detection of intestinal bacteria is mediated via TLRs, such as TLR2 and TLR4 which are located 
at the basolateral side of enterocytes and TLR9 which is located intra-cellularly.
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rial populations in the mouse gut have indicated about 109 bacteria/g of tissue in the 

stomach and a gradient of bacterial density along the gut, with numbers changing from 

107 bacteria/g of tissue in the small intestine to 1011 to 1012 bacteria/g of tissue in the 

cecum and colon.46‑47

Innate defense; antimicrobial peptides and Toll like receptors
Besides the intestinal mucus layer, an important part of innate defense is formed by a 

large group of antimicrobial peptides (also called host defense peptides) that function as 

potent, broad spectrum antibiotics with the ability to kill bacteria and other micro-organ-

isms. Most of the antimicrobial peptides, i.e. lysozyme48‑49, secretory phospholipase-A2 

(sPLA2)50, and human α-defensins (HD5 and -6)51‑52 are secreted by Paneth cells that 

are located at the bottom of small intestinal crypt epithelium (Fig. 1A and D). Some 

antimicrobial proteins such as most α-defensins are expressed constitutively and do 

not require bacterial signals for their expression.53 However, expression of a subset of 

antimicrobial proteins is controlled by the recognition of microbe associated molecular 

patterns by pattern recognition receptors, such as Toll-like receptors (TLRs), NOD1 

and NOD2, that are expressed by the epithelial cells.54 For example, expression of the 

antimicrobial C-type lectin regenerating islet-derived protein 3γ (Reg3γ), also called 

HIP/PAP, is up-regulated in the small intestine and colon after bacterial reconstitution 

of germ-free mice55‑56 and expression of angiogenin-4 (Ang4), the orthologue of human 

ANG, is induced upon colonization with Bacteroides thetaiotaomicron, an anaerobe 

Gram-negative microbe that belongs to the normal mouse and human microbiota.57 

Furthermore, in conventionally raised mice the expression of Reg3γ and Ang4 increases 

substantially after weaning56‑57, when the complexity of the microbiota increases as well 

as the diet and during experimental intestinal infection with Salmonella and Listeria 

monocytogenes.58‑60 Expression of antimicrobial peptides might be related to specific 

inhabitants of the microbiota as germ-free mice that were colonized with Bacteroides 

thetaiotaomicron show increased Reg3γ expression, whereas Reg3γ expression was low-

ered by the subsequent introduction of Bifidobacterium longum.61 Therefore, alterations 
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Figure 2. Schematic representation of a MUC2 molecule
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in the intestinal microbiota are presumably influencing the expression of antimicrobial 

peptides. On the other hand, antimicrobial peptides also shape the intestinal microbiota 

suggesting cross-talk between the intestinal microbiota and antimicrobial peptides.

Detection of bacteria in the intestine is mediated by Toll-like receptors (TLRs) 

(Fig. 1E), which are a family of pattern recognition receptors (PRR). Following bacterial 

recognition, Toll-like receptors recruit and activate a variety of signal transducing adaptor 

proteins such as MyD88 that induces Reg3γ and cytokine expression.58 Cytokines are 

mainly produced by T-cells. Intestinal epithelial cells acquire tolerance following bacterial 

colonization, presumably to permit colonization without chronic inflammation.62 How-

ever, aberrant expression levels of TLRs have been related to decreased tolerance and 

the onset of disease. For example, TLR4 is known to be upregulated in Crohn’s disease 

(CD) and ulcerative colitis (UC) and the expression of TLR4 and TLR2 is upregulated 

in lamina propria macrophages as well as intestinal epithelial cells in IBD patients.63‑65 

Moreover, TLR expression plays a role in the development of NEC. For example, murine 

and human NEC are associated with increased intestinal TLR2 and TLR4 expression and 

decreased TLR9 expression.66‑68 Additionally, enteral administration of adenovirus ex-

pressing mutant TLR4 to neonatal mice reduced the severity of NEC and increased TLR9 

expression within the intestine and TLR9 activation with CpG-DNA significantly reduced 

NEC severity.66 On the other hand TLR9-deficient mice exhibited increased NEC severity. 

Interestingly, Jilling et al showed that TLR mRNA expression is influenced by the type of 

feeding, i.e. TLR4 mRNA gradually decreases in human milk-fed rats, but increases in rats 

that were formula-fed during NEC-development.69 Together these studies indicate that 

TLRs play a role in NEC and that modulation of TLR expression, for example by the type 

of feeding, influences disease severity.

Dietary modulation of innate defense: therapeutic potential for IBD and 
NEC
Bacterial colonization can be influenced by the diet and thereby forms a promising target 

for disease treatment and prevention. For example, prebiotics, which are defined as 

non-digestible food ingredients mostly of a carbohydrate base that improve human 

health, selectively stimulate the growth and/or activity of existing bacteria in the colon.70 

Moreover, a Western diet compared to a standard low-fat, plant polysaccharide–rich diet 

produced a significant increase in adiposity.71 Mice colonized with a microbiota from the 

obese Western diet–fed humanized donors gained significantly more weight during the 

2 weeks after transplantation than did mice colonized with the humanized microbiota 

from standard low-fat, plant polysaccharide–rich diet-fed donors, indicating that the mi-

crobiota significantly differ between the two dietary groups and subsequently affect the 

development of adiposity. Strikingly, community composition is dramatically altered over 

a time scale of hours when animals are switched from mouse chow to a Western diet, 
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indicating that dietary interventions might have rapid potential in modulating disease 

processes. As mentioned previously, the microbiota of human milk fed versus formula 

fed neonates is significantly different. Furthermore, formula fed infants are at increased 

risk for the development of NEC. Therefore, dietary adaptations and supplementations 

are suggested to play an important role in the treatment of a variety of diseases including 

IBD and NEC.

Probiotics and NEC prevention
Probiotics, described as live microbial dietary supplements which beneficially affect the 

host animal by improving its intestinal microbial balance72, seem to form a promising 

treatment or preventative therapy in this respect. In humans, lactobacilli, Bifidobacteria 

and Streptococci are commonly used as probiotics, either as single species or in mixed 

culture with other bacteria. Numerous randomized, controlled trials (RCTs) have been 

performed to study the effect of probiotics on prevention of NEC in premature infants. A 

recent meta-analysis of all these RCTs indicates lower all-cause mortality and necrotizing 

enterocolitis and shorter time to full feeds after probiotic supplementation in preterm 

(<34 weeks’ gestation) very low birth weight (VLBW; birth weight <1500 g) neonates.73 

Issues such as the number of infants studied per strain, dosage, timing of initiation, and 

long-term safety, however, necessitate more studies before a general conclusion on the 

use of various probiotics can be made, especially for European neonatal intensive care 

units, where NEC incidence is relatively low.74 Probiotics may prevent NEC by promoting 

colonization of the gut with beneficial organisms, preventing colonization by pathogens, 

improving the maturity and function of gut mucosal barrier, and modulating the immune 

system (e.g., TLR4 receptor, nuclear factor-κB, inflammatory cytokines) to the advantage 

of the host.75‑76 Probiotic microorganisms are expected to colonize the gut, compete with 

pathogens, improve the gut barrier function and permeability, and modulate immune 

function.77‑78

Thesis Outline and Aims

A better understanding of the innate defense mechanisms that are involved in NEC 

would enable us to identify preventative strategies and therapeutic targets to prevent or 

cure this disease. Therefore, the main aims of this thesis are:

1.	 To study intestinal epithelial defense mechanisms in early postnatal life in mice and 

humans

2.	 To study the effect of dietary interventions on intestinal epithelial barrier function in 

vitro and in vivo
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Part I: Intestinal epithelial defense mechanisms in early postnatal life
In Part I we studied the development of colitis during perinatal life and during suckling-

weaning transition in Muc2‑/‑ mice. In this period there is a major change in the diet, i.e. 

during weaning mice are transferred from mothers’ milk to pelleted food. Moreover, bac-

terial colonization is altered during this time frame, which makes this model a powerful 

tool to study innate defense responses during colitis development. We previously dem-

onstrated that Muc2‑/‑ mice display clinical and histological signs of colitis from the age 

of 5 weeks onwards. To study whether absence of Muc2 already causes development of 

colitis during fetal life or in the early postnatal period, we investigated the consequences 

of Muc2-deficiency during different phases, e.g., during embryonic development, im-

mediately after birth and during suckling-weaning transition in Chapter 2. To identify 

genes and biological responses that play a pivotal role during colitis development in 

the pre- and post weaning period of Muc2KO mice, intestinal gene expression profiles 

were studied in Chapter 3. In Chapter 4 we concentrated on a subset of antimicrobial 

proteins that are controlled by the recognition of microbe associated molecular patterns 

by pattern recognition receptors expressed by the epithelial cells, namely the regenerat-

ing genes Reg3β and Reg3γ and angiogenin. Finally, innate defense in NEC patients was 

studied in biopsies from premature infants that underwent surgery for severe NEC in 

Chapter 5. The expression of antimicrobial peptides was studied during the acute and 

regenerative phase of NEC. Moreover, the effect of human milk feeding versus formula 

feeding on innate defense capacity was studied by measuring Paneth cell products in 

ileostomy outflow fluid and subsequently determining the antimicrobial capacity.

Part II: Effect of dietary interventions on intestinal epithelial barrier 
function
Part II describes the effect of dietary interventions on epithelial barrier function and in-

nate defense. In search for the mechanism through which probiotics exert their beneficial 

effect, we studied the effect of the probiotic Lactobacillus rhamnosus GG on mucin MUC2 

synthesis in a goblet-cell like cell culture model and we discuss the mechanisms that are 

responsible for this effect (Chapter 6). Subsequently, we examined the effect of bacterial 

fermentation products (short chain fatty acids, SCFA) on MUC2 synthesis in Chapter 7. 

Moreover, we investigated the mechanisms that regulate butyrate-mediated effects on 

MUC2 synthesis. Finally, we studied the effect of a purified diet versus a non-purified diet 

and probiotic supplementation on disease severity in the Muc2‑/‑ colitis model (Chapter 

8). Finally, we conducted a dual-isotope tracer infusion in preterm piglets and preterm 

infants. The mucin MUC2 is a glycoprotein that contains high amounts of the amino acid 

threonine. We studied the preferential site of threonine absorption for Muc2 synthesis, 

i.e. basolateral or luminal, in partially enterally fed preterm infants and in colostrum and 

formula fed preterm pigs in Chapter 9.
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This thesis will finish with a general discussion and an elaboration on recommended 

future perspectives in Chapter 10. A summary of the results of the studies is given in 

Chapter 11.
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Abstract

Background: The mucin Muc2 is the structural component of the colonic mucus layer. 

Adult Muc2 knockout (Muc2‑/‑) mice suffer from severe colitis. We hypothesized that 

Muc2-deficiency induces inflammation before weaning of mother’s milk with aggrava-

tion of colitis after weaning. Methods: Muc2‑/‑ and wild type mice were sacrificed at 

embryonic day 18.5, and postnatal (P) day 1.5, 7.5, 14, 21, and 28. Colonic morphol-

ogy, influx of T-cells, and goblet cell-specific protein expression was investigated by 

(immuno)histochemistry. Cytokine and Toll-like receptor (Tlr) profiles in the colon were 

analyzed by quantitative RT-PCR. Results: Muc2‑/‑ mice showed an influx of CD3ε 

-positive T-cells into the colonic mucosa as of P1.5 and progressive crypt lengthening 

as of weaning, at P21. Before weaning (P14) the pro-inflammatory immune response 

(i.e. increased Il-12 p35, Il-12 p40, and Tnf-α, expression) in Muc2‑/‑ mice was ac-

companied by an immune suppressive response (i.e. increased Foxp3, Tgfβ1, Il-10, 

and Ebi3 expression). In contrast, after weaning (P28) a pro-inflammatory response 

remained, whereas the immune suppressive response (i.e. Foxp3 and Tgfβ1 expres-

sion) declined. Interestingly, Tlr2 and MyD88 expression levels in Muc2‑/‑ mice also 

decreased after weaning. Finally, colitis in Muc2‑/‑ mice aggravated after weaning as 

reflected by decreased body weights, further increase in crypt lengthening, and per-

sistent presence of T-cells in the mucosa. Conclusions: In conjunction, our data show 

that colitis in Muc2‑/‑ mice is limited before weaning and exacerbates after weaning 

suggesting that mother’s milk possesses protective capacities and/or that alterations 

in the intestinal microbiota, which occur during the suckling-weaning transition, influ-

ence colitis development.

Key words: colitis, bacterial colonization, mother’s milk, Toll-like receptor
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Introduction

The exact etiology of inflammatory bowel diseases (IBD) such as ulcerative colitis (UC) 

and Crohn’s disease (CD), but also necrotizing enterocolitis (NEC), is still partly unknown. 

Genetic susceptibility and environmental agents are known to be involved in causing 

IBD.1‑2 In NEC, prematurity as well as dysmaturity and formula feeding are the only 

consistent risk factors associated with the development of this disease.3‑5 However, the 

intestinal microbiota seems to play a key role in the onset and perpetuation of inflamma-

tion in all these disease entities that share the feature of (entero-)colitis. This is supported 

by the fact that several models for IBD and NEC only develop disease when colonized 

with bacteria, but not under germ-free conditions.6‑7

Detection of bacteria in the intestine is mediated by Toll-like receptors (TLRs), 

which are a family of pattern recognition receptors. Following bacterial recognition, 

TLRs recruit and activate a variety of signal transducing adaptor proteins, which trigger 

a cascade of signaling pathways and ultimately lead to the activation of transcription 

factors such as NF-κB and interferon regulatory factors (IRFs). Finally, this results in the 

transcription of pro-inflammatory cytokines, type I interferons and chemokines. Intestinal 

epithelial cells acquire tolerance following colonization, presumably to permit coloniza-

tion without chronic inflammation.8 However, aberrant expression levels of TLRs have 

been related to decreased tolerance and the onset and perpetuation of disease. For 

example, TLR4 is known to be upregulated in CD and UC and the expression of TLR4 

and TLR2 is upregulated in lamina propria macrophages as well as intestinal epithelial 

cells in IBD patients.9‑11 Additionally, TLR4 which is thought to play an important role in 

the development of NEC, appears to be up-regulated in several rodent NEC models.12‑15

Contact between bacteria and TLRs is limited due to the presence of a physical 

barrier that is formed by the intestinal mucus layer, of which the mucin MUC2 is the 

structural component. Johansson et al.16 elegantly showed that the mucus layer exists of 

two separate layers. The inner colonic mucus layer, which is in contact with the epithelial 

cells, is devoid of bacteria. Accordingly, the absence of a protective mucus layer, as in 

Muc2‑/‑ mice, allows bacteria to come into direct contact with the epithelial cells, causing 

intestinal inflammation. Importantly, decreased numbers of goblet cells, the producers of 

MUC2, and a thinner mucus layer have been related to IBD17‑20 and NEC.21 Absence of, 

or breaches in, the mucus layer increase and intensify bacterial-TLR interactions, which in 

turn might lead to alterations in TLR expression levels.

We previously demonstrated that Muc2‑/‑ mice display clinical and histological 

signs of colitis from the age of 5 weeks on.22 It is unknown whether absence of Muc2 

already causes development of colitis in the early postnatal period, more specifically, 

before weaning of mother’s milk. In the present study we investigated the consequences 

of Muc2-deficiency during different phases, e.g., during embryonic development, im-
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mediately after birth and during suckling-weaning transition. We hypothesized that lack 

of Muc2 induces the development of colitis early after birth, which aggravates during 

the suckling-weaning transition. We therefore studied morphological changes, influx of 

immune cells, and expression levels of pro-inflammatory and immune suppressive cyto-

kines as parameters for colitis development. Furthermore, we analyzed the expression 

profiles of Tlrs, Tlr adaptor proteins and the Tlr activated transcription factor Irf3 during 

the pre- and post-weaning period in wild type (WT) and Muc2‑/‑ mice.

Materials and methods

Animals
Muc2‑/‑ mice were bred as previously described.22 All mice were generated from Muc2+/‑ 

breedings. Mice were housed in the same specific pathogen–free environment with 

free access to standard rodent pellets (Special Diets Services, Witham, Essex, England) 

and acidified tap water in a 12-hour light/dark cycle. Animal care and procedures were 

conducted according to institutional guidelines (Erasmus MC Animal Ethics Committee, 

Rotterdam) The Netherlands). Wild-type and Muc2‑/‑ mice were tested negative for Heli-

cobacter hepaticus and norovirus infection.

Experimental setup
Wild-type (WT) and Muc2‑/‑ littermates were housed together with their birth mother until 

weaning at the age of 21 days. WT and Muc2‑/‑ mice were sacrificed at the embryonic (E) 

age of 18.5 days and postnatal (P) ages of 1.5; 7.5; 14; 21, and 28 days. Colonic tissue 

was excised immediately and either fixed in 4% (wt/vol) paraformaldehyde in phosphate-

buffered saline (PBS), stored in RNAlater (Qiagen, Venlo, The Netherlands) at -20°C, or 

frozen in liquid nitrogen and stored at -80°C.

Histology and histologic grading
Tissue fixed in 4% (wt/vol) paraformaldehyde in PBS was prepared for light microscopy, 

and 4-μm-thick sections were stained with hematoxylin and eosin (H&E) to study histo-

logical changes. To detect differences in mucosal and epithelial thickness in the colon, 10 

well-oriented crypts were chosen per intestinal segment and measured using calibrated 

Leica Application Suite software, version 3.2.0 (Leica Microsystems BV, Rijswijk, The 

Netherlands). Values are expressed in micrometer (μm) and depicted as box-and-whisker 

diagrams (maximum value, upper quartile, median, lower quartile and minimal value 

respectively).
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Immunohistochemistry
Four-micrometer-thick sections were cut and prepared for immunohistochemistry (IHC) as 

described previously23 using the Vectastain Elite ABC kit (Vector Laboratories, Burlingame, 

CA) and 3,3’-diaminobenzidine as staining reagent. Antigen unmasking was carried out by 

heating the sections for 20 min in 0.01 M sodium citrate (pH 6.0; Merck, Darmstadt, Ger-

many) at 100°C. Cd3-positive cells were detected using a mouse monoclonal anti-human 

Cd3ε antibody, which also cross-reacts with mouse Cd3ε. (DAKO, Heverlee, Belgium; 1:800 

diluted in 1% bovine serum albumin, 0.1% Triton X-100 in PBS). To detect Tff3, rabbit-

anti-rat TFF3 (1:3000 in PBS; a generous gift from D. K. Podolsky24) was used. Muc4 was 

stained using an anti-human-MUC4 rabbit-polyclonal antibody (hHA-1) that recognizes the 

AGYRPPRPAWTFGD amino acid sequence of the C-terminal peptidic region of MUC4α 

subunit, which is homologous in humans and mice. The antibody was diluted 1:6000 in 1% 

BSA, 0.1% Triton X-100 in PBS. Irf3 was stained using anti-mouse Irf3 (Abcam, Cambridge, 

United Kingdom), diluted 1:500 in 1% bovine serum albumin, 0.1% Triton X-100 in PBS.

Quantitative Real-Time RT-PCR (TaqMan Technology)
Total RNA was prepared using the RNeasy midi-kit from Qiagen (Venlo, the Netherlands) 

and a total of 1.5 μg was used to prepare cDNA. The mRNA expression levels of all 

Table 1. Primer sequences for qRT-PCR

Gene Forward primer Reverse primer

Tlr2 AAG ATG CGC TTC CTG AAT TTG TCC AGC GTC TGA GGA ATG C

Tlr4 AAT CCC TGC ATA GAG GTA GTA ATC CAG CCA CTG AAG TTC T

Tlr9 TCT CCC AAC ATG GTT CTC AAC GGG GTA CAG ACT TCA

Myd88 CCT GCG GTT CAT CAC TAT GGC TCC GCA TCA GTC T

Cd3 CCA GCC TCA AAT AAA AAC A TTG GCC TTC CTA TTC TTG

Cd45 TTT GGG AAC ATT ACT GTG AA TGG AGC ACA TGA GTC ATT AG

Foxp3 ACA CCC AGG AAA GAC AG GGC AGT GCT TGA GAA AC

Il-12α (P35 subunit) GCC TTG GTA GCA TCT ATG AG TCG GCA TTA TGA TTC AGA GA

Ebi3 CCC GGA CAT CTT CTC TCT GAG GCT CCA GTC ACT TG

Tgfβ1 AAC CAA AGA CAT CTC ACA CA GCC AGG AAT TGT TGC TAT

Tnfα TGG CCT CCC TCT CAT C GGC TGG CAC CAC TAG TT

Ifnγ CGG CAC AGT CAT TGA AA TGC CAG TTC CTC CAG AT

Il-10 CAA GCC TTA TCG GAA ATG CAT GGC CTT GTA GAC ACC

Tff3 GGC TGC TGC TTT GAC TC AGC CTG GAC AGC TTC AA

Muc4 CCC GCT CAT CCA CTA TC TGG CCT CCA TTG TGA C

villin TCG GCC TCC AGT ATG TAG CGT CTT CGG GGT AGA ACT

β-actin GGG ACC TGA CGG ACT AC TGC CAC AGG ATT CCA TAC
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studied genes were quantified using quantitative real-time PCR (qRT-PCR) analysis (TAQ-

man chemistry) based upon the intercalation of SYBR Green on an ABI prism 7900 HT 

Fast Real Time PCR system (PE Applied Biosystems) as previously described.25 All primer 

combinations were designed using OLIGO 6.22 software (Molecular Biology Insights) 

and purchased from Invitrogen. An overview of all primer sequences is given in Table 1.

Statistical analysis
Statistical significance was assessed using the Mann-Whitney U test. (Prism, version 5.00; 

GraphPad software, San Diego, CA). The data were considered statistically significant at 

P < 0.05.

Results

Significant growth retardation in Muc2‑/‑ mice occurs after weaning
Before birth, at P1.5 days and prior to weaning (at P14 and P21), there were no significant 

differences in body weight between Muc2‑/‑ mice and WT mice. However, after weaning, 

at P28, a significant difference in body weight was observed, as Muc2‑/‑mice were lighter 

than WT mice (Fig. 1). No additional clinical symptoms of colitis (i.e. diarrhea, occult 

blood loss, rectal prolapse) were seen before the age of 28 days.

Characteristic changes in colon morphology are present from the age of 
28 days
H&E staining was used for morphological analysis. No morphological differences were 

present before birth between Muc2‑/‑ and WT mice, except for the absence of the char-
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Figure 1

Figure 1. Body weight of WT and Muc2‑/‑ mice during postnatal age P1.5 to P28.
Body weight of WT (white bars) and Muc2‑/‑ (shaded bars) mice in time. No significant differences were 
observed between WT and Muc2‑/‑ mice, except at the age of 28 days. Values are depicted as mean±SEM.
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acteristic bell-shaped morphology of the goblet cells. There were no evident signs of 

inflammation or epithelial damage at E18.5, P1.5 and P14 (Fig. 2). A change in morphol-

ogy was seen after weaning, with the first signs of colitis, such as epithelial flattening 

and superficial erosion at P28 (Fig. 2). Crypt length increased during aging and was 

significantly different between WT and Muc2‑/‑ mice at P21 and P28 (Fig. 3).

P14 P21P1.5 P28E18.5

Figure 2

Figure 2. Colonic morphology of WT and Muc2‑/‑ mice
Morphology of the distal colon in WT (upper panels) and Muc2‑/‑ (lower panels) mice by hematoxylin 
and eosin staining. Representative sections of the distal colon are depicted at E18.5, P1.5, P14, P21 and 
P28. The tissue samples are representative of all mice in the studied groups. Note, no evident signs of 
inflammation or epithelial damage were seen at E18.5, P1.5 and P14. After weaning, at P28, the first signs 
of colitis (i.e. epithelial flattening and superficial erosion were seen. (See Color Section, p. 233.)
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Figure 3. Crypt length is significantly increased in Muc2‑/‑ mice at P21 and P28
Crypt length in the distal colon of WT (solid boxes) and Muc2‑/‑ (shaded boxes) mice at age 14 days (white), 
21 days (light grey) and 28 days (dark grey). Crypt length was significantly different between WT and 
Muc2‑/‑ at the age of 21 and 28 days.
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Lymphocyte Infiltration is increased in Muc2‑/‑ mice shortly after birth
Cd3ε was used as a marker for T-cell infiltration and was analyzed by immunohistochem-

istry (Fig. 4, showing representative stained sections for WT and Muc2‑/‑ mice). At P1.5 

there was already a marked increase in the amount of Cd3ε -positive T-cells in Muc2‑/‑ 

mice, while in WT mice there were hardly any Cd3ε -positive T-cells visible. Interestingly, 

the abundance of Cd3ε -positive T-cells slightly increased in WT mice before weaning, 

whereas a subsequent decrease was observed after weaning. In contrast, in Muc2‑/‑ mice 

a marked increase in the amount of Cd3ε -positive T-cells during aging was seen regard-

less of weaning. Moreover, the number of infiltrating Cd3ε -positive cells was higher in 

Muc2‑/‑ mice compared to WT mice at each time point investigated.

In addition to the immunohistochemical analysis we determined the presence of 

immune cells by qRT-PCR (Fig 5A-C). Cd45 was used as a marker for all differentiated 

hematopoietic cells except erythrocytes and plasma/B-cells, Cd3ε as marker for T-cells, 

and Foxp3 as marker for regulatory T-cells (Treg cells). At P14 and P28 Muc2‑/‑ mice 

Figure 4

P14 P28P1.5

Figure 4. The amount of Cd3-positive T-cells is increased in Muc2‑/‑ mice before and after weaning
Infiltration of T-cells determined by Cd3 immunohistochemistry on distal colon sections at different ages 
(P1.5, P14 and P28). Inserted pictures show higher magnification to point out individual Cd3-positive 
T-cells. The tissue samples are representative of all mice in the studied groups. Note, the influx of Cd3-
positive T-cells, was increased in WT as well as Muc2‑/‑ mice before weaning. Weaning from mother’s milk 
resulted in exacerbation of colitis in Muc2‑/‑ mice, but not WT mice. (See Color Section, p. 234.)
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showed a significant increase in Cd45 levels and a trend toward increased expression 

of Cd3ε, respectively, indicating increased numbers of immune cells/T-cells in Muc2‑/‑ 

mice compared to WT mice. Gene expression levels of Foxp3, the marker for Treg cells, 

which have immune suppressive functions, were significantly increased in Muc2‑/‑ mice 

compared to WT mice at P14 but not at P28. Moreover, in Muc2‑/‑ mice expression levels 

of Foxp3 were significantly decreased at P28 compared to P14.

Cd3ε

0.0000

0.0001

0.0002

0.0003

0.0004

0.0005

R
el

at
iv

e 
m

R
N

A 
ex

pr
es

si
on

A

IL12 p35

0.000

0.005

0.010

0.015

0.020
0.0079 0.0079

0.0079

R
el

at
iv

e 
m

R
N

A 
ex

pr
es

si
on

D

Figure 5

G

Cd45

0.00

0.02

0.04

0.06

0.08
0.2
0.3
0.4

0.0317

R
el

at
iv

e 
m

R
N

A 
ex

pr
es

si
on

B

Ebi3

0.00
0.02
0.04
0.06
0.08

0.2

0.3

0.4
0.0159

0.0079

R
el

at
iv

e 
m

R
N

A 
ex

pr
es

si
on

E

Ifn-γ

14 14 28 28
0.000

0.001

0.002

0.003

0.004

R
el

at
iv

e 
m

R
N

A 
ex

pr
es

si
on

H
Tnf-α

14 14 28 28
0.00

0.01

0.02

0.03

0.04

0.2
0.4

0.0159

0.0079

0.0079

R
el

at
iv

e 
m

R
N

A 
ex

pr
es

si
on

Foxp3

0.00

0.01

0.02

0.03 0.01190.0079

R
el

at
iv

e 
m

R
N

A 
ex

pr
es

si
on

C

Tgf-β1

0.0

0.2

0.4

0.6

0.8

1.0 0.00790.0079

0.0317

R
el

at
iv

e 
m

R
N

A 
ex

pr
es

si
on

F

IL-10

14 14 28 28
0.000

0.001

0.002

0.003

0.004

0.005 0.0079

R
el

at
iv

e 
m

R
N

A 
ex

pr
es

si
on

I

WT P14 Muc2-/- P14 WT P28 Muc2-/- P28

Days after birth Days after birth Days after birth

Figure 5. Altered expression of immune response genes in Muc2‑/‑ mice before and after weaning
Relative gene expression levels of immune response genes in the distal colon of WT and Muc2‑/‑ mice 
at P14 and P28. Gene expression levels were normalized to β-actin and depicted as median. Groups 
are depicted as: WT, P14 ♦; Muc2‑/‑, P14 ◊; WT, P28 ●; and Muc2‑/‑ , P28 ○. Note, a strong immune 
response was seen before weaning (at P14) with increased expression of Cd45, Cd3ε, Foxp3, Il-12 p35, 
Ebi3, Tgfβ1, Tnf-α, and Il-10 gene expression levels in the distal colon of Muc2‑/‑ mice. After weaning, at 
P28, Foxp3, Il-12 p35, Tgfβ1, and Tnf-α gene expression levels are significantly down-regulated in Muc2‑/‑ 
mice (compared to P14), whereas Il-10 gene expression levels are maintained.
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Altered cytokine gene expression profiles in Muc2‑/‑ mice before and after 
weaning
To assess the development of colitis into further detail, gene expression levels of a 

subset of cytokines, as mentioned in Table 1, were analyzed. We first focussed on Il-35, 

a heterodimer of Il-12 p35 and Ebi3, which is produced by Treg cells and inhibits T-cell 

proliferation and thereby limits inflammation. Both Il-12 p35 (Fig. 5D) and Ebi3 (Fig. 5E) 

were significantly higher in Muc2‑/‑ mice compared to WT mice at P14. Interestingly, Il-12 

p35, which is expressed at much lower levels than Ebi3 and therefore determines Il-35 

levels 26, decreased significantly from P14 till P28 in Muc2‑/‑ mice, but not in WT mice. 

Gene expression levels of Tgfβ1, another peptide with immune suppressive capacities 

significantly increased in WT mice from P14 to P28. However, in Muc2‑/‑ mice, expression 

of Tgfβ1 significantly decreased from P14 till P28 (Fig. 5F). Furthermore, at P28, expres-

sion of Tgfβ1 was significantly lower in Muc2‑/‑ mice compared to WT mice.

Tnf-α, a pro-inflammatory cytokine produced by macrophages, dendritic cells and 

subsets of T-cells known as Th1 and Th17 cells, is significantly higher in Muc2‑/‑ mice 

compared to WT mice at P14 as well as P28 (Fig. 5G). Yet, in Muc2‑/‑ mice Tnf-α gene 

expression levels decreased from P14 till P28, whereas in WT mice Tnf-α expression re-

mained stable. Ifn-γ, which is also a pro-inflammatory cytokine and generally related to a 

Th1-type immune response, was not significantly different between WT and Muc2‑/‑ mice 

at P14 and P28, neither were there significant differences from P14 to P28 in WT nor in 

Muc2‑/‑ mice (Fig. 5H). Il-10, an immune suppressive cytokine that inhibits the expres-

sion of pro-inflammatory cytokines like Ifn-γ, Il-2 and Tnf- α, was significantly higher in 

Muc2‑/‑ mice compared to WT mice at P14 (Fig. 5I). Interestingly, in Muc2‑/‑ mice Il-10 

gene expression levels remained high as gene expression levels were similar between 

P14 and P28. Finally, in WT mice Il-10 expression levels showed a trend toward increased 

expression from P14 to P28.

Altered mRNA expression of TLRs and TLR signaling molecules correlate 
with colitis development
Since bacterial colonization plays a pivotal role in the development of colitis, we studied 

the expression of several Tlrs and Tlr signaling molecules during the suckling-weaning 

transition, i.e. P14 versus P28, in WT and Muc2‑/‑ mice. Gene expression levels of Tlr2, 

a Tlr that recognizes several bacterial ligands such as glycolipids, lipopeptides and 

lipoproteins, was not significantly different between WT and Muc2‑/‑ mice at the age 

of 14 days. Nevertheless, at P28 there was a significantly lower level of Tlr2 mRNA in 

Muc2‑/‑ mice compared to WT mice (Fig. 6A). The mRNA expression of Tlr4, a receptor 

for which lipopolysaccharide (LPS) is an important ligand, was significantly increased in 

Muc2‑/‑ mice at P14 compared to WT mice (Fig. 6B). Although not significant, there was 

still a trend toward increased Tlr4 mRNA expression in Muc2‑/‑ mice at P28. Tlr9, the Tlr 
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for unmethylated CpG DNA (i.e. bacterial DNA), showed increased mRNA expression 

levels in Muc2‑/‑ mice compared to WT mice at P14 (P = 0.0317) and P28 (nonsignificant) 

(Fig. 6C). Finally, Myeloid differentiation factor 88 (Myd88), an intracellular signaling 

adaptor protein that plays a role in Tlr signal transduction, was studied. There were no 

significant differences in MyD88 mRNA expression levels between WT and Muc2‑/‑ mice 

at P14 and at P28. However, in Muc2‑/‑ mice expression of MyD88 mRNA was significantly 

decreased at P28 compared to P14, whereas in WT mice expression levels remained 

unaltered (Fig. 6D).
Figure 6
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Figure 6. Altered expression of Tlrs and MyD88 before and after weaning
Relative mRNA expression levels of TLRs and TLR signaling molecules in the distal colon of WT and Muc2‑/‑ 
mice at P14 and P28. Tlr2 mRNA was significantly different between WT and Muc2‑/‑ mice at the P28. In 
Muc2‑/‑ mice expression significantly decreased during aging (A). Expression of Tlr4 was significantly higher 
in Muc2‑/‑ mice compared to WT mice at P14 (B). Tlr9 expression was significantly higher in Muc2‑/‑ mice 
at P14 compared to WT mice (C). MyD88 significantly decreased during aging in Muc2‑/‑ mice (D). Gene 
expression levels were normalized to β-actin and depicted as median. Groups are depicted as: WT, P14 ♦; 
Muc2‑/‑, P14 ◊; WT, P28 ●; and Muc2‑/‑, P28 ○.
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Goblet cell differentiation is altered in Muc2‑/‑ mice
The mucin Muc4 and trefoil factor 3 (Tff3) were used as goblet cell markers. In both 

types of mice Tff3-positive and Muc4-positive goblet cells were localized from the lower 

crypt till the surface epithelium at E18.5 and P1.5 (Fig. 7A). A similar localization of Tff3-

positive goblet cells was seen at P14 and P28 (Fig. 7A, upper panel). Interestingly, due to 

crypt lengthening in Muc2‑/‑ mice the total number of Tff3-positive goblet cells seemed 

to increase at P28 compared with WT mice at P28 and with Muc2‑/‑ mice at P14. Focusing 

on Muc4 expression we observed that Muc2‑/‑ mice hardly showed Muc4-positive goblet 

cells at P14 and P28 compared to WT mice (Fig. 7A, lower panel).

Next to the Tff3 and Muc4 protein localization studies, qRT-PCR was performed 

to determine Tff3 and Muc4 gene expression levels normalized to villin, which in the 

colon is mainly expressed by enterocytes (Fig. 7B). In WT mice, Tff3 gene expression 

decreased from P14 to P28, whereas Muc4 gene expression increased. In Muc2‑/‑ mice 

both Tff3 and Muc4 gene expression levels did not show any increase or decrease and 

were thus comparable between P14 and P28. Remarkably, at P14 Tff3 mRNA levels were 

significantly lower in Muc2‑/‑ mice than in WT mice.

Expression of Irf3 protein is increased in Muc2‑/‑ mice
We were not able to analyze TLR protein expression levels or localization as expression 

levels were either to low or due to the lack of antibodies suitable for immunohistochem-

istry on paraffin embedded tissues. Therefore, we determined the localization of inter-

feron regulatory factor 3 (Irf3) as a parameter for MyD88-independent TLR4-signaling. 

Representative stained tissue samples are shown in Figure 8B. In WT mice IRF3 expres-

sion was confined to the nuclei of the epithelial cells of the surface epithelium, whereas 

in Muc2‑/‑ mice, nuclear Irf3 staining was seen in the epithelial cells along the entire 

crypts and the surface epithelium, suggesting increased TLR4 signaling in Muc2‑/‑ mice. 

Additionally, in Muc2‑/‑ mice Irf3 expression was also observed in the nuclei of many cells 

within the lamina propria.

Discussion

In the present study we analyzed the development of colitis during the early post-

natal period and suckling-weaning transition. We found that severe signs of colitis in 

Muc2‑/‑ mice develop only after weaning of mother’s milk, notwithstanding the fact that 

subtle signs of colitis were already seen before weaning. Furthermore, expression of pro-

inflammatory and immune suppressive cytokines, Tlrs, Tlr-related signaling molecules, 

and the Tlr activated transcription factor Irf3 appeared to be altered during the pre- and 

post weaning period in this colitis model.
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Figure 7. Embryonic and early postnatal expression of intestinal goblet cell markers in the distal 
colon of WT and Muc2‑/‑ mice
(A) Immunohistochemical staining for Tff3 (upper panel) and Muc4 (lower panel) in distal colon of WT and 
Muc2‑/‑ mice at embryonic age 18.5 days (E18.5) and postnatal age of 1.5 (P1.5), 14 (P14) and 28 (P28) 
days. For each type of staining, upper panels represent WT mice and lower panels represent Muc2‑/‑ mice. 
The tissue samples are representative of all mice in the studied groups. (B) Tff3 (left) and Muc4 (right) gene 
expression levels normalized to villin gene expression and depicted as median. Groups are depicted as: 
WT, P14 ♦; Muc2‑/‑, P14 ◊; WT, P28 ●; and Muc2‑/‑ , P28 ○. Note, Muc2‑/‑ mice hardly show Muc4-positive 
goblet cells at P14 and P28, but Muc4 gene expression levels in Muc2‑/‑ mice are comparable with WT 
mice. An increase in Tff3-positive goblet cell numbers is seen in Muc2‑/‑ mice at P28 compared to WT at 
P28 and Muc2‑/‑ mice at P14. Tff3 gene expression levels normalized to villin are comparable between 
Muc2‑/‑ mice at P28 and WT at P28 and Muc2‑/‑ mice at P14.
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First of all, our developmental study shows that, except for a significant differ-

ence in body weight at the age of 28 days, no clinical symptoms of colitis occur before 

this age in Muc2‑/‑ mice. Secondly, histological examination revealed no morphologi-

cal alterations in Muc2‑/‑ mice before birth or shortly after birth, except for the lack of 

recognizable goblet cells, which has been described before.27 Crypt lengthening was 

the first subtle histological sign of colitis in Muc2‑/‑ mice and was seen at the age of 

21 days. More pronounced histological signs of colitis such as epithelial flattening and 

superficial erosion were observed from the age of 28 days. In conjunction, these data 

identify the suckling-weaning transition as an important period during which colitis is 

initiated in Muc2‑/‑ mice. As the transition from breast milk to solid food takes place in this 

time frame, these data suggest that breast milk might limit the development of colitis in 

Muc2‑/‑ mice. Furthermore, these data might also indicate that the intestinal microbiota is 

involved in colitis induction in Muc2‑/‑ mice, as the suckling weaning transition coincides 

with dramatic changes in bacterial colonization.28‑30

One of the most striking so-called ‘subtle changes’ in Muc2‑/‑ mice appears to be 

the rapid and permanent increase in the number of infiltrating Cd3ε -positive T-cells from 

P1.5 to P28. The influx of Cd3ε -positive T cells into the colonic mucosa shortly after birth 

is the first indicator of colitis development in these mice. These data also demonstrate 

that the inflammatory process in Muc2‑/‑ mice is triggered before morphological changes 

are seen and that Muc2‑/‑ mice are predestined to develop colitis. Interestingly, in WT 

mice an increased influx in Cd3ε-positive T-cells into the colonic mucosa occurred shortly 

before weaning (P14), which decreased again after weaning (P28). This influx of T-cells 

might be considered as a physiological phenomenon, as T cells and T cell activity is 

necessary for intestinal growth during weaning, as reviewed by Cummings et al.31

Figure 8

50μm

WT Muc2-/-

Figure 8. Expression of Irf3 protein in distal colon of WT and Muc2‑/‑ mice
Expression and localization of IRF3 in distal colon of WT (left panel) and Muc2‑/‑ mice (right panel) at P28 
was studied by immunohistochemistry. In WT mice Irf3 expression is confined to the nuclei of the epithelial 
cells of the surface epithelium, whereas in Muc2‑/‑ mice, nuclear Irff3 staining is seen in the epithelial cells 
along the entire crypts and the surface epithelium. Tissue samples are representative of all mice in the 
studied groups. (See Color Section, p. 234.)
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The increase in Cd45, Cd3ε, Foxp3 gene expression levels in combination with 

increased Il-12 p35, Il-12 p40, Ebi3, Tgfβ1, Tnfα, and Il-10 gene expression levels in 

the colon of Muc2‑/‑ mice before weaning (P14), imply that in Muc2‑/‑ mice a vigorous 

immune response is already developing before weaning. This immune response involves 

Cd45- and Cd3-positive T cells and the pro-inflammatory cytokine Tnf-α and likely Il-12 

(i.e. a heterodimer of Il-12 p35 and Il-12 p40), and is counter balanced by Foxp3-positive 

Treg cells and the immune suppressive cytokines Tgfβ1, Il-10, and most likely Il35 (i.e. the 

heterodimer of Il12p35 and Ebi3). After weaning, at P28, Foxp3, Il-12 p35, Tgfβ1, and 

Tnf-α gene expression levels are significantly down-regulated in Muc2‑/‑ mice (compared 

to P14), whereas Il-10 gene expression levels are maintained. As the immune suppressive 

cytokine Il-10 is known as a Th2 cytokine32, these data suggest that after weaning the 

immune response in Muc2‑/‑ mice might be dominated by a Th2 response.

Next, we studied the expression of different Tlrs and Tlr signaling molecules that 

are involved in recognizing bacterial products in the intestinal lumen. We focused our at-

tention on Tlr2, Tlr4, and Tlr9 as these Tlrs enable us to differentiate between responses 

that are induced by Gram-positive bacteria which mainly induce a TLR2 response, Gram-

negative bacteria that signal predominantly through TLR4, and bacterial CpG-DNA 

motifs which signal via TLR9.33 Decreased expression of Tlr2 was seen after weaning, 

at P28, in Muc2‑/‑ mice, correlating with the occurrence of severe signs of colitis. Loss 

of Tlr2 has been related to exacerbation of intestinal inflammation.34 Additionally, it has 

also been demonstrated that Tlr2 deficiency predisposes to stress-induced injury of tight 

junction modulated barrier function, leading to perpetuation of mucosal inflammation 

and apoptosis.35 Thus, besides loss of barrier function due to absence of a protective 

mucus layer, barrier function might be further impaired in Muc2‑/‑ mice by loss of well-

functioning tight junctions due to partial Tlr2 deficiency after weaning.

 Although not always significant, expression of Tlr4 and Tlr9 was higher in Muc2‑/‑ 

mice before (P14) and after weaning (P28) compared to WT mice. Overexpression of 

TLR4 is seen in the intestinal mucosa of IBD patients.9 In dextran sulfate sodium-induced 

colitis in mice, Tlr4 appeared to be involved in the induction of colitis as well as the 

recovery phase of colitis.36 In Muc2‑/‑ mice, increased Tlr4 mRNA expression and the 

increased expression of its downstream target IRF3, coincided with aggravation of colitis, 

suggesting that TLR4 might also play a role in the perpetuation of colitis. Additionally, 

Obermeier et al. showed that CpG-DNA from endogenous bacteria and thus TLR9 con-

tributes to the perpetuation of chronic intestinal inflammation.37 Therefore, the increased 

expression of Tlr9 in Muc2‑/‑ mice compared to WT mice might also imply a role for TLR9 

in colitis in Muc2‑/‑ mice.

Expression levels of MyD88 mRNA, which forms a signaling complex with the 

activated Tlrs, were significantly lower in Muc2‑/‑ mice at the age 4 weeks compared 

to 2 weeks. MyD88 is crucial for the activation of the innate immune defense against 
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micro-organisms.38‑40 Moreover, it was shown that MyD88‑/‑ mice exhibited increased 

susceptibility to DSS-induced colitis and that the MyD88-dependent pathway may 

directly promote the proliferation and survival of colitogenic CD4-positive T cells to 

sustain chronic colitis, implying a role for MyD88 in colitis.41‑42 One could speculate that 

MyD88 expression is down-regulated in 28-day-old Muc2‑/‑ mice to protect the intestinal 

epithelium from aberrant TLR-signaling due to deviant bacterial colonization, however 

more studies are necessary to confirm this.

In addition to the molecules involved in the inflammatory response, we studied 

the function and differentiation of goblet cells during colitis development. Immunohisto-

chemical analysis revealed an increase in Tff3-positive goblet cell numbers in Muc2‑/‑ mice 

at P28 compared to WT at P28 and Muc2‑/‑ mice at P14. It is highly likely that this increase 

in goblet cell numbers is due to the observed crypt elongation in Muc2‑/‑ mice, which 

leads to an increase in epithelial cells in general and thereby also to more goblet cells. 

