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General introduction
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Intestinal health

The actuality of Hippocrates’ quote “All disease begins in the gut” is still valid, given the high number 

of studies focusing on the relationship between the intestine and health. Although one should not 

interpret this quote as explicitly as it sounds, indeed, many disorders are linked to intestinal health. 

The intestinal tract is a large organ that harbors and interacts with trillions of micro-organisms and 

forms a barrier to prevent potential harmful compounds entering the bloodstream. To run all these 

processes smoothly, intestinal cells and their reaction to environmental stimuli should be in ingenious 

balance. The moment these finely regulated processes are hampered, the risk of (intestinal) diseases 

increases. 

Functions of the gastrointestinal tract

All consumed foods and drinks pass through the gastrointestinal (GI) tract, following the route from 

mouth to anus. During this journey, every part of the GI tract has its own specific role in digesting 

and absorbing the food. Mainly in the lower intestinal tract, i.e. the small and large intestine (colon), 

nutrients are taken up by intestinal absorptive cells, or enterocytes (1). In the colon, nutrients and 

water are absorbed and the indigestible parts that are left are ready for excretion via the feces. 

The structure of the epithelium in the small intestine is characterized by the presence of villi, i.e. 

small finger-like structures that greatly increase the surface area of the intestine and thereby 

maximize the absorption of nutrients (2). The epithelium of the colon does not possess villi, but 

has a rather flat appearance. In the small intestine and colon, crypts of Lieberkühn are located, 

which are epithelial invaginations where intestinal stem cells (ISCs) reside (3). ISCs are rapidly 

dividing cells necessary for the constant renewal of the intestinal epithelium. These ISCs give rise 

to either absorptive or secretory progenitors, which can differentiate into six specialized epithelial 

cell types (Fig. 1). Absorptive progenitors differentiate into enterocytes, or colonocytes, as they are 

called in the colon. Of all cell types, enterocytes are the most densely populated and are responsible 

for the absorption of nutrients and water. The less well known microfold (M) cells also originate 

from absorptive progenitors and play an important role in mucosal immunity by their ability to 

take up luminal antigens (2). The other four cell types originate from secretory progenitors. Goblet 

and enteroendocrine cells produce and secrete mucus and hormones, respectively. In contrast to 

other intestinal cell types, Paneth cells stay at the bottom of the crypt and are responsible for the 

production of antimicrobial compounds. Also the remaining cell type, the Tuft cell, is involved in the 

protection against intruders, since it combats parasite infection (2). 

Altogether, diff erent types of IECs have their own specialized functions and contribute to intestinal 

homeostasis. It is important to realize, however, that recent studies have shown that multiple 

subsets exists within the same cell type. For example, a subtype of goblet cells located at the mouse 

colonic crypt entrances was discovered (4). These so-called sentinel goblet cells are able to protect 

the colonic crypts by secreting mucus in the presence of invading bacteria (4). Also, subtypes of 

enterocytes, enteroendocrine cells and Tuft cells are known (2), highlighting the extensiveness and 

complexity of IECs. 

Figure 1 A schematic overview of the development of intestinal stem cells (ISCs) into two cell lineages: 
absorptive cells (enterocytes and M cells) and secretory cells (goblet, Paneth, tuft and enteroendocrine 
cells).

________________________________________

Intestinal barrier function

The intestine is continuously exposed to external factors that enter the body mainly via the ingestion 

of food. Exposure to these external factors might pose a risk when toxic compounds are co-ingested 

and exert potentially harmful eff ects. Moreover, the presence of an incredibly high number of bacteria 

in the intestine requires a well-functioning defense mechanism to avoid the invasion of bacteria. 

Therefore, an essential function of the intestine is to maintain a finely tuned balance between an 

eff icient uptake of nutrients on the one hand, and the restriction of the entrance of toxic compounds 

and bacteria on the other hand. This highly complex task is delegated to the intestinal barrier, which 

consist of multiple layers that work in concert to keep intestinal homeostasis. Following the order 

from intestinal lumen to the mucosal tissue, these layers include the mucus layer, the intestinal 
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epithelial cell layer and the immune cell ‘layer’. Important similarities and differences between the 

intestinal barrier function in the small intestine and colon are depicted in Figure 2. 

 A

B

Figure 2 Schematic overview of the different components of the intestinal barrier in the small intestine 
(SI) and colon. (A) In the small intestine, both villi and crypts are present. Antimicrobial peptides (AMPs), 
Immunoglobulin A (IgA) and intestinal alkaline phosphatase (IAP) protect against bacterial invasion. Tuft 
cells protect against parasites, such as helminths. The mucus layer in the SI is rather discontinuous, while 
in the mucus layer in the colon is thick (B) and consists of two layers: a firm inner layer that is devoid of 
bacteria, and a loose outer mucus layer is inhabited by bacteria. High amounts of IgA, AMPs and IAP are 
present in the mucus layers that protect against invasion of bacteria. 

________________________________________

Mucus layer

The mucus layer covering the epithelial cells has a dual role: on the one hand, it acts as a protective 

physical barrier, and on the other hand, it serves as a nutrition source for commensal bacteria 

(5). These functions are accounted for by the complex structure of mucus. The mucus secreted 

along the intestinal tract is mainly composed of the gel-forming mucin type 2 (MUC2). MUC2 is 

part of a large family of mucins that consist of both secreted and transmembrane mucins. Next to 

MUC2, other gel-forming mucins include MUC5AC, MUC5B and MUC6. However, these mucins 

are mainly expressed in the stomach and are not, or very weakly, expressed in the intestine (6). 

In addition to secreted mucins, enterocytes produce another type of mucins: the transmembrane 

mucins. These membrane-bound mucins are large glycoproteins that are characterized by a long 

and highly glycosylated extracellular domain that is part of the intestinal barrier (7). The mucin core 

domain consists of repetitive tandems of proline, threonine and serine (PTS), which are heavily 

O-glycosylated at the hydroxyl group of serine or threonine (8) (Fig. 3). The N- and C-termini of gel-

forming mucins are kept together by disulfide bonds between cysteine amino acids. Transmembrane 

mucins are attached to the cell membrane by either sea urchin-enterokinase-agrin (SEA) domains 

or von Willebrand domains (vWD). The intracellular domain (cytoplasmic tail) has the potential to be 

phosphorylated, thereby exerting signaling functions, such as immune modulation and regulation of 

cell proliferation and apoptosis via different signaling pathways (9, 10). 

The high amount of glycans makes MUC2 water soluble, reflected by the high water content 

of mucus (90-95%). Together with electrolytes, lipids, immunoglobulins and many other proteins, 

MUC2 forms an expanded net-like structure (11, 12). The protective role of the mucus layer is based 

on the physical barrier that avoids direct contact between bacteria in the lumen and the IEC layer. 

Importantly, the organization of the mucus layer along the intestinal tract is different. In the small 

intestine, the mucus layer is loose and not attached to the underlying epithelial cells (13) (Fig. 2A). 

In the colon, a double mucus layer exists: an impenetrable inner layer which is firmly attached 

to the intestinal epithelial cells and is devoid of bacteria, and a loose and penetrable outer layer 
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which is colonized by commensal bacteria (14, 15) (Fig. 2B). Apparently, the thickness of the mucus 

layer is highly dependent on the number of bacteria present, as the mucus layer is thicker in the 

bacteria-dense colon compared to the small intestine, where far fewer bacteria are present (16). 

The indispensability of bacteria for a properly functioning mucus layer was emphasized in studies 

which showed that the mucus layer of germfree rats was very thin. In addition, mucus composition, 

compactness and mucin content was negatively affected (17). Moreover, the composition of the gut 

microbiota was shown to be an important indicator of a well-functioning mucus layer (18).

Figure 3 A schematic, simplified overview of the structure of gel-forming and transmembrane mucins. The 
mucin core domain consists of repetitive tandems of proline (Pro), serine (Ser) and Threonine (Thr). The 
latter two amino acids are attachment sites for O-glycosylation with N-acetylgalactosamine (GalNAc). 
Transmembrane mucins are bound to the cell membrane by sea urchin-enterokinase-agrin (SEA) domains 
or von Willebrand domains (vWD). The cytoplasmic tail (CT) is located inside the cytoplasm.

_________________________________________

Next to its role as physical barrier to protect bacteria coming in contact with IECs, mucus has 

another beneficial function as food source for commensal bacteria (5). The so-called mucin-

degrading bacteria produce enzymes that allow them to metabolize mucin glycans (Fig. 2B) 

(6). A well-known mucin-degrading bacteria is Akkermansia muciniphila, which belongs to the 

phylum of Verrucomicrobia (19). Besides, many members of the phyla Bacteroidetes (Bacteroides 

thetaiotaomicron and Bacteroides fragilis) and Firmicutes (Ruminococcus torques and Ruminococcus 

gnavus) have been described as mucin-degrading bacteria, but also from the phyla Actinobacteria 

(Bifidobacterium bifidum) amongst others (6, 20). Mucin-degrading bacteria have several important 

roles in intestinal homeostasis. Under the influence of mucin-degrading bacteria, the mucus layer 

is continuously degraded, which stimulates the production of mucus again. This process, which 

is known as mucus turnover, is essential for a healthy mucus layer (19). As both the host and 

bacteria benefit, this microbe-mucus interaction can be seen as a mutualistic relationship. First, the 

degradation of mucins leads to the production of SCFAs that provides extra energy needed for the 

energy-demanding process of the synthesis and secretion of MUC2 (21). Second, mucin-degrading 

bacteria can directly inhibit the colonization of pathogens, e.g. by 1) producing antimicrobials, 2) 

depleting the available nutrients or 3) reducing oxygen levels (as most pathogens use oxygen for 

growth) (22). Third, the close proximity of mucin-degrading bacteria to the intestinal epithelial 

layer leads to a finely regulated immune response that provides protection against pathogens (22). 

Altogether, these examples emphasize the important role of mucus-gut microbiota interactions by 

maintaining a finely tuned balance between MUC2 production by the host and mucin-degradation 

by the gut microbiota (21). 

Intestinal epithelial cells 

The monolayer of IECs that is underlying the mucus layer is also a physical barrier. A crucial role of 

this cellular monolayer is to allow the transport of nutrients, water and ions, yet prevent the entrance 

of potential harmful components (23). To maintain this selective permeable barrier, IECs are strongly 

connected to each other by specialized proteins called tight junctions (TJs) (23, 24). TJs are multi-

protein complexes and can be classified into families of transmembrane and cytosolic proteins. Each 

of these families consist of different members. The four families of transmembrane proteins include 

occludin, claudin, junctional adhesion molecule (JAM), and tricellulin (23). While the first three TJ 

proteins seal two adjacent cells, tricellulin connects the junctions of three cells (24). The TJ proteins 

interconnect with cytosolic proteins, such as the family of zonula occludens (ZO1, 2, 3) and cingulin. 

In turn, the ZOs and cingulin act as adaptors that form strong connections between transmembrane 

proteins and the perijunctional actomyosin ring, thereby anchoring the protein complex to the 

cytoskeleton (24, 25) (Fig. 4). The ingenious complex of TJ proteins and their interaction with the 

actomyosin ring is under strict regulation. Constant signaling between the individual components 

results in the opening and closure of the paracellular space upon a wide range of external stimuli 
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and physiological and pathological conditions (24, 26). Phosphorylation of TJs plays an important 

role in regulation of intestinal epithelial barrier function. Key signaling proteins involved in this 

process include protein kinase C (PKC), mitogen-activated protein kinases (MAPK), myosin light 

chain kinase (MLCK), and the Rho family of small GTPases, which control the (dis)assembly and 

maintenance of TJs (24). 

Figure 4 Schematic overview of the tight junction (TJ) proteins, adherens junctions (AJs) and desmosomes 
present in the intestinal cell that seal adjacent cells. 

_____________________________________

Next to the physical defense, another defense mechanism attributed to IECs is the production of 

intestinal alkaline phosphatase (IAP) (Fig. 2A-B). IAP is a brush border enzyme secreted at both 

the apical and basolateral side of the IEC. It has multiple important functions to keep intestinal 

homeostasis (27). In relation to the intestinal barrier, the most important function of IAP is the ability 

to dephosphorylate LPS. This removal of phosphate groups leads to a significant reduction in the 

toxicity of LPS by inhibiting downstream pro-inflammatory reactions (27). 

Immune cell layer

The third layer of defense is not an actual physical layer, but includes specialized cells of the immune 

system that participate in the tolerance and protection against external substances (Fig. 2A-B). 

The intestine is an organ with a high number of immune cells, emphasizing the important role of 

the intestinal immune system. The gut-associated lymphoid tissue (GALT) consists of lymphoid 

structures that are all dedicated to sample foreign antigens and induce an adaptive immune 

response (28). Peyer’s patches (PPs) are the main lymphoid tissue located in the small intestine (Fig. 

2A). Specialized cells in the PP include Microfold (M) cells, which are responsible for the uptake and 

transport of antigens to mononuclear phagocytes, such as macrophages and dendritic cells (DCs). 

These antigen-presenting cells present the antigens to a variety of adaptive immune cells that act 

in concert to detoxify the foreign substances. In the protection against pathogens and tolerance to 

commensal bacteria, Immunoglobulin A (IgA) plays an important role. Specific subsets of intestinal 

DCs induce the production of IgA by B cells (29). IgA is able to interfere with gut bacteria and 

neutralize toxins, thereby preventing these harmful compounds from coming in contact with the IEC 

layer (30). In the colon, where no PPs are present, caecal patches are the equivalent of PPs. From 

these structures, IgA secreted by plasma cells migrates to the colon to exert its immune-related 

functions (31). 

Although strictly not a barrier, another important antimicrobial defense mechanism is organized 

by Paneth cells. These cells are located in the base of the crypts in the small intestine (32). Upon 

bacterial stimulation via Toll like receptors (TLRs), Paneth cells produce a range of antimicrobial 

peptides (AMPs), such as defensins, regenerating islet-derived protein IIIA (REGIIIA) and lysozyme, 

amongst others (3, 33). The antimicrobial properties of AMPs are executed either by directly killing 

the bacteria by permeabilizing the membrane, or intracellularly by inhibiting essential cell processes 

(34). Although Paneth cells are absent in the human colon, a high amount of functional AMPs was 

found to be present in rectal mucus extracts, indicating that AMPs are retained in the mucus without 

losing their function (35). Furthermore, other sources of intestinal AMPs are also known: enterocytes, 

infiltrating neutrophils and the bacteria present in the intestine are three other sources of AMPs (36).

Paradoxically, to have a fully functional intestinal barrier, the host is highly dependent on bacteria 

present in the intestinal lumen and mucosa. The presence of bacteria results in the development and 

maintenance of the intestinal barrier (37). Importantly, germfree mice have an underdeveloped GALT, 

and also immune tissues outside the intestine (e.g. spleen and lymph nodes) are poorly developed 

(38)s. These immune deficits render germfree animals more prone to infections (39).  
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Gut microbiota

The intestine is densely populated with a variety of microorganisms, also known as the gut microbiota. 

This diverse community is dominated by the presence of bacteria, but also includes fungi, viruses, 

archaea and protozoa (40). To date, numerous bacterial phyla have been discovered. The phyla 

that are mainly present in the intestine are Bacteroidetes and Firmicutes, and to a lesser extent 

Proteobacteria, Actinobacteria, Fusobacteria, Verrucomicrobia and Cyanobacteria (41). The number 

of bacteria as well as the bacterial diversity increases along the GI tract, with the highest density and 

diversity found in the colon (38). The human gut microbiota is of utmost importance for host health, 

not only with regard to intestinal health, but also beyond (42). A healthy intestine is characterized by 

a highly diverse microbiota composition, with the presence of beneficial commensal bacteria and 

the absence of infection and bacterial overgrowth (43). Many of the health effects attributed to the 

gut microbiota are mediated by bacterial metabolites, which are intermediates or end products of 

bacterial metabolism (44). In the colon, the most intensively studied bacterial metabolites are short-

chain fatty acids (SCFAs) and bile acids (BAs).

Short-chain fatty acids

Diet is an important source of precursors for the production of bacterial metabolites. By far the 

most intensively studied diet-derived bacterial metabolites are the SCFAs butyrate, propionate, and 

acetate. These compounds are produced upon bacterial fermentation of indigestible carbohydrates 

and exert a variety of beneficial effects for the host. Amongst others, SCFAs can be used as energy 

source. Butyrate is mainly used as fuel for colonocytes (45), while acetate and propionate can be 

used in the liver as precursors for gluconeogenesis and lipogenesis, respectively (46). Furthermore, 

SCFAs are known to strengthen the intestinal barrier by upregulating the expression of TJ genes, 

increasing AMP production, and decreasing inflammation (47). SCFAs also play a role in the 

regulation of satiety and intestinal transit via activation of G-protein coupled receptors (GPCRs), 

thereby releasing PYY and GLP-1 (48). These indirect effects of SCFAs imply that their beneficial 

health effects extend beyond the intestinal tract.

Bile acids

Bile acids (BAs) include another group of metabolites with effects on intestinal health as well as 

overall health. The primary BAs cholic acid (CA) and chenodeoxycholic acid (CDCA) are produced 

in the liver by the conversion of cholesterol through a series of complex enzymatic pathways, with 

CYP7A1 as the rate-limiting enzyme (49). After synthesis, primary BAs are conjugated with taurine or 

glycine and transported via the bile salt export pump (BSEP, ABCB11). Conjugation of BAs prevents 

passive absorption and promotes solubility in the proximal intestine (50). These changes in their 

physicochemical properties are important for the maintenance of high luminal concentrations of 

conjugated BAs and thereby for the digestion and absorption of dietary fats (50-52). Of all produced 

BAs, 95% is reabsorbed in the small intestine by the apical bile salt transporter (ABST, SLC10A2). 

In the enterocyte, BAs are bound to the ileal bile acid binding protein (IBABP, FABP6), are excreted 

via the basolateral organic solute transporters alpha and beta (OSTα/β, SLC51A/B) and travel via 

the portal vein back to the liver, where reuptake takes place via the Na+-taurocholate polypeptide 

(NTCP, SLC10A1). This elegant process of BA recirculation is called the enterohepatic cycle and is 

highly important for metabolic homeostasis (49) (Fig. 5). The small fraction (5%) of BAs that escapes 

the enterohepatic cycle enters the colon, where the gut microbiota transform the primary BAs into 

secondary BAs. First, conjugated BAs are deconjugated by the bacterial enzyme bile salt hydrolase 

(BSH). The second pathway is the dehydroxylation at position 7 by bacterial dehydroxylases, 

transforming CA and CDCA in deoxycholic acid (DCA) and lithocholic acid (LCA), respectively (53).

Secondary BAs can either be excreted in the feces or are absorbed by IECs and return back to the 

liver where they enter the enterohepatic cycle again (54) (Fig. 5). 
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Figure 5 A schematic overview of the enterohepatic cycle. Primary bile acids (BAs) are produced in the 
hepatocyte. After conjugation, BAs are released in the intestine, where they aid in the emulsification of fat. 
BAs are then absorbed by the enterocyte and enter the liver again via the portal vein. Unabsorbed BAs are 
transformed by bacteria into secondary BAs, which enter the enterohepatic cycle again, or are excreted via 
feces. In both hepatocytes and enterocytes, FXR has an important role  in the regulation of BA production. 

_________________________________________

BAs as signalling molecules 

BAs have a pleotropic role in the human body. Next to their function as detergents in fat digestion 

and absorption, BAs also act as signalling molecules by activating the BA receptors FXR (NR1H4) 

and TGR5 (GPBAR1), resulting in the regulation of a wide range of biological processes (54). The 

nuclear receptor FXR, which is abundantly expressed in both the liver and intestine, is directly 

activated by BAs. The most potent FXR activator is CDCA, followed by LCA, DCA, and CA (49). FXR 

plays an important role in the enterohepatic cycle by regulating the expression of genes related to 

BA synthesis, secretion, and absorption (49) (Fig. 5). In the enterocyte, FXR activation triggers the 

production of fibroblast growth factor 19 (FGF19), which inhibits BA synthesis by inhibition of CYP7A1 

via fibroblast growth factor receptor 4 (FGFR4). In the hepatocyte, CYP7A1 is also repressed by FXR-

mediated regulation of small heterodimer partner (SHP) (55) (Fig. 5). In addition to its role in the 

regulation of the enterohepatic cycle, FXR is also involved in mucosal protection, cell proliferation, 

and inflammation  (56, 57). It was shown that FXR activation ameliorated intestinal inflammation, 

inhibited intestinal permeability, and protected against loss of goblet cells in mice suffering from 

chemically-induced colitis (58). Furthermore, FXR was also shown to be anti-tumorigenic, since 

FXR-deficient mice had increased colon cell proliferation rates and subsequent tumorigenesis (59). 

TGR5 is a G-protein coupled receptor (GPCR) that is ubiquitously expressed throughout the GI 

tract, but is also expressed in innate immune cells and enteric nerves (60, 61). This cell surface BA 

receptor is most potently activated by the secondary BAs LCA and DCA, followed by CDCA and 

CA. However, also conjugated BAs have a high affinity for TGR5 (62). TGR5 plays an important 

role in several cell signalling pathways with effects on energy homeostasis, insulin secretion, cell 

proliferation, intestinal motility and inflammation, amongst others (63, 64). Although the exact 

mechanisms are to be unravelled, it is thought that these effect are mediated by various cyclic 

AMP signalling pathways (65). In addition to FXR and TGR5, BAs are also ligands for the vitamin D 

receptor (VDR), pregnane X receptor (PXR) and glucocorticoid receptor (GR), that all have important 

roles in physiological processes (66). 

Cytotoxic effects of bile acids

Next to their important physiological functions, BAs can also be cytotoxic, which might even have 

pathological consequences. The detergent properties of BAs could disturb cell membranes by 

solubilizing membrane lipids (67). Furthermore, high levels of hydrophobic BAs have been associated 

with colon cancer caused by oxidative stress and DNA damage (68). As a strategy to reduce the 

cytotoxicity of BAs, the liver conjugates BAs with a sulfonate (SO3) group by the sulfotransferase 

SULT2A1 (Fig. 6) (69). In addition to hepatic BA sulfation, it is known that enterocytes also express 

SULT2A1, suggesting that BAs are also sulfated in the intestinal tract. Sulfation of BAs results in a 

hydrophilic molecule that is poorly reabsorbed by the body, and is therefore rapidly excreted via the 

feces and urine (69). Furthermore, sulfated BAs have less detergent capacities, which could result 

in less membrane-disturbing effects than their unsulfated counterparts (70). Similar to other BAs, 

sulfated BAs are subject to bacterial transformation. Indeed, bacterial species that have desulfating 

capacities include Clostridium, Pseudomonas, Peptococcus and Fusobacterium (71).

 

Figure 6 Schematic overview of the enzymatic formation of sulfated BAs in the human liver. During 
this reaction, a sulfonate group (SO3

-) derived from the universal sulfonate donor 3’-phosphoadenosine 
5’-phosphosulfate (PAPS) is transferred to a hydroxyl group. The 3-OH position of BAs is the main target for 
sulfation in humans. The enzyme catalysing this reaction is sulfotransferase 2A1 (SULT2A1) (69). 

_________________________________________

Impaired intestinal barrier function

Following the reasoning that intestinal barrier function plays a crucial role in health, it is not surprising 

that impaired barrier function is associated with pathogenesis of a wide range of (inflammatory) 

diseases. Diet and lifestyle, e.g. nutrients, alcohol, smoking, stress and medication use could all 

have an impact on intestinal barrier function (72). The intestinal barrier can be directly disrupted 

through the damage of epithelial cells or by disrupted formation and distribution of TJ proteins (73). 

As a major consequence, breakdown or dysregulation of the intestinal barrier leads to increased 

translocation of bacterial products (e.g. LPS) and dietary antigens to enter the lamina propria (74) 

(Fig. 7). These stimuli trigger immune cells in the lamina propria, i.e. dendritic cells and macrophages, 
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to produce pro-inflammatory cytokines. A vicious pro-inflammatory cycle might be induced, as the 

innate immune cells direct the activation of T cells, which on their turn produce signals that increase 

further translocation of dietary antigens and bacterial products (75). In addition to local inflammation, 

an increase in systemic inflammation could also occur when LPS and locally produced pro-

inflammatory cytokines enter the bloodstream (75). Examples of diseases caused by local chronic 

and uncontrolled immune activation as a result of impaired barrier function include inflammatory 

bowel disease (IBD), coeliac disease and colorectal cancer (73). Importantly, the consequences of 

impaired barrier function reach far beyond the gut, as evidenced by the contribution to metabolic 

diseases (obesity and diabetes) (76) as wells as neurodegenerative diseases (Parkinson’s disease, 

Alzheimer disease, multiple sclerosis and amyotrophic lateral sclerosis) (77). 

Figure 7 A healthy intestinal barrier is characterized by tightly sealed intestinal epithelial cells. When 
the intestinal barrier is damaged, disruption of TJs cause opening between the cells, allowing foreign 
compounds (e.g. bacteria, antigens, LPS) crossing the membrane and activate immune cells in the lamina 
propria. Immune cell activation leads to increased cytokine production, leading to a pro-inflammatory 
environment and infiltration of adaptive immune cells. When the immune response becomes uncontrolled, 
local inflammation extends toward the systemic circulation, which leads to systemic inflammation.

_________________________________________

Inflammatory bowel disease

Inflammatory bowel disease (IBD) comprises the chronic and relapsing inflammatory disorders 

Crohn’s disease and ulcerative colitis, that mainly affect the gastrointestinal tract. Symptoms of this 

disease include severe abdominal pain, diarrhea and weight loss, leading to a significant impairment 

of the quality of life (78). The etiology of IBD remains largely unknown, although it is clear that it is 

a multifactorial disorder in which genetic susceptibility, environmental stimuli, gut microbiota and 

exaggerated immune responses play a role (79). It is generally accepted that intestinal homeostasis 

is disrupted, which is characterized by an imbalance between intestinal barrier components, immune 

response, and the gut microbiota (80). In IBD patients, a disrupted intestinal barrier is commonly 

observed, revealed by increased intestinal permeability, reduced mucus layer thickness and Paneth 

cell dysfunction leading to decreased AMP production (81). These events contribute to the entry of 

bacterial products, thereby triggering the immune system and causing inflammatory responses (82). 

The disease course of IBD is typically characterized by alternating periods of active disease (flare) 

and remission. A disease flare often occurs random and the exact trigger is unpredictable (83).

Bacterial metabolites in relation to IBD

Growing evidence indicates that the gut microbiota is involved in IBD pathogenesis. Intestinal 

dysbiosis, i.e. an imbalance in gut microbiota composition and function, is associated with IBD (84, 

85). Many studies on IBD report a reduced bacterial diversity, a decreased abundance of health-

promoting bacteria, together with an increase in potential pathogenic bacteria (86-89). Given the 

important function of the gut microbiota to produce bacterial metabolites, an alteration in metabolite 

profile is concomitant with IBD-related dysbiosis. Importantly, a shift in specific types of metabolites 

could contribute to the pathogenesis of IBD (44). For example, IBD is associated with a loss of 

butyrate-producing bacteria (90). Consistently, metabolomic studies point toward a decreased 

abundance of the SCFA butyrate in IBD patients (91-93).  

Bile acids and IBD

Another group of bacterial metabolites known to be involved in IBD pathogenesis are BAs. As BAs 

are enzymatically modified by specialized bacterial species, IBD-related dysbiosis could result in 

BA dysmetabolism via decreased bacterial enzymatic activity (Fig. 8) (88). Indeed, a different fecal 

BA composition was observed in IBD patients compared to healthy controls, characterized by an 

increase in primary, conjugated and sulfated BAs, and a decrease in secondary BAs (88, 94-97). 

Mainly the decrease in secondary BAs could be of importance in relation to IBD progression, given 

their role as activators of the BA receptors FXR and TGR5. Reduced levels of DCA and LCA may 

lead to a decreased activation of FXR and TGR5, thereby decreasing their anti-inflammatory effects 
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environment and infiltration of adaptive immune cells. When the immune response becomes uncontrolled, 
local inflammation extends toward the systemic circulation, which leads to systemic inflammation.

_________________________________________

Inflammatory bowel disease

Inflammatory bowel disease (IBD) comprises the chronic and relapsing inflammatory disorders 

Crohn’s disease and ulcerative colitis, that mainly affect the gastrointestinal tract. Symptoms of this 
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Bacterial metabolites in relation to IBD
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profile is concomitant with IBD-related dysbiosis. Importantly, a shift in specific types of metabolites 

could contribute to the pathogenesis of IBD (44). For example, IBD is associated with a loss of 

butyrate-producing bacteria (90). Consistently, metabolomic studies point toward a decreased 

abundance of the SCFA butyrate in IBD patients (91-93).  
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are enzymatically modified by specialized bacterial species, IBD-related dysbiosis could result in 

BA dysmetabolism via decreased bacterial enzymatic activity (Fig. 8) (88). Indeed, a different fecal 
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increase in primary, conjugated and sulfated BAs, and a decrease in secondary BAs (88, 94-97). 

Mainly the decrease in secondary BAs could be of importance in relation to IBD progression, given 

their role as activators of the BA receptors FXR and TGR5. Reduced levels of DCA and LCA may 

lead to a decreased activation of FXR and TGR5, thereby decreasing their anti-inflammatory effects 
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(56, 97). Furthermore, secondary BAs are known for their antimicrobial properties by interfering 

with bacterial membrane lipids (98). FXR activation was shown to promote the production of AMPs 

in mice (58). An IBD-related decrease in luminal secondary BAs could therefore lead to a reduced 

protection against bacterial overgrowth, a phenomenon which is commonly observed in IBD (99, 

100).

Figure 8 Schematic overview of the differences in bile acid (BA) pool in healthy persons and IBD patients. 
In the healthy situation, BAs that escape the enterohepatic cycle are transformed by bacterial enzymes in 
the colon, leading to a normal BA pool that is dominated by secondary BAs. In IBD patients, dysbiosis leads 
to a reduced bacterial enzymatic activity, that results in a changed BA pool which is low in secondary BAs 

and high in conjugated and sulfated BAs.

_________________________________________

Aging and intestinal health 

Interestingly, IBD pathogenesis shows multiple similarities with the aging process. For example, 

the aging process is also associated with intestinal dysbiosis, an impaired immune response and 

chronic inflammation (101). Moreover, both IBD and the aging process are important risk factors 

for chronic diseases that affect the whole body. Hence, given the high similarities in underlying 

mechanisms, this could pose possibilities for sharing treating interventions. The aging process is 

associated with a functional decline of all organs and tissues in the body, including the intestinal tract 

(102). A commonly observed functional change of intestinal physiology include a prolonged transit 

time   and increased prevalence of constipation (103). Moreover, the aging process is characterized 

by a decreased intestinal barrier function, an increase in low-grade inflammation (inflammaging) and 

a decline in immune response (immunosenescence) (104, 105) (Fig. 9). 

Figure 9 A schematic overview of the factors that impact intestinal health during aging. Red arrows 
implicate a detrimental effect on intestinal health, while green arrows could imply a positive effect on 
intestinal health in the aged population. 

_________________________________________

These factors are all known to alter gut microbiota composition (106). Many studies have been 

performed that investigated the differences in gut microbiota composition between young and 

old participants. Although often contradictory results have been observed, general age-related 

changes in gut microbiota composition include a decrease in alpha-diversity, a reduced abundance 

of beneficial bacteria (e.g. Bifidobacteria and Lactobacilli) (107, 108) and increased abundance of 

potential pathogens (e.g. members of the Enterobacteriaceae family) (109). Importantly, large 

interindividual variation was reported in elderly (110), which could pose difficulties in interpreting the 
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results. Regardless, it is clear that the gut microbiota play a role in age-related diseases. Therefore, 

manipulating the gut microbiota to reach a more beneficially composition could be a way to combat 

age-related diseases. Supplementation with prebiotics or probiotics could be such an approach. 

However, the outcomes on infection duration and inflammatory markers are rather inconsistent 

(111). Importantly, the effects of pre- and probiotics on health outcomes are largely dependent on a 

variety of factors, such as supplementation duration, way of administration, and the targeted health 

outcome. This emphasizes the need of highly controlled and targeted studies. 

