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In recent years, the importance of the 
mucus layer in the colon has become 

increasingly clear. Disturbance of the 
mucus layer has been implicated in a 
variety of intestinal diseases. We have 
recently investigated the importance 
of the mucus layer in colon ischemia-
reperfusion (IR). Using a newly devel-
oped human and rat colon IR model, 
we showed that colon ischemia leads to 
mucus barrier breakdown. This allowed 
intraluminal bacteria to interact with 
the colonic epithelium, which was asso-
ciated with an inflammatory response. 
Intriguingly, we found goblet cells to 
respond immediately by expelling their 
mucin granules into the gut lumen, 
which flushed bacteria from the colonic 
crypts and resulted in rapid restoration of 
the mucus layer during reperfusion. Our 
study might explain why ischemic colitis 
tends to have favorable outcomes and can 
often be treated conservatively.

The Mucus Layer

The distal colon harbors an impressive 
density of 1012 bacteria per gram of lumi-
nal content.1 In the healthy colon, the 
gut microbiota has a profound influence 
on human physiology and the gut micro-
biota complements our biology in a way 
that is mutually beneficial.2 Disturbances 
in physiology however potentially lead to 
intrusion of bacteria into the host inter-
nal milieu, resulting in inflammation. To 
prevent direct exposure to intraluminal 
microbiota, the colon is equipped with 
several lines of defense. The mucus layer 
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is the first anatomical site at which the 
host encounters the gut microbiota. This 
layer creates a physical and chemical bar-
rier that prevents adherence of microbiota 
to the epithelium (Fig. 1A).3-5 The proper-
ties of mucus are derived from the major 
gel-forming glycoprotein components 
called mucins,4,5 which are continuously 
produced by specialized goblet cells that 
are found in large numbers in the colonic 
epithelium. In the endoplasmic reticulum 
(ER) and Golgi, mucins are oligomerized 
and glycosylated to provide mucins their 
viscous and protective properties.4 MUC2 
is the most abundantly expressed secretory 
mucin in the colon and is stored in bulky 
apical granules of the goblet cells, which 
form the characteristic goblet cell thecae.4 
The importance of the mucus layer has 
been acknowledged in a variety of studies. 
Loss of the mucus layer in MUC2 deficient 
mice has been shown to cause spontaneous 
colitis,6 and to increase susceptibility to 
lethal infectious colitis induced by patho-
genic and commensal flora.7 In addition, 
DSS-induced chronic colonic inflamma-
tion in mice, a model for human IBD, is 
preceded by mucus barrier breakdown and 
adherence of microbiota to the epithelium.8

Colon Ischemia and Reperfusion 
Results in Mucus Barrier  

Breakdown

Colon ischemia/reperfusion (IR) is the 
most common form of intestinal ischemia 
and is observed in a variety of situations 
including infections and vasculitis, as well 
as in patients undergoing aortic surgery 
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human jejunum.18 The epithelial lining 
of the human colon remained intact even 
after 60 min of ischemia, with or without 
reperfusion. In addition, apoptosis of colo-
nocytes was limited to only few cells in the 
crypt tips, whereas in the human small 
intestine IR was associated with massive 
apoptosis of epithelial cells in the villus tips 
and crypts.17,18

Although epithelial cell damage was 
limited, we showed that colonic ischemia 
was particularly associated with damage of 
the mucus layer, the important first line of 
defense against intraluminal microbiota.15 
It is not fully understood why detach-
ment of the mucus layer from the colo-
nocytes occurred in colon exposed to IR. 
First, it might simply be a consequence of 
detachment of epithelial cells at the tip of 
the ischemically damaged colonic epithe-
lium. Second, it might be a consequence 
of massive secretory activity of goblet cells 
creating a strong outward flow that not 
only flushes bacteria from the crypts, but 
also the mucus layer. In addition, epithe-
lial hypoxia might change the conditions 
involved in attachment and proper disper-
sion of mucus, which further compromises 
the mucus layer. For example, it has been 
demonstrated that expansion and disper-
sion of mucus is bicarbonate-dependent, 
due to the cationic nature of mucins.19,20 
It can be envisioned that the bicarbon-
ate depletion due to an acidic milieu in 
hypoxic epithelial cells leads to impaired 
degranulation and dispersion of goblet 
cells. Interestingly, we observed “entire” 
goblet cell contents in the colonic lumen 
exposed to IR (Fig. 1B), which supports 
the latter theory.