The increase in goblet cells is most likely not caused by a predominant differentiation to 

goblet cells at the expense of other epithelial cell types as Tff3 gene expression levels 

normalized to villin (i.e. a gene, which in the colon is mainly expressed by enterocytes) 

are comparable between Muc2‑/‑ mice and WT at P28 and between Muc2‑/‑ mice at P28 

and Muc2‑/‑ mice at P14. Nevertheless, as Tff3 is known to be an important factor that 

contributes to healing after mucosal injury throughout the gastrointestinal tract43‑46, the 

increased Tff3-positive goblet cell numbers in Muc2‑/‑ mice at P28, might be a compensa-

tory mechanism stimulating mucosal regeneration.

Finally, Muc2‑/‑ mice hardly show Muc4-positive goblet cells at P14 and P28. Yet, 

Muc4 gene expression levels in Muc2‑/‑ mice are comparable with WT mice. In con-

junction, these results imply that Muc4 protein secretion is increased in Muc2‑/‑ mice 

compared to WT mice. This might be caused by a deviant bacterial colonization in 

Muc2‑/‑ mice compared to WT mice and/or could be caused by inflammatory cytokines 

that are highly expressed in Muc2‑/‑ mice. Indeed, several in vitro and in vivo studies 

confirm that bacterial products and pro-inflammatory cytokines are able to influence 

mucin synthesis.47‑51

In conclusion, we demonstrated that diminished epithelial protection due to ab-

sence of Muc2, plays a major role in the induction and perpetuation of inflammation in 

the intestine.

Muc2‑/‑ mice showed an influx of CD3ε -positive T-cells into the colonic mucosa 

as of P1.5 and progressive crypt lengthening as of weaning, at P21. Before weaning 

(P14) the pro-inflammatory immune response (i.e. increased Il-12 p35, Il-12 p40, and 

Tnf-α, expression) in Muc2‑/‑ mice was counter balanced by Foxp3-positive Treg cells 

and the immune suppressive cytokines Tgfβ1, Il-10. In contrast, after weaning (P28) a 

pro-inflammatory response remained, whereas the immune suppressive response, i.e. 

Foxp3 and Tgfβ1 expression, declined. Finally, colitis in Muc2‑/‑ mice aggravated after 
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weaning as reflected by decreased body weights, further increase in crypt lengthening, 

and persistent presence of T-cells in the mucosa. Together, these data show that colitis 

in Muc2‑/‑ mice is limited before weaning and exacerbates after weaning suggesting 

that mother’s milk has protective capacities and/or that alterations in the composition of 

the intestinal microbiota, which occur during the suckling-weaning transition, influence 

colitis development.
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Abstract

Mucin Muc2 knockout (Muc2‑/‑) mice spontaneously develop colitis. To identify genes, 

and biological responses which play a pivotal role during colitis development in Muc2‑/‑ 

mice, gene expression profiles of colonic tissues from 2- and 4-week-old Muc2‑/‑ and 

wild type (Muc2+/+) mice were determined using microarrays. The majority of highly 

upregulated genes in both 2-week-old and 4-week-old Muc2‑/‑ mice, were primarily 

involved in immune responses related to antigen processing/presentation, B-cell and 

T-cell receptor signaling, leukocyte transendothelial migration, and Jak-STAT signal-

ing. Specifically, Muc2‑/‑ mice expressed high mRNA levels of immunoglobulins, mu-

rine histocompatibility-2, pro-inflammatory cytokines, chemokines, and antimicrobial 

proteins. Additionally, in 4-week-old Muc2‑/‑ mice, expression of genes involved in cell 

structure related pathways were significantly altered. Particularly, the tight junction-

associated gene claudin-10 was up-regulated, whereas claudin-1 and claudin-5 were 

down-regulated. Furthermore, 4-week-old Muc2‑/‑ mice showed increased expression 

of genes regulating cell growth together with increased crypt length and increased 

epithelial proliferation. In conclusion, Muc2-deficiency leads to an active inflamma-

tory response in 2- and 4-week-old Muc2‑/‑ mice, as demonstrated by the altered 

expression in immune response related genes. In addition, 4-week-old Muc2‑/‑ mice 

also showed a decrease in epithelial barrier function, and an increase in epithelial pro-

liferation as indicated by, respectively, the altered expression in tight junction related 

genes and up-regulation of genes stimulating cell growth. Remarkably, up-regulation 

of genes stimulating cell growth correlated with increased crypt length and increased 

epithelial proliferation in 4-week-old Muc2‑/‑ mice. Together, these data demonstrate 

that there are distinct phases in colitis development in Muc2‑/‑ mice.

Key words: Muc2, colitis, microarray, proliferation, immune response, inflammatory 

response
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Introduction

The intestinal tract constitutes the second largest body surface area, and enormous 

amounts of food pass through the intestinal tract.1 The intestinal tract is a thermostable 

and nutrient rich environment, and comprises approximately 1014 bacteria, including 

both commensal flora and pathogens.2 In the small intestine, luminal fluids can kill most 

ingested microorganisms, and the phasic propulsive motor activity pushes the food 

together with the unattached bacteria towards the ileal end, so there are only a few 

species of bacteria in the small intestine. However, the colon contains a high density of 

living bacteria and the bacteria contribute around 60% of faecal solids.3‑4 The mechani-

cal stress, diet-derived toxins, and pathogens and their products all provide a threat to 

the integrity of the intestinal tract. In order to cope with these continuous threats, and 

to maintain mucosal homeostasis, the intestinal epithelium and the underlying mucosa 

have developed certain defense mechanisms.

Epithelial defense plays an important role and provides protection against inflam-

matory diseases and cancer. With respect to epithelial defense, the intestinal mucus layer, 

which forms a physical barrier, is the first defense barrier against luminal substances.5‑7 

Colonic mucus consists of two layers extending above the epithelial cells; the densely 

packed inner layer and the expanded outer layer.8 The inner layer firmly attaches to the 

epithelium and forms the physical barrier against bacteria. In contrast, the outer layer 

is movable and allows the colonization of commensal flora and prevents attachment 

of pathogens.8‑9 Mucins are the principal component of intestinal mucus.10 The most 

abundant secretory mucin in the intestinal epithelium of humans and mice is the mucin 

MUC211‑13, a high molecular weight glycoprotein expressed by goblet cells.14

In patients with ulcerative colitis, the number of goblet cells is reduced, and both 

MUC2 synthesis and secretion are significantly decreased.15‑17 Deficiency of Muc2, as in 

Muc2‑/‑ mice, results in the absence of recognizable goblet cells along the entire length 

of the colon and absence of the protective colonic mucus layer.8,18 Therefore, bacteria 

are in direct contact with the intestinal epithelial cells of these mice.8 Muc2-deficiency 

not only affects the protective capacities of the mucus layer, but also leads to colonic 

inflammation, characterized by mucosal thickening, loss of epithelial integrity, and an 

increased influx of immune cells. Additionally, the morphological changes in the colon 

occurred earlier and were more severe in the distal colon than in proximal colon and 

small intestine.19

In the present study we aimed to gain insight in the development of colitis in 

Muc2‑/‑ mice. We hypothesize that biological responses and, therefore, gene expression 

profiles, are different in 2-week-old versus 4-week-old Muc2‑/‑ mice. To investigate colitis 

development and biological responses, gene expression profiling was combined with 

quantitative real-time polymerase chain reaction (qRT-PCR), and (immuno)histochemical 
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analysis. By using these approaches, in conjunction, we were able to correlate changes 

in gene expression, with morphological changes and obtained more insight in colitis 

development in Muc2‑/‑ mice.

Materials and Methods

Animals
Muc2‑/‑ mice were bred as previously described.19 All mice were housed in the same 

specific pathogen–free environment with free access to standard rodent pellets (Special 

Diets Services, Witham, Essex, England) and acidified tap water in a 12-hour light/dark 

cycle. All animal care and procedures were conducted according to institutional guide-

lines (Erasmus MC Animal Ethics Committee, Rotterdam, the Netherlands). Wild-type 

and Muc2‑/‑ mice were tested negative for Helicobacter hepaticus and norovirus infection.

Experimental setup
At the ages of 2 and 4 weeks Muc2‑/‑ (n=5 per time point) and Muc2+/+ (n=5 per time 

point) were sacrificed. Bromodeoxyuridine (BrdU) (Sigma Chemical Co, St Louis, MO) 

was administered to each animal intraperitoneally (30 mg/kg body weight) one hour be-

fore sacrifice to study epithelial proliferation. The distal colon was excised immediately 

and either fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS) or stored in 

RNAlater (Qiagen, Venlo, the Netherlands) at -20°C.

RNA isolation and microarray analysis
RNA was isolated using the QIAamp RNA midi-kit (Qiagen, Venlo, the Netherlands) fol-

lowing the manufacturer’s protocol. RNA quality was assessed by gel electrophoresis 

and spectrophotometry. Reverse transcription, cDNA labelling, hybridization of arrays, 

and scanning were performed by using standard protocols. Individual RNA samples 

of distal colon from 2- and 4-week-old Muc2‑/‑ (n=5 per time point) and Muc2+/+ mice 

(n=5 per time point) were analyzed using mouse gene expression microarrays (Mouse 

GE 4X 44K Microarrays, Agilent Technologies, Palo Alto, CA). GeneSpring GX 10.0.2 

software was used to analyze data and perform gene ontology (GO) analysis. Principal 

component analysis and quality controls metrics plot showed that the quality of data of 

one of the 4-week-old Muc2+/+ mice was poor, and therefore data from this mouse was 

further excluded from analysis. Genes from Muc2‑/‑ mice with normalized data values 

2-fold above or below the values from Muc2+/+ mice, were selected to populate the 

Kyoto encyclopedia of genes and genomes (KEGG) pathways using Pathway Express 

software.20
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Quantitative real-time PCR
Total RNA (1.5 µg) was used to prepare cDNA Quantitative real-time PCR (qRT-PCR) 

analysis was performed as previously described.21 Briefly, The cDNA from each mouse 

was used as a template, and SYBR Green was used as intercalation. mRNA expression 

levels were normalized against β-Actin (Actb) expression of each mouse. All primers are 

given in the Supplementary Information (SI Table 1).

Histology and immunohistochemistry
Histological and immunohistochemical analysis were applied as previously described22 

using the Vectastain Elite ABC kit (Vector Laboratories, Burlingame, CA) and 3,3’-diami-

nobenzidine as staining reagent. Briefly, tissue fixed in 4% paraformaldehyde in PBS 

was embedded in paraffin and cut into 5-µm-thick sections. Antigen unmasking was 

carried out by heating the sections for 20 min in 0.01 M sodium citrate (pH 6.0; Merck, 

Table 1. Gene Ontology Analysis of 2-week-old Muc2‑/‑ vs. Muc2+/+ Mice

GO Term
Corrected

p-value
Differentially

Expressed Genes
GO Accession

Cellular component

Plasma membrane 1.68E-04 30 GO:0005886

External side of plasma membrane 1.16E-03 14 GO:0009897

Extracellular region part 7.70E-03 68 GO:0044421

Plasma membrane part 9.55E-03 46 GO:0044459

Extracellular region 1.12E-02 71 GO:0005576

Extracellular space 1.65E-02 68 GO:0005615

Biological process

Immune response 1.16E-24 51 GO:0006955

Immune system process 3.66E-23 56 GO:0002376

Defense response 4.66E-08 32 GO:0006952|GO:0002217|
GO:0042829

Antigen processing and presentation 1.19E-03 11 GO:0019882|GO:0030333

Response to stimulus 2.58E-03 76 GO:0050896|GO:0051869

Response to stress 5.23E-03 36 GO:0006950

Humoral immune response 1.35E-02 8 GO:0006959

Response to external stimulus 2.47E-02 20 GO:0009605

Inflammatory response 3.63E-02 14 GO:0006954

Response to wounding 3.76E-02 16 GO:0009611|GO:0002245

Molecular function

Antigen binding 4.41E-10 12 GO:0003823

Cytokine binding 4.44E-02 7 GO:0019955



3
52

Darmstadt, Germany) at 100°C. To detect S100a8 and S100a9, anti-mouse S100a8 and 

anti-mouse S100a9 antibodies (R&D Systems Europe Ltd., Abingdon, United Kingdom) 

were used (1:1000 diluted in PBS).

Cell culture and LPS treatment
The murine colonic epithelial cell line CMT-93 was cultured in a 37°C incubator with 5 

% CO2 in Dulbecco’s modified Eagle’s minimal essential medium supplemented with 10 

% foetal calf serum, 50 μg/ml streptomycin, 50 U/ml penicillin and 2 mM L-glutamine. 

The CMT-93 cells were treated with 10 µg/ml lipopolysaccharides (LPS) from Escherichia 

coli 055:B5 (Sigma Aldrich, the Netherlands). Total RNA was isolated using NucleoSpin® 

RNA II kit (Macherey-Nagel, the Netherlands). The cDNA synthesis and qRT-PCR were 

performed as described above.

Statistical analysis
Statistical analysis of microarray results was performed using GeneSpring GX 10.0.2 

software. The list of highly regulated genes was narrowed to those genes with statistically 

significant differences (Asymptotic p-value computation, Benjamini-Hochberg correc-

tion, t-test unpaired, p-value cut-off 0.05) and fold change of more than 2 folds. All other 

data are expressed as mean ± SEM. P values were calculated using one-way ANOVA or 

two-tailed Student’s t-test. The data were considered statistically significant at P <0.05.

Results

Altered gene expression between Muc2‑/‑ and Muc2+/+ mice
Gene expression profile analysis revealed that in 2-week-old Muc2‑/‑ mice, 363 genes 

(417 probes) were significantly up-regulated and 107 genes (126 probes) were signifi-

cantly down-regulated more than two fold, compared to 2-week-old Muc2+/+ mice (SI 

Table 2). The majority of the up-regulated genes were related to innate and adaptive im-

mune responses. More than 70 genes related to immunoglobulin heavy chain and light 

chain were up-regulated. Several genes involved in murine histocompatibility 2 (H2-Aa, 

H2-Ab1, H2-DMb1, H2-DMb2, H2-Q8, H2-Q9, H2-Q10 and H2-T24) were up-regulated. 

Genes that showed the highest extend of down-regulation were mainly related with 

plasma triglyceride catabolism and ion transport.

The gene expression profiles of the 4-week-old mice showed that 572 genes (644 

probes) were induced and 1130 genes (1274 probes) were repressed more than two 

fold in Muc2‑/‑ mice compared with Muc2+/+ mice (SI Table 3). In total 166 genes were 

up-regulated in both 2- and 4-week-old Muc2‑/‑ mice (Figure 1A). The majority of the 

highest up-regulated genes were similar in Muc2‑/‑ mice at both ages, and are related 



G
ene Exp

ression Patterns of M
ucin M

uc2 K
nockout M

ice

53

3

to innate and adaptive immune responses (SI Table 3). In contrast, only 47 genes were 

down-regulated in Muc2‑/‑ mice at both ages (Figure 1B), and highly down-regulated 

genes of 4-week-old Muc2‑/‑ mice were different from those of 2-week-old Muc2‑/‑ mice 

(SI Table 3). Moreover, the most down-regulated genes in 4-week-old Muc2‑/‑ mice are 

associated with a variety of functions, including glucose homeostasis, cation transport, 

protein targeting, electron transport and fatty acid metabolism.

To further characterize the functional significance of genes expressed in Muc2‑/‑ 

mice, we performed gene ontology (GO) term analysis with a cut-off p value of <0.05 

Table 2. Gene Ontology Analysis of 4-week-old Muc2‑/‑ vs. Muc2+/+ Mice

GO Term
Corrected

p-value

Differentially
Expressed 

Genes
GO Accession

Cellular component

Extracellular region part 8.34E-23 298 GO:0044421

Extracellular region 6.20E-22 310 GO:0005576

Extracellular space 6.63E-19 275 GO:0005615

Proteinaceous extracellular matrix 2.27E-11 60 GO:0005578

Extracellular matrix 5.09E-11 60 GO:0031012

Extracellular matrix part 1.46E-07 28 GO:0044420

Basement membrane 4.37E-05 18 GO:0005604

Synapse 3.80E-02 24 GO:0045202

Biological process

Biological adhesion 4.37E-05 82 GO:0022610

Cell adhesion 4.37E-05 82 GO:0007155

Anatomical structure development 5.97E-04 104 GO:0048856

Multicellular organismal development 1.10E-03 137 GO:0007275

Developmental process 1.72E-03 149 GO:0032502

Behavior 7.83E-03 29 GO:0007610

Anatomical structure morphogenesis 4.18E-02 57 GO:0009653

Phosphate transport 4.60E-02 20 GO:0006817

Molecular function

Calcium ion binding 3.36E-06 118 GO:0005509

Endoribonuclease activity, producing 3’-phosphomonoesters 2.23E-02 10 GO:0016892

Insulin-like growth factor binding 3.57E-02 10 GO:0005520

Pancreatic ribonuclease activity 3.86E-02 9 GO:0004522

Endonuclease activity, active with either ribo- or 
deoxyribonucleic acids and producing 3’-phosphomonoesters

4.60E-02 10 GO:0016894

Extracellular matrix structural constituent 8.45E-02 17 GO:0005201
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and KEGG pathway analysis. GO analysis revealed that differentially expressed gene sets 

in 2-week-old, as well as 4-week-old Muc2‑/‑ mice, were specifically enriched for the GO 

terms “plasma membrane” and “extracellular region”, which are part of the GO domain 

“cellular component”. However, in 4-week-old Muc2‑/‑ mice more genes were involved 

in these GO terms than those in 2-week-old Muc2‑/‑ mice (Tables 1 and 2). In contrast, 

gene sets associated with the GO domains “biological processes” and “molecular func-

tions” were different between the 2- and 4-week-old Muc2‑/‑ mice. Specifically, within 

the GO domain “biological processes”, 2-week-old Muc2‑/‑ mice showed genes involved 

in “immune response”, “immune system response”, and “defense response”, whereas 

4-week-old Muc2‑/‑ mice displayed genes associated with “biological adhesion”, “cell 

adhesion”, and “anatomical structure development”. With respect to the GO domain 

“molecular functions”, gene sets involved in “antigen binding” were specifically en-

riched in 2-week-old Muc2‑/‑ mice and genes associated with the GO terms “calcium 

ion binding” were enriched in 4-week-old Muc2‑/‑ mice. KEGG pathway analysis results 

corroborate the data obtained by GO term analysis. More specifically, KEGG pathway 

analysis revealed strong immune and inflammatory responses in both 2- and 4-week-old 

Table 3. Selected KEGG Pathway of Muc2‑/‑ vs. Muc2+/+ Mice

Pathway Name
Differentially Expressed Genes

2-week-old 4-week-old

Immune/Inflammatory Response

Antigen processing and presentation 10 4

B cell receptor signaling pathway 5 7

T cell receptor signaling pathway 8 8

Leukocyte transendothelial migration 7 10

Jak-STAT signaling pathway 6 12

MAPK signaling pathway 5 26

Cell Structure

Adherens junction 0 6

Focal adhesion 3 25

Regulation of actin cytoskeleton 6 23

Gap junction 0 10

Tight junction 2 10

Cell Growth

Cell cycle 1 10

DNA replication 0 5

Cancer

Pathways in cancer 5 30

Colorectal cancer 1 6
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Muc2‑/‑ mice compared with their age related Muc2+/+ littermates. Similar to GO analysis, 

KEGG pathway analysis also revealed changes in cell structure and cell growth pathways 

mainly in 4-week-old Muc2‑/‑ mice and to a lesser extent in 2-week-old Muc2‑/‑ mice 

(Table 3).

Changes in inflammatory cytokines and chemokines
Muc2-deficiency significantly modulated the expression of several inflammatory cytokines 

and chemokines. The pro-inflammatory cytokine tumor necrosis factor α (Tnf) was highly 

up-regulated in Muc2‑/‑ mice, which suggests an increased inflammatory response. Fur-

ther analysis revealed that several Tnf-receptor superfamily members (Tnfrsf1b, Tnfrsf13b 

and Tnfrsf17) were up-regulated as well. QRT-PCR analysis corroborated the microarray 

results, as Tnf transcription was increased in both 2- and 4-week-old Muc2‑/‑ mice (Figure 

2A). We subsequently analyzed expression levels of genes involved in shedding of Tnf 

(i.e Tnf shedding enzymes). There were no significant differences in mRNA levels of a dis-

integrin and metalloproteinase 17 (Adam17), matrix metallopeptidase 10 (Mmp10), and 

matrix metallopeptidase 7 (Mmp7) between Muc2‑/‑ and Muc2+/+ mice at both ages (data 

not shown). However, expression of tissue inhibitor of metalloproteinase 3 (Timp3), the 

inhibitor of Adam17, was significantly decreased (Figure 2B). Tnfrsf1b transcription was 

significantly increased in 2-week-old Muc2‑/‑ mice compared with age related Muc2+/+ 

mice, but there were no differences between Muc2‑/‑ mice and Muc2+/+ mice at the age of 

4 weeks (Figure 1C). The induction of Tnf transcription by bacterial-epithelial contact was 

mimicked in vitro using the murine colonic epithelial cell line CMT-93 and the bacterial 
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Figure 1. Venn diagram of the number of genes up-regulated (A) and down-regulated (B) in 2-week-
old (2w) and 4-week-old (4w) Muc2‑/‑ mice compared with Muc2+/+ mice.
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product LPS. Namely, LPS treatment of CMT-93 cells induced a dramatic increase of Tnf 

mRNA (Figure 1D).

In 4-week-old Muc2‑/‑ mice, the expression of another pro-inflammatory cytokine 

interleukin 1β (Il1b) was increased. Muc2 deficiency also modulated gene expression 

levels of other cytokines. For example, interleukin 18 binding protein (Il18bp) and the 

receptors for Il-2, Il-12 and Il-20 were induced, whereas Il-15, Il-17D and Il-17F and 

receptors for Il-5 and Il-17 were repressed in 4-week-old Muc2‑/‑ mice. In 2-week-old 

Muc2‑/‑ mice, Il18bp and the receptors of Il-2, Il-5, Il-7 and Il-12 was up-regulated.

In addition to altering the expression of cytokines, Muc2 deficiency induced the 

expression of several chemokines and chemokine related genes. In 2-week-old Muc2‑/‑ 
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Figure 2. Expression of Tnf and Tnf related genes in distal colon of Muc2‑/‑ mice and LPS-stimulated 
CMT-93 cells.
Expression of Tnf (A), Timp3 (B) and Tnfrsf1b (C) in distal colon of 2- and 4-week-old Muc2+/+ and Muc2+/+ 
mice was quantified with qRT-PCR. (D) CMT-93 cells were treated with 10 µg/ml LPS for desired time, and 
the mRNA expression of Tnf was quantified with qRT-PCR.
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mice, up-regulated genes included chemokine ligands (Ccl7, Ccl8, Ccl20, Cxcl9 and 

Cxcl13) and chemokine receptors (Ccr2 and Ccr10), whereas the chemokine ligand 

Ccl24 was down-regulated. In 4-week-old Muc2‑/‑ mice, chemokine ligand 8 (Ccl8) and 

chemokine receptor 10 (Ccr10) were up-regulated, and chemokine ligands (Ccl24 and 

Ccl27) and chemokine receptors (Ccrl1 and Ccrl2) were down-regulated.

The downstream signaling pathways used by these cytokines and chemokines 

were also altered in 4-week-old Muc2‑/‑ mice. Specifically, dual-specificity phosphatase 

9 (Dusp9), the inhibitor of the mitogen-activated protein kinase (MAPK) pathway 23, was 

up-regulated in these mice. Additionally, Muc2 deficiency altered the mRNA expression 

of genes in the Jak-STAT signaling pathway, as in 4-week-old Muc2‑/‑ mice, Jak3 was 

up-regulated along with Stat1, and the repressor of Jak-STAT signaling Socs2 was down-

regulated, which all point to an active immune response.

Changes in antimicrobial proteins
As a consequence of Muc2 deficiency, the gene expression levels of several antimicrobial 

proteins were up-regulated. The two most highly up-regulated genes, in 2-week-old as 
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Figure 3. Increased expression of antibacterial peptides in distal colon of Muc2‑/‑ mice.
Expression of Pla2g2a (A), Pla2g5 (B) and Retnlb (C) in distal colon of 4-week-old Muc2+/+ and Muc2‑/‑ mice 
was quantified with qRT-PCR.
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well as 4-week-old Muc2‑/‑ mice, were pancreatitis-associated protein (Pap) and regener-

ating islet-derived 3 gamma (Reg3g). Both are antimicrobial proteins which directly bind 

their bacterial targets via interactions with peptidoglycan carbohydrate.24 Muc2‑/‑ mice 

also expressed high levels of other antimicrobial proteins including phospholipase A2 

(Pla2g2a and Pla2g5) and resistin like beta (Retnlb). Gene expression levels of Pla2g2a, 

Pla2g5 and Retnlb in 4-week-old mice were confirmed with qRT-PCR (Figure 3).

S100 calcium binding proteins are also important antimicrobial proteins which show 

altered gene expression patterns in Muc2‑/‑ mice. Specifically, in 4-week-old Muc2‑/‑ mice, 
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Figure 4. Expression of S100 proteins is up-regulated in distal colon of Muc2‑/‑ mice.
Expression of S100a8 (A) and S100a9 (B) in distal colon of 4-week-old Muc2+/+ and Muc2‑/‑ mice was 
quantified with qRT-PCR. (C) Representative sections presenting S100a8 localization in the distal colon 
of 4-week-old Muc2+/+ and Muc2‑/‑ mice, detected with anti-S100a8 antibody. The arrow indicates the 
positive stained cells. (See Color Section, p. 235.)
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S100a8 and S100a9 gene expression levels were significantly up-regulated (Figure 4A 

and 4B). Moreover, immunohistochemical analysis showed that the expression of S100a8 

protein in the distal colon of Muc2‑/‑ mice was higher than that of Muc2+/+ mice, which 

hardly showed any S100a8-positive cells (Figure 4C).

Changes in cell structure
As already mentioned above, in 4-week-old Muc2‑/‑ mice, more genes involved in the GO 

terms related to extracellular changes, compared with 2-week-old Muc2‑/‑ mice (Tables 

1 and 2). KEGG pathway analysis supported that Muc2 deficiency leads to an altered 

expression of genes involved in the cell structure pathways at the age of 4 weeks (Table 

3). Among them were genes responsible for adherens junction, actin cytoskeleton, gap 

junction and tight junction. Moreover, Muc2 deficiency induced the altered expression 

of 23 cytoskeleton genes. The repression of Cldn1 and Cldn5, which have been shown 

to increase the transepithelial resistance 25‑27. The altered expression of Cldn1, Cldn5 and 

Cldn10a was confirmed with qRT-PCR (Figure 5).

Cldn5

4w Muc2+/+ 4w Muc2-/-
0.0

0.5

1.0

1.5 *

R
el

at
iv

e 
Ex

pr
es

si
on

(C
ld

n5
/A

ct
b)

A B

C

Cldn1

4w Muc2+/+ 4w Muc2-/-
0.0

0.1

0.2

0.3

0.4 **

R
el

at
iv

e 
Ex

pr
es

si
on

(C
ld

n1
/A

ct
b)

Cldn10a

4w Muc2+/+ 4w Muc2-/-
0.00

0.05

0.10

0.15

0.20 *

R
el

at
iv

e 
Ex

pr
es

si
on

(C
ld

n1
0a

/A
ct

b)

Figure 5
Cldn5

4w Muc2+/+ 4w Muc2-/-
0.0

0.5

1.0

1.5 *

R
el

at
iv

e 
Ex

pr
es

si
on

(C
ld

n5
/A

ct
b)

A B

C

Cldn1

4w Muc2+/+ 4w Muc2-/-
0.0

0.1

0.2

0.3

0.4 **
R

el
at

iv
e 

Ex
pr

es
si

on
(C

ld
n1

/A
ct

b)

Cldn10a

4w Muc2+/+ 4w Muc2-/-
0.00

0.05

0.10

0.15

0.20 *

R
el

at
iv

e 
Ex

pr
es

si
on

(C
ld

n1
0a

/A
ct

b)

Figure 5

Figure 5. Claudin gene expression is altered in distal colon of Muc2‑/‑ mice.
Expression of Cldn1 (A), Cldn5 (B) and Cldn10a (C) in distal colon of 4-week-old Muc2+/+ and Muc2‑/‑ mice 
was quantified with qRT-PCR
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Figure 6. Increased proliferation in the distal colon of Muc2‑/‑ mice.
(A) Expression of Ccne1 in distal colon of 4-week-old Muc2+/+ and Muc2‑/‑ mice was quantified with qRT-
PCR. (B) Representative BrdU stained sections of distal colon of 2- and 4-week-old Muc2+/+ and Muc2‑/‑ 
mice. The arrow indicates the positive stained cells, and the square bracket shows the crypt region. (See 
Color Section, p. 236.)
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Changes in cell proliferation
KEGG pathway analysis revealed that 10 genes involved in the cell cycle pathway and 

5 genes related to DNA replication pathway were regulated in 4-week-old Muc2‑/‑ mice 

(Table 3). DNA helicase HCM complex (Mcm2, Mcm3 and Mcm5), DNA polymerase Pola2 

and endonuclease Fen1 were up-regulated, which indicate increased DNA replication 

and thus proliferation. Detailed examination of the genes involved in cell cycle pathways 

also revealed accelerated transition from G1 to S phase, as E2F transcription factor 1 

(E2f1) and cyclin E1 (Ccne1) were significantly up-regulated. The increased expression of 

Ccne1 was confirmed with qRT-PCR (Figure 6A). Cell division cycle 6 homolog (Cdc6) was 

also up-regulated in 4-week-old Muc2‑/‑ mice, which supports the enhanced DNA repli-

cation. In contrast to 4-week-old Muc2‑/‑ mice, in 2-week-old Muc2‑/‑ mice only one gene 

involved in the cell cycle pathway was altered (Table 3), which supports the hypothesis 

of increased proliferation in 4-week-old Muc2‑/‑ mice, and most likely not in 2-week-

old Muc2‑/‑ mice. To confirm this we performed (immuno)histochemical analyses, which 

showed that 2-week-old Muc2‑/‑ and Muc2+/+ mice had comparable crypt lengths and 

comparable numbers of BrdU-positive epithelial cells, whereas 4-week-old Muc2‑/‑ mice 

showed increased crypt lengths and increased numbers of BrdU-positive epithelial cells 

compared with age related Muc2+/+ mice (Figure 6B). Finally, KEGG pathway analysis 

demonstrated that 30 cancer-related genes were differentially expressed in 4-week-old 

Muc2‑/‑ mice compared with only 5 genes in 2-week-old Muc2‑/‑ mice (Table 3).

Discussion

Intestinal mucins are important in epithelial defense against external stimulation including 

mechanical stress, commensal flora and pathogens.5‑7 In patients with ulcerative colitis, 

deficiency of MUC2, the major component of intestinal mucins, was significantly corre-

lated with the activity of the mucosal inflammation.15‑17 In the colon of mice lacking Muc2, 

there is direct contact of bacteria with epithelial cells and bacteria even appear to invade 

the colonic crypts.8 Muc2‑/‑ mice spontaneously developed colitis and colorectal cancer, 

which implies an important role of Muc2 in intestinal protection and defense.18‑19,28 To 

more specifically address the protective function of Muc2 in the suppression of ulcerative 

colitis and to identify genes and biological responses which play a pivotal role during 

colitis in Muc2‑/‑ mice, we performed gene profiling studies with distal colonic tissue of 

Muc2‑/‑ mice at 2 and 4 weeks of age.

In Muc2‑/‑ mice, the mucus layer is absent due to the lack of Muc2, and bacteria can 

directly interact with epithelial cells8, thereby activating immune responses. The influx 

of CD3-positive cells was induced in 2-week-old Muc2‑/‑ mice, and showed a further 

increase in 4-week-old Muc2‑/‑ mice (unpublished data) compared to Muc2+/+ mice. 
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Gene expression profile analysis showed that large amounts of immunoglobulin and 

murine histocompatibility 2 were synthesized, suggesting that the antigen presentation 

pathway was significantly up-regulated in Muc2‑/‑ mice at both ages. Besides, the B 

cell receptor signaling pathway, T cell receptor signaling pathway and leukocyte tran-

sendothelial migration pathway were altered in Muc2‑/‑ mice. Changes in neutrophils, 

macrophages, mast cells, eosinophils, natural killer cell and dendritic cell related genes 

were also observed in Muc2‑/‑ mice, indicating an active innate immune response against 

external stress.In accordance with our previous study19, direct interaction with bacteria 

significantly modulated the expression of several inflammatory cytokines and immune 

related pathways. Bacteria can stimulate the production of proinflammatory cytokines 

such as Tnf, which plays a crucial role in the induction of colitis.29‑31 The gene expression 

of Tnf receptor Tnfsf1b expression was also up-regulated in Muc2‑/‑ mice, and high levels 

of Tnfsf1b can mediate inflammation in a ligand-independent fashion.32 Tnf can also 

upregulate other proinflammatory cytokines such as Il-1β, thus amplifying the inflamma-

tory signals.31,33 In Muc2‑/‑ mice, Tnf was up-regulated with age and Il1b was found to be 

induced in both 2- and 4-week-old Muc2‑/‑ mice. Il-12 is another important cytokine in 

the initiation of inflammatory response.34‑35 Microarray analysis did not show altered Il12 

expression, however, the expression of Il12r) was induced in Muc2‑/‑ mice at both ages, 

which supports the fact that Muc2‑/‑ mice show an increased inflammatory response. Bac-

terial stimulation and Il-12 can also induce the expression of interferon-γ.29,36 Although 

there is no direct evidence of increased interferon-γ in Muc2‑/‑ mice, several interferon- γ 

induced genes were up-regulated. Muc2 deficiency also altered the expression of genes 

in the Jak-STAT signaling pathway and MAPK pathway.

Responding to the enhanced invasion of bacteria, Muc2‑/‑ mice expressed high 

mRNA levels of antimicrobial proteins including pancreatitis-associated protein24, regen-

erating islet-derived 3 gamma24, S100 calcium binding proteins 37 and phospholipase 

A2.38‑39 Resistin like beta, which most likely influences the microbial environment of the 

colon 40, was also significantly up-regulated in 4-week-old Muc2‑/‑ mice.

GO analysis revealed that the genes which are distributed in the plasma mem-

brane and extracellular region were significantly altered in Muc2‑/‑ mice at both ages. 

However, much more genes were regulated and the p-value was more significant in 

4-week-old Muc2‑/‑ mice, which indicates that Muc2-deficiency altered the epithelial 

structure in those mice. Furthermore, the biological processes were differently changed 

in 2-week-old compared with 4-week-old Muc2‑/‑ mice. The altered biological processes 

were restricted to immune and inflammatory responses in 2-week-old Muc2‑/‑ mice, 

whereas the 4-week-old Muc2‑/‑ mice showed significant changes in cell structure related 

biological processes including cell adhesion, anatomical structure development and 

developmental processes. KEGG pathway analysis also revealed that genes associated 

with adherens junction, actin cytoskeleton, gap junction and tight junction pathways 
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were significantly altered in 4-week-old Muc2‑/‑ mice, and to a lesser extent in 2-week-

old Muc2‑/‑ mice. In fact, the down-regulation of Cldn1 and Cldn5 combined with the 

up-regulation of Cldn10a strongly suggests a diminished epithelial barrier function in 

4-week-old Muc2‑/‑ mice, since those claudins can alter the epithelial structure and lead 

to altered transepithelial resistance.25‑27,41‑42 Furthermore, Tnf can also cause barrier loss 

in cultured intestinal epithelial monolayers43‑44 and intestinal epithelial barrier dysfunction 

via interaction with Tnfrsf1b.45 Finally, more genes involved in DNA replication, G1 to S 

transition and cancer were up-regulated in 4-week-old Muc2‑/‑ mice, which can also lead 

the changes in epithelial cell structure. Indeed, we previously demonstrated that Muc2‑/‑ 

mice showed epithelial cell flattening, lamina propria distortion, and crypt lengthening 

within the colon.19

With respect to the colonic morphology, 2-week-old Muc2‑/‑ mice showed normal 

colonic crypt lengths and cell dividing rate. In contrast, 4-week-old Muc2‑/‑ mice showed, 

increased crypt lengths and accelerated cell dividing rate of epithelial cells as measured 

by BrdU incorporation. Interestingly, the changes in crypt lengths and epithelial cell 

proliferation in 4-week-old Muc2‑/‑ mice was accompanied by up-regulation of genes 

involved in cell cycle regulation as demonstrated by microarray analysis. Lastly, 30 

cancer-related genes were differentially expressed in 4-week-old Muc2‑/‑ mice compared 

with only 5 genes in 2-week-old Muc2‑/‑ mice. Taken together, the development of colitis 

and possibly cancer development is highly associated with the differentially expressed 

genes in Muc2‑/‑ mice at different ages. In fact, our data strongly imply that during aging 

of Muc2‑/‑ mice colitis exacerbates and the risk to develop cancer significantly increases.

In summary, Muc2-deficiency leads to an active inflammatory response in 2- and 

4-week-old mice as demonstrated by the altered expression in immune response related 

genes. Additionally, 4-week-old Muc2‑/‑ mice show a decrease in epithelial barrier func-

tion and an increase in epithelial proliferation as indicated by, respectively, the altered 

expression in tight junction related genes and up-regulation of genes stimulating cell 

growth. Finally, up-regulation of genes stimulating cell growth in 4-week-old Muc2‑/‑ mice 

correlated with increased crypt length and increased epithelial proliferation.

Together, these data demonstrate that there are distinct phases in colitis develop-

ment in 2-week-old to 4-week-old Muc2‑/‑ mice.
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Abstract

Background: The mucin Muc2 is the structural component of the intestinal mucus 

layer. Absence of Muc2 leads to loss of this mucus layer allowing direct bacterial-

epithelial interactions. We hypothesized that absence of the protective mucus layer 

leads to increased expression of anti-bacterial proteins, which are controlled by bacte-

rial signals through activation of epithelial pattern recognition receptors. Specifically, 

we aimed to study the consequence of Muc2 deficiency on the expression of the 

anti-bacterial proteins Reg3β, Reg3γ, and angiogenin-4 (Ang4) in the intestine. Meth-

ods: Small intestinal and colonic tissue of Muc2‑/‑ and wild-type mice was collected at 

postnatal day 14 (P14) and P28. Expression of Reg3β, Reg3γ, and Ang4 was studied 

by quantitative RT-PCR, Western blot, in situ hybridization, and immunohistochem-

istry. Results: Absence of Muc2 strongly increased Reg3β and Reg3γ expression in 

the small intestine and colon. Expression of Reg3β, Reg3γ, and Ang4 was higher in 

the small intestine and proximal colon compared to the distal colon. Moreover, in the 

distal colon of Muc2‑/‑ mice Reg3β, Reg3γ, and Ang4 levels decreased at P28 com-

pared to P14. Interestingly, morphological signs of colitis were only seen in the distal 

colon of Muc2‑/‑ mice at P28. Conclusions: Absence of Muc2 results in up-regulation 

of Reg3β and Reg3γ expression, suggesting altered bacterial-epithelial signaling in 

Muc2‑/‑ mice, leading to increased innate defense capacity. Morphological signs of 

colitis were only seen in the distal colon of Muc2‑/‑ mice at P28, where and when 

expression levels of Reg3β, Reg3γ, and Ang4 were the lowest. These data imply that 

Reg3 proteins and/or Ang4 limit intestinal inflammation/damage.

Key words: Regenerating genes, Reg3β, Reg3γ, Angiogenin, Ang4, Muc2, colitis, 

suckling-weaning transition, bacterial colonization, mother’s milk, innate defense



Innate d
efense in M

uc2-d
eficient m

ice

71

4
Introduction

The mucus layer that covers the intestinal epithelium forms a physical barrier against 

bacteria and is thereby an important component of the innate defense. The mucin MUC2 

is the structural component of the colonic mucus layer. Interestingly, bacteria use the 

glycosyl-chains of mucins as a nutrient source. Johansson et al. previously demonstrated 

that the intestinal mucus layer exists of two separate layers.1 The inner layer is densely 

packed, firmly attached to the epithelium, and devoid of bacteria. In contrast, the outer 

layer is colonized by bacteria. Breaches in this protective mucus layer allow direct con-

tact between bacteria and the epithelial cells, which leads to an inflammatory response. 

Muc2‑/‑ mice lacking the mucus layer develop spontaneous colitis.1‑2

In human intestinal diseases such as ulcerative colitis (UC) and necrotizing entero-

colitis (NEC), the synthesis of MUC2 mucin is decreased3‑7, which might lead to increased 

bacterial-epithelial interaction. Bacteria are known to play a key role in the develop-

ment of colitis as the development of colitis in genetically engineered rodent models of 

inflammatory bowel diseases (IBD) such as Il-10 deficient mice and HLA-B27 transgenic 

rats is not observed when these animals are maintained under germ-free conditions.8‑10 

However, colonization of Il-10 deficient mice and HLA-B27 transgenic rats with the nor-

mal enteric microbiota leads to severe and chronic colitis. IBD and NEC are not caused 

by specific intestinal bacterial species, but a disordered intestinal microbiota or altered 

microbial profiles might be involved in the pathogenesis of these diseases. In IBD and 

NEC a dysbiosis of the microbiota is strongly implicated in the pathophysiology of the 

disease.11‑12

The composition of the microbiota is partly shaped by specific antimicrobial 

proteins, e.g. defensins and antimicrobial C-type lectins.13 Some antimicrobial proteins 

such as most α-defensins are expressed constitutively and do not require bacterial 

signals for their expression.14 However, expression of a subset of antimicrobial proteins 

is controlled by the recognition of microbe associated molecular patterns by pattern 

recognition receptors expressed by the epithelial cells.15 For example, expression of the 

antimicrobial C-type lectin regenerating islet-derived protein 3g (Reg3γ), also called HIP/

PAP in humans, is up-regulated in the small intestine and colon after bacterial reconstitu-

tion of germ-free mice.16‑17 Expression of angiogenin-4 (Ang4), the orthologue of human 

ANG, is induced upon colonization with Bacteroides thetaiotaomicron, an anaerobe 

Gram-negative microbe that belongs to the normal mouse and human microbiota.18 

Furthermore, in conventionally raised mice the expression of Reg3γ and Ang4 increases 

substantially after weaning17‑18, when the complexity of the microbiota increases and 

during experimental intestinal infection.19‑21 Additionally, Reg3γβ, Reg3γ and HIP/PAP 

appear to be important in inflammatory diseases and intestinal injury as their expression 

is increased in IBD patients and in DSS models of mouse colitis.16
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The aim of this study was to investigate the effect of the mucus layer on Reg3γ, 

Reg3β, and Ang4 expression and localization in the colon and small intestine using the 

Muc2‑/‑ mouse as a model. With this approach we aimed to i) study the consequence of 

Muc2 deficiency, i.e. absence of a protective mucus layer and, ii) analyze the effect of 

weaning (i.e., transfer from breast milk to pelleted food), when the density and complex-

ity of the microbiota increases significantly.

Materials and Methods

Animals
Muc2‑/‑ mice were bred as previously described.2 All mice were housed in the same spe-

cific pathogen–free environment with free access to standard rodent pellets (Special Diets 

Services, Witham, Essex, England) and acidified tap water in a 12-hour light/dark cycle. 

All animal care and procedures were conducted according to institutional guidelines 

(Erasmus MC Animal Ethics Committee, Rotterdam, the Netherlands). Wild-type and 

Muc2‑/‑ mice were tested negative for Helicobacter hepaticus and norovirus infection.

Experimental setup
Wild-type (WT) and Muc2‑/‑ littermates were housed together with their birth mother until 

weaning at the age of 21 days. WT and Muc2‑/‑ mice were sacrificed at the postnatal ages 

of 14 days (P14) and 28 days (P28). Colonic tissue was excised and either fixed in 4% (wt/

vol) paraformaldehyde in phosphate-buffered saline (PBS), stored in RNAlater (Sigma-

Aldrich Chemie, Zwijndrecht, the Netherlands) at -20°C, or frozen in liquid nitrogen and 

stored at -80°C.

Quantitative Real-Time PCR
Total RNA was prepared using the RNeasy midi-kit (Qiagen, Venlo, the Netherlands). 

Total RNA (1.5 μg) was used to prepare cDNA. The mRNA expression levels of Reg3β, 

Reg3γ, Ang4 and Lysozyme type P (lysozyme-P), as well as the ‘housekeeping’ gene 

actin were quantified using real-time PCR analysis based upon the intercalation of SYBR® 

Green on an ABI prism 7900 HT Fast Real Time PCR system (PE Applied Biosystems) 

as previously described.2 All primer combinations were designed using OLIGO 6.22 

software (Molecular Biology Insights) and purchased from Invitrogen. An overview of all 

primer sequences is given in Table 1.