In vivo and in vitro models to investigate intestinal health

The increased scientific interest to investigate intestinal health requires the use of representative, 

reliable, and reproducible study designs. For these studies, in vivo models using humans and 

animals are widely used. In the context of gut microbiota composition, human studies can be useful, 

but are often limited to the collection of fecal samples. However, the gut microbiota composition in 

feces is not completely representative for the luminal gut microbiota composition (112). To overcome 

this problem, newly developed techniques to sample luminal content in the intestine could be 

useful. In this regard, animal studies are valuable given the possibility to isolate not only organs 

and tissues, but also luminal content during sacrifice. Another advantage of animal studies is the 

possibility to perform genetic modifications, such as knocking out or down specific genes. This 

enables researchers to not only to investigate the molecular mechanisms of a gene of interest, but 

also to develop an animal model with a specific phenotype. For example, the use of the Ercc1-/Δ7 

mouse model, which has an accelerated aging process due to a partial aberration of a DNA repair 

mechanism, is useful in aging research (113). 

Important disadvantages of human and animal studies are the often expensive and lengthy 

study designs, but also ethical limitations, such as the exposure to potential harmful compounds 

and the isolation of tissues and organs. To overcome these limitations, in vitro models could be 

used as an alternative. A wide range of in vitro models exists and each has its own advantages and 

disadvantages. The most simple and cheap model includes a monoculture of intestinal epithelial 

cells, such as Caco-2 or T84 cells. To represent the intestine, these cells could be seeded on cell 

culture inserts that create an apical and basolateral compartment, representing the intestinal 

lumen and mucosal tissue, respectively. A disadvantage of using only one cell type is the lack of 

representativeness to the in vivo situation, as the intestine consists of several different cell types. 

Therefore, the monoculture grown on cell culture inserts could also be extended to a co-culture with 

another intestinal cell type, such as the goblet-like cell type HT29-MTX (114). A major advantage 

of using mono- and co-cultures is the relatively easy, cheap, and quick applicability. Moreover, a 

second cell type can be added in the basolateral compartment, such as immune cells, which allows 

the inclusion of the immune system to the model. 

A next level model of the intestine includes the use of ex vivo organ cultures, such as intestinal 

organoids. Intestinal organoids are the self-propagating spheres derived from intestinal stem cells 

(115, 116) or pluripotent stem cells (117). When grown in the presence of a basement membrane (i.e. 

Matrigel) and appropriate growth factors, intestinal stem cells will develop into a three-dimensional 

structure representing the in vivo organization of the intestine (118). Most often, organoid models 

make use of animal tissue (e.g. mouse, rat, pig), since human material is often more difficult to obtain. 

This may pose some difficulties in translating the results to the human situation. Another important 

issue is the fact that organoids are closed structures, which makes direct exposure to compounds 

of interest complicated. While it is possible to use microinjection techniques, this time-consuming 

technique restricts the performance of high-throughput studies. To overcome this limitation, 

organoids could also be seeded as two-dimensional monolayers, either on regular cell culture plates 

or cell culture inserts. Applying the right growing conditions results in a monolayer that recapitulates 

the in vivo intestinal epithelium in terms of cell type composition, crypt organization and tissue 

renewal rates (119). 

Importantly, the described in vitro models are all static, while in the physiological situation, 

intestinal peristalsis causes a constant motion. An example of a dynamic cell culture system includes 

the gut-on-a-chip model, where a constant perfusion with cell culture medium generates a fluid 

flow that mimics the dynamic microenvironment found in vivo (120). The more sophisticated and 

extensive the model becomes, the more the costs increase. Furthermore, the setup of these models 

require detailed expertise and may therefore take a long time before the model is operational. It is, 

therefore, not evident that every researcher is able to use sophisticated organoid and gut-on-a-chip 

models, emphasizing the continuing popularity of the more accessible mono- and co-cultures.

Outline of this thesis 

In this thesis, a multiperspective approach was taken to investigate intestinal health. In daily life, 

the intestine is exposed to a wide range of potential factors that could impair intestinal health. As 

the intestine plays a key role in overall health, it is of utmost importance to keep this organ in a 

healthy state. A plethora of factors exist that have detrimental effects on intestinal health, which 
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may ultimately contribute to a decreased quality of life and increased healthcare costs. The aim of 

this thesis was to investigate how intestinal health is affected by the aging process, gut microbiota, 

and bacterial metabolites, such as bile acids. Furthermore, the increased interest in intestinal health 

research requires appropriate in vitro models representing the in vivo situation as close as possible. 

In this thesis, relevant in vitro models to investigate intestinal health are described.  

It is known that the aging process has detrimental effects on intestinal health. As aging is an 

inescapable process, together with the fact that the life expectancy is increasing nowadays, it is 

important to 1) gain insight in the physiological and molecular changes that occur during aging, 2) 

investigate the mechanisms that are underlying these changes, and 3) seek strategies to improve 

healthy aging. In Chapter 2, we investigated changes in different parameters of intestinal health 

during the aging process in C57BL/6J mice. Feces and colonic luminal content of mice aged 6, 

12, 24 and 28 months were subjected to gut microbiota composition analysis to investigate aging-

related bacterial changes. Furthermore, differences in gut microbiota composition between fecal 

and colonic luminal content were elucidated. We also focused on aging-related changes in colonic 

gene expression and colonic luminal metabolites. Lastly, multivariate analyses were performed to 

integrate the gut microbiota composition and transcriptome datasets. 

Given the frequently observed changes in gut microbiota composition during the aging process, 

approaches to manipulate the gut microbiota of the aged population could be a strategy to enhance 

healthy aging. A nutritional strategy could be the use of probiotics, including the supplementation of 

one or several health-promoting bacterial strains. In Chapter 3, the progeroid Ercc1-/Δ7 mouse model 

was used to investigate the effects of supplementation of the promising health-improving probiotic 

strain Akkermansia muciniphila on intestinal health at high age. Special attention was given to the 

mucus layer, as A. muciniphila is a mucin-degrading bacterium with considerable effects on the 

mucus layer. 

When investigating the aging process, it is remarkable to notice the similarities in disease 

pathogenesis with chronic diseases. For example, chronic (low grade) inflammation and decreased 

efficacy of the immune system are conditions that are also underlying a range of chronic 

inflammatory diseases, such as IBD. Moreover, microbial dysbiosis is an important hallmark of 

both the aging process as IBD. It is hypothesized that IBD-related dysbiosis plays an important 

role in disease aggravation that is modulated by microbial metabolites, such as BAs. Given the 

important physiological and regulatory functions of bile acids, bile acid dysmetabolism could have 

potential consequences on health. The increased abundance of fecal sulfated BAs in IBD patients 

is interesting, because this group of BAs has only been marginally investigated yet. In Chapter 4, 

we aimed to investigate the effects of sulfated secondary bile acids on intestinal health. To this end, 

we designed an in vitro model representing the inflammatory situation as seen during IBD. After 

exposure to sulfated secondary bile acids, the effects on intestinal barrier function and immune 

response were investigated. 

To be able to carry out high-quality research, appropriate study designs and models are required. 

There is a high interest in ex vivo and in vitro models representing the intestine. One of the important 

aspects with regard to intestinal health, the mucus layer, is often overlooked in existing ex vivo and 

in vitro models, since common cell culture methods are not appropriate to create a physiologically 

relevant mucus layer. Furthermore, the highly aqueous properties of mucus poses difficulties in the 

investigation and isolation of the mucus layer. In Chapter 5, we follow-up on a study that successfully 

increased mucus production in the HT29-MTX-E12 cell line by applying a semi-wet interface 

with mechanical stimulation (SWMS) method. We aimed to unravel the underlying (molecular) 

mechanisms of this increased mucus production by subjecting the cells to transcriptome analysis. 

Finally, a general overview, a critical discussion of the data and evaluation of the current literature 

is given in Chapter 6. 
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Abstract

The aging process is associated with diminished colonic health. In this study, we applied an 

integrative approach to reveal potential interactions between determinants of colonic health in aging 

C57BL/6J mice. Analysis of gut microbiota composition revealed an enrichment of various potential 

pathobionts, including Desulfovibrio spp., and a decline of the health-promoting Akkermansia spp. 

and Lactobacillus spp. during aging. Intraluminal concentrations of various metabolites varied 

between ages and we found evidence for an increased gut permeability at higher age. Colonic gene 

expression analysis suggested that during the early phase of aging (between 6 and 12 months), 

expression of genes involved in epithelial-to-mesenchymal transition and (re)organization of the 

extracellular matrix were increased. Differential expression of these genes was strongly correlated 

with Bifidobacterium spp. During the later phase of aging (between 12 and 28 months), gene 

expression profiles pointed towards a diminished antimicrobial defense and were correlated with 

an uncultured Gastranaerophilales spp. This study demonstrates that aging is associated with 

pronounced changes in gut microbiota composition and colonic gene expression. Furthermore, 

the strong correlations between specific bacterial genera and host gene expression may imply that 

orchestrated interactions take place in the vicinity of the colonic wall and potentially mediate colonic 

health during aging.

Introduction

Aging is a complex process characterized by a time-dependent loss of physical fitness accompanied 

by an increased risk of morbidities (1). The increase in life expectancy and the increased prevalence 

of age-related pathologies (1) demands further insight into the mechanisms underlying the aging 

process. 

The colon is mainly involved in absorption of water and nutrients, but also plays an important role 

in general body health (2). Together with the small intestine, the colon constitutes the largest part 

of the whole-body immune system and is critical for an appropriate immune response towards the 

continuous exposure to potential inflammatory stimuli (3). One of the unique features of the colon is 

that it harbors a complex ecosystem of micro-organisms referred to as the gut microbiota. The gut 

microbiota is crucial for the development and maturation of the intestinal immune system during 

the early phase of life, as well as the maintenance of the intestinal epithelial barrier (4). Furthermore, 

the gut microbiota is involved in fermentation of non-digestible fibers and the production of short-

chain fatty acids (SCFAs) (5), and as such lives in symbiosis with the host. In a healthy situation, 

the host is able to arrange an appropriate immune response upon microbial stimuli, which is non-

responsive towards beneficial commensal bacteria, but reacts to pathogenic bacteria and restricts 

bacterial overgrowth (6, 7). However, aging is accompanied by a decline in function of the immune 

system and a chronic low-grade inflammation, known as immunosenescence and inflammaging, 

respectively (8). These factors, together with age-related changes in diet, lifestyle as well as colon 

physiology, inevitably trigger changes in gut microbiota composition (9). Alterations in gut microbiota 

composition have been linked to intestinal inflammatory diseases, as well as the development of 

other pathologies, e.g. metabolic syndrome, frailty and nervous system diseases (10-12). Thus, in the 

context of mechanisms underlying healthy aging, gaining knowledge on novel molecular interactions 

between gut microbiota and the host may be the key for the prevention and treatment of age-related 

pathologies. 

Remarkable age-related changes in gut microbiota composition were observed in large human 

cohort studies (10, 13-15). However, interpretation of the data is complex because of a wide range 

of interfering lifestyle factors, including diet and medication, but also other factors, such as genetic 

background and place of residence. Furthermore, the microbiota composition in these studies was 

analyzed in faecal samples, while previous studies showed distinct bacterial populations in faeces 

and colon lumen (16-20). This observation rises the question whether the microbiota composition in 

fresh faeces is representative for the microbiota composition in the colon. Besides, when exploring 

the effects of the microbiota composition on colonic gene expression profiles, the analysis of the 
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colonic luminal content is preferred, because of its close proximity to the colonic wall. However, 

a major advantage of using faecal samples is the ability to investigate changes in gut microbiota 

composition during aging in a longitudinal manner. 

To deepen our understanding regarding the effects of aging while limiting the effects of interfering 

factors, we generated an aging cohort of male C57BL/6J mice. These mice received a semi-synthetic 

diet, were individually housed and fresh faeces was collected from the same mice at 4, 8, 12, 18, 

24 and 28 months for analysis of faecal microbiota composition. After sacrifice at 6, 12, 24 and 28 

months of age, scrapings of the colonic wall were isolated to investigate colonic gene expression 

and colonic luminal content was collected for investigation of colonic microbiota composition and 

metabolomics analysis.  

We hypothesized that the interaction between host and the gut microbiota will change during 

the aging process and might contribute to a decline in colonic health at old age. To obtain potential 

mechanistic insights that could explain transcriptional perturbations in response to changes in 

colonic microbiota composition during aging, or vice versa, we used a comprehensive integrative 

analysis to explore interactions between the gut microbiota and host colonic gene expression. 

Materials and methods

Ethics statement

The institutional and national guidelines for the care and use of animals were followed and the 

Local Committee for Care and Use of Laboratory Animals at Wageningen University approved the 

experiment (code number: drs-2010151b). 

Mice and study design

In this study, 9-week old male C57BL/6J mice were housed individually and fed an ad libitum semi-

synthetic (AIN-93W) diet. The study design was described previously in more detail (52). In order to 

study the aging process, mice were randomly distributed into four groups that were sacrificed at 6, 

12, 24 and 28 months (n=11-16 mice per group). For 4 mice in the 24-months group and 5 mice in the 

28-months group, fresh faeces were consecutively collected (directly after defecation)  at the age of 4, 

8, 12, 18, 24 and 28 months. Bodyweight and food intake were monitored bi-weekly. During sacrifice, 

the colon was opened and the colonic luminal content was collected first. Then, the middle part of 

the colon (~1 cm) was turned inside out, rolled and embedded in paraffin (‘Swiss rolls’) for histology. 

From the remaining colon parts, the mucosa and submucosa were scraped for RNA isolation. The 

mice included in the present study were also used as control group for diet-intervention studies in 

the liver and colon of which the data have been reported in previous publications (21, 52-54).

Gut microbiota composition analysis

For both fresh faeces (42 samples) and colonic luminal content (40 samples) the microbiota 

composition was determined. The detailed methods have been described previously (21). Briefly, 

DNA was isolated from faecal and colonic luminal content samples using the ZR Fecal DNA 

MicroPrep kit (ZYMO Research, Irvine, CA, USA) according to the manufacturer’s instructions. 

Lysis of the samples was performed by bead beating using ZR BashingBead™ Lysis Tubes (ZYMO 

Research, Irvine, CA, USA). Next, the V3-V4 region of the 16S rRNA gene was amplified. After 

purification of the amplicon, DNA quality was checked and a second PCR was performed using 

sample-specific barcoded primers (Nextera XT index kit, Illumina, San Diego, CA, USA). Purified 

PCR products were sent to BaseClear service laboratory (BaseClear BV, Leiden, The Netherlands) 

for sequencing on the MiSeq platform (Illumina, San Diego, CA, USA). The Casava pipeline (version 

1.8.3, Illumina, San Diego, CA, USA) was used for de-multiplexing of the FASTQ files. After initial 

quality control, three fresh faeces samples were excluded for further analysis, as the coverage was 

below threshold (50% of the median number of reads). CLC Microbial Genomics Module version 1.2.1 

(CLC Bio, Qiagen, Aarhus, Denmark) was used for further analysis of the sequencing data. FASTQ 

files of the fresh faeces and colonic luminal content were imported and processed simultaneously. 

The identified OTUs were aligned against the Silva database (version 119) at 97% similarity (55). A 

number of 1,034,303 reads were detected, for which 1208 OTUs were identified. 25 of these OTUs 

(265 reads) were unavailable. Shannon entropy was considered as a metric for alpha-diversity and 

the beta-diversity was determined using Bray-Curtis distances. Principal Component Analyses and 

Redundancy analysis were carried out using Canoco 5 (56). The input consisted of the 303 OTUs 

with a relative abundance of ≥0.1% in at least one sample. With regard to the RDA, the numbers of 

reads were centered and standardized using the Hellinger transformation (57). The 16S rRNA gene 

data of this study have been made available in the sequence read archive (SRA) at the NCBI with 

accession number SRP145060.

Determination of metabolites in colonic luminal content

The colonic luminal content of mice aged 6 months (n=6), 24 months (n=8) and 28 months (n=8) 

was prepared as described previously (21) and levels of metabolites were determined using 1H-NMR. 

From the aligned spectra, integrals for SCFAs were identified. Besides, an untargeted approach 
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quality control, three fresh faeces samples were excluded for further analysis, as the coverage was 
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The identified OTUs were aligned against the Silva database (version 119) at 97% similarity (55). A 

number of 1,034,303 reads were detected, for which 1208 OTUs were identified. 25 of these OTUs 

(265 reads) were unavailable. Shannon entropy was considered as a metric for alpha-diversity and 

the beta-diversity was determined using Bray-Curtis distances. Principal Component Analyses and 

Redundancy analysis were carried out using Canoco 5 (56). The input consisted of the 303 OTUs 

with a relative abundance of ≥0.1% in at least one sample. With regard to the RDA, the numbers of 

reads were centered and standardized using the Hellinger transformation (57). The 16S rRNA gene 

data of this study have been made available in the sequence read archive (SRA) at the NCBI with 

accession number SRP145060.

Determination of metabolites in colonic luminal content

The colonic luminal content of mice aged 6 months (n=6), 24 months (n=8) and 28 months (n=8) 

was prepared as described previously (21) and levels of metabolites were determined using 1H-NMR. 

From the aligned spectra, integrals for SCFAs were identified. Besides, an untargeted approach 
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was taken to identify metabolites that differed between age groups. After baseline correction, the 

concentrations of the metabolites were calculated by taking into account the dilution factor and 

number of hydrogen atoms. Correlations between concentrations of identified metabolites and the 

relative abundances of the 50 most abundant genera in colonic luminal content were determined 

using Spearman’s correlation.

Gene expression analysis

For a number of 4 to 8 mice per age group, RNA was isolated from scrapings of the colonic wall and 

liver using TRIzol reagent (Invitrogen, Breda, The Netherlands). Isolated RNA was purified using 

RNeasy Micro columns (Qiagen, Venlo, The Netherlands) and total RNA yield (Nanodrop ND-1000, 

Nanodrop Products, Maarssen, The Netherlands) and RNA integrity (Agilent 2100 Bioanalyzer, Agilent 

Technologies, Amsterdam, The Netherlands) were measured. Only RNA was used that had a RNA 

integrity number (RIN) above 8.0 (Supplementary Table S4). Purified RNA (100 ng per sample) was 

converted to cDNA and labelled using an Ambion WT expression kit (Life Technologies, Bleiswijk, 

The Netherlands). Microarray hybridization and analysis was performed as previously described 

(52). Differences in gene expression between the age groups were analyzed using the Intensity 

Based Moderated T statistics (IBMT), using q-values <0.01 as threshold for the comparison 6 versus 

12 months and p-values <0.01 for the comparison 12 versus 28 months. Microarray data has been 

submitted to the Gene Expression Omnibus (GEO) at the NCBI, and is accessible under number 

GSE113257. The Principal Component Analysis plot was generated using MultiExperiment Viewer 

version 4.9.0. Ingenuity Pathway Analysis (IPA) was used for identification of canonical pathways 

and upstream regulators (58). Gene Set Enrichment Analysis was performed to functionally interpret 

gene regulation (59). A false discovery rate (FDR) q-value of <0.1 was considered significantly 

enriched. Short Time-series Expression Miner (STEM) version 1.3.11 (60) was used to identify gene 

expression profiles during aging, using the mean Robust Multichip Average (RMA) values as input. 

Histology

Swiss rolls of 6 mice per age group were cut in 5 micrometer sections and mounted on microscope 

slides (VWR Superfrost Plus Micro Slide). The sections were dewaxed multiple times with xylene, 

rehydrated in alcohol and stained with Haematoxylin/Eosin (H&E) or Sirius red/Fast green. Pictures 

of the stained sections were taken using a microscope with Olympus CellSense Entry software 

(Olympus Europe, Hamburg, Germany). For the H&E stained sections, the depths of the colonic 

crypts were measured using Olympus Cell˄B software. 

Multivariate analyses for gut microbiota and gene expression

In order to integrate colonic microbiota composition and colonic gene expression, we performed 

multivariate analyses in R 3.3.1 using the MixOmics package (61). Partial Least Squares (PLS) 

regression in the canonical mode was used to determine the bi-directional relationship between 

the two datasets. We used data from individual mice for whom both gene expression as well as 

the microbiota composition from colonic luminal content were available. For the MixOmics analysis 

early during aging (i.e. between 6 and 12 months of age), a number of 11 mice were included (6 

months: n=4; 12 months: n=7). A number of 14 mice were included for the analysis using the genes 

differentially expressed between 12 and 28 months (p<0.01) (12 months: n=7; 28 months: n=7). The 

genera with a relative abundance of ≥0.1% in at least 1 sample were included, resulting in a number 

of 50 genera. First, the sequencing reads of the genera were transformed and zeros were imputed 

based on the centered log ratio (clr) using the aldex2 package with 1024 Monte Carlo permutations 

(62). Gene expression data were included after transformation into log2 RMA intensities. Relevance 

networks with the strongest positive and negative correlations (R<-0.8 or R>0.8) were visualized 

using Cytoscape (63).

Plasma measurements 

Plasma levels of LBP were determined using the LBP ELISA Kit Mouse (kit OKBB00573, Aviva Systems 

Biology, San Diego, USA), following the manufacturer’s protocol. Plasma samples were diluted 100 

times. Plasma levels of insulin were determined using the Mouse Adipokine kit (MADKMAG-71K, 

Merck Millipore, Darmstadt, Germany), according to the manufacturer’s protocol.

Statistical analyses

Statistical analyses were, unless stated otherwise, carried out using GraphPad Prism 5.04 (GraphPad 

Software, San Diego, California, USA). The Kolmogorov-Smirnov test was used to test if data were 

normally distributed. In case of normal distribution, one-way analysis of variance (ANOVA) in 

combination with Tukey’s multiple comparisons test was used to test for differences between ages. 

In case the data were not normally distributed, the non-parametric Kruskal-Wallis one-way analysis 

of variance following a Dunn’s post hoc test and a Mann-Whitney test were used for independent 

samples. A Friedman test or Wilcoxon Signed Rank test were used in case samples were dependent. 

The Bonferroni or Benjamini-Hochberg approach were used to adjust for multiple testing, if 

appropriate. For all statistical tests, unless stated otherwise, a p-value of p<0.05 was considered as 

statistically significant. 
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Results

Physiological differences between mice during aging

Body weight as well as food intake increased during aging (Figure S1A-B). Also liver weight and 

relative liver weight (% of body weight) were significantly higher in older mice (Figure S1C-D). To 

determine if metabolic health altered during aging, fasting insulin levels in plasma were assessed. 

These levels were significantly increased at 24 and 28 months compared to 6 months (p<0.01) 

(Figure S1E). Death rates of the mice remained low till the age of 20 months and started to increase 

afterwards (Figure S1F). Most mice that died prematurely suffered from multiple conditions (Data 

set S1). 

Alterations in faecal and colonic microbiota composition during aging

Fresh faeces samples were collected longitudinally at 4, 8, 12, 18, 24 and 28 months of age in a subset 

of 9 mice. Sequencing of the V3-V4 region of the 16S rRNA gene revealed that the alpha-diversity, 

in terms of Shannon entropy, did not change during aging (Figure 1A). To explore variance in faecal 

microbiota composition, a Principal Component Analysis (PCA) on relative abundance of genera was 

performed. The PCA revealed that the first principal component, explaining 42.7% of the variation, 

separated the mice aged 4 and 8 months from the other age groups (Figure S2A). Dissimilarities 

in faecal microbiota composition between age groups were further investigated at two taxonomic 

levels. At the phylum level, the relative abundance of Proteobacteria was less abundant in young 

mice (4 months) and increased from 8 months onwards in most mice (Figure 1B). Verrucomicrobia 

and Actinobacteria were highly abundant at 4 months, but both disappeared in most mice between 

4 and 12 months of life (<1%). By exception, the relative abundance of Verrucomicrobia in mouse 9 at 

28 months of age was high compared to the other mice at the same age (Figure 1B). 
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Figure 1 Alterations in gut microbiota composition and metabolites during aging. (A) The alpha-
diversity measured by the Shannon entropy in fresh faeces. Boxes extend from the 25th to 75th percentile, 
line in the middle represents median, and whiskers represent minimum and maximum values. (B) Relative 
abundance (%) at phylum level in fresh faeces collected longitudinally in a subset of 9 mice. (C) The 
alpha-diversity measured by the Shannon entropy in colonic luminal content. (D) Principal Coordinate 
Analysis (PCoA) based on Bray-Curtis distances showing dissimilarities between all individual samples 
(FF and CLC). (E) The average relative abundance (%) at phylum level in colonic luminal content. 
Legend corresponds to graph with relative abundance at phylum level in fresh faeces. (F) Redundancy 
Analysis (RDA) displays the part of the variation in microbiota composition explained by the age groups 
and source. Sample plot showing the clustering of the samples. Legend corresponds to PCoA plot. The 
distance between the ages and sample sources approximates the average dissimilarity of the microbiota 
composition. The FF analyses were based on a subset of n=9 mice at consecutive ages (4, 8, 12, 18, 24 
and 28 months). For the CLC analyses, n=10 mice per age group (6, 12, 24 and 28 months) were taken into 
account. (G) Levels of fumarate, (H) an unspecified bile acid and (I) methanol detected by 1H-NMR in CLC 
at 6 months (n=6), 24 months (n=8) and 28 months (n=8) of age. Error bars represent standard error of 
the mean (S.E.M.). (J) Strongest Spearman correlation coefficients (-0.6<r>0.6) for the concentrations of 
the identified metabolites and the relative abundances of the 50 most abundant genera in colonic luminal 
content.

_________________________________________

Next to the analysis of the fresh faeces samples, the microbiota composition of the colonic 

luminal content of 40 mice sacrificed at the age of 6, 12, 24 and 28 months of age was investigated. 

Similar to the results obtained from the fresh faeces samples, no significant changes in Shannon 

entropy were found (Figure 1C) and the PCA revealed that the youngest and oldest age groups 

explained most of the variation (Figure S2B). These findings were strengthened by the distance-

based Principal Coordinate Analysis (PCoA), since the first principal coordinate, explaining 27% 

of the variation, also separated young and old mice (Figure 1D). Comparison of the relative 

abundance at phylum and genus level between fresh faeces and colonic luminal content revealed 

mostly similar trends, although Actinobacteria phylum was hardly abundant in colonic luminal 

content (Figure 1E, Table 1, Figure S3). To investigate the impact of both age and source (fresh 

faeces and colonic luminal content) on the total variation, a Redundancy analysis (RDA) was 

performed. Ordination axis 1 explained 34.0% of the variation and separated the youngest age 

groups of both sources. Interestingly, ordination axis 2 explained 8.7% of the variation and 

separated the colonic luminal content and fresh faeces samples, indicating that the explanatory 

variable age contributed more to the variation in microbiota composition than the source 

variable (Figure 1F). Taken together, these results reveal pronounced changes in gut microbiota 

composition during aging, both in fresh faeces and more moderate in colonic luminal content. 

Additionally, subtle differences between the faecal and colonic microbiota composition were found.   

Metabolite profiles in colonic luminal content 

To explore whether observed changes in gut microbiota composition may come with potential 

functional consequences, 1H-NMR was performed in colonic luminal content at 6, 24 and 28 

months of age. Concentrations of the SCFAs butyrate, propionate and succinate did not differ 

between the age groups, except for acetate that was significantly lower at 24 months compared 

to 6 months (p<0.05) (data not shown). Intraluminal concentrations of fumarate decreased during 

aging, as well as an unspecified bile acid (Figure 1G-H). It was not possible to exactly identify this 

bile acid, since this peak in the NMR spectrum (0.17 ppm) is located in a rather unexplored region. 

However, it can be ruled out that this is one of the bile acids as described by Kok and colleagues 

(21), since these bile acids were identified in a different region of the spectrum (0.6-0.8 ppm). The 

concentration of methanol increased in older mice (Figure 1I). A correlation analysis was performed 

to investigate whether the levels of these metabolites could be related to the relative abundances 

of the 50 most abundant genera. The strongest negative correlations were found for fumarate that 

was negatively correlated with the relative abundance of Desulfovibrio spp. (r=-0.651), an uncultured 

Ruminococcaceae spp. (r=-0.708) and an uncultured Coriobacteriaceae spp. (r=0.681), and positively 

correlated with Parasutterella spp. (r=0.637) (Figure 1J). 

Changes in colonic gene expression in 6, 12, 24 and 28-month-old mice

To explore the effect of aging on gene expression in the colonic wall, microarray analysis was 

performed on mRNA isolated from colonic scrapings from the same mice for which we also had data 

on the microbiota composition. A PCA carried out on the top 1,000 most variable genes revealed a 

clear segregation of the 6-months-old mice (Figure 2A). No clear separate clustering was observed 

for the mice from the other age groups, indicating that only gene expression at 6 months differed 

substantially from all other age groups. The highest number of significantly differentially expressed 

genes was found when comparing the youngest (6 months) versus the three older age groups 

(Figure 2B). There was a large overlap of genes (n=610) that had an increased expression when 

comparing 6 months with 12, 24 or 28 months (Figure 2C). Together, these results indicate that 

the expression levels of a substantial number of genes increased between 6 and 12 months, and 

remained increased also at higher ages. 
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Dominant cluster of genes similarly expressed between 6 and 12 months

Visualization of the expression profiles of the 1,990 genes that were differentially expressed in the 

colonic wall of 6-months-old mice and the three older age groups (Data set S2) revealed a clustering 

of the majority of genes in four different expression profiles (Figure 2D). The profile in red contained 

by far the largest number of genes (817 genes) and showed the most prominent expression change 

between 6 and 12 months, remaining mostly stable afterwards (Figure 2D). The green profiles (602 

genes in total) and the purple profile (217 genes) represent genes with decreased and increased 

expression levels during aging, respectively. Gene Ontology (GO) enrichment analysis of the green 

and purple profiles did not reveal any significant GO categories. However, analysis of the red profile 

revealed numerous significant GO categories that were all related to the extracellular matrix (ECM) 

organization and other structural development processes (Table 2). Ingenuity Pathway Analysis 

(IPA) and Gene Set Enrichment Analysis (GSEA) carried out on the genes differentially expressed 

between 6 and 12 months confirmed that similar pathways were affected (Figure 2E and Table 

S2A). IPA also revealed the ‘Regulation of the Epithelial-to-Mesenchymal Transition Pathway’ as 

a significantly regulated pathway in the colon between 6 and 12 months of age (Figure 2E and 

Table S2C). To analyze this aspect in more detail we assessed the expression regulation of genes 

involved in the epithelial-to-mesenchymal transition (EMT) in our microarray data set (Table S2D). 

Remarkably, while the expression of the epithelial markers E-cadherin (Cdh1), Occludin (Ocln) 

and most Claudins was minimally altered, the expression levels of the mesenchymal markers OB-

cadherin (Cdh11), Vimentin (Vim), Fibronectin (Fn1) and Vitronectin (Vtn) (Figure 2F and Table S2D) 

were strongly increased between 6 and 12 months and remained constant afterwards. In addition, 

the same expression pattern was found for transcription factors associated with EMT, i.e. Snail Family 

Transcriptional Repressor 1 and 2 (Snai1, 2), Zinc Finger E-Box Binding Homeobox 1 and 2 (Zeb1, 2) 

(Figure 2F), as well as other EMT-inducers, such as Transforming growth factor beta 1 (Tgfb1) and 

Transcription Factor 21 (Tcf21). IPA identified the transcription factor Transforming growth factor beta 

1 (Tgfb1) as the strongest activated upstream regulator associated with differential gene expression 

between 6 and 12 months (Table S2E).

A B

C D

E

F



Integrative analysis of intestinal health parameters in aging mice    |   49   

2

Dominant cluster of genes similarly expressed between 6 and 12 months

Visualization of the expression profiles of the 1,990 genes that were differentially expressed in the 

colonic wall of 6-months-old mice and the three older age groups (Data set S2) revealed a clustering 

of the majority of genes in four different expression profiles (Figure 2D). The profile in red contained 

by far the largest number of genes (817 genes) and showed the most prominent expression change 

between 6 and 12 months, remaining mostly stable afterwards (Figure 2D). The green profiles (602 

genes in total) and the purple profile (217 genes) represent genes with decreased and increased 

expression levels during aging, respectively. Gene Ontology (GO) enrichment analysis of the green 

and purple profiles did not reveal any significant GO categories. However, analysis of the red profile 

revealed numerous significant GO categories that were all related to the extracellular matrix (ECM) 

organization and other structural development processes (Table 2). Ingenuity Pathway Analysis 

(IPA) and Gene Set Enrichment Analysis (GSEA) carried out on the genes differentially expressed 

between 6 and 12 months confirmed that similar pathways were affected (Figure 2E and Table 

S2A). IPA also revealed the ‘Regulation of the Epithelial-to-Mesenchymal Transition Pathway’ as 

a significantly regulated pathway in the colon between 6 and 12 months of age (Figure 2E and 

Table S2C). To analyze this aspect in more detail we assessed the expression regulation of genes 

involved in the epithelial-to-mesenchymal transition (EMT) in our microarray data set (Table S2D). 