Loss of the colonic mucus layer was 
associated with bacterial adherence to 
epithelial cells (Fig. 1C, left panel) and 
translocation of bacteria into the colonic 
crypts. This study therefore supports pre-
vious studies showing the importance of 
the mucus layer in preventing bacterial 
adherence and penetration. Intriguingly, 
goblet cells react rapidly in response to 
these bacterial threats with expulsion of 
their mucus containing granules (Fig. 1C, 
right panel). This so called goblet cell 
“compound exocytosis” following colonic 
ischemia is an accelerated and acute release 
of centrally stored mucin granules from 
goblet cells.4,21 This has been described 

colonic IR we recently developed a human 
experimental colon IR model,15 analogous 
to a recently developed model for human 
small intestinal IR.16-18 The first interest-
ing observation was that human colon tis-
sue was far more resistant to ischemia than 

or cardiac bypass surgery.9-12 In addition, 
intestinal hypoxia is a well-known patho-
physiological phenomenon in the (chroni-
cally) inflamed mucosa, such as mucosal 
inflammation observed in IBD.13,14 To 
study the pathophysiology of human 

Figure 1. (A) The colonic mucus layer provides a physical barrier between intraluminal microbiota 
and the colonic epithelium. Left panel: immunofluorescent staining of healthy rat colon. Healthy 
mucus is composed of highly glycosylated MUC2 (MUC2, red; Dolichus Biflorus Agglutinin (DBA), 
green; overlay, yellow). Right panel: the mucus layer provides a physical barrier preventing 
interaction of intraluminal bacteria (stained in red, EUB388 stains rDNA of bacteria) with the 
colonic epithelial cells (blue, nuclei of the cells in the colonic mucosa). (B) Goblet cells are released 
into the gut lumen upon colonic ischemia. Electron microscopy picture (left panel) and PAS/AB 
staining (right panel) of human colon exposed to ischemia. Note the presence of entire goblet cell 
contents in the colonic lumen (arrows), which might indicate impaired dissemination of goblet 
cell granules (E, epithelial cell; GC, goblet cell; GCC, goblet cell contents; L, lumen). (C) Loss of the 
mucus layer allows physical interaction of bacteria with epithelial cells which triggers goblet cell 
mucus release. Left panel: fluorescent in situ hybridization with EUB388, which stains rDNA of 
bacteria, shows intraluminal bacteria in close proximity with the colonic epithelium in rat colon 
exposed to ischemia. Right panel: electron microscopy reveals that goblet cells release their  
contents (GCC, goblet cell contents) into the crypt lumen (L) upon IR in an attempt to flush 
bacteria (red arrows) from the crypts. (N, nucleus; yellow dashed line demarcates a goblet cell).
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synthesis, might have played a role in the 
slow refilling of goblet cell granules dur-
ing reperfusion.

Second, the ER is crucial for mucin 
oligomerization and N-glycosylation, 
which provides mucins their viscous and 
protective properties.32,33 ER stress can 
therefore also be associated with decreased 
mucus quality. Loss of O-glycosylation of 
mucins has been shown to induce sponta-
neous colitis in mice,34 and reduced gly-
cosylation is observed in ulcerative colitis 
in man as well.32,35 In addition, impaired 
glycosylation has recently been linked 
to endoplasmic reticulum stress in mice 
and man.32 Lastly, mucin oligosaccharide 
chains are often terminated with sialic 
acid or sulfate groups, which account for 
their acidic properties.5 This is particularly 
relevant, since the acidic nature of mucus 
makes it more resistant to bacterial deg-
radation.5,36 It is therefore important that 
future studies will be directed at investi-
gating whether prolonged IR or chronic 
IR with severe ER stress leads to decreased 
mucus quality, bacterial translocation and 
deregulated inflammatory responses.

Conclusion

In conclusion, we have provided first clues 
on the pathophysiology of human and rat 
colon ischemia-reperfusion. We showed 
that the epithelium in the colon is quite 
resistant to ischemia. However, breakdown 
of the mucus barrier facilitates bacterial 
penetration deep into the colonic crypts 
and in between epithelial cells. We also 
showed that bacterial penetration is associ-
ated with goblet cell compound exocytosis; 
the rapid release of centrally stored mucins. 
This is a protective response directed at 
clearing potential threats from the colonic 
crypts. Goblet cell compound exocytosis 
resulted in rapid clearance of bacteria from 
the colonic crypts and restoration of the 
mucus layer within 240 min of reperfusion.