Western blot analysis
Distal colonic tissue samples were homogenized in 500 μl HIS buffer (50 mM Tris/HCl pH 

7.5, 5 mM EDTA pH 8.0, 1% Triton X-100, 10 mM iodacetamide, 100 μg/ml soy bean 
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trypsin inhibitor, 10 μg/ml pepstatine A, 10 μg/ml leupeptine, 1% (w/v) aprotinine and 

5 μl 100 mM PMSF). Total protein concentration was quantified using the bicinchoninic 

acid assay (Pierce assay, Perbio Science, Etten-Leur, the Netherlands). Twenty µg of total 

protein was denatured at 95°C for 5 min in laemmli loading buffer and subjected to 

12% (w/v) SDS-polyacrylamide gel electrophoresis (SDS-PAGE). The separated proteins 

were transferred to nitrocellulose membranes (Protan BA 83, 0.2 μm) and the blots were 

blocked for 1 h at room temperature in 5% (w/v) non-fat dry milk (NFDM, Campina 

Melkunie, Eindhoven, the Netherlands) dissolved in phosphate buffered saline contain-

ing 0.1% (v/v) Tween-20 (PBST). Blots were incubated overnight at 4°C with β-actin 

(Abcam, ab6276 1:10,000) in PBST or with the custom made primary antibodies against 

Reg3β (1:20,000) and Reg3γ (1:20,000) (Eurogentec, Seraing, Belgium). These antibod-

ies were generated in rabbits against the synthetically produced peptides, using the 

peptide sequences GEDSLKNIPSARISC (Reg3β) and MIKSSGNSGQYVC (Reg3γ). The 

chosen peptide sequences correspond to unique sequences within the Reg3 protein 

and allow differentiation between the Reg3β and Reg3γ proteins. Serum from immunized 

rabbits was affinity purified using the same peptides. Selectivity and cross reactivity of 

the generated antibodies for the Reg3 proteins were checked by ELISA. Finally, blots 

were incubated with the secondary antibody goat-anti-rabbit IRDye® 800CW (1:20,000, 

Li-cor) for Reg3β and Reg3γ, and goat-anti-mouse IRDye®680CW (1:20,000, Li-cor) for 

β-actin. Signals were detected with the Odyssey scanner (Li-cor, Westburg, Leusden, the 

Netherlands). Serial dilution series of the protein samples were analyzed to ensure that 

the quantification of each protein by its cognate antibody was performed in the linear 

range of this technique.

Histology and histologic grading
Tissue fixed in 4% (wt/vol) paraformaldehyde in PBS was prepared for light microscopy, 

and 4-μm-thick sections were stained with hematoxylin and eosin (H&E) to study morpho-

logical changes. To detect differences in mucosal thickness in the colon, 10 well-oriented 

crypts were chosen per intestinal segment and measured using calibrated Leica Applica-

tion Suite software, version 3.2.0 (Leica Microsystems BV, Rijswijk, the Netherlands).

Table 1: Primer sequences for Quantitative Real-time PCR

gene Forward primer Reverse primer

Reg3β TGG GAA TGG AGT AAC AAT G GGC AAC TTC ACC TCA CAT

Reg3γ CCA TCT TCA CGT AGC AGC CAA GAT GTC CTG AGG GC

Ang4 TTG GCT TGG CAT CAT AGT CCA GCT TTG GAA TCA CTG

Lysozyme-P CAG GGT GGT GAG AGA TCC AAG CGA GGA AGT GTG ACC

β-actin GGG ACC TGA CGG ACT AC TGC CAC AGG ATT CCA TAC
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Immunohistochemistry
Four-micrometer-thick sections were prepared for immunohistochemistry as described 

previously22 using the Vectastain Elite ABC kit (Vector Laboratories, Burlingame, CA) and 

the staining reagent 3,3’-diaminobenzidine. The antigens were unmasked by heating the 

sections for 20 min in 0.01 M sodium citrate (pH 6.0; Merck) supplemented with 0.1% 

v/v Tween-20 at 100°C. Expression of Reg3β was detected using an anti-mouse Reg3β 

antibody (1:500 diluted in 1% bovine serum albumin, 0.1% Triton X-100 in phosphate 

buffered saline (PBS)), R&D Systems Europe Ltd., Abingdon, United Kingdom, AF5110) 

and with the previously described custom made antibody against Reg3β (1:25,000 in 

PBS). Reg3γ was detected using the previously described custom made antibody against 

Reg3γ (1:25,000 in PBS). Expression of angiogenin-4 was detected using an anti-human-

angiogenin antibody (1:50 diluted in 1% bovine serum albumin, 0.1% Triton X-100 in 

PBS, R&D Systems Europe Ltd., Abingdon, United Kingdom, AF265).

In Situ Hybridization (ISH)
Non-radioactive in situ hybridization (ISH) was performed according to a previously 

described method with slight modifications.23 Briefly, sections were deparaffinized, 

hydrated, and incubated in the following solutions: 0.2 M HCl, distilled water, 0.1% (w/v) 

pepsin in 0.01 M HCl, 0.2% (w/v) glycine in PBS, PBS, 4% paraformaldehyde in PBS, 

PBS, and finally in twice in 2× SSC (0.03 M Na3-citrate in 0.3 M NaCl). Until hybridiza-

tion, sections were stored in a solution of 50% (v/v) formamide in 2× SSC at 37°C. For 

hybridization probes were diluted to a concentration of approximately 100 ng/ml in 

hybridization solution [50% (v/v) deionized formamide, 10% (w/v) dextran sulphate, 4× 

SSC, 1× Denhardt’s solution (0.02% w/v ficoll 400, 0.02% w/v polyvinylpyrrolidone and 

0.02% w/v bovine serum albumin), 1 mg/ml tRNA, 250 μg/ml herring sperm DNA] to 

incubated at 68°C for 15 min, and layered onto the sections. Sections were hybridized 

overnight at 52°C in a humid chamber. Post-hybridization washes were performed at 

45°C using the following steps: 50% (v/v) formamide in 2× SSC, 50% (v/v) formamide 

in 1× SSC, and 0.1× SSC. A 15 min incubation with RNase T1 (2 U/ml in 1 mM EDTA 

in 2× SSC) at 37°C was followed by washes of 0.1× SSC at 45°C and 2× SSC at room 

temperature. The digoxigenin-labelled hybrids were detected by incubation with anti-

digoxigenin (Fab, 1:1000 in TBS/1%BA + 1% v/v sheep serum, Roche) conjugated to 

alkaline phosphatase for 2.5 h at room temperature. Thereafter, sections were washed 

in 0.025% (v/v) Tween in Tris-buffered saline (pH 7.5). For staining, sections were layered 

with detection buffer (0.1 M Tris–HCl, 0.1 M NaCl, 0.05 M MgCl2, pH 9.5) containing 

0.33 mg/ml 4-nitroblue tetrazolium chloride, 0.16 mg/ml 5-bromo-4-chloro-3- indolyl-

phosphate, 8% (v/v) polyvinyl alcohol (Mw 31 000–50 000, Aldrich Chemical, Milwaukee, 

WI, USA), and 1 mM levamisole (Sigma).
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The colour reaction was performed overnight in the dark and was stopped when 

the desired intensity of the resulting blue precipitate was reached. Finally, sections were 

washed in 10 mM Tris–HCl pH 9.5 containing 1 mM EDTA, distilled water, and mounted 

with Aquamount improved (Gurr, Brunschwig, Amsterdam, The Netherlands).

Probe preparation for ISH
Digoxigenin-11-UTP-labelled RNA probes were prepared according to the manufac-

turer’s instructions (Boehringer Mannheim GmbH, Biochemica, Mannheim, Germany) 

using T3 and T7 RNA polymerase. Gene fragments for Ang4, Reg3β and Reg3γ were 

amplified, using the primers listed in Table 2, and cloned in pBluescript II SK.

Table 2: Primer sequences for probe preparation for In situ hybridization

Gene Forward primer Reverse primer Amplified
product (bp)

Reg3β TGGGA ATGGA GTAAC AATG AT GTGAG GTGAA GTTGC C 146

Reg3γ CAATC ACTGT GGTAC CCTG GATTT TCTCC TTCTC TGGC 229

Ang4 CCAGC TTTGG AATCA CTGT CT ATGAT GCCAA GCCAA 151

Statistical analysis
All data are expressed as median. Statistical significance was assessed using the Mann-

Whitney U test (Prism, version 5.00; GraphPad software, San Diego, CA). The data were 

considered statistically significant at P < 0.05.

Results

Clinical Symptoms and intestinal morphology
At P14, when the mice received breast milk, there were no significant differences in body 

weights between Muc2‑/‑ and WT mice, nor were there any clinical or morphological 

signs of colitis. However, at P28, when mice had been transferred from breast milk to 

pelleted food, the body weights of Muc2‑/‑ mice were significantly lower than that of WT 

mice (P = 0.0108) (Fig 1A). Additionally, the colonic tissue from Muc2‑/‑ mice showed 

increased crypt lengths (Fig 1B) and flattening of the epithelial cells (Fig. 1C) compared 

to WT mice. In the proximal colon and small intestine no differences in morphology were 

observed between Muc2‑/‑ and WT mice at each time point investigated.

Quantitative analysis of Reg3β, Reg3γ, and Ang4 mRNA levels
A comparison of Reg3β, Reg3γ and Ang4 mRNA levels within colonic tissue of WT mice 

and Muc2‑/‑ mice revealed five remarkable findings. First, in WT as well as Muc2‑/‑ mice 
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higher Reg3β, Reg3γ, and Ang4 mRNA levels were found in the proximal colon com-

pared to the distal colon at P14 and P28 (Fig. 2). Second, Muc2‑/‑ mice had significantly 

increased Reg3β and Reg3γ mRNA levels in the distal colon at P14 and P28 compared to 

WT mice, a trend that was also observed in the proximal colon. Third, during aging from 

P14 to P28, Reg3β, Reg3γ, and Ang4 mRNA levels in the proximal colon increased in 

WT as well as Muc2‑/‑ mice. Fourth, in the distal colon Ang4 levels also increased during 

aging in WT mice, however in Muc2‑/‑ mice the expression levels decreased. Fifth, in the 

distal colon, Reg3β and Reg3γ mRNA expression levels were hardly detectable in WT 

mice, but significantly increased in Muc2‑/‑ mice.

In the small intestine Reg3β and Reg3γ mRNA levels were comparable between 

WT and Muc2‑/‑ mice at P14 (Fig. 3A and B). In contrast, at P28 Reg3β, and Reg3γ mRNA 

levels significantly increased in the Muc2‑/‑ mice, but remained stable in the WT mice. 

Focussing on two Paneth cell-specific products, we found that Ang4 and Lysozyme-P 

mRNA levels were comparable between WT and Muc2‑/‑ mice at P14 as well as P28 (Fig. 

3C and D). Remarkably, from P14 to P28 mRNA levels of Ang4 as well as lysozyme-P were 

significantly increased in both types of mice.

Quantitative analysis of Reg3β and Reg3γ protein levels in the small 
intestine
Expression of Reg3β and Reg3γ protein in the jejunum was studied by Western blot 

analysis. At P14 protein expression levels were below the detection limit in WT as well 

as Muc2-/- mice (data not shown). At P28, expression of both Reg3β (Fig. 4A) and Reg3γ 

(Fig. 4B) was significantly increased in Muc2‑/‑ mice compared to WT mice, in which 

Reg3β and Reg3γ protein levels remained undetectable. This difference in Reg3β and 

Reg3γ protein expression levels at P28 corresponded to the observed difference in 

mRNA levels.
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Figure 1. Clinical Symptoms and intestinal morphology
(A) Body weight of WT and Muc2‑/‑ mice are depicted at P14 and P28. Body weight was significantly lower 
in Muc2‑/‑ compared to WT mice at P28. (B) Crypt lengths of WT and Muc2‑/‑ mice at P14 and P28 in distal 
colonic tissue sections. Values are depicted as box-and-whisker diagrams (maximum value, upper quartile, 
median, lower quartile and minimal value respectively). (C) Hematoxylin and eosin staining in WT and 
Muc2‑/‑ mice at P28 are displayed. (See Color Section, p. 237.)
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Figure 2. Expression of Reg3β, Reg3γ and Ang4 mRNA in the colon
Expression of Reg3β (A,B), Reg3γ (C,D), Ang4 (E,F) mRNA relative to β-actin expression in colonic tissue of 
WT and Muc2‑/‑ are depicted. Proximal and distal colonic expression levels are shown in the left and right 
panels respectively (* P < .05, ** P < .01). Values are expressed as median. Groups are depicted as: WT, 
P14 ♦; Muc2‑/‑, P14 ◊; WT, P28 ●; and Muc2‑/‑, P28 ○.
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Figure 3. Expression Reg3β, Reg3γ, Ang4 and lysozyme-P mRNA in the small intestine
Small intestinal expression of Reg3β (A), Reg3γ (B), Ang4 (C) and lysozyme-P (D) mRNA expression relative 
to β-actin expression. Values are expressed as median. Groups are depicted as: WT, P14 ♦; Muc2‑/‑, P14 ◊; 
WT, P28 ●; and Muc2‑/‑, P28 ○.
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Figure 4. Expression of Reg3β and Reg3γ protein in the small intestine
Small intestinal expression of Reg3β (A) and Reg3γ (B) protein relative to β-actin expression. 
Photomicrographs depict examples of Reg3β and Reg3γ expression in WT and Muc2‑/‑ mice and 
corresponding β-actin expression. Values are expressed as median. Groups are depicted as: WT, P28 ●; 
and Muc2‑/‑, P28 ○.
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Localization of Reg3β, Reg3γ, and Ang4 mRNA and protein in the colon
We next determined the localization of these markers within the colonic tissue of WT 

and Muc2‑/‑ mice by ISH and immunohistochemistry. ISH revealed that expression of both 

Reg3β mRNA (Fig. 5A, Muc2‑/‑ P28) and Reg3γ mRNA (data not shown) is localized at the 

basolateral side of goblet cells and within enterocytes in the proximal colon of WT and 

Muc2‑/‑ mice at P14 and P28.

Reg3β protein was localized in goblet cells and enterocytes in the middle and 

lower part of the crypt in WT and Muc2‑/‑ mice at P14 and P28 (data not shown). There 

were no differences between WT and Muc2‑/‑ mice at both ages studied. Colonic Reg3γ 

protein expression was undetectable in WT animals at P14 and P28 (Fig. 5B) and in 

Muc2‑/‑ mice at P14. However, in Muc2‑/‑ mice at P28, Reg3γ protein could be localized at 

Figure 5

A CB

50μm

Figure 5. Localization of Reg3β mRNA and Reg3γ protein in the proximal colon
Localization of Reg3β mRNA in Muc2‑/‑ by ISH (A), and localization of Reg3γ protein by immunohistochemistry 
in (B) WT and (C) Muc2‑/‑ mice at P28. (See Color Section, p. 237.)

Figure 6
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Figure 6. Localization of Ang4 mRNA and Ang4 protein in the proximal colon
Localization of Ang4 mRNA in Muc2‑/‑ mice by ISH (A) (arrows depict Ang4 mRNA at the basolateral side 
of goblet cells), and localization of Ang4 protein by immunohistochemistry in (B) WT and (C) Muc2‑/‑ mice 
at P28. (See Color Section, p. 238.)
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the apical side of crypt epithelial cells (Fig. 5 C). Like Reg3β, Reg3γ protein was localized 

mainly at the middle and lower areas of the crypt in these animals.

Ang4 mRNA was detected at the basolateral side of goblet cells in the proximal 

colon of WT mice at P14 (not shown) and P28 (Fig. 6A). Goblet cells are not clearly 

visible in Muc2‑/‑ mice but as the localization of Ang4 mRNA in Muc2‑/‑ mice was similar 

to WT we predict that it is also located in goblet cells (not shown). Immunohistochemical 

staining showed that Ang4 protein was clearly visible in goblet cells of WT mice at P14 

and P28 (Fig 6B). In Muc2‑/‑ mice, goblet cells contained Ang4 protein at P14 (not shown), 

but not at P28 (Fig. 6C). We could not detect the in situ expression of Reg3β, Reg3γ, and 

Ang4 mRNA and protein in the distal colon, most likely because expression levels were 

too low. Remarkably, expression levels of Reg3β, Reg3γ, and Ang4 mRNA and protein 

showed considerable mouse to mouse variation.

Localization of Reg3β, Reg3γ, and Ang4 mRNA and protein in the small 
intestine
Reg3β mRNA was localized in goblet cells and enterocytes in the small intestine of WT 

and Muc2‑/‑ mice at P14 and P28 (Fig. 7). Additionally, Reg3β mRNA was observed in 

some Paneth cells of Muc2‑/‑ mice at P28 (Fig. 7D), but not in WT mice. In WT mice, 

Reg3β mRNA was seen at the base of the villi at P14 (Fig. 7A) and P28 (Fig. 7C). A similar 

pattern was seen in Muc2‑/‑ mice at P14 (Fig. 7B). In contrast, at P28 the expression 

pattern of Reg3β mRNA in Muc2‑/‑ mice spread from the base of the villi to the tip (Fig. 

7D), while in WT mice Reg3β mRNA expression remained restricted to the villus base.

As for Reg3β mRNA, the Reg3γ mRNA was also seen in goblet cells and entero-

cytes at P14 and P28 (data not shown). At P14 and P28, Reg3γ mRNA expression was 

observed in Paneth cells in WT mice as well as Muc2‑/‑ mice (data not shown). There was 

no evidence for a different localization of Reg3γ in WT and Muc2‑/‑ mice.

Immunohistochemical analysis of Reg3β and Reg3γ protein showed similar results 

compared to the mRNA localization described above (Fig. 7). More specifically, at P14 

Reg3β protein was localized in enterocytes, displayed by a typical Golgi-staining and 

in goblet cells of WT as well as Muc2‑/‑ mice (Fig. 7E and F). Reg3β-positive Paneth 

cells were only observed in Muc2‑/‑ mice at P28 (Fig. 7H). Reg3β protein was seen from 

crypt-villus junction till halfway up the villi in enterocytes and within goblet cells along 

the entire villi at P14 in WT and Muc2‑/‑ mice. At P28 goblet cells of WT mice did not 

show expression of Reg3β protein, whereas goblet cells of Muc2‑/‑ mice were still Reg3β-

positive (Fig. 7G and H). Moreover, expression of Reg3β protein in Muc2‑/‑ mice was seen 

along the complete crypt-villus units, whereas expression was limited to the lower part 

of the villi in WT mice.

Reg3γ protein was localized in Paneth cells and goblet cells of WT and Muc2‑/‑ mice 

at P14 (Fig. 7I and J). Reg3γ-positive goblet cells were still present at P28 in Muc2‑/‑ mice, 
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but only faint staining was seen in WT mice (Fig. 7K and L). Reg3γ-positive Paneth cells 

were not visible in WT mice at P28 (Fig 7K). In Muc2‑/‑ mice, however, Reg3γ-positive 

Paneth cells were clearly visible at P28 and the abundance of Reg3γ-positive Paneth cells 

in these mice even seemed to increase from P14 to P28.

Finally, small intestinal Ang4 mRNA was localized in Paneth cells of both WT and 

Muc2‑/‑ mice at both ages studied (Suppl. Information Fig.1, showing Ang4 mRNA in 

Muc2‑/‑ mice at P14). At P14, Ang4 mRNA was not only observed in the Paneth cells 
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Figure 7. Localization of Reg3β mRNA and Reg3β and Reg3γ protein in the small intestine
ISH for Reg3β mRNA in WT and Muc2‑/‑ mice at P14 (A,B) and P28 (C,D)(arrowheads in zoom in indicate 
Reg3β-positive Paneth cell in Muc2‑/‑ at P28). Immunohistochemical staining for Reg3β in WT and Muc2‑/‑ 
mice at P14 (E,F) (arrowhead indicates Golghi-staining in enterocytes in WT at P14) and P28 (G,H)(arrows 
indicate Reg3γ-positive goblet cells in WT and Muc2‑/‑ mice at P14, arrowheads indicate Reg3β-positive 
Paneth cells in Muc2‑/‑ at P28). Immunohistochemical staining for Reg3γ is depicted in the lower panel in 
WT and Muc2‑/‑ mice at P14 (I,J)(arrows indicate Reg3γ-positive goblet cells, arrowheads indicate Reg3γ-
positive Paneth cells) and P28 (K,L)(arrows indicate Reg3γ-positive goblet cells, arrowheads indicate 
Reg3γ-positive Paneth cells). (See Color Section, p. 239.)
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but also at the apical side of the villus enterocytes in both types of mice. Ang4 protein 

expression patterns were similar to the Ang4 mRNA expression patterns with expression 

localized to Paneth cells at P14 and P28 (Fig. 8) and to enterocytes along the villi at P14 

in WT and Muc2‑/‑ mice. Similar to Reg3γ, the number of Ang4-positive Paneth cells 

increased from P14 to P28.

Discussion

In the present study we examined the expression and localization of Reg3β, Reg3γ and 

Ang4 in intestinal tissue of WT and Muc2‑/‑ mice at the age of 14 days and post weaning 

at 28 days. We demonstrated that the expression of these genes, that are related to 

innate defense, differ between Muc2‑/‑ and WT mice before and after weaning, a time 

frame during which changes in intestinal morphology are described. These changes 

might be related to a different microbiota or to an altered interaction between bacteria 

and the intestinal epithelial cells in the absence of a mucus layer.

Expression levels of Reg3β, Reg3γ, and Ang4 mRNA in the proximal colon were 

considerably higher compared to expression levels in the distal colon of WT and Muc2‑/‑ 

mice at both time points. An explanation for the observed differences in the expression 

levels of these genes between the proximal and distal colon might be that an intrinsic 

program encoded in the epithelial cells determines the segmental expression of the 

studied innate defense molecules. On the other hand, altered expression of Reg3γ might 

be related to the composition of the microbiota as demonstrated in a simplified model 

where germ-free mice are sequentially colonised with Bacteroides thetaiotaomicron and 

then Bifidobacterium longum.24 As expected from previous studies colonization of germ-

free mice with Bacteroides thetaiotaomicron induced Reg3γ expression but this was 

An
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Figure 8

P14 P28 

WT Muc2-/- WT Muc2-/-

Figure 8. Localization of Ang4 protein in the small intestine
Localization of Ang4 protein in small intestine of WT and Muc2‑/‑ mice at P14 (left panel) and P28 (right 
panel)(arrowheads indicate Ang4-positive Paneth cells). (See Color Section, p. 240.)
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lowered by the subsequent introduction of Bifidobacterium longum. Thus the observed 

differences in Reg3β, Reg3γ, and Ang4 gene expression between the proximal and distal 

colon might be related to differences in the composition of the microbiota in these parts 

of the intestine. Indeed, it was shown by Lepage et al. and Zoetendal et al. that there is 

approximately 4% difference in mucosa-associated bacterial communities between the 

right colon (i.e. proximal colon) and left colon (i.e. distal colon).25‑26

Regardless of the mechanisms of Reg3 gene and Ang-4 gene regulation, there 

seems to be a correlation between Reg3β, Reg3γ, and Ang4 gene expression levels and 

the location of colitis in Muc2‑/‑ mice. Colitis is only seen in the distal colon of Muc2‑/‑ 

mice at P28, where the expression levels of Reg3β, Reg3γ, and Ang4 were the lowest. 

This finding implies that Reg3 proteins and/or Ang4 can limit intestinal inflammation or 

damage directly or indirectly. Interestingly, studies from Folch-Puy et al. indicate that PAP 

I, also known as HIP, p23, or Reg2 protein, directly inhibits the inflammatory response by 

blocking NF-κB activation through a STAT3-dependent mechanism.27 As Reg3β mRNA 

levels are higher in the proximal colon than distal colon of Muc2‑/‑ mice, together with 

the fact that colitis is only seen in the distal colon, Reg3β may play an anti-inflammatory 

role in Muc2‑/‑ mice. Additionally, one might speculate that the distal colon is more prone 

to develop colitis than the proximal colon as Reg3β mRNA levels are also higher in the 

proximal colon than in the distal colon of WT mice.

Expression levels of Reg3β and Reg3γ mRNAs were consistently higher in Muc2‑/‑ 

mice compared to WT mice in both the proximal and distal colon. This is most likely 

due to increased commensal bacterial-epithelial interaction in Muc2‑/‑ mice. Given that 

the glycosyl-chains of mucins are a nutrient source for bacteria, the absence of Muc2 is 

likely to influence the composition of the microbiota. Thus differences in the composition 

of the colonic microbiota between WT and Muc2‑/‑ mice might therefore also influence 

Reg3 and Ang4 protein expression. Furthermore, Pochart et al. showed that in healthy 

subjects dominant bacterial species differ between the mucosa-associated microbiota 

and the fecal microbiota.28 In patients with active Crohn’s disease, the fecal microbiota 

was more similar to the mucosal microbiota, suggesting that the microbiota plays an 

important role in this disease. The absence of a functional mucus layer in Muc2‑/‑ mice 

would allow the fecal bacteria to come into contact with the mucosal epithelium which 

might influence the expression of Reg3β and Reg3γ in Muc2‑/‑ mice.

After weaning, expression levels of Reg3β, Reg3γ, and Ang4 mRNAs in the proxi-

mal colon were increased in WT and Muc2‑/‑ mice. Cash et al. showed that Reg3γ mRNA 

expression increased during the weaning period in the small intestine of conventionally 

raised mice, but not germ-free mice.17 The same accounts for Ang4 expression in the 

small intestine.18 It is known that weaning changes the composition of the intestinal 

microbiota. This can be explained by the food source itself that forms a substrate for 

specific bacteria, but also by the abrogation of protective factors that are present in 
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mother’s milk, such as sCD14, sTLR2, TGFβ, IL-10, and lactoferrin.29‑32 Therefore, in-

creased expression of Reg3β and Reg3γ at P28 in WT as well as Muc2‑/‑ mice might be 

regarded as a host innate response to the absence of protective factors in the mother’s 

milk and an altered intestinal microbiota.

Like Reg3β and Reg3γ, Ang4 mRNA levels in the distal colon also turned out to be 

increased after weaning in WT mice. Contrastingly, in Muc2‑/‑ mice, expression levels of 

Ang4 decreased after weaning. Hooper et al. previously described that Ang4 displays 

species-selective, bactericidal activity.18 However, high ANG levels were also reported 

to be cytotoxic for eukaryotic cells.33 In this respect the decreased expression of Ang4 

in the distal colon of Muc2‑/‑ mice might be regarded as a protective mechanism to limit 

aggravation of damage in this model.

Focussing on the small intestine, next to crypt lengthening as from the age of 16 

weeks, no signs of inflammation were seen in the Muc2‑/‑ colitis model.2 Yet, in the pres-

ent paper, we demonstrate that small intestinal expression of Reg3β and Reg3γ mRNAs 

were increased in Muc2‑/‑ mice compared to WT mice at P28. Since these differences 

became apparent after weaning, this suggests an important role for bacterial coloni-

zation, which is supported by the findings of other authors.16‑17 Besides the aspect of 

weaning, the absence of Muc2 is likely to influence the intestinal microbiota since mucins 

form a nutrient source for certain groups of bacteria.34 Small intestinal expression levels 

of Ang4 mRNA were increased after weaning in WT as well as Muc2‑/‑ mice. Furthermore, 

we showed that expression of Ang4 in the small intestine resembles the expression of 

lysozyme-P over time. It is known that Paneth cell development occurs after birth in mice, 

with a complete constitution of the Paneth-cell lineage from the age of 3 to 4 weeks.35 

Therefore, increased expression of lysozyme-P and Ang4 mRNAs at P28 compared to 

P14 is most likely due to an increase in Paneth cell numbers during development from 

P14 to P28.

With in situ hybridization we showed that both Reg3β and Reg3γ mRNAs in the 

proximal colon are localized at the basolateral side of the goblet cells at P14 and P28 in 

WT mice. In Muc2‑/‑ mice we cannot distinguish between enterocytes and goblet cells 

based on their morphology. However, expression seemed to be similar in WT and KO 

mice. It was previously shown that Reg3γ and Ang4 are expressed in small intestine and 

localized exclusively in Paneth cells17‑18 and Reg3β mRNA was shown in colonic goblet 

cells and columnar cells.16 Besides secreting Relmβ, which is suggested to have an im-

mune effector function36‑38, goblet cells were until now not known to play a role in innate 

defense response via the secretion of anti-bacterial proteins. Our demonstration that 

Reg3β, Reg3γ, and Ang4 are expressed in colonic goblet cells highlights a new and 

important role for goblet cells in innate defense.

By immunohistochemistry, we could not detect clear differences in Reg3β protein 

expression in the proximal colon between WT and Muc2‑/‑ mice, nor were there any clear 
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differences between P14 and P28. Additionally, Reg3γ protein expression was only seen 

in the proximal colon of Muc2‑/‑ mice at P28. This might be due to the fact that protein 

expression levels of Reg3 genes are below detection levels. However, as Reg3γ protein 

expression was only seen in the proximal colon of Muc2‑/‑ mice at P28, we suggest that 

the bactericidal activity in the proximal colon of Muc2‑/‑ mice increases after weaning. In 

the small intestine, Reg3β protein was seen in goblet cells, enterocytes, and Paneth cells 

at P14. In WT mice, goblet cells did not express Reg3β protein any more at P28, whereas 

Muc2‑/‑ mice still showed Reg3β mRNA expression in goblet cells. The latter could in-

dicate increased Reg3β secretion by goblet cells after weaning. Furthermore, Reg3β 

mRNA and protein expression by Paneth cells and by enterocytes in the lower villus and 

crypt suggests a stem cell protective function for Reg3β against bacterial invasion.

In summary, absence of Muc2 results in strong up-regulation of Reg3β and Reg3γ 

mRNAs in the small intestine and colon, suggesting altered bacterial-epithelial signal-

ing in Muc2‑/‑ mice, leading to increased innate defense capacity. Alterations in Reg3 

and Ang4 gene expression were related to weaning from mother’s milk, which is known 

to alter the composition of the microbiota. Therefore an important role for bacteria in 

regulation of Reg3 and Ang4 gene expression is suggested. Furthermore, colitis is only 

seen in the distal colon of Muc2‑/‑ mice at P28, where and when expression levels of 

Reg3β, Reg3γ, and Ang4 mRNAs were the lowest. This finding implies that Reg3 proteins 

and/or Ang4 limit the induction of intestinal inflammation and/or damage. Additionally, 

down-regulation of Ang4 in Muc2‑/‑ mice with colitis might be a protective mechanism 

to limit Ang4-induced cell damage in these mice, as ANG is known to be cytotoxic for 

host cells. This study also highlights a new role for goblet cells in host innate immunity by 

demonstrating that they produce the antimicrobial peptides Reg3β, Reg3γ, and Ang4.
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Supplementary Figure 1

Suppl Information Figure 1. Localization of Ang4 mRNA small intestine
Localization of Ang4 mRNA at P14 in small intestine of Muc2‑/‑ mice (arrowheads indicate Ang4-positive 
Paneth cells).
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Abstract

Paneth cell dysfunction has been suggested in necrotizing enterocolitis (NEC). The 

aim of the present study was to: i) study Paneth cell presence, protein expression, 

and developmental changes in preterm infants with NEC; ii) determine Paneth cell 

products and antimicrobial capacity in ileostomy outflow fluid. Intestinal tissue from 

NEC patients (n=55), preterm control infants (n=22), and term controls (n=7) was 

obtained during surgical resection and at stoma closure after recovery. Paneth cell 

abundance and protein expression were analyzed by immunohistochemistry. RNA 

levels of Paneth cell proteins were determined by quantitative real-time RT-PCR. In 

ileostomy outflow fluid, Paneth cell products were quantified and antimicrobial activ-

ity was measured in vitro. In acute NEC, Paneth cell abundance in small intestinal 

tissue was not significantly different from preterm controls. After recovery from NEC, 

Paneth cell hyperplasia was observed in the small intestine concomitant with elevated 

human alpha-defensin 5 (HD5) mRNA levels. In the colon, metaplastic Paneth cells 

were observed. Ileostomy fluid contained Paneth cell proteins and inhibited bacterial 

growth. In conjunction, these data suggest an important role of Paneth cells and their 

products in various phases of NEC.
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Introduction

Paneth cells, named after Joseph Paneth1, play a significant role in the innate immune 

response. Localized at the base of the base of the crypts of Lieberkühn, Paneth cells are 

abundant in the ileum and only occasionally found in the proximal colon.2 Paneth cells 

have defensive functions including: 1) protection of stem cells in response to invading 

microbes3‑4; 2) eradication of ingested pathogens5‑7; 3) regulation of the composition, 

distribution, and number of commensal bacteria in the intestinal lumen8‑9; 4) induction of 

cytokine secretion, immune cell recruitment, and chloride secretion to flush the intestinal 

crypts of pathogens.10‑11

Paneth cells execute their functions by production of antimicrobial proteins/pep-

tides such as lysozyme12‑13, secretory phospholipase-A2 (sPLA2)14, and human α-defensins 

(HD5 and -6).15‑16 In the human fetal intestine, Paneth cells are present from 20 weeks of 

gestation, however HD5 and -6 mRNAs are expressed from 13.5 weeks onwards.17‑18 

Both Paneth cell numbers and HD5 and -6 mRNA expression are lower in premature 

infants at 24 weeks of gestation compared to term infants, and up to 200-fold lower than 

in adults.18 In the premature infant, who is often exposed to nosocomial pathogens and 

has delayed colonization with beneficial commensals, this phenomenon could result in 

higher susceptibility to bacterial infection and inflammation.

Although Paneth cell dysfunction in necrotizing enterocolitis (NEC) has been sug-

gested19, little is known about Paneth cell abundance and function in preterm infants at 

risk for NEC. NEC is the most common gastrointestinal disease in premature infants with 

mortality rates up to 50% for infants needing surgery.20‑21 Risk factors for NEC are pre-

maturity, very low birth weight, enteral formula feeding, and bacterial colonization.22‑24 

However, the underlying etiology and the impact of the innate immune system on the 

development of NEC require further investigation.

We hypothesized that preterm infants with acute NEC have fewer Paneth cells 

compared to control patients, and that Paneth cell numbers are up-regulated during 

recovery from NEC, thereby enhancing the innate immune response. Our aim was to i) 

study Paneth cell presence, Paneth cell protein expression, and disease-related changes 

in Paneth cell numbers over time in premature infants with NEC compared to control 

patients, and ii) to measure Paneth cell products in ileostomy outflow fluid during NEC 

recovery and to determine the bactericidal activity of ileal outflow fluid.
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Methods

Study population
Premature infants, who underwent bowel resection for NEC between August 2003 and 

September 2009, were eligible for the study. NEC was diagnosed and staged accord-

ing to Bell’s criteria.25 Diagnosis was confirmed during surgery and by histopathological 

evaluation of resected intestinal tissue. Samples of both ends of the resected intestine 

represented macroscopically vital tissue and were collected for histology and quantita-

tive real-time RT-PCR (qRT-PCR). Approximately 3-5 weeks after surgery, when infants 

received an enteral intake of at least 100 ml·kg·d, enterostomy outflow fluid was col-

lected every 3h for 24h and immediately stored at −20°C. After full recovery, patients 

underwent a second surgical procedure when eligible for reanastomosis (i.e. stoma 

closure). To allow proper reanastomosis tissue was resected, which was collected for 

histology. Patients who underwent surgery for resection of post-NEC strictures, as a 

result of obstructive fibrotic intestinal tissue that developed during non-surgical therapy 

for NEC, were also included. These samples were not subjected to surgical manipulation 

or exposed to the extra-abdominal environment, and are thus representative for the 

effects of NEC only. Again, samples were taken from both the proximal and distal part of 

the resected intestine. Finally, both preterm and term neonates who underwent resection 

for developmental defects or diseases other than NEC were included as control patients, 

and intestinal tissue was collected as described above. Infants diagnosed with cystic 

fibrosis were excluded. The study protocol was approved by the ‘Central Committee on 

Research involving Human Subjects’ (The Hague, the Netherlands) and written informed 

consent was obtained from the parents.

Histology and Immunohistochemistry
Intestinal tissues were fixed in 4% (wt/vol) paraformaldehyde in phosphate buffered 

saline for 24h at 4°C and processed for light microscopy. Five micrometer-thick sections 

were cut and deparaffinized through a graded series of xylol-ethanol. For histology, 

tissue samples were stained with hematoxylin and eosin. To determine Paneth cell-

specific expression of lysozyme, trypsin and HD5, immunohistochemistry was performed 

as described previously.26‑27 Antibodies used were anti-human lysozyme (Dako, Glostrup, 

Denmark), anti-human trypsin (MAB 1482; Millipore, Billerica, MA, USA) and anti-human 

HD5 (HyCult Biotechnology, Uden, the Netherlands). Secondary antibodies applied were 

biotinylated horse anti-mouse IgG diluted (Vector Laboratories, Burlingame, England) 

and biotinylated goat anti-rabbit IgG (Vector Laboratories). Detection was performed 

using the ABC-PO complex (Vectastain Elite Kit, Vector Laboratories). Staining was de-

veloped using diaminobenzidine.
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Collected tissue samples were assigned to intestinal segments according to their 

origin: jejunum, ileum, coecum, colon ascendens, colon transversum, colon descendens, 

and rectosigmoid. When samples originated from the same intestinal segment, only one 

sample per segment was analyzed. Samples from NEC and control infants were matched 

and analyzed according to their segment of origin. Tissue morphology was qualitatively 

assessed by 2 trained observers (PJP&IBR). A semi-quantitative assessment of Paneth 

cell abundance based on lysozyme and HD5 positive cells was performed. Paneth cells 

within 10 crypts per tissue sample were scored blinded as follows: 0: no Paneth cells; 1: 

0-1 Paneth cells per crypt and at least 1 Paneth cell per 10 crypts; 2: 1-4 Paneth cells 

per crypt; 3: more than 4 Paneth cells per crypt. Scores were given by one observer and 

validated by the second observer.

Quantitative real-time RT-PCR
RNA was isolated from snap-frozen ileal tissue (RNeasy Midi kit; Qiagen Benelux, Venlo, 

the Netherlands) and used for cDNA synthesis. Expression levels of DEFA5 (HD5), LYZ 

(lysozyme), TRY2 (anionic trypsin), and PLA2G2A (sPLA2) were quantified using qRT-PCR 

analysis based upon the intercalation of SYBR Green on an ABI prism 7900HT Fast Real-

Time PCR system (PE Applied Biosystems, Foster City, CA, USA) as described previously.28 

Messenger RNA levels were expressed relative to the epithelial-specific housekeeping 

gene VIL1 (Villin). Primer combinations are given in Table 1.

Table 1. Primer sequences used for quantitative real time RT-PCR

Gene Forward primer Reverse primer

LYZ 5’- TTT GCT GCA AGA TAA CAT C -3’ 5’- GAC GGA CAT CTC TGT TTT G -3’

DEFA5 5’- TGC AGG AAA TGG ACT CTC -3’ 5’- GCC ACT GAT TTC ACA CAC -3’

PLA2G2A 5’- TGG CAC CAA ATT TCT GA -3’ 5’- GCA GCC TTA TCA CAC TCA -3’

TRY2 5’- GCT CCA AGG AAT TGT CTC -3’ 5’- GGG GCT TTA GCT GTT G -3’

VIL1 5’- CTG CCT TCT CTG CTC TG -3’ 5’- ATC GGT GAG AAA ATG AGA C -3’

Primers for DEFA5 (HD5), LYZ (lysozyme), TRY2 (anionic trypsin), and PLA2G2A (secretory phospholipase 
A2) were designed using OLIGO 6.22 software (Molecular Biology Insights, Cascade, CO, USA).

Protein isolation and Western blot analyses
To isolate proteins from the small intestinal outflow fluid, cesium-chloride density gradi-

ent ultracentrifugation was performed as described previously.29‑30 Fractions with a buoy-

ant density >1.35 g/ml, containing high density proteins, were discarded. Fractions with 

a buoyant density <1.35 g/ml were pooled, dialyzed, and used to quantify lysozyme, 

trypsin, and sPLA2 by Western-blot. The used dialysis membrane had a cut-off size of 

10 kD and therefore did not allow analysis of HD5 as HD5 is smaller than 10 kD. Primary 

antibodies used were rabbit anti-lysozyme (Dako), rabbit anti-sPLA2 (H-74) (Santa Cruz 
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Biotechnology, Santa Cruz, CA, USA), and mouse anti-α-trypsin (MAB 1482, Chemicon 

International). Bound antibodies were detected using HRP-conjugated goat anti-rabbit 

or anti-mouse antibodies and Luminol Enhancer (Pierce, Thermo Fisher Scientific Inc., 

Rockford, IL, USA). Western-blots were analyzed using densitometry.

Antimicrobial assay
Escherichia coli (E. coli), Lactococcus lactis (L. lactis), and Lactobacillus rhamnosus (LGG) 

were grown overnight in LB medium, GM17 medium, and MRS medium (BD, Franklin 

Lakes, NJ, USA) respectively, at 37°C. The pooled antimicrobial protein fractions (100 

μg) were added to 200 μl of bacterial cultures of 2x107 colony forming units (CFU)/ml 

and incubated for 1h at 37°C. A 10‑4 dilution was prepared and 100 μl of the suspension 

was plated. After overnight incubation at 37°C, CFUs were counted. Bacterial growth 

inhibition was analyzed by calculating the number of CFUs in comparison to untreated 

bacteria.

Statistical analysis
Comparisons between patient groups were made using ANOVA with a post-hoc Tukey 

T-test for normally distributed data or the Kruskal-Wallis Test followed by Dunn’s Mul-

tiple Comparison Test for not-normally distributed data. Protein and mRNA levels of 

antimicrobial proteins were determined using the Mann Whitney test. Analyses were 

performed using GraphPad Prism version 5.0 (GraphPad Software, San Diego, CA, USA). 

Significance was defined at P < .05.

Results

Study population
A total of 84 infants were included in the study. Patient characteristics are shown in 

table 2. Forty-nine preterm infants underwent bowel resection for stage III acute NEC, 

further referred to as A-NEC. After resection of necrotic tissue, primary anastomosis was 

performed in 4 patients, an enterostomy was created in 40 infants, and in 5 patients 

NEC lesions were too extensive to allow further surgical treatment compatible with life. 

In total 13 infants (27%) died of complications of NEC. After recovery, 31 out of the 

40 enterostomy patients were eligible for reanastomosis (further referred to as NEC-R), 

allowing repeated tissue collection. Additionally, six premature infants were included, 

who had received non-surgical treatment for NEC, but developed post-NEC strictures 

requiring surgery (Post-NEC Stricture).

Twenty-two premature infants were included as control (Preterm CO). These pa-

tients were diagnosed with small intestinal atresia (n=8), milk curd obstruction (n=3), 
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Table 2. Patient Demographics

NEC Post-NEC
Stricture

Preterm CO Term CO P-value

No. of patients 49 6 22 7

Demographics

Sex, % male 61 67 50 57

Gestational age (wk) 29.5 ± 3 31.8 ± 3.7 32.9 ± 3.9 38.2 ± 1.2 a,c,i,k

Birth weight (g) 1239 ± 501.8 1618 ± 507.5 2051 ± 874.8 2946 ± 738.9* a,c,h,j

Apgar score 1 min 7 (4 - 9) 7.5 (2.9 - 9) 8 (5 - 9)* 9 (8 - 9)† NS

Apgar score 5 min 9 (8 - 10) 9.5 (8.3 - 10) 9 (8 - 9)* 9 (9 - 10)† NS

Clinical and surgical outcome

Postnatal age at
1st surgery (d)

11 (7 - 17.5) 40 (35.8 – 51) 1.5 ( 0 - 16) 2 (0 - 3) b,d,e,g,h

Gestational age at
1st surgery (wk)

31.7 (29.2 - 34) 38 (35.8 - 40.5) 34.4 (31 - 36.1) 38 (37.6 – 40.3) b,c,f

Primary anastomosis, % 8 100 27 42.3

Jejunostomy, % 12 - 23 14.3

Ileostomy, % 61 - 45 42.3

Colostomy, % 8 - 4 -

Deaths, % 27 - 4 -

Patients eligible for
reanastomosis, %

63 - 59 -

Postnatal age at
reanastomosis (d)

95 (57 - 125) - 55 (44 - 102) - NS

Gestational age at
reanastomosis (wk)

43 (40.1 - 46.6) - 41 (39.5 – 46.4) - NS

Data provided are percentages or means ± SD. Medians (interquartile range) are provided for variables 
that are not normally distributed.
a P < .001 for comparisons between NEC and Preterm controls.
b P < .05 for comparisons between NEC and Preterm controls.
c P < .001 for comparisons between NEC and Term Controls.
d P < .05 for comparisons between NEC and Term Controls.
e P < .05 for comparisons between NEC and Post-NEC Strictures.
f P < .001 for comparisons between NEC and Post-NEC Strictures.
g P < .001 for comparisons between Post-NEC Strictures and Preterm Controls.
h P < .001 for comparisons between Post-NEC Strictures and Term controls.
i P < .01 for comparisons between Post-NEC Strictures and Term controls.
j P < .05 for comparisons between Preterm controls and Term controls.
k P < .01 for comparisons between Preterm controls and Term controls.
ns. not significant.
*Data on 1 patient was not recorded. † Data on 2 patients was not recorded.
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perforation due to herniation (n=2), solitary perforation (n=1), ileus (n=1), meckel’s diver-

ticulum (n=1), volvulus (n=2), gastroschizis (n=3) and cloacal malformation (n=1). After 

intestinal resection, 6 infants received a primary anastomosis and 16 an enterostomy. 

Post-surgically 1 patient died of additional clinical complications. After full recovery, 13 

infants were eligible for stoma closure (Preterm CO-R), allowing repeated tissue collec-

tion.

Seven term infants who were resected for small intestinal atresia (n=3), intestinal 

perforation (n=3), and volvulus (n=1), were included as term controls (Term CO).

Figure 1 depicts the corrected gestational age at the time of tissue sampling during 

surgery for all patient groups.