Remarkably, while the expression of the epithelial markers E-cadherin (Cdh1), Occludin (Ocln) 

and most Claudins was minimally altered, the expression levels of the mesenchymal markers OB-

cadherin (Cdh11), Vimentin (Vim), Fibronectin (Fn1) and Vitronectin (Vtn) (Figure 2F and Table S2D) 

were strongly increased between 6 and 12 months and remained constant afterwards. In addition, 

the same expression pattern was found for transcription factors associated with EMT, i.e. Snail Family 

Transcriptional Repressor 1 and 2 (Snai1, 2), Zinc Finger E-Box Binding Homeobox 1 and 2 (Zeb1, 2) 

(Figure 2F), as well as other EMT-inducers, such as Transforming growth factor beta 1 (Tgfb1) and 

Transcription Factor 21 (Tcf21). IPA identified the transcription factor Transforming growth factor beta 

1 (Tgfb1) as the strongest activated upstream regulator associated with differential gene expression 

between 6 and 12 months (Table S2E).

A B

C D

E

F



50   |   Chapter 2

G H

I

Figure 2 Changes in colonic gene expression in 6, 12, 24 and 28-month-old mice. (A) Principal Component 
Analysis (PCA) plot using the top 1,000 most variable genes showing the first 2 principal components. (B) 
The number of differentially expressed genes for all age comparisons (IBMT q<0.01). (C) Venn diagram 
showing the number of overlapping and unique differentially expressed genes between 6vs12, 6vs24 and 
6vs28 months. (D) Each significantly differentially expressed gene (6vs12, 6vs24, 6vs28 months, q<0.01) 
was assigned to the model profile that most closely matched their gene expression profile, executed by 
STEM. The model profiles with the highest number of genes assigned to (as indicated by the number in the 
box) are shown. (E) Top 10 most significant canonical pathways between 6 and 12 months as determined 
by Ingenuity Pathway Analysis (R.A. = Rheumatoid Arthritis). Numbers behind bars represent the number 
of differentially expressed genes (IBMT q<0.01) and numbers behind the pathways represent the total 
number of genes. (F) The gene expression (Log2) of the epithelial marker E-cadherin (Cdh1), mesenchymal 
markers OB-cadherin (Cdh11) and Vimentin (Vim), transcription factors Snail Family Transcriptional 
Repressor 1 and 2 (Snai1, 2) and Zinc Finger E-Box Binding Homeobox 1 and 2 (Zeb1, 2), Transforming 
growth factor beta 1 (Tgfb1) and Transcription Factor 21 (Tcf21). (G) Length of the colon (cm) at sacrifice. 
(H) Depth of colonic crypts (μm) measured in H&E stained colon samples. (I) Representative pictures of 
Haematoxylin and Eosin (H&E) staining and Sirius Red/Fast Green staining of colon tissue at 6, 12, 24 and 
28 months (200x magnification). Error bars reflect standard error of mean (S.E.M.). *p<0.05.

_________________________________________

Change in colon morphology during aging 

To study the potential morphological consequences of the observed changes in ECM- and EMT-

related genes we measured the colon length at sacrifice as well as colonic crypt depths in H&E-

stained Swiss rolls. The obtained results revealed an increase in colon length during aging (Figure 

2G). A marked deepening of the crypts between 6 and 12 months of age was observed, which 

minimally increased afterwards (Figure 2H). Furthermore, Sirius Red/Fast Green staining of the 

same Swiss rolls showed that the ECM protein collagen gradually increased with age (Figure 2I).  

_________________________________________
Table 2 Top 5 most significant Gene Ontology (GO) categories (i.e. Biological Process, Molecular Function, 
Cellular Component) belonging to the red, purple and combined green profiles, as determined by STEM.  

RED PROFILE

Category ID Category Name #Genes 
Category

#Genes 
Assigned

#Genes 
Expected

#Genes 
Enriched

p-value Corrected 
p-value*

GO:0031012 extracellular matrix 157 125 64.5 60.5 9.70E-25 4.30E-21

GO:0072359 circulatory system 
development

229 162 94 68 4.30E-22 1.90E-18

GO:0005578 proteinaceous extracel-
lular matrix

129 103 53 50 1.50E-20 6.80E-17

GO:0072358 cardiovascular system 
development

175 129 71.8 57.2 4.80E-20 2.20E-16

GO:0001944 vasculature develop-
ment

175 129 71.8 57.2 4.80E-20 2.20E-16
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PURPLE PROFILE

Category ID Category Name #Genes 
Category

#Genes 
As-

signed

#Genes 
Expected

#Genes 
En-

riched

p-value Corrected 
p-value*

GO:0007416 synapse assembly 28 11 3.1 7.9 8.10E-05 0.363

GO:0022607 cellular component 
assembly

307 52 33.5 18.5 3.10E-04 1

GO:0044085 cellular component 
biogenesis

317 52 34.6 17.4 7.20E-04 1

GO:0050808 synapse organization 45 12 4.9 7.1 2.30E-03 1

GO:0031514 motile cilium 10 5 1.1 3.9 2.30E-03 1

COMBINED GREEN PROFILES

Category ID Category Name #Genes 
Category

#Genes 
As-

signed

#Genes 
Expected

#Genes 
Enriched

p-value Corrected 
p-value*

GO:0005654 nucleoplasm 197 87 59.6 27.4 9.50E-06 0.043

GO:0031981 nuclear lumen 253 105 76.5 28.5 3.10E-05 0.139

GO:0070013 intracellular organelle 
lumen

279 114 84.4 29.6 3.10E-05 0.139

GO:0043233 organelle lumen 279 114 84.4 29.6 3.10E-05 0.139

GO:0044428 nuclear part 286 114 86.5 27.5 1.20E-04 0.517

*Bonferroni correction 

_________________________________________

Integrative analysis of microbiota composition and gene expression in the early phase of aging 

To obtain insight into the correlations between differential gene expression during the early phase 

of aging and the colonic microbiota composition, an integrative analysis was performed based on 

data of the individual mice. The 50 genera with a relative abundance of more than 0.1% in at least 

one sample and the 817 genes identified by STEM (Figure 2D, red cluster) showed several strong 

(r<-0.80 or r>0.80) positive and negative correlations (top 25 strongest correlations shown in Figure 

3). Bifidobacterium spp. was negatively correlated with 228 genes, including a cluster of EMT- and 

ECM-associated genes, e.g. Cdh11, Fn1, Zeb1, Zeb2, Vim, Vtn and Fgfr1, amongst others (Figure 3 

and Data set S3). Additionally, Turicibacter spp. and an uncultured member of the Lachnospiraceae 

family were positively correlated with a large number of genes, including Platelet Derived Growth 

Factor Receptor Beta (Pdgfrb), Wnt Family Member 2B (Wnt2b) and Gremlin 2 (Grem2), amongst 

others. Together, these results might imply the potential role of gut microbiota in the regulation of 

ECM (re)organization and EMT, or vice versa.

Figure 3 Integrative analysis of microbiota composition and gene expression in the early phase of aging. 
The 817 up-regulated genes as determined by STEM were correlated with the 50 genera with a relative 
abundance ≥0.1% in at least 1 sample, including the mice aged 6 and 12 months. Relevance network 
showing the genera (white circles) and genes (grey rectangles) that were correlated (r<-0.80 or r>0.80). 
Red lines represent positive correlations, blue lines represent negative correlations. Regarding the negative 
correlations, only the top 50 strongest negative correlations are shown for visualization purposes. Genes 
with green frames are involved in EMT and/or ECM-related processes. i.s.=incertae sedis; u.c.: uncultured. 

_________________________________________

Aging-specific changes in colonic gene expression between 12 and 28 months

Next, we investigated alterations in gene expression during the later phase of the aging process 

by analyzing the changes between 12 and 28 months of age. Since the number of differentially 

expressed genes (n=170, q<0.01) was too low to perform a functional analysis, a less stringent 

IBMT p-value<0.01 was applied to include genes displaying more subtle expression changes, 

resulting in 1,371 significantly differentially expressed genes (Figure 4A). The top 15 highest up- 

and down-regulated genes presented in Table 3 show that Fatty acid binding protein 6 (Fabp6) 

had the strongest increased expression. The top 15 down-regulated genes were dominated by 

immune- and inflammatory-related genes, including 8 immunoglobulin-coding genes, Angiogenin 4 

(Ang4), regenerating islet-derived 3 beta (Reg3b) and Resistin like beta (Retnlb). Another interesting 

immune-related gene displaying age-related reduced expression, but with a smaller fold change 

ranking them out of the top-15 list, was Indoleamine 2,3-dioxygenase 1 (Ido1) (Data set S4). The most 

significantly enriched down-regulated gene sets identified by GSEA were related to DNA replication 

and DNA synthesis (Table S3B). In addition, IPA identified ‘Protein Ubiquitination Pathway’, 

‘Mismatch Repair in Eukaryotes’ and ‘Cell Cycle Control of Chromosomal Replication’ as most 

significantly regulated canonical pathways during the later phase of the aging process (Figure 4B) 
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and X-box binding protein 1 (Xbp1) as the strongest inhibited upstream regulator (Table S3C). Taken 

together, these results indicate that during the later phase of aging (between 12 and 28 months), 

gene expression profiles pointed towards a diminished antimicrobial defense, an altered protein 

degradation response and aberrations in DNA repair mechanisms.

Figure 4 Aging-specific changes in colonic gene expression between 12 and 28 months and 
integration with colonic microbiota composition. (A) Number of differentially expressed genes between 
12vs28, 12vs24 and 24vs28 months (IBMT p<0.01). (B) Top 10 most significant canonical pathways between 
12 and 28 months identified by Ingenuity Pathway Analysis (IPA). Numbers behind bars represent the 
number of differentially expressed genes (IBMT p<0.01) and numbers behind the pathways represent the 
total number of genes. (C) Correlations between gut microbiota composition and gene expression during 
aging. The 1371 genes differentially expressed between 12 and 28 months were correlated with the 50 
genera with a relative abundance ≥0.1% in at least 1 sample, including the mice aged 12 and 28 months. 
Relevance network showing the genera (white circles) and genes (grey rectangles) that were correlated 
(r<-0.80 or r>0.80). Red lines represent positive correlations, blue lines represent negative correlations. 
For visualization purposes, only the top 25 strongest positive top 25 negative correlations are shown. 
i.s.=incertae sedis; u.c.: uncultured. 
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Table 3 Top 15 highest up-regulated and down-regulated genes between 12 and 28 months.

Top 15 up-regulated genes FC p-value q-value

Fabp6 fatty acid binding protein 6 3.29 1.59E-05 2.25E-03

Cml2 N-acetyltransferase 8 (GCN5-related) family 
member 2 2.33 4.42E-09 1.25E-05

1700057G04Rik RIKEN cDNA 1700057G04 gene 2.28 2.54E-04 1.30E-02

Creb3l3 cAMP responsive element binding protein 
3-like 3 2.14 2.62E-06 7.64E-04

Cml5 N-acetyltransferase 8 (GCN5-related) family 
member 5 1.99 1.02E-04 7.95E-03

Cyp2c67 cytochrome P450, family 2, subfamily c, 
polypeptide 67 1.89 3.83E-03 5.02E-02

Pcdhb18 protocadherin beta 18 1.88 5.11E-11 5.80E-07

Snora44 small nucleolar RNA, H/ACA box 44 1.88 1.05E-04 8.03E-03

Pcdhb16 protocadherin beta 16 1.86 1.38E-08 3.14E-05

Abcg5 ATP binding cassette subfamily G member 5 1.80 9.10E-06 1.69E-03

Gm6086 galactose-3-O-sulfotransferase 2C 1.79 5.69E-04 1.92E-02

Abcc2 ATP binding cassette subfamily C member 2 1.77 3.61E-04 1.53E-02

Snora73b small nucleolar RNA, H/ACA box 73B 1.73 5.47E-06 1.29E-03

Npc1l1 NPC1 like intracellular cholesterol trans-
porter 1 1.70 2.51E-03 4.11E-02

Abcg8 ATP binding cassette subfamily G member 8 1.70 1.90E-05 2.49E-03

Top 15 down-regulated genes FC p-value q-value

Igkv8-24 immunoglobulin kappa chain variable 8-24 -7.63 9.26E-04 2.48E-02

Ang4 angiogenin, ribonuclease A family, member 4 -4.79 1.93E-05 2.49E-03

Ighg3 immunoglobulin heavy constant gamma 3 -3.63 4.46E-04 1.68E-02

Iglv2 immunoglobulin lambda variable 2 -3.50 1.73E-03 3.53E-02

Reg3b regenerating islet-derived 3 beta -3.30 9.94E-03 8.25E-02

Iglv1 immunoglobulin lambda variable 1 -3.26 2.01E-04 1.17E-02

Igkv3-12 immunoglobulin kappa variable 3-12 -3.21 9.55E-03 8.04E-02

Iglc2 immunoglobulin lambda constant 2 -2.94 9.64E-04 2.54E-02

Igkv4-57 immunoglobulin kappa variable 4-57 -2.61 8.44E-04 2.32E-02

Retnlb resistin like beta -2.59 9.42E-05 7.64E-03

Dhrs9 dehydrogenase/reductase (SDR family) 
member 9 -2.17 2.22E-04 1.22E-02

Cadps Ca2+-dependent secretion activator -1.98 6.26E-08 7.37E-05

Iglv3 immunoglobulin lambda variable 3 -1.92 6.12E-04 1.97E-02

Frmd3 FERM domain containing 3 -1.83 1.36E-07 1.41E-04

2310079G19Rik RIKEN cDNA 2310079G19 gene -1.82 3.99E-04 1.59E-02
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Integrative analysis of microbiota composition and gene expression in the later phase of aging 

A second integrative analysis was carried out to investigate the correlation between gene expression 

and gut microbiota composition during the late phase of life. For that purpose, the data of the 50 

genera with a relative abundance of more than 0.1% in at least one sample and the 1,371 genes that 

were differentially expressed between 12 and 28 months (IBMT p<0.01) for each individual mouse were 

integrated. The highest number of most pronounced correlations (r<-0.80 or r>0.80) was found for an 

uncultured member of Gastranaerophilales spp. (Figure 4C). Pcdhb16, Pcdhb18 and Abcg5, all in the 

top 15 of strongest up-regulated genes (Table 3), as well as Ubiquitin Specific Peptidase 20 (Usp20), 

were negatively correlated with the relative abundance of this uncultured member. Interestingly, 

strong positive correlations (R≥0.75) were found for the uncultured member of Gastranaerophilales 

spp. with the down-regulated immune-related genes Ang4, Retnlb and Ido1 (Data set S5).  

 

Markers of gut permeability increased during aging

To determine whether there were changes in markers of gut permeability, concentrations of 

lipopolysaccharide-binding protein (LBP), a marker for bacterial endotoxins, were assessed in 

plasma of mice aged 6, 12, 24 and 28 months. LBP concentrations were significantly higher (p<0.05) 

in plasma from mice aged 28 months compared to 6-months-old mice (Figure 5A). Besides, the 

microarray data of the colonic wall revealed increased expression levels of the Lbp gene during 

aging (Figure 5B). LBP is also synthesized as an acute-phase protein in the liver and therefore we 

assessed expression levels of Lbp in liver tissue, which were increased during aging (Figure 5C). 

Interestingly, although we found increased plasma markers of gut permeability at higher age, there 

was no collective increase in expression of tight junction genes (Data set S2).

Figure 5 Markers of gut permeability during aging. (A) Concentrations of Lipopolysaccharide-binding 
protein (LBP) (ng/ml) in plasma. (B) Expression (Log2) of Lbp in the colon and (C) liver. *p<0.05

Discussion

In the present study, we report that aging is associated with pronounced changes in gut microbiota 

composition and colonic gene expression. In agreement with the current literature, we found an 

increase in potential pathobionts and a decrease in health-promoting bacteria during aging, which 

could potentially contribute to the development of age-related pathologies (12, 22). In contrast to the 

mild effects of aging on colonic gene expression that we found several years ago (23), we now report 

much stronger effects, probably because we included older mice (28 months instead of 21 months of 

age). Moreover, by applying an integrative approach, we show that several bacterial genera strongly 

correlated with colonic gene expression, providing evidence for potential host-microbe interactions.  

A unique feature of this study resides in the collection of fresh faeces at consecutive time points, 

allowing the observation of changes in microbiota composition during the life course in the same 

mouse. Because environmental circumstances were strictly controlled, a broad range of external 

factors could be disregarded, allowing us to focus primarily on aging-related changes. However, a 

limitation of the C57BL/6J mouse model in aging research is the increased vulnerability to premature 

hearing loss, impaired glucose tolerance and tumor formation, amongst others (24). Besides, it 

should be taken into account that differences exist in gut microbiota composition between mice and 

humans, mainly because of differences in size of the intestinal tract, metabolic rate and diet (25). 

We found a strong increased relative abundance of Desulfovibrio spp. and Bilophila spp., two 

closely related genera that produce the potentially toxic compound hydrogen sulfide (26). It was 

previously shown that the relative abundance of Desulfovibrio spp. was increased in elderly humans 

compared to younger subjects (14). Furthermore, increased abundance of both Bilophila spp. 

and Desulfovibrio spp. has been associated with mucosal inflammation (26, 27), highlighting the 

presumable negative physiological consequences of an enrichment of these genera in the aged 

population. The increased relative abundance of these members of the gram-negative Proteobacteria 

could explain the significantly elevated plasma LBP levels at 28 months. LBP is an acute-phase 

protein that binds to LPS, resulting in an innate immune response (28). We suggest that the shift 

in gut microbiota composition during aging eventually caused a diminished intestinal barrier 

function that favored the translocation of LPS into the systemic circulation. We also found a higher 

relative abundance of Odoribacter spp. and Turicibacter spp. at higher age. These genera may be 

involved in colon tumorigenesis, since they were previously found to be enriched in tumor-bearing 

mice (29). Additionally, Odoribacter spp. was recently found to have a higher relative abundance in 

old compared to young mice (30). Turicibacter spp. was less abundant in humans with Alzheimer 

Disease compared to non-demented participants (31).   
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We found that the relative abundance of Akkermansia spp., Bifidobacterium spp. and Lactobacillus 

spp. decreased at middle-age, i.e. 8 months. Each of these genera has one or more health-promoting 

properties, such as the production of SCFAs, enforcement of the mucus layer and stimulation of 

the immune system (32-34). Previous studies reported a loss of these health-associated genera 

in aged mice and humans (35, 36), but our findings implicate that in mice, these genera disappear 

already at middle-age. It is important to note that Akkermansia spp. was shown to be negatively 

correlated with adiposity (37). Accordingly, the observed decrease in relative abundance of this 

genus could be related to an increase in bodyweight with age. Coprococcus spp., Roseburia spp. 

and Christensenellaceae spp., all described as producers of the health-promoting butyrate (38, 39), 

had increased relative abundances in old mice compared to young mice in our study. This runs 

contrary to humans studies in which these genera have shown lower relative abundance (14, 40) 

and that elderly persons had a gut microbiota composition reflecting a lower butyrate production 

capacity (41). However, Christensenellaceae spp. as well as Akkermansia spp. were detected in 

faeces of centenarians, i.e. people over 100 years of age (13, 14), implicating that these genera could 

be linked to an extreme life span. Although the oldest mice in our study could not be considered as 

representative for centenarians, their age was extremely high for mice (42), possibly explaining the 

presence of this genus. We found relatively low concentrations of intraluminal butyrate and other 

SCFAs, which is possibly the consequence of the low fiber semisynthetic diets that we used. 

An uncultured Coriobacteriaceae spp. followed a strong decreasing pattern during aging. The 

Coriobacteriaceae family is a commensal community in the gut and some members play a role in 

several metabolic processes, such as bile acid metabolism (43). We did not find a strong correlation 

between the uncultured Coriobacteriaceae spp. with the level of the unspecified bile acid, but 

strong negative correlations were found with both fumarate and methanol. The relative abundance 

of Parasutterella spp., which decreased strongly during aging in our study, was also found to be 

significantly reduced in patients with colorectal cancer (44), but has not been reported in relation 

to aging yet. We found that this genus was positively correlated with fumarate and negatively 

correlated with methanol. Since both the uncultured Coriobacteriaceae spp. and Parasutterella spp. 

showed strong decreasing abundances during aging and were correlated with various metabolites, 

it would be worthwhile to further investigate the role of these genera and metabolites in the aging 

process. A recent study discovered that the bacterial metabolite colanic acid promoted longevity in 

the host Caenorhabditis elegans (45), emphasizing the importance of further studies to focus on the 

mediating role of bacterial metabolites during aging. 

In this study, we collected both faecal and colonic samples, allowing us to investigate the similarity 

in microbiota composition of both sample sources. Although age predominantly contributed to the 

variation in gut microbiota composition, we did observe subtle dissimilarities in relative abundances 

between sample sources. The most notable difference was the higher relative abundance of the 

Actinobacteria phylum in fresh faeces compared to colonic luminal content of young mice. A possible 

explanation for these dissimilarities is the fact that, in contrast to the colonic luminal content, fresh 

faeces passed the complete colon and may have been affected by various factors known to influence 

microbiota composition, such as oxygen levels and pH-values (16). The reliability of the use of stool 

samples for assessment of microbiota composition in human studies is currently under debate. 

However, the subtle differences detected between sample sources in the present study do not 

directly demand for a switch in using the relatively non-invasive stool samples to colonic content 

isolates in aging studies. 

Remarkably, both the highly abundant Akkermansia spp. and Desulfovibrio spp. displayed a strong 

age-related decrease or increase, respectively, but did not show strong correlations with colonic gene 

expression. On the other hand, Bifidobacterium spp. was negatively correlated with a considerable 

number of genes related to ECM and EMT processes. Strong positive correlations were also found 

for Turicibacter spp. and two uncultured Lachnospiraceae spp. with the same subgroup of genes. 

Interestingly, the expression of mesenchymal markers and related transcription factors was strongly 

increased between 6 and 12 months, while expression of epithelial markers was not or moderately 

affected. These findings suggest that a change in cellular composition of the tissue occurs, in terms 

of a gain of a mesenchymal phenotype, but without loss of the epithelial phenotype. Conceivably, 

the EMT was not of classical nature and the step of de-epithelialization was eliminated, a process 

called partial or intermediate EMT (46). IPA identified Tgfb1 as main upstream regulator which is 

a known and potent inducer of EMT during normal development, tissue repair, organ fibrosis and 

metastasis (47, 48). However, it is not plausible to assume that the observed EMT was pathological, 

since the mice remained in a in healthy condition far beyond the time point at which the EMT was 

induced, and death rates remained extremely low till the age of 20 months. More likely, the EMT 

contributed to normal development of the mice that was possibly induced by certain gut microbiota, 

since we hypothesize that the presence of Bifidobacteria spp. (or its metabolites, e.g. lactic acid) 

could weaken the expression of ECM- and EMT-related genes, or vice versa. It was previously shown 

that pathogens do have the ability to activate EMT-signaling pathways (49), and our results could 

indicate that also non-pathogens might be involved in the regulation of these pathways. Next, we 

hypothesize that the gain in mesenchymal markers resulted in an increased deposition of ECM (48, 

50), as confirmed by the collagen staining. Ultimately, these events could have led to a change in 
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colon morphology in our study, as observed by the increase in colonic crypt depth. 

By exploring the changes between 12 and 28 months, we found evidence for an altered protein 

degradation response, together with a potential aberration of DNA repair mechanisms in the colon 

during the late phase of life. These processes are common events during aging and are linked to 

several age-related pathologies (1). Moreover, we observed a decreased intestinal immune response 

during aging, since several immunoglobulins, as well as the immunosuppressive Ido1 gene, were 

strongly down-regulated. Besides, the strong down-regulation of Ang4, Reg3b, Retnlb and Ido1 

pointed toward a dysregulation of antimicrobial peptide expression at old age. Interestingly, Ang4, 

Retnlb and Ido1 were positively correlated with an uncultured Gastranaerophilales spp. To the best 

of our knowledge, little is known about Gastranaerophilales spp., however, genome sequencing 

revealed that this order is capable of converting glucose, mannose, starch, or glycogen into lactate, 

ethanol and formate (51). Notably, the semi-synthetic diet fed to the mice in our study was rich in 

starch, possibly explaining the presence of this bacterial strain. Usp20 was negatively correlated to 

the uncultured Gastranaerophilales spp., highlighting the possible role of this bacterial strain in the 

observed altered protein degradation response during aging. 

Taken together, this study demonstrates that aging is associated with pronounced changes in gut 

microbiota composition and colonic gene expression, without interference of environmental factors. 

A presumably deleterious shift in gut microbiota composition occurred during aging, as we found 

an increase in potential pathobionts and a decrease in health-promoting bacteria. However, we also 

reported strong changes in relatively unexplored genera, which might have health effects during the 

aging process. Next to the pronounced differences in gut microbiota and colonic gene expression 

during aging, we also found strong correlations between these two aspects of colonic health. This 

finding implies that host-microbe interactions might play an important role during aging and therefore 

the newly identified molecular interactions should be investigated more extensively in future research.  
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Figure S1 (A) Body weight measurements recorded every 2 weeks. (B) Mean food intake in kilocalories per 
week during the life span of the mice. (C) Liver weight in grams. (D) Relative liver weight as percentage 
of body weight. (E) Fasting insulin levels (ng/ml) measured in plasma. (F) Percentage of mice that died 
before sacrifice. 

Figure S2 (A) Principal Component Analysis (PCA) displaying separation of the fresh faeces (FF) samples 
collected at 4, 8, 12, 18, 24 and 28 months. (B) PCA displaying separation of the colonic luminal content 
(CLC) samples collected at sacrifice at 6, 12, 24 and 28 months.

Figure S3 Relative abundance (%) at phylum level in colonic luminal content determined in all individual 
mice.
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Figure S1 (A) Body weight measurements recorded every 2 weeks. (B) Mean food intake in kilocalories per 
week during the life span of the mice. (C) Liver weight in grams. (D) Relative liver weight as percentage 
of body weight. (E) Fasting insulin levels (ng/ml) measured in plasma. (F) Percentage of mice that died 
before sacrifice. 

Figure S2 (A) Principal Component Analysis (PCA) displaying separation of the fresh faeces (FF) samples 
collected at 4, 8, 12, 18, 24 and 28 months. (B) PCA displaying separation of the colonic luminal content 
(CLC) samples collected at sacrifice at 6, 12, 24 and 28 months.

Figure S3 Relative abundance (%) at phylum level in colonic luminal content determined in all individual 
mice.
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Table S2 (A) Table including the top 10 of significantly enriched up-regulated and (B) down-regulated gene 
sets between 6 and 12 months, as determined by GSEA. (C) Genes included in the canonical pathways 
‘Hepatic Fibrosis/Hepatic Stellate Cell Activation’ and ‘Regulation of the Epithelial-Mesenchymal Transition 
Pathway’ identified by IPA. (D) Expression of genes described to be up- or down-regulated during EMT, 
selection based on literature (see references in supplemental data). (E) IPA identified the top 5 upstream 
regulators with the highest activation score between 6 and 12 months.