Improved understanding of the eti-
ology of ischemic colitis is essential to 
develop new preventive and/or therapeu-
tic strategies. In addition, such knowledge 
might improve treatment modalities for 
inflammatory bowel disease (IBD), since 
epithelial hypoxia is a well-known patho-
physiological phenomenon in the inflamed 
intestine of patients with IBD.

in the airway epithelium.21 In our study, 
exposure to bacteria seems a plausible 
trigger for compound exocytosis, since 
increased goblet cell secretory activity 
occurred simultaneously with bacterial 
penetration into the otherwise sterile 
colonic crypts. To add mechanistic data 
to prove this hypothesis, a logical step 
would be to study goblet cell secretory 
activity in germ-free animals exposed to 
IR. However, these animals have both dis-
turbed mucin quantity and altered mucin 
quality (sulphation and sialylation) due 
to the absence of microbiota,25-27 which 
hampers evaluation of the selective effects 
of ischemia and reperfusion. Future stud-
ies are needed to mechanistically prove 
that microbial sensing triggers goblet cell 
compound exocytosis and thereby rapid 
restoration of the mucus layer.

Adding up our data, we conclude that 
the colon has efficient mechanisms to 
prevent excessive exposure to intralumi-
nal contents following ischemia-induced 
mucus barrier loss. An interesting ques-
tion is whether the consequences of repet-
itive ischemic hits or chronic intestinal 
ischemia can also be counteracted by gob-
let cell mucus release. We observed that 
reloading of goblet cells following IR was 
relatively slow, since goblet cells were only 
partly refilled even after 240 min of reper-
fusion. This is in line with the large size 
of the MUC2 proteins, which slows down 
the biosynthesis and formation of new 
mucin polymers.28,29 In addition, it should 
be noted that IR of both the human and 
rat colon was accompanied by consider-
able endoplasmic reticulum stress, as 
assessed by splicing of X-box binding pro-
tein-1 (unpublished data). IR-induced ER 
stress can impair mucus barrier recovery 
in two ways.

First, ER stress induces a trans-
lational block, which is mediated by 
PERK-dependent phosphorylation of 
eukaryotic translation-initiation factor 
2α (eIF2α).30,31 The translational block 
alleviates ER stress by inhibiting protein 
processing in the ER. In the human and 
rat colon, increased expression of several 
components of this ER-stress pathway 
were observed, including increased expres-
sion of GADD34 (unpublished data). 
The observed ER stress during colon IR, 
which is associated with decreased protein 

as a mechanism to reinforce the barrier 
and exclude pathogens from the normally 
sterile crypts. Compound exocytosis 
results in a 100 to 1,000-fold expansion 
in mucin volume upon hydration and 
contributes to the rapid replacement of 
a degraded mucus barrier.4 Since bacte-
ria were rapidly flushed from the colonic 
crypts, compound exocytosis seems an 
efficient mechanism to prevent excessive 
exposure to microbiota to the epithelium, 
thereby preventing intestinal inflamma-
tion. The protective effect of the mucus 
layer on ischemia-induced bacterial trans-
location and consequently inflammation 
might explain why patients with colonic 
ischemia tend to have a mild course as 
compared with small intestinal IR, where 
the mucus layer is thinner.12,22-24 In addi-
tion, mucus organization can explain why 
ischemia of the right-sided colon is often 
more severe than left-sided colonic isch-
emia, since thickness of the inner mucus 
layer increases from the proximal to distal 
colon.12

As soon as 240 min after initiation of 
reperfusion of the colon, the mucus layer 
covering epithelial cells was restored.15 
Bacteria were no longer observed in close 
proximity with epithelial cells. We did 
observe, as expected, an inflammatory 
response during reperfusion, however it 
is plausible that this response would be 
far more extensive without the protective 
response of the goblet cells to bacterial 
threats. To answer the question whether 
mucus release prevents excessive bacte-
rial translocation and inflammation, it 
is important to identify -and interfere 
with- the environmental factor that trig-
gers mucus release. There is a large list of 
environmental stimuli that alter the rate 
of mucin release (for example the release 
of inflammatory cytokines, prostaglan-
dins, cholinergic stimuli, lipopolysaccha-
ride, bile salts, nucleotides, nitric oxide, 
vasoactive intestinal peptides and neu-
trophil elastase) (reviewed by McGuckin 
et al.).4 A difficult factor in identifying the 
involvement of one of these factors during 
IR is that many of these phenomena are 
hallmarks of intestinal IR. In particular, 
exposure to bacteria and their pro-inflam-
matory component lipopolysaccharide is 
a well known trigger for goblet cells to 
increase their secretory rate, especially 
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