Sample evaluation
In most infants the resected intestine covered multiple intestinal segments. Samples 

were cut from both ends of the resected material and therefore sample numbers do not 

correlate with the number of patients included. Samples from jejunum, ileum, and colon 

were used for morphological analysis (n=157). Samples that showed complete mucosal 

erosion were excluded from further analyses (n=36). The remaining samples were stained 

for lysozyme, HD5, and trypsin to analyze Paneth cell-specific protein expression. Scor-

ing was based upon both lysozyme and HD5 staining. Table 3 demonstrates the number 

of samples that were obtained and evaluated for each patient group.

Paneth cell hyperplasia during NEC recovery
Paneth cells were present in small intestinal tissue of NEC patients and Preterm CO, 

and were positive for lysozyme (Figure 2A-D), HD5 (Figure 2E-H), and trypsin (not 

shown). Abundance of Paneth cells, determined by lysozyme and HD5 staining, was 

not significantly different between A-NEC and Preterm CO (Figure 3). In reanastomosis 

Preterm CO Preterm CO-R

Term CO

A-NEC 

Post –NEC 
Stricture

32 36 40 42 44 48

Gestational age at surgery [wk]  

NEC-R

30 34 3828 46

Figure 1

Figure 1. Time-frame representing an overview of intestinal tissue sampling according to gestational 
age. Bars represent interquartile ranges. A-NEC patients are significantly younger than Preterm 
CO (Mann-Whitney P < .01), but corrected gestational age is comparable during reanastomosis. 
Corrected gestational age during reanastomosis is in both groups not different from patients with 
Post-NEC strictures and Term Controls during surgery.
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samples, no differences in Paneth cell abundance between NEC-R and Preterm CO-R 

were observed (Figure 3). However, small intestinal samples in both NEC-R and Preterm 

CO-R showed increased numbers of Paneth cells, determined by lysozyme and HD5 

staining, when compared to A-NEC and Preterm CO samples, respectively (Figure 3). 

To determine whether this increase in Paneth cell numbers was age- or disease-related, 

we compared Term CO samples to NEC-R and Preterm CO-R samples, as the corrected 

gestational age at time of surgery was not significantly different between these groups 

(Figure 1). Interestingly, Paneth cell abundance in small intestinal NEC-R and Preterm 

CO-R tissue was increased compared to Term CO indicating a disease-related effect.

Table 3. Sample evaluation of intestinal tissue obtained during acute surgery (A) and reanastomosis 
(B)

A. Acute surgery Small Intestine Colon

Patient Groups Total Excluded Evaluated Total Excluded Evaluated

NEC 46 16 30 18 8 10

Post-NEC Stricture 0 0 0 5 0 5

Preterm CO 21 4 17 2 1 1

Term CO 7 1 6 1 0 1

B. Reanastomosis Small Intestine Colon

Patient Groups Total Excluded Evaluated Total Excluded Evaluated

NEC 29 3 26 13 2 11

Preterm CO 12 1 11 3 0 3

Note: Tissue samples were obtained from both ends of resected intestine and might originate from 
multiple intestinal segments. Therefore patient numbers do not correlate with sample numbers.
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Figure 2. Immunohistochemistry for lysozyme- (LYS) (A-D) and HD5-positive (E-H) Paneth cells in 
ileal tissue from NEC patients and Preterm CO. (A, E) A-NEC; (B, F) NEC-R; (C, G) Preterm CO; (D, 
H) Preterm CO-R. Images are representative of 19 A-NEC, 21 NEC-R, 9 Preterm CO, and 6 Preterm 
CO-R specimens derived from the ileum. (See Color Section, p. 240.)
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Figure 3. Paneth cell abundance in small intestinal tissue from A-NEC and NEC-R patients, Preterm 
CO and Preterm CO- R, and Term CO obtained during acute surgery and reanastomosis. Scoring 
of HD5-positive (A) and lysozyme–positive (B) Paneth cells, based upon the number of stained cells 
per crypt from an average of 10 crypts (see methods). Lines represent medians. Statistics were 
performed using the Kruskal-Wallis - Dunn’s Multiple Comparison test. * P < .05; ** P < .01; § P < 
.001.

NEC-R

100 µm B C

D E F

A

A-NEC Post-NEC Stricture

H
D
5

L
Y
S

COLON

Figure 4

NEC-R

100 µm B C

D E F

A

A-NEC Post-NEC Stricture

H
D
5

L
Y
S

COLON

Figure 4

Figure 4. Representative immunohistochemistry for lysozyme (LYS; A-C) and HD5 (D-F) in metaplastic 
Paneth cells in colonic tissue from NEC patients. (A, D) A-NEC. (B, E) NEC-R. (C, F) Post-NEC 
Stricture. Images are representative of 10 A-NEC, 11 NEC-R, and 5 Post-NEC Stricture specimens.
(See Color Section, p. 241.)
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Paneth cell metaplasia during NEC recovery
In 9 out of 10 samples, no Paneth cells were found in colonic tissue from A-NEC patients 

(Figure 4 and 5). Unexpectedly, at the time of reanastomosis nearly all proximal and 

distal colon samples showed metaplastic Paneth cells, determined by lysozyme and HD5 

staining (Figure 4). This finding was confirmed by the Post-NEC Stricture colon samples 

which all displayed metaplastic Paneth cells (Figure 4). Figure 5 presents the scoring 

of Paneth cell-abundance in the colon and demonstrates the induction of metaplastic 

Paneth cells, assessed by staining for HD5 (Figure 5A) and lysozyme (Figure 5B), in NEC-

R and Post-NEC Stricture. In Preterm CO-R, only few colon samples (n=3) were obtained, 

nevertheless all samples showed Paneth cell metaplasia (not shown).

LYZ, TRY2, PLA2G2A, and DEFA5 mRNA levels in NEC
Analyses of ileal samples from 21 NEC patients by qRT-PCR showed that LYZ, TRY2, and 

PLA2G2A mRNA levels were not different in tissue from A-NEC (n=8) vs. NEC-R (n=13) 

(Figure 6). However, expression of DEFA5 was significantly higher in NEC-R compared to 

A-NEC (Figure 6A-D). Although sample numbers obtained from preterm control infants 

were limited, expression of LYZ, TRY2, PLA2G2A, and DEFA5 tended to be higher in 

Preterm CO-R samples (n=5) compared to Preterm CO (n=4) (Figure 6E-H).

Antimicrobial products in the ileostomy outflow fluid and antimicrobial 
activity
Ileostomy outflow fluid from 12 patients was collected during the regenerative phase 

of NEC (Table 4). Isolates of the outflow fluid samples contained lysozyme, trypsin, and 

sPLA2. As lysozyme and trypsin are present in breast milk, we analyzed whether levels of 

these antimicrobial products would differ between infants receiving breast milk (n=6) or 
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Figure 5. Scoring of Paneth cell abundance in colonic tissue from NEC A-NEC, NEC-R and Post-
NEC Stricture patients. Scoring of HD5-positive (A) and lysozyme-positive (B) Paneth cells, based 
upon the number of stained cells per crypt from an average of 10 crypts (see methods). Lines 
represent medians. Statistics were performed using the Kruskal-Wallis - Dunn’s Multiple Comparison 
test. * P < .05; ** P < .01.
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formula (n=6). There was no statistically significant difference between the groups (data 

not shown).

Bactericidal activity of the outflow fluid isolates was demonstrated by growth inhi-

bition of E. coli with 52% (±18%), L. lactis with 81% (±20%) and LGG with 43% (±17%) 

(Figure 7A). Increasing concentrations of protein isolates (n=7) were used to determine 
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Figure 6. Expression of anti-bacterial peptide genes in A-NEC and NEC-R (A-D) and Preterm CO and 
Preterm CO-R (E-H): (A, E) DEFA5, (B, F) LYS, (C, G) PLA2G2A, and (D, H) TRY2. DEFA5 expression 
was upregulated in NEC Reanastomosis; Mann Whitney test P = .013. Lines represent medians.

Table 4. Baseline characteristics of NEC patients sampled for ileostomy outflow fluid

No. of patients 12

Demographics

Sex, % male 92

Gestational age (wk) 29.1 ± 3.1

Birth weight (g) 1210 ± 524

Postnatal age at 1st surgery (d) 11.5 (7.8 - 13.5)

Time of enterostomy outflow collection post-surgery (d) 22 (18.3 - 25)

Patients receiving breast milk, % 50

Patients receiving antibiotic treatment during sampling, % 33

Data provided are percentages or means ± SD. Medians (interquartile range) are provided for variables 
that are not normally distributed.



Paneth cells in N
EC

103

5
bacterial growth inhibition capacity. Growth inhibition up to 100% was reached as pre-

sented in figure 7B. To evaluate whether antibiotic treatment influenced the observed ef-

fect, we compared bacterial growth inhibition from isolates of antibiotic-treated patients 

(n=4) to isolates from patients without antibiotics, but no difference was observed (Figure 

7).

Discussion

Paneth cells play a key role in the innate immune response and host defense. Although 

Paneth cell dysfunction has been suggested, little is known about Paneth cell presence 

and function in the immature gut and gastrointestinal complications of prematurity such 

as NEC. In the present study we analyzed Paneth cell-presence, function, and disease-

related changes in Paneth cell abundance over time in preterm infants with NEC. Our 

results show Paneth cell hyperplasia and metaplasia in premature infants recovering from 

NEC. Furthermore, Paneth cell-products from ileostomy outflow fluid of NEC patients 

exhibited strong bactericidal activity.

First, Paneth cell presence and protein expression in small intestinal samples of A-

NEC patients vs. Preterm CO was investigated. We found that Paneth cells were present 

in A-NEC both A-NEC and Preterm CO.

Coutinho and colleagues observed an absence of lysozyme-positive Paneth cells 

in acute NEC, and suggested a developmental defect in Paneth cells, i.e. delayed 

maturation of Paneth cells, leading to lack of antimicrobial agents such as lysozyme 

and defensins.19 Besides the fact that 40% of their NEC-patients were term newborns in 

whom the disease is thought to be different from premature infants31‑33, the absence of 
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Figure 7. (A) Antimicrobial assay showing bactericidal activity of protein isolates from ileostomy 
outflow fluid samples (n=12) on E. coli, LGG and L. lactis. Bactericidal activity is expressed as % 
growth inhibition compared to non-treated controls. Open symbols denote antibiotic-treated 
patients. Lines represent means. (B) Bacterial challenge assay showing up to 100 % growth inhibition 
of E. coli –●–, LGG –■– and L. Lactis –▲– with increasing doses of protein isolates (n=7). Bars represent 
means ± SEM.
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lysozyme-positive Paneth cells might be explained by enhanced secretion of lysozyme. 

Nevertheless, our study demonstrates Paneth cell-specific lysozyme and HD5 mRNA and 

protein in A-NEC contradicting Paneth cell deficiency in preterm infants.

Similarly to our results, Salzman et al. showed presence of Paneth cells in acute NEC 

patients.34 Semi-quantitative analysis of the 6 preterm acute NEC infants investigated in 

that study revealed an increase in Paneth cell numbers and HD5 mRNA levels in infants 

with NEC compared to (near) term control infants. In our study we did not observe a dif-

ference between A-NEC and Term CO with respect to Paneth cell abundance; however 

we did when we compared NEC-R infants to Term CO. Another point of interest is that 

in the study of Salzman, intracellular peptide levels in NEC did not coincide with the 

observed rise in mRNA. Although we did not quantify intracellular peptide levels per 

Paneth cell, low HD5 mRNA levels coincided with low numbers of HD5-positive Paneth 

cells, whereas high HD5 mRNA levels correlated with the hyperplasia of HD5-positive Pa-

neth cells during reanastomosis. Therefore, our study is the first to report small intestinal 

Paneth cell hyperplasia after recovery from NEC and strongly implies an up-regulation 

of Paneth cell abundance. We did not detect differences in lysozyme, sPLA2, and trypsin 

mRNA levels in A-NEC vs. NEC-R. However, in contrast to HD5, these products are not 

restricted to Paneth cells for their production and therefore don’t necessarily reflect 

changes in Paneth cell abundance.

In concordance to the hyperplasia observed in NEC, Paneth cell numbers in Pre-

term CO-R were also up-regulated compared to Preterm CO. Moreover, both Preterm 

CO-R and NEC-R tissue showed higher numbers of Paneth cells compared to Term CO. 

Most likely severe or prolonged intestinal inflammation, which to a lesser extend was 

also seen in preterm control infants, might explain the observed hyperplasia. However, 

the effect of increased postnatal age in this preterm population compared to Term CO 

cannot be excluded.

A novel finding in our study is the occurrence of Paneth cell metaplasia in colon 

samples during NEC-recovery. The expression of lysozyme, trypsin, and HD5 indicated 

the presence of well-differentiated cells able to exert Paneth cell-defensive functions. 

Although Paneth cell metaplasia has not been described in NEC, this phenomenon has 

been reported in inflammatory bowel disease.35 Metaplasia can occur through restitution 

or regeneration of tissue after intestinal mucosal surface loss, either due to resection, 

and/or inflammation.36 However, as our Post-NEC stricture patients had not undergone 

resection during acute NEC, but did show Paneth cell metaplasia, we suggest that in-

flammation caused Paneth cell-metaplasia.

During recovery, lysozyme, trypsin, and sPLA2 were present in intestinal outflow 

fluid and outflow fluid inhibited bacterial growth in vitro. Similar outcomes were found 

in in vitro studies performed with human and mouse peptide isolates.37‑39 A caveat is 

that these antibacterial products are not Paneth cell specific. However, the presence 
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of Paneth cells in A-NEC and the presence of these peptides in the ileal outflow fluid, 

imply that Paneth cells in preterm infants are present and at least partially functional by 

secreting antimicrobial products. Therefore, Paneth cell deficiency, i.e. a lack of Paneth 

cells, in preterm infants with NEC seems unlikely. However, we cannot exclude that there 

are abnormalities in Paneth cells that limit their functioning in infants with NEC.

A limitation of the present study is that interpretation of our findings is difficult 

since preterm controls also exhibit signs of inflammation, numbers of age-matched 

control patients are limited, and collecting material from a healthy control group is not 

feasible. Nevertheless, our results indicate the presence of Paneth cells in preterm infants 

with NEC, and imply that Paneth cell hyperplasia and metaplasia is most likely caused by 

inflammation. Subsequently, increased Paneth cell numbers suggests enhanced secre-

tion of active antimicrobial products and might be indicative of an enhanced innate de-

fense response during prolonged inflammation which might contribute to NEC-recovery. 

However, it still remains to be elucidated which possible cell signaling and regulatory 

pathways are involved in these processes to target improvement of therapy and clinical 

outcome.
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Abstract

Beneficial effects have been addressed to the use of probiotics in health and disease. 

However, the mechanisms of action are largely unknown. The mucin MUC2 is the 

structural component of the intestinal mucus layer that forms a physical barrier against 

bacteria and harmful substances. We hypothesize that probiotics increase MUC2 syn-

thesis. We aimed to study the effect of probiotic bacterium Lactobacillus GG (LGG) on 

MUC2 synthesis in LS174T, a human goblet cell-like cancer cell line. LGG treatment 

resulted in a dose dependent increase in MUC2 mRNA levels and MUC2 promoter 

transactivation in LS174T cells. A higher amount of nonviable LGG was required to 

increase MUC2 mRNA expression and MUC2 promoter activation compared to viable 

LGG. Moreover, stimulation of LS174T cells with viable LGG resulted in increased 

MUC2 protein expression. Treatment of cells with LGG-conditioned medium (LGG-

CM) also resulted in increased MUC2 mRNA levels and MUC2 promoter transactiva-

tion. Subjecting LGG-CM to proteases, DNases or heat did not result in diminished 

MUC2 RNA levels or loss of MUC2 promoter transactivation. Furthermore, an AP-1 

binding site responsible for the LGG-induced MUC2 promoter transactivation was 

identified. In conclusion, LGGs stimulate MUC2 synthesis in the LS174T cell line. As 

viable bacteria are able to activate the MUC2 promoter in lower dosages compared 

to nonviable bacteria, secreted bacterial products also seem to be able to stimulate 

MUC2 promoter transactivation. Proteins and DNA are ruled out as actors in this 

matter because transactivation of the MUC2 promoter was maintained after pretreat-

ment of LGG-CM with DNase, proteases, or heat. Bacterial fermentation products 

are considered as possible candidates. In conjunction, these data imply that LGG can 

stimulate MUC2 synthesis directly and also indirectly via LGG secreted products.

Key words: MUC2, Lactobacillus GG (LGG), short chain fatty acids, viable, nonviable
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Introduction

Probiotics are defined as ‘live microbial dietary supplements which beneficially affect the 

host animal by improving its intestinal microbial balance’.1 There is a growing interest 

in the use of probiotic bacteria for their suggested positive influence on human and 

animal health. Numerous probiotics have been introduced for general use whereas clini-

cal applications of probiotics include treatment or prevention of a variety of intestinal 

and extra-intestinal diseases. The exact mechanism through which probiotics exert their 

beneficial effects is largely unknown.

Lactic acid bacteria and Bifidobacteria are both well known probiotics. Different 

species are thought to have specific properties, including competition for nutrients and 

adhesion sites with pathogenic bacteria, production of bacteriocins, inhibition of bacte-

rial translocation, effects on immunoglobulins and antimicrobial peptide secretion.2‑9 

Lactobacillus rhamnosus GG (LGG) is a natural occurring bacterium originally isolated 

from the healthy human intestine. In contrast to many bacterial strains, LGG was shown 

to survive the acidic environment of the stomach as well as bile acids in the duodenum 

and proximal jejunum.10 LGG is one of the best-studied probiotic bacteria in clinical trials. 

It is effective in preventing and treating diarrhea11‑16, primary rotavirus infections14,17‑18, 

and atopic dermatitis in children.19‑20

Nevertheless, data demonstrating how LGG induces its beneficial effects are lim-

ited. The intestinal mucus layer forms a physical barrier between bacteria and potential 

toxic and noxious agents present in the gut lumen and the underlying tissues. The 

secretory mucin MUC2 is the predominant mucin in the colon21 and MUC2 synthesis is 

diminished in UC22‑23 and presumably also in NEC.24 Interestingly, in a number of stud-

ies it has been demonstrated that probiotics are able to alter mucin synthesis.25‑26 For 

example, Lactobacillus plantarum 299v and LGG appeared to inhibit the adherence of an 

enteropathogenic Escherichia coli to intestinal epithelial cells.27 These probiotic bacteria 

appeared to up-regulate MUC2 and MUC3 mRNA expression by intestinal epithelial 

cells. Furthermore, media containing MUC2 and MUC3 protein was shown to inhibit 

binding of E. coli to these epithelial cells. Therefore, it can be hypothesized that these 

probiotics increase epithelial barrier function by inducing increased synthesis of intes-

tinal mucines. Furthermore, the stimulating effect of LGG on MUC2 mRNA synthesis 

has recently been studied in a 2,4,6-trinitrobenzenesulfonic acid (TNBS) colitis model.28 

However, the mechanisms via which LGG affects MUC2 synthesis has not been studied 

in detail before. For example, it is currently unknown whether non-viable LGGs or LGG 

conditioned culture medium is able to affect MUC2 promoter activation and thereby 

MUC2 protein levels.

Therefore, our objective was to study the effect of viable, nonviable LGG, and 

LGG conditioned culture media on MUC2 synthesis at the mRNA and promoter level. 
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Moreover, we identified a LGG-responsive region within the MUC2 promoter. By study-

ing all these parameters in conjunction we aimed to obtain more information on the 

mechanisms of LGG-induced effects on mucin MUC2 synthesis.

Materials and Methods

Cell culture
The LS174T colonic cancer cell line was cultured in a 37°C incubator with 5% CO2 in 

Dulbecco’s modified Eagle’s minimal essential medium (DMEM) supplemented with 

non-essential amino acids and 10% fetal calf serum (Boehringer, Mannheim, Germany) 

as before.29

Culture of LGG and preparation of LGG conditioned culture medium
Lactobacillus rhamnosus GG (LGG) was cultured in Mann Rogosa Sharp (MRS) medium 

and grown overnight at 37°C in an oxygen-deprived atmosphere. The density of the 

overnight culture was measured at 600nm. Reference values for optical density as a 

measure for the amount of colony forming units were produced previously. Bacteria were 

harvested by centrifugation at 4000 rpm for 15 minutes at 4°C, washed five times in ice-

cold PBS, and reconstituted at 1010 CFU/ml PBS. Serial dilutions were made in complete 

DMEM before adding to LS174T cells.

To prepare LGG conditioned culture medium (LGG-CM), LGG was grown overnight 

in MRS medium at 37°C in an oxygen-deprived atmosphere. The bacterial preparation 

was diluted to approximately 106–107 CFU/ml in complete DMEM and incubated for 

24h at 37°C. The LGG-CM was centrifuged twice at 4,000 rpm for 15 min to separate 

the bacteria, and the resulting supernatant was filtered through a 0.45-μm membrane 

(Millex; Millipore, Bedford, MA) to remove any insoluble particles and diluted to a final 

concentration of 25% and 50% in complete DMEM before use.

Quantitative real-time RT-PCR
LS174T cells were seeded in 6-well plates at 0.5x106 cells/well. Cells were incubated 

16 hours after seeding with viable LGG, nonviable LGG or LGG-CM. After 4 hours of 

stimulation, cells were washed, lysed, and harvested. Total RNA was prepared using 

the Nucleospin RNA II-kit from Macherey-Nagel (Düren, Germany). Total RNA (1.5 μg) 

was used to prepare cDNA. The mRNA expression levels of MUC2 as well as the house-

keeping gene GAPDH were quantified using real-time PCR (qRT-PCR) analysis (TAQman 

chemistry) based upon the intercalation of SYBR Green on an ABI prism 7900 HT Fast 

Real Time PCR system (PE Applied Biosystems) as previously described.30 The primer 

combinations for MUC2 (5’-CTC CGC ATG AGT GTG AGT -3’, and 5’-TAG CAG CCA 
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CAC TTG TCT G -3’) and GAPDH (5’-GTC GGA GTC AAC GGA TT -3’, and 5’-AAG CTT 

CCC GTT CTC AG -3’) were designed using OLIGO 6.22 software (Molecular Biology 

Insights) and purchased from Invitrogen. The effect of (non)viable LGG and LGG-CM on 

MUC2 transcription was studied by co-incubating cells with (non)viable LGG or LGG-CM 

and actinomycin D (0.5μg/ml) (Sigma–Aldrich, Zwijndrecht, the Netherlands). Quantita-

tive real-time RT-PCR was performed as described above.

Immunocytochemistry
LS174T cells were grown on poly-L-lysine-coated microscope glass slides 24 h prior to 

treatment with LGG. Cells were nontreated or treated with or 106 cfu/ml LGG for 24 

h. Cells were fixed in ice-cold methanol at −20°C for 10 min and rinsed in PBS. MUC2 

mucin expression was determined by immunocytochemistry. Cells were incubated for 60 

min at room temperature with the monoclonal MUC2 antibody (WE9)31 diluted in phos-

phate buffered saline (PBS)(1:100), rinsed four times with PBS, and incubated at room 

temperature for 60 min with the biotinylated horse-antimouse antibody (Vector) diluted 

in PBS (1:1000), followed by 1 h incubation with ABC-PO complex (Vectastain Elite Kit; 

Vector Laboratories), each component diluted 1:400 in PBS. After incubation, binding 

was visualized using 0.5 mg/ml DAB (diaminobenzidine), 0.02% v/v H2O2 in 30 mM 

imidazole and 1 mM EDTA (pH 7.0). The slides were counterstained with hematoxylin.

Cell transfections
Previously described pGL3-MUC2 promoter constructs covering the -2627/-1, -2096/+27, 

-947/-1 and -371/+27) region of MUC2 promoter were used.29 LS174T cells were seeded 

at 2.0 x 105/well in 24-well plates. Transfections and co-transfections were performed 

the next day by adding 0.25 µg of the pGL3 construct of interest and 0.15 µg of phRG-B 

as an internal control. Transfection and co-transfection experiments were performed us-

ing Effectene reagent (Qiagen, Venlo, The Netherlands) as described previously.29 Cells 

were incubated with the transfection mixture for 24 h at 37°C. Stimulation with variable 

dosage of viable LGG, nonviable LGG or LGG-CM was performed during 24 h. Total 

cell extracts were prepared using 1x passive lysis buffer (Promega), as described in the 

manufacturer’s instruction manual. Cell extract (10 μl) was mixed with 100 µl of luciferase 

assay reagent (Promega, Leiden, the Netherlands) to determine luciferase activity in a 

Glomax luminescence counter (Promega, Leiden, the Netherlands). Luciferase activity 

is expressed as fold induction of the nonstimulated sample compared with that of the 

LGG-stimulated samples, after correction for transfection efficiency as measured by the 

Renilla luciferase-activity. All experiments were performed in triplicate in at least three 

separate experiments.
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Site-directed mutagenesis
A previously found consensus AP-1 site (ATGAGTCAGA) in the MUC2 promoter at 

-817/-80832 was mutated using the QuickChange® site-directed mutagenesis kit (Strata-

gene, Amsterdam, the Netherlands) according to the manufacturer’s instructions. The 

sequences of the oligonucleotides used to mutate the AP-1 site are depicted in table I. 

The mutation was confirmed by DNA sequencing.

LC/IRMS analysis
High performance liquid chromatography (HPLC) analysis of the VFAs was carried out 

on a Knauer pump system (Berlin, Germany) and a Midas auto sampler (Spark, Emmen, 

Netherlands), fitted with a ICSep ION-300 analytical column (7.8 x 300mm; Transge-

nomic, Achrom, Zulte, Belgium) and eluted at 300 µL min‑1 isocratically at 35°C with 

0.0085 N H2SO4. Injection volume was 10 µL. The HPLC system was coupled to a Delta 

XP isotope ratio mass spectrometer (IRMS) by a LC Isolink interface (Thermo Fisher, 

Bremen, Germany). The technique of the Isolink interface is based on wet oxidation of 

organic components with peroxodisulfate under acidic conditions. The CO2 produced 

is subsequently separated from the mobile phase in a capillary gas exchanger flushed 

with helium gas, dried and led into the ion source of the mass spectrometer in a helium 

stream via the open split interface. The temperature of the oxidation reactor was set at 

99.9°C. The flow rates of the acid (1.5 M H3PO4) and oxidant reagents (0.7 M Na2S2O8) 

were 30 µL min‑1 each. Peak identification was based on retention times. Concentration 

measurements were based on the peak areas of the m/z 44 signals of the separated 

compound, using external standards for calibration. Samples were analyzed in duplicate.

Statistical analysis
All values in this article are mean values ± standard deviation (SD).

Results

LGG increases MUC2 mRNA expression
LS174T cells were stimulated with variable dosages of viable and nonviable LGG. 

Stimulation with viable LGG already showed an increase in MUC2 mRNA expression at a 

concentration of 106 CFU/ml (Fig. 1A). To determine whether metabolical activity of the 

LGG is required for this increase, viable LGG was heat-inactivated. Stimulation with 106 

CFU/ml hardly showed any effect, while MUC2 mRNA levels increased upon stimulation 

with 108CFU/ml nonviable LGG (Fig. 1A).

As LGG also increased MUC2 mRNA levels in a nonviable state, we aimed to study 

the effect metabolic products secreted by LGG on MUC2 mRNA synthesis by means 
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of LGG conditioned culture medium (LGG-CM). Nondiluted LGG-CM turned out to be 

acidic and toxic to the LS174T cells as determined by pH measurement, determination of 

floating cells in each well, and trypan blue staining. Therefore, the LGG-CM was diluted 

to concentrations of 25% and 50%, which were proven not to be cytotoxic. Increased 

mRNA expression was seen when LS174T cells were stimulated with 25% CM, whereas 

50% CM only showed a slight increase (Fig. 1B).

To determine whether the activating effect of LGG on MUC2 expression occurred 

at the transcriptional level, cells were pretreated with actinomycin D, which inhibits tran-

scription. The results indicate that activation of MUC2 gene expression by LGG indeed 

occurred at the transcriptional level, as MUC2 mRNA levels returned to basal levels when 

cells were pretreated with actinomycin D (Fig. 1C).

LGG stimulates MUC2 protein synthesis
To determine whether LGG also affected MUC2 protein synthesis, the effect of viable 

LGG on MUC2 protein expression was analyzed by immunocytochemistry (Fig. 2). In 

non-stimulated LS174T cells MUC2 staining was hardly visible. Stimulation with viable 

LGG clearly results in an increased amount of MUC2-positive cells.

MUC2 promoter transactivation by LGG
Transfections with MUC2 promoter constructs were performed to study the effect of LGG 

on MUC2 promoter transactivation via luciferase assays. LS174T cells transfected with 
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Figure 1. Effect of LGG on MUC2 mRNA expression
Relative MUC2 mRNA expression in LS174T cells upon stimulation with viable LGG and nonviable LGG (A) 
and LGG conditioned Culture Medium (LGG-CM) (B). To determine whether LGG stimulation influences 
MUC2 synthesis at the transcriptional level, LS174T cells were stimulated with LGG-CM and co-incubated 
with actinomycin D (ActD) (C). Expressed values are depicted as mean ± SD, relative to control values (ref), 
which were arbitrarily set on 1.
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Figure 2
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Figure 2. LGG increases MUC2 protein expression
LS174 T cells were stimulated with 106 viable LGG. Nonstimulated LS174T cells (A) are compared with 
LS174T cells stimulated with viable LGG (B). (See Color Section, p. 241.)
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Figure 3. MUC2 promoter transactivation by LGG and LGG-CM
Relative luciferase activity showing the effect of (non)viable LGGs or LGG conditioned culture medium 
(LGG-CM) on MUC2 promoter transactivation. Cells were transfected with the -947/-1 MUC2 promoter 
construct before being stimulated with viable LGGs (A), nonviable LGGs (B) or LGG-CM (C) as described in 
experimental procedures. Results are expressed as fold activation compared to non-stimulated cells (ref). 
Results represent mean ± SD obtained in triplicate in three separate experiments.
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various MUC2 promoter constructs were stimulated with viable LGG in concentrations 

ranging from 102 to 108 CFU/ml. As the construct covering the -947/-1 region showed 

the most marked induction of luciferase activity, we used this promoter construct in 

subsequent experiments. Viable and nonviable bacteria in concentrations ranging from 

102 to 108 CFU/ml were used for stimulation of transfected LS174T cells. Both prepara-

tions showed a dose dependent increase in MUC2 promoter activity. However, higher 

concentrations of nonviable LGG were needed to reach an effect comparable to the 

effect obtained with viable LGG. Specifically viable LGG already showed a two-fold 

increase in MUC2 promoter activity upon stimulation with 105 CFU/ml (Fig. 3A), whereas 

107 non-viable LGG/ml was needed to induce MUC2 promoter transactivation (Fig. 3B). 

Finally, LGG-CM also resulted in transactivation of the MUC2 promoter (Fig. 3C).

Identification of LGG-responsive regions in the MUC2 promoter
Previous studies already revealed a consensus putative binding site (ATGAGTCAGA) for 

the transcription factor AP-1, a transcription factor known to mediate butyrate-induced 

MUC2 promoter activation32, at -817/-808. To determine whether this putative AP-1 bind-

ing site was responsible for the LGG-induced MUC2 promoter transactivation, specific 

nucleotides within the MUC2 promoter sequence were mutated (Table 1). This mutation 

resulted in a marked reduction of the LGG-induced MUC2 transactivation (Fig. 4).

Heat, protease and DNase treatment do not influence luciferase activity 
during LGG conditioned CM treatment
In search for the active biological substance that is responsible for MUC2 promoter 

transactivation, LGG-CM was exposed to various treatments, namely heat, DNase or 

protease (proteïnase K, trypsin and papain) (Fig. 5). Regardless of the pre-treatment, the 

stimulatory effect of LGG-CM on MUC2 promoter transactivation was maintained.

Short chain fatty acids from LGG-CM stimulate MUC2 synthesis
Short chain fatty acids (SCFAs) are produced by bacterial fermentation of undigested 

carbohydrates. As we previously showed that SCFAs can affect MUC2 synthesis32, we 

Table 1. Sequences of the sense oligonucleotides used for site-directed mutagenesis. AP-1 
consensus sequence is italicized. Mutated nucleotides are bold and underlined. Antisense 
oligonucleotides were also synthesized and annealed to the sense oligonucleotide to produce 
double-stranded DNA.

Mutations Sequence 5’-3’

Site directed mutagenesis

WT 114 (-830/-795) CAG GAT CCC CAC CAT GAG TCA GAG GTA GTT CTG GGG

Mutated T114 CAG GAT CCC CAC CAG GAG CCA GAG GTA GTT CTG GGG
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hypothesized that SCFAs produced by LGG caused the transactivation of the MUC2 

promoter upon stimulation of the cells with LGG-CM. To test this, we analyzed the 

concentrations of acetate, propionate and butyrate in LGG-CM. LGG-CM appeared to 

contain 5.8 mM acetate, 0.8 mM propionate, and 0.5 mM butyrate. Next, LS174T cells 

transfected with the MUC2 promoter construct were exposed to these concentrations 
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Figure 4. AP-1 binding site is responsible for LGG-induced MUC2 promoter transactivation.
Relative luciferase activity diagram showing the effect of site-directed mutagenesis on MUC2 promoter 
activation by viable LGG, nonviable LGG or LGG-CM. Cells were transfected either with the wild-type 
-947/-1 construct (WT, black bars) or with the AP-1 mutated construct (mut, white bars) before being 
stimulated with LGG or LGG-CM as described in experimental procedures. Results are expressed as fold 
activation compared to non-stimulated cells (ref). Results represent mean ± SD obtained in triplicate in 
three separate experiments.
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Figure 5. Exposing LGG-CM to heat, protease and DNase treatment does not influence LGG-CM-
induced MUC2 promoter activation
Relative luciferase activity showing the effect of proteases or DNase (B) or heat treatment (C) on MUC2 
promoter transactivation by LGG-conditioned culture medium (LGG-CM). LS174T cells were transfected 
with the -947/-1 construct MUC2 promoter construct before being stimulated with protease-, DNase-, or 
heat-treated LGG-CM as described in experimental procedures. Results are expressed as fold-activation in 
the treated cells compared to non-stimulated cells (ref). Results represent mean ± SD obtained in triplicate 
in three separate experiments.
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of SCFAs. As shown in Figure 6, stimulation with 5.8 mM acetate or 0.8 mM propionate 

and the combination of acetate and propionate did not result in increased MUC2 pro-

moter activity. However, treatment of transfected cells with 0.5 mM butyrate resulted 

in increased MUC2 promoter transactivation. Interestingly, the combination of acetate, 

propionate and butyrate showed a synergistic effect on MUC2 promoter activity.

Discussion

In the present study the effect of the probiotic bacterium LGG on MUC2 synthesis, an 

important marker for epithelial protection, was investigated. We demonstrate that a 

variety of LGG preparations induce MUC2 synthesis in the LS174T cell line, revealing a 

mechanism through which probiotics might exert their beneficial effects in the human 

host.

First of all, our study shows that LGG stimulates MUC2 mRNA synthesis. This is in 

line with studies performed with the intestinal epithelial cell lines Caco-2 and HT29, in 

which LGG appeared to increase MUC2 mRNA expression.26‑27 Interestingly, our studies 

show distinct differences between the stimulatory effect of viable LGG on MUC2 gene 

expression compared to nonviable LGG. More specifically, viable LGG stimulate MUC2 

synthesis in lower dosages, i.e. were more potent in low concentrations, compared to 

nonviable LGG. Van Baarlen et al.33 demonstrated a differential effect of viable versus 

nonviable bacteria on small intestinal gene expression. Gene expression profiles in human 

duodenal biopsy samples after ingestion of dead, stationary of midlogphase L. plantarum 

respectively, showed that consumption of L. plantarum leads to regulation of hundreds 

Figure 6

Figure 6. SCFAs induce MUC2 promoter activation in LS174T cells
Relative luciferase activity showing the effect of SCFAs on MUC2 promoter transactivation. LS174T cells 
were transfected with the -947/-1 construct MUC2 promoter construct before being stimulated with 
acetate (5.8 mM), propionate (0.8 mM), butyrate (0.5 mM) or a combination of these SCFAs as described 
in experimental procedures. Expressed values are depicted as mean ± SD, relative to control values (ref) 
which were arbitrarily set on 1.
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of duodenal mucosal genes that modulate immune responses, cellular metabolism and 

biogenesis. Interestingly, human mucosa responded differentially to various preparations 

of the same bacterial strain. For example, nuclear factor kappa-B (NFκB) signaling and its 

downstream or antagonizing pathways can be differentially induced by various prepara-

tions of the same bacterial species. Differential immune responses toward living and 

dead L. plantarum were also described by Bloksma and co-workers who showed that 

subcutaneous injections with preparations of viable L. plantarum induced mild inflam-

matory responses, whereas dead bacteria induced antibody formation by plasma cells 

and infiltration of polymorph nuclear cells in mice.34 Although viable and nonviable LGG 

were both able to increase MUC2 expression in our experiments, it is likely that different 

pathways regulate this common final effect, namely increased MUC2 synthesis.

Secondly, our promoter studies revealed that MUC2 promoter transactivation 

is already seen at low dosages of viable LGG. For nonviable LGG higher dosages 

are needed for initial MUC2 promoter transactivation. However, when high dosages 

of nonviable LGG were added an even higher activation of the MUC2 promoter was 

observed. LGG conditioned CM showed an ‘intermediate’ effect on MUC2 promoter 

trans activation since its effect was lower than the effect of viable, but higher than that of 

nonviable LGG. We identified an LGG-responsive region in the MUC2 promoter, namely 

an AP-1 binding site. Lin et al.35 already showed that AP-1 represents a primary target for 

probiotic-mediated suppression of TNF transcription. Furthermore, lactobacilli and the 

VSL#3 bacterial mixture strengthen intestinal barrier function through the upregulation 

of human beta-defensin-2 via induction of pro-inflammatory pathways including NF-κB 

and AP-1 as well as MAPKs.8 However, to our knowledge, this is the first study that 

reveals AP-1 as a stimulatory transcription factor that is responsible for MUC2 promoter 

transactivation after stimulation with LGG. Altogether, these studies suggest that stimu-

lation of the transcription factor AP-1 by probiotics influences intestinal barrier function 

at different levels.

Next, LGG conditioned CM was tested in search for the biological active substance 

that explains the stimulatory effect of LGG on MUC2 synthesis. Therefore several treat-

ments, i.e. heat inactivation, DNase and protease, were applied. However, none of these 

substances were able to diminish the stimulatory effect of LGG conditioned CM on 

MUC2 synthesis, implying that bacterial DNA and secreted proteins are not the active 

substances in this matter. These data are supported by several other studies in which 

CM was tested. For example, Caballero-Franco et al.25 demonstrated that CM derived 

from VSL#3, a mixture of 8 probiotic bacteria, induced mucin secretion in LS174T cells, 

but not MUC2 mRNA. They speculate that, during the first hours of exposure, VSL#3 

CM acts like a secretagogue inducing only the discharge of mucins from goblet cell 

vesicles without necessarily influencing mucin gene expression. However, our data show 

that LGG indeed affects MUC2 mRNA synthesis. We speculate that both mechanisms, 
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both immediate release of MUC2 from goblet cells storages as well as mRNA synthesis, 

might be activated by probiotic bacteria. As these authors already mentioned, proteins 

cannot be fully ruled out as the biological active substance since short peptides and 

highly glycosylated proteins are typically resistant to protease treatment or lipids, which 

are resistant to heat.25

Concentrations of SCFA in the LGG conditioned CM were measured as these 

substances are metabolites produced by LGGs, which might cause the stimulatory effect 

on MUC2 synthesis. Interestingly, stimulation with a combination of SCFAs was more 

effective compared to single SCFA stimulation. These data suggest that manipulation of 

the intestinal SCFA profile and thereby optimizing intestinal innate defense appears to 

be a potent effect of probiotic supplementation. Production of SCFAs by bacteria, which 

may be a key mechanism by which probiotics exert their beneficial effects, has been 

reviewed by Wong et al.36 However, the production of SCFAs has also been related to 

intestinal diseases. Lin et al. demonstrated that luminal administration of SCFAs causes 

concentration-dependent intestinal mucosal injury in newborn rats at pH 4.0, a pH 

chosen to resemble the acidic milieu encountered in NEC.37‑38 Furthermore, intraluminal 

administration of 3–5% (340–567 mmol/L) acetic acid has been widely used for over 20 

years to create a very reliable colitis model in rodents39 and other animal species.40 Propi-

onic acid has also been shown to induce intestinal injury in newborn piglets.41 Therefore, 

the optimal probiotic strain(s) with subsequent SCFA profiles are still to be found and 

harmful concentrations obviously need to be avoided.

Finally, in most definitions of probiotics, viability throughout the gastrointestinal 

tract is a requirement. In this study however, we show that nonviable bacteria also increase 

MUC2 synthesis and therefore the beneficial effect by means of increasing intestinal bar-

rier function through stimulation of MUC2 synthesis can be accomplished by both viable 

and nonviable LGG, as well as LGG-CM. This feature can be of utmost importance for the 

use of probiotics in clinical trials, since safety of probiotics remains an issue.

In summary, in the present study we showed that the probiotic bacterium LGG is 

able to stimulate MUC2 mRNA synthesis in a dose dependent manner. Secondly, we 

demonstrated that transactivation of the MUC2 promoter by LGG is, at least partly, 

induced via the transcription factor AP-1. Finally, we showed that bacterial viability is not 

a prerequisite for stimulating MUC2 synthesis. Taken together our data demonstrate that 

nonviable ‘probiotics’ and probiotic metabolites might be promising as prophylaxis to 

prevent NEC, as both can up-regulate MUC2 synthesis and thereby improve intestinal 

barrier function.
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Abstract

SCFAs (short-chain fatty acids), fermentation products of bacteria, influence epithelial-

specific gene expression. We hypothesize that SCFAs affect goblet-cell-specific mucin 

MUC2 expression and thereby alter epithelial protection. In the present study, our 

aim was to investigate the mechanisms that regulate butyrate-mediated effects on 

MUC2 synthesis. Human goblet cell-like LS174T cells were treated with SCFAs, after 

which MUC2 mRNA levels and stability, and MUC2 protein expression were analysed. 

SCFA-responsive regions and cis-elements within the MUC2 promoter were identified 

by transfection and gel-shift assays. The effects of butyrate on histone H3/H4 status 

at the MUC2 promoter were established by chromatin immunoprecipitation. Butyrate 

(at 1 mM), as well as propionate, induced an increase in MUC2 mRNA levels. MUC2 

mRNA levels returned to basal levels after incubation with 5–15 mM butyrate. Interest-

ingly, this decrease was not due to loss of RNA stability. In contrast, at concentrations 

of 5–15 mMpropionate, MUC2 mRNA levels remained increased. Promoter-regulation 

studies revealed an active butyrate-responsive region at −947/−371 within the MUC2 

promoter. In this region we identified an active AP1 (c- Fos/c-Jun) cis-element at 

−818/−808 that mediates butyrateinduced activation of the promoter. Finally, MUC2 

regulation by butyrate at 10–15 mM was associated with increased acetylation of 

histone H3 and H4 and methylation of H3 at the MUC2 promoter. In conclusion, 1 

mMbutyrate and 1–15 mMpropionate increase MUC2 expression. The effects of bu-

tyrate on MUC2 mRNA are mediated via AP-1 and acetylation/methylation of histones 

at the MUC2 promoter.

Key words: histone acetylation, histone methylation, human milk feeding, MUC2, 

necrotizing enterocolitis, short-chain fatty acid
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Introduction

Short chain fatty acids (SCFAs) are produced by fermentation of undigested carbohy-

drates. SCFAs, and more specifically acetate, propionate and butyrate, are the major 

anions in the lumen of the large intestine. Several functions of SCFAs have been de-

scribed, i.e. lowering intestinal pH, energy-source for colonocytes, stimulation of colonic 

blood flow, smooth muscle contraction, transepithelial chloride secretion and exertion 

of proliferative stimuli of colonic epithelial cells.1 It is known that dietary fibers and SCFA 

have beneficial effects in inflammatory bowel disease (IBD), e.g. by inhibition of pro-

inflammatory cytokine-induced NFκB activation and absorption of sodium and water.2‑4 

In addition, SCFAs and especially butyrate are known to influence intestinal specific gene 

expression, thereby influencing immune responses and oxidative and metabolic stress.5‑9

The composition of SCFAs in the intestine is determined by the composition of the 

microbiota, which in its turn is influenced by the diet. For example, prebiotics selectively 

stimulate the growth, and or, activity of Bifidobacteria and thereby influence the SCFA 

composition.10 Moreover, in human milk-fed infants the large bowel is generally domi-

nated by Bifidobacteria and lactic acid bacteria. The microbiota of formula-fed infants on 

the other hand, is more diverse, less stable and often contains more Bacteroides, Clos-

tridium and Enterobactericeae.11‑14 This difference in the composition of the microbiota 

results in a different SCFA composition between human milk-fed and formula-fed infants. 

It is well known that the ratio between the SCFAs butyrate, propionate, and acetate 

differ in breast-fed infants compared to formula-fed infants (i.e. 2:6:90 in human milk fed 

infants versus 5:20:70 in formula fed infants).15 Based on the fact that more than 90% 

of the infants who develop necrotizing enterocolitis (NEC), which is the most common 

gastro-intestinal emergency in premature infants, have received formula feeding, as op-

posed to human milk solely, one could suggest that the production of SCFAs by bacteria 

and the composition of SCFAs in the intestine might play a role in the pathogenesis 

of NEC. Altered fecal concentrations of butyrate have also been reported in patients 

with ulcerative colitis (UC). In addition, a diminished capacity of the intestinal mucosa to 

oxidize butyrate has been reported in patients with active UC.16‑18

Both UC and NEC share the feature of an impaired intestinal barrier function. 