NAME SIZE NES FDR 
q-value

EXTRACELLULAR MATRIX ORGANIZATION 251 3.21 <0.001

COLLAGEN BIOSYNTHESIS AND MODIFYING ENZYMES 62 2.81 <0.001

ECM PROTEOGLYCANS 53 2.78 <0.001

ELASTIC FIBRE FORMATION 38 2.77 <0.001

KEGG ECM RECEPTOR INTERACTION 87 2.73 <0.001

COLLAGEN FORMATION 82 2.68 <0.001

INTEGRIN CELL SURFACE INTERACTIONS 64 2.66 <0.001

PLATELET DEGRANULATION 76 2.57 <0.001

KEGG FOCAL ADHESION 205 2.57 <0.001

MOLECULES ASSOCIATED WITH ELASTIC FIBRES 29 2.55 <0.001

NAME SIZE NES FDR 
q-value

OLFACTORY SIGNALING PATHWAY 308 -1.88 0.242

KEGG MATURITY ONSET DIABETES OF THE YOUNG 26 -1.85 0.170

TRAF6 MEDIATED IRF7 ACTIVATION 29 -1.81 0.196

RIG I MDA5 MEDIATED INDUCTION OF IFN ALPHA BETA PATHWAYS 67 -1.78 0.207

TRANSCRIPTIONAL ACTIVITY OF SMAD2 SMAD3 SMAD4 HETEROTRIM-
ER 37 -1.72 0.324

KEGG TYPE II DIABETES MELLITUS 50 -1.71 0.289

DOWNREGULATION OF SMAD2 3 SMAD4 TRANSCRIPTIONAL ACTIVITY 19 -1.70 0.287

SMAD2 SMAD3 SMAD4 HETEROTRIMER REGULATES TRANSCRIPTION 25 -1.70 0.252

WP431 NUCLEAR RECEPTORS IN LIPID METABOLISM AND TOXICITY 30 -1.69 0.258

RORA ACTIVATES CIRCADIAN GENE EXPRESSION 24 -1.68 0.256

NES: Normalized Enrichment Score

A

B

Hepatic Fibrosis / Hepatic Stellate Cell Activation
Regulation of the Epithelial-Mesenchymal Transi-
tion Pathway

MYH10 FLT1 LOX

CTGF EDNRB TCF4

MMP13 COL6A2 SNAI2

TGFBR2 COL12A1 FGF2

TGFB1 FLT4 NCSTN

MYL4 COL1A1 PARD6G

COL27A1 CSF1 FZD1

TIMP2 EDNRA KLB

PDGFRB KDR TGFBR2

SMAD2 FGF10

COL4A1 TGFB1

FGFR1 KL

IL6R HGF

MMP2 TGFB2

IGFBP5 AKT3

IFNAR2 IRS2

MYL9 FZD2

IGF2 FGF7

COL6A3 PDGFRB

ACTA2 ETS1

IGFBP3 SMAD2

TGFB3 NOTCH3

COL3A1 FGFR1

IGFBP4 WNT2B

FN1 MMP2

ICAM1 ZEB1

COL4A6 PIK3R3

PDGFA FZD4

FGF2 mir-192

LEPR ZEB2

COL4A2 PIK3R6

MYH11 TGFB3

COL15A1 FZD5

FAS TCF7L2

COL5A1 CLDN3

COL1A2 PSEN1

COL6A1 WNT5A

IGF1

HGF

TGFB2

PDGFRA

C
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Table S2 (A) Table including the top 10 of significantly enriched up-regulated and (B) down-regulated gene 
sets between 6 and 12 months, as determined by GSEA. (C) Genes included in the canonical pathways 
‘Hepatic Fibrosis/Hepatic Stellate Cell Activation’ and ‘Regulation of the Epithelial-Mesenchymal Transition 
Pathway’ identified by IPA. (D) Expression of genes described to be up- or down-regulated during EMT, 
selection based on literature (see references in supplemental data). (E) IPA identified the top 5 upstream 
regulators with the highest activation score between 6 and 12 months.
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COL18A1

COL5A2

VCAM1

TRANSCRIPTION FACTORS 

Gene name  Fold Change IBMT q-value 

↑Ets2 1.03 3.57E-01

↑Junb 1.04 5.16E-01

↑Lef1 1.22 3.23E-02

↑Mkl1 -1.05 2.99E-01

↑Mkl2 -1.04 3.13E-01

↑Prrx1 1.04 3.92E-01

↑Snai1 1.23 7.72E-02

↑Snai2 1.84 2.09E-06

↑Twist1 1.14 1.63E-01

↑Twist2 1.18 9.86E-02

↑Zeb1 2.04 1.50E-05

↑Zeb2 3.28 2.07E-09

↑Tcf3 -1.02 5.27E-01

↑Tcf21 2.89 2.37E-07

↑Foxc2 1.05 4.55E-01

↑ Up-regulated during EMT

↓ Down-regulated during EMT

q<0.01

q<0.05

REGULATION AT RNA LEVEL & HISTONE 
MODIFICATIONS

Gene name  Fold Change IBMT q-value 

↑Dot1l -1.01 5.69E-01

↓Esrp1 -1.07 8.70E-02

↓Esrp2 -1.01 5.86E-01

↑Kdm1a -1.09 2.21E-02

↑Kdm3a -1.24 2.87E-03

↑Mbnl1 1.07 1.01E-01

↓Mir124a-2 -1.13 1.90E-01

↓Mir124a-3 -1.06 3.14E-01

↑Mir155 -1.11 9.81E-02

↓Mir194-1 -1.2 6.06E-02

↓Mir1a-1 -1.02 4.79E-01

D

↓Mir1a-2 -1.04 3.11E-01

↓Mir200a -1.37 2.22E-02

↓Mir200b -1.53 4.12E-02

↓Mir200c -1.14 2.45E-01

↓Mir205 -1.14 2.34E-01

↑Mir24-2 -1.11 2.21E-01

↓Mir29b-1 -1.11 6.62E-02

↓Mir30a -1.35 2.94E-02

↓Mir34a -1.11 3.20E-01

↓Mir34b -1.05 4.54E-01

↓Mir34c 1.03 4.76E-01

↓Mir429 -1.54 1.26E-02

↓Mir491 1.12 2.73E-01

↑Mir9-1 -1.18 9.84E-02

↑Mir9-2 -1.21 3.25E-01

↑Mir9-3 -1.01 5.95E-01

↑Rbfox2 -1.01 5.92E-01

↓Rbm47 -1.09 2.55E-02

↑Srsf1 1.1 4.49E-02

 

↑ Up-regulated during EMT

↓ Down-regulated during EMT

q<0.01

q<0.05

GROWTH FACTORS & OTHER SIGNALS

Gene name Fold Change IBMT q-value 

↑Ctgf 2.07 3.22E-04

↑Dab2 2.33 4.26E-07

↑Egflam 1.29 6.56E-03

↑Emr1 2.32 5.87E-08

↑Emr4 1.1 1.97E-01

↑Fgf1 -1.1 2.41E-01

↑Hgf 2.16 1.42E-03

↑Igf1 2.6 1.83E-07

↑Igfbp3 3.68 1.83E-08

↑Il6 -1.03 4.20E-01

↑Notch1 -1 6.15E-01

↑Notch2 1.12 2.41E-01

↑Notch3 1.45 1.03E-03
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↑Notch4 1.11 1.87E-01

↑Pdgfa -1.2 5.33E-03

↑Pdgfb 1.24 1.97E-02

↑Pdgfra 2.92 3.73E-08

↑Pdgfrb 1.78 1.31E-07

↑Shh 1.01 6.01E-01

↑Tgfb1 1.35 1.02E-02

↑Tgfb2 1.81 1.26E-04

↑Tgfb3 1.53 2.36E-03

↑Tgfbr1 1.11 6.15E-02

↑Tgfbr2 1.23 3.80E-04

↑Tgfbr3 3.21 8.78E-09

↑Vegfa -1.06 3.11E-01

↑Wnt2 1.04 4.83E-01

↑Wnt2b 2.89 6.29E-09

↑Wnt5a 1.44 1.24E-02

↑ Up-regulated during EMT

↓ Down-regulated during EMT

q<0.01

q<0.05

MARKER GENES

Gene name Fold Change IBMT q-value Gene name Fold Change IBMT q-value

↑Pik3ca -1.08 7.84E-02 ↑Bmp4 3.21 5.15E-09

↓Pkp2 -1.03 4.23E-01 ↑Cav1 2.92 8.39E-06

↓Pkp3 -1.05 3.33E-01 ↑Cd274 -1.34 2.63E-03

↓Pkp4 1.04 3.76E-01 ↑Ddr2 2.61 3.74E-06

↑Pou5f1 -1.03 5.22E-01 ↑Edn1 -1.91 1.16E-03

↑Rac1 -1 6.00E-01 ↑Ednra 2.75 7.72E-08

↑Rho 1.07 3.40E-01 ↑Lcn2 2.44 6.04E-03

↑Rhoa 1.01 5.84E-01 ↑Postn 4.16 3.13E-10

↑Bmi1 1.06 3.85E-01 ↑Smad2 -1.21 1.03E-03

↑Cdc42 1.03 3.27E-01 ↑Smad3 -1.14 2.03E-02

↓Cdh1 -1.07 3.49E-02 ↑Smad4 -1.07 3.47E-01

↑Cdh2 1.24 1.08E-01 ↑Smad5 -1.02 4.88E-01

↓Cldn1 1.55 1.28E-02 ↑Sox2 -1.03 5.01E-01

↓Cldn25 1.1 1.37E-01 ↑Sparc 3 9.76E-08

↑Axl 3.07 1.03E-08 ↑Vcan 2.33 4.65E-06

↓Dsg1b -1.11 2.96E-01 ↑Vim 2.13 5.87E-08

↓Dsg1c -1.07 4.27E-01 ↑Vtn 1.65 5.27E-06

↓Pkp1 1.02 5.46E-01 ↓Bmp2 -1.49 1.02E-03

↑Pard6g 1.55 5.58E-04 ↓Lrp6 -1.14 1.17E-03

↑Col1a1 1.52 2.47E-04 ↓Tjp1 -1.15 9.09E-03

↑Col3a1 1.87 7.43E-05 ↓Tjp2 -1.1 3.01E-02

↓Crb3 -1.1 7.71E-02 ↓Tjp3 -1.1 2.61E-02

↑Ctnnb1 -1 6.14E-01 ↓Tspan13 1.15 5.21E-02

↑Pard3 -1.07 1.85E-01 ↑Timp1 1.56 1.51E-02

↑Pard6a -1.12 1.68E-01 ↑Cux1 -1.1 1.20E-02

↑Pard6b -1.1 1.55E-01 ↑Cd44 1.33 1.02E-02

↓Dsg2 -1.18 1.89E-03

↓Dsg3 -1.07 2.38E-01

↓Dsg4 -1.03 4.97E-01

↓Dsp -1.09 1.65E-02

↓Epcam -1.05 8.31E-02

↓Flnb -1.02 4.67E-01

↑Fn1 2.92 1.42E-04

↑Itga1 1.44 8.67E-03

↑Itga2 1.09 3.01E-01

↑Itga5 1.69 1.89E-02

↓Itga6 1.03 4.16E-01

↑Itgav 1.06 3.10E-01

↓Jup -1.03 2.79E-01

↑Kat5 -1.04 2.93E-01

↓Krt4 -1.06 4.41E-01

↓Llgl2 -1.09 4.81E-02

↑Loxl2 1.77 1.46E-04

↑Mmp2 2.68 1.83E-07

↑Mmp9 1.22 7.66E-02

↓Mpp5 -1.17 3.58E-03

↑Mst1r -1.16 1.11E-02

↓Muc1 -1.53 4.68E-02

↑Ncam1 1.52 3.51E-04

↑Ncam2 -1.03 5.65E-01

↓Ocln -1.21 1.05E-02

References used: (1-6)
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References used: (1-6)
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B

E

Upstream Regulator Molecule Type Predicted Activation 
State Activation z-score p-value of overlap

TGFB1 growth factor Activated 6.63 2.34E-53

Lipopolysaccharide chemical drug Activated 4.24 2.35E-38

Beta-estradiol chemical - endogenous 
mammalian Activated 2.88 1.07E-25

TP53 transcription regulator Activated 2.11 2.83E-25

WNT3A cytokine Activated 2.07 7.85E-24

Table S3 (A) Table including the top 10 of significantly enriched up-regulated and (B) down-regulated 
gene sets between 12 and 28 months, as determined by GSEA. (C) Top 5 upstream regulators with the 
highest activation score between 12 and 28 months identified by IPA.

NAME SIZE NES FDR q-value

KEGG PHOSPHATIDYLINOSITOL SIGNALING SYSTEM 81 2.28 0.004

WP1259 RETINOL METABOLISM 39 2.21 0.005

SYNTHESIS OF PIPS AT THE PLASMA MEMBRANE 33 2.20 0.004

KEGG FATTY ACID DEGRADATION 46 2.14 0.007

KEGG INOSITOL PHOSPHATE METABOLISM 61 2.13 0.006

PI METABOLISM 50 2.09 0.009

WP401 MITOCHONDRIAL LC FATTY ACID BETA OXIDATION 16 2.07 0.010

BIOC GHPATHWAY 23 1.99 0.031

PHASE 1 FUNCTIONALIZATION OF COMPOUNDS 76 1.98 0.031

KEGG OTHER GLYCAN DEGRADATION 18 1.95 0.038

NAME SIZE NES FDR q-value

DNA REPLICATION 99 -2.77 <0.001

KEGG DNA REPLICATION 35 -2.75 <0.001

MITOTIC M/M G1 PHASES 280 -2.75 <0.001

SYNTHESIS OF DNA 92 -2.73 <0.001

SEPARATION OF SISTER CHROMATIDS 154 -2.72 <0.001

MITOTIC METAPHASE AND ANAPHASE 166 -2.71 <0.001

MITOTIC ANAPHASE 165 -2.7 <0.001

DNA REPLICATION PRE-INITIATION 77 -2.69 <0.001

M G1 TRANSITION 77 -2.69 <0.001

A

DNA STRAND ELONGATION 31 -2.67 <0.001

NES: Normalized Enrichment Score

Upstream 
Regulator Molecule Type Predicted Activation 

State Activation z-score p-value of 
overlap

XBP1 transcription regulator Inhibited -5.34 2.65E-11

TBX2 transcription regulator Inhibited -3.31 4.15E-07

ERBB2 kinase Inhibited -3.42 1.33E-06

ATF6 transcription regulator Inhibited -3.13 1.45E-06

FBXO32 enzyme Inhibited -3.02 8.62E-06

Table S4 RNA integrity numbers (RIN) of the RNA isolated from colonic scrapings that were used for 
microarrays.

Mouse ID Age (months) RNA integrity 
number (RIN)

A1_03 6 10

A1_07 6 10

A1_09 6 9.9

A1_11 6 10

A2_01 12 9.9

A2_03 12 10

A2_05 12 9.9

A2_07 12 10

A2_09 12 9.9

A2_11 12 10

A2_13 12 10

A3_01 24 10

A3_03 24 10

A3_05 24 10

A3_07 24 10

A3_09 24 10

A3_11 24 10

A3_13 24 10

A3_15 24 10

A4_01 28 9.4

C
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A4_03 28 10

A4_05 28 9.6

A4_09 28 9.6

A4_17 28 10

A4_19 28 9.8

A4_21 28 10

Data set S1: Table with causes of death of the mice that died prior to sacrifice.

Data set S2: Genes differentially expressed between 6vs12, 6vs24 and 6vs28 months (q<0.01). 
Data set S3: All correlations between the 50 genera with a relative abundance ≥0.1% in at least 1 sample 
and the 817 up-regulated genes assigned to the red profile as determined by STEM. Orange cells contain 
r>0.8, blue cells contain r<-0.8. 

Data set S4: All genes differentially expressed between 12 and 28 months of age (p<0.01).

Data set S5: All correlations between the of 50 genera with a relative abundance ≥0.1% in at least 1 sample 
and the 1371 genes differentially expressed between 12 and 28 months. Orange cells contain r>0.8, blue 
cells contain r<-0.8.

Due to the extensive size of the files, data sets S1-S5 can be found online: 
Van der Lugt B, Rusli F, Lute C, Lamprakis A, Salazar E, Boekschoten MV, Hooiveld GJ, Müller M, Vervoort 
J, Kersten S, Belzer C, Kok DE, Steegenga WT. Integrative analysis of gut microbiota composition, host 
colonic gene expression and intraluminal metabolites in aging C57BL/6J mice. Aging (Albany NY). 2018; 
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Abstract

Background

The use of Akkermansia muciniphila as potential therapeutic intervention is receiving increasing 

attention. Health benefits attributed to this bacterium include an improvement of metabolic disorders 

and exerting anti-inflammatory effects. The abundance of A. muciniphila is associated with a healthy 

gut in early mid- and later life. However, the effects of A. muciniphila on a decline in intestinal health 

during the aging process are not investigated yet. We supplemented accelerated aging Ercc1-/Δ7 mice 

with A. muciniphila for 10 weeks and investigated histological, transcriptional and immunological 

aspects of intestinal health. 

Results 

The thickness of the colonic mucus layer increased about 3-fold after long-term A. muciniphila 

supplementation and was even significantly thicker compared to mice supplemented with 

Lactobacillus plantarum WCFS1. Colonic gene expression profiles pointed towards a decreased 

expression of genes and pathways related to inflammation and immune function, and suggested 

a decreased presence of B cells in colon. Total B cell frequencies in spleen and mesenteric lymph 

nodes were not altered after A. muciniphila supplementation. Mature and immature B cell frequencies 

in bone marrow were increased, whereas B cell precursors were unaffected. These findings implicate 

that B cell migration rather than production was affected by A. muciniphila supplementation. 

Gene expression profiles in ileum pointed toward a decrease in metabolic- and immune-related 

processes and antimicrobial peptide production after A. muciniphila supplementation. Besides, 

A. muciniphila decreased the frequency of activated CD80+CD273- B cells in Peyer’s patches. 

Additionally, the increased numbers of peritoneal resident macrophages and a decrease in Ly6Cint 

monocyte frequencies in spleen and mesenteric lymph nodes add evidence for the potentially anti-

inflammatory properties of A. muciniphila. 

Conclusions 

Altogether, we show that supplementation with A. muciniphila prevented the age-related decline in 

thickness of the colonic mucus layer and attenuated inflammation and immune-related processes 

at old age. This study implies that A. muciniphila supplementation can contribute to a promotion of 

healthy aging. 

Introduction 

Coincident with the increase in the aged population that is observed nowadays, the often inevitable 

decline in overall health in the elderly is becoming an alarming problem. The aging process is 

accompanied by a chronic low-grade inflammatory state, termed ‘inflamm-aging’, which is a strong 

risk factor for many age-related pathologies (1-4). One of the organs that is affected by the aging 

process is the intestinal tract and the occurrence of gut-related disorders in the aged population is 

considerable (5). 

As main inhabitant of the intestine, the gut microbiota play an essential role in the maintenance 

of overall health. Bacteria are able to degrade complex carbohydrates, thereby converting these 

substrates into metabolites that are beneficial to health, such as short-chain fatty acids (SCFAs) (6, 

7). Besides, the gut microbiota interact extensively with the host immune system by the regulation 

of immune responses (8). During the aging process, changes in gut microbiota composition occur, 

such as a decreased diversity, a decrease in health-promoting bacteria and an increase in potential 

pathobionts. This disturbed balance in microbiota composition is thought to increase the risk of 

impaired intestinal barrier function and intestinal inflammation (9). In mice, transfer of microbiota 

from aged mice to young germfree recipient mice promoted intestinal inflammation, increased 

leakage of bacterial components into blood and stimulated systemic immune activation (10). 

An important factor with regard to gut health is the mucus layer that covers the intestinal epithelial 

cell layer and serves as physical protection for bacterial penetration and harmful compounds to 

enter the mucosal tissue (11). Intestinal mucus is built up of mostly Mucin 2 (Muc2) proteins, which 

are large gel-forming proteins that are secreted by goblet cells located in the intestinal mucosa. 

These proteins form a net-like structure and are the building blocks of the mucus layer. The 

importance of the mucus layer was emphasized in studies using Muc2 knockout mice, which did 

not have a colonic mucus layer covering the intestinal epithelial layer (12, 13). These mice suffered 

from a decreased intestinal barrier function, an increased inflammatory status (14) and had signs of 

colitis (12). Next to the protective function of the mucus layer, it also serves as an energy source for 

bacteria. Akkermansia muciniphila is one of the bacterial species that is able to degrade mucus. This 

bacterium is highly abundant (~3%) in the healthy human colon (15). Upon mucus degradation, A. 

muciniphila produces several immune-stimulating compounds, such as SCFAs and pili (16, 17). The 

outer membrane pili-like protein Amuc_1100 is thought to be involved in the beneficial properties of 

A. muciniphila on health (18, 19). 

Recent studies suggest that the beneficial effects of A. muciniphila are not limited to the intestinal 

tract, but extend to overall health. The abundance of A. muciniphila was reduced in people suffering 
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from obesity, type 2 diabetes, inflammatory bowel disease, amongst others (20). Furthermore, 

supplementation with A. muciniphila in mice resulted in an improved metabolic state and reduced 

diet-induced obesity (ClinicalTrials.gov Identifier: NCT02637115) (21-23).

We and others previously showed that the abundance of Akkermansia spp. in colonic luminal 

content decreased during aging in mice (10, 24, 25). Another study also reported an age-related loss 

of Akkermansia spp. in humans (26). Interestingly, the abundance of Akkermansia spp. was shown 

to be increased in centenarians (105-109 years old) compared to younger age groups (27). These 

results could indicate that a relation exists between reaching an extreme old age and the abundance 

of Akkermansia spp. (24, 27).

The numerous potential beneficial characteristics of A. muciniphila suggest that this bacterium 

could be a potent candidate for microbial supplementation. However, the effects of this bacterium 

on the decline in intestinal health as seen during aging are not widely investigated yet. Therefore, 

the aim of the present study was to investigate the effects of supplementation with A. muciniphila on 

different aspects of intestinal health. We used Ercc1-/Δ7 mice, an accelerated aging mouse model that 

has a median lifespan of ~20 weeks. Further characteristics of this mouse model were extensively 

described in previous studies (28-30) and indicate that the accelerated aging phenotype of Ercc1-/

Δ7 mice largely resembles normal aging. The Ercc1-/Δ7 mice were supplemented with A. muciniphila 

for 10 weeks via oral gavage. After sacrifice, ileum and colon were subject to transcriptional analysis 

and the microbiota composition in these organs was investigated. Furthermore, we assessed mucus 

thickness in the colon and the distribution of immune cells in immune-related tissues. 

Materials and methods

Mice and study design

In this study, accelerated aging Ercc1-/Δ7mice were used. Genotyping of this mouse model was 

extensively described previously by others (28-30). In short, Ercc1-/Δ7 mice have an impaired DNA 

repair protein ERCC1, resulting in accumulation of a broad variety of DNA lesions and consequently 

accelerated aging. Mice were individually housed under SPF conditions, received an ad libitum 

purified diet (formula D12450B, Research Diets, Additional file 5A) and had ad libitum access to 

water supplied by water bottles with long nozzles. Mice were supplemented with Akkermansia 

muciniphila by oral gavage at a dose of 2x108 CFU/200 μL, three times a week, for a total of 10 weeks. 

Oral gavages were given in the morning. The control group simultaneously received oral gavages 

containing the same volume of PBS. A third Ercc1-/Δ7 mice group was included that received the 

same dose of Lactobacillus plantarum WCFS1. These mice were only used for histological purposes. 

Growing procedures of the bacterial cultures was extensively described previously (29). A number 

of 18 mice per group (both male and female) was included and lifespan of these mice was assessed. 

After 10 weeks, when the mice were 16 weeks old, a number of 5-6 female mice were sacrificed. 

Colonic and ileal content, as well as distal ileum and proximal colon sections, were collected and 

snap-frozen in liquid nitrogen. A piece of ileal and colonic tissue was fixed in Carnoy’s solution 

for histological purposes. Spleen, mesenteric lymph nodes, Peyer’s patches, bone marrow and 

peritoneal exudate cells were isolated for immunological measurements. 

Histology

After paraffin embedding, Carnoy-fixed distal ileum and proximal colon tissue were sliced in 5 μM 

sections on poly-l-lysine coated glass slides (Thermo Scientific, Germany). Slides were dewaxed, 

dehydrated and stained with hematoxylin and eosin (H&E) and PAS/Alcian blue. The thickness of 

the colonic mucus layer was measured using ImageJ software (NIH, MD, USA). For comparison of 

the mucus layer thickness, we included an extra mouse group that received Lactobacillus plantarum 

WCFS1. 

Microbiota composition analysis

DNA was isolated from ileal and colonic content using a modified repeated bead beating method 

(50). Microbiota composition was assessed using 16S rRNA sequencing on the MiSeq platform 

(Illumina, San Diego, CA, USA). Next, the NG-Tax pipeline was used for barcode-primer filtering, de-

multiplexing, OTU picking and taxonomic classification (51). The generated biom-files were used for 

summarizing the microbiological data, i.e. alpha-diversity and beta-diversity, using the R-packages 

microbiome (52) and phyloseq (53).

RNA isolation

RNA was isolated from distal ileum and proximal colon tissue (n=5-6 mice/group) using TRIzol 

reagent (Invitrogen, Breda, The Netherlands). Purification of the isolated RNA was performed using 

the RNeasy Mini kit (Qiagen, Venlo, The Netherlands). After measurement of the total RNA yield 

(Nanodrop, ND-1000, Nanodrop Products, Maarssen, The Netherlands), RNA integrity was assessed 

(Agilent 2100 Bioanalyzer, Agilent Technologies, Amsterdam, The Netherlands) and only RNAs were 

included with a RNA integrity number (RIN) above 8.0. 
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Microarray analysis

Microarray analysis was performed as described previously (54). Differences in gene expression 

between the control and A. muciniphila supplemented mice groups were assessed using the Intensity 

Based Moderated T statistics (IBMT) method, with p-values <0.05 and fold changes <-1.2 or >1.2. 

Microarray data has been submitted to the NCBI Gene Expression Omnibus (GEO) (GSE126730). 

Gene Set Enrichment Analysis (GSEA) was used to identify significantly enriched pathways (55). 

Only pathways with a False Discovery Rate (FDR) <0.2 were taken into consideration. Ingenuity 

pathway analysis (IPA) was used for the identification of upstream regulators (56). 

cDNA synthesis and real-time quantitative PCR

Real-time quantitative PCR (qPCR) was used to validate the expression profiles of a selection of 

differentially expressed genes identified in the microarray analysis. For both colon and ileum samples, 

complementary DNA (cDNA) was synthesized from 1000 ng of total RNA using the RevertAid First 

Strand cDNA Synthesis Kit (Thermo-Fisher Scientific, Landsmeer, The Netherlands) following the 

manufacturer’s protocol. The following thermal cycling conditions were used: 5 min at 25°C, 60 min 

at 37°C and 5 min at 70°C. Primer sequences were obtained at the online PrimerBank database 

(Additional file 5B) (57). qPCR was performed with a CFX384 thermal cycler (Bio-Rad Laboratories, 

Veenendaal, the Netherlands) using the SensiMix SYBR No-ROX kit (Bioline, Alphen aan den Rijn, 

The Netherlands). The housekeeping gene 36B4 was used for normalization.

Fluorescence-activated cell sorting (FACS) analysis

Spleen, mesenteric lymph nodes, Peyer’s patches, bone marrow and peritoneal exudate cells were 

all subject to FACS analysis, similar as previously reported (29). In brief, femurs, tibias, ileac crests, 

forelegs, and sternum were harvested and crushed with mortar and pestle. Singe-cell suspensions 

from each organ were prepared by passing cells through a 40-μm cell strainer with a syringe. First, 

cells were stained for extracellular markers. Fixable live/dead eFluor506 stain (Ebioscience, San 

Diego, USA) was used to exclude dead cells. Cells were fixed and permeabilized with Fix/Perm buffer 

(Ebioscience) to stain for intracellular markers. All antibodies used for flow cytometry are enlisted in 

Additional file 5C. A Canto II flow cytometer was used (BD Biosciences, Erembodegem, Belgium) 

and data analysis was performed using FlowJo vX.07 software (Tree Star Inc, USA). 

Statistical analysis

The Kolmogorov-Smirnov test was used to test if data were normally distributed and appropriate 

non-parametric statistical tests were used when data were not normally distributed. With regard 

to the survival analysis, the log-rank (Mantel-Cox) test was used. To test differences between the 

control and supplemented group, a student t-test or Mann-Whitney U test was performed. With 

regard to the differences in mucus thickness, a Kruskal-Wallis test with Dunn’s multiple comparisons 

test was performed, since three mouse groups were involved. Unless otherwise stated, p-value 

levels of p<0.05 were considered as statistically significant.

Results

A. muciniphila supplementation increased mucus thickness in colon of Ercc1-/Δ7 mice 

Since A. muciniphila is a mucus-colonizing bacterium and utilizes mucus as energy source, we 

investigated whether supplementation with A. muciniphila had an effect on the mucus layer in the 

colon of Ercc1-/Δ7 mice. Measurements of mucus thickness in PAS/Alcian Blue stained colon tissue 

revealed that the mucus layer was significantly thicker in the mice supplemented with A. muciniphila 

compared to the control group (p<0.001) (Figure 1A-C). Besides, the results were compared with 

the mucus thickness of mice supplemented with L. plantarum (WCFS1), since we showed previously 

that supplementation with this bacterium prevented an age-related decline in mucus thickness (29). 

The colonic mucus layer of L. plantarum supplemented mice was thicker compared to the control 

group (p<0.001) (Figure 1A, D), but supplementation with A. muciniphila resulted in a significantly 

thicker mucus layer than the L. plantarum supplemented mice (p<0.001) (Figure 1A). These results 

show that supplementation with A. muciniphila contributed to the prevention of a decreased mucus 

layer thickness at old age.
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Statistical analysis

The Kolmogorov-Smirnov test was used to test if data were normally distributed and appropriate 

non-parametric statistical tests were used when data were not normally distributed. With regard 

to the survival analysis, the log-rank (Mantel-Cox) test was used. To test differences between the 

control and supplemented group, a student t-test or Mann-Whitney U test was performed. With 

regard to the differences in mucus thickness, a Kruskal-Wallis test with Dunn’s multiple comparisons 

test was performed, since three mouse groups were involved. Unless otherwise stated, p-value 

levels of p<0.05 were considered as statistically significant.

Results

A. muciniphila supplementation increased mucus thickness in colon of Ercc1-/Δ7 mice 

Since A. muciniphila is a mucus-colonizing bacterium and utilizes mucus as energy source, we 

investigated whether supplementation with A. muciniphila had an effect on the mucus layer in the 

colon of Ercc1-/Δ7 mice. Measurements of mucus thickness in PAS/Alcian Blue stained colon tissue 

revealed that the mucus layer was significantly thicker in the mice supplemented with A. muciniphila 

compared to the control group (p<0.001) (Figure 1A-C). Besides, the results were compared with 
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Figure 1 Mucus thickness increased in Ercc1-/Δ7mice supplemented with Akkermansia muciniphila. 
(A) Mucus thickness (μm) measured in colon of Ercc1-/Δ7 mice in the control, A. muciniphila group and 
L. plantarum group. (B) Representative picture of PAS/Alcian Blue staining in control mouse, (C) mouse 
supplemented with A. muciniphila and (D) L. plantarum. Data represent the mean + SEM from three to five 
mice per group. ***p<0.001. Scale bars histological images: 100 μm.

_________________________________________

No differences in colonic and ileal microbiota composition after supplementation with A. 

muciniphila 

In order to investigate whether supplementation with A. muciniphila caused changes in gut microbiota 

composition, we performed 16S rRNA gene sequencing on colonic and ileal content. Alpha-

diversity (Shannon entropy) of colonic and ileal content samples did not differ between the control 

and supplemented mice (Figure 2A). To investigate whether supplementation with A. muciniphila 

resulted in an increased colonization of this bacterium, the relative abundance of Akkermansia spp. 

in colonic content was assessed. In colonic content, the average relative abundance was slightly 

higher in the intervention group (0.738±1.279%) compared to the control group (0.252±0.503%) 

(Figure 2B), but this difference was not statistically significant. Akkermansia spp. was not present in 

ileal content, except for one mouse in the intervention group (data not shown). Variation in microbial 

composition between samples was represented in a principal coordinates analysis (PCoA) based 

on Bray-Curtis dissimilarity. In both colon and ileum samples, no clear separation was observed 

between the control and A. muciniphila group (Figure 2C-D). Furthermore, no statistically significant 

differences at genus level between the control and supplemented mice was found in both sources 

(data not shown). These data show that bacterial supplementation with A. muciniphila three times a 

week did not result in changes in gut microbiota composition of Ercc1-/Δ7  mice.   
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composition between samples was represented in a principal coordinates analysis (PCoA) based 
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(data not shown). These data show that bacterial supplementation with A. muciniphila three times a 
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Figure 2 Microbiota composition in colon and ileum of Ercc1-/Δ7  mice supplemented with Akkermansia 
muciniphila. (A) Alpha-diversity (Shannon entropy) measured in ileum and colon samples. Boxes extend 
from the 25th to 75th percentile, middle line represents median, and whiskers represent minimum and 
maximum values. (B) Relative abundance (%) of Akkermansia spp. in colonic content assessed by 16S 
rRNA sequencing. Data represent mean ± SEM (C) Beta-diversity measured by Bray-Curtis Principal 
Coordinate Analysis in colon samples and (D) ileum samples. Between four and six mice per group were 
used for microbiota analysis.

_________________________________________

A. muciniphila supplementation minimally altered the expression of genes involved in intestinal 
barrier function in colon 

To explore the effects of supplementation with A. muciniphila on gene expression, transcriptome 

analysis was performed on mRNA isolated from colon and ileum tissue of Ercc1-/Δ7 mice. In colon, 

a number of 427 genes was significantly differentially expressed (p<0.05, fold change > 1.2 or 

<-1.2) between the control and A. muciniphila group, comprising 225 up-regulated and 202 down-

regulated genes. Since a highly significant increase in mucus thickness was observed in the colon 

of mice that received A. muciniphila, colonic expression of genes related to mucus production was 

investigated. No significant differential expression of mucins was observed, except Mucin like 1 

(Mucl1) which was down-regulated (-1.5-fold) in the A. muciniphila group compared to the control 

mice (Additional file 1). Besides, to explore if an increased mucus thickness in the colon resulted in 

an enhanced intestinal barrier function, expression of genes related to tight junction function was 

investigated. The classical tight junction proteins Tjp 1-3, Jam 1-3, Claudin family and Ocln were not 

differentially expressed (data not shown). To investigate which pathways were regulated in colon by 

A. muciniphila supplementation, Gene Set Enrichment Analysis (GSEA) was performed. Significantly 

enriched pathways were dominated by cell cycle related processes, but no pathways related to 

intestinal barrier function were observed (Additional file 2).

Supplementation with A. muciniphila decreased expression of genes and pathways related to 

antimicrobial activities, metabolic processes and mucus biosynthesis in ileum 

Since supplementation with A. muciniphila minimally altered the expression of genes related to 

intestinal barrier function in colon, we also investigated gene expression profiles in ileum tissue 

of Ercc1-/Δ7 mice. A number of 795 genes was significantly differentially expressed (p<0.05, fold 

change > 1.2 or <-1.2) between the control and A. muciniphila group in ileum, comprising 425 up-

regulated and 370 down-regulated genes. Interestingly, several genes encoding for antimicrobial 

peptides were down-regulated in the A. muciniphila supplemented mice, i.e. Reg3b and Reg3g 

(Figure 3A-B; Additional file 3). However, the expression of genes encoding for alpha-defensins 

and lysozymes was not affected by A. muciniphila supplementation. Tight junction genes were 

minimally differentially expressed, only Cldn2 and Cldn8 were down-regulated in ileum of mice 

supplemented with A. muciniphila compared to the control group (Figure 3C-D; Additional file 3). 

GSEA revealed that significantly enriched down-regulated pathways were dominated by metabolic 

processes (Additional file 2). Besides, the pathways “N-Glycan Biosynthesis” and “Biosynthesis 

of the N-Glycan Precursor (Dolichol Lipid-Linked Oligosaccharide, LLO) and Transfer to a Nascent 

Protein” were down-regulated in ileum of mice that received A. muciniphila supplementation 

compared to the control group (Additional file 2). Based on this finding, the microarray data set was 

searched for genes related to mucus biosynthesis. The genes Ctnna3 and St6galnac6 were down-

regulated in ileum in the supplemented mice versus control group (Figure 3E-F; Additional file 3). 