Mucins are required for the maintenance of an adequate mucus layer that covers the 

intestinal epithelium and thereby forms a physical barrier that protects the intestinal 

epithelium against toxic agents. The mucin MUC2 is the predominant mucin in the colon 

and MUC2 synthesis is diminished in UC19‑20 and presumably also NEC.

It has been shown in cell line studies, experimental animal models and fresh human 

intestinal tissue specimens, that butyrate alters MUC2 expression in a dose dependent 

manner.21‑25 However, the mechanisms that are responsible for these alterations have not 

been studied in detail so far.
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In the present study, we investigated the role of increasing concentrations of butyr-

ate, as well as acetate and propionate on MUC2 expression in LS174T cells, a human 

goblet cell-like cell line. Furthermore, The effects of butyrate on MUC2 expression were 

respectively studied at the promoter, mRNA and protein level. We identified butyrate-

responsive regions and cis-elements within the MUC2 promoter and determined the 

effects of butyrate treatment on histone H3 and H4 status at the MUC2 promoter.

Experimental

Cell culture
The LS174T colonic cancer cell line was cultured in a 37°C incubator with 10% CO2 in 

Dulbecco’s modified Eagle’s minimal essential medium supplemented with non-essential 

amino acids and 10% foetal calf serum (Boehringer Mannheim) as before.26

Cell proliferation assay and morphological alterations
LS174T cells (2 × 105) were pre-cultured in 24-well plates overnight to allow them to 

adhere. Subsequently cells were stimulated with physiological concentrations of butyrate 

(0, 1, 5, or 10 mM) (sodium butyrate, Sigma-Aldrich, Steinheim, Germany) diluted in 

cell culture medium for 24 h. After removal of the culture medium, cells were treated 

with trypsin–EDTA solution and counted. All experiments were performed in triplicate 

in at least three separate experiments. In addition, cell proliferation and cell death were 

determined using the WST-I (WST-I proliferation agent, Roche Molecular Biochemicals, 

Germany) and trypan blue exclusion assays, respectively. Further, butyrate-induced 

morphological changes were studied microscopically.

Quantitative real- time PCR
LS174T cells were seeded in 6-well plates at 0.5x106 cells/well. Cells were incubated 16 

hours after seeding with either a low (1mM), moderate (5 mM) or high (10 and 15 mM) 

concentration of butyrate, acetate or propionate (Sigma-Aldrich, Steinheim, Germany). 

After 24 hours of stimulation, cells were lysed and harvested. Total RNA was prepared 

using the Nucleospin RNA II-kit from Macherey-Nagel. 1.5 μg of total RNA was used to 

prepare cDNA. The mRNA expression levels of MUC2 as well as the housekeeping gene 

GAPDH were quantified using real-time PCR (qRT-PCR) analysis (TAQman chemistry) 

based upon the intercalation of SYBR Green on an ABI prism 7900 HT Fast Real Time 

PCR system (PE Applied Biosystems) as previously described.27 The primer combinations 

for MUC2 (5’-CTC CGC ATG AGT GTG AGT -3’, and 5’-TAG CAG CCA CAC TTG TCT 

G -3’) and GAPDH (5’-GTC GGA GTC AAC GGA TT -3’, and 5’-AAG CTT CCC GTT 

CTC AG -3’) were designed using OLIGO 6.22 software (Molecular Biology Insights) 
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and purchased from Invitrogen. The effect of butyrate on MUC2 transcription and de 

novo protein synthesis was respectively studied by co-incubating cells with butyrate and 

either actinomycin D (0.5 μg/ml) or cycloheximide (10 μg/ml) (Sigma-Aldrich, Steinheim, 

Germany). qRT-PCR was performed as described above.

RNA stability assay
 LS174T cells were seeded at 1x106 cells/well in a 6-well cluster 24h prior to the experi-

ment. At t=0, the cells were treated with either 0 mM or 5 mM butyrate in combination 

with 4 μg/ml actinomycin D (Sigma-Aldrich, Steinheim, Germany). Cells were harvested 

after 0, 4, 6, 8, 10 and 24 h of butyrate/actinomycin D treatment. RNA isolation, cDNA 

synthesis and qRT-PCR were performed as mentioned above. To verify the amplification 

efficiency as well as the amount of mRNA present in the treated cells, a serial dilution of 

cDNA derived from non-treated LS174T cells was amplified in duplicate on each plate.

Cell transfections
pGL3-MUC2 promoter constructs covering the -371/+27, -947/-1, -2096/+27 and 

-2627/-1 regions of MUC2 promoter were previously described.26 The AP-1-Luc reporter 

construct was a kind gift from Dr Avery (Pennsylvania State University, USA). LS174T 

cells were seeded at 2.0 x 105/well in 24-well plates. Transfections and co-transfections 

were performed the next day by adding 0.25 µg of the pGL3 construct of interest and 

0.15 µg of phRG-B as an internal control. Transfection and co-transfection experiments 

were performed using Effectene® reagent (Qiagen) as described previously.26 Cells were 

incubated with the transfection mixture for 24 h at 37°C. Stimulation with variable dos-

age of butyrate was performed during 24 h. Total cell extracts were prepared using 1x 

passive lysis buffer (Promega), as described in the manufacturer’s instruction manual. 

10 µl of cell extract was used to determine luciferase activity in a Glomax luminescence 

counter (Promega) using the dual luciferase assay system (Promega). The luciferase activ-

ity is expressed as fold induction of the nonstimulated sample compared with that of the 

SCFA-stimulated samples, after correction for transfection efficiency as measured by the 

Renilla luciferase activity. All experiments were performed in triplicate in at least three 

separate experiments.

Site-directed mutagenesis
The consensus AP-1 site (ATGAGTCAGA) found in the MUC2 promoter at -817/-808 was 

mutated using the QuickChange site-directed mutagenesis kit (Stratagene) according to 

the manufacturer’s instructions. The sequence of the oligonucleotides used to mutate 

the AP-1 site are depicted in table I. The mutation was confirmed by DNA sequencing.
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Electrophoretic mobility shift assay (EMSA)
Nuclear extracts from LS174T cells, untreated or treated with butyrate were prepared as 

described before28, quantified using the bicinchoninic acid assay (Pierce, Perbio Science, 

Brebières, France) and stored at -80°C. Oligonucleotides were synthesized by MWG-

Biotech (Germany), sequences are shown in Table 1. Annealed oligonucleotides were 

radiolabeled using T4 polynucleotide kinase (Promega) and [γ32P]-dATP (GE Healthcare) 

and purified by chromatography on a Bio-Gel P-6 column (Bio-Rad, Marnes-la-Coquette, 

France). Nuclear protein incubation with radiolabeled probes and competitions with 

unlabeled probes were as described in Perrais et al. 26 For super-shift analyses, 2 μl of the 

antibody of interest [anti-c-fos (K-25, SC-253X) and anti-c-jun (SC-44X), Santa-Cruz labo-

ratories, Tebu-Bio, Le-Perray-en-Yvelines, France, were added to the proteins and left for 

1 h at room temperature (22°C) before adding the radiolabeled probe. Electrophoresis 

conditions and gel processing were as described before.26

Table 1. Sequences of the sense oligonucleotides used for site-directed mutagenesis and EMSA. 
AP-1 consensus sequence is italicized. Mutated nucleotides are bold and underlined. Antisense 
oligonucleotides were also synthesized and annealed to the sense oligonucleotide to produce 
double-stranded DNA.

Mutations Sequence 5’-3’

Site directed mutagenesis

WT 114 (-830/-795) CAG GAT CCC CAC CAT GAG TCA GAG GTA GTT CTG GGG

Mutated T114 CAG GAT CCC CAC CAG GAG CCA GAG GTA GTT CTG GGG

EMSA

T282 (-822/-804) CCA CCA TGA GTC AGA GGT A

Mutated T282 CCA CCA TTA GTG AGA GGT A

Western Blotting
Nuclear proteins (10 µg) were separated by running a 10% SDS-polyacrylamide gel 

electrophoresis, followed by electrotransfer onto a 0.45 µm PVDF membrane (Mil-

lipore, Saint-Quentin en Yvelines, France). The membranes were incubated either with 

specific antibodies against c-fos (sc-253, 1:10,000) or c-jun (sc-44, 1:5,000) (Santa Cruz 

laboratories) for 1 h at room temperature, or with specific antibodies against histone H3 

(anti-acetylated lysine, mono-/di-/trimethylated lysine 4) and histone H4 (anti-acetylated 

lysine) (Upstate #06-599 (1:10,000 dilution), #05-791 (1:10,000 dilution) and #06-598 

(1:1,000 dilution), respectively for 2 h at room temperature. Secondary antibodies used 

were horseradish peroxidase-conjugated anti-rabbit IgGs (Pierce). For detection, blots 

were processed with West® Pico chemiluminescent substrate (Pierce) and the signal was 

detected by exposing the processed blots to HyperfilmTM ECL® (enhanced chemilumi-

nescence; Amersham Biosciences). For Sp1 detection, the membranes were incubated 1 

h at room temperature with anti-Sp1 antibody (sc-59, 1:10,000, Santa Cruz laboratories) 
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and alkaline phosphatase-conjugated anti-goat IgGs (Promega) as secondary antibody. 

For detection, the membrane was incubated with Nitro Blue Tetrazolium Chloride and 

5-bromo-4-chloro-3-indolyl phosphate substrate (Life Technologies, Cergy-Pontoise, 

France).29

Immunocytochemistry
LS174T cells were grown on poly-L-Lysine coated microscope glass slides 24 h prior to 

butyrate treatment. Cells were treated with 0, 1, 2, 5 and 10 mM butyrate for 24h. Cells 

were fixed in ice-cold methanol at −20°C for 10 min and rinsed in phosphate-buffered 

saline (PBS). The MUC2 mucin expression was determined by immunocytochemistry. For 

this purpose, cells were incubated for 60 min at room temperature with the monoclonal 

MUC2 antibody (WE9)30 diluted in PBS (1:200), rinsed four times with PBS, and incubated 

at room temperature for 60 min with the biotinylated horse-anti-mouse antibody (Vector) 

diluted in PBS (1:1000), followed by 1h incubation with ABC-PO complex (Vectastain Elite 

Kit, Vector laboratories), each component diluted 1:400 in PBS. After incubation, binding 

was visualized using 0.5mg/ml 3,3’-diaminobenzidine (DAB), 0.02% v/v H2O2 in 30mM 

Immidazole, 1 mM EDTA (pH7.0). The slides were counterstained with hematoxylin.

Chromatin Immunoprecipitation (ChIP)
Cells untreated or treated with butyrate (10×106) were fixed in 1% (v/v) formaldehyde and 

chromatin was sonicated and immunoprecipitated as described in Piessen et al.31 with 

either 5 µg of specific antibodies against histone H3 (anti-acetylated lysine, mono-/di-/

trimethylated lysine 4, methylated lysine 9 and trimethylated lysine 27) and histone H4 

(anti-acetylated lysine) (Upstate) or with normal rabbit IgGs (Upstate) at 4°C. Immunopre-

cipitated chromatin (50 ng) was then used as a template for PCR using the following pairs 

of primers: forward primer1: 5’-TTGGCATTCAGGCTACAGGG-3’ and reverse primer1: 5’ 

GGCTGGCAGGGGCGGTG-3’, covering the -236/+24 region of MUC2 promoter. PCR 

was performed using AmpliTaq Gold polymerase as described by Piessen et al.31 PCR 

products (15 µl) were separated on a 2% (w/v) agarose gel containing ethidium bromide 

run in 1X TBE [Tris/borate/EDTA (1×TBE=45 mM Tris/borate and 1 mM EDTA)] buffer.

Statistical analysis
All values in this article are mean values ± standard deviation (SD).
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Results

Butyrate affects cell morphology and proliferation
SCFAs are known to affect epithelial proliferation, differentiation, apoptosis, and gene 

expression. Butyrate is, compared to acetate and propionate, the most effective SCFA in 

inducing alterations in these processes. Therefore, we first analyzed the effects of various 

concentrations of butyrate on morphology, proliferation and apoptosis of LS174T cells. 

Butyrate induced marked changes in morphology, which are characterized by elongation/

stretching of the cells (Fig. 1A). Furthermore, butyrate treatment inhibited the prolifera-

tion of the LS174T cells in a dose-dependent manner, as reflected by a decrease in cell 

number upon butyrate treatment (Fig. 1B). These data were confirmed by WST-1 cell 

proliferation assays (data not shown). Finally, none of the butyrate concentrations (1-10 

mM) used in this study induced cell death of LS174T cells, as determined by trypan-blue 

exclusion assays and analysis of cell morphology.

Figure 1
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Figure 1. Butyrate affects cell morphology and proliferation
(A) LS174T cells stimulated with 1, 5 or 10 mM butyrate (right panel) demonstrate stretching/ elongation 
and flattening compared to untreated cells (left panel). (B) Cell counts before and after butyrate stimulation 
show a dose-dependent decrease in cell number after butyrate stimulation.

SCFAs alter MUC2 mRNA expression
LS174T cells were stimulated with increasing concentrations, from 1 mM to 15 mM, 

of butyrate, propionate, or acetate to determine the effects of the different SCFAs on 

MUC2 mRNA expression (Fig. 2A). One mM butyrate induced a 2.5-fold increase in 

MUC2 mRNA levels compared to untreated cells. In contrast, stimulation with higher 

concentrations, i.e. 5-15 mM butyrate, did not induce an increase in MUC2 mRNA levels, 

as at these concentrations MUC2 mRNA levels were comparable with control levels. 

Similar to butyrate, 1 mM propionate induced a 2.5 fold increase in MUC2 mRNA levels. 

Furthermore, at 5 mM propionate, MUC2 mRNA levels increased 4.2 fold, whereas at 

higher concentrations MUC2 mRNA levels decreased again. Acetate treatment resulted 
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in a dose-dependent increase in MUC2 mRNA levels as of 5 mM reaching a 2.2 fold 

induction at 15 mM. To determine whether the activating effect of SCFAs on MUC2 

expression occurred at the transcriptional level, cells were pretreated with actinomycin 

D, which inhibits transcription. The results indicate that activation of MUC2 expression 

by 1 mM butyrate occurred at the transcriptional level, as MUC2 mRNA levels returned 

to basal levels when cells were pretreated with actinomycin D (Fig. 2B). This process also 

requires de novo protein synthesis as pretreatment of LS174T cells with cycloheximide, 

Figure 2
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Figure 2. SCFAs alter MUC2 mRNA expression
(A) MUC2 mRNA fold activation in LS174T cells upon stimulation with SCFAs (butyrate, propionate and 
acetate) compared to untreated cells (ref.). (B) To determine whether butyrate stimulation influences MUC2 
synthesis on transcriptional or translational level, LS174T cells were stimulated with butyrate (B) (1 mM) 
in the presence of cycloheximide (CHX) or actinomycin D (ActD). (C) Stability of MUC2 mRNA (left panel) 
and GAPDH mRNA (right panel) over time was measured by RT-PCR. LS174T cells were stimulated with 
butyrate (5 mM) after which mRNA synthesis was ceased through addition of actinomycin D. Relative 
mRNA expression was determined at the given time points (0, 4, 6, 8, 10 and 24 hours after addition of 
actinomycin D). All results represent means ± SD obtained in triplicate in three separate experiments
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an inhibitor of mRNA translation, decreased MUC2 mRNA levels to basal levels as well 

(Fig. 2B). Similar results were obtained when cells were stimulated with propionate or 

acetate instead of butyrate (data not shown). Since butyrate increased MUC2 mRNA 

levels at low concentrations (1 mM) in contrast to no effect at moderate (5 mM) and high 

(10 and 15 mM) concentrations, we studied whether this decrease was due to a decrease 

in MUC2 RNA stability. For that we pre-treated cells with actinomycin D over a 24h 

period of time, and then incubated cells with 5 mM butyrate before measuring MUC2 

mRNA amount by qRT-PCR. The results show no differences in MUC2 mRNA stability 

between butyrate-stimulated and non-stimulated cells (Fig. 2C).

Effect of butyrate on MUC2 protein expression
To determine whether butyrate also induced an increase in MUC2 protein expression in 

LS174T cells, immunocytochemistry was performed with an antibody specific for MUC2. 

In non-stimulated cells MUC2 staining was hardly visible (Fig. 3). Stimulation with 1 mM 

of butyrate clearly shows an increase in MUC2 staining. This effect was even more pro-

nounced in cells stimulated with 2 mM of butyrate (Fig. 3).

Figure 3

0 mM 1 mM 2 mMFigure 3. Effect of butyrate on MUC2 protein expression
MUC2 apomucin expression by immunocytochemistry in non-stimulated (0 mM) and butyrate (1 and 2 mM) 
stimulated LS174T cells. (Magnification x40) (See Color Section, p. 242.)

Identification of butyrate responsive regions in the MUC2 promoter
Transfections with MUC2 promoter constructs were performed to identify butyrate-

responsive regions. The MUC2 promoter constructs used are indicated in Figure 4A. 

Stimulation of LS174T cells with low (0.5-2 mM) concentrations of butyrate demon-

strated a dose-dependent increase in luciferase-activity after transfection with each of 

the promoter construct used (Fig. 4B). The highest transactivation was seen using MUC2 

promoter construct -947/-1 indicating a possible butyrate-responsive element within the 

-947/-372 region. Analysis of the MUC2 promoter sequence indeed revealed the presence 
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of a consensus putative binding site (ATGAGTCAGA) for the transcription factor AP-1 

at –817/-808, a transcription factor known to mediate butyrate-induced transcriptional 

effects. To determine whether this putative AP-1 binding site was responsible for the bu-

tyrate-induced MUC2 promoter transactivation, specific nucleotides within the sequence 

were mutated (Table 1). The mutation resulted in a 50% reduction of the butyrate-induced 

MUC2 promoter transactivation (Fig. 5A). Activation of AP-1 by butyrate in LS174T cells 

was confirmed by treating AP-1-Luc-transfected cells with butyrate. The stimulation was 

dose-dependent with a maximal 13.3-fold induction at 2 mM butyrate (Fig. 5B).

C-fos and c-jun bind to the AP-1 element in MUC2 promoter
As the transcription factors c-fos and c-jun are known to bind as a complex to AP-1 

binding elements within promoters, EMSAs were carried out to show the binding of 

these two transcription factors to the AP-1 element found at -817/-808. When incubated 

with nuclear extract from untreated and butyrate-stimulated (1 mM and 10 mM) LS174T 

cells, the radiolabeled probe T282 (containing the putative AP-1 binding site, see table 

I) produced one retarded band (Fig.6, lane 2). Specificity of the protein-DNA complex 

was confirmed by strong decrease of the shifted band when unlabeled competition was 

performed with a 50 times excess of unlabeled T282 probe (lane 3), whereas competition 

with a 50 times excess of unlabeled mutated T282 probe (lane 4) did not affect the 

shifted band. Involvement of c-jun and c-fos in the complex formation was then proven 

in supershift experiments carried out with antibodies specific for c-jun (lane 5) and c-

fos (lane 6), respectively. Addition of the two antibodies indeed resulted in a supershift 

that was observed both in untreated cells and butyrate-stimulated cells. This was well-

correlated with the amount of c-fos and c-jun found in the cells (Fig. 7). Altogether, this 

suggests that the decreased MUC2 mRNA levels after stimulation of cells with 5 mM or 

Figure 4
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Figure 4. Identification of butyrate responsive regions in the MUC2 promoter
Schematic representation of MUC2 promoter and the different constructs used to study MUC2 promoter 
activity (A). Numbering refers to transcription initiation site designated +1. (B) Transfected cells were 
stimulated with butyrate as described in experimental procedures. Results are expressed as fold activity in 
the butyrate-stimulated cells compared to non-stimulated cells. Results represent means ± SD obtained in 
triplicate in three separate experiments.
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Figure 5
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Figure 5. The effect of site directed mutagenesis on MUC2 promoter activation by butyrate
(A) Relative luciferase activity diagram showing the effect of site-directed mutagenesis on MUC2 promoter 
activation by butyrate. Cells were transfected either with the wild-type -947/-1 construct (WT, white bars) 
or with the AP-1 mutated construct (mut, grey bars) before being stimulated with butyrate as described in 
experimental procedures. (B) Luciferase activity in cells transfected with AP-1-Luc reporter construct and 
stimulated with butyrate. Results are expressed as fold activity of the butyrate-stimulated compared to 
non-stimulated cells. Results represent means ± SD obtained in triplicate in three separate experiments.
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Figure 6. C-fos and c-jun bind to the AP-1 element in MUC2 promoter
Identification of an AP-1 cis-element in MUC2 promoter by EMSA. Nuclear extracts from untreated cells or 
cells treated with either 1 or 10 mM butyrate. Radiolabeled probe T282 alone (lane 1), radiolabeled T282 
with nuclear extract (lane 2), cold competition with 50x excess of unlabeled wt T282 probe (lane 3), cold 
competition with 50x excess of unlabeled mutated T282 (lane 4). Supershift analysis was performed by pre-
incubating the nuclear extract with 1 µl of anti-c-jun (lane 5) and anti-c-fos (lane 6) antibodies, respectively. 
Arrows and stars indicate positions of the shifted and supershifted (ss) protein-DNA complexes.
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10 mM butyrate compared to 1 mM butyrate stimulation (see Fig. 2), are not caused by a 

decreased binding capacity of AP-1 (i.e. the c-fos/c-jun complex) to its cis-element within 

the MUC2 promoter.

Butyrate alters histone status at the MUC2 promoter in a dose-dependent 
manner
Since butyrate is known to affect histone deacetylase (HDAC) activity, and that the MUC2 

promoter is known to be regulated by HDAC32, we hypothesized that histone status at 

MUC2 promoter may be involved in MUC2 regulation by butyrate. To determine whether 

alterations in MUC2 expression correlated to changes in histone acetylation and/or 

methylation we first examined the effect of butyrate on the levels of acetylated H3 and 

H4 histones as well as m/d/t methylated H3K4 in LS174T cells by Western blotting (Fig. 

7). Acetylated histone H3 and H4 and mono-/di-/tri-methylated H3 on lysine (K) 4, which 

correlate with activation of transcription, were strongly increased after stimulation with 

both moderate (5 mM) and high (10 mM) concentrations of butyrate.

To establish the effects of butyrate on histone H3 and H4 status at the MUC2 

promoter, ChIP assays were performed with chromatin from non-stimulated and 

butyrate-stimulated LS174T cells (Fig. 8). In untreated and 1 mM butyrate-treated cells, 

MUC2 promoter covering the -236/+24 region was mainly associated with mono-/di-/

tri-methylated K4H3 as well as to a lower extent with acetylated histone H3 and H4, 

which correlate with activation of transcription. At 5 mM butyrate this status of chromatin 

activation was confirmed with a stronger association with acetylated H3. At these two 

concentrations we also observed an increase of 3mK27H3, which is usually indicative of 

transcription inhibition. At 10 mM butyrate, histone modifications at the MUC2 promoter 

Figure 7
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Figure 7. Expression of acetylated histones upon butyrate stimulation
Study of the expression of acetylated histones H3 and H4, m/d/t methylated H3K4, c-Fos, c-Jun and Sp1 
in untreated (-) and butyrate-treated (1, 5 and 10 mM) LS174T cells by western-blotting.



7
142

were characterized by modifications inducing active chromatin (AcH3, AcH4 and m/d/

tK4H3) and usually indicative of inactive chromatin (mK9H3).

Discussion

In the present study we analyzed the effect of SCFAs on epithelial cell morphology, 

proliferation, and, as marker for epithelial protection, MUC2 expression. Moreover, 

we identified the mechanisms responsible for the butyrate-induced changes in MUC2 

expression. By studying these parameters in conjunction we aimed to gain more insight 

in the effects of SCFAs on epithelial protection.

The present study revealed that butyrate altered the morphology of LS174T cells by 

inducing cell elongation/stretching. This suggests that butyrate affects LS174T cell differ-

entiation. Additionally, butyrate caused a dose-dependent decrease in cell number. As 

this SCFA did not induce apoptosis at the concentrations used in this study, we conclude 

that butyrate inhibits epithelial proliferation. Several in vitro studies support our finding 

that butyrate inhibits proliferation.33‑37 For example, butyrate inhibited the proliferation 

of non-confluent and sub-confluent HT-29 cells in a dose-dependent manner (1-8 mM).36 

Furthermore, Siavoshian et al. demonstrated that the mechanism through which butyrate 

inhibits proliferation in HT-29 cells is exerted via the induction of cyclin D3, an inhibitor of 

cell cycle progression and p21, a stimulator of cell differentiation.33

Next, we studied the effect of SCFAs on MUC2 synthesis in the LS174T cell line. 

Butyrate, propionate, as well as acetate, were able to increased MUC2 mRNA synthesis. 

Figure 8
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Figure 8. Butyrate alters histone status at the MUC2 promoter in a dose-dependent manner
Study of the histone status at the MUC2 promoter by ChIP. Acetylated histone H3 (AcH3, lane 1), acetylated 
histone H4 (AcH4, lane 2), and m/d/tK4H3 (lane 5) are representative of activation of transcription whereas 
histone H3 methylated on lysine 9 (mK9H3, lane 3) and histone H3 trimethylated on lysine 27 (3mK27H3, 
lane 4) are representative of inhibition of transcription. Lane 6: negative control with IgGs. Lane 7: Input.



The effect of short chain fatty acid
s on M

U
C

2 synthesis

143

7
Specifically, butyrate increased MUC2 mRNA levels at low concentrations and had no 

effect at moderate and high concentrations. Both low and moderate propionate concen-

trations increased MUC2 mRNA levels, whereas at higher concentrations, MUC2 mRNA 

levels were still increased but to a lesser extent. Finally, a dose-dependent increase in 

MUC2 mRNA levels was seen after stimulation with acetate, with the smallest increase at 

low concentrations and highest increase at high concentrations.

Of the SCFAs studied in this paper, only the effects of butyrate on mucin expression 

have been described extensively. Hatayama et al. also showed that concentrations of 1-2 

mM butyrate increased MUC2 expression in LS174T cells.22 Barcelo et al.23 demonstrated 

a significant discharge of mucins at concentrations of 5 mM of butyrate, while increasing 

the concentration to 100 mM decreased this mucus response in mice. Highly relevant, 

ex vivo stimulation of macroscopically normal fresh colon tissue with 0.05-1 mM butyrate 

stimulates MUC2 synthesis, whereas at stimulation with 10 mM butyrate MUC2 synthesis 

levels returned to basal levels.24 These studies correlate with our data with respect to the 

effects of butyrate on MUC2 expression (i.e. increase in MUC2 at low concentration and 

no effect at high concentrations).

Despite previous studies showing induction of MUC2 by butyrate, no precise 

analysis of the molecular mechanisms has been performed.21‑25 Since butyrate is known 

to mediate its effects via the AP-1 transcription factor, and because we found a putative 

consensus binding site (ATGAGTCAGA) for AP-1 at -817/-808 in the MUC2 promoter, 

we studied its regulation by AP-1. AP-1 is a multiprotein complex, composed of the 

products of c-Jun and c-Fos proto-oncogenes. Growth factors, neurotransmitters, 

polypeptide hormones, bacterial and viral infections as well as a variety of physical and 

chemical stresses, employ AP-1 to translate external stimuli, both into short-term and 

long-term changes of gene expression. Interestingly, we found that butyrate was able to 

activate an AP-1 reporter construct and to induce c-Fos and c-Jun protein expression in 

the LS174T cell line, indicating that butyrate-induced MUC2 transcription might occur via 

AP-1 binding to the MUC2 promoter. That is what we indeed demonstrated by mutating 

the consensus AP-1 binding site, which abolished both binding of AP-1 and inhibited 

butyrate-induced MUC2 activation. As butyrate only increased MUC2 mRNA and protein 

levels at low concentrations (1-2 mM), but not at high concentrations (5-10 mM), this 

suggested that activation of the MUC2 promoter, and up-regulation of MUC2 RNA and 

protein levels, at low concentration of butyrate was, at least partly, regulated by AP-1.

Since butyrate is a well-known HDAC inhibitor, butyrate-induced alterations in gene 

expression can also reflect changes in histone modification status and chromatin marks. 

To assess whether the increase of MUC2 expression following butyrate treatment was as-

sociated with chromatin status, we performed ChIP experiments. As expected, our data 

indicate that butyrate treatment is associated with dose-dependent increased of both 

global histone acetylation levels and histone H3 and H4 acetylation at MUC2 promoter 
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region. Since cross talk between histone post-translational modifications are important 

in establishing the histone code, increased mono-/di-/trimethylation of K4H3 observed 

at MUC2 promoter after butyrate treatment may be directly linked to increased histone 

H3 acetylation, as previously shown by Nightingale et al.38 For a long time methylation 

of K9H3 has been considered as a chromatin mark associated with heterochromatin and 

gene silencing. However, a recent study showed that higher H3K9 monomethylation 

levels are detected in active promoters surrounding gene transcription start sites, sug-

gesting that this modification may be associated with transcription activation.39 These 

data are concordant with our present results, showing that in LS174T cells, the proximal 

region of MUC2 promoter is associated with monomethylation of K9H3. However, to our 

knowledge, this is the first time that a positive effect of high concentrations of butyrate 

on K9H3 methylation is shown. Strikingly, we found that treatment with low concentra-

tion of butyrate induced an increase of H3K27 trimethylation at MUC2 promoter, which 

therefore adopted a bivalent chromatin pattern. This bivalent profile has already been 

described for embryonic stem cell genes as well as DNA-hypermethylated genes which 

were reexpressed by demethylation.40 We previously showed that MUC2 is regulated by 

a complex combination of DNA (de)methylation and establishment of a (de)repressive 

histone code.41 The changes of global epigenetic profile stated at MUC2 promoter may 

thus be partly responsible for the increase in MUC2 expression level induced by low 

concentration of butyrate.

Surprisingly, treatment with moderate and high concentrations of butyrate, yet 

associated with active chromatin marks at the MUC2 promoter, did not induce increased 

MUC2 expression. Dual effects of HDAC inhibitors on gene expression have already been 

shown for numerous genes42, including mucin genes. In particular, Augenlicht et al.43 

demonstrated that cell treatment with butyrate induce an inhibition of MUC2 expression, 

correlated with repression of secretory functions of colonic cells. This repression may 

be due to changes in histone modification patterns, since trichostatin A, another HDAC 

inhibitor, has the same inhibiting effect on MUC2 expression in LS174T cells.41 However, 

our results clearly show that MUC2 promoter is associated with active chromatin marks at 

high concentrations of butyrate. Therefore, the dual effect observed at high concentra-

tions, is most likely due to dramatic butyrate-induced changes in the global chromatin 

landscape42, rather than direct histone modifications at MUC2 promoter. Numerous 

studies showing that expression and post-translational modifications of factors known 

to positively or negatively regulate MUC2 transcription (including, among others, Sp3 , 

CDX-2 or p53 transcription factors44‑46) is dramatically affected by butyrate, support this 

hypothesis.

Taken together, we have shown that butyrate stimulates MUC2 expression at low 

concentrations, but has no effect on MUC2 expression at moderate and high concen-

trations. We therefore hypothesize that low concentrations of butyrate could have a 



The effect of short chain fatty acid
s on M

U
C

2 synthesis

145

7
protective effect on intestinal barrier function by increasing mucus production, whereas 

moderate to high concentrations may decrease intestinal barrier function by decreasing 

MUC2 production. This effect might partially explain the difference in incidence of NEC 

between the formula-fed and human milkfed newborn infants. Manipulation of the SCFA 

profile can be established by influencing the composition of microbiota, for instance 

by treatment with prebiotics, probiotics and/or human milk. This approach seems to 

be promising in the treatment of IBD and NEC. In summary, the in vitro results in the 

present study indicate that low concentrations of butyrate stimulate MUC2 expression, 

which in vivo would lead to an increased intestinal epithelial barrier function. In con-

trast, high concentrations of butyrate decrease MUC2 expression which might diminish 

intestinal barrier function. Moreover, identification of AP-1 and histone modifications as 

mechanisms involved in MUC2 regulation by butyrate may represent pathways to target 

prevention of IBD and NEC by influencing SCFA production by the intestinal flora.
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Abstract

Background: Muc2 knockout (Muc2‑/‑) mice do not have a protective mucus layer and 

spontaneously develop colitis. Objective: To study the effects of a purified diet and 

probiotic supplementation on growth and disease severity in Muc2‑/‑ mice. Methods: 

Muc2‑/‑ and wildtype (WT) mice were fed a non-purified (NP, i.e., standard chow) diet, 

a NP-diet with daily administration of Bifidobacterium breve and Bifidobacterium 

animalis subsp. lactis (NP+PRO), or a purified (P) diet during 5 weeks, starting directly 

after weaning. The purified diet contains 60% less fibers, and milk-casein proteins 

instead of plant proteins. Clinical symptoms and colonic morphological changes were 

monitored. Inflammation was studied by immunohistochemistry and determination of 

cytokine gene expression. Results: In Muc2‑/‑ mice, the P-diet significantly increased 

bodyweight compared to the NP and NP+PRO diet. Bodyweights of Muc2‑/‑ mice fed 

P-diet were similar to WT mice. Crypt length was increased in Muc2‑/‑ mice compared 

to WT mice regardless the type of diet. In Muc2‑/‑ mice the P diet limited the increase 

in crypt length compared to NP or NP+PRO diet. In Muc2‑/‑ mice the NP+PRO diet 

reduced the crypt lengthening compared to NP diet. Muc2‑/‑ mice that were fed the 

P-diet showed a limited influx of Cd3ε-positive T cells, increased expression of Ebi3 

and Il12p35, which as protein dimer is known as the immune suppresive cytokine Il35, 

decreased abundance of S100a8 and S100a9-positive cells and increased abundance 

of Muc4-positive cells compared to Muc2‑/‑ mice fed NP or NP+PRO diet. Conclusions: 

Type of diet and, to a lesser extent probiotic supplementation affect colitis severity 

in Muc2‑/‑ mice. The type of protein and amount of insoluble fibers modulate disease 

activity in mice prone to develop colitis. Moreover, probiotics might have beneficial 

effects in Muc2‑/‑ mice as NP+PRO diet reduced crypt lengthening compared to NP 

diet. Together these data imply that feeding strategy in subjects with colitis might 

have considerable implications for disease severity.

Key words: Muc2, Muc2-deficiency, colitis, nutrition, probiotics
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Introduction

Innate defense in the gut consists of several components that together prevent bacteria 

and other micro-organisms from invasion into the intestinal epithelium. Mucus produced 

by goblet cells is a key component of the physical barrier that covers the intestinal 

epithelium. The structural component of this mucus layer is the mucin MUC2. We previ-

ously showed that deficiency of Muc2, as in Muc2 knockout (Muc2‑/‑) mice, leads to the 

development of clinical and histological signs of colitis.1 As the synthesis of the mucin 

MUC2 is decreased in human intestinal diseases such as ulcerative colitis (UC)2‑4 and 

necrotizing enterocolitis (NEC)5, the Muc2‑/‑ mouse model is a powerful tool, enabling us 

to study the physiologic role of the epithelial barrier in many aspects.

Nutrition plays an important role in human inflammatory bowel disease (IBD), i.e. 

enteral nutrition is an effective therapy for the induction of clinical remission in adult 

Crohn’s disease (CD) and is the primary treatment for pediatric CD.6‑7 The exact mecha-

nisms through which enteral nutrition exert these beneficial effects is unknown, but most 

likely consists of direct anti-inflammatory effects on enterocytes, a suppressive effect 

on mucosal inflammatory cytokine levels, promotion of the integrity of the epithelium 

and modulation of the intestinal microbiota.8‑13 Necrotizing enterocolitis (NEC) is an 

acquired intestinal disease that predominantly occurs in premature infants. It is known 

by a very high morbidity and mortality and currently only supportive therapy is available. 

Besides prematurity, enteral feeding, more specifically formula feeding versus human 

milk feeding, is a risk factor for the development of NEC.14‑15 Although NEC probably 

develops due to a combination of risk factors, dietary interventions have shown to play 

an important role in disease prevention.

One of the big advantages of nutritional therapy is the relatively low cost and 

minimal risk of side effects. Therefore nutritional therapy forms an interesting target 

for prevention of NEC and treatment in IBD. Probiotics are described as ‘live microbial 

dietary supplements which beneficially affect the host animal by improving its intestinal 

microbial balance’.16 Although data concerning the effect of probiotics in IBD are con-

flicting17‑18, enteral supplementation of probiotics significantly reduced the risk of severe 

necrotizing enterocolitis (NEC) in preterm infants.19 Moreover, colitis was attenuated or 

prevented in a variety of experimental colitis models that were treated with probiotics.20‑21

The phenotype of Muc2‑/‑ mice is variable and might depend on the genotypic 

background, a phenomenon that was also described for IL-10–deficient mice.22 More 

specifically, Velcich et al. used Muc2‑/‑ mice on a mixed genotypic background (C57/Bl6-

129Sv), which hardly displayed intestinal inflammation, whereas we used Muc2‑/‑ mice on 

a 129Sv background that showed severe colitis.1,23 However, differences in the diet might 

also be responsible as animals that developed colitis were fed a standard, non-purified 



8
154

rodent diet, whereas animals that did not show a clear colitis phenotype were fed a 

purified, AIN-based diet (AIN-76A).

In the present study, we investigated the effect of a purified diet, i.e. semi syn-

thetic AIN based diet, relative to a non-purified diet, i.e. standard rodent chow, and 

supplementation with probiotics on growth and disease severity in Muc2‑/‑ mice. We 

hypothesized that a purified diet or supplementation with probiotics would decrease 

disease severity in Muc2‑/‑ mice. Besides clinical disease markers, we studied colonic 

inflammation markers, serum cytokine profiles and cytokine gene expression profiles in 

colonic tissue. Together these studies indicate that disease severity is affected by the 

type of diet.

Material and Methods

Animals
Wild type (WT) and Muc2‑/‑ mice were bred as previously described.1 All mice were gen-

erated from Muc2+/‑ breedings. Mice were housed in the same specific pathogen–free 

environment in a 12-hour light/dark cycle with free access to acidified tap water. Animal 

care and procedures were conducted according to institutional guidelines (Erasmus MC 

Animal Ethics Committee, Rotterdam, the Netherlands). Mice were maintained in a bar-

rier facility. Wild-type and Muc2‑/‑ mice were tested negative for Helicobacter hepaticus 

and norovirus infection.

Experimental Setup
The experiment was divided into three groups. Group 1 received a non-purified (NP) 

diet, consisting of standard rodent pellets (Special Diets Services, Witham, Essex, Eng-

land), group 2 received a purified (P), semi-synthetic diet (AIN93G pellets, Research Diet 

Services BV, Wijk bij Duurstede, the Netherlands) and group 3 received the NP diet 

supplemented with probiotics (NP+PRO). Animals were weaned from mother’s milk at 

the age of approximately 21 days. Supplementation of probiotics was started immedi-

ately thereafter. The probiotic mixture consisted of two probiotic strains: Bifidobacterium 

breve and Bifidobacterium animalis subsp. lactis (Danone Research, Wageningen, the 

Netherlands) in a final concentration of 1x109CFU/animal/day. The probiotic freeze-dried 

powder was dissolved in NaCl 0,9%. Finally, the mixture was dissolved in sterilized Dutch 

custard (Stabilac, Campina, the Netherlands). The control suspension existed of malto-

dextrin dissolved according to the same method as the probiotic suspension. A daily 

amount of 200μl per animal was inserted into a custom made spoon. To guarantee the 

administration of a well-defined amount of probiotics, animals were separated by a cage 

divider during the consumption of the probiotic suspension. Average consumption time 
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was less than 15 minutes, after which the aforementioned cage divider was removed. 

Body weight, dietary intake and clinical symptoms were determined thrice weekly. 

Animals were sacrificed at the age of 8 weeks. Colonic tissue samples were excised 

immediately and either fixed in 4% (wt/vol) paraformaldehyde in phosphate-buffered 

saline (PBS), stored in RNAlater (Qiagen, Venlo, The Netherlands), at −20°C, or frozen in 

liquid nitrogen and stored at −80°C.

The animals in the three experimental groups will be referred to as WT NP and

Muc2‑/‑ NP for animals that were fed the NP diet, WT P and Muc2‑/‑ P for animals 

that were fed the P diet and WT NP+PRO and Muc2‑/‑ NP+PRO for animals that were fed 

the NP diet supplemented with probiotics.

Histology
Tissue fixed in 4% (wt/vol) paraformaldehyde in PBS was prepared for light microscopy, 

and 4-μm-thick sections were stained with H&E. To detect differences in crypt length in 

the colon, 10 well-oriented crypts were chosen per intestinal segment and measured 

using calibrated Leica Application Suite software, version 3.2.0 (Leica Microsystems BV, 

Rijswijk, The Netherlands).

Immunohistochemistry
Sections were cut and prepared for immunohistochemistry as described previously24 

using the Vectastain Elite ABC kit (Vector Laboratories, Burlingame, CA) and 3,3’-di-

aminobenzidine as staining reagent. Antigen unmasking was carried out by heating the 

sections for 20 min in 0.01 M sodium citrate (pH 6.0; Merck, Darmstadt, Germany) at 

100°C. CD3ε-positive cells were detected using an anti-human CD3ε antibody (DAKO, 

Heverlee, Belgium; 1:800 diluted in 1% bovine serum albumin, 0.1% Triton X-100 in 

PBS). As demonstrated by immunocytochemistry, this antibody cross-reacts with the 

CD3ε-equivalent protein in mouse25. Additionally, nonspecific binding was reduced by 

blocking with TENG-T (10 mmol/L Tris-HCl, 5 mmol/L EDTA, 150 mmol/L NaCl, 0.25% 

[wt/vol] gelatin, 0.05% [wt/vol] Tween 20). To detect S100a8 and S100a9, both known as 

cytosolic granulocyte proteins expressed in neutrophils and macrophages, anti-mouse 

S100a8 and anti-mouse S100a9 antibodies (R&D Systems Europe Ltd., Abingdon, United 

Kingdom) were used (1:1000 diluted in PBS). Muc4 was stained using an anti-human-

MUC4 rabbit-polyclonal antibody (hHA-1) that recognizes the AGYRPPRPAWTFGD 

amino acid sequence of the C-terminal peptidic region of MUC4α subunit, which is 

homologous in humans and mice. The antibody was diluted 1:6000 in 1% BSA, 0.1% 

Triton X-100 in PBS.
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Serum Cytokine Levels
Serum was obtained from coagulated blood collected by heart puncture and stored 

at -80ºC until further analysis. The concentrations of several cytokines (Il-12p70, Tnf-α, 

interferon gamma (Ifn-γ), monocyte chemoattractant protein-1 (Mcp-1), Il-10 and Il-6) 

in serum were determined with a BD Cytometric Bead Array mouse inflammation kit 

(BD-Pharmingen, San Diego, CA, USA).

Quantitative Real-Time PCR (TaqMan Technology)
Total RNA was prepared using the RNeasy midi-kit (Qiagen, Venlo, the Netherlands) 

and 1.5 μg was used to prepare cDNA. Cytokine mRNA expression levels as well as the 

housekeeping gene actin were quantified using real-time PCR (qRT-PCR) analysis (TAQ-

man chemistry) based upon the intercalation of SYBR Green on an ABI prism 7900 HT 

Fast Real Time PCR system (PE Applied Biosystems) as previously described.1 All primer 

combinations were designed using OLIGO 6.22 software (Molecular Biology Insights) 

and purchased from Invitrogen. An overview of the primer sequences used is given in 

Table 1.