Figure 3 Microarray analysis performed on mRNA isolated from ileum tissue. (A) Log2 microarray 
intensities of Regenerating islet-derived 3 beta (Reg3b), (B) Regenerating islet-derived 3 gamma (Reg3g) 
(C) Claudin 2 (Cldn2), (D) Claudin 8 (Cldn8), (E) Catenin (cadherin associated protein), alpha 3 (Ctnna3) 
and (F) ST6 (alpha-N-acetyl-neuraminyl-2,3-beta-galactosyl-1,3)-N-acetylgalactosaminide alpha-2,6-
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regulated genes. Since a highly significant increase in mucus thickness was observed in the colon 

of mice that received A. muciniphila, colonic expression of genes related to mucus production was 

investigated. No significant differential expression of mucins was observed, except Mucin like 1 

(Mucl1) which was down-regulated (-1.5-fold) in the A. muciniphila group compared to the control 

mice (Additional file 1). Besides, to explore if an increased mucus thickness in the colon resulted in 

an enhanced intestinal barrier function, expression of genes related to tight junction function was 

investigated. The classical tight junction proteins Tjp 1-3, Jam 1-3, Claudin family and Ocln were not 

differentially expressed (data not shown). To investigate which pathways were regulated in colon by 

A. muciniphila supplementation, Gene Set Enrichment Analysis (GSEA) was performed. Significantly 

enriched pathways were dominated by cell cycle related processes, but no pathways related to 

intestinal barrier function were observed (Additional file 2).

Supplementation with A. muciniphila decreased expression of genes and pathways related to 

antimicrobial activities, metabolic processes and mucus biosynthesis in ileum 

Since supplementation with A. muciniphila minimally altered the expression of genes related to 

intestinal barrier function in colon, we also investigated gene expression profiles in ileum tissue 

of Ercc1-/Δ7 mice. A number of 795 genes was significantly differentially expressed (p<0.05, fold 

change > 1.2 or <-1.2) between the control and A. muciniphila group in ileum, comprising 425 up-

regulated and 370 down-regulated genes. Interestingly, several genes encoding for antimicrobial 

peptides were down-regulated in the A. muciniphila supplemented mice, i.e. Reg3b and Reg3g 

(Figure 3A-B; Additional file 3). However, the expression of genes encoding for alpha-defensins 

and lysozymes was not affected by A. muciniphila supplementation. Tight junction genes were 

minimally differentially expressed, only Cldn2 and Cldn8 were down-regulated in ileum of mice 

supplemented with A. muciniphila compared to the control group (Figure 3C-D; Additional file 3). 

GSEA revealed that significantly enriched down-regulated pathways were dominated by metabolic 

processes (Additional file 2). Besides, the pathways “N-Glycan Biosynthesis” and “Biosynthesis 

of the N-Glycan Precursor (Dolichol Lipid-Linked Oligosaccharide, LLO) and Transfer to a Nascent 

Protein” were down-regulated in ileum of mice that received A. muciniphila supplementation 

compared to the control group (Additional file 2). Based on this finding, the microarray data set was 

searched for genes related to mucus biosynthesis. The genes Ctnna3 and St6galnac6 were down-

regulated in ileum in the supplemented mice versus control group (Figure 3E-F; Additional file 3). 

Figure 3 Microarray analysis performed on mRNA isolated from ileum tissue. (A) Log2 microarray 
intensities of Regenerating islet-derived 3 beta (Reg3b), (B) Regenerating islet-derived 3 gamma (Reg3g) 
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sialyltransferase 6 (St6galnac6). Data represent mean + SEM. Control: n=5, A. muciniphila: n=6. *p<0.05; 
**p<0.01. 

_________________________________________

Decreased expression of genes and pathways related inflammation and immune function in 

colon and ileum after A. muciniphila supplementation

As immune function is an important factor regarding intestinal health, expression profiles of genes 

related to immune response were investigated. Remarkably, down-regulated genes in both colon 

and ileum were dominated by genes encoding for immunoglobulins (Additional file 1). In the colon, 

several genes encoding for chemokines, such as Cxcl13 (Figure 4A; Additional file 3) and Ccl12, 

as well as the cytokine Il5 and the complement factors C1ra and C5ar1 were all down-regulated 

(Additional file 1). Also the immunoglobulin receptor Pilrb1 had a decreased expression in the 

colon of the A. muciniphila group (Additional file 1). Additionally, other immune-related genes were 

down-regulated in the colon of A. muciniphila supplemented mice compared to the control group, 

e.g. Blk, Cd4, Cd72, Tlr7 and Tlr12 (Figure 4B-F; Additional file 3). GSEA revealed that immune-

related pathways were down-regulated in colon, for example “Intestinal Immune Network for IgA 

Production”, “Cytokine-Cytokine Receptor Interaction” and “Inflammatory Response Pathway”, 

amongst others (Additional file 2). Moreover, Ingenuity pathway analysis (IPA) identified seven 

cytokines as upstream regulators that were predicted to be inhibited after supplementation with A. 

muciniphila, including both the pro-inflammatory Il1 and anti-inflammatory Tgf-beta (Table 1). Also 

other inflammation-related factors, such as Myeloid differentiation primary response 88 (Myd88), 

Tumor necrosis factor receptor superfamily member 1B (Tnfrsf1b) and 12 (Tnfsf12), NFKB Inhibitor 

Alpha (Nfkbia), T cell receptor (TCR) and Toll Like Receptor Adaptor Molecule 1 (Ticam1) were 

predicted inhibited upstream regulators (Table 1). In ileum, GSEA annotated the pathway “Antigen 

Presentation: Folding, assembly and peptide loading of class I MHC” as highly up-regulated 

(Additional file 2). The most significant upstream regulator identified by IPA in ileum tissue was 

Interleukin 10 Receptor Subunit Alpha (Il10RA), which was predicted to be slightly inhibited after 

A. muciniphila supplementation (Table 2). Taken together, these results show that A. muciniphila 

supplementation decreased the expression of numerous genes and pathways related to inflammation 

and immune function in both colon and ileum. 

Figure 4 Microarray analysis performed on mRNA isolated from colon tissue. (A) Log2 microarray 
intensities of (A) C-X-C motif chemokine ligand 13 (Cxcl13), (B) B lymphoid kinase (Blk), (C) Cluster of 
differentiation 4 (Cd4), (D) Cluster of differentiation 72 (Cd72), (E) Toll-like receptor 7 (Tlr7), (F) Toll-like 
receptor 12 (Tlr12). Data represent mean + SEM. Control group: n=5. A. muciniphila group: n=6. *p<0.05; 
**p<0.01; ***p<0.001. 

_________________________________________

Table 1 Upstream regulators in colon identified by Ingenuity pathway analysis based on the comparison 
between Ercc1-/Δ7 mice receiving A. muciniphila supplementation and control mice. Cut-off values include 
p<0.05 and activation z-score <-1.2 or >1.2. Upstream regulators in bold are involved in inflammation- and 
immune-related processes. 

Upstream Regulator Activation z-score p-value of overlap

ACOX1 2.24 0.013

Alpha catenin 2.00 0.029

ID3 1.98 0.030

SOCS1 1.95 0.040

CDKN2A 1.72 0.025
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_________________________________________

Table 1 Upstream regulators in colon identified by Ingenuity pathway analysis based on the comparison 
between Ercc1-/Δ7 mice receiving A. muciniphila supplementation and control mice. Cut-off values include 
p<0.05 and activation z-score <-1.2 or >1.2. Upstream regulators in bold are involved in inflammation- and 
immune-related processes. 

Upstream Regulator Activation z-score p-value of overlap
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Alpha catenin 2.00 0.029

ID3 1.98 0.030

SOCS1 1.95 0.040

CDKN2A 1.72 0.025
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MYD88 -2.41 0.045

IL1 -2.38 0.049

TNFRSF1B -2.22 0.003

CHUK -2.21 0.017

GATA6 -2.21 0.036

NFKBIA -2.17 0.029

Akt -2.16 0.020

cytokine -1.99 0.000

Nfat (family) -1.98 0.014

CCND1 -1.98 0.044

WNT5A -1.95 0.033

CTNNB1 -1.95 0.037

Tgf beta -1.94 0.010

EGR1 -1.91 0.035

Interferon alpha -1.78 0.004

LTBR -1.72 0.001

STAT3 -1.71 0.024

TCR -1.60 0.029

TNFSF12 -1.58 0.004

TNF -1.54 0.036

SSB -1.52 0.000

IL17A -1.40 0.002

TICAM1 -1.40 0.003

HRAS -1.39 0.031

E2F1 -1.36 0.009

IL6 -1.34 0.005

PRKACA -1.21 0.001

IL1B -1.21 0.003

Table 2 Upstream regulators in ileum identified by Ingenuity pathway analysis based on the comparison 
between mice receiving A. muciniphila supplementation and control mice. Cut-off values include p<0.05 
and activation z-score <-1.2 or >1.2. Upstream regulators in bold are involved in inflammation- and immune-
related processes.

Upstream Regulator Activation 
z-score

p-value of 
overlap

HMGA1 1.66 0.002

POR 1.46 0.000

SYVN1 1.34 0.006

CFTR 1.25 0.000

AR -2.74 0.005

NR1I2 -2.00 0.042

BRCA1 -1.98 0.016

CTNNB1 -1.72 0.001

LEP -1.60 0.031

MAPK14 -1.34 0.020

IL10RA -1.31 0.000

_________________________________________

Minor changes in local B cell distribution after A. muciniphila supplementation

Based on the findings of the microarray analysis, we continued with the investigation of immune 

cell distribution in different organs of the immune system. Since several B cell related genes were 

down-regulated after A. muciniphila supplementation, such as immunoglobulin genes (both in ileum 

and colon), and Blk (only in colon), we first focused on the local distribution of B cells. In mesenteric 

lymph nodes (MLN) and Peyer’s patches (PP), no differences in B cell frequencies between groups 

were observed (Figure 5A-C). However, in PP the frequency of activated CD80+CD273- B cells was 

significantly lower in the supplemented mice (p=0.009) (Figure 5D). Furthermore, frequencies of 

more immature CD80-CD273- B cells were significantly higher in the A. muciniphila group (p=0.03) 

(Figure 5E), whereas no changes were observed in CD80+CD273+ memory-like and CD80-CD273+ 

B cells (Figure 5F-G) (31).
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Minor changes in local B cell distribution after A. muciniphila supplementation

Based on the findings of the microarray analysis, we continued with the investigation of immune 

cell distribution in different organs of the immune system. Since several B cell related genes were 

down-regulated after A. muciniphila supplementation, such as immunoglobulin genes (both in ileum 

and colon), and Blk (only in colon), we first focused on the local distribution of B cells. In mesenteric 

lymph nodes (MLN) and Peyer’s patches (PP), no differences in B cell frequencies between groups 

were observed (Figure 5A-C). However, in PP the frequency of activated CD80+CD273- B cells was 

significantly lower in the supplemented mice (p=0.009) (Figure 5D). Furthermore, frequencies of 

more immature CD80-CD273- B cells were significantly higher in the A. muciniphila group (p=0.03) 

(Figure 5E), whereas no changes were observed in CD80+CD273+ memory-like and CD80-CD273+ 

B cells (Figure 5F-G) (31).
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Figure 5 Distribution of B cell subsets in mesenteric lymph nodes (MLN) and Peyer’s patches (PP) 
after supplementation with Akkermansia muciniphila. (A) Mean frequency of B cells in MLN. (B) 
Flow cytometric analysis of B cells in PP. (C) Mean frequency of B cells in PP. (D) Mean frequency of 
CD80+CD273- B cells, (E) CD80-CD273- B cells, (F) CD80+CD273+ B cells and (G) CD80-CD273+ B cells in 
PP. Data represent the mean + SEM from five to six mice per group. *p<0.05; **p<0.01.

_________________________________________

A. muciniphila supplementation increased the migration of B cells into spleen and BM

Next, we continued with investigation of B cell subsets in spleen and bone marrow (BM). The 

frequency of total B cells in spleen was not different between groups (Figure 6A). Also other B 

cell subsets in spleen, such as immature, follicular and marginal zone B cells, were not significantly 

different between groups (data not shown). However, the frequency of B1 cells in spleen was 

significantly higher in the A. muciniphila mice (p=0.02) (Figure 6B-C). In bone marrow (BM), a trend 

of higher frequencies of total B cells was observed in A. muciniphila supplemented mice compared 
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to control mice (p=0.07) and frequencies of mature and immature B cells were also higher (p=0.02 

and 0.06, respectively) (Figure 6D-G). Frequencies of B cell precursors, i.e. pro-B cells, small resting 

pre-B cells and large cycling pre-B cells were not different between groups (Figure 6H-J). These 

data suggest that A. muciniphila supplementation did not change production of new B cells in BM, 

but increased migration of B cells into the spleen and BM.
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Figure 5 Distribution of B cell subsets in mesenteric lymph nodes (MLN) and Peyer’s patches (PP) 
after supplementation with Akkermansia muciniphila. (A) Mean frequency of B cells in MLN. (B) 
Flow cytometric analysis of B cells in PP. (C) Mean frequency of B cells in PP. (D) Mean frequency of 
CD80+CD273- B cells, (E) CD80-CD273- B cells, (F) CD80+CD273+ B cells and (G) CD80-CD273+ B cells in 
PP. Data represent the mean + SEM from five to six mice per group. *p<0.05; **p<0.01.

_________________________________________

A. muciniphila supplementation increased the migration of B cells into spleen and BM

Next, we continued with investigation of B cell subsets in spleen and bone marrow (BM). The 

frequency of total B cells in spleen was not different between groups (Figure 6A). Also other B 

cell subsets in spleen, such as immature, follicular and marginal zone B cells, were not significantly 

different between groups (data not shown). However, the frequency of B1 cells in spleen was 

significantly higher in the A. muciniphila mice (p=0.02) (Figure 6B-C). In bone marrow (BM), a trend 

of higher frequencies of total B cells was observed in A. muciniphila supplemented mice compared 
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to control mice (p=0.07) and frequencies of mature and immature B cells were also higher (p=0.02 

and 0.06, respectively) (Figure 6D-G). Frequencies of B cell precursors, i.e. pro-B cells, small resting 

pre-B cells and large cycling pre-B cells were not different between groups (Figure 6H-J). These 

data suggest that A. muciniphila supplementation did not change production of new B cells in BM, 

but increased migration of B cells into the spleen and BM.
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Figure 6 Distribution of B cell subtypes in spleen and bone marrow (BM) after supplementation with 
Akkermansia muciniphila. (A) Mean frequencies of CD19+CD3- B cells in spleen. (B) Flow cytometric 
analysis of live single CD19+CD3- cells in spleen. (C) Mean frequencies of CD5+CD43+ B1 cells in spleen. 
(D) Mean frequencies of B cells in BM. (E) Flow cytometric analysis of live single CD19+ cells, divided in 
pro-B cells, large cycling pre-B cells and small cycling pre-B cells in BM. (F) Mean frequencies Mature B 
cells, (G) Immature B cells, (H) Pro-B cells, (I) Small resting pre-B cells and (J) Large cycling pre-B cells in 
BM. Data represent the mean + SEM from four to six mice per group. *p<0.05. 

_________________________________________

T cell distribution in MLN and spleen unaltered after A. muciniphila supplementation

Transcriptome analysis showed that expression of the Cd4 gene was decreased in the colon of mice 

that received A. muciniphila compared to the control mice. Moreover, IPA revealed T cell receptor 

(TCR) as predicted inhibited upstream regulator in colon. Therefore, we investigated whether the 

distribution of T cells was altered between groups in spleen and MLN. However, CD4+ and CD8+ T 

cell distributions in MLN and spleen were not different compared to the control group, neither were 

F G H

I J

CD4+FoxP3+ Treg frequencies changed in both immune tissues (Figure 7A-F).

Figure 7 Distribution of T cells in mesenteric lymph nodes (MLN) and spleen after supplementation 
with Akkermansia muciniphila. (A) Mean frequencies of CD4+ T cells and (B) CD8+ T cells and (C) FoxP3+ 

Treg cells in MLN. (D) Mean frequencies of CD4+ T cells and (E) CD8+ T cells and (F) FoxP3+ Treg cells in 
spleen. Data represent the mean + SEM from five to six mice per group. 

_________________________________________

Decreased inflammatory cell populations in spleen and MLN after A. muciniphila 

supplementation

Next, since GSEA revealed an enrichment of pathways related to inflammatory response and immune 

function, we investigated whether inflammatory cell frequencies were altered after supplementation 

of Ercc1-/Δ7 mice. In spleen, the frequencies of total and Ly6Chi monocytes were slightly lower in the A. 

muciniphila group and Ly6Cint monocytes were significantly lower (p=0.01) (Figure 8A-D). Besides, 

the frequency of neutrophils was also slightly lower in the supplemented mice (Figure 8E). The same 
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supplementation

Next, since GSEA revealed an enrichment of pathways related to inflammatory response and immune 

function, we investigated whether inflammatory cell frequencies were altered after supplementation 

of Ercc1-/Δ7 mice. In spleen, the frequencies of total and Ly6Chi monocytes were slightly lower in the A. 

muciniphila group and Ly6Cint monocytes were significantly lower (p=0.01) (Figure 8A-D). Besides, 

the frequency of neutrophils was also slightly lower in the supplemented mice (Figure 8E). The same 

A B C

D E F



100   |   Chapter 3

trends of these inflammatory cell populations were found in MLN, although cell frequencies were 

low (<1%, data not shown). These data reveal a minor decrease in inflammatory markers in spleen 

and MLN after A. muciniphila supplementation in Ercc1-/Δ7 mice. In addition, we assessed if we could 

identify any signs of immune cell infiltration by investigating H&E stained tissue. For both colon 

and ileum tissue, no histological signs of immune infiltration were observed in the control and A. 

muciniphila group (Figure 8F). 

A B

C D E

Figure 8 Distribution of inflammatory cell frequencies in spleen after supplementation with 
Akkermansia muciniphila. (A) Mean frequencies of total CD11b+CD68+ monocytes. (B) Flow cytometric 
analysis of live single CD11b+ Ly6C/CD68 cells, divided in Ly6Chi, Ly6Cint, Ly6Clo monocytes and 
CD68dimLy6Cint/hi neutrophils. (C) Mean frequencies of Ly6Chi (D) Ly6Cint monocytes and (E) neutrophils. (F) 
Representative picture of H&E stained colon and ileum tissue of control and A. muciniphila supplemented 
mouse. Data represent the mean + SEM from five to six mice per group. *p<0.05. 

_________________________________________

Increased numbers of CD11b+ cells and resident macrophages in peritoneum of Ercc1-/Δ7 mice 

supplemented with A. muciniphila 

Since we found a higher abundance of B1 cells in spleen and this cell type is generally highly 

enriched in the peritoneal cavity, we also investigated the distribution of immune cells in the 

peritoneum. Remarkably, the total number of peritoneal cells in mice supplemented with A. 

muciniphila was nearly 3-fold higher than in the control mice (p=0.02) (Figure 9A). The absolute 

numbers of B cells, B1 cells and T cells did not significantly differ between groups (Figure 9B-D). 

We found an increase in absolute numbers of CD11b+ cells in the peritoneum after A. muciniphila 

supplementation (p=0.004) (Figure 9E). Investigation of CD11b+ cell subsets revealed that absolute 

numbers of neutrophils were not significantly higher after A. muciniphila supplementation (Figure 

9F), in contrast to resident macrophages (p=0.045) (Figure 9G-H). In addition, the expression of 

CD115 on resident macrophages was significantly higher in the A. muciniphila group compared to 

the control group (p=0.02) (Figure 9I), whereas no change in the expression of CD11b and SIRPα 

was observed (Figure 9J-K). 
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Since we found a higher abundance of B1 cells in spleen and this cell type is generally highly 

enriched in the peritoneal cavity, we also investigated the distribution of immune cells in the 

peritoneum. Remarkably, the total number of peritoneal cells in mice supplemented with A. 

muciniphila was nearly 3-fold higher than in the control mice (p=0.02) (Figure 9A). The absolute 

numbers of B cells, B1 cells and T cells did not significantly differ between groups (Figure 9B-D). 

We found an increase in absolute numbers of CD11b+ cells in the peritoneum after A. muciniphila 

supplementation (p=0.004) (Figure 9E). Investigation of CD11b+ cell subsets revealed that absolute 

numbers of neutrophils were not significantly higher after A. muciniphila supplementation (Figure 

9F), in contrast to resident macrophages (p=0.045) (Figure 9G-H). In addition, the expression of 

CD115 on resident macrophages was significantly higher in the A. muciniphila group compared to 

the control group (p=0.02) (Figure 9I), whereas no change in the expression of CD11b and SIRPα 

was observed (Figure 9J-K). 
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Figure 9 Distribution of immune cells in the peritoneum after supplementation with Akkermansia 

muciniphila. (A) Absolute number of total peritoneal exudate cells (PEC), (B) CD3-CD19+ B cells, (C) 

CD5+CD43+ B1 cells and (D) CD3+ T cells, (E) CD11b+ cells and (F) CD11b+Ly6G+ neutrophils. (G) 

Flow cytometric analysis of CD11b+ cells. (H) Absolute numbers of CD11b+Ly6G- resident macrophages 

in peritoneal exudate cell suspension. (I) Median Fluorescence Intensity (MFI) of CD115 marker, (J) CD11b 

marker and (K) SIRPa marker expressed on resident macrophages. Data represent the mean + SEM from 

five to six mice per group. *p<0.05; **p<0.01. 
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Figure 9 Distribution of immune cells in the peritoneum after supplementation with Akkermansia 

muciniphila. (A) Absolute number of total peritoneal exudate cells (PEC), (B) CD3-CD19+ B cells, (C) 

CD5+CD43+ B1 cells and (D) CD3+ T cells, (E) CD11b+ cells and (F) CD11b+Ly6G+ neutrophils. (G) 

Flow cytometric analysis of CD11b+ cells. (H) Absolute numbers of CD11b+Ly6G- resident macrophages 

in peritoneal exudate cell suspension. (I) Median Fluorescence Intensity (MFI) of CD115 marker, (J) CD11b 

marker and (K) SIRPa marker expressed on resident macrophages. Data represent the mean + SEM from 

five to six mice per group. *p<0.05; **p<0.01. 
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A. muciniphila supplementation did not alter survival, body weight and organ weights in Ercc1-/

Δ7 mice 

Supplementation with A. muciniphila for 10 weeks did not alter survival rates as compared to the 

control mice (Additional file 4). Body weight of Ercc1-/Δ7 mice increased in the first half of life, but 

decreased again from 11 weeks of age onwards (Additional file 4). No pronounced differences in 

body weight development were found between groups. The weight of liver, spleen and thymus 

measured directly after sacrifice were not significantly different between control and A. muciniphila 

group (data not shown).

Discussion 

The bacterium Akkermansia muciniphila is suggested to be a promising microbial supplement, due 

to its beneficial effects on health (20, 32). However, its effects on the decline in intestinal health 

during aging are not well investigated yet. In the present study, we investigated the effects of 

supplementation with A. muciniphila on different aspects of intestinal health in accelerated aging 

Ercc1-/Δ7 mice. We report that supplementation with A. muciniphila for 10 weeks resulted in a 

significantly thicker colonic mucus layer and an improvement of anti-inflammatory immune status 

compared to the control group. 

In two recent studies, it has been shown that the colonic mucus layer decreased in aging mice, 

suggesting an association with bacterial penetration and immune activation (29, 33). An aging-

related decrease in mucus thickness was also observed in Ercc1-/Δ7 mice (29), confirming the similarity 

in aging phenotype in this accelerated aging mouse model compared to a mouse model with a 

normal aging process. We previously showed that L. plantarum WCFS1 increased the thickness of 

the colonic mucus layer in Ercc1-/Δ7 mice (29), but we now show that A. muciniphila is capable to 

even further thicken the mucus layer. The ability of A. muciniphila to increase mucus thickness was 

also reported before (23). A. muciniphila is able to degrade mucin structures to use it as carbon and 

nitrogen source and is therefore called a mucus-degrader (17). Nevertheless, the observed increased 

mucus layer thickness after supplementation suggests that this bacterium is able to actively turn on 

host colonic mucus production, a suggestion that has also been made by Derrien and colleagues 

(34). Interestingly, we did not find differential expression of any genes encoding for mucins, apart 

from a down-regulation of Mucl1 in colon tissue. However, expression levels of this gene were low 

and it is not a typical mucin that constitutes the colonic mucus layer, such as Muc2 (35). In our 

previous study, supplementation with L. plantarum WCFS1 did neither result in differences in mucin 

gene expression, while significantly increased colonic mucus thickness was observed (29). Possibly, 

supplementation with A. muciniphila resulted in an increased mucus thickness by impacting 

mucus biosynthesis processes without affecting Muc2 expression. In order to understand the exact 

underlying mechanisms of the mucus turnover processes, further investigation is warranted.

Interestingly, in the ileum of A. muciniphila supplemented mice, GSEA revealed a down-

regulation of two pathways related to N-Glycan biosynthesis and besides, two genes related to 

mucus biosynthesis were also down-regulated. These results imply that, besides its great impact on 

the colonic mucus layer, A. muciniphila could also have had an effect on the ileal mucus layer. We 

could not verify this finding by measuring the ileal mucus layer, because of its rather discontinuous 

appearance due to the presence of villi. 

Next to the important function of the mucus layer, tight junctions (TJs) sealing the intestinal 

epithelial cells also play an important role in intestinal barrier function and an age-related decreased 

expression of TJ genes was found in baboons (36). We and others previously showed that A. 

muciniphila improved intestinal barrier function in a Caco-2 cell model (37) as well as in mice (18, 

19, 23, 38, 39). In the present study, we found a down-regulation of Cldn2 and Cldn8 in the ileum of 

A. muciniphila supplemented mice. However, the intestinal barrier consists of a complex structure 

of multiple protein networks (40). Therefore, it is not possible to draw any solid conclusions on the 

effects of A. muciniphila supplementation on intestinal barrier function based on gene expression 

data only.    

Gut microbiota composition and bacterial diversity in ileum and colon were not significantly 

changed after supplementation with A. muciniphila. This result indicates that bacterial 

supplementation with A. muciniphila does not lead to a reshaped gut microbiota composition, which 

was also reported before (23). Gut microbiota analysis revealed that the relative abundance of A. 

muciniphila was low in ileal and colonic content. It was previously shown that Akkermansia spp. 

was more present in colon than ileum in mono-colonised mice (39), but the low abundance in colon 

was remarkable. The dose of the bacterium, i.e. 2x108 CFU for 3 times a week, was already proven 

effective in previous mice studies (23). Possibly, the relatively long time between the last oral gavage 

and sacrifice (about 24 hours) could have led to a washout of A. muciniphila. Though, a recent study 

showed that daily supplementation with 11 probiotic strains resulted in low colonization in mice 

which was caused by the indigenous microbiome (41). Possibly, this finding may also explain the 

impeded colonization of A. muciniphila in our study.

Bacterial supplementation with A. muciniphila resulted in a down-regulation of numerous immune-

related genes and pathways in colon. Notably, these included several B cell related genes, such as 
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data only.    
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changed after supplementation with A. muciniphila. This result indicates that bacterial 

supplementation with A. muciniphila does not lead to a reshaped gut microbiota composition, which 

was also reported before (23). Gut microbiota analysis revealed that the relative abundance of A. 

muciniphila was low in ileal and colonic content. It was previously shown that Akkermansia spp. 

was more present in colon than ileum in mono-colonised mice (39), but the low abundance in colon 

was remarkable. The dose of the bacterium, i.e. 2x108 CFU for 3 times a week, was already proven 

effective in previous mice studies (23). Possibly, the relatively long time between the last oral gavage 

and sacrifice (about 24 hours) could have led to a washout of A. muciniphila. Though, a recent study 

showed that daily supplementation with 11 probiotic strains resulted in low colonization in mice 

which was caused by the indigenous microbiome (41). Possibly, this finding may also explain the 

impeded colonization of A. muciniphila in our study.

Bacterial supplementation with A. muciniphila resulted in a down-regulation of numerous immune-

related genes and pathways in colon. Notably, these included several B cell related genes, such as 
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immunoglobulins, Blk and Pilrb1, amongst others. Moreover, GSEA revealed a down-regulation of 

the pathway “Intestinal immune network for IgA production”. These results imply that A. muciniphila 

supplementation may have decreased the necessity for producing IgA, i.e. exerting a mucosal 

protective reaction against commensal bacteria (42). In line with these results, we found a down-

regulation of both Tlr7 and Tlr12 in colon. However, we could not confirm this hypothesis, since IgA 

concentrations in colon were not measured during this study. We did investigate B cell frequencies 

in several immune tissues. Nevertheless, we could not find differences in B cell frequencies in 

MLNs, whereas B cell frequencies were increased in spleen and BM. These findings suggest that 

based on transcriptome analysis, A. muciniphila decreased B cell frequencies and CD4+ T cells in 

colon and caused a potential redistribution of B and T cells among lymphoid organs. Conversely, 

frequencies of total B cell subsets in BM and spleen were slightly increased after A. muciniphila 

supplementation, with no change in B cell precursor frequencies in BM. These findings may indicate 

that supplementation with A. muciniphila inhibited influx of B cells into the colon, leading to a slightly 

increased mature B cell pool in spleen and BM.

Furthermore, we found a decrease in inflammatory markers in colon after A. muciniphila 

supplementation. Several genes encoding for chemokines, complement factors, as well as the 

cytokine Il5 were down-regulated after A. muciniphila supplementation. Besides, IPA identified 

numerous pro-inflammatory cytokines as potentially inhibited upstream regulators in colon. The 

anti-inflammatory properties of A. muciniphila are already extensively described (34). We now 

add evidence that A. muciniphila might protect against the aging-related increase in inflammation 

(inflamm-aging) by decreasing the colonic expression of pro-inflammatory genes and pathways. 

Besides, we also identified the anti-inflammatory cytokine Tgf-beta as inhibited upstream regulator. 

Although we only found one anti-inflammatory cytokine, this finding may point toward a general 

reduction of immune activation by A. muciniphila. Histological analysis of the colon did not reveal 

any clear signs of immune infiltration in both groups. In a previous study by Derrien and colleagues, 

an up-regulation of immune related genes with no signs of microscopically visible inflamed tissue 

was also observed in mice mono-colonized with A. muciniphila (39). The authors suggest that 

these observations were part of regulatory processes of immune tolerance toward A. muciniphila. 

However, in this study germ-free mice were used, hence any comparisons between these particular 

results and our results should be made with caution. 

Interestingly, we found significantly lower frequencies of activated B cell subtypes and higher 

frequencies of more immature B cell subtypes in PP. The increased level of inactive immature B 

cells is in accordance with the microarray results from ileum tissue, since we also found decreased 

expression of numerous immunoglobulin-related genes. Besides, Reg3b and Reg3g were both 

down-regulated in ileum. We previously showed that A. muciniphila supplementation also decreased 

Reg3g expression in ileum of mice fed a high-fat diet (19). In a recent study, an increased expression 

of antimicrobial genes was found in the ileum of aged C57BL/6 mice, including Reg3b, Reg3g, Defb1 

and Retnlb, which was suggested to be related to an increased state of epithelial distress (43). 

Hence, based on our findings we suggest that supplementation with A. muciniphila might contribute 

to prevention of the age-related state of epithelial distress in ileum. 

It is well-known that T cell function declines during the aging process (44). Our previous study 

revealed that supplementation with L. plantarum WCFS1 and L. casei BL23 increased regulatory T 

cell frequencies in MLN of Ercc1-/Δ7 mice. However, supplementation with A. muciniphila did not lead 

to any changes in T cell distribution in MLN, spleen and PP, despite a down-regulation of the Cd4 

gene in colon and the predicted inhibition of the upstream regulator TCR. Possibly, the increased 

colonic mucus layer caused by A. muciniphila supplementation resulted in an increased protective 

state in the colon, thereby decreasing the production of a number of T cell attracting chemokines 

and subsequently leading to a decrease of CD4+ T cell attraction and infiltration. 

In the peritoneal cavity, a highly significant increase in resident macrophages was observed 

after A. muciniphila supplementation. Peritoneal macrophages are important in the modulation 

of immune responses during infections and contribute to tissue homeostasis (45). Furthermore, 

peritoneal resident macrophages were shown to defend against microbial invasion (46), which could 

explain the high presence of this cell type after a supplementation with A. muciniphila. However, 

this increase in peritoneal resident macrophages was not coincided with increased frequencies of 

neutrophils and T cells, while these cell types are expected to be highly present during inflammation. 

This observation implies that supplementation with A. muciniphila resulted in an activated state with 

regard to peritoneal resident macrophages, but resulted in an anti-inflammatory rather than a pro-

inflammatory response. 

Conclusion

The attention for A. muciniphila as a potential microbial supplement has increased and ample 

evidence exists emphasising the beneficial effects of this bacterium on low-grade inflammation 

and (cardio)metabolic disorders (16, 20, 34, 47). In the present study, we also observed that several 

metabolic processes in ileum, as well as immunological processes in both ileum and colon were 

affected by A. muciniphila, but now in an aging model. Furthermore, we convincingly showed that 
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this increase in peritoneal resident macrophages was not coincided with increased frequencies of 

neutrophils and T cells, while these cell types are expected to be highly present during inflammation. 

This observation implies that supplementation with A. muciniphila resulted in an activated state with 

regard to peritoneal resident macrophages, but resulted in an anti-inflammatory rather than a pro-

inflammatory response. 

Conclusion

The attention for A. muciniphila as a potential microbial supplement has increased and ample 

evidence exists emphasising the beneficial effects of this bacterium on low-grade inflammation 

and (cardio)metabolic disorders (16, 20, 34, 47). In the present study, we also observed that several 

metabolic processes in ileum, as well as immunological processes in both ileum and colon were 

affected by A. muciniphila, but now in an aging model. Furthermore, we convincingly showed that 
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A. muciniphila has a protective effect against an age-related decline in mucus thickness, which 

was even stronger compared to L. plantarum WCFS1. Aging is often accompanied by low-grade 

inflammation and an increased risk on metabolic syndrome (1, 48), contributing to a decreased 

quality of life and a considerable rise in healthcare costs (49). Our study showed a causal relationship 

between A. muciniphila and attenuation of the aging phenotype, in terms of preventing the age-

related decline in thickness of the colonic mucus layer and improving immune status. These results 

therefore support the therapeutic application of A. muciniphila in the aging population and pave 

the way for further studies investigating A. muciniphila as therapeutic intervention contributing to 

healthy aging. Further research should focus on the practical aspects for application in humans, 

such as the dosage, frequency and way of administration.  
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BM, bone marrow; CFU, colony-forming unit; Ercc1-/Δ7 mice, mice with defective nucleotide excision 

repair gene Ercc1; FACS, fluorescence-activated cell sorting; FC, fold change; FDR, false discovery 

rate; GSEA, gene set enrichment analysis; H&E, hematoxylin and eosin; IBMT, Intensity based 

moderated T statistics; IPA, Ingenuity pathway analysis; MLN, mesenteric lymph node; PAS, 

periodic acid-Schiff; PCoA, principal coordinates analysis; PP, peyer’s patches; qPCR, quantitative 

polymerase chain reaction; SPF, specific pathogen-free; TJ, tight junction.
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Vmn1r94 1.38 0.013 Olfr706 -1.47 0.024

Olfr1085 1.37 0.033 Mucl1 -1.47 0.007

Gm13271 1.37 0.003 Scgb2b20 -1.46 0.007

Gm1604A 1.37 0.033 Cd4 -1.46 0.000

Serpina3m 1.37 0.008 Ccl12 -1.44 0.036

Mnx1 1.37 0.023 LOC102631976 -1.44 0.018

LOC102639351 1.36 0.001 LOC102636795 -1.44 0.008

Defb15 1.36 0.002 LOC102631889 -1.42 0.039

Gm4871 1.36 0.034 Sarnp -1.42 0.016

LOC102632332 1.36 0.048 Olfr1487 -1.41 0.023

Olfr691 1.36 0.025 Cntnap5a -1.41 0.045

Zfp787 1.36 0.002 F830016B08Rik -1.41 0.029

Trim43c 1.36 0.037 Olfr870 -1.40 0.040

Orm2 1.36 0.038 Olfr875 -1.40 0.049

Gm15032 1.36 0.039 Ctsr -1.40 0.029

Gm17767 1.35 0.046 Cd72 -1.38 0.032

2810039B14Rik 1.35 0.033 Tnip3 -1.38 0.045

Gm10046 1.35 0.016 LOC102635521 -1.38 0.036

AV320801 1.35 0.023 LOC102634822 -1.37 0.004

Zfp772 1.34 0.004 Socs3 -1.37 0.029

Gm15217 1.34 0.014 Gm4841 -1.37 0.029

LOC102640477 1.34 0.022 Traj37 -1.36 0.030

Tpt1 1.34 0.028 Pcdhgb4 -1.36 0.015

Slc22a30 1.33 0.012 Clec2g -1.36 0.014

Olfr867 1.33 0.000 LOC102634296 -1.35 0.014

Gm4559 1.33 0.009 Zfp867 -1.34 0.028

Sult2a2 1.33 0.048 Mir30d -1.34 0.015

5930403L14Rik 1.33 0.008 LOC102634742 -1.34 0.012

Atp5o 1.33 0.037 4930503B20Rik -1.34 0.022

C1ql4 1.33 0.006 Aoah -1.34 0.041

Zfp442 1.32 0.043 Abracl -1.34 0.035

LOC102632316 1.32 0.037 Ppih -1.34 0.049

Olfr790 1.32 0.006 Xlr3a -1.33 0.012

Mir3961 1.32 0.031 2310026I22Rik -1.33 0.036

2010106E10Rik 1.32 0.031 E2f2 -1.33 0.024

Snord64 1.32 0.016 Tlr7 -1.33 0.007

2210010C04Rik 1.32 0.010 Gm5347 -1.33 0.047

Olfr1065 1.31 0.019 Rpl28 -1.33 0.049

Olfr981 1.31 0.008 Gm19744 -1.32 0.035

Olfr1167 1.31 0.009 Ceacam14 -1.32 0.003

Olfr1441 1.31 0.043 Trav7-6 -1.32 0.042

Vmn1r194 1.31 0.033 Gm13272 -1.32 0.032

Krt1 1.30 0.027 Hells -1.31 0.020

Olfr1295 1.30 0.031 LOC102634100 -1.31 0.035

Nlrp9a 1.30 0.006 Krt6a -1.31 0.013

Fgf15 1.30 0.005 Cdkn2d -1.31 0.003

Olfr1099 1.30 0.037 Olfr1290 -1.31 0.023

Cox8b 1.30 0.035 LOC102633228 -1.31 0.007

Mir494 1.30 0.022 Chil1 -1.31 0.012

Cdsn 1.30 0.031 Ighv5-15 -1.30 0.049

Gm13277 1.30 0.043 Fgr -1.30 0.008

Olfr1445 1.30 0.028 Tas2r143 -1.30 0.016

Olfr716 1.29 0.010 Cenpk -1.30 0.019

Olfr398 1.29 0.018 LOC102633458 -1.30 0.033

Olfr1361 1.29 0.019 Hist1h2bn -1.30 0.037

H2afy3 1.29 0.042 Eif5a2 -1.30 0.005

Accsl 1.29 0.039 Krtap19-9b -1.30 0.016

Catsperg2 1.29 0.007 Mir290a -1.30 0.018

Olfr486 1.28 0.045 LOC102632079 -1.29 0.020

D830014E11Rik 1.28 0.012 Slc16a8 -1.29 0.004

Proc 1.28 0.011 Vmn2r62 -1.29 0.040

Olfr448 1.28 0.031 Olfr1437 -1.29 0.007

Slc2a2 1.28 0.017 Hhex -1.29 0.025

Vmn2r86 1.28 0.006 I830077J02Rik -1.29 0.019

Krt80 1.28 0.038 B3gat2 -1.29 0.029

2410007B07Rik 1.28 0.017 Rarb -1.29 0.010

Ccdc177 1.28 0.017 A330009N23Rik -1.29 0.018

Gm6297 1.28 0.020 Gimap8 -1.29 0.024

C530044C16Rik 1.28 0.002 5730522E02Rik -1.29 0.010

BC002059 1.28 0.040 Npl -1.29 0.012

Frmd3 1.28 0.008 Pthlh -1.28 0.007

Olfr628 1.28 0.011 Clec4n -1.28 0.014

Olfr967 1.28 0.006 Olfr544 -1.28 0.009

Olfr491 1.27 0.023 Olfr1465 -1.28 0.027

Olfr912 1.27 0.009 Tk1 -1.28 0.026

2700038G22Rik 1.27 0.038 Gimap1 -1.28 0.018

Gnmt 1.27 0.042 LOC102638504 -1.28 0.020

Gemin8 1.27 0.013 Mir350 -1.28 0.010

Gm15638 1.27 0.022 LOC102635305 -1.27 0.011

LOC102638110 1.27 0.035 Calm5 -1.27 0.019

Snora75 1.27 0.021 Tubg2 -1.27 0.015

Gm765 1.27 0.002 Trav8-1 -1.27 0.030

Tsen2 1.27 0.028 Hmmr -1.27 0.002

Mir3081 1.27 0.049 Gm6300 -1.27 0.020

Tomm6os 1.27 0.014 Olfr1132 -1.26 0.016

Gm14744 1.26 0.040 Il5 -1.26 0.014

LOC102638623 1.26 0.045 Chaf1a -1.26 0.018

Tbxa2r 1.26 0.024 Cbln2 -1.26 0.031
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Olfr1109 1.26 0.048 Gm2027 -1.26 0.022

Zfp111 1.26 0.016 Nxnl2 -1.26 0.039

Rprml 1.26 0.003 Mir181b-1 -1.26 0.047

Serpinb6c 1.26 0.038 Erdr1 -1.26 0.010

Olfr328 1.26 0.027 A530020G20Rik -1.26 0.019

Xlr5c 1.26 0.003 Vmn1r45 -1.25 0.004

Mir1929 1.26 0.033 Trim52 -1.25 0.014

Vmn2r91 1.26 0.004 Slc5a4a -1.25 0.023

Coprs 1.25 0.019 LOC102637926 -1.25 0.019

4930512B01Rik 1.25 0.027 1700006J14Rik -1.25 0.036

D630013N20Rik 1.25 0.028 Gm3250 -1.25 0.014

Tha1 1.25 0.029 Hes2 -1.25 0.005

Zfp296 1.25 0.033 Tlr12 -1.25 0.030

Zcwpw2 1.25 0.022 Cstad -1.25 0.045

Adarb1 1.25 0.024 Gm11149 -1.25 0.015

Olfr822 1.25 0.013 Pcdhga7 -1.25 0.030

LOC102634561 1.25 0.007 Esp6Esp5 -1.25 0.042

Cdk15 1.25 0.025 Ms4a4d -1.25 0.026

Ddn 1.25 0.023 Astn1 -1.24 0.033

Tmem202 1.24 0.024 Sox7 -1.24 0.021

Zfp574 1.24 0.043 Neil3 -1.24 0.005

Spatc1l 1.24 0.030 4930428G15Rik -1.24 0.012

Emilin3 1.24 0.048 C1ra -1.24 0.032

5133400J02Rik 1.24 0.004 Bmp8b -1.24 0.048

1700063H04Rik 1.24 0.044 Gm9054 -1.24 0.046

Rps11 1.24 0.023 Fmnl1 -1.24 0.013

9330182O14Rik 1.24 0.046 Pramel1 -1.24 0.008

Gm20742 1.24 0.010 5430435G22Rik -1.24 0.043

Olfr1259 1.24 0.027 Kcng2 -1.24 0.023

Zc3hav1l 1.24 0.009 9230112J17Rik -1.24 0.033

Fitm1 1.24 0.033 C5ar1 -1.24 0.030

Unkl 1.24 0.001 LOC100503594 -1.23 0.041

Olfr157 1.24 0.037 Igfbp2 -1.23 0.029

Olfr715 1.23 0.004 Gpr144-ps -1.23 0.038

Gm8221 1.23 0.031 Gm11190 -1.23 0.035

Gm10860 1.23 0.029 Aida -1.23 0.016

Foxe3 1.23 0.012 Gpr176 -1.23 0.044

Ube2cbp 1.23 0.021 Mir181d -1.23 0.046

Pcgf1 1.23 0.001 Zfp955a -1.23 0.048

Olfr653 1.23 0.042 LOC102640118 -1.23 0.026

Olfr538 1.23 0.043 Olfr1392 -1.23 0.036

LOC102640858 1.23 0.048 Dnah7c -1.22 0.000

Npw 1.23 0.023 Gpm6b -1.22 0.026

Gm6042 1.23 0.029 Mir148b -1.22 0.046

2310034O05Rik 1.23 0.007 Pirb -1.22 0.041

Olfr1272 1.23 0.030 Gatm -1.22 0.028

Sec14l3 1.23 0.010 Ttc26 -1.22 0.010

Prl3d1 1.23 0.017 Mir344-2 -1.22 0.006

Defb48 1.23 0.005 Ret -1.22 0.025

Gm3510 1.23 0.050 Rcvrn -1.22 0.038

Odf3 1.23 0.046 Mir17 -1.22 0.026

Upp2 1.23 0.020 Klra10 -1.22 0.043

Olfr1278 1.23 0.011 Mir3097 -1.22 0.032

Cisd3 1.23 0.020 Lrrtm4 -1.22 0.035

Olfr1000 1.23 0.017 Sycp1-ps1 -1.21 0.007

Pnliprp1 1.23 0.008 Cyp26c1 -1.21 0.009

4930465M20Rik 1.23 0.018 Aldh3b2 -1.21 0.038

Slc6a4 1.23 0.020 Vcam1 -1.21 0.004

4933404K08Rik 1.23 0.014 Esco2 -1.21 0.013

LOC102633809 1.23 0.029 4930426L09Rik -1.21 0.013

Tymp 1.23 0.043 Neurog1 -1.21 0.049

Olfr881 1.22 0.010 Gm20815 -1.21 0.034

Tmem132cos 1.22 0.048 Tnfsf14 -1.21 0.011

Olfr1135 1.22 0.016 Bcas3os2 -1.21 0.024

Zfp879 1.22 0.022 Dnajc5b -1.21 0.035

Zfp703 1.22 0.040 Pitx3 -1.21 0.006

Olfr671 1.22 0.011 Spock1 -1.21 0.028

Gm4994 1.22 0.020 Rnf157 -1.21 0.048

Apol7a 1.22 0.018 Prss55 -1.20 0.024

A730013G03Rik 1.22 0.035 AV064505 -1.20 0.043

Ptges3 1.22 0.021 Fam188b -1.20 0.011

C77080 1.22 0.003 LOC381967 -1.20 0.006

Wdr66 1.22 0.040 Olfr1393 -1.20 0.047

B230398E01Rik 1.22 0.041 Htr1d -1.20 0.035

Slc5a11 1.22 0.013 Mir130b -1.20 0.048

Rsph3a 1.21 0.048 Pla2r1 -1.20 0.004

Olfr272 1.21 0.019 Krt86 -1.20 0.039

LOC102639127 1.21 0.001

Olfr113 1.21 0.036

Hist1h4k 1.21 0.047

8030453O22Rik 1.21 0.032

Dcc 1.21 0.020

Gm13034 1.21 0.017

Sox8 1.21 0.026

LOC102633930 1.21 0.035

1300017J02Rik 1.21 0.009
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Ankrd60 1.26 0.007 Olfr66 -1.26 0.007

Gm10244 1.26 0.040 Taf13 -1.26 0.019

Olfr1109 1.26 0.048 Gm2027 -1.26 0.022

Zfp111 1.26 0.016 Nxnl2 -1.26 0.039

Rprml 1.26 0.003 Mir181b-1 -1.26 0.047

Serpinb6c 1.26 0.038 Erdr1 -1.26 0.010

Olfr328 1.26 0.027 A530020G20Rik -1.26 0.019

Xlr5c 1.26 0.003 Vmn1r45 -1.25 0.004

Mir1929 1.26 0.033 Trim52 -1.25 0.014

Vmn2r91 1.26 0.004 Slc5a4a -1.25 0.023

Coprs 1.25 0.019 LOC102637926 -1.25 0.019

4930512B01Rik 1.25 0.027 1700006J14Rik -1.25 0.036

D630013N20Rik 1.25 0.028 Gm3250 -1.25 0.014

Tha1 1.25 0.029 Hes2 -1.25 0.005

Zfp296 1.25 0.033 Tlr12 -1.25 0.030

Zcwpw2 1.25 0.022 Cstad -1.25 0.045

Adarb1 1.25 0.024 Gm11149 -1.25 0.015

Olfr822 1.25 0.013 Pcdhga7 -1.25 0.030

LOC102634561 1.25 0.007 Esp6Esp5 -1.25 0.042

Cdk15 1.25 0.025 Ms4a4d -1.25 0.026

Ddn 1.25 0.023 Astn1 -1.24 0.033

Tmem202 1.24 0.024 Sox7 -1.24 0.021

Zfp574 1.24 0.043 Neil3 -1.24 0.005

Spatc1l 1.24 0.030 4930428G15Rik -1.24 0.012

Emilin3 1.24 0.048 C1ra -1.24 0.032

5133400J02Rik 1.24 0.004 Bmp8b -1.24 0.048

1700063H04Rik 1.24 0.044 Gm9054 -1.24 0.046

Rps11 1.24 0.023 Fmnl1 -1.24 0.013

9330182O14Rik 1.24 0.046 Pramel1 -1.24 0.008

Gm20742 1.24 0.010 5430435G22Rik -1.24 0.043

Olfr1259 1.24 0.027 Kcng2 -1.24 0.023

Zc3hav1l 1.24 0.009 9230112J17Rik -1.24 0.033

Fitm1 1.24 0.033 C5ar1 -1.24 0.030

Unkl 1.24 0.001 LOC100503594 -1.23 0.041

Olfr157 1.24 0.037 Igfbp2 -1.23 0.029

Olfr715 1.23 0.004 Gpr144-ps -1.23 0.038

Gm8221 1.23 0.031 Gm11190 -1.23 0.035

Gm10860 1.23 0.029 Aida -1.23 0.016

Foxe3 1.23 0.012 Gpr176 -1.23 0.044

Ube2cbp 1.23 0.021 Mir181d -1.23 0.046

Pcgf1 1.23 0.001 Zfp955a -1.23 0.048

Olfr653 1.23 0.042 LOC102640118 -1.23 0.026

Olfr538 1.23 0.043 Olfr1392 -1.23 0.036

LOC102640858 1.23 0.048 Dnah7c -1.22 0.000

Npw 1.23 0.023 Gpm6b -1.22 0.026

Gm6042 1.23 0.029 Mir148b -1.22 0.046

2310034O05Rik 1.23 0.007 Pirb -1.22 0.041

Olfr1272 1.23 0.030 Gatm -1.22 0.028

Sec14l3 1.23 0.010 Ttc26 -1.22 0.010

Prl3d1 1.23 0.017 Mir344-2 -1.22 0.006

Defb48 1.23 0.005 Ret -1.22 0.025

Gm3510 1.23 0.050 Rcvrn -1.22 0.038

Odf3 1.23 0.046 Mir17 -1.22 0.026

Upp2 1.23 0.020 Klra10 -1.22 0.043

Olfr1278 1.23 0.011 Mir3097 -1.22 0.032

Cisd3 1.23 0.020 Lrrtm4 -1.22 0.035

Olfr1000 1.23 0.017 Sycp1-ps1 -1.21 0.007

Pnliprp1 1.23 0.008 Cyp26c1 -1.21 0.009

4930465M20Rik 1.23 0.018 Aldh3b2 -1.21 0.038

Slc6a4 1.23 0.020 Vcam1 -1.21 0.004

4933404K08Rik 1.23 0.014 Esco2 -1.21 0.013

LOC102633809 1.23 0.029 4930426L09Rik -1.21 0.013

Tymp 1.23 0.043 Neurog1 -1.21 0.049

Olfr881 1.22 0.010 Gm20815 -1.21 0.034

Tmem132cos 1.22 0.048 Tnfsf14 -1.21 0.011

Olfr1135 1.22 0.016 Bcas3os2 -1.21 0.024

Zfp879 1.22 0.022 Dnajc5b -1.21 0.035

Zfp703 1.22 0.040 Pitx3 -1.21 0.006

Olfr671 1.22 0.011 Spock1 -1.21 0.028

Gm4994 1.22 0.020 Rnf157 -1.21 0.048

Apol7a 1.22 0.018 Prss55 -1.20 0.024

A730013G03Rik 1.22 0.035 AV064505 -1.20 0.043

Ptges3 1.22 0.021 Fam188b -1.20 0.011

C77080 1.22 0.003 LOC381967 -1.20 0.006

Wdr66 1.22 0.040 Olfr1393 -1.20 0.047

B230398E01Rik 1.22 0.041 Htr1d -1.20 0.035

Slc5a11 1.22 0.013 Mir130b -1.20 0.048

Rsph3a 1.21 0.048 Pla2r1 -1.20 0.004

Olfr272 1.21 0.019 Krt86 -1.20 0.039

LOC102639127 1.21 0.001

Olfr113 1.21 0.036

Hist1h4k 1.21 0.047

8030453O22Rik 1.21 0.032

Dcc 1.21 0.020

Gm13034 1.21 0.017

Sox8 1.21 0.026

LOC102633930 1.21 0.035

1300017J02Rik 1.21 0.009
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Csl 1.21 0.031

H2-M1 1.21 0.041

Olfr62 1.21 0.019

LOC101056089 1.21 0.006

Mef2b 1.21 0.041

6430550D23Rik 1.21 0.006

Gm10389 1.20 0.045

Gjd3 1.20 0.011

LOC102637059 1.20 0.040

Trim66 1.20 0.003

LOC102635192 1.20 0.015

Zbtb45 1.20 0.029

Hoxd13 1.20 0.030

LOC102638632 1.20 0.004

UP-REGULATED GENES ILEUM DOWN-REGULATED GENES ILEUM

gene name FC p-value gene name FC p-value

Lct 8.11 0.005 Igkv5-43 -11.34 0.001

Plb1 5.70 0.006 Igkv5-45 -7.58 0.004

Dnase1 4.78 0.020 Igkv4-59 -6.21 0.038

Ighv14-4 4.67 0.011 Slc6a14 -6.08 0.014

Fam151a 4.34 0.011 Ighv1-77 -5.15 0.007

Gm5549 4.08 0.005 Igkv8-21 -3.30 0.020

Gata4 3.79 0.012 Igkv4-70 -3.22 0.029

Ighv1-59 3.56 0.047 Gm53 -2.92 0.043

Asah2 3.46 0.006 Ighv1-58 -2.92 0.046

Slc23a1 3.34 0.032 Hoxb9 -2.75 0.024

Gm11166 3.18 0.001 Mir196a-1 -2.63 0.047

Kcnj13 3.14 0.008 1810065E05Rik -2.59 0.007

Enpp7 3.05 0.004 Saa1 -2.57 0.047

Slc5a12 2.95 0.048 Gm2964 -2.48 0.006

Slc5a4b 2.83 0.006 Igkv4-57 -2.48 0.016

Adh6a 2.72 0.008 Cyp2c55 -2.44 0.002

Cyp2b10 2.50 0.040 Ighv1-85 -2.37 0.042

Slc28a1 2.26 0.033 S100g -2.21 0.010

Hsd17b6 2.26 0.018 Ces2b -2.20 0.037

Apol9b 2.24 0.001 Hoxb8 -2.20 0.003

Ace 2.16 0.016 Hoxb6 -2.18 0.040

Acot12 2.15 0.006 Slc10a2 -2.09 0.030

Gip 2.15 0.033 Defb37 -1.98 0.013

Ttll2 2.12 0.017 Tat -1.97 0.011

Sft2d1 2.08 0.019 Tmigd1 -1.92 0.021

Slc9a3 2.03 0.040 B020014A21Rik -1.89 0.000

Unc93a 2.02 0.048 Slc40a1 -1.88 0.021

Apoa4 2.01 0.003 Car1 -1.88 0.035

Gm11651 2.00 0.008 Abca12 -1.88 0.009

Trim38 2.00 0.043 Hoxb7 -1.86 0.023

Tm4sf5 1.92 0.014 Ifitm7 -1.82 0.017

Adh4 1.90 0.015 Gm15128 -1.81 0.029

Acsm5 1.89 0.030 Noxa1 -1.79 0.001

Tymp 1.77 0.011 Sval1 -1.79 0.000

Ms4a10 1.76 0.034 1700024P16Rik -1.77 0.009

LOC102633000 1.76 0.006 5730507C01Rik -1.77 0.016

Slc28a2 1.75 0.001 Lpcat4 -1.75 0.011

Cda 1.74 0.007 2010005H15Rik -1.74 0.001

Rnu3a 1.74 0.004 Gmcl1l -1.71 0.028

Tm4sf4 1.74 0.021 Gm15363 -1.71 0.007

Rpl6 1.73 0.032 Hoxb3 -1.70 0.030

Pcdha1 1.73 0.029 Lamb3 -1.69 0.028

Mroh7 1.73 0.009 Gm1965 -1.67 0.002

Ano6 1.70 0.006 Bco1 -1.67 0.018

Ptgr1 1.69 0.021 Vmn1r91 -1.66 0.025

Cyp17a1 1.67 0.014 2610528A11Rik -1.66 0.002

Rragd 1.67 0.017 Epb4.1l4a -1.66 0.016

Gm5431 1.64 0.001 Fa2h -1.66 0.035

Gm11517 1.64 0.014 Trgj3 -1.66 0.021

Nr1i3 1.63 0.049 Paqr5 -1.65 0.018

LOC102634539 1.61 0.006 Mup12 -1.65 0.044

Slc16a10 1.60 0.020 Gm21936 -1.64 0.038

Gm6909 1.60 0.045 Defb39 -1.64 0.030

Olfr373 1.59 0.035 Dhrs9 -1.64 0.009

Enpp3 1.59 0.029 Hao2 -1.63 0.035

Gm11127 1.59 0.026 Cldn8 -1.62 0.007

Smpdl3b 1.59 0.014 Plscr2 -1.61 0.032

Pcdha11 1.59 0.004 LOC102632682 -1.59 0.028

Efr3b 1.59 0.020 Nptxr -1.59 0.009

Slc7a8 1.58 0.015 Gm3248 -1.59 0.014

Gm6897 1.58 0.004 Gm10505 -1.58 0.007

Kcnj2 1.58 0.028 Hsd3b3 -1.57 0.004

Gpr39 1.57 0.016 Acaa1b -1.57 0.004

LOC102633565 1.56 0.034 Cd177 -1.56 0.019

Il33 1.56 0.030 Gm14327 -1.55 0.003

Anxa13 1.55 0.013 Hmgcs2 -1.55 0.034

Gm14488 1.55 0.006 Vmn1r159 -1.54 0.006
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Csl 1.21 0.031

H2-M1 1.21 0.041

Olfr62 1.21 0.019

LOC101056089 1.21 0.006

Mef2b 1.21 0.041

6430550D23Rik 1.21 0.006

Gm10389 1.20 0.045

Gjd3 1.20 0.011

LOC102637059 1.20 0.040

Trim66 1.20 0.003

LOC102635192 1.20 0.015

Zbtb45 1.20 0.029

Hoxd13 1.20 0.030

LOC102638632 1.20 0.004

UP-REGULATED GENES ILEUM DOWN-REGULATED GENES ILEUM

gene name FC p-value gene name FC p-value

Lct 8.11 0.005 Igkv5-43 -11.34 0.001

Plb1 5.70 0.006 Igkv5-45 -7.58 0.004

Dnase1 4.78 0.020 Igkv4-59 -6.21 0.038

Ighv14-4 4.67 0.011 Slc6a14 -6.08 0.014

Fam151a 4.34 0.011 Ighv1-77 -5.15 0.007

Gm5549 4.08 0.005 Igkv8-21 -3.30 0.020

Gata4 3.79 0.012 Igkv4-70 -3.22 0.029

Ighv1-59 3.56 0.047 Gm53 -2.92 0.043

Asah2 3.46 0.006 Ighv1-58 -2.92 0.046

Slc23a1 3.34 0.032 Hoxb9 -2.75 0.024

Gm11166 3.18 0.001 Mir196a-1 -2.63 0.047

Kcnj13 3.14 0.008 1810065E05Rik -2.59 0.007

Enpp7 3.05 0.004 Saa1 -2.57 0.047

Slc5a12 2.95 0.048 Gm2964 -2.48 0.006

Slc5a4b 2.83 0.006 Igkv4-57 -2.48 0.016

Adh6a 2.72 0.008 Cyp2c55 -2.44 0.002

Cyp2b10 2.50 0.040 Ighv1-85 -2.37 0.042

Slc28a1 2.26 0.033 S100g -2.21 0.010

Hsd17b6 2.26 0.018 Ces2b -2.20 0.037

Apol9b 2.24 0.001 Hoxb8 -2.20 0.003

Ace 2.16 0.016 Hoxb6 -2.18 0.040

Acot12 2.15 0.006 Slc10a2 -2.09 0.030

Gip 2.15 0.033 Defb37 -1.98 0.013

Ttll2 2.12 0.017 Tat -1.97 0.011

Sft2d1 2.08 0.019 Tmigd1 -1.92 0.021

Slc9a3 2.03 0.040 B020014A21Rik -1.89 0.000

Unc93a 2.02 0.048 Slc40a1 -1.88 0.021

Apoa4 2.01 0.003 Car1 -1.88 0.035

Gm11651 2.00 0.008 Abca12 -1.88 0.009

Trim38 2.00 0.043 Hoxb7 -1.86 0.023

Tm4sf5 1.92 0.014 Ifitm7 -1.82 0.017

Adh4 1.90 0.015 Gm15128 -1.81 0.029

Acsm5 1.89 0.030 Noxa1 -1.79 0.001

Tymp 1.77 0.011 Sval1 -1.79 0.000

Ms4a10 1.76 0.034 1700024P16Rik -1.77 0.009

LOC102633000 1.76 0.006 5730507C01Rik -1.77 0.016

Slc28a2 1.75 0.001 Lpcat4 -1.75 0.011

Cda 1.74 0.007 2010005H15Rik -1.74 0.001

Rnu3a 1.74 0.004 Gmcl1l -1.71 0.028

Tm4sf4 1.74 0.021 Gm15363 -1.71 0.007

Rpl6 1.73 0.032 Hoxb3 -1.70 0.030

Pcdha1 1.73 0.029 Lamb3 -1.69 0.028

Mroh7 1.73 0.009 Gm1965 -1.67 0.002

Ano6 1.70 0.006 Bco1 -1.67 0.018

Ptgr1 1.69 0.021 Vmn1r91 -1.66 0.025

Cyp17a1 1.67 0.014 2610528A11Rik -1.66 0.002

Rragd 1.67 0.017 Epb4.1l4a -1.66 0.016

Gm5431 1.64 0.001 Fa2h -1.66 0.035

Gm11517 1.64 0.014 Trgj3 -1.66 0.021

Nr1i3 1.63 0.049 Paqr5 -1.65 0.018

LOC102634539 1.61 0.006 Mup12 -1.65 0.044

Slc16a10 1.60 0.020 Gm21936 -1.64 0.038

Gm6909 1.60 0.045 Defb39 -1.64 0.030

Olfr373 1.59 0.035 Dhrs9 -1.64 0.009

Enpp3 1.59 0.029 Hao2 -1.63 0.035

Gm11127 1.59 0.026 Cldn8 -1.62 0.007

Smpdl3b 1.59 0.014 Plscr2 -1.61 0.032

Pcdha11 1.59 0.004 LOC102632682 -1.59 0.028

Efr3b 1.59 0.020 Nptxr -1.59 0.009

Slc7a8 1.58 0.015 Gm3248 -1.59 0.014

Gm6897 1.58 0.004 Gm10505 -1.58 0.007

Kcnj2 1.58 0.028 Hsd3b3 -1.57 0.004

Gpr39 1.57 0.016 Acaa1b -1.57 0.004

LOC102633565 1.56 0.034 Cd177 -1.56 0.019

Il33 1.56 0.030 Gm14327 -1.55 0.003

Anxa13 1.55 0.013 Hmgcs2 -1.55 0.034

Gm14488 1.55 0.006 Vmn1r159 -1.54 0.006
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LOC102639648 1.55 0.009 Cpn1 -1.54 0.046