Table 1: primer sequences for quantitative real time PCR

gene Forward primer Reverse primer

Il-1β CCCCAACTGGTACATCA AGAATGTGCCATGGTTTC

IL-6 CCCAACAGACCTGTCTAT GGCAAATTTCCTGATTAT

IL-10 CAA GCC TTA TCG GAA ATG CAT GGC CTT GTA GAC ACC

Il-12alph (P35 subunit) GCC TTG GTA GCA TCT ATG AG TCG GCA TTA TGA TTC AGA GA

Il-12beta (P40 subunit) CAC GGC AGC AGA ATA AAT A GAG GGA GAA GTA GGA ATG G

Il-35beta (Ebi3 subunit) CCC GGA CAT CTT CTC TCT GAG GCT CCA GTC ACT TG

Tnf-α TGGCCTCCCTCTCATC GGCTGGCACCACTAGTT

Ifn-γ CGG CAC AGT CAT TGA AA TGC CAG TTC CTC CAG AT

MCP-1 TGG GTC CAG ACA TAC ATT AAA A GGG TCA ACT TCA CAT TCA AA

β-actin GGG ACC TGA CGG ACT AC TGC CAC AGG ATT CCA TAC

Statistical analysis
All data are expressed as median ±SEM or median values. Statistical significance was 

assessed using the Mann-Whitney U test. (Prism, version 5.00; GraphPad software, San 

Diego, CA). The data were considered statistically significant at P < 0.05.
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Results

Type of diet and probiotic supplementation influence disease severity in 
Muc2‑/‑ mice.
Weight loss or growth retardation can be considered as one of the major clinical symp-

toms of colitis. At the age of 8 weeks, there was a significant difference in body weight 

between Muc2‑/‑ NP and WT NP mice (Figure 1A). Contrastingly, in mice that were fed the 

P diet, there was no difference between Muc2‑/‑ and WT mice. Probiotic supplementation 

0 200 400 600 800
0

10

20

30

WT NP
WT P

Muc2-/- P
Muc2-/- NP

Crypt length

Bo
dy

 w
ei

gh
t

Figure 1

WT N
P

WT P

WT N
P+p

ro  N
P

-/-

Muc
2

 P-/-

Muc
2

 N
P+pro

-/-

Muc
2

0

5

10

15

20

25 0.0152

Bo
dy

 w
ei

gh
t [

g]

WT N
P

WT P

WT N
P+p

ro  N
P

-/-

Muc
2

 P-/-

Muc
2

 N
P+pro

-/-

Muc
2

0

200

400

600 0.0007

0.0079

0.0499

0.0016

C
ry

pt
 le

ng
th

 [µ
m

]

A B

C a
c

b

Figure 1. Effect of the type of diet an probiotic supplementation on growth and disease severity
Body weight (A) and crypt length (B) of wild type (WT) and Muc2‑/‑ mice in dietary subgroups are depicted 
as mean ±SEM. (C) Crypt length (x-axis) significantly correlates with body weight (y-axis) (R2 = 0.4517, P = 
.0003). Three subgroups can be distinguished: (a) all WT animals in which bodyweight and crypt length are 
not affected by the type of diet, (b) Muc2‑/‑ NP mice that displayed the highest disease severity reflected 
in the highest crypt length combined with the lowest bodyweight and (c) Muc2‑/‑ P mice that form an 
intermediate group displaying increased crypt length but bodyweights comparable with WT mice. Groups 
are depicted as ▼: WT mice that were fed purified (P) diet, △: Muc2‑/‑ mice that were fed the P diet, ●: WT 
that were fed the non-purified (NP) diet, ○: Muc2‑/‑ mice that were fed the NP diet. (* P < .05, ** P < .01, 
# P < .001)
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did not influence body weight in WT mice nor Muc2‑/‑ mice. Total daily consumption of 

pelleted food did not differ between WT and Muc2‑/‑ mice, nor between mice fed NP diet 

compared to P diet (data not shown).

As bodyweight is a non-specific, general disease marker, we measured crypt length 

as a site-specific marker for colitis severity. Similar to body weights, which were different 

between Muc2‑/‑ NP and WT NP mice, crypt lengths also differed significantly between 

Muc2‑/‑ NP and WT NP mice (Fig 1B). Specifically, Muc2‑/‑ NP mice showed increased 

crypt lengths compared with WT NP mice. Crypt lengths were also significantly increased 

in Muc2‑/‑ mice fed P diet in comparison with WT mice fed P diet. Furthermore, crypt 

length was significantly increased in Muc2‑/‑ NP mice compared to Muc2‑/‑ P mice. Finally, 

supplementation with probiotics significantly decreased crypt length in Muc2‑/‑ NP+PRO 

mice compared to Muc2‑/‑ NP mice. Linear regression analysis showed that there is a 

negative correlation between crypt length and body weight (P < .0003) (Figure 1C). 

Three subgroups can be distinguished: a) all WT animals in which bodyweight and crypt 

length are not affected by the type of diet, (b) Muc2‑/‑ NP mice that displayed the highest 

disease severity reflected in the highest crypt length combined with the lowest body-

weight and (c) Muc2‑/‑ P mice that form an intermediate group as these mice displayed 

increased crypt length but had bodyweights comparable with WT mice.

Increased Lymphocyte Infiltration and altered cytokine expression in 
Muc2‑/‑ NP mice
The observed differences between the previously described groups might be explained 

by an altered inflammatory status of the intestinal mucosa. Therefore, the influx of C3ε-

positive T-cells was studied as a marker for inflammation. In mice that were fed the NP 

diet, the amount of CD3ε-positive T-cells was increased in Muc2‑/‑ mice compared with 

WT mice (Fig. 2). Interestingly, NP-fed Muc2‑/‑ mice showed an increased influx of CD3ε-

positive T cells compared to P-fed Muc2‑/‑ mice.

No differences in Cd3ε mRNA expression were seen upon treatment with probiot-

ics (not shown). To study the increase of CD3ε-positive T-cells into further detail, gene 

expression levels of the pro-inflammatory cytokines Tnf-α, Il1-β, Il-6, Ifn-γ, and Il-12 (het-

erodimer of p35 and p40), chemokine Mcp-1 and anti-inflammatory cytokines Il-10 and 

Il-35 (heterodimer of p35 and Ebi3), were determined in the distal colon of Muc2‑/‑ mice 

(Fig. 3). The pro-inflammatory cytokines Tnf-α, Il1β, Il-6, and Ifn-γ and the chemokine 

Mcp-1 were not differentially expressed in Muc2‑/‑ NP compared with Muc2‑/‑ P mice. 

Expression levels of the Il-12 p35 subunit and Ebi3 were significantly increased in Muc2‑/‑ 

P mice compared to Muc2‑/‑ NP mice. In contrast, expression of the Il-12 p40 subunit was 

not significantly different between WT and Muc2‑/‑ mice.

Serum cytokine levels only showed significantly increased expression of Tnf-α 

protein in Muc2‑/‑ NP mice compared to Muc2‑/‑ P mice. All other serum cytokine levels 
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(Il-12-p70, Mcp-1, Tnf-α, Ifn-γ and Il-6, Il-10) showed variable expression levels that were 

not significantly different between the different study groups (Figure 4).

Purified diet reduces expression of S100a8 and S100a9 and increases 
expression of Muc4 in Muc2‑/‑ mice
To assess the amount of mucosal damage, we performed immunohistochemistry for two 

S100 proteins, which are produced by neutrophils and macrophages, and are related 

to inflammation of the intestine, namely S100a8 and S100a9. Moreover, we studied 

the expression of Muc4 as a marker for epithelial damage. First, the numbers of both 

S100a8-positive cells (Fig. 5) and S100a9-positive cells (not shown) were increased in 

Muc2‑/‑ NP mice compared to Muc2‑/‑ P mice. No difference was observed in the num-

ber of S100a8-positive and S100a9-positive cells between Muc2‑/‑ mice that received 

probiotics and control mice. Contrastingly, the expression of Muc4 was decreased in 

Muc2‑/‑ NP mice compared to Muc2‑/‑ P mice. Like the S100 proteins, Muc4 expression 

was not different between Muc2‑/‑ NP+PRO and Muc2‑/‑ NP mice. Increased S100 protein 

expression and decreased Muc4 expression were seen in the areas where inflammation 

was the most severe.

Figure 2

WT Muc2-/- NP Muc2-/- P

Figure 2. Influx of Cd3ε-positive T-cells
The extent of inflammation in the distal colon was assessed by immunohistochemistry for Cd3ε. 
Representative stained tissue samples for all groups are shown. Normal WT mice hardly show any Cd3ε-
positive T-cells (left panel), whereas Muc2‑/‑ mice that were fed the non-purified (NP) diet show an increased 
amount of Cd3ε-positive T-cells that are localized along the complete crypt length, but also cluster 
together at the luminal side of the epithelium (middle panel). Muc2‑/‑ mice that were fed the purified (P) 
diet showed a decreased amount of CD3ε-positive T-cells compared to Muc2‑/‑ NP mice, that was still 
increased compared to WT mice (right panel). Crypt lengthening in Muc2‑/‑ mice, as quantified in Fig. 2B, 
is evident when WT are compared with Muc2‑/‑ NP or Muc2‑/‑ P mice. (See Color Section, p. 242.)
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Figure 3
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Figure 3. mRNA expression of (anti-)inflammatory cytokines in distal colon of Muc2‑/‑ mice in dietary 
subgroups
mRNA expression of inflammatory cytokines Tnf-α (A), Il1-β (B), Il-6 (C), Mcp-1 (D), Ifn-γ (E), and Il-12 p35 
(F) and p40 (G) and anti-inflammatory cytokines Il-10 (H) and Ebi3 (I) in distal colonic tissue of Muc2‑/‑ mice 
that were fed a non-purified diet (NP), purified diet (P) or a non-purified diet supplemented with probiotics 
(NP+PRO). Il-12 p35 and Ebi3 mRNA expression were significantly increased in Muc2‑/‑ that were fed 
P-diet compared to the NP-diet. Gene expression levels were normalized for β-actin mRNA expression 
and depicted as median. Groups are depicted as △: Muc2‑/‑ mice that were fed the purified (P) diet, ○: 
Muc2‑/‑ mice that were fed the non-purified (NP) diet, □: Muc2‑/‑ mice that were fed the NP diet substituted 
with probiotics (NP+PRO)
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Figure 4. Protein expression of pro- and anti-inflammatory cytokines in serum of wild type and 
Muc2‑/‑ mice in dietary subgroups
Expression of serum cytokines Il-12 p70 (A), Mcp-1 (B), Tnf-α (C), Il-10 (D), Ifn-γ (E) and Il-6 (F) in ▼: WT 
mice that were fed purified (P) diet, △: Muc2‑/‑ mice that were fed the P diet, ●: WT that were fed the 
non-purified (NP) diet and ○: Muc2‑/‑ mice that were fed the NP diet, ■ WT mice that were fed the NP 
diet substituted with probiotics (NP+PRO) and □: Muc2‑/‑ mice that were fed the NP+PRO. Expression of 
the pro-inflammatory cytokine Tnf-α was significantly increased in serum of Muc2‑/‑ NP mice compared to 
Muc2‑/‑ P mice. Values are depicted as median.
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Discussion

The present study investigates the effect of two different diets and probiotic supplemen-

tation on colitis-severity in Muc2‑/‑ mice. We demonstrate that a purified diet decreases 

disease severity in Muc2‑/‑ mice and therefore the choice of diet plays a crucial role in 

this colitis model.

Beneficial effects of the purified diet reflected in increased body weight combined 

with decreased crypt length in Muc2‑/‑ P mice, indicating that the purified diet reduces 

Figure 5
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Figure 5. Expression and localization of S100a8 and Muc4 protein in Muc2‑/‑ mice
Expression of S100a8 (upper panels) and Muc4 (lower panel) is depicted in WT (left panel), Muc2‑/‑ mice 
that were fed the non-purified NP diet (middle panel) and Muc2‑/‑ mice that were fed the purified (P) 
diet (right panel). The tissue samples are representative for all mice in the studied groups. Note that the 
expression of S100a8 is increased in Muc2‑/‑ mice compared to WT mice. Moreover, Muc2‑/‑ NP showed 
increased amounts of S100a8-positive cells compared to Muc2‑/‑ P mice. For Muc4, expression was 
decreased in Muc2‑/‑ compared to WT mice and with a more pronounced decrease in Muc2‑/‑ NP mice 
compared to Muc2‑/‑ P mice.
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disease severity in Muc2‑/‑ mice. As bodyweight and crypt length in WT mice were not 

affected by the type of diet, the quality of the diet seems to be particularly important 

in case of disease, more specifically colitis in Muc2‑/‑ mice. Overall, digestibility of the 

purified diet seems to be more efficient compared to the non-purified diet, resulting 

in increased availability of nutrients needed for growth, as reflected in increased body 

weight in Muc2‑/‑ P mice.

Two major differences exist between the two diets used in this study, which might 

explain the observed difference in disease severity in Muc2‑/‑ mice. First, protein content 

in the NP diet mainly consists of plant proteins, whereas casein is the main protein source 

in the purified diet. Although protein composition does not influence the effectiveness 

of enteral nutrition in the treatment of active adult Crohn’s disease26, a beneficial effect 

of a casein-based diet in pediatric Crohn’s disease has been proposed.8,27‑28 Second, the 

amount of insoluble fiber is considerably higher in the NP diet. Bacterial fermentation of 

insoluble fiber in the proximal colon is less compared to soluble fiber, and thereby limits 

the amounts of short chain fatty acids (SCFAs) that are produced.29‑30 The protective 

effect of butyrate, one of the major SCFAs, has been described by several authors, as 

reviewed by Hamer et al.31 Interestingly, butyrate has an anti-inflammatory effect, which 

is exerted by suppression of nuclear factor kappa B (NF-κB) activation.32 Colonic contents 

form a nutrient source for bacteria in the colon and therefore presumably lead to dif-

ferences in the composition of the microbiota and SCFA production between the two 

dietary subgroups. Therefore, differences in intestinal inflammation between Muc2‑/‑ NP 

and Muc2‑/‑ P mice might be related to the amount of SCFAs, more specifically butyr-

ate, that are produced. Finally, insoluble fiber has a more pronounced laxative effect 

compared to soluble fiber30, consequently accelerating small bowel transit. This might 

increase symptoms of diarrhea that already exist in Muc2‑/‑ mice, regardless of the diet. 

To further elucidate the effect of specific proteins and the type of fibre on colitis severity 

in Muc2‑/‑ mice, diets that differ in their protein and fiber content need to be studied 

into further detail. However, from the current study it is clear that the diet needs to be 

thoroughly considered in the experimental design as it might significantly influence the 

disease model.

The mechanisms through which probiotics may exert their potential beneficial ef-

fects are still largely unknown. We demonstrate that probiotic supplementation leads to 

a decreased crypt length in Muc2‑/‑ mice. As probiotics can influence cytokine expres-

sion33‑36 and we previous showed that Tnf-α and IL-1β are up-regulated in Muc2‑/‑ mice1, 

we hypothesized that probiotic supplementation might restore the disbalanced cytokine 

profile in Muc2‑/‑ mice and thereby limit disease severity. However, although crypt length 

was decreased in Muc2‑/‑ NP+PRO mice compared to Muc2‑/‑ NP mice, the abundance 

of Cd3ε-positive T-cells as well as cytokine expression levels were not different between 

these mice. Our findings suggest that probiotics might directly influence epithelial 
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proliferation of the intestinal epithelial cells and thereby limit excessive proliferation as 

seen in Muc2‑/‑ mice that were fed the NP diet without probiotic supplementation. Yet, as 

probiotics did not restore the disbalance in cytokine expression levels in Muc2‑/‑ NP+PRO 

mice, disease severity is most likely not limited by the probiotics used in this study. This is 

in line with the fact that not all probiotic strains have an effect on cytokine expression, let 

alone have the same effect on the immune system. Interestingly, differing immunological 

effects have been reported even within the same species of bacteria.37‑38

Several inflammation markers, namely the reduced influx of Cd3ε-positive cells, 

increased serum Tnf-α levels, and the limited mucosal expression of S100a8 and S100a9 

proteins indicate that inflammation is significantly reduced in Muc2‑/‑ mice that were fed 

P diet compared to Muc2‑/‑ mice that were fed the NP diet. Interestingly, serum cytokine 

levels only showed significant increased Tnf-α levels in Muc2‑/‑ NP mice compared to 

Muc2‑/‑ P mice. Tnf-α mRNA levels in the distal colon of Muc2‑/‑ mice were not affected 

by the type of diet, neither by probiotic supplementation. All other serum cytokines were 

not affected. Therefore, systemic Tnf-α levels can be regarded as a general marker for 

colitis in Muc2‑/‑ mice.

Of all cytokines studied in the distal colon, only Il-12 related cytokines showed 

differences between the studied diets. The interleukin-12 cytokine family includes 

IL-12, IL-23, IL-27, and the recently identified IL-35.39 All four are heterodimeric cyto-

kines, composed of an α-chain (p19, p28, or p35) and a β-chain (p40 or Ebi3). IL-12 

and IL-23 are highly expressed in the gut of mice and patients with inflammatory bowel 

diseases.40‑41 Il-12, which consists of a heterodimer of a p35 and a p40 subunit, is known 

as a pro-inflammatory cytokine, whereas Il-35, the heterodimer of p35 and Ebi3 is 

linked to regulatory T-cells and possesses immune suppressive capacities. As Il-12 p40 

also showed a trend towards increased levels in Muc2‑/‑ mice that were fed the P-diet, 

together with significantly increased levels of Il-12 p35, might indicate increased pro-

inflammatory Il-12 expression. However, Muc2‑/‑ P mice do not show increased colitis 

severity. On the contrary, Muc2‑/‑ mice fed the P diet showed a decrease in colitis severity 

compared to Muc2-/- mice fed the NP diet. Given that Ebi3 is also significantly increased 

in Muc2‑/‑ mice fed the P-diet, the above described data are in favor of increased Il-35 

production (i.e. heterodimer formation of Ebi3 and Il12p35). As Il-35 is known as an 

immune suppressive cytokine, increased Il-35 levels would also explain the decreased 

disease severity in Muc2‑/‑ mice that were fed the P-diet compared to Muc2‑/‑ mice that 

were fed the NP-diet. Yet, further studies are necessary to confirm whether the P diet 

indeed increases Il35 levels in Muc2‑/‑ mice.

Highest numbers of S100a8- and S100a9-positive cells were observed in Muc2‑/‑ 

NP mice (Fig. 5), Interestingly these mice also showed the highest disease severity as 

reflected by lowest body weights and highest increase in crypt lengthening (Fig. 1C). 

Therefore, the S100 proteins can be regarded as indicators for the degree of colonic 
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inflammation in Muc2‑/‑ mice.. In accordance with our findings, fecal calprotectin, the 

heterodimer of S100a8 and S100a9, is regarded as a marker for inflammation in the 

gastrointestinal tract, and has been used clinically to follow disease activity in IBD.42‑43

Immunohistochemical staining for Muc4 revealed that abundance of Muc4-positive 

cells is decreased in Muc2‑/‑ NP mice compared to Muc2‑/‑ P mice. This finding corre-

sponds with previous studies that show decreased numbers of Muc4-positive goblet cells 

in adult Muc2‑/‑ mice and decreased Muc4 protein expression in patients with CD.44‑45 

Interestingly, the areas with the highest abundance of S100a8-positive cells showed the 

lowest numbers of Muc4-positive cells. We recently showed that Muc4 protein is local-

ized in the intestinal goblet cell46, implying that Muc4 is not only a membrane bound 

mucin, but also a secretory mucin in the mouse intestine. Increased secretion of Muc4 in 

Muc2‑/‑ mice that were fed the NP diet might therefore explain the decreased number of 

Muc4-positive cells in these mice compared to Muc2‑/‑ mice fed the P diet. Speculating, 

increased secretion of Muc4 might be caused by a greater need for Muc4 secretion 

to compensate for Muc2-deficiency in Muc2‑/‑ NP mice. In Muc2‑/‑ P mice the need for 

this compensatory Muc4 secretion is less as the diet ameliorates colitis-symptoms, and 

therefore Muc4 protein remains stored in the goblet cell granules of these mice.

In summary, the type of diet significantly influences disease severity, as measured 

by differences in bodyweight and crypt lengths, in the Muc2‑/‑ colitis model. Secondly, 

supplementation of the NP diet with probiotics limited crypt lengthening in Muc2‑/‑ mice 

compared to Muc2‑/‑ mice fed the NP diet only. Compared to Muc2-/- mice fed NP diet, 

Muc2-/- mice fed the P diet showed a reduced influx of Cd3ε-positive cells that was 

accompanied by differences in Il-12 related cytokines. These data point to an immune 

suppressive effect of the P diet, most likely by means of increased Il-35 production. More-

over, a systemic increase of Tnf-α was seen in Muc2‑/‑ mice fed the NP diet, which was not 

seen in Muc2‑/‑ mice fed the P diet. Finally, mucosal inflammatory markers S100a8 and 

S100a9 and the epithelial damage marker Muc4 showed that histological signs of colitis 

are significantly increased in Muc2‑/‑ mice that were fed the NP diet compared to the P 

diet. The above described differences, namely decreased growth retardation, reduced 

crypt lengthening and decreased inflammation markers in Muc2‑/‑ P mice compared to 

Muc2‑/‑ NP mice might be explained by the type of protein and the type and amount of 

fibers in the diet. In conjunction, these data imply that feeding strategy in subjects with 

colitis might have considerable implications for disease severity.
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Abstract

Mucin MUC2 is the major secretory mucin synthesized by goblet cells. We previously 

showed that systemic/ arterial threonine is rapidly incorporated into small intestinal 

MUC2 of preterm infants. However, it is unknown whether goblet cells are capable of 

using luminal threonine for MUC2 synthesis. We hypothesized that enteral threonine 

would preferentially be used over basolateral threonine for MUC2 synthesis, underlin-

ing the importance of enteral nutrition in the preterm neonate. We determined the 

preferential site of threonine absorption for MUC2 synthesis in preterm pigs (n=12) 

and preterm infants with ileostomies (n=5). We conducted a dual-isotope tracer infu-

sion, allowing incorporation of both enteral and systemic threonine isotope tracers 

into collected MUC2. Threonine from both the basolateral and luminal side was used 

for MUC2 synthesis in preterm infants and preterm pigs. Preterm pigs showed higher 

MUC2 synthesis rates than the preterm infants recovering from intestinal disease 

and surgery. In preterm pigs, colostrum feeding (n=6) stimulated threonine uptake 

for MUC2 synthesis from the luminal vs. the basolateral side, and increased MUC2 

fractional synthesis rate when compared to formula feeding (n=6) (177 ± 17 vs. 121 

± 17%/d respectively). First we concluded that goblet cells use of both luminal and 

basolateral threonine for synthesis of MUC2. Second, colostrum feeding stimulated 

MUC2 synthesis while increasing threonine absorption from the luminal side. Col-

lectively, colostrum feeding of preterm pigs may enhance gut barrier function via 

stimulation of luminal threonine uptake for MUC2 synthesis.

Key words: preterm, neonate, formula, nutrition, mucin
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Introduction

The neonatal gut is in need of threonine to synthesize mucins necessary for epithelial 

protection. The mucin MUC2 is the most predominant secretory mucin in the human 

intestinal tract synthesized by goblet cells.1‑3 The peptide backbone of MUC2 is par-

ticularly rich in threonine constituting ~30% of the total amino acids.4‑8 Hence, it is not 

surprising that threonine availability impacts mucosal protein and mucin synthesis in pigs 

and rats.9‑12

A diminished or disrupted mucus layer causes intestinal inflammation and muco-

sal eruption, facilitating bacterial translocation and, in combination with an immature 

immune system, renders the preterm infant at particular risk for the development of 

sepsis and necrotizing enterocolitis (NEC).13 Therefore, adequate threonine uptake by 

the mucin producing cells is pivotal for prevention of NEC. Intestinal mucosal cells are 

unique among body cells in that they are presented with substantial quantities of threo-

nine from both the diet and the mesenteric arterial circulation. However, it is unknown 

whether goblet cells, known to be secretory cells, are able to use enteral substrates 

like enterocytes do, or whether they are dependent on basolateral absorption as site of 

mucin precursor uptake.

In preterm neonates, the splanchnic tissues extract 70-82% of dietary threonine.14 In 

infants pigs, the intestine is responsible for >70% of splanchnic first-pass metabolism and 

there is continuous removal of arterial amino acids by the portal-drained viscera which 

appear to be channeled towards mucosal constitutive protein synthesis.15‑16 A recent 

study showed that arterial threonine is incorporated rapidly into small intestinal MUC2 of 

partially enteral fed preterm infants following bowel resection for NEC.17 However, this 

study could not determine whether there is a preference for luminal or arterial threonine 

for MUC2 synthesis. This is of importance for the preterm neonate at risk for NEC when 

enteral feeding is withheld or delayed. The lack of luminal nutrients, in particular threo-

nine may decrease MUC2 synthesis and hence gut barrier function.

We hypothesized that enteral threonine would preferentially be used over arterial 

threonine for MUC2 synthesis by goblet cells, underlining the importance of enteral 

nutrition in the preterm neonate. We conducted a dual-isotope tracer infusion in preterm 

pigs and preterm infants, allowing incorporation of both enteral and systemic threonine 

isotope tracers into MUC2. To be able to compare porcine and human MUC2, our first 

aim was to isolate and identify porcine MUC2 and determine its homology to human 

MUC2. Our second aim was to determine the preferential site of threonine absorption 

for MUC2 synthesis in preterm pigs fed formula or colostrum, and in preterm infants with 

ileostomies.
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Materials and methods

Materials
Stable isotopes of L-threonine (thr) [15N]thr (98 atom%) and [U-13C]thr (99.5 atom%) were 

purchased from Cambridge Isotope Laboratories, Andover, Massachusetts. All isotopes 

were tested and found sterile and pyrogen free.

Preterm pigs
Preterm pigs (Danish landrace X Yorkshire) were delivered via cesarean section at day 105 

- 107 of gestation, as described in detail previously.18 Animal protocols and procedures 

were approved by the Danish National Committee on Animal Experimentation. Total 

parenteral nutrition (TPN) was administered for the first 2 days as described previously.18 

After 48 h, TPN was discontinued and the pigs were assigned to receive either human 

milk formula (FORM, n=6) or bovine colostrum feeding (COL, n=6) via an orogastric tube 

(15 ml·kg‑1·3 h‑1) for 2 days. The milk formula consisted of a mix of three different com-

mercial formula’s for human infants as described previously to meet protein and energy 

requirements.18 Bovine colostrum was derived from the first milking of Holstein-Friesian 

cows and eradiated (1 x kGy) before use. To make the diets isocaloric, the colostrum 

was diluted with water in a 2:1 ratio. An aliquot of the diluted colostrum was assayed 

for protein content using Pierce assay (BCA, Protein Assay, Thermo scientific, Rockford, 

USA). The threonine concentration of both formula and colostrum were determined us-

ing gas chromatography-mass spectrometry. An aliquot of colostrum and formula was 

hydrolyzed for 24 h at 110°C in 6 mol/L HCl and dried (Speedvac Savant, Thermofisher, 

Breda, the Netherlands). Samples were then derivatized and analyzed using the same 

method as that for tissue samples (below).

Isotope infusion protocol. After completion of the feeding protocol piglets 

received a dual- isotope tracer infusion for 9 h. A primed (25 µmol·kg‑1), continuous 

(25 µmol·kg‑1∙h‑1) infusion of [U-13C]thr was administered through the arterial catheter. 

Simultaneously, a primed (25 µmol·kg‑1), hourly bolus (25 µmol·kg‑1∙h‑1) of [15N]thr was 

administered via the orogastric tube. During this protocol, piglets were switched to 1-h 

feeding intervals. Blood samples were taken at 0, 6, 8.5, and 9 h after start of the tracer 

infusion for mass spectrometry analyses. Blood samples were centrifuged immediately 

and the plasma fraction was stored at −80°C until further analysis. After the 9h-infusion 

protocol, piglets were euthanized with an overdose of pentobarbital (200 mg/kg iv; LIFE 

Faculty pharmacy, University of Copenhagen, Denmark).

Tissue collection. Immediately after animals were killed, the entire small intestine 

(SI) and colon were removed as described in detail previously.18 The small intestine length 

was divided into three segments, which were designated proximal, middle, and distal SI. 
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Tissue samples were frozen in liquid nitrogen and stored at −80°C. Mucosal scraping of 

the last 10 cm of the distal SI was frozen in liquid nitrogen for MUC2 analysis (below).

Preterm infants
The study was conducted at Erasmus MC-Sophia Children’s Hospital (Rotterdam, the 

Netherlands) after approval from the Erasmus MC Institutional Review Board. Written 

informed consent was obtained from the parents. Infants who had a bowel resection in 

the neonatal period and received a temporary ileostomy during surgery were eligible for 

this study. Exclusion criterion for this study was cystic fibrosis. We included five infants 

in the study that underwent surgery for NEC (n=2), milk curd obstruction (n=1), midgut 

volvulus (n=1), and meconium ileus (n=1). Table 1 lists their main clinical characteristics.

Isotope infusion protocol. The study was performed when the infants were clinically 

stable, i.e. 24 ± 4 days following bowel resection, and received partial enteral nutrition. 

Then, a primed (10.5 µmol∙kg‑1), continuous 12-h infusion (10.5 µmol∙kg‑1∙h‑1) of [U-13C]thr 

was administered intravenously. Simultaneously, a primed (21 µmol·kg‑1), hourly bolus (21 

µmol·kg‑1∙h‑1) of [15N]thr was administered via the nasogastric tube. At baseline, after 9 h, 

and 12 h of tracer administration, blood samples were collected by heel stick. Blood was 

centrifuged immediately and the plasma was stored at −80°C. Beginning at the start of 

the isotope infusion, ileostomy outflow fluid samples were collected at 3-h intervals for 

36 h for MUC2 isolation and stored at −80°C.

Table 1. Demographics and enteral threonine intake of preterm infants

Patient Sex GA
(wk)

BW
(g)

AS
(d)

AI
(d)

Type of
enteral 
feeding

Enteral
intake 

(ml∙kg‑1∙h‑1)

Enteral 
threonine

intake
(µmol∙kg‑1∙h‑1)

Parenteral
intake (ml∙ 

kg‑1∙h‑1)

Parenteral threonine
intake (µmol∙ kg‑1∙h‑1)

1 F 34.6 2345 1 31 MM + NPI 2.2 10.1 1.0 31.5

2 M 27.9 1130 15 34 Nen 15.4% 3.8 31.9 0.5 16.0

3 M 25.6 865 22 40 Nen 16.5% 4.3 45.3 0.8 25.1

4 M 25.6 755 22 59 MM + BMF 4.4 33.6 0.5 15.8

5 F 33.0 1460 10 28 MM + BMF 4.6 35.3 0.4 12.4

GA gestational age; BW birth weight; AS age at surgery; AI age at isotope infusion; MM mother’s milk; NP1 
nutrilon premium 1 13.5% (Nutricia, Zoetermeer, the Netherlands); Nen nenatal (Nutricia); BMF breast milk 
fortifier 4.2% (Nutricia). Parenteral intake: Primene 10% (Baxter, Utrecht, the Netherlands).

Mucin MUC2 isolation
MUC2 isolation was performed using a cesium chloride (CsCl) density gradient ultracen-

trifugation method combined with gravity gel filtration chromatography, as described in 

detail previously.3,17,19 Briefly, samples were homogenized and, after chemical reduction of 

the mucin disulfide bonds and carboxymethylation of the sulfhydryl groups, mucins were 
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purified by equilibrium ultracentrifugation (Beckmann Coulter, 50.2 Ti rotor at 250,000 

g for 72–88 h at 4°C) on a CsCl (Roche, Uppsala, Sweden) density gradient of 1.40 g/

mL. CsCl-gradient fractions were collected, dialyzed, and analyzed for the presence of 

mucins. MUC2 containing fractions, i.e. fractions 3-6 identified by periodic acid schiff20 

positive bands after SDS-PAGE, had a buoyant density between 1.45 and 1.53 mg/mL. 

This corresponded to relatively high hexose levels in the MUC2 fractions as determined 

by hexose assay according to François et al.21 (Figure 1). MUC2 containing fractions were 

pooled, and further purified by gravity gel filtration chromatography using a Sepharose 

CL-2B column. MUC2 samples were then extensively dialyzed, analyzed for presence of 

MUC2 by Western blot, and stored freeze-dried at −20°C.

Porcine MUC2 DNA sequence analysis
To identify porcine MUC2 and further investigate its homology to human MUC2, we 

used reverse transcriptase-polymerase chain reaction (RT-PCR) and sequence analysis 

according to the method described previously.22 Total RNA was isolated from colon 

samples according to the manufacturer’s protocol (RNeasy midi RNA-isolation, Qiagen) 

and transcribed into cDNA using reverse transcriptase. The final reaction condition was: 

2.5 μM pdN6/20 nM oligodT (mix of random hexamers), 200 μM dNTP’s, 1 U/μL RNAsin, 

8 U/μL mmLV. The entire RT reaction was performed as follows: 45 min at 37°C, then 15 

min at 42°C, and was stopped at 94°C (5 min). This was followed by a PCR-reaction in 
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Figure 1. Isolation and determination of porcine Muc2 in intestinal tissue. Gray area represents 
periodic acid schiff20 positive fractions 3-6 after ultracentrifugation. Closed line represents the 
buoyant density of the fractions. Staggered line represents the hexose content of the fractions. 
Western blot analysis shows positive bands for porcine MUC2 in colostrum (COL) and formula 
(FORM) fed piglets.
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a total volume of 50 μL using 5 μLcDNA as template in combination with human MUC2 

primers (Table 2). In one PCR- reaction primer P133-149 was used in combination with 

P697-713 and P607-623 was used with P1144-1160. Final PCR-reaction conditions were: 

4mM MgCl2, 200 μM dNTP’s, Taq DNA polymerase, and 0.3 pmol of each primer (forward 

and reverse). The PCR-reaction was carried out as follows: 5 min 95°C, and 30 cycles of 

1 min 95°C, 1 min 55°C and 1 min 72°C. After the last cycle a 10 min extension step at 

72°C followed. The resulting PCR-product was isolated after analysis on a 1.2% agarose 

gel using Wizard SV Gel and PCR Clean-up System (Promega). Then, BigDye terminator 

cycle sequencing was performed in a 3130xl Genetic analyzer (Applied Biosystems). Se-

quencing reactions were prepared as follows: 3-5 ng of PCR-product template, 3 pmol/

μL primer, Ready Reaction Primix and BigDye Sequencing buffer. Amplification was over 

25 cycles at 96°C for 10 seconds, 50°C for 5 seconds, and 60°C for 4 minutes. The am-

plification products were ethanol precipitated for 10-15 minutes at room temperature, 

centrifuged at maximum speed for 20 minutes, washed with 70% ethanol, and dried 

by opening the tubes to remove unincorporated dyes. Then pellets were dissolved in 

HiDi-formamide and run on the sequence analyzer.

Mass spectrometry

Threonine enrichment analyses
Plasma samples were prepared to determine threonine enrichment by GC-MS as de-

scribed previously17,23 with some modifications. As internal standard [2,3,4,4,4-D5,
15N]thr 

was used and an additional derivatization step was performed to block the free hydroxyl 

group of threonine by adding 20 µL of pyridine and 50 µL of acetic anhydride to the 

dried ethyl chloroformate derivatives. The samples were briefly shaken on a vortex mixer 

and left for 60 min at 60°C. After cooling down, the samples were dried under a gentle 

nitrogen flow at room temperature and resuspended in 50 µL of ethyl acetate. Standard 

curves were prepared by mixing aqueous solutions of natural and labeled threonine for 

both enrichment and concentration determination. GC-MS analyses were performed 

in selective ion-monitoring mode (SIM) after electron impact ionization (EI) on a MSD 

5975C Agilent GCMS (Agilent Technologies, Amstelveen, Netherlands). SIM was carried 

Table 2. Human MUC2 primer sequences used for RT-PCR on mRNA isolated from pig colonic 
tissue.

Primers Primer sequences

P133 - 149 5’- GTCTGCAGCACCTGGGG -3’

P697 - 713 5’- GAGTGTGAGAGGCTGCT -3’

P607 - 623 5’- GGGAACATGCAGAAGAT -3’

P1144 - 1160 5’- TGTGTCTGTAACGCTGG -3’
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out at m/z 146.1, 147.1, 149.1 and 152.1. Separation was achieved on a VF17MS (30m 

x 0.25mm i.d., 0.25 μm film thickness) fused-silica capillary column (Varian, Middelburg, 

the Netherlands). Helium was used as a carrier gas at a constant flow of 1.2 mL/min. The 

column was held at 55°C for 1 min, and then programmed at 30°C/min to 160°C, 5°C/

min to 200°C, and at 10°C/min to 300°C, with a 8-min hold. Threonine enrichment was 

expressed in mole percent excess (MPE).

Determination of intestinal intracellular free threonine
Intestinal tissues from the distal SI were homogenized with ice cold water in a 100 mg/

mL concentration. The protein fraction was isolated as described previously.23 Isotopic 

enrichment and concentration of [U-13C]thr and [15N]thr in the tissue amino acid free 

pool was determined by GC-MS analysis of the acetyl-ethoxycarbonyl-ethylester using EI 

with a MSD 5975C Agilent GCMS as described before for plasma samples.

Mucin MUC2 synthesis
Dried MUC2 samples were hydrolyzed by adding 1 mL of 6 mol/L HCl and incubat-

ing at 110° C for 20 h. Dried hydrolysates (Speedvac Savant, Thermofisher, Breda, the 

Netherlands) were dissolved in 0.2 mL MilliQ water and amino acids isolated by cation 

exchange separation as described for the blood amino acid fraction. Enrichment of [U-
13C]thr in MUC2 isolates was determined using GCMS as described above.

Calculations and interpretation of threonine labeling
The FSR of MUC2 is expressed as percentage of the total MUC2-pool newly synthesized 

per day and calculated as follows17:

FSR = (SL-E [U-13C]thrMUC2 / E [U-13C]thrPlasma/TF) * 24 h * 100%

where SL-E [U-13C]thrMUC2 is the slope of the linear hourly increase of E [U-13C]thrMUC2 

where E [U-13C]thrMUC2 is the isotopic enrichment of [U-13C]thr incorporated into MUC2. 

In preterm pigs, SL-E [U-13C]thrMUC2 was determined from the slope of the increase of E 

[U-13C]thrMUC2 at the time of euthanasia. E [U-13C]thrMUC2 at baseline was assumed to be 0 

MPE. [U-13C]thr enrichment of the intracellular tissue free (TF) amino acid pool (E [U-13C]

thrTF) was used as the precursor to calculate MUC2 FSR. For preterm infants, [U-13C]

thr plasma enrichments (E [U-13C]thrPlasma) were used as the precursor pool because of 

the absence of intestinal samples for obvious ethical reasons. Similarly, in the following 

equations, plasma and tissue free (TF) precursor pools will be depicted as E thrPlasma/TF for 

neonates and piglets respectively.

In the fed state, the mucosal threonine pool can be derived from the diet, i.e. lu-

minal uptake, or from the systemic supply, i.e. basolateral uptake. During an intragastric 
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[15N]thr infusion, the input of the label is from the luminal side and, after transport by the 

enterocyte into the systemic pool, from the basolateral side. The infusion of intravenous 

[U-13C]thr leads to uptake from the basolateral side. Thus, by the end of the dual-tracer 

infusion, there are two populations of labeled threonin molecules in MUC2: [U-13C]thr 

directly from the basolateral side, and [15N]thr derived from both the luminal and baso-

lateral side. The enrichment of the [15N]thr in MUC2 absorbed from the basolateral side 

(E [15N]thrMUC2-BL) can be calculated by using the percentage of the plasma or tissue free 

[U-13C]thr incorporated into MUC2 as precursor pool:

E [15N]thrMUC2-BL = E [15N]thrPlasma/TF * (E [U-13C]thrMUC2 / E [U-13C]thrPlasma/TF)

where E [15N]thrPlasma/TF is the enrichment of [15N]thr in the plasma or tissue free (TF) pool, 

E [U-13C]thrMUC2 is the enrichment of the [U-13C]thr in MUC2, and E [U-13C]thrPlasma/TF is the 

enrichment of the [U-13C]thr tracer in the plasma or the tissue free (TF) pool.

Then, the proportion of threonine expressed as % absorbed basolaterally into 

MUC2 can be calculated by:

Basolateral THR absorption (%) = (E [15N]thrMUC2-BL / E [15N]thrPlasma/TF-BL) * 100%

where E [15N]thrTF-BL is the enrichment of the [15N]thr tracer in the TF pool taken up from 

the basolateral side.

Following, the enrichment of the [15N]thr in MUC2 absorbed from the luminal side 

(E [15N]thrMUC2-LUM) can be calculated by:

E [15N]thrMUC2-LUM = E [15N]thrMUC2 - E [15N]thrMUC2-BL

where E [15N]thrMUC2 is the total enrichment of the [15N]thr tracer, i.e. from both the luminal 

and basolateral side, in MUC2.

The proportion of threonine expressed as % absorbed luminally can then be cal-

culated by:

Luminal THR absorption (%) = (E [15N]thrMUC2-LUM / E [15N]thrDIET/TF-LUM) * 100%

where the enrichment of the [15N]thr tracer in the diet (E[15N]thrDIET) is used as a precursor 

in the infants, and the enrichment of the [15N]thr tracer in the TF pool taken up from the 

luminal side is used as precursor for the piglets. From the rate of the dietary threonine 

intake of the patients during the isotope infusion and the rate of the intragastric [15N]thr 

administration, E[15N]thrDIET was calculated.
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Statistics
Minitab statistical software (Minitab, State College, PA) was used for statistical analysis. 

Data were analyzed by one-way ANOVA-General Linear Model. Data are presented as 

the mean ± SEM and P < 0.05 was considered statistically significant.

Results

Porcine MUC2
Isolated pig MUC2 showed high similarity to MUC2 found in human preterm infants with 

respect to its buoyant density, molecular weight, PAS stainability, and hexose content.17,19 

Specifically, pig MUC2 has a buoyant density between 1.45 and 1.53 mg/mL, has a rela-

tive high molecular weight, is visible with PAS on SDS-PAGE (not shown), and contained 

relatively high amounts of hexose (Figure 1). Recognition of the purified porcine MUC2 

samples by western blotting with anti-HCM, i.e. an antibody specific for human MUC222, 

suggested high homology between porcine and human MUC2 (Figure 1). Overlapping 

parts of pig MUC2 cDNA were cloned by RT-PCR on pig ileal mRNA following the strat-

egy as shown in Figure 2. Pig MUC2 cDNA sequences were amplified, sequenced and 

combined to one fragment of 1028 bp, which showed 85% homology to human MUC2 

cDNA. This 1028 bp fragment was found to encode a fragment of 342 amino acids of 

the N-terminus of pig MUC2, which showed 81% homology to human MUC2 (Figure 3).

Preterm pigs

Body and organ weights
As shown in Table 3 there was no difference in birth weight between FORM and COL 

piglets. Weight gain was lower in FORM pigs compared to COL pigs. No difference was 

observed between FORM and COL pigs with respect to the length or wet mass weights 

of the small intestine. The percentage of mucosa was also not different between groups.