Snora73a 1.55 0.001 Gm4907 -1.53 0.018

H3f3a 1.54 0.032 Scd2 -1.52 0.010

Cyp4b1 1.54 0.018 Ankrd37 -1.51 0.046

Gm14920 1.52 0.018 Zfp944 -1.50 0.019

Npl 1.52 0.002 Nr1h4 -1.50 0.012

H2-Q2 1.52 0.004 Cyp51 -1.50 0.001

H2-Q1 1.52 0.021 Mir124a-2 -1.49 0.024

Cyp4v3 1.52 0.021 Igkv4-56 -1.49 0.013

1700110K17Rik 1.51 0.017 Slc13a1 -1.48 0.031

Gm10229 1.51 0.047 Abcb1a -1.48 0.010

Slc2a2 1.51 0.019 Sgk2 -1.48 0.037

Creb3l2 1.51 0.043 Reg3g -1.48 0.009

Mpp4 1.50 0.013 LOC102640468 -1.48 0.008

Arl14 1.50 0.038 Slfn4 -1.47 0.005

2010109I03Rik 1.49 0.005 Car12 -1.47 0.039

Snora44 1.49 0.005 Vmn1r94 -1.47 0.029

Car13 1.49 0.031 Gm4971 -1.46 0.001

LOC101055745 1.49 0.049 Cutal -1.46 0.024

Dnpep 1.48 0.009 LOC102640140 -1.45 0.045

Bst1 1.48 0.005 Reg3b -1.45 0.004

Rdh7 1.47 0.005 Serpina1b -1.45 0.046

Spns2 1.47 0.010 Acot2 -1.45 0.003

Pisd-ps1 1.47 0.012 LOC102637408 -1.45 0.049

LOC102638051 1.46 0.027 Olfr1046 -1.44 0.002

Igkv3-9 1.46 0.033 B3gnt6 -1.44 0.004

Pld2 1.46 0.004 Tspan1 -1.44 0.006

Soat2 1.46 0.016 Hsd3b2 -1.44 0.023

1810055G02Rik 1.45 0.017 Gm2464 -1.44 0.039

Rpl35a 1.45 0.026 Fdft1 -1.44 0.019

Slc25a45 1.45 0.023 Sult1c2 -1.43 0.008

Cox5b 1.45 0.010 Fgf10 -1.43 0.004

Maob 1.44 0.020 Gm2666 -1.43 0.046

LOC102634389 1.44 0.028 Hsd17b13 -1.43 0.014

Slc7a15 1.44 0.041 St6galnac6 -1.43 0.001

LOC102632388 1.44 0.004 Il7 -1.43 0.001

Cml1 1.43 0.036 Ddah1 -1.43 0.021

Gramd1b 1.43 0.003 Mettl7b -1.43 0.026

Hmgb2 1.43 0.004 Sema3c -1.42 0.015

Edn3 1.43 0.002 Ildr1 -1.42 0.021

Atp7b 1.42 0.014 Gm13034 -1.42 0.015

Bche 1.42 0.007 Cldn2 -1.41 0.029

Snora5c 1.41 0.000 Endod1 -1.41 0.003

Dusp6 1.41 0.008 Zfp2 -1.41 0.013

Slc15a1 1.41 0.010 Renbp -1.41 0.047

Cdr2 1.41 0.033 Prss23 -1.41 0.016

D130043K22Rik 1.41 0.041 AA467197 -1.40 0.037

Slc5a11 1.41 0.032 Olfr160 -1.40 0.043

Snord104 1.41 0.009 Mboat1 -1.40 0.036

Anxa4 1.41 0.009 Gm6568 -1.40 0.013

Trp53rk 1.41 0.015 Neu1 -1.40 0.033

Mir6516 1.41 0.002 Mir1946a -1.40 0.013

Tmem86a 1.41 0.022 Ankef1 -1.39 0.008

Pcdhgb4 1.41 0.007 Tmem171 -1.39 0.030

Klkb1 1.41 0.018 Hist1h3h -1.39 0.008

Snora61 1.40 0.009 Gm2933 -1.39 0.046

2010107G12Rik 1.40 0.003 Ffar4 -1.38 0.004

Slc4a5 1.40 0.048 Olfr1175-ps -1.38 0.049

Usp35 1.40 0.019 LOC102636378 -1.38 0.005

Nrn1 1.40 0.011 Gm2825 -1.38 0.007

Rbp2 1.40 0.011 Mir7-1 -1.38 0.008

Rap1gapos 1.40 0.003 Trpm6 -1.37 0.046

Pxdc1 1.40 0.007 Nkain1 -1.37 0.018

LOC102639005 1.40 0.002 Klk1 -1.37 0.001

Tbc1d24 1.40 0.005 Atp2b1 -1.37 0.014

LOC102636360 1.39 0.042 Ms4a5 -1.36 0.015

Snora16a 1.39 0.014 Gcg -1.36 0.010

LOC102640635 1.39 0.025 Pcsk9 -1.36 0.001

Oas3 1.39 0.003 0610040B10Rik -1.36 0.022

Gm10471 1.39 0.026 Bex1 -1.36 0.001

Mir5104 1.39 0.017 Spsb4 -1.36 0.035

Usp17lb 1.39 0.036 Vmn1r59 -1.36 0.022

Gprc5a 1.39 0.001 Zfp595 -1.36 0.003

Snora34 1.39 0.026 Ces1f -1.36 0.036

Ngp 1.39 0.007 Prkaa2 -1.36 0.005

Eepd1 1.39 0.006 Gnpnat1 -1.36 0.002

Mir3081 1.39 0.016 Baat -1.35 0.014

Rhou 1.38 0.002 Insl5 -1.35 0.046

Abca1 1.38 0.020 Tssk3 -1.35 0.033

Samd8 1.38 0.004 Abcg2 -1.35 0.017

Hsf5 1.38 0.008 Klrb1-ps1 -1.35 0.020

Fam104a 1.38 0.004 Smok3a -1.35 0.017

Olfr170 1.37 0.040 LOC102640477 -1.35 0.011

Olfr981 1.37 0.007 Dmbt1 -1.35 0.010

Sgpl1 1.37 0.020 Gm15446 -1.35 0.019

Slc14a1 1.37 0.012 Npy4r -1.35 0.008

Scarna6 1.37 0.010 Slc44a4 -1.34 0.020

Trbv12-1 1.37 0.001 Mir1905 -1.34 0.030
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LOC102639648 1.55 0.009 Cpn1 -1.54 0.046

Snora73a 1.55 0.001 Gm4907 -1.53 0.018

H3f3a 1.54 0.032 Scd2 -1.52 0.010

Cyp4b1 1.54 0.018 Ankrd37 -1.51 0.046

Gm14920 1.52 0.018 Zfp944 -1.50 0.019

Npl 1.52 0.002 Nr1h4 -1.50 0.012

H2-Q2 1.52 0.004 Cyp51 -1.50 0.001

H2-Q1 1.52 0.021 Mir124a-2 -1.49 0.024

Cyp4v3 1.52 0.021 Igkv4-56 -1.49 0.013

1700110K17Rik 1.51 0.017 Slc13a1 -1.48 0.031

Gm10229 1.51 0.047 Abcb1a -1.48 0.010

Slc2a2 1.51 0.019 Sgk2 -1.48 0.037

Creb3l2 1.51 0.043 Reg3g -1.48 0.009

Mpp4 1.50 0.013 LOC102640468 -1.48 0.008

Arl14 1.50 0.038 Slfn4 -1.47 0.005

2010109I03Rik 1.49 0.005 Car12 -1.47 0.039

Snora44 1.49 0.005 Vmn1r94 -1.47 0.029

Car13 1.49 0.031 Gm4971 -1.46 0.001

LOC101055745 1.49 0.049 Cutal -1.46 0.024

Dnpep 1.48 0.009 LOC102640140 -1.45 0.045

Bst1 1.48 0.005 Reg3b -1.45 0.004

Rdh7 1.47 0.005 Serpina1b -1.45 0.046

Spns2 1.47 0.010 Acot2 -1.45 0.003

Pisd-ps1 1.47 0.012 LOC102637408 -1.45 0.049

LOC102638051 1.46 0.027 Olfr1046 -1.44 0.002

Igkv3-9 1.46 0.033 B3gnt6 -1.44 0.004

Pld2 1.46 0.004 Tspan1 -1.44 0.006

Soat2 1.46 0.016 Hsd3b2 -1.44 0.023

1810055G02Rik 1.45 0.017 Gm2464 -1.44 0.039

Rpl35a 1.45 0.026 Fdft1 -1.44 0.019

Slc25a45 1.45 0.023 Sult1c2 -1.43 0.008

Cox5b 1.45 0.010 Fgf10 -1.43 0.004

Maob 1.44 0.020 Gm2666 -1.43 0.046

LOC102634389 1.44 0.028 Hsd17b13 -1.43 0.014

Slc7a15 1.44 0.041 St6galnac6 -1.43 0.001

LOC102632388 1.44 0.004 Il7 -1.43 0.001

Cml1 1.43 0.036 Ddah1 -1.43 0.021

Gramd1b 1.43 0.003 Mettl7b -1.43 0.026

Hmgb2 1.43 0.004 Sema3c -1.42 0.015

Edn3 1.43 0.002 Ildr1 -1.42 0.021

Atp7b 1.42 0.014 Gm13034 -1.42 0.015

Bche 1.42 0.007 Cldn2 -1.41 0.029

Snora5c 1.41 0.000 Endod1 -1.41 0.003

Dusp6 1.41 0.008 Zfp2 -1.41 0.013

Slc15a1 1.41 0.010 Renbp -1.41 0.047

Cdr2 1.41 0.033 Prss23 -1.41 0.016

D130043K22Rik 1.41 0.041 AA467197 -1.40 0.037

Slc5a11 1.41 0.032 Olfr160 -1.40 0.043

Snord104 1.41 0.009 Mboat1 -1.40 0.036

Anxa4 1.41 0.009 Gm6568 -1.40 0.013

Trp53rk 1.41 0.015 Neu1 -1.40 0.033

Mir6516 1.41 0.002 Mir1946a -1.40 0.013

Tmem86a 1.41 0.022 Ankef1 -1.39 0.008

Pcdhgb4 1.41 0.007 Tmem171 -1.39 0.030

Klkb1 1.41 0.018 Hist1h3h -1.39 0.008

Snora61 1.40 0.009 Gm2933 -1.39 0.046

2010107G12Rik 1.40 0.003 Ffar4 -1.38 0.004

Slc4a5 1.40 0.048 Olfr1175-ps -1.38 0.049

Usp35 1.40 0.019 LOC102636378 -1.38 0.005

Nrn1 1.40 0.011 Gm2825 -1.38 0.007

Rbp2 1.40 0.011 Mir7-1 -1.38 0.008

Rap1gapos 1.40 0.003 Trpm6 -1.37 0.046

Pxdc1 1.40 0.007 Nkain1 -1.37 0.018

LOC102639005 1.40 0.002 Klk1 -1.37 0.001

Tbc1d24 1.40 0.005 Atp2b1 -1.37 0.014

LOC102636360 1.39 0.042 Ms4a5 -1.36 0.015

Snora16a 1.39 0.014 Gcg -1.36 0.010

LOC102640635 1.39 0.025 Pcsk9 -1.36 0.001

Oas3 1.39 0.003 0610040B10Rik -1.36 0.022

Gm10471 1.39 0.026 Bex1 -1.36 0.001

Mir5104 1.39 0.017 Spsb4 -1.36 0.035

Usp17lb 1.39 0.036 Vmn1r59 -1.36 0.022

Gprc5a 1.39 0.001 Zfp595 -1.36 0.003

Snora34 1.39 0.026 Ces1f -1.36 0.036

Ngp 1.39 0.007 Prkaa2 -1.36 0.005

Eepd1 1.39 0.006 Gnpnat1 -1.36 0.002

Mir3081 1.39 0.016 Baat -1.35 0.014

Rhou 1.38 0.002 Insl5 -1.35 0.046

Abca1 1.38 0.020 Tssk3 -1.35 0.033

Samd8 1.38 0.004 Abcg2 -1.35 0.017

Hsf5 1.38 0.008 Klrb1-ps1 -1.35 0.020

Fam104a 1.38 0.004 Smok3a -1.35 0.017

Olfr170 1.37 0.040 LOC102640477 -1.35 0.011

Olfr981 1.37 0.007 Dmbt1 -1.35 0.010

Sgpl1 1.37 0.020 Gm15446 -1.35 0.019

Slc14a1 1.37 0.012 Npy4r -1.35 0.008

Scarna6 1.37 0.010 Slc44a4 -1.34 0.020

Trbv12-1 1.37 0.001 Mir1905 -1.34 0.030
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Ido1 1.37 0.001 LOC102636235 -1.34 0.045

Nek6 1.37 0.012 Sqle -1.34 0.044

Gpr155 1.37 0.032 Slc2a13 -1.34 0.007

Epb4.1l3 1.36 0.010 Acat2 -1.34 0.001

Hcn1 1.36 0.007 Retnlb -1.34 0.006

Zfpm1 1.36 0.047 Trav14-1 -1.33 0.027

Magea1 1.36 0.025 Zfp560 -1.33 0.003

Tdgf1 1.36 0.018 Rnasel -1.33 0.012

Homer2 1.35 0.014 Fdx1l -1.33 0.012

LOC102639455 1.35 0.014 2410012M07Rik -1.33 0.014

Aldh4a1 1.35 0.003 Plscr4 -1.33 0.035

Acy1 1.35 0.024 Jmjd7 -1.33 0.005

Sec14l2 1.35 0.033 Hmgcs1 -1.33 0.015

Snora15 1.34 0.028 Nipal2 -1.33 0.001

Snora52 1.34 0.008 Slc30a1 -1.33 0.046

LOC102632661 1.34 0.048 AI450353 -1.33 0.010

Gpx2 1.34 0.003 Grpr -1.32 0.003

Xpnpep1 1.34 0.007 Vsig4 -1.32 0.024

Olfr506 1.34 0.037 C1qtnf3 -1.32 0.001

Ptgdr 1.34 0.031 Mir194-2 -1.31 0.005

Snora73b 1.34 0.005 Prss30 -1.31 0.009

Mical1 1.34 0.029 Ccl28 -1.31 0.008

Gda 1.33 0.006 Olfr887 -1.31 0.037

Bco2 1.33 0.044 Akap17b -1.31 0.009

Defa-ps13 1.33 0.005 Mageb5 -1.31 0.029

Abcc2 1.33 0.031 Sqrdl -1.31 0.019

Krt12 1.32 0.007 Mfsd4 -1.31 0.007

Als2 1.32 0.044 Sst -1.30 0.038

Aldh1a3 1.32 0.003 LOC102635261 -1.30 0.020

Zfp820 1.32 0.007 Itga2 -1.30 0.006

A230103J11Rik 1.32 0.007 Slc51b -1.30 0.017

Traj5 1.32 0.024 Fam161a -1.30 0.017

B4galt5 1.32 0.041 Oxct1 -1.30 0.008

Vwa1 1.32 0.005 Mir5103 -1.30 0.005

Entpd7 1.32 0.036 LOC102632994 -1.30 0.028

2010003K11Rik 1.32 0.019 Glul -1.30 0.016

Tmem86b 1.32 0.043 Ube2dnl1 -1.30 0.046

Pcyt1a 1.32 0.011 Fbp1 -1.30 0.028

Gm17762 1.32 0.042 Gm17619 -1.30 0.002

1700019G17Rik 1.32 0.010 Gm13139 -1.30 0.007

LOC102637966 1.31 0.018 Msmo1 -1.30 0.036

Il27ra 1.31 0.031 Dlk2 -1.29 0.028

Rnu73b 1.31 0.020 Cyp2c54 -1.29 0.024

Gm5965 1.31 0.044 Vmn1r194 -1.29 0.009

Pdcd5 1.31 0.032 Klk1b5 -1.29 0.035

Gm13102 1.31 0.013 2610044O15Rik8 -1.29 0.005

2610018G03Rik 1.31 0.014 Plscr1 -1.29 0.008

Trim30b 1.31 0.020 Gm6251 -1.29 0.020

Clca6 1.31 0.001 Pdgfc -1.29 0.021

Creb3l3 1.30 0.011 2410141K09Rik -1.29 0.009

Sgk3 1.30 0.020 Abcc3 -1.29 0.003

Agmo 1.30 0.039 Olfr1099 -1.29 0.045

Aqp1 1.30 0.014 Efcab1 -1.29 0.040

Adipor2 1.30 0.011 Gm16525 -1.29 0.044

Odf3b 1.30 0.044 Npm1 -1.28 0.001

1700003H04Rik 1.30 0.003 Ly6a -1.28 0.008

Adh1 1.30 0.022 Gm21319 -1.28 0.006

Cyp3a13 1.30 0.018 Insig1 -1.28 0.010

Il2rb 1.30 0.001 Hbb-bs -1.28 0.019

Mir3968 1.30 0.022 Frrs1l -1.28 0.046

Snora70 1.30 0.040 B630019K06Rik -1.28 0.039

Snora31 1.30 0.031 Sprr2b -1.28 0.039

LOC102639182 1.30 0.013 Zfp599 -1.28 0.003

Olfr1368 1.30 0.034 Hhipl1 -1.27 0.018

Hk1os 1.30 0.029 Fgfbp1 -1.27 0.004

Olfr338 1.30 0.013 Vmn1r63 -1.27 0.020

9530003J23Rik 1.30 0.031 Plat -1.27 0.044

Snord49b 1.30 0.008 Baalc -1.27 0.040

Olfr299 1.30 0.002 Rac3 -1.27 0.003

Fbln1 1.30 0.044 Aoah -1.27 0.027

Snord15b 1.29 0.032 Tc2n -1.27 0.010

Nme5 1.29 0.008 Olfr522 -1.27 0.033

C86187 1.29 0.004 Gpx7 -1.27 0.023

AI507597 1.29 0.046 P4ha3 -1.27 0.032

Daf2 1.29 0.013 Klri2 -1.27 0.022

Ly75 1.29 0.020 Shc3 -1.27 0.004

Kif27 1.29 0.005 9930012K11Rik -1.27 0.032

Apol10a 1.29 0.047 Tatdn3 -1.27 0.005

Npc1l1 1.29 0.006 Gm13403 -1.27 0.024

Zfp709 1.29 0.008 Ampd3 -1.27 0.018

LOC102635682 1.29 0.040 Pyy -1.27 0.010

LOC102636239 1.29 0.025 Pdzk1ip1 -1.26 0.020

Eno3 1.29 0.003 Gm12814 -1.26 0.036

Dynll1 1.29 0.003 Ccl8 -1.26 0.015

Zfp873 1.29 0.022 Iapp -1.26 0.014

Ugt1a9 1.29 0.048 Opn3 -1.26 0.008

Slc43a2 1.29 0.031 B4galt4 -1.26 0.004

Fbxo47 1.29 0.023 C1qtnf9 -1.26 0.015



Akkermansia muciniphila supplementation in accelerated aging mice   |   123   

3

Ido1 1.37 0.001 LOC102636235 -1.34 0.045

Nek6 1.37 0.012 Sqle -1.34 0.044

Gpr155 1.37 0.032 Slc2a13 -1.34 0.007

Epb4.1l3 1.36 0.010 Acat2 -1.34 0.001

Hcn1 1.36 0.007 Retnlb -1.34 0.006

Zfpm1 1.36 0.047 Trav14-1 -1.33 0.027

Magea1 1.36 0.025 Zfp560 -1.33 0.003

Tdgf1 1.36 0.018 Rnasel -1.33 0.012

Homer2 1.35 0.014 Fdx1l -1.33 0.012

LOC102639455 1.35 0.014 2410012M07Rik -1.33 0.014

Aldh4a1 1.35 0.003 Plscr4 -1.33 0.035

Acy1 1.35 0.024 Jmjd7 -1.33 0.005

Sec14l2 1.35 0.033 Hmgcs1 -1.33 0.015

Snora15 1.34 0.028 Nipal2 -1.33 0.001

Snora52 1.34 0.008 Slc30a1 -1.33 0.046

LOC102632661 1.34 0.048 AI450353 -1.33 0.010

Gpx2 1.34 0.003 Grpr -1.32 0.003

Xpnpep1 1.34 0.007 Vsig4 -1.32 0.024

Olfr506 1.34 0.037 C1qtnf3 -1.32 0.001

Ptgdr 1.34 0.031 Mir194-2 -1.31 0.005

Snora73b 1.34 0.005 Prss30 -1.31 0.009

Mical1 1.34 0.029 Ccl28 -1.31 0.008

Gda 1.33 0.006 Olfr887 -1.31 0.037

Bco2 1.33 0.044 Akap17b -1.31 0.009

Defa-ps13 1.33 0.005 Mageb5 -1.31 0.029

Abcc2 1.33 0.031 Sqrdl -1.31 0.019

Krt12 1.32 0.007 Mfsd4 -1.31 0.007

Als2 1.32 0.044 Sst -1.30 0.038

Aldh1a3 1.32 0.003 LOC102635261 -1.30 0.020

Zfp820 1.32 0.007 Itga2 -1.30 0.006

A230103J11Rik 1.32 0.007 Slc51b -1.30 0.017

Traj5 1.32 0.024 Fam161a -1.30 0.017

B4galt5 1.32 0.041 Oxct1 -1.30 0.008

Vwa1 1.32 0.005 Mir5103 -1.30 0.005

Entpd7 1.32 0.036 LOC102632994 -1.30 0.028

2010003K11Rik 1.32 0.019 Glul -1.30 0.016

Tmem86b 1.32 0.043 Ube2dnl1 -1.30 0.046

Pcyt1a 1.32 0.011 Fbp1 -1.30 0.028

Gm17762 1.32 0.042 Gm17619 -1.30 0.002

1700019G17Rik 1.32 0.010 Gm13139 -1.30 0.007

LOC102637966 1.31 0.018 Msmo1 -1.30 0.036

Il27ra 1.31 0.031 Dlk2 -1.29 0.028

Rnu73b 1.31 0.020 Cyp2c54 -1.29 0.024

Gm5965 1.31 0.044 Vmn1r194 -1.29 0.009

Pdcd5 1.31 0.032 Klk1b5 -1.29 0.035

Gm13102 1.31 0.013 2610044O15Rik8 -1.29 0.005

2610018G03Rik 1.31 0.014 Plscr1 -1.29 0.008

Trim30b 1.31 0.020 Gm6251 -1.29 0.020

Clca6 1.31 0.001 Pdgfc -1.29 0.021

Creb3l3 1.30 0.011 2410141K09Rik -1.29 0.009

Sgk3 1.30 0.020 Abcc3 -1.29 0.003

Agmo 1.30 0.039 Olfr1099 -1.29 0.045

Aqp1 1.30 0.014 Efcab1 -1.29 0.040

Adipor2 1.30 0.011 Gm16525 -1.29 0.044

Odf3b 1.30 0.044 Npm1 -1.28 0.001

1700003H04Rik 1.30 0.003 Ly6a -1.28 0.008

Adh1 1.30 0.022 Gm21319 -1.28 0.006

Cyp3a13 1.30 0.018 Insig1 -1.28 0.010

Il2rb 1.30 0.001 Hbb-bs -1.28 0.019

Mir3968 1.30 0.022 Frrs1l -1.28 0.046

Snora70 1.30 0.040 B630019K06Rik -1.28 0.039

Snora31 1.30 0.031 Sprr2b -1.28 0.039

LOC102639182 1.30 0.013 Zfp599 -1.28 0.003

Olfr1368 1.30 0.034 Hhipl1 -1.27 0.018

Hk1os 1.30 0.029 Fgfbp1 -1.27 0.004

Olfr338 1.30 0.013 Vmn1r63 -1.27 0.020

9530003J23Rik 1.30 0.031 Plat -1.27 0.044

Snord49b 1.30 0.008 Baalc -1.27 0.040

Olfr299 1.30 0.002 Rac3 -1.27 0.003

Fbln1 1.30 0.044 Aoah -1.27 0.027

Snord15b 1.29 0.032 Tc2n -1.27 0.010

Nme5 1.29 0.008 Olfr522 -1.27 0.033

C86187 1.29 0.004 Gpx7 -1.27 0.023

AI507597 1.29 0.046 P4ha3 -1.27 0.032

Daf2 1.29 0.013 Klri2 -1.27 0.022

Ly75 1.29 0.020 Shc3 -1.27 0.004

Kif27 1.29 0.005 9930012K11Rik -1.27 0.032

Apol10a 1.29 0.047 Tatdn3 -1.27 0.005

Npc1l1 1.29 0.006 Gm13403 -1.27 0.024

Zfp709 1.29 0.008 Ampd3 -1.27 0.018

LOC102635682 1.29 0.040 Pyy -1.27 0.010

LOC102636239 1.29 0.025 Pdzk1ip1 -1.26 0.020

Eno3 1.29 0.003 Gm12814 -1.26 0.036

Dynll1 1.29 0.003 Ccl8 -1.26 0.015

Zfp873 1.29 0.022 Iapp -1.26 0.014

Ugt1a9 1.29 0.048 Opn3 -1.26 0.008

Slc43a2 1.29 0.031 B4galt4 -1.26 0.004

Fbxo47 1.29 0.023 C1qtnf9 -1.26 0.015
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Faah 1.29 0.041 Rpa3 -1.26 0.017

Gas2l2 1.28 0.021 Gm6642 -1.25 0.018

Gfod1 1.28 0.005 Ly96 -1.25 0.005

Mir1896 1.28 0.043 Gm10706 -1.25 0.043

Mir3109 1.28 0.011 Gm5595 -1.25 0.039

Olfr10 1.28 0.001 Gm15638 -1.25 0.038

Ly6g6d 1.28 0.019 Gm10349 -1.25 0.022

Dpcr1 1.28 0.042 Nbea -1.25 0.027

Ifna15 1.28 0.022 Gm16497 -1.25 0.002

Vwce 1.28 0.041 Upk1a -1.25 0.030

Map3k6 1.28 0.028 4931406C07Rik -1.24 0.028

AW011738 1.28 0.007 Cd160 -1.24 0.022

Tmem179 1.28 0.004 Gabarapl2 -1.24 0.033

Slc25a15 1.28 0.006 Pglyrp1 -1.24 0.012

Arl5c 1.28 0.035 Zfp935 -1.24 0.005

Mfsd7b 1.28 0.024 Nsdhl -1.24 0.011

Wdpcp 1.28 0.025 Gm16287 -1.24 0.030
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1700018C11Rik 1.24 0.031 Boc -1.21 0.011

Serpinb9g 1.24 0.034 Rasa4 -1.21 0.001

Peli1 1.23 0.010 Olfr68 -1.21 0.035

Glud1 1.23 0.032 Gpr151 -1.21 0.002

Arg2 1.23 0.023 2810454H06Rik -1.21 0.038

Sp6 1.23 0.033 Aim2 -1.21 0.007

LOC102632222 1.23 0.003 C230072F16Rik -1.21 0.005

Rhod 1.23 0.029 Chrna9 -1.21 0.045

Ppp1r3fos 1.23 0.031 Slc51a -1.21 0.025

Slc6a4 1.23 0.037 Fam189a2 -1.21 0.036

Gjb3 1.23 0.036 Phgr1 -1.21 0.027

4933422H20Rik 1.23 0.017 Zfp90 -1.21 0.021

Ppap2a 1.23 0.023 Krt7 -1.21 0.009

Proc 1.23 0.020 Vav3 -1.21 0.043

Xdh 1.23 0.019 Dkk1 -1.21 0.006

Gm15628 1.23 0.034 Tmem47 -1.21 0.020

LOC101055707 1.23 0.033 Gstm2 -1.21 0.023

Slc3a2 1.23 0.047 Cyp8b1 -1.21 0.036

Ncald 1.23 0.017 Tgif1 -1.21 0.004

1700112J16Rik 1.23 0.004 Ptprj -1.21 0.018

Slx4 1.23 0.007 Npvf -1.21 0.009

Pnkd 1.22 0.009 Nyx -1.20 0.008

1500035N22Rik 1.22 0.024 Casc4 -1.20 0.031

Mir697 1.22 0.017 LOC102634130 -1.20 0.049

4931429I11Rik 1.22 0.007 BB031773 -1.20 0.010

LOC102634333 1.22 0.031 Pacsin3 -1.20 0.013

I0C0044D17Rik 1.22 0.048 Zfp759 -1.20 0.025

Zc2hc1c 1.22 0.020 4931440P22Rik -1.20 0.040

Ppid 1.22 0.049 Stim1 -1.20 0.015

LOC102637589 1.22 0.033 Gm12789 -1.20 0.015

Gja6 1.22 0.016 Hpse2 -1.20 0.035

Rinl 1.22 0.009 Eras -1.20 0.008

Pmaip1 1.22 0.045 Cacnb3 -1.20 0.006

1700086D15Rik 1.22 0.042 Sh3bgrl2 -1.20 0.002

Ugt1a7c 1.22 0.050 Sema6d -1.20 0.049

Wdr20rt 1.22 0.047 Gpr37 -1.20 0.050

Tekt4 1.22 0.009 Lbp -1.20 0.018

Zfp114 1.22 0.003 Clca5 -1.20 0.039

Zfp553 1.22 0.045 Pdia5 -1.20 0.004

Slc35c2 1.22 0.049

Ldoc1l 1.22 0.011

Pla2g4e 1.22 0.009

B4galt6 1.22 0.041

Dio3 1.22 0.031

1700122E12Rik 1.22 0.048

Naip5 1.22 0.005

BC033916 1.22 0.013

Tk1 1.22 0.011

5330439B14Rik 1.22 0.027

LOC102640192 1.22 0.037

Arf1 1.22 0.029

5033403H07Rik 1.22 0.006

Tspan5 1.21 0.007

Foxo6 1.21 0.033

Cemip 1.21 0.036

Olfr1183 1.21 0.033

Igsf23 1.21 0.019

Snord42a 1.21 0.034

Acsl5 1.21 0.044

Snora17 1.21 0.019

Pfkfb4 1.21 0.025

Plin3 1.21 0.003

Agpat9 1.21 0.037

Ssxb5 1.21 0.007

Tnnc2 1.21 0.010

Mrgprb5 1.21 0.007

Fut7 1.21 0.045

Snord15a 1.21 0.020

Apol7a 1.21 0.048

Klf14 1.21 0.016

Scgb2b23-ps 1.21 0.038

Blcap 1.21 0.012

Adcy7 1.21 0.041

9330182L06Rik 1.21 0.040

Gpt 1.21 0.031

Snora7a 1.21 0.023

Snord89 1.21 0.028

Slc34a3 1.21 0.015

Rnf182 1.21 0.010

LOC102640313 1.20 0.025

Nek10 1.20 0.010

Pi4k2b 1.20 0.006

AA415398 1.20 0.012
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Cyp2b19 1.20 0.006

Garem 1.20 0.010

Inpp4a 1.20 0.009

Otub2 1.20 0.033

AA986860 1.20 0.012

Btnl2 1.20 0.043

Fam132a 1.20 0.037

4930525D18Rik 1.20 0.015

Kank3 1.20 0.042

Fam131a 1.20 0.004

Snord49a 1.20 0.047
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Additional file 3 Relative gene expression of (A) Regenerating islet-derived 3 beta (Reg3b), (B) Regenerating 
islet-derived 3 gamma (Reg3g), (C) Claudin 2 (Cldn2), (D) Claudin 8 (Cldn8), (E) Catenin (cadherin 
associated protein), alpha 3 (Ctnna3) and (F) ST6 (alpha-N-acetyl-neuraminyl-2,3-beta-galactosyl-1,3)-
N-acetylgalactosaminide alpha-2,6-sialyltransferase 6 (St6galnac6) in ileum. (G) Relative expression of 
C-X-C motif chemokine ligand 13 (Cxcl13), (H) B lymphoid kinase (Blk), (I) Cluster of differentiation 4 (Cd4), 
(J) Cluster of differentiation 72 (Cd72), (K) Toll-like receptor 7 (Tlr7), (L) Toll-like receptor 12 (Tlr12) in colon.
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Additional file 3 Relative gene expression of (A) Regenerating islet-derived 3 beta (Reg3b), (B) Regenerating 
islet-derived 3 gamma (Reg3g), (C) Claudin 2 (Cldn2), (D) Claudin 8 (Cldn8), (E) Catenin (cadherin 
associated protein), alpha 3 (Ctnna3) and (F) ST6 (alpha-N-acetyl-neuraminyl-2,3-beta-galactosyl-1,3)-
N-acetylgalactosaminide alpha-2,6-sialyltransferase 6 (St6galnac6) in ileum. (G) Relative expression of 
C-X-C motif chemokine ligand 13 (Cxcl13), (H) B lymphoid kinase (Blk), (I) Cluster of differentiation 4 (Cd4), 
(J) Cluster of differentiation 72 (Cd72), (K) Toll-like receptor 7 (Tlr7), (L) Toll-like receptor 12 (Tlr12) in colon.
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Additional file 4 Survival rates and body weight of Ercc1-/Δ7  mice. (A) Percent survival of all mice. These 
data include 12-13 mice per group with an additional 5-6 per group censored at 16 weeks. (B) Percentage 
survival of only male mice (n=8-10/group) and (C) female mice (n=8-10/group). (D) Body weight in grams 
measured weekly in all mice (n=18 mice per group), (E) male mice (n=8-10/group) and (F) female mice 
(n=8-10/group). NB: A number of 5-6 female mice was sacrificed at 16 weeks.