Table 3. Body and organ weights in preterm pigs fed formula or colostrum*

COLOSTRUM FORMULA P

Birth weight, g 871 ± 47.3 805 ± 46.7 0.2

Final body weight, g 941 ± 49.7 832 ± 54.4 0.1

Weight gain, g∙kg‑1∙d‑1 20.0 ± 1.7 8.4 ± 6.2 0.2

Small intestinal length, cm/kg body wt 305 ± 12.7 362 ± 17.4 0.05

Small intestinal weight, g/kg body wt 29.8 ± 0.8 32.5 ± 1.8 0.3

Mucosa dry weight, % 69.5 ± 2.8 67.5 ± 4.7 0.4

*Values are presented as means ± SEM; n=6/group.
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Figure 2

hMUC2: 133 GTCTGCAGCA CCTGGGGCAA CTTCCACTAC AAGACCTTCG ACGGGGACGT
pMUC2: GTCTGCAGCA CCTGGGGCGA CTTCCACTAC AAGACCTTCG ACGGCGACGT

hMUC2: 183 CTTCCGCTTC CCCGGCCTCT GCGACTACAA CTTCGCCTCC GACTGCCGAG
pMUC2: CTTCCGCTTC CCGGGCCTGT GCGACTACAA CTTCGCCTCC GACTGCCGGG

hMUC2: 233 GCTCCTACAA GGAATTTGCT GTGCACCTGA AGCGGGGTCC GGGCCAGGCT
pMUC2: ACGCCTACAA GGAGTTCGCT GTGCACCTGA GACGGGGCCC CGGCGGCAGT

hMUC2: 283 GAGGCCCCCG CCGGGGTGGA GTCCATCCTG CTGACCATCA AGGATGACAC
pMUC2: GGGGGCCCCT CCCAGGTCGA GTACATCCTG CTGACGGTCA AGGATGACAC

hMUC2: 333 CATCTACCTC ACCCGCCACC TGGCTGTGCT TAACGGGGCC GTGGTCAGCA
pMUC2: CATCTACCTC ACTCAGCAGC TGGTCGTGGT GAACGGGGCC ATGGTCAGCA

hMUC2: 383 CCCCGCACTA CAGCCCCGGG CTGCTCATTG AGAAGAGCGA TGCCTACACC
pMUC2: CCCCGCACTA TAGCCCGGGG CTGCTCATTG AGAGGAGTGC CGTCTACACC

hMUC2: 433 AAAGTCTACT CCCGCGCCGG CCTCACCCTC ATGTGGAACC GGGAGGATGC
pMUC2: AAGGTCTATT CCCGAGCTGG CCTTGCTCTC GTGTGGAACA GAGAGGACTC

hMUC2: 483 ACTCATGCTG GAGCTGGACA CTAAGTTCCG GAACCACACC TGTGGCCTCT
pMUC2: GGTCATGCTG GAGCTGGACA GTAAGTTCCA GAACCACACG TGTGGCCTCT

hMUC2: 533 GCGGGGACTA CAACGGCCTG CAGAGCTATT CAGAATTCCT CTCTGACGGC
pMUC2: GCGGAGACTA CAACGGCCTG CAGACCTACT CAGAGTTCCT CTCGGAGGGC

hMUC2: 583 GTGCTCTTCA GTCCCCTGGA GTTTGGGAAC ATGCAGAAGA TCAACCAGCC
pMUC2: ATCCCCTTCA GCCCCTTGGA GTTCGGGAAC ATGCAGAAGA TCAACAAGCC

hMUC2: 633 CGATGTGGTG TGTGAGGATC CCGAGGAGGA GGTGGCCCCC GCATCCTGCT
pMUC2: CGAGGAGAAG TGTGACGACC CCGAGGAGGC ACAGGCCAAG CTGTCCTGCT

hMUC2: 683 CCGAGCACCG CGCCGAGTGT GAGAGGCTGC TGACCGCCGA GGCCTTCGCG
pMUC2: CTGAGCACCG CGCCGAGTGC GAGAGGCTGC TGACGGACGT GGCCTTCGAG

hMUC2: 733 GACTGTCAGG ACCTGGTGCC GCTGGAGCCG TATCTGCGCG CCTGCCAGCA
pMUC2: GACTGCCAGG GGCTGGTGCC ACTGGAGCTG TACGTGCAGG CCTGCGTGCA

hMUC2:  783 GGACCGCTGC CGGTGCCCGG GCGGTGACAC CTGCGTCTGC AGCACCGTGG
pMUC2: GGACCGCTGT CAGTGCCCGC AGGGCACCTC CTGCGTCTGC AGCACGATCG

hMUC2: 833 CCGAGTTCTC CCGCCAGTGC TCCCACGCCG GCGGCCGGCC CGGGAACTGG
pMUC2: CCGAGTTCTC CCGCCAGTGC TCCCACGCCG GTGGGCGGCC TGGGAACTGG

hMUC2: 883 AGGACCGCCA CGCTCTGCCC CAAGACCTGC CCCGGGAACC TGGTGTACCT
pMUC2: AGGACCGCCA AGCTCTGCCC TAAGAGCTGC CCTGGGAACA TGGTTTACCT

hMUC2: 933 GGAGAGCGGC TCGCCCTGCA TGGACACCTG CTCACACCTG GAGGTGAGCA
pMUC2: GGAGAGCAGC TCGCCCTGCG TGGACACCTG CTCGCACCTG GAGGTCAGCA

hMUC2: 983 GCCTGTGCGA GGAGCACCGC ATGGACGGCT GTTTCTGCCC AGAAGGCACC
pMUC2: GCCTGTGCGA GGAACACCGC ATGGATGGCT GTTTCTGCCC AGAAGGCACT

hMUC2: 1033 GTATATGACG ACATCGGGGA CAGTGGCTGC GTTCCTGTGA GCCAGTGCCA
pMUC2: GTGTATGATG ACATCGCGGG CAGAGGCTGC ATCCCCGTGA GCCAGTGTCA

hMUC2: 1083 CTGCAGGCTG CACGGACACC TGTACACACC GGGCCAGGAG ATCACCAATG
pMUC2: CTGCAAGCTG CACGGGCACC AGTATGCGCC CGGCCAGCAG GTCACCAACA

hMUC2: 1133 ACTGCGAGCA GTGTGTCTGT AACGCTGG
pMUC2: ACTGCGAGCA ATGTGTCTGT AACGCTGG

Figure 2. Part of the 5’ cDNA sequence of porcine MUC2, and sequence comparison with human 
MUC2. The sequence of the 1028 bp-long 5’ part of porcine MUC2 (pMUC2) is aligned to the 
5’ sequence of human MUC2 (hMUC2). The pMUC2 sequence is for 85% identical to hMUC2. 
Mismatches are indicated in bold script in the pMUC2 sequence. Underlined sequences correspond 
with sequences of primers designed on human MUC2 cDNA sequences that were used to amplify 
porcine MUC2 cDNA.
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Threonine tracer kinetics
One pig in the FORM group was excluded from isotopic analyses because of infusion 

failure of the tracer. Enrichments of both [15N]thr and [U-13C]thr were measured in the 

plasma (steady state), in the intracellular free pool of the distal SI, and in purified MUC2 

samples derived from the distal SI (Table 4). In FORM piglets, 60 ± 6.8 % of threonine 

in MUC2 was absorbed from the basolateral side and 40 ± 6.8 % was absorbed from 

the luminal side (Figure 4). In COL piglets, 41 ± 4.3 % of dietary threonine in MUC2 was 

absorbed from the basolateral side and 59 ± 4.3 % was absorbed from the luminal side 

(Figure 4). MUC2 FSR, representing the percentage of newly synthesized MUC2 per day 

Figure 3

hMUC2: 36 VCSTWGNFHYKTFDGDVFRFPGLCDYNFASDCRGSYKEFAVHLKRGPGQA 
pMUC2: VCSTWGDFHYKTFDGDVFRFPGLCDYNFASDCRDGYKEFAVHLRRGPGGS 

hMUC2: 86 EAPAGVESILLTIKDDTIYLTRHLAVLNGAVVSTPHYSPGLLIEKSDAYT 
pMUC2: GGPSQVEYILLTVKDDTIYLTQQLVVVNGAMVSTPHYSPGLLIERSAVYT

hMUC2: 136 KVYSRAGLTLMWNREDALMLELDTKFRNHTCGLCGDYNGLQSYSEFLSDG 
pMUC2: KVYSRAGLALVWNREDSVMLELDTKFQNHTCGLCGDYNGLQTYSEFLSEG

hMUC2: 186 VLFSPLEFGNMQKINQPDVVCEDPEEEVAPASCSEHRAECERLLTAEAFA 
pMUC2: IPFSPLEFGNMQKINKPEEKCDDPEEAQAKLSCSEHRAECERLLTDVAFE

hMUC2: 236 DCQDLVPLEPYLRACQQDRCRCPGGDTCVCSTVAEFSRQCSHAGGRPGNW 
pMUC2: DCQGLVPLELYVQACVQDRCQCPQGTSCVCSTIAEFSRQCSHAGGRPGNW 

hMUC2: 286 RTATLCPKTCPGNLVYLESGSPCMDTCSHLEVSSLCEEHRMDGCFCPEGT
pMUC2: RTAKLCPKSCPGNMVYLESSSPCVDTCSHLEVSSLCEEHRMDGCFCPEGT

hMUC2: 336 VYDDIGDSGCVVSQCHCRLHGHLYTPGQEITNDCEQCVCNAG
pMUC2: VYDDIAGRGCIVSQCHCKLHGHQYAPGQQVTNNCEQCVCNAG

Figure 3. Part of the N-terminal amino acid sequence of porcine MUC2, and sequence comparison 
with human MUC2. The sequence of the 342 amino acids-long N-terminal part of the porcine MUC2 
(pMUC2) polypeptide fragment is aligned to the N-terminal sequence of human MUC2 (hMUC2). 
The pMUC2 sequence is for 81% identical to hMUC2. Mismatches are indicated in bold script in the 
pMUC2 sequence.

Table 4. Threonine kinetics in piglets fed colostrum or formula*

COLOSTRUM FORMULA

E [15N]thrDIET (MPE) 11.039 11.804

E [15N]thrPlasma (MPE) 5.9 ± 0.30 5.7 ± 0.53

E [U13C]thrPlasma (MPE) 13 ± 0.85 9.8 ± 0.97

E [15N]thrTF (MPE) 1.5 ± 0.10 5.2 ± 1.5

E [U13C]thrTF (MPE) 1.7 ± 0.07 3.9 ± 0.25

E [15N]thrMuc2 (MPE) 1.2 ± 0.10 1.7 ± 0.46

E [U13C]thrMuc2 (MPE) 1.1 ± 0.09 1.7 ± 0.24

Muc2 FSR** (%/d) 177 ± 17.1 121 ± 16.7

*Values are presented as means ± SEM; COLOSTRUM n=5; FORMULA n=6.
**Muc2 FSR COLOSTRUM vs. FORMULA P = 0.047.
THR threonine; MPE mole percent excess; FSR fractional synthesis rate.
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in the distal SI, was relatively high, and was lower in FORM pigs (121 ± 17 %/d) compared 

to COL pigs (177 ± 17 %/d) (Figure 5).

Preterm infants
Enrichments of both [15N]thr and [U-13C]thr were measured in the plasma at steady state 

and in purified MUC2 samples from the ileal outflow fluid (Table 5). In preterm infants, 91 

% of the dietary threonine in MUC2 was absorbed from the basolateral side, whereas 9 

% was absorbed from the luminal side (Figure 4). The mean MUC2 FSR in the ileum was 

108 ± 17 %/d (Figure 5, Table 5).
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Figure 4. Percentage of luminal and basolateral threonine absorption for MUC2 synthesis in preterm 
pigs fed colostrum (COL) or formula (FORM) and preterm infants. Black bars represents luminal 
absorption of threonine and white bars remaining basolateral absorption of threonine incorporated 
into MUC2.
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Figure 5. MUC2 FSR expressed as percentage of newly synthesized MUC2 per day in preterm pigs 
fed either colostrum (COL) or formula (FORM), and in preterm infants.
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Discussion

Threonine is important for mucosal protein and mucin synthesis to provide epithelial 

protection. The preferential site of threonine uptake, i.e. basolateral or luminal, for mucin 

synthesis has implications for nutritional therapy in the preterm infant since disruption of 

the mucus layer increases the risk of NEC. We studied the preferential site of threonine 

absorption for MUC2 synthesis in partially enterally fed preterm infants and in colostrum 

or formula-fed preterm pigs. First, we showed by two independent techniques (Western 

blot and sequence analysis) that porcine MUC2 is expressed in the ileum, and that it 

is 81% homologous to human MUC2. Second, our results show that threonine from 

both the basolateral and luminal side is used for MUC2 synthesis in preterm pigs and 

infants. Under these conditions, luminal threonine absorption and MUC2 synthesis rate 

was higher in preterm pigs than in partially enterally fed preterm infants. Furthermore, 

colostrum feeding in preterm pigs stimulated threonine uptake from the luminal side, 

and increased MUC2 fractional synthesis rate compared to formula feeding.

In both preterm pigs and preterm infants, threonine was taken up for MUC2 synthe-

sis from both the arterial and luminal side. Uptake of both systemically and enterally de-

rived nutrients for synthesis of peptides such as glutathione has been described before.24 

However, mucin producing goblet cells are secretory cells and hence not designed for 

nutrient uptake. Amino acids in the small intestinal lumen are actively absorbed across the 

apical enterocyte membranes.25 The major apical neutral amino acid transporter is B0AT1 

and transports all neutral amino acids including threonine, albeit to a varying extent.26 

The apical ASCT2 transporter has a higher affinity for small neutral amino acids such as 

threonine.26 However, it is unknown whether goblet cells exhibit these transporters on 

their apical membrane. Studies performed on human and murine tissues have shown 

that goblet cells do not exhibit the PEPT1 transporter responsible for peptide transport 

on their apical membrane.27‑28 Based on all these data, it seems unlikely that goblet 

Table 5. Threonine kinetics in preterm infants.

Patients 1 2 3 4 5

Enteral threonine intake (µmol∙kg∙h‑1) 10.1 31.9 45.3 33.6 35.3

E [15N]thrDIET (MPE) 40.0 56.7 45.6 57.1 62.8

E [15N]thrPlasma (MPE) 9.0 7.9 7.2 7.6 5.5

E [U13C]thrPlasma (MPE) 3.8 4.2 3.1 3.3 3.1

E [15N]thrMuc2 (MPE) 7.9 5.1 4.1 3.3 4.2

E [U13C]thrMuc2 (MPE) 1.9 1.4 1.6 0.9 1.1

Muc2 FSR (%/d) 147 76 144 61 114

THR threonine; MPE mole percent excess; FSR fractional synthesis rate
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cells transport amino acids via the apical membrane. Hence, the uptake of threonine 

coming directly from the luminal side has to come from inter- or paracellular trafficking 

between enterocytes and goblet cells. It is argued that paracellular transport becomes 

highly significant at high substrate concentration.29 At the mucosal surface high amino 

acid concentrations are present due to local peptidases. However, future studies are 

warranted to elucidate the detailed mechanisms regulating uptake of threonine from the 

luminal side. Transporters 4F2/LAT2 and SNAT2 are responsible for basolateral uptake of 

neutral amino acids.26 Interestingly, the transporter is upregulated by amino acid deple-

tion and is likely to provide amino acids to intestinal epithelial cells, when recruiting few 

amino acids from the lumen.30 Whether this takes place at the basolateral membrane of 

the goblet cells remains to be investigated.

Luminal threonine uptake, as a percentage of the enteral intake, and MUC2 

synthesis in preterm infants was lower compared to that observed in preterm pigs. 

Preterm infants were only partially enterally fed, after receiving full TPN for some time 

after intestinal surgery, which might have impacted luminal threonine uptake. In piglets 

receiving TPN, the first pass splanchnic uptake is bypassed, and gut atrophy occurs that 

is likely to result in diminished gastro-intestinal requirements.31‑32 This is consistent with 

the finding that whole body threonine requirements of neonatal piglets receiving TPN is 

considerably lower than that of piglets receiving an identical diet intragastrically.33 Inter-

estingly, decreased luminal threonine concentrations negatively affected mucin synthesis 

in piglets.10 Therefore, in preterm infants the lower luminal threonine uptake might have 

resulted in the reduced MUC2 synthesis rates observed. Consequently, it is possible that 

parenteral nutrition, by restricting the supply of enteral threonine, might severely restrict 

MUC2 synthesis, causing deterioration of gut barrier function. If so, it is possible that, 

under circumstances of TPN, the provision of threonine via the intestine might provide 

significant functional benefit to the preterm infant at risk for NEC.

Our finding that porcine MUC2 is highly homologous to human MUC2, provides 

the opportunity to study human MUC2 synthesis and regulation by nutritional factors 

in an animal model. Our preterm pig model shows that, besides the route of nutrition, 

type of enteral nutrition, i.e. colostrum or formula, impacts luminal threonine uptake 

for MUC2 synthesis. MUC2 synthesis rate was higher in colostrum fed piglets, and was 

accompanied by a higher luminal threonine uptake. Alternatively, luminal threonine 

concentrations are known to stimulate mucin synthesis but were in the same range for 

colostrum and formula fed piglets.10 Therefore, the mechanism for these effects might be 

indirectly regulated by colostral growth factors and immunoglobulins stimulating muco-

sal growth, or directly by stimulation of intestinal metabolic pathways. Colostrum feeding 

in preterm pigs has shown to decrease NEC incidence by stimulation of gut maturation, 

nutrient absorption, and protection against colonization, in which adequate threonine 

supply and hence stimulation of MUC2 synthesis might play an important role.18,34
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The difference in luminal threonine uptake and MUC2 synthesis between colostrum 

and formula fed piglets, could not be observed between the preterm infants fed formula 

or their own mothers’ milk. However, the sample size was limited and therefore there 

was a lack of power to detect an effect. Furthermore, patients were still recovering from 

intestinal disease and surgery, and were not on full enteral feeds, and hence might not 

resemble physiological MUC2 synthesis. However, the isotope infusion protocol had to 

be performed before removal of the (central) venous catheters required for the isotope 

infusion, according to our NICU guidelines when close to full enteral intake was reached.

The isotopic data from our experiments suggest that there is threonine uptake from 

both the luminal and basolateral side for MUC2 synthesis. Furthermore, both luminal 

threonine uptake and MUC2 synthesis seem to be influenced by the amount and type of 

enteral nutrition. Firstly, luminal threonine uptake and MUC2 synthesis was low in partially 

enterally fed preterm infants. Therefore, restriction of enteral threonine might diminish 

MUC2 synthesis, and might cause the deterioration of gut barrier function that occurs 

when nutrients are supplied solely by the parenteral route. Hence, provision of threonine 

via the intestine during TPN administration might provide significant functional benefit 

to the preterm infant at risk for NEC. Secondly, type of enteral feeding, i.e. colostrum 

feeding, enhances luminal threonine uptake and MUC2 synthesis when compared to 

formula feeding. Thus, the beneficial effect of human or own mother’s milk on prevention 

of NEC in the preterm infant might not only reside in the direct effect of immune- and 

growth factors, but also indirectly by stimulation of nutrient uptake, and in this case 

luminal threonine uptake to enhance the MUC2 synthesis necessary for adequate gut 

barrier function.
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Necrotizing enterocolitis is a devastating disease that mainly affects premature neonates. 

Despite the recent advances of neonatal intensive care, NEC remains a major health 

concern in the intensive care nursery and an important cause of neonatal morbidity and 

mortality. Due to the increased number of very immature infants and the increased sur-

vival of very low birth weight (VLBW; birth weight <1500 g) infants, the incidence is likely 

to further increase in the future if no adequate prevention is found. Although prematurity, 

enteral feeding and bacterial colonization are known risk factors, the etiology of NEC 

is still largely unknown. Therapeutic options are limited to supportive care and surgical 

intervention and besides human milk feeding, no preventative strategies are available. 

As this disease has serious consequences on health care costs and quality of life, there is 

an urgent need for understanding the mechanisms through which this disease exerts its 

deleterious effects, which thereby might form targets for preventative and therapeutic 

intervention.

Therefore, the objective of this thesis was to study 1) intestinal epithelial defense 

mechanisms in early postnatal life in mice and human and 2) the effect of dietary inter-

ventions on intestinal epithelial barrier function in vitro and in vivo.

The major findings of this thesis will be discussed in the following section and we 

speculate on future perspectives to reach the final overall objective, namely the design 

of an effective treatment for NEC.

Major findings

Innate defense during perinatal life
The early postnatal period is a time frame during which dramatic changes occur in the 

intestinal epithelium of Muc2‑/‑ mice. The first part of this thesis describes the effect of 

inflammation and/ or suckling-weaning transition on innate defense capacity in infants 

with severe NEC and Muc2‑/‑ mice.

Postnatal development of colitis in Muc2‑/‑ mice
It was previously demonstrated that Muc2‑/‑ mice display clinical and histological signs 

of colitis from the age of 5 weeks.1 In Chapter 2 we studied whether absence of Muc2 

already causes development of colitis in the early postnatal period, more specifically, be-

fore weaning of mother’s milk. We hypothesized that lack of Muc2 induces the develop-

ment of colitis early after birth, which aggravates during the suckling-weaning transition. 

The dietary transition from mother’s milk to solid food results in considerable changes in 

the intestinal microbiota in mice2‑4 and humans.5 No signs of colitis were seen during fetal 

life. We demonstrate that the first evident signs of colitis, i.e. decreased body weight, 

increased crypt length and morphological alterations such as epithelial flattening and 
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superficial erosion were seen after weaning, which is indicative of a protective effect of 

mother’s milk. Before weaning, increased expression of Foxp3 mRNA, which is a marker 

for regulatory T-cells, was seen. Regulatory T cells (also named suppressor T cells) are a 

specialized subpopulation of T-cells that act to suppress activation of the immune system 

and thereby maintain immune system homeostasis. Moreover, expression of Il-10 was 

increased in Muc2‑/‑ mice compared to WT mice at the age of two weeks. Interleukin (IL)-

10 maintains intestinal homeostasis by suppressing pro inflammatory cytokine produc-

tion.6‑8 IL-10-deficient (IL-10‑/‑) mice spontaneously develop chronic colitis.9 Interestingly, 

mice that lack both Muc2 and Il-10 develop colitis, which is more severe in every aspect 

compared to Muc2‑/‑ and IL-10‑/‑ mice10, indicating that the anti-inflammatory cytokine 

IL-10 can control epithelial damage in case of Muc2 deficiency. Together, the increased 

expression of Foxp3 and Il-10 in Muc2‑/‑ mice suggest that there is an immune suppres-

sive response in Muc2‑/‑ mice before weaning.

After weaning, this regulatory capacity declines and pro-inflammatory responses 

become predominant resulting in a pro-inflammatory cytokine profile. Gene expression 

levels of Tgfβ1, a peptide with immune suppressive capacities by inhibiting the secretion 

and activity of cytokines including IFN-γ, TNF-α and various interleukins, were signifi-

cantly increased in WT mice after weaning, whereas in Muc2‑/‑ mice expression of Tgfβ1 

significantly decreased after weaning. Furthermore, at the age of 4 weeks, expression 

of Tgfβ1 was significantly lower in Muc2‑/‑ mice compared to WT mice, indicating that 

immune suppressive capacity declines after weaning in Muc2‑/‑ mice.

Mother’s milk contains functional nutrients that help provide the microenvironment 

for gut protection and maturation.11 Several components of breast milk can reduce the 

inflammatory response to stimuli in the newborn intestine, including transforming growth 

factor (TGF)-β, interleukin (IL)-10, erythropoietin, and lactoferrin. Moreover, the third larg-

est component of human milk consists of human milk oligosaccharides of which several 

functions have been postulated.12‑13 N-acetylglucosamine-containing oligosaccharides 

have been reported to act as prebiotics by promoting the growth of Bifidobacterium 

bifidum, thereby suppressing the growth of undesirable bacteria.14‑16 This presumed 

effect of mother’s milk of driving the intestinal microbiota towards a non-pathogenic 

environment, might partially explain the differences in intestinal Toll-like receptor expres-

sion and corresponding cytokine profiles as TLRs are differentially induced by Gram-

positive and Gram-negative bacteria.17 Although Muc2-deficient mice seem predestined 

to develop colitis due to the absence of a protective mucus layer, mother’s milk might 

decrease disease severity by increasing the anti-inflammatory response. Further studies 

with continued mother’s milk feeding are required to evaluate the protective potential of 

mother’s milk in Muc2‑/‑ mice.

In Chapter 3, gene array analysis and subsequent confirmation by quantitative PCR 

analysis revealed that genes involved in cell structure related pathways (focal adhesion, 
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regulation of the actin cytoskeleton, and adherens-, gap- and tight junctions) were sig-

nificantly altered in 4-week-old Muc2‑/‑ mice. Although one could expect an upregulation 

of intestinal barrier function related genes to compensate for the loss of Muc2, Muc2‑/‑ 

mice showed a further decrease in epithelial barrier function as demonstrated by the 

altered expression of tight junction related genes. Furthermore, mRNA expression levels 

of genes regulating cell growth were significantly increased in 4-week-old Muc2‑/‑ mice 

compared to WT mice, which most likely explain the increased crypt length in Muc2‑/‑ 

from the age of 21 days onwards as was described in Chapter 2.

Immunological responses during suckling-weaning transition
Although there were no signs of colitis during early postnatal life, we observed an influx 

of CD3-positive T-cells in Muc2‑/‑ mice at the postnatal age of 1.5 days as described 

in Chapter 2. Strikingly, at the age of two weeks WT mice also showed an increased 

influx of CD3-positive T-cells, which disappeared again after weaning. In Muc2‑/‑ mice 

a further increase was seen. Although T-cells are generally related to inflammation, the 

influx of T-cells in WT mice most likely does not involve a pathological process. The 

mucosal immune system is directly exposed to the external environment and stimulated 

by antigens consisting of commensal and potentially pathogenic micro-organisms and 

food antigens. The intestinal epithelium provides an essential part of innate immunity, as 

it must control the access of potential antigens and pathogens by means of tight junc-

tions, antimicrobial substances and trapping of bacteria and viruses in the mucus layer. 

Although the exact mechanism of mucosal tolerance needs to be clarified, it most likely 

involves either a state of unresponsiveness of T lymphocytes to antigenic stimulation, 

or induction of regulatory T cells that produce anti-inflammatory cytokines such as IL 10 

and/or TGF-β.18 On the other hand, intestinal growth during weaning has been related to 

a state of physiological inflammation which is supported by several lines of evidence.19‑24 

Therefore, the changes observed in WT mice during the suckling and weaning transition 

can be largely attributed to the development of mucosal tolerance and establishment 

of epithelial growth by means of a physiological inflammatory reaction. However, in 

Muc2‑/‑ mice, the influx of CD3-positive T-cells is regarded as the first sign of colitis 

development. Due to the lack of Muc2, there is no protective mucus layer. This results in 

a direct contact between the microbiota and the intestinal epithelium and presumably 

alters or stimulates bacterial-TLR interactions and the subsequent signaling cascade that 

leads to the production of inflammatory cytokines. Moreover, the composition of the 

microbiota is very likely to play a role in disease development in Muc2‑/‑ mice. As the 

large mucus glycoproteins form a food source for certain bacteria in normal WT mice25‑27, 

the microbiota in Muc2‑/‑ mice lacking this food-source is most likely different from WT 

animals and lead to altered cytokine profiles.
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Of all upregulated genes in Muc2‑/‑ mice, described in Chapter 3, the majority were 

primarily involved in immune responses related to antigen processing/presentation, B- 

and T-cell receptor signaling, leukocyte transendothelial migration, and Jak-STAT signal-

ing. Specifically, Muc2‑/‑ mice expressed high mRNA levels of immunoglobulins, murine 

histocompatibility 2, cytokines (e.g. Tnf-α and Il1β) and chemokines. Moreover, several 

antimicrobial proteins like the regenerating genes Reg3β and Reg3γ, and angiogenin-4 

(Ang4) showed altered expression levels and therefore, we focused our attention on 

these genes in Chapter 4. Reg3β, Reg3γ, and Ang4 play an important role during bacte-

rial colonization. More specifically, expression of Reg3γ (also called HIP/PAP in humans), 

is up-regulated in the small intestine and colon after bacterial reconstitution of germ-free 

mice28‑29 and expression of angiogenin-4 (Ang4), the orthologue of human ANG, is in-

duced upon colonization with Bacteroides thetaiotaomicron, an anaerobe Gram-negative 

microbe that belongs to the normal mouse and human microbiota.30 Therefore, we aimed 

to study the effect of weaning and the consequences of Muc2-deficiency on the expres-

sion and localization of these innate defense molecules. Interestingly, expression levels 

of Reg3β, Reg3γ, and Ang4 in the proximal colon were considerably higher compared 

to expression levels in the distal colon of WT and Muc2‑/‑ mice. An intrinsic program 

encoded in the epithelial cells is most likely responsible for the segmental expression of 

the studied innate defense molecules.31‑32 However, the microbiota also seem to play an 

important role. First of all, bacterial counts are higher in the proximal colon, compared to 

the distal colon.33 Moreover, marked differences exist in the spatial association between 

commensal bacteria and the different segments of murine colonic wall.34 For example, 

the cecum and proximal colon are tightly filled with high concentrations of bacteria and 

bacteria are in direct contact with the bowel wall. More importantly, abundant bacteria 

within colonic crypts are a uniform characteristic of proximal large intestinal segments. 

On the other hand, in the distal colon and rectum, intra-luminal bacteria were prohibited 

from contact to the bowel wall, and no microorganisms are detected in the colonic 

crypt.34‑35 Swidsinski et al. hypothesize that these differences replicate functional differ-

ences between colonic segments. The ‘physiological’ contact that takes place between 

bacteria and the proximal large intestinal wall may underlie the tolerance of the colonic 

epithelium towards commensal bacteria that characterize the healthy state. Moreover, it 

offers an attractive explanation as to why colitis very often originates in the distal colon, 

where the bacteria are separated from the mucosa and tolerance does not develop.34 In 

the Muc2‑/‑ colitis model, signs of colitis were mainly seen in the distal colon. This finding 

is likely to be related to spatial differences in bacterial concentrations and differences in 

the localization of bacteria in the crypts. Due to an absent mucus layer, bacteria are al-

lowed to come into closer contact to the intestinal epithelium. In the proximal colon, this 

situation resembles physiological status since close contact of the bacteria to epithelial 

cells in the crypts is also seen in WT mice. However, in the distal colon, an important 
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shift takes place that enables bacterial-epithelial interaction due to the absence of Muc2. 

Although tolerance exists in the proximal colon, the distal colon is not able to induce 

mechanisms that establish tolerance which finally leads to the development of colitis.

The expression of Reg3γ and Ang4 is differentially regulated by distinct bacteria, 

e.g. one specific bacterial species is a potent inducer of gene expression, whereas another 

species is less potent or even decreases expression levels.28,30,36 Several studies have sug-

gested that HIP/PAP, the human homologue of Reg3γ, could have an anti-inflammatory 

capacity.37‑39 This is in agreement with its strong induction observed during the course of 

inflammatory diseases such as pancreatitis, Crohn’s disease and ulcerative colitis, but also 

with our finding that expression levels of Reg3β and Reg3γ were consistently higher in 

Muc2‑/‑ mice compared to WT mice in both the proximal and distal colon. In concordance 

with Chapter 2, differences in gene expression are most likely driven by differences in 

the intestinal microbiota in Muc2‑/‑ mice compared to WT mice, together with increased 

bacterial-epithelial contact due to the absence of Muc2 as the major constituent of the 

intestinal mucus barrier but also as a food source for bacteria. As the induction of Reg3γ, 

Ang4 and presumably Reg3β differs upon stimulation with certain bacteria, specific 

inhabitants of the microbiota might be responsible for disease development on one 

hand or prevention of disease on the other hand. Therefore, influencing the microbiota 

towards the generation of an anti-inflammatory stimulus by means of Reg-gene or Ang4 

expression, might be a promising preventative strategy in case of intestinal inflammatory 

disease such as IBD and NEC.

Although no evident signs of small intestinal inflammation are present in the 

Muc2‑/‑ colitis model, we demonstrated that small intestinal expression of Reg3β and 

Reg3γ is increased in Muc2‑/‑ mice compared to WT mice after weaning, again suggest-

ing altered innate defense capacity due to the lack of Muc2 and presumably changes in 

the intestinal microbiota.

Surprisingly, not all the genes that have antibacterial properties were upregulated 

during colitis development in Muc2‑/‑ mice. On the contrary, Ang4 gene and protein 

expression appeared to be down regulated. It is known that Ang4 can be cytotoxic to 

endothelial cells.40 Therefore, the down-regulation of Ang4 expression in Muc2‑/‑ mice at 

the age of 4 weeks might be a mechanism to prevent further tissue damage to the distal 

colonic mucosa. Consequently, the effects of this innate defense gene seems to be a very 

delicate balance between beneficial and harmful effects.

Focusing on the localization of Reg3β, Reg3γ, and Ang4 in the intestinal epithelium 

we showed that Reg3β, Reg3γ and Ang4 are expressed in goblet cells, enterocytes and 

Paneth cells. Besides secreting Relmβ, which is suggested to have an immune effector func-

tion41‑43, goblet cells were until now not known to play a role in innate defense response via 

the secretion anti-bacterial proteins. With our studies we highlighted a new and important 

role for goblet cells in innate defense, namely the expression of innate defense molecules.
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Paneth cell abundance and function in acute and regenerative NEC
Paneth cells play a significant role in the innate immune response. Although Paneth 

cell dysfunction in NEC has been suggested44, little is known about Paneth cell abun-

dance and function in preterm infants with NEC. Therefore, we studied Paneth cell 

presence, protein expression, and developmental changes in preterm infants with NEC 

compared to both preterm and term control patients who underwent resection for 

intestinal developmental defects or intestinal diseases other than NEC in Chapter 5. 

Paneth cells execute their functions by production of antimicrobial proteins/peptides like 

lysozyme45‑46, secretory phospholipase-A2 (sPLA2)47, and human α-defensins (HD5 and 

-6).48‑49 We demonstrated low Paneth cell numbers with low HD5 mRNA levels during 

acute NEC and Paneth cell hyperplasia with increased HD5 mRNA expression during 

reanastomosis. Paneth cell numbers in preterm controls that underwent reanastomosis 

were also increased compared to the initial corrective surgery. Although inflammation is 

not the primary characteristic in the control patients, there seems to be an inflammatory 

component that plays an important role in the period between the initial surgery and 

the reanastomosis, which might be involved in Paneth cell hyperplasia and metaplasia in 

these patients. A novel and unexpected finding in our study is the occurrence of Paneth 

cell metaplasia in the colon during NEC-recovery. Although Paneth cell metaplasia has 

not been described in NEC until now, this phenomenon has been reported in adult IBD 

patients.50 During recovery, we showed that lysozyme, trypsin, and sPLA2 were present 

in intestinal outflow fluid and that protein isolates from ileostomy outflow fluid inhibited 

growth of bacteria in vitro, suggesting that Paneth cells in preterm infants are not only 

present but also functional by secreting their antimicrobial products in order to augment 

epithelial defense. Although human milk contains lysozyme, there was no difference in 

the antibacterial capacity between ileostomy outflow fluid from infants receiving breast 

milk compared to infants receiving formula feeding. The protective effects of human milk 

with regard to NEC are mostly related to differences in bacterial colonization between 

human milk-fed and formula-fed preterm infants. However, the presence or absence of 

the intestinal microbiota does not seem to have a major influence on the production 

of defensins.51‑52 Therefore, the protective effects of human milk by means of influenc-

ing the intestinal microbiota in the prevention of NEC does not seem to be related to 

increased protective capacity via defensins. However, as the intestinal microbiota of NEC 

patients is different from healthy term infants, further research is needed to answer this 

hypothesis.

In conclusion, part I of this thesis demonstrates that the transition from mother’s milk 

to solid food in Muc2‑/‑ mice coincided with the development of colitis and differences 

in gene expression profiles which might indicate 1) a preventative effect of mother’s milk 

and 2) a major role for the intestinal microbiota that is established during this period. 

Moreover, innate defense capacity was significantly altered during the development 
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and/ or regeneration of disease, i.e. colitis development in Muc2‑/‑ mice and necrotizing 

enterocolitis in premature infants.

Dietary modulation of innate defense: implications for therapeutic and 
preventative strategies.
Since it was demonstrated in part I of this thesis that the type of nutrition, i.e. mother’s 

milk versus solid food, seems to play a key role in the development of colitis, the effect 

of dietary interventions on innate defense was studies in further detail in part II.

Effect of probiotics on intestinal epithelial barrier function
Probiotics are effective in the prevention of NEC in premature infants53 and possibly 

also IBD.54‑55 However, the exact mechanisms through which probiotics exert their 

beneficial effect are largely unknown. Probiotics are capable of influencing many of the 

components of epithelial barrier function. Several cellular and molecular mechanisms 

are suggested for probiotic regulation in IBD therapy as reviewed by Vanderpool and 

co-workers.56 For example, probiotics block pathogenic bacterial effects by producing 

bactericidal substances and competing with pathogens and toxins for adherence to 

the intestinal epithelium. Moreover, probiotics regulate immune responses by enhanc-

ing the innate immunity and modulating pathogen-induced inflammation via Toll-like 

receptor-regulated signaling pathways. Finally, probiotics regulate intestinal epithelial 

homeostasis by promoting intestinal epithelial cell survival, enhancing barrier function, 

and stimulating protective responses. As the mucin MUC2 plays an important role in 

intestinal barrier function, we hypothesized that Lactobacillus rhamnosus GG (LGG) 

increases MUC2 synthesis. Indeed, we showed that stimulation of LS174T cells leads 

to dose dependent increase in MUC2 mRNA expression and activation of the MUC2 

promoter via the transcription factor AP-1 in Chapter 6. Interestingly, nonviable bacteria, 

although less potent, and LGG conditioned culture media (LGG-CM) also stimulated 

MUC2 promoter activation. Short chain fatty acids (SCFAs) were, at least partly, respon-

sible for the stimulatory effect LGG-CM. However, as nonviable bacteria also induced 

MUC2 synthesis, it is likely that different mechanisms are responsible for the observed 

effects. This is also supported by the fact that mutation of the AP-1 site on the MUC2 pro-

moter only leads to partial inhibition of MUC2 promoter transactivation, indicating that 

other mechanisms must be present to explain the remaining promoter transactivation 

after mutation of the AP-1 promoter binding site. Moreover, van Baarlen et al. showed 

that expression profiles of human mucosa displayed striking differences in modulation of 

NF-κB-dependent pathways, depending on the specific growth phase of the probiotic 

bacterium L. plantarum.57 Interestingly, in contrast to Schlee et al. demonstrated that 

lactobacilli and a bacterial mixture strengthen intestinal barrier function through activa-

tion of the human beta defensin-2 promoter via binding of AP-1 as well as NF-κB.58 
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Although NF-κB activation generally leads to an inflammatory response via production 

of pro-inflammatory cytokines, limited activation of the transcription factors NF-κB and 

AP-1 may be favourable, as the activation below the inflammation threshold might 

render the immune system more alert against hostile confrontations. Increasing NF-κB 

production in patients that already have increased NF-κB activation due to inflammatory 

processes, might explain the ineffectiveness of probiotic treatment in patients with IBD. 

Finally, this might, at least partially, explain the differences between different probiotic 

strains, as it was shown that they have opposite effects on the NF-κB system.59‑61 There-

fore, a tight balance between pro-inflammatory and anti-inflammatory factors, together 

with probiotic characteristics such as growth phase and specific strains and host factors 

such as availability of nutrients in the intestinal lumen, make the unraveling of probiotic 

mechanisms extremely complex.

Although Chapter 6 clearly indicates that probiotics exert their effect via induction 

of MUC2 synthesis, we aimed to study the effect of probiotic supplementation in Muc2-

deficient mice, in search for other mechanisms that might be involved in this matter. 

Therefore, we treated Muc2‑/‑ and WT mice with a probiotic mixture of two Bifidobacteria 

in Chapter 8. Although no differences were observed in clinical disease activity such as 

growth retardation and gross blood loss, probiotic supplementation led to a significant 

decrease in crypt length in Muc2‑/‑ mice. This difference could not be attributed to al-

terations in immune responses such as CD3-positive T-cells influx or cytokine expression 

levels.

In most definitions of probiotics, viability throughout the gastrointestinal tract 

is a requirement. However, in Chapter 6, we show that nonviable bacteria and LGG-

conditioned media also increase MUC2 synthesis. Therefore, viability of probiotics does 

not seem to be a prerequisite for efficacy of probiotic treatment. This feature can be of 

utmost importance for the use of probiotics in clinical trials, since safety of probiotics 

remains an issue. The administration of nonviable probiotic bacteria or specific metabolic 

bacterial products seems promising in this respect. Further clinical evaluation of these 

substances is needed. Perhaps, the definition of probiotics as ‘live’ bacteria should be 

subject to further discussion.

Probiotics exert their beneficial effects via several mechanisms
As SCFA were identified as biological secretagogues in LGG-CM, we further studied 

the effect of SCFAs (butyrate, propionate and acetate) on epithelial cell morphology, 

proliferation, and MUC2 as marker for epithelial protection (Chapter 7). All studied 

SCFAs showed a dose dependent increase in MUC2 mRNA expression. Interestingly, 

butyrate at a concentration of 1 mM induced an increase in MUC2 mRNA levels, whereas 

MUC2 mRNA levels returned to basal levels after incubation with 5–15 mM butyrate. 

This is especially interesting as the amount of butyrate is significantly higher in formula 
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fed infants compared to human milk fed infants.62 The latter have a decreased risk for 

the development of NEC. We therefore speculate that low concentrations of butyrate 

could have a protective effect on intestinal barrier function by increasing mucin MUC2 

production, whereas moderate to high concentrations may decrease intestinal barrier 

function by decreasing MUC2 production. This effect might partially explain the differ-

ence in incidence of NEC between the formula-fed and human milk-fed newborn infants. 

Manipulation of the SCFA profile can be established by influencing the composition 

of microbiota, for instance by treatment with prebiotics, probiotics and/or human milk. 

This approach seems to be promising in the treatment of IBD and NEC. Several studies 

demonstrated the beneficial effect of butyrate on MUC2 synthesis, however, data seem 

to be conflicting. These conflicting results might be explained by the strict dose-effect 

relation of butyrate, as we have demonstrated.63‑64 Moreover, the production of SCFAs 

has also been related to intestinal diseases.65‑69 Since the microbiota and concomitant 

SCFA profiles are dependent on a large variety of factors, influencing the intestinal SCFA 

profile towards a beneficial composition is very challenging. Future studies examining 

the effect of probiotics and/ or prebiotics and human milk on intestinal microbiota and 

subsequent SCFA profiles in premature infants are needed in this respect. Moreover, the 

beneficial effect of probiotics can only partly be attributed to SCFA production as nonvi-

able bacteria also increase MUC2 synthesis, and therefore, further studies are needed to 

reveal other mechanisms of probiotic treatment.

Finally, MUC2 promoter regulation by butyrate at 10–15 mM was associated with 

increased acetylation of histone H3 and H4 and methylation of H3 at the promoter site. 

Acetylation and methylation are both known as epigenetic phenomena. Epigenetics 

is defined as ‘the study of inherited changes in phenotype or gene expression caused 

by mechanisms other than changes in the underlying DNA sequence’ and one of the 

most extensively studied modulators of epigenetics is the diet.70 A wide variety of 

health problems and related therapies have been attributed to epigenetics. Therefore, 

influencing these inheritable changes via dietary interventions seems to be a powerful 

therapeutic tool.

Importance of daily diet in the Muc2‑/‑ experimental animal model
In Chapter 8, we studied the effect of two different diets on colitis-severity in Muc2‑/‑ 

mice. We demonstrated that a purified diet decreased disease severity in Muc2‑/‑ mice 

as reflected in alterations in body weight, crypt length and a variety of inflammatory 

markers and therefore the choice of diet plays a crucial role in this colitis model.

Two major differences are present between the studied diets, namely the protein 

source which is plant proteins in the standard rodent diet versus semi-synthetic proteins 

in purified diet and the amount of insoluble fibers that is significantly higher in the stan-

dard rodent diet. As both fibers and proteins form a source for bacterial fermentation, 
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differences in short chain fatty acid distribution might explain the difference in disease 

severity between the studied diets. For example, butyrate has an anti-inflammatory effect 

that is exerted by suppression of nuclear factor kappa B (NF-κB) activation.71‑72 Bacterial 

fermentation might explain the predilection site for colitis symptoms in the distal colon 

compared to the proximal colon. In more proximal regions of the large intestine, fermen-

tative substrates consist mainly of non-digestible carbohydrates, e.g. resistant starch. In 

the distal colon, carbohydrate availability is lower, leading to increased fermentation of 

protein and amino acids.73 One recognizable characteristic of ulcerative colitis, but also 

colitis in the Muc2‑/‑ mouse model is its increased prevalence in the distal compared with 

proximal colon. Unlike bacterial metabolism of carbohydrates, amino acid fermentation 

results in potentially toxic metabolites, including ammonia, amines and some phenolic 

compounds.74 Therefore, it is possible that protein/ modified protein metabolism in this 

region is inter-related with development of disease. This might explain the localization of 

colitis in the distal colon of Muc2‑/‑ mice, but also the increased colitis-severity in animals 

that were fed the standard rodent diet compared to the semi-synthetic diet. Reduced 

digestibility of the standard rodent compared to the semi-synthetic diet, might result in 

a higher amount of undigested proteins in the distal colon, leading to the production of 

toxic metabolites.

Colostrum stimulates uptake of luminal threonine used for intestinal mucin 
MUC2 synthesis
Threonine (THR) is an essential amino acid that is of particular interest to the neonatal gut 

for mucin synthesis necessary for epithelial protection. The peptide backbone of MUC2 

is particularly rich in THR constituting ~30% of the total amino acids.75‑79 Therefore, 

threonine availability impacts mucosal protein synthesis and mucin synthesis in pigs and 

rats.80‑83 The preferential site of threonine uptake, i.e. basolateral or luminal, for mucin 

synthesis has implications for (par)enteral nutritional therapy in the preterm infant since 

disruption of the mucus layer increases the risk of NEC. We therefore studied the prefer-

ential site of threonine absorption for MUC2 synthesis in partially enterally fed preterm 

infants and in colostrum and formula fed preterm pigs in Chapter 9. Our results show 

that threonine from both the basolateral and luminal side are used for MUC2 synthesis 

in preterm pigs and infants. However, full enteral feeding in preterm pigs stimulated 

luminal THR uptake accompanied by higher MUC2 synthesis rates when compared to 

partially enterally fed preterm infants. Furthermore, colostrum feeding in preterm pigs 

stimulated THR uptake from the luminal side, and increased MUC2 fractional synthesis 

rate, compared to formula feeding.
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In conclusion, part II of this thesis clearly shows that dietary interventions can increase 

intestinal epithelial barrier function and thereby form a promising target for the preven-

tion of intestinal inflammatory diseases.

Future Perspectives
Since the Muc2‑/‑ mouse model was not designed as a pure NEC model, future modifica-

tions to the existing model might convert it into a genuine NEC model. This model 

would enable us to study the role of MUC2 in the development of NEC in further detail. 

As it is known that formula feeding increases the risk of NEC development in premature 

neonates compared to human milk feeding, the effect of the neonatal diet on NEC de-

velopment and the mechanisms that are involved in this should be investigated in further 

detail. Moreover, colonizing the animals with a bacterial preparation with species that 

are known to predominate in NEC, in particular Gammaproteobacteria84, might further 

mimic the development in NEC in the Muc2‑/‑ mouse model.

Although the role of the microbiota in colitis development seems evident, the 

microbiota of Muc2‑/‑ mice has not been characterized yet. Additional studies will be 

needed to examine the microbiota itself, but also the effect of dietary interventions on 

the microbiota and the effect of specific bacterial species on colitis development. Cur-

rently, a mouse intestinal tract Chip is available, enabling us to study the microbiota in 

Muc2‑/‑ mice. Generation of germ-free mice and bacterial colonization of these mice with 

specific bacteria such as a ‘NEC-like’ doinated by Gammaproteobacteria, will increase 

our knowledge about the role of specific bacteria and mechanisms of disease develop-

ment.

Intestinal bacteria use the glycosyl-chains of mucins as a nutrient source. As 

mentioned previously, mucins play a key role in the intestine as they form a physical 

barrier on top of the intestinal epithelium. The fetal intestine seems to contain immature 

mucins reflecting in low variability of mucin structures, i.e. oligosaccharide structures 

and glycosylation pattern compared to the adult intestine.85 Moreover, fetal mucins only 

show slight variation in the expression level of certain glycans in contrast to adults. This 

suggests that region-specific glycosylation of intestinal mucins is acquired after birth, 

most likely depending on environmental factors such as nutrition and bacterial coloniza-

tion. Furthermore, differences in sulfation and sialylation of acidic mucins were observed 

4 days after birth in conventionally reared chicks again implicating a role for postnatal 

bacterial colonization of the intestine.86 As immature mucins might limit intestinal barrier 

function in premature neonates, the expression and post-translational modifications of 

mucins in the premature intestine form an interesting topic for future research.

Besides specific gene expression as described in the previous paragraph, gene 

expression profiling in premature infants with and without NEC could contribute to our 

knowledge concerning the disease processes that are involved in NEC and de develop-
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ment of the intestine in premature infants compared to term infants. These issues are 

currently under investigation within our research group.

A recent meta-analysis of randomized, controlled trials indicates that probiotic 

treatment results in a lower mortality and a decreased incidence of NEC in preterm (<34 

weeks’ gestation) VLBW neonates.53 The dramatic effect sizes, tight confidence intervals, 

extremely low P-values, and overall evidence indicate that additional placebo controlled 

trials are unnecessary if a suitable probiotic product is available. Although probiotic sep-

sis has been reported in immunocompromised hosts and neonates87‑89, it is reassuring to 

know that no significant adverse events, especially probiotic sepsis, have been reported 

in any of the trials included in the meta-analysis by Deshpande et al. and others.

Up to date, reports concerning adverse effects of probiotics are sparse and mainly 

concern case reports.90‑97 Caution is especially warranted in severely ill patients, demon-

strated in a study with adult patients suffering from acute pancreatitis.90 Although this 

study examined a different patient group, the results warrant us to be extremely careful 

with the use of probiotics in premature infants. However, it is exactly this specific group of 

patients, i.e. premature infants and immune compromised patients, which form a group 

of interest for studying the effects of probiotics. The use of viable probiotics requires 

careful surveillance for probiotic sepsis, development of antibiotic resistance and altered 

immune responses in the long-term.98 The administration of nonviable probiotic bacteria 

or specific metabolic bacterial products seems promising in this respect. However, fur-

ther clinical evaluation of these substances is needed. Considering the abovementioned 

evidence for effectiveness of probiotic treatment, probiotics as a routine therapy for pre-

term neonates should be seriously advocated. Although additional placebo-controlled 

trials are not warranted according to the authors, the best suitable probiotic strain or 

combination of strains, associated dosage, duration and method of administration are 

still to be investigated. A recent study suggests that one-dose supplementation might 

be effective which might have serious implications on safety and practical issues.99 The 

best approach to answer all open questions would be a randomized multi-centre trial in 

which different preparations, dosages, dosing intervals and strains or combinations of 

strains are compared. Moreover, extra attention needs to be paid to infants with a birth 

weight <1000g as this is the sole subgroup in which true evidence for effectiveness of 

probiotic preventative treatment is lacking.

In the seventies it was already acknowledged that infants fed human milk have a 

lower risk of developing NEC100 together with an improved neurodevelopmental out-

come.101‑102 The mechanism of these effects of human milk is poorly understood. Most 

likely there is not one single factor but rather a synergism between the large variety of 

bioactive substances found in human milk and nutrients in human milk.103 Although the 

quality of preterm infant formula has improved dramatically, up till now no infant formula 

has been designed that exerts all benefits of human milk. Although mothers are strongly 
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recommended to feed their children with expressed breast milk, only 25% of the infants 

receive own mother’s milk at discharge from the neonatal intensive care unit. In the near 

future, a donor human milk bank will be implemented in the Netherlands as a multicenter 

open randomized intervention study to assess whether feeding VLBW infants with human 

milk based diet (own mother’s milk or donor milk) results in a better outcome compared 

to an exclusively bovine milk based diet or a mixed diet. Moreover, this study will enable 

us to examine a broad range of biological markers that might play a role in NEC develop-

ment that could serve as disease markers in the future.

As mothers’ milk seems to possess protective effects against the development of 

colitis in Muc2‑/‑ mice, future experiments with prolonged human milk feeding or early 

administration of formula feeding would give us valuable information. Further studies on 

the exact bioactive substances in human milk would further increase our knowledge on 

the possibilities of mimicking these qualities in formula feeding.

Although a reduction of NEC-prevalence is expected in the group that will be fed 

exclusively with human milk, NEC will not be completely abolished. Therefore, the addi-

tion of probiotics to human milk in VLBW infants might further decrease NEC incidence 

and should be considered in this study. Especially in human donor milk this might be 

a valuable addition as probiotics that naturally occur in human milk104, but also other 

compounds, are partly lost during the pasteurization process.

In this thesis, cell culture models and the Muc2‑/‑ mouse model were used to study 

several innate defense mechanisms. Although these models are invaluable, the findings 

of these studies still need to be translated to the human individual. Gene expression 

analysis of tissues samples from term and preterm infants with diseases such as NEC and 

congenital diseases of the intestinal tract is ongoing and will increase our knowledge. 

Moreover, it might direct our future research.

Concluding remarks
In this thesis we studied the development of colitis during the suckling-weaning transi-

tion phase and the effect of dietary interventions on innate defense. First of all, the 

Muc2‑/‑ mouse model was used to study colitis development during perinatal life and 

during suckling-weaning transition. In this period there is a major change in the diet, i.e. 

mothers’ milk versus solid pelleted food. Moreover, bacterial colonization is established 

during this time frame, which makes this model a powerful tool to study innate defense 

responses during colitis development. Innate defense in NEC patients was studied in 

biopsies from premature infants that underwent surgery for severe NEC. We focused 

our attention on the expression of antimicrobial peptides during acute and regenerative 

NEC. Moreover, the effect of the diet, i.e. human milk feeding versus formula feeding 

on innate defense capacity was studied by measuring Paneth cell products in ileostomy 

outflow fluid and subsequently determining the antimicrobial capacity. Furthermore, we 
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studied the effect of the probiotic Lactobacillus rhamnosus GG and SCFAs on MUC2 

synthesis in a goblet-cell like cell culture model and we elaborated on the mechanisms 

that are responsible for this effect. Finally, we studied the effect of two different diets and 

probiotic supplementation on disease severity in Muc2‑/‑ mice indicating that the choice 

of diet is crucial in the Muc2‑/‑ colitis-model and most likely also other disease models.

With this work, we gained insight into mechanisms involved in intestinal inflamma-

tory diseases. Moreover, we increased the knowledge concerning the effects of dietary 

interventions on the development of intestinal inflammation and innate defense capacity 

in a susceptible host. Hopefully this will contribute the development and implementation 

of therapeutic strategies for diseases such as IBD and NEC.
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Necrotiserende enterocolitis (NEC) is een ernstige darmziekte die met name voor-

komt bij prematuur geboren neonaten. Ondanks de recente vooruitgang in de zorg 

voor prematuur geboren neonaten, verzoorzaakt NEC een aanzienlijke morbiditeit en 

mortaliteit. Vanwege het toegenomen aantal zeer immature pasgeborenen en de toe-

genomen overlevingskansen van pasgeboren met een zeer laag geboortegewicht (de 

zogenoemde very low birth weight infants met een geboortegewicht lager dan 1500g; 

VLBW), zal de NEC incidentie verder stijgen als er geen adequate preventieve therapie 

gevonden wordt.

Prematuriteit, voeding via het maag-darmkanaal en bacteriële kolonisatie zijn bekende 

risico factoren voor het ontwikkelen van NEC. Echter, de exacte etiologie is nog groten-

deels onbekend. De therapeutische opties zijn beperkt tot ondersteunde therapie en 

chirurgische interventie en naast borstvoeding bestaat er tot op heden geen preventieve 

therapie.

Aangezien deze ziekte aanzienlijke consequenties heeft voor gezondheidszorg 

kosten en kwaliteit van leven, is er een dringende behoefte aan een beter begrip van 

de mechanismen waardoor de ernstige schade veroorzaakt wordt, hetgeen uiteindelijk 

mogelijk kan leiden tot preventieve en therapeutische interventies.

Dit proefschrift is ingedeeld in twee delen waarbij epitheliale afweermechanismen in de 

darmen gedurende het vroege postnatale leven in muizen en mensen worden beschre-

ven in deel 1 en het effect van dieet interventies op darmbarrièrefunctie in vitro and in 

vivo worden beschreven in deel 2.

De belangrijkste bevindingen van dit proefschrift worden samengevat in dit hoofdstuk.

In Hoofdstuk 2, werd de ontwikkeling van colitis in Muc2 knockout (Muc2‑/‑) muizen 

gedurende de perinatale periode en de transitie van moedermelk naar vast voedsel 

(vanaf nu ‘spenen’ genoemd) bestudeerd. Het mucine Muc2 is de structurele component 

van de mucuslaag in het colon. Uit eerdere studies is bekend dat afwezigheid van Muc2 

chronische colitis veroorzaakt in Muc2‑/‑ muizen. De ontwikkeling van colitis gedurende 

het foetale en/ of vroeg postnatale leven was tot heden nog niet onderzocht. In dit 

hoofdstuk wordt beschreven dat Muc2‑/‑ muizen in utero geen tekenen van colitis verto-

nen. De eerste subtiele tekenen van colitis, namelijk influx van Cd3-positieve T-cellen, 

werden gezien op de postnatale leeftijd van 1.5 dag in het distale colon. In wildtype 

muizen (WT) werd een verhoogde influx van T-cellen gezien op de postnatale leeftijd van 

14 dagen, hetgeen naar alle waarschijnlijkheid veroorzaakt wordt door een fysiologische 

ontstekingsreactie. Na spenen, op de leeftijd van 21 dagen, nam het aantal Cd3-positieve 

T-cellen af in WT muizen. In tegenstelling tot WT muizen, was er in Muc2‑/‑ muizen sprake 
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van een toename van het aantal Cd3-positieve T-cellen. In Muc2‑/‑ muizen was er voor 

spenen reeds sprake van een krachtige immuun-respons, waarbij pro-inflammatoire cyto-

kines in balans gehouden werden door anti-inflammatoire cytokines en immuunsuppres-

sieve factoren. Er was daarbij geen uitgesproken dominantie van een van de specifieke 

T helper (th) cellen Th1, Th2 of Th17. Na spenen, op de leeftijd van 28 dagen, was de 

expressie van Foxp3, Il-12 p35, Tgfβ1, and Tnf-α significant verlaagd in Muc2‑/‑ muizen 

vergeleken met de expressie voor spenen, terwijl Il-10 gen-expressie behouden bleef. 

Hierdoor lijkt de Th2 immuunrespons op deze leeftijd een prominente rol te spelen. 

Vanaf de leeftijd van 21 dagen werden er milde morfologische verschijnselen van colitis 

gezien, zich uitend in toegenomen crypt lengte en toegenomen influx van CD3-positieve 

T-cellen. Ernstige colitis-verschijnselen, zoals verdere toename van cryptlengte, persi-

sterende aanwezigheid van toegenomen aantallen Cd3-positieve T-cellen, epitheliale 

afvlakking en oppervlakkige erosie van het epitheel, werden waargenomen vanaf de 

leeftijd van 28 dagen. Met behulp van kwantitatieve RT-PCR (qRT-PCR) werd aangetoond 

dat expressie profielen van de Toll-like receptoren (Tlr) Tlr2, Tlr4 en Tlr9 en goblet-cel 

specifieke eiwit-expressie beïnvloed worden door spenen en correleren met de toename 

van de ernst van colitis verschijnselen in Muc2‑/‑ muizen.

In Hoofdstuk 3 werden genexpressie profielen bestudeerd met behulp van microarrays 

om genen en biologische reacties te identificeren die een rol spelen bij de ontwikkeling 

van colitis in Muc2‑/‑ muizen. Een groot deel van genen die sterk verhoogd tot expres-

sie kwamen in Muc2‑/‑ muizen op de leeftijd van 2 en 4 weken, waren betrokken bij 

immuunresponsen die gerelateerd zijn aan antigeenverwerking en –presentatie, B-cel 

en T-cel receptor signaling, leucocyte transendotheel migratie en Jak-STAT signaling. 

Met name de mRNA expressie van immuunglobulines, murine histocompatibility-2, pro-

inflammatoire cytokines en antimicrobiële eiwitten was sterk verhoogd in Muc2‑/‑ muizen. 

Daarnaast was de expressie van genen die betrokken zijn bij celstructuur gerelateerde 

pathways significant verschillend van WT muizen op de leeftijd van 4 weken. Vooral het 

tight-junction geassocieerde gen claudin-10 kwam verhoogd tot expressie, terwijl clau-

din-1 en claudin-5 juist verlaagd tot expressie werden gebracht. Bovendien vertoonden 4 

weken oude Muc2‑/‑ muizen een verhoogde expressie van genen die celgroei reguleren, 

tezamen met verhoogde cryptlengte en verhoogde epitheliale proliferatie. Hieruit kan 

geconcludeerd worden dat afwezigheid van Muc2 leidt tot een actieve immuun-respons 

in 2 en 4 weken oude Muc2‑/‑ muizen. Tevens vertoonden 4 weken oude Muc2‑/‑ muizen 

een vermindering van epitheliale barrière functie en een verhoging van epitheliale pro-

liferatie zoals aangetoond door respectievelijk veranderde expressie van tight junction 

gerelateerde genen en verhoogde expressie van genen die celgroei stimuleren. Met 

behulp van deze data werd aangetoond worden dat er verschillende fasen van colitis 

ontwikkeling zijn in Muc2‑/‑ muizen.
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In Hoofdstuk 3 werd reeds aangetoond dat de expressie van antimicrobiële eiwitten 

zoals de zogenoemde regenerating genes Reg3β and Reg3γ, en angiogenin-4 (Ang4) 

verhoogd tot expressie komen in 2 en 4 weken oude Muc2‑/‑ muizen. In Hoofdstuk 4 

werden deze genen daarom in verder detail bestudeerd. Hierbij was het doel om de 

gevolgen van Muc2-deficiëntie op de expressie van de anti-bacteriële eiwitten Reg3β, 

Reg3γ en Ang4 in de darmen te bestuderen. De afwezigheid van Muc2 veroorzaakte een 

sterk verhoogde expressie van Reg3β en Reg3γ mRNA in de dunne darm en het colon. 

De expressie van Reg3β, Reg3γ en Ang4 mRNA in de dunne darm en het proximale 

colon was verhoogd ten opzichte van het distale colon. Daarnaast was de expressie 

van Reg3β, Reg3γ en Ang4 mRNA verlaagdop de leeftijd van 4 weken ten opzichte 

van 2 weken in het distale colon van Muc2‑/‑ muizen. Dit is met name interessant omdat 

morfologische tekenen van colitis met name in het distale colon gezien worden. Met 

behulp van in situ hybridisatie en immunohistochemie werd aangetoond dat Reg3β, 

Reg3γ en Ang4 tot expressie gebracht worden in Paneth cellen in de dunne darm en 

enterocyten en goblet cellen in zowel dunne darm als colon. Met name de expressie van 

antimicrobiële eiwitten in goblet cellen benadrukt een nieuwe en belangrijke rol voor 

goblet cellen in de aangeboren afweer van de darmen. Tezamen suggereren deze data 

dat Reg3 eiwitten en/ of Ang4 darmontsteking/ darmschade beperken.

Paneth cellen produceren antimicrobiële eiwitten die een belangrijk onderdeel vormen 

van de afweer in de darmen, in het bijzonder de zogenoemde aangeboren afweer 

of ‘innate defense’. In Hoofdstuk 5 worden de aanwezigheid van Paneth cellen, de 

expressie van antimicrobiële eiwitten en ontwikkelingsgerelateerde veranderingen 

hierin bestudeerd in premature neonaten met NEC. Tevens wordt de aanwezigheid 

en antimicrobiële activiteit van Paneth cel producten in stomavloeistof van NEC pa-

tiënten gemeten. Darmweefsel van NEC patiënten en premature en à terme controle 

patiënten met een aangeboren of verworven darmafwijking zoals atresie, malrotatie 

en gastroschizis, werd verzameld gedurende chirurgische resectie van darmweefsel 

en gedurende reanastomose van het stoma na herstel van de acute ziekteperiode. 

Gedurende de acute fase van NEC was het aantal Paneth cellen in de dunne darm 

verminderd ten opzichte van premature controle patiënten. Na herstel van NEC werd 

er Paneth cel hyperplasie aangetoond in de dunne darm, hetgeen bevestigd werd door 

een toegenomen expressie van HD5 mRNA in het ileum. In het colon was er sprake van 

metaplasie, aangezien er Paneth cellen aangetoond werden, waar deze bij gezonde 

individuen alleen aanwezig zijn in de dunne darm. In stomavloeistof konden Paneth cel 

eiwitten worden aangetoond die groei van bacteriën remden. De inductie van Paneth 

cel hyperplasie en metaplasia gedurende de herstelfase van NEC is suggestief voor 

een toegenomen capaciteit van het innate defense system in reactie op uitgestelde 

ontsteking. Dit bevestigt het belang van Paneth cellen in innate defense en suggereert 
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dat toegenomen eiwit expressie en secretie van Paneth-cell producten bijdraagt aan de 

genezing van NEC.

Aan het gebruik van probiotica worden verschillende positieve effecten toegeschreven. 

Echter, het exacte werkingsmechanisme is nog grotendeels onbekend. Derhalve wordt 

in Hoofdstuk 6 het effect van het probioticum Lactobacillus rhamnosus GG (LGGs) op 

MUC2 synthese in LS174T cellen, een humane goblet cel-achtige cellijn, beschreven. 

LS174T cellen werden behandeld met levende LGGs, geïnactiveerde LGGs of LGGs cul-

tuurmedium (CM) waarin LGGs overnacht gekweekt werden (LGG-geconditioneerd CM, 

LGG-CM). Behandeling van LS174T cellen met LGG resulteerde in een dosisafhankelijke 

toename van de hoeveelheid MUC2 mRNA en MUC2 promoter transactivatie. Levende 

LGGs induceerden een sterkere toename in MUC2 expressie en MUC2 promoter trans-

activatie vergeleken met geïnactiveerde LGGs. Stimulatie van LS174T cellen met LGG-

CM veroorzaakte eveneens een toename in de hoeveelheid MUC2 mRNA en MUC2 

promoter transacivatie. Het gegeven dat zowel levende als geïnactiveerde bacteriën een 

krachtig stimulerend effect hebben op MUC2 synthese is met name interessant voor het 

gebruik van probiotica in klinische studies, aangezien veiligheid van probiotica behande-

ling een terugkerend probleem is. Geïnactiveerde bacteriën of metabole eindproducten 

van bacteriële fermentatie zijn wellicht veelbelovend in dit opzicht. De definitie van 

probiotica als ‘levende bacteriën’ staat in dit licht ter discussie.

Op zoek naar de biologisch actieve stof die verantwoordelijk is voor de inductie 

van MUC2, werden LS174T cellen gestimuleerd met LGG-CM en dat van tevoren bloot-

gesteld was aan verschillende biochemische behandelingen, namelijk hitte behandeling, 

DNase behandeling en behandeling met proteasen (proteïnase K, trypsine en papaïne). 

Geen van de biochemische behandelingen had effect op de hoeveelheid MUC2 mRNA. 

Ook werd er geen verlies van MUC2 promoter transactivatie gezien. Een en ander impli-

ceert dat bacterieel DNA en gesecreteerde eiwitten niet als de biologisch actieve stoffen 

aangemerkt kunnen worden.

Korte keten vertzuren, de zogenoemde short chain fatty acids (SCFAs) worden met 

name in de dikke darm gevormd door bacteriële fermentatie van onverteerde koolhy-

draten. SCFAs, in het bijzonder butyraat, propionaat en acetaat, zijn de voornaamste 

anionen in het lumen van de dikke darm. Stimulatie van LS174T cellen met korte keten 

vetzuren, de zogenoemde short chain fatty acids (SCFA) zoals die gemeten werden in 

LGG-CM veroorzaakte een toegenomen MUC2 promoter transactivatie. Daarbij bleek 

een combinatie van de verschillende SCFAs effectiever vergeleken met de individuele 

SCFAs, hetgeen een synergistisch effect impliceert.

In Hoofdstuk 7 wordt het effect van SCFAs op mucine synthese in verder detail be-

studeerd. Hierbij werd aangetoond dat stimulatie van LS174T cellen met een lage 
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concentratie butyraat (1 mM) mucine synthese stimuleert, terwijl gematigde tot hoge 

concentraties (5-15 mM) de hoeveelheid MUC2 mRNA juist terug laten keren naar basale 

waarden. Het laatste is vooral interessant in het licht van de butyraat concentratie in 

ontlasting van pasgeborenen, waarbij in pasgeborenen die flesvoeding krijgen een 

hogere butyraat concentratie gemeten wordt dan bij kinderen die moedermelk krijgen. 

Propionaat en acetaat induceerden ook de synthese van MUC2. Echter, bij concentraties 

van 5-15 mM bleef de hoeveelheid MUC2 mRNA gelijk.

Vervolgens werden de mechanisme die het butyraat gemedieerde effect op MUC2 

synthese reguleren bestudeerd. SCFA-gevoelige regio’s en cis-elementen in de MUC2 

promoter werden geïdentificeerd met behulp van transfectie assays en gel-shift assays. 

Hierbij werd een actief AP-1 (c-Fos/c-Jun) cis-element ter hoogte van -818/-808 gevon-

den die het stimulerende effect van butyraat veroorzaakt. Het effect van butyraat op 

epigenetische veranderingen werd bestudeerd met behulp van chromatine immuunpre-

cipitatie assays, waarbij MUC2 regulatie door hoge concentraties butyraat geassocieerd 

was met toegenomen acetylatie van histon H3 en H4 en methylatie van H3 op de MUC2 

promoter.

In eerdere experimenten van van der Sluis et al. en Velcich et al. werd duidelijk dat het 

fenotype van de Muc2‑/‑ muis variabel is. Aanvankelijk werd dit gewijd aan de genetische 

achtergrond van het muismodel. Echter, dit kon de zeer wisselende fenotypes niet ge-

heel verklaren. Vanuit humane studies is bekend dat voeding een belangrijke rol speelt in 

de ontwikkeling van NEC en de behandeling van IBD. In Hoofdstuk 8 werd daartoe het 

effect van twee verschillende diëten en het effect van probiotica substitutie op de ernst 

van colitis-verschijnselen in Muc2‑/‑ muizen bestudeerd. Muc2‑/‑ muizen en WT muizen 

kregen na spenen een semi-synthetisch dieet (AIN-93G), een niet-synthetisch dieet (stan-

daard knaagdierenvoer) of een niet synthetisch dieet gesupplementeerd met probiotica 

(Bifidobacterium breve en Bifidobacterium animalis subsp. lactis in eindconcentration 

van 1x109CFU/dier/dag) of controle (maltodextrine) gedurende 5 weken. De diëten 

verschillen met name in de hoeveelheid vezels, waarbij het semi-synthetische dieet 60% 

minder vezels bevat vergeleken met het niet-synthetische dieet. Daarnaast bestaat het 

semi-synthetische dieet voornamelijk uit caseïne eiwit en het niet-synthetische dieet uit 

planteiwit. Het type dieet veroorzaakte geen significante verschillen in lichaamsgewicht, 

crypt lengte of influx van immuuncellen in WT muizen. Echter, in Muc2‑/‑ muizen resul-

teerde het semi-synthetische dieet in verminderde ziekte-ernst, zich uitend in een hoger 

lichaamsgewicht en afgenomen cryptlengte, vergeleken met het niet-symthetische 

dieet. De laatstgenoemde groep vormt een intermediaire groep tussen de gezonde WT 

muizen en de Muc2‑/‑ muizen met ernstige colitis-verschijnselen die het niet-synthetische 

dieet kregen. In Muc2‑/‑ muizen die gesuppleerd werden met probiotica, werd een re-

ductie van de cryptlengte gezien, vergeleken met de dieren die het controle mengsel 
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kregen. Echter, er werden na probiotica toediening geen verschillen gezien in klinische 

verschijnselen zoals lichaamsgewicht, macroscopisch bloedverlies of diarree. Tenslotte 

vertoonden Muc2‑/‑ muizen die het semi-synthetische dieet kregen een verminderde 

influx van S100a8 en S100a9 (waarvan de dimeer calprotectin genoemd wordt; een maat 

voor ontsteking in de darmen) en CD3 positieve T-cellen als marker voor ontsteking, 

vergeleken met Muc2‑/‑ muizen die het niet-synthetische dieet of het niet-synthetische 

dieet gesuppleerd met probiotica kregen, hetgeen eveneens wijst op een verminderde 

ziekte-activiteit in Muc2‑/‑ dieren die het semi-synthetische dieet kregen. De bevindingen 

van dit hoofdstuk benadrukken het belang van de dieet-keuze in dierexperimenten, 

aangezien het ziektemodel aanzienlijk beïnvloed kan worden door het dieet.

Hoofdstuk 9

MUC2 is het voornaamste secretoire mucine in menselijke darm en wordt gesynthetiseerd 

door goblet cellen. Het eiwit Muc2 in de darm wordt gekenmerkt door tandem repeats 

van de aminozuren threonine, proline en serine. De grote hoeveelheden threonine die 

worden ingebouwd in eiwitten van de darm kunnen de Muc2 synthese in de gobletcellen 

van de darm weerspiegelen. In eerdere studies werd reeds aangetoond dat systemische/ 

arteriële snel geïncorporeerd wordt in MUC2 in de dunne darm van prematuur geboren 

neonaten. Echter, tot op heden was onbekend of goblet cellen in staat zijn om threonine 

vanuit de luminale zijde van de darm op te nemen voor MUC2 synthese. In deze studie 

werd de voorkeursplaats voor absorptie van threonine voor MUC2 synthese in preterme 

biggen en preterme neonaten met een ileostomie bestudeerd met hehulp van de infusie 

van twee stabiele isotopen. Zowel threonine van de basolaterale zijde als de luminale 

zijde werd gebruikt voor MUC2 synthese in preterme neonaten en biggen. In preterme 

biggen werden hogere synthesesnelheden van MUC2 gezien vergeleken met preterme 

neonaten in de herstelfase van darmziekte en bijbehorende chirurgische interventie. 

Colostrum stimuleert de opname van threonine voor MUC2 synthese vanuit de luminale 

zijde ten opzichte van de basolaterale zijde en een toegenomen fractionele synthese-

snelheid van MUC2 vergeleken met kunstvoeding. Hieruit kan geconcludeerd worden 

dat goblet cellen threonine zowel vanuit de luminale zijde als vanuit de basolaterale zijde 

van de goblet cel gebruiken voor MUC2 synthese. Daarnaast stimuleert colostrum de 

synthese van MUC2 en de opname van threonine vanuit de luminale zijde.
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‘Guts’ wordt in verschillende woordenboeken vertaald als:

Guts (the ~)
Moed (de ~ (m)), lef (de ~ (m)), durf (de ~ (m)), gewaagdheid (de ~ (v), buiken (de ~), 

dikke pensen (znw.), spekbuiken (de ~), ingewanden (de ~), darmen (de ~).

Het is dus duidelijk: zonder moed, lef, durf, gewaagdheid en darmen geen proefschrift!

Voor de totstandkoming van dit proefschrift waren de ‘guts’ van een aantal mensen een 

eerste en continue vereiste. Graag wil ik een aantal mensen in het bijzonder bedanken.

Mijn promotoren, Prof.dr. J.B. van Goudoever en Prof.dr. G. Boehm. Beste Hans, na mijn 

periode als AGNIO heb je me de mogelijkheid gegeven om promotieonderzoek te doen 

binnen de neonatologie. Het onderzoek is voor mij steeds een grote uitdaging geweest 

en op momenten dat ik beren op de weg zag, wist jij me altijd snel weer te overtuigen 

van het feit dat ‘alles wel goed kwam’. Dear Prof. Boehm, I thank you for the scientific 

discussions and for critically reviewing my abstracts and papers. Your experience in the 

field of infant nutrition is impressive.

Mijn co-promotor, dr. I.B. Renes. Beste Ingrid, de afgelopen jaren mocht ik bij jou in het 

Laboratorium Kindergeneeskunde werken binnen de neonatologie onderzoeksgroep. 

Als dokter heb ik veel kunnen leren van de oneindige mogelijkheden binnen het lab.

De leden van de kleine promotiecommissie: Prof.dr. D. Tibboel, Prof.dr. E.E.S. Nieuwen-

huis en Prof.dr. E.H.H.M. Rings dank ik voor het beoordelen van het manuscript.

Uiteraard zou dit boekje nooit tot stand gekomen zijn zonder de hulp en medewerking 

van alle patiënten, ouders, verpleegkundigen en zorgassistentes op de IC Neonatologie. 

Ik wil jullie hiervoor hartelijk danken. Voor de verpleegkundigen een extra woord van 

dank. Ik heb altijd met heel veel plezier op de afdeling gewerkt en heb me door jullie erg 

gesteund gevoeld tijdens mijn gehele periode in het Sophia.

Mijn paranimfen Maria en pa. Lieve Maria, jij weet als geen ander hoe ik mijn onder-

zoeksperiode doorlopen heb. Eerst als directe collega, later helaas vanaf de zijlijn. Ik 

heb je altijd erg gewaardeerd als collega en ben blij dat we onze collegialiteit hebben 

ingeruild voor een fijne vriendschap. Lieve pap, ik hoefde niet lang na te denken om jou 

als paranimf te kiezen. Je bent mijn maatje en ik waardeer jouw interesse in mijn car-

rièreontwikkelingen en promotieonderzoek enorm. Na de spannende tijden in het begin 

van dit jaar, ben ik erg blij dat je er op deze bijzondere dag bent om mij te steunen. Ik 

kan me geen beter duo voorstellen.
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Janneke, je bent op de meeste van de hoofdstukken in dit proefschrift co-auteur. Ik 

heb de afgelopen jaren veel van jou geleerd en heb je inzet voor alle experimenten en 

je zorgzaamheid, die gepaard ging met veel koppen koffie en thee tot het afwassen 

van mijn stapels afwas, ontzettend gewaardeerd. Ik wens jou veel succes in je verdere 

carrière als research analist en veel geluk samen met Arjan.

De rest van de Neonatologie-groep: Ad en Anita: dank voor alle experimenten die 

jullie voor mijn proefschrift gedaan hebben. Nicolas, I enjoyed the time that you worked 

here as a student. Sometimes, ‘la vie est comme une poubelle’, but the rest of the time 

it’s a lot of fun! Peng, Jiaping and Laura, you gave our group an international character 

which I appreciated. En natuurlijk Patrycja. Wat was het fijn om een collega-dokter in het 

lab te hebben. Samen hebben we met vallen en opstaan heel veel geleerd en zijn we 

klaar voor de volgende stap: de opleiding tot kinderarts.

Dear Isabelle and Audrey. Thank you very much for the valuable cooperation on the 

SCFA-work and all the rest.

Lieve Daniëlla, ik wil je graag bedanken voor alles wat je voor me gedaan hebt. Ik kon 

altijd bij jou terecht om dingen te regelen, afspraken te maken en vooral ook om even te 

kletsen. Ik wens je heel veel plezier en suc-6 in Amsterdam!

Alle stafleden en nurse practitioners van de IC Neonatologie in het Sophia, in het 

bijzonder André, George, Monique Williams en Ilke wil ik heel hartelijk bedanken voor 

alle support de afgelopen jaren. Ik mis jullie.

Mijn onderzoekstijd zou nooit zo leuk en gezellig zijn geweest zonder alle collega 

onderzoekers. Hester en Denise: ik heb een tuintje in mijn hart voor jullie! Dank voor alle 

Doppio-tjes en ‘werkoverleg-sessies’. Ik mis jullie en verheug me op jullie promoties. 

Marie-Chantal, jij hebt het NEC-stokje grotendeels overgenomen. Ik wens je veel succes 

met jouw onderzoek en verdere carrière in de (kinder)chirurgie. Sk2210: fijn dat ik af 

en toe even bij jullie binnen mocht lopen. Ineke, bedankt voor al je hulp bij de METC-

toetsingen. Ik wens jou en natuurlijk Willemijn heel veel succes met de moedermelkbank. 

Het massaspectrometrielab: bedankt voor jullie gastvrijheid in de afgelopen jaren. Toch 

nog 1 hoofdstuk over stabiele isotopen in mijn boekje!

Alle onderzoekers die ik onmogelijk allemaal op kan noemen: SUPER BEDANKT!

Inmiddels ben ik ‘verhuisd’ van Rotterdam naar Amersfoort, alwaar ik een begin mag 

maken aan mijn opleiding tot kinderarts. Ik dank mijn nieuwe collega’s van het Meander 

MC voor de steun tijdens de laatste loodjes van dit proefschrift en hoop dat we nog veel 

gezellige en leerzame momenten zullen hebben.
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Buiten het werk waren er gelukkig mensen die weinig of niets met de kindergeneeskunde 

of wetenschappelijk onderzoek te maken hebben en dat was heerlijk. Vooral Tamara en 

Mariska wil ik bedanken voor de broodnodige afleiding, maar ook voor het inspringen 

als ik weer eens in Rotterdam moest zijn. Ward, bedankt voor het ontwerpen van het 

figuur in de introductie en de omslag van mijn boekje. Het was erg leuk om jou een 

‘spoedcursusje darmepitheel’ te geven en het resultaat is prachtig!

Er staan al genoeg stellingen op het lijstje voorin dit proefschrift, maar deze wil ik graag 

aan mijn dankwoord toevoegen: ‘You can only understand how much your parents love 

you when you become a parent yourself’. Lieve pa en ma, ik wil jullie bedanken voor de 

liefde en het grenzeloze vertrouwen waar jullie mij altijd mee hebben omringd. Maar 

vooral wil ik jullie bedanken voor de hartverwarmende liefde die jullie Thijs geven. De 

band tussen grootouders en kleinkinderen is uniek en ik vind het bijzonder dat we dit 

samen mogen meemaken. Zonder de enorme hulp en steun en de warme thuisbasis die 

jullie hebben gecreëerd, hadden we het de afgelopen drukke jaren niet gered.

And last, but surely not least: mijn mannen, René en Thijs Floris. Wat is het heerlijk om na 

een dag hard werken weer lekker bij jullie thuis te komen. We zullen elkaar de komende 

tijd nog veel moeten missen, maar vergeet niet dat jullie altijd in mijn gedachten zijn.

� Nanda
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PhD Portfolio Summary

Summary of PhD training and teaching activities

Name PhD student	 N. Burger-van Paassen
Erasmus MC Department	 Laboratory of Pediatrics, division Neonatology

PhD period		  April 2005- July 2010
Promoters		  Prof.dr. J.B. van Goudoever
			   Prof.dr. G. Boehm
Co-promoter/Supervisor	 dr. I.B. Renes

1. PhD training
	 Year	 Workload
		  (ECTS)

General Academic Skills
Course on Laboratory Animal Science, Artikel 9	 2006	 3.0
Organization Neo-retraite Thorn	 2008	 1.0
Opvang van het acuut zieke kind (APLS)	 2008	 0.5
Member AIO-committee Laboratory Pediatrics	 2008-2009	 2.0
Basiscursus Regelgeving en Organisatie voor klinisch	 2009	 1.0
Onderzoekers (BROK)
Sollicitatietraining Stern Loopbaanadvies	 2009	 1.4

(Inter)national conferences
Digestive Diseases week, Washington DC, United States	 2007	 1.0
Poster: Paneth cell alterations in necrotizing enterocolitis
and intestinal innate defense

48th Annual Meeting of the European Society for	 2007	 1.5
Paediatric Research, Prague, Czech republic
Oral: Paneth cell alterations in necrotizing enterocolitis
and intestinal innate defense
Poster: The effect of short chain fatty acids on mucin
MUC2 synthesis: implications for epithelial protection?

Nederlands Kindergeneeskunde Congres 2008, Veldhoven,	 2007	 1.0
the Netherlands
Poster: SNAP-II score voorspelt mortaliteit en ECMO-behoefte
bij pasgeborenen met congenitale hernia diafragmatica

Pediatric Academic Society, Annual meeting, Honolulu, Hawaii	 2008	 1.5
Oral: Mucin Muc2 deficiency and intestinal inflammation during
postnatal development and suckling-weaning transition in mice
Poster: The effect of short chain fatty acids on mucin MUC2 synthesis:
role in pathogenesis and treatment of necrotizing enterocolitis?
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Federation of American Societies for Experimental Biology	 2009	 1.5
New Orleans, United States
Oral: Innate defense responses in Muc2 deficient mice:
an important role for goblet cells
Oral: Regulation of the intestinal mucin MUC2 expression
by short chain fatty acids: implications for epithelial protection

Nederlandse Vereniging Gastroenterologie (NVGE),	 2009	 1.5
voorjaarsvergadering, Veldhoven, the Netherlands
Poster: Innate defense responses in Muc2 deficient mice:
an important role for goblet cells
Poster: Role of probiotics on intestinal barrier function:
effect of Lactobacillus GG on mucin MUC2 expression
Poster: The regulation of the intestinal mucin MUC2 expression
by short chain fatty acids: implications for epithelial protection

Nederlandse Vereniging Gastroenterologie (NVGE),	 2010	 1.0
voorjaarsvergadering, Veldhoven, the Netherlands
Oral: Development of colitis in Muc2-deficient mice:
diet matters!

Pediatric Academic Society, Annual meeting, Vancouver, Canada	 2010	 1.0
Poster: Dietary effects on the development of colitis in
Muc2-deficient mice: diet matters!

Seminars and workshops
Gut microbiota in health and disease,	 2007	 1.0
2nd international workshop, Amsterdam, the Netherlands

Summer School, European Society Pediatric Gastroenterology	 2007	 1.0
Hepatology and Nutrition (ESPGHAN)

Interklinische avond	 2006-2009	 0.5

PhD day Erasmus MC	 2007

Onderzoeksdag Kindergeneeskunde	 2006-2009	 0.5

2. Teaching activities
	 Year	 Workload
		  (ECTS)
Supervision Nicolas Le Polles, student AgroParisTech,	 2009	 1.0
6 months internship

Supervision Nelleke Bleijenberg, scholier VWO, profielwerkstuk	 2010	 0.5

Introduction of Pediatric Residents starting	 2005-2009	 5.0
Intensive Care Neonatology training period
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A
Chapter 2

P14 P21P1.5 P28E18.5

Figure 2

Figure 2. Colonic morphology of WT and Muc2‑/‑ mice
Morphology of the distal colon in WT (upper panels) and Muc2‑/‑ (lower panels) mice by hematoxylin 
and eosin staining. Representative sections of the distal colon are depicted at E18.5, P1.5, P14, P21 and 
P28. The tissue samples are representative of all mice in the studied groups. Note, no evident signs of 
inflammation or epithelial damage were seen at E18.5, P1.5 and P14. After weaning, at P28, the first signs 
of colitis (i.e. epithelial flattening and superficial erosion were seen.
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Figure 4

P14 P28P1.5

Figure 4. The amount of Cd3-positive T-cells is increased in Muc2‑/‑ mice before and after weaning
Infiltration of T-cells determined by Cd3 immunohistochemistry on distal colon sections at different ages 
(P1.5, P14 and P28). Inserted pictures show higher magnification to point out individual Cd3-positive 
T-cells. The tissue samples are representative of all mice in the studied groups. Note, the influx of Cd3-
positive T-cells, was increased in WT as well as Muc2‑/‑ mice before weaning. Weaning from mother’s milk 
resulted in exacerbation of colitis in Muc2‑/‑ mice, but not WT mice.

Figure 8

50μm

WT Muc2-/-

Figure 8. Expression of Irf3 protein in distal colon of WT and Muc2‑/‑ mice
Expression and localization of IRF3 in distal colon of WT (left panel) and Muc2‑/‑ mice (right panel) at P28 
was studied by immunohistochemistry. In WT mice Irf3 expression is confined to the nuclei of the epithelial 
cells of the surface epithelium, whereas in Muc2‑/‑ mice, nuclear Irff3 staining is seen in the epithelial cells 
along the entire crypts and the surface epithelium. Tissue samples are representative of all mice in the 
studied groups.
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Figure 4

Figure 4. Expression of S100 proteins is up-regulated in distal colon of Muc2‑/‑ mice.
Expression of S100a8 (A) and S100a9 (B) in distal colon of 4-week-old Muc2+/+ and Muc2‑/‑ mice was 
quantified with qRT-PCR. (C) Representative sections presenting S100a8 localization in the distal colon 
of 4-week-old Muc2+/+ and Muc2‑/‑ mice, detected with anti-S100a8 antibody. The arrow indicates the 
positive stained cells.
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Figure 6

Figure 6. Increased proliferation in the distal colon of Muc2‑/‑ mice.
(A) Expression of Ccne1 in distal colon of 4-week-old Muc2+/+ and Muc2‑/‑ mice was quantified with qRT-
PCR. (B) Representative BrdU stained sections of distal colon of 2- and 4-week-old Muc2+/+ and Muc2‑/‑ 
mice. The arrow indicates the positive stained cells, and the square bracket shows the crypt region.
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Figure 1
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Figure 1. Clinical Symptoms and intestinal morphology
(A) Body weight of WT and Muc2‑/‑ mice are depicted at P14 and P28. Body weight was significantly lower 
in Muc2‑/‑ compared to WT mice at P28. (B) Crypt lengths of WT and Muc2‑/‑ mice at P14 and P28 in distal 
colonic tissue sections. Values are depicted as box-and-whisker diagrams (maximum value, upper quartile, 
median, lower quartile and minimal value respectively). (C) Hematoxylin and eosin staining in WT and 
Muc2‑/‑ mice at P28 are displayed.

Figure 5

A CB
50μm

Figure 5. Localization of Reg3β mRNA and Reg3γ protein in the proximal colon
Localization of Reg3β mRNA in Muc2‑/‑ by ISH (A), and localization of Reg3γ protein by immunohistochemistry 
in (B) WT and (C) Muc2‑/‑ mice at P28.
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Figure 6

B C

A
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Figure 6. Localization of Ang4 mRNA and Ang4 protein in the proximal colon
Localization of Ang4 mRNA in Muc2‑/‑ mice by ISH (A) (arrows depict Ang4 mRNA at the basolateral side 
of goblet cells), and localization of Ang4 protein by immunohistochemistry in (B) WT and (C) Muc2‑/‑ mice 
at P28.
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Figure 7. Localization of Reg3β mRNA and Reg3β and Reg3γ protein in the small intestine
ISH for Reg3β mRNA in WT and Muc2‑/‑ mice at P14 (A,B) and P28 (C,D)(arrowheads in zoom in indicate 
Reg3β-positive Paneth cell in Muc2‑/‑ at P28). Immunohistochemical staining for Reg3β in WT and Muc2‑/‑ 
mice at P14 (E,F) (arrowhead indicates Golghi-staining in enterocytes in WT at P14) and P28 (G,H)(arrows 
indicate Reg3γ-positive goblet cells in WT and Muc2‑/‑ mice at P14, arrowheads indicate Reg3β-positive 
Paneth cells in Muc2‑/‑ at P28). Immunohistochemical staining for Reg3γ is depicted in the lower panel in 
WT and Muc2‑/‑ mice at P14 (I,J)(arrows indicate Reg3γ-positive goblet cells, arrowheads indicate Reg3γ-
positive Paneth cells) and P28 (K,L)(arrows indicate Reg3γ-positive goblet cells, arrowheads indicate 
Reg3γ-positive Paneth cells).
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Figure 8. Localization of Ang4 protein in the small intestine
Localization of Ang4 protein in small intestine of WT and Muc2‑/‑ mice at P14 (left panel) and P28 (right 
panel)(arrowheads indicate Ang4-positive Paneth cells).
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Figure 2. Immunohistochemistry for lysozyme- (LYS) (A-D) and HD5-positive (E-H) Paneth cells in 
ileal tissue from NEC patients and Preterm CO. (A, E) A-NEC; (B, F) NEC-R; (C, G) Preterm CO; (D, 
H) Preterm CO-R. Images are representative of 19 A-NEC, 21 NEC-R, 9 Preterm CO, and 6 Preterm 
CO-R specimens derived from the ileum.
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Figure 4. Representative immunohistochemistry for lysozyme (LYS; A-C) and HD5 (D-F) in metaplastic 
Paneth cells in colonic tissue from NEC patients. (A, D) A-NEC. (B, E) NEC-R. (C, F) Post-NEC 
Stricture. Images are representative of 10 A-NEC, 11 NEC-R, and 5 Post-NEC Stricture specimens.
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Figure 2
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Figure 2. LGG increases MUC2 protein expression
LS174 T cells were stimulated with 106 viable LGG. Nonstimulated LS174T cells (A) are compared with 
LS174T cells stimulated with viable LGG (B).
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Chapter 7

Figure 3

0 mM 1 mM 2 mMFigure 3. Effect of butyrate on MUC2 protein expression
MUC2 apomucin expression by immunocytochemistry in non-stimulated (0 mM) and butyrate (1 and 2 mM) 
stimulated LS174T cells. (Magnification x40)
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Figure 2

WT Muc2-/- NP Muc2-/- P

Figure 2. Influx of Cd3ε-positive T-cells
The extent of inflammation in the distal colon was assessed by immunohistochemistry for Cd3ε. 
Representative stained tissue samples for all groups are shown. Normal WT mice hardly show any Cd3ε-
positive T-cells (left panel), whereas Muc2‑/‑ mice that were fed the non-purified (NP) diet show an increased 
amount of Cd3ε-positive T-cells that are localized along the complete crypt length, but also cluster 
together at the luminal side of the epithelium (middle panel). Muc2‑/‑ mice that were fed the purified (P) 
diet showed a decreased amount of CD3ε-positive T-cells compared to Muc2‑/‑ NP mice, that was still 
increased compared to WT mice (right panel). Crypt lengthening in Muc2‑/‑ mice, as quantified in Fig. 2B, 
is evident when WT are compared with Muc2‑/‑ NP or Muc2‑/‑ P mice.
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