A B

C D

E F

Additional file 5A Composition of the D12450B purified diet. 

Based on formula # D12450B

 gm% kcal%

Protein 19 20

Carbohydrate 67 69

Fat 4 10

Other 10 1

Total 100 100

kcal/gm 3.8

 

Ingredient gm kcal

Casein, lactic 200 800

L-Cystine 3 12

 

Corn Starch 427.2 1709

Maltodextrin 100 400

Sucrose 172.8 691

 

Cellulose, BW200 50 0

 

Soybean oil 25 225

Palm oil 20 180

 

Mineral Mix S10026* 10 0

DiCalcium Phosphate 13 0

Calcium Carbonate 5.5 0

Potassium Citrate, 1 H2O 16.5 0

 

Vitamin Mix V10001* 10 40

Choline chloride 2 0

  

Total 1055 4057



Akkermansia muciniphila supplementation in accelerated aging mice   |   141   

3

Additional file 4 Survival rates and body weight of Ercc1-/Δ7  mice. (A) Percent survival of all mice. These 
data include 12-13 mice per group with an additional 5-6 per group censored at 16 weeks. (B) Percentage 
survival of only male mice (n=8-10/group) and (C) female mice (n=8-10/group). (D) Body weight in grams 
measured weekly in all mice (n=18 mice per group), (E) male mice (n=8-10/group) and (F) female mice 
(n=8-10/group). NB: A number of 5-6 female mice was sacrificed at 16 weeks.

A B

C D

E F

Additional file 5A Composition of the D12450B purified diet. 

Based on formula # D12450B

 gm% kcal%

Protein 19 20

Carbohydrate 67 69

Fat 4 10

Other 10 1

Total 100 100

kcal/gm 3.8

 

Ingredient gm kcal

Casein, lactic 200 800

L-Cystine 3 12

 

Corn Starch 427.2 1709

Maltodextrin 100 400

Sucrose 172.8 691

 

Cellulose, BW200 50 0

 

Soybean oil 25 225

Palm oil 20 180

 

Mineral Mix S10026* 10 0

DiCalcium Phosphate 13 0

Calcium Carbonate 5.5 0

Potassium Citrate, 1 H2O 16.5 0

 

Vitamin Mix V10001* 10 40

Choline chloride 2 0

  

Total 1055 4057



142   |   Chapter 3

Additional file 5B List of all primer sequences that were used for qPCR.

Gene Name Forward primer (5’→ 3’) Reverse primer (3’ → 5’)

Reg3b ACTCCCTGAAGAATATACCCTCC CGCTATTGAGCACAGATACGAG

Reg3g AGGCCCTCAGGACATCTTGT ATAGCCCAGTGTCGGGTCAT

Cldn2 CAACTGGTGGGCTACATCCTA CCCTTGGAAAAGCCAACCG

Cldn8 GCAACCTACGCTCTTCAAATGG TTCCCAGCGGTTCTCAAACAC

Ctnna3 AAGAATGGCCGAGTCAAGGAA GCAGCATTTATGATCTGTGGACA

St6galnac6 AACAGTGCCAACGAGGTCTTC CTTGTTGCCGAGGATAGGGAA

Cxcl13 GGCCACGGTATTCTGGAAGC GGGCGTAACTTGAATCCGATCTA

Blk GAGGCAGGTCAGTGAGAAGG GTCCTGGTTAGGAGATGGTGG

Cd4 TCCTAGCTGTCACTCAAGGGA TCAGAGAACTTCCAGGTGAAGA

Cd72 GCTCAGGGAGAAGATAAGTCAGC GCGTCCTCGTGAGTCCTCT

Tlr7 CACCACCAATCTTACCCTTACC CAGATGGTTCAGCCTACGGAA

Tlr12 TTGGAAGTTGTACCTCGGACT GAAGTTGGGTAAGGTGCAGAC

36B4 ATGGGTACAAGCGCGTCCTG GCCTTGACCTTTTCAGTAAG

Additional file 5C List of all antibodies used in flow cytometry.

Target Format Clone Company

CD2 PE RM2-5 BD

CD3e PerCP-Cy5.5 145-2C11 Ebioscience

CD4 APC-H7 GK1.5 BD

CD5 APC 53-7.3 BD

CD8a PerCP-Cy5.5 53-6.7 BD

CD11b APC-Cy7

BV421

PE-Cy7

PerCP-Cy5.5

M1/70 BD

BD

Ebioscience

Ebioscience

CD16/32 Purified 2.4G2 BD

CD19 APC-eFluor780

PerCP-Cy5.5

1D3 Ebioscience

CD43 PE S11 BioLegend

CD45R/B220 BV421 RA3-6B2 BD

CD68 FITC FA-11 BioLegend

CD80 BV421 16-10A1 BD

CD115 PE AFS98 Ebioscience

CD172a/SIRPα APC P84 Ebioscience

CD273/PDL2 PE TY25 BD

FoxP3 PE FJK-16s Ebioscience

IgD PE-Cy7 11-26c Ebioscience

Igκ FITC 187.1 BD

Igγ FITC R26-46 BD

IgM APC II/41 Ebioscience

Ly6C AF488

PerCP-Cy5.5

ER-MP20

HK1.4

AbD Serotec

Ebioscience

Ly6G PE-Cy7 1A8 BD
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Abstract

Dysbiosis-related perturbations in bile acid (BA) metabolism were observed in inflammatory bowel 

disease (IBD) patients, which was characterized by increased levels of sulfated BAs at the expense of 

secondary BAs. However, the exact effects of sulfated BAs on the etiology of IBD are not investigated 

yet. Therefore, we aimed to investigate the effects of sulfated deoxycholic acid (DCA), sulfated 

lithocholic acid (LCA) and their unsulfated forms on intestinal barrier function and immune response. 

To this end, we first established a novel in vitro human intestinal model to mimic chronic intestinal 

inflammation as seen during IBD. This model consisted of a co-culture of Caco-2 and HT29-MTX-E12 

cells grown on a semi-wet interface with mechanical stimulation to represent the mucus layer. A pro-

inflammatory environment was created by combining the co-culture with LPS-activated dendritic 

cells (DCs) in the basolateral compartment. The presence of activated DCs caused a decrease in 

transepithelial electrical resistance (TEER), which was slightly restored by LCA and sulfated DCA. 

The expression of genes related to intestinal epithelial integrity and the mucus layer were slightly, 

but not significantly increased. These results imply that sulfated BAs have a minor effect on intestinal 

barrier function in Caco-2 and HT29-MTX-E12 cells. When exposed directly to DCs, our results point 

towards anti-inflammatory effects of secondary BAs, but not sulfated secondary BAs. These findings 

emphasize the importance of proper transformation of BAs by bacterial enzymes and the potential 

involvement of BA dysmetabolism in IBD progression.   

Introduction

Inflammatory bowel disease (IBD) comprises a set of disorders that causes chronic and relapsing 

inflammation of the gastrointestinal tract. The etiology of IBD remains largely unknown, although it is 

clear that it is a multifactorial disease, in which the complex interplay between genetic susceptibility, 

environmental stimuli and the immune system are involved (1, 2). Furthermore, the gut microbiota 

is thought to play a major role in the onset and progression of IBD, which is emphasized by studies 

showing that gut microbiota composition in IBD patients is dysbiotic (3-6). Dysbiosis is linked to 

disturbed intestinal barrier function, such as increased intestinal permeability (7) and an impaired 

mucus layer (8, 9). Impaired intestinal barrier function enables direct bacterial contact with the 

epithelial cell layer, thereby inducing an inflammatory response (10-13). In a healthy situation, the 

intestinal mucosal immune system is tolerant against commensal bacteria, a process in which 

intestinal dendritic cells (DCs) play a crucial role (14-16). During IBD, intestinal DCs have lost their 

tolerogenic function and produce elevated levels of pro-inflammatory cytokines, consequently 

leading to an exacerbated disease progression (17, 18). 

Importantly, dysbiosis is also linked to an altered production of bacterial metabolites, such as 

secondary bile acids (BAs) (3, 19-21). Primary BAs are synthesized in the liver, conjugated with taurine 

or glycine and secreted in the small intestine, where they accomplish a major role in lipid digestion 

(22). BAs are actively reabsorbed in the ileum, transported back to the liver and metabolized by hepatic 

enzymes to be reused again, which is a process called the enterohepatic cycle (22). Approximately 

5% of all BAs are not reabsorbed and enter the colon, where resident bacteria deconjugate and 

metabolize them into secondary BAs. These secondary BAs can be either excreted via feces or 

reabsorbed and transported back to the liver. However, secondary BAs might be hepatotoxic at high 

concentrations and are therefore first detoxified by addition of a sulfonate group (SO3-) (23). As a 

result of IBD-related dysbiosis, the production of bacterial enzymes and thus BA metabolism can be 

disturbed, a process known as BA dysmetabolism (24). Indeed, the capacity of the gut microbiota 

to deconjugate BAs and transform primary to secondary BAs was decreased in patients with active 

IBD. As a consequence, increased abundance of conjugated BAs and decreased abundance of 

secondary BAs in feces of IBD patients during both remission and active disease was detected, 

as compared to healthy people (3, 25). Similar differences in BA composition were found in other 

studies investigating fecal metabolite pools in IBD patients (19, 20, 26, 27). Interestingly, dysbiosis in 

IBD patients was also associated with a reduced desulfation capacity, which was concomitant with 

15% higher levels of fecal sulfated BAs (3). Likewise, increased levels of fecal 3-sulfodeoxycholic acid 

and chenodeoxycholic acid sulfate were found in Crohn’s disease patients (20). The fecal abundance 
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of sulfated BAs was also found to be elevated in patients with non-inflammatory intestinal disorders, 

such as diarrhea-predominated irritable bowel syndrome (25, 28). 

Given the important signaling functions of secondary BAs, including their role in inflammatory 

pathways, a change in luminal BA composition may have consequences on the progression of 

IBD. However, the possible involvement of sulfated BAs is only based on associative studies and 

the causal effects remain elusive. Therefore, the aim of this study was to investigate the effects 

of sulfated BAs on intestinal barrier function and immune response. Since existing models often 

insufficiently approach the physiological representation of the intestinal barrier and inflammatory 

environment in the context of IBD, we first established a novel inflammatory in vitro human intestinal 

model. We included a co-culture of Caco-2 and HT29-MTX-E12 cells, which are both human colon 

carcinoma cell lines representing an enterotype and a mucus-producing cell line, respectively. To 

mimic the inflammatory state as observed during IBD, the co-culture was grown on cell culture 

inserts in combination with DCs in the basolateral compartment, which were activated with LPS 

to obtain pro-inflammatory properties. In contrast to existing models, our model had an improved 

mucus layer by growing the cells on a semi-wet interface with mechanical stimulation (SMWS) (29, 

30). After exposure to sulfated deoxycholic acid (DCA), sulfated lithocholic acid (LCA) and their 

unsulfated forms for 24 hours, the effects on intestinal barrier function and immune response were 

investigated. New insights into the role of BA dysmetabolism in IBD may contribute to the discovery 

of novel therapies that may add to the treatment of IBD.  

Materials and methods

Cell culture

Caco-2 cells (ATCC) and HT29-MTX-E12 cells (ECACC) were cultured in Dulbecco’s Modified Eagle 

Medium supplemented with 10% Fetal Bovine Serum and 1% penicillin/streptomycin. Cells were 

grown until 80-90% confluence at 37°C/5% CO2. Passage numbers between 7 and 25 were used 

for Caco-2 cells and between 3 and 15 for HT29-MTX-E12 cells. Monocytes were isolated from buffy 

coats originated from different blood donors (Sanquin, Nijmegen, The Netherlands). First, PBMCs 

were isolated from the buffy coat using LeucoSep tubes (Greiner-Bio One, Alphen aan den Rijn, 

The Netherlands), pre-filled with Ficoll-Paque Plus (GE Healthcare via Sigma-Aldrich). PBMCs were 

filtered through a 70 μm cell strainer (Corning) and counted using a Vi-Cell counter (Beckman Coulter, 

Woerden, The Netherlands). A QuadroMACS Separator (Miltenyi Biotec, Leiden, The Netherlands) 

was used to magnetically separate CD14+ monocytes, using MojoSort Human CD14 Nanobeads 

(BioLegend, London, UK) diluted in MACS buffer (PBS, 0.5% BSA and 2mM EDTA) following the 

manufacturer’s instructions. Monocytes were resuspended in RPMI, supplemented with 10% FCS, 

1% penicillin/streptomycin and 1% GlutaMAX (Gibco). Monocytes were differentiated into dendritic 

cells by adding 10 ng/mL Granulocyte macrophage-colony stimulating factor (GM-CSF) (Miltenyi 

Biotec, Leiden, The Netherlands) and 10 ng/mL human recombinant IL-4 (PeproTech, London, UK) 

for 6 days at 37°C/5% CO2. 

Cell model

A co-culture of Caco-2 cells and HT29-MTX-E12 cells was seeded in 24-well ThinCert cell culture 

inserts with 0.4 μm pores (Greiner-Bio One, Alphen aan den Rijn, The Netherlands). Caco-2 and 

HT29-MTX-E12 cells were seeded in a 3:1 ratio, using a seeding density of 225,000 cells/mL in a 

volume of 150 μL. A volume of 700 μL DMEM was added to the basolateral compartment. Two 

days after seeding, media volumes were changed to 25 μL and 425 μL in the apical and basolateral 

compartment, respectively. The cell culture plates were put on a CO2 resistant shaker (Thermo 

Fisher Scientific, Breda, The Netherlands) at 65 rpm. Cells were differentiated for 14 days and 

medium was changed every other day. Immature DCs were seeded in 24-wells plates in a density of 

400,000 cells per well. DCs were stimulated with 10 ng/mL LPS (L3024, Sigma-Aldrich, Darmstadt, 

Germany) for 24 hours. Maturation of DCs was checked on the CytoFLEX Flow Cytometer (Beckman 

Coulter, Woerden, The Netherlands) using CD14-ECD antibody, clone RMO52 (IM2707U, Beckman 

Coulter), FITC anti-human CD83, clone HB15e and PE/Cyanine7 anti-human CD209 (DC-SIGN), 

clone 9E9A8 antibodies (BioLegend, Amsterdam, The Netherlands). The culture inserts with Caco-

2 and HT29-MTX-E12 cells were transferred to the cell culture plate containing the LPS-activated 

DCs. The co-culture was exposed to lithocholic acid 3-sulfate disodium salt (sulfo-LCA) (Santa-

Cruz Biotechnology, Dallas, United States), deoxycholic acid 3-O-sulfate disodium salt (sulfo-DCA) 

(Toronto Research Chemicals, Toronto, Canada), lithocholic acid (LCA) and deoxycholic acid (DCA) 

(Sigma-Aldrich, Darmstadt, Germany). LCA and sulfo-LCA were solubilized in DMEM:methanol (1:1, 

v/v). DCA and sulfo-DCA were solubilized in DMEM:methanol (3:1, v/v). A control without DCs and a 

control with LPS-activated DCs were included. Control cells were exposed to similar concentrations 

of methanol (0.5%). Every condition was applied in duplicate. A total of three similar plates were 

seeded and exposed to BAs; plate 1 was used for permeability assays, plate 2 for RNA isolation 

and plate 3 three for protein isolation. Experiments where DCs were directly exposed to BAs were 

performed similarly, except that BAs were applied directly to the DCs. 
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seeded and exposed to BAs; plate 1 was used for permeability assays, plate 2 for RNA isolation 

and plate 3 three for protein isolation. Experiments where DCs were directly exposed to BAs were 

performed similarly, except that BAs were applied directly to the DCs. 
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Quantification of lactate hydrogenase release 

To investigate the effects of BA exposure on cytotoxicity of Caco-2 and HT29-MTX-E12 cells and 

DCs, lactate hydrogenase levels were measured in conditioned medium collected directly after 24 

hours of BA exposure. To this end, a lactate dehydrogenase (LDH) cytotoxicity detection kit (Roche 

Applied Science; Almere, The Netherlands) was used following the manufacturer’s instructions. As 

a control for complete cytotoxicity, cells were exposed for 15 minutes to a 1% Triton-X100 solution.

Trans- and paracellular epithelial permeability assays

Transepithelial resistance (TEER) was measured with an EVOM2 Volt/Ohm meter using STX2 

electrodes (World Precision Instruments, Sarasota, United States). To assure the electrodes 

were fully submerged in medium, the media volumes were adapted to 100 μL apical and 700 μL 

basolateral before the first TEER measurements were performed. The TEER values after BA exposure 

were expressed as percentage of the TEER value measured just before BA exposure. After 24 hours 

of BA exposure, culture inserts were washed twice with PBS and transferred to a new 24-wells plate. 

Lucifer Yellow CH dilithium salt (L0259, Sigma) was dissolved in phenol red-free medium (Gibco) 

to 1 mg/mL and 100 μL was added to the apical compartment. In the basolateral compartment, 700 

μL phenol red-free DMEM was added and afterwards the plate was incubated at 37°C/5% CO2 for 

3 hours. Subsequently, 100 μL of the basolateral compartment was collected and fluorescence was 

measured at 425/515 nm (excitation/emission). An empty cell culture insert served as a control for 

complete paracellular permeability. 

RNA isolation and qRT-PCR

The cell culture inserts of plate 2 were washed twice with ice-cold PBS and subsequently, 200 μL 

TRIzol reagent (ThermoFisher) was added per insert. The duplicates per condition were pooled 

to assure enough RNA yield. RNA was isolated using phenol/chloroform extraction. The RNA 

concentration was measured using a Nanodrop (Nanodrop ND-1000, Nanodrop Products, Maarssen, 

The Netherlands). A total of 1000 ng RNA was reverse transcribed using the RevertAid First Strand 

cDNA Synthesis kit (ThermoFisher). Real-time quantitative PCR was carried out using the SensiMix 

SYBR kit (Bioline, Alphen aan den Rijn, The Netherlands) in a CFX384 machine (Bio-Rad). Primer 

sequences are listed in Table 1. Data was normalized against the housekeeping gene GAPDH.

Table 1 Primer sequences used for qRT-PCR

Gene Forward primer Reverse primer

GAPDH GAAGGTGAAGGTCGGAGTC GAAGATGGTGATGGGATTTC

OCLN CGGCGAGTCCTGTGATGAG TCTTGTATTCCTGTAGGCCAGT

ZO1 GAACGAGGCATCATCCCTAA CCAGCTTCTCGAAGAACCAC

CDH1 CGACCCAACCCAAGAATCTA AGGCTGTGCCTTCCTACAGA

CLDN1 CTTTGGGGCTTTGATCGGACT GGAGTAGTTCAATTCCAGCAACA

MUC2 ACCCGCACTATGTCACCTTC GGACAGGACACCTTGTCGTT

MUC5AC CAGCACAACCCCTGTTTCAAA GCGCACAGAGGATGACAGT

DEFB1 ATGAGAACTTCCTACCTTCTGCT TCTGTAACAGGTGCCTTGAATTT

LYZ GGCCAAATGGGAGAGTGGTTA CCAGTAGCGGCTATTGATCTGAA

CA12 AGTGACATCCTCCAGTATGACG GTGGCACTGTAGCGAGACT

ANG CCTCCATGCCAGTACCGAG GGACGACGGAAAATTGACTGA

ASBT TGTGTTGGCTTCCTCTGTCAG GGCAGCATCCTATAATGAGCAC

FABP6 GCCCGCAACTTCAAGATCG CCTTGCCAACAGTGAACTTGT

FGF19 CACCAGGCTTCAGGAGTAGG CGGGACAGCAAGTTATTCTC

OSTα TCATTTCCCGTCAAGCCAGG GGCGAACAAGCAATCTGCC

OSTβ TCCAGGCAAGCAGAAAAGAAA ACTGACAGCACATCTCTCTCT

SULT2A1 CTGGGAAAGACGTTAGAACCC AAGTTGTGCTTTGTCCACTACAT

_________________________________________

Protein isolation and Western Immunoblotting

The cell culture inserts were washed twice with ice-cold PBS and 100 μL RIPA buffer (ThermoFisher) 

enriched with protease- and phosphatase inhibitors (Roche Diagnostics) was added per culture 

insert. Duplicates were pooled to assure enough protein yield. Cell lysates were incubated on ice 

for 20 minutes following centrifugation for 10 minutes at 13,000 g. Protein concentrations of the 

supernatants were measured using a bicinchoninic acid assay (ThermoFisher). For each sample, 

14.8 μg protein was loaded on a 4-15% Mini-PROTEAN TGX Precast gel (Bio-Rad). Proteins were 

separated by SDS gel electrophoresis and transferred onto a polyvinylidene difluoride (Trans-Blot 

Turbo Midi 0.2 μm PVDF Transfer Packs, Bio-Rad) membrane using the Transblot Turbo System (Bio-

Rad). After blocking for 1 hour at room temperature, the membranes were incubated overnight at 

4°C with anti-ZO1 (Abcam ab216880), anti-OCLN (Abcam ab216327) and anti-HSP90 (Cell Signaling 

Technology 4874). ZO1 and OCLN antibodies were used in 1:1000 and for HSP90 1:5000 was used. 

Subsequently, membranes were incubated with HRP conjugated goat anti-rabbit IgG antibody 

(1:5000) (GenScript A00098) for 1 hour at room temperature. All membrane incubations were in Tris-

buffered saline with 0.1% Tween 20 (TBS-T) and 5% (w/v) skimmed dry milk. Washing in between 
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hours of BA exposure. To this end, a lactate dehydrogenase (LDH) cytotoxicity detection kit (Roche 

Applied Science; Almere, The Netherlands) was used following the manufacturer’s instructions. As 

a control for complete cytotoxicity, cells were exposed for 15 minutes to a 1% Triton-X100 solution.

Trans- and paracellular epithelial permeability assays

Transepithelial resistance (TEER) was measured with an EVOM2 Volt/Ohm meter using STX2 

electrodes (World Precision Instruments, Sarasota, United States). To assure the electrodes 

were fully submerged in medium, the media volumes were adapted to 100 μL apical and 700 μL 

basolateral before the first TEER measurements were performed. The TEER values after BA exposure 

were expressed as percentage of the TEER value measured just before BA exposure. After 24 hours 

of BA exposure, culture inserts were washed twice with PBS and transferred to a new 24-wells plate. 

Lucifer Yellow CH dilithium salt (L0259, Sigma) was dissolved in phenol red-free medium (Gibco) 

to 1 mg/mL and 100 μL was added to the apical compartment. In the basolateral compartment, 700 

μL phenol red-free DMEM was added and afterwards the plate was incubated at 37°C/5% CO2 for 

3 hours. Subsequently, 100 μL of the basolateral compartment was collected and fluorescence was 

measured at 425/515 nm (excitation/emission). An empty cell culture insert served as a control for 

complete paracellular permeability. 

RNA isolation and qRT-PCR

The cell culture inserts of plate 2 were washed twice with ice-cold PBS and subsequently, 200 μL 

TRIzol reagent (ThermoFisher) was added per insert. The duplicates per condition were pooled 

to assure enough RNA yield. RNA was isolated using phenol/chloroform extraction. The RNA 

concentration was measured using a Nanodrop (Nanodrop ND-1000, Nanodrop Products, Maarssen, 

The Netherlands). A total of 1000 ng RNA was reverse transcribed using the RevertAid First Strand 

cDNA Synthesis kit (ThermoFisher). Real-time quantitative PCR was carried out using the SensiMix 

SYBR kit (Bioline, Alphen aan den Rijn, The Netherlands) in a CFX384 machine (Bio-Rad). Primer 

sequences are listed in Table 1. Data was normalized against the housekeeping gene GAPDH.

Table 1 Primer sequences used for qRT-PCR

Gene Forward primer Reverse primer

GAPDH GAAGGTGAAGGTCGGAGTC GAAGATGGTGATGGGATTTC

OCLN CGGCGAGTCCTGTGATGAG TCTTGTATTCCTGTAGGCCAGT

ZO1 GAACGAGGCATCATCCCTAA CCAGCTTCTCGAAGAACCAC

CDH1 CGACCCAACCCAAGAATCTA AGGCTGTGCCTTCCTACAGA

CLDN1 CTTTGGGGCTTTGATCGGACT GGAGTAGTTCAATTCCAGCAACA

MUC2 ACCCGCACTATGTCACCTTC GGACAGGACACCTTGTCGTT

MUC5AC CAGCACAACCCCTGTTTCAAA GCGCACAGAGGATGACAGT

DEFB1 ATGAGAACTTCCTACCTTCTGCT TCTGTAACAGGTGCCTTGAATTT

LYZ GGCCAAATGGGAGAGTGGTTA CCAGTAGCGGCTATTGATCTGAA

CA12 AGTGACATCCTCCAGTATGACG GTGGCACTGTAGCGAGACT

ANG CCTCCATGCCAGTACCGAG GGACGACGGAAAATTGACTGA

ASBT TGTGTTGGCTTCCTCTGTCAG GGCAGCATCCTATAATGAGCAC

FABP6 GCCCGCAACTTCAAGATCG CCTTGCCAACAGTGAACTTGT

FGF19 CACCAGGCTTCAGGAGTAGG CGGGACAGCAAGTTATTCTC

OSTα TCATTTCCCGTCAAGCCAGG GGCGAACAAGCAATCTGCC

OSTβ TCCAGGCAAGCAGAAAAGAAA ACTGACAGCACATCTCTCTCT

SULT2A1 CTGGGAAAGACGTTAGAACCC AAGTTGTGCTTTGTCCACTACAT
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Protein isolation and Western Immunoblotting

The cell culture inserts were washed twice with ice-cold PBS and 100 μL RIPA buffer (ThermoFisher) 

enriched with protease- and phosphatase inhibitors (Roche Diagnostics) was added per culture 

insert. Duplicates were pooled to assure enough protein yield. Cell lysates were incubated on ice 

for 20 minutes following centrifugation for 10 minutes at 13,000 g. Protein concentrations of the 

supernatants were measured using a bicinchoninic acid assay (ThermoFisher). For each sample, 

14.8 μg protein was loaded on a 4-15% Mini-PROTEAN TGX Precast gel (Bio-Rad). Proteins were 

separated by SDS gel electrophoresis and transferred onto a polyvinylidene difluoride (Trans-Blot 

Turbo Midi 0.2 μm PVDF Transfer Packs, Bio-Rad) membrane using the Transblot Turbo System (Bio-

Rad). After blocking for 1 hour at room temperature, the membranes were incubated overnight at 

4°C with anti-ZO1 (Abcam ab216880), anti-OCLN (Abcam ab216327) and anti-HSP90 (Cell Signaling 

Technology 4874). ZO1 and OCLN antibodies were used in 1:1000 and for HSP90 1:5000 was used. 

Subsequently, membranes were incubated with HRP conjugated goat anti-rabbit IgG antibody 

(1:5000) (GenScript A00098) for 1 hour at room temperature. All membrane incubations were in Tris-

buffered saline with 0.1% Tween 20 (TBS-T) and 5% (w/v) skimmed dry milk. Washing in between 
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steps was done in TBS-T. Blots were visualized with Clarity ECL substrate (Bio-Rad) using the 

ChemiDoc MP system (Bio-Rad). Quantification was performed using ImageLab software (Bio-Rad). 

Cytokine measurements

Medium collected from the basolateral compartments was used for the assessment of cytokines. 

Levels of IL-6, IL-12/IL-23 p40 and TNF-α were measured with human DuoSet ELISA Development 

kits (R&D Systems, Abingdon, UK) following the manufacturer’s instructions. 

Statistical analysis

Data is presented as mean ± standard error of mean (SEM). GraphPad Prism version 5 (San Diego, 

CA, USA) was used for the statistical analyses. Differences between the control and BA-exposed 

groups were determined with an unpaired Student’s t-test, unless stated otherwise. A value of p ≤ 

0.05 was considered as statistically significant. A total of three biological replicates were performed. 

Results

Establishment of an inflammatory in vitro human intestinal model consisting of Caco-2 and 

HT29-MTX-E12 cells combined with LPS-activated dendritic cells

The first important step of this study was to establish an in vitro human intestinal model with an 

improved physiological representation of the intestinal barrier and inflammatory environment in the 

context of IBD. In Figure 1A, a schematic overview of the study design is given. Caco-2 and HT29-

MTX-E12 cells were seeded in a 3:1 ratio on cell culture inserts and SWMS conditions were applied. 

In parallel, primary monocytes were isolated from three human buffy coats and differentiated 

into DCs. Activation with 10 ng/mL LPS for 24 hours resulted in mature DCs expressing the DC 

surface markers CD83 and CD209 (Supplementary file 1). Activated DCs produced higher levels 

of IL-6 (p = 0.0088) and IL-12p40 (p = 0.1) compared to DCs that were not activated (Fig. 1B, C), 

although IL-12p40 levels of one biological replicate were relatively low (Fig. 1C). After 24 hours of 

LPS exposure, the cell culture inserts with the Caco-2/HT29-MTX-E12 co-culture were positioned in 

the cell culture plates containing activated DCs. This resulted in a model consisting of intestinal cells 

in the apical compartment and LPS-activated DCs in the basolateral compartment (Fig. 1D). TEER 

values measured at 24 and 48 hours after combination with activated DCs decreased with 12 and 45 

percentage points, respectively, compared to the condition without basolateral DCs (p < 0.001 and 

p < 0.0001) (Fig. 1E). In the next BA-exposure experiments, we used a pre-incubation period of 24 

hours. Altogether, we confirmed that the presence of activated DCs in the basolateral compartment 

caused a pro-inflammatory state, reflected by the elevated cytokine levels. This likely resulted in the 

observed increased intestinal permeability of the intestinal cells.

Figure 1 Establishment of a triple co-culture of Caco-2, HT29-MTX-E12 cells combined with activated 
dendritic cells. (A) Schematic overview of study design in chronological order. (B) Concentrations of 
IL-6 and (C) IL-12p40 in DC supernatant after activation with 10 ng/mL LPS for 24 hours. **p < 0.01. (D) 

A

B C D

E



The effects of sulfated secondary bile acids on intestinal barrier function    |   153   

4

steps was done in TBS-T. Blots were visualized with Clarity ECL substrate (Bio-Rad) using the 
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kits (R&D Systems, Abingdon, UK) following the manufacturer’s instructions. 
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Data is presented as mean ± standard error of mean (SEM). GraphPad Prism version 5 (San Diego, 

CA, USA) was used for the statistical analyses. Differences between the control and BA-exposed 

groups were determined with an unpaired Student’s t-test, unless stated otherwise. A value of p ≤ 

0.05 was considered as statistically significant. A total of three biological replicates were performed. 
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Establishment of an inflammatory in vitro human intestinal model consisting of Caco-2 and 

HT29-MTX-E12 cells combined with LPS-activated dendritic cells

The first important step of this study was to establish an in vitro human intestinal model with an 

improved physiological representation of the intestinal barrier and inflammatory environment in the 

context of IBD. In Figure 1A, a schematic overview of the study design is given. Caco-2 and HT29-

MTX-E12 cells were seeded in a 3:1 ratio on cell culture inserts and SWMS conditions were applied. 

In parallel, primary monocytes were isolated from three human buffy coats and differentiated 

into DCs. Activation with 10 ng/mL LPS for 24 hours resulted in mature DCs expressing the DC 

surface markers CD83 and CD209 (Supplementary file 1). Activated DCs produced higher levels 

of IL-6 (p = 0.0088) and IL-12p40 (p = 0.1) compared to DCs that were not activated (Fig. 1B, C), 

although IL-12p40 levels of one biological replicate were relatively low (Fig. 1C). After 24 hours of 

LPS exposure, the cell culture inserts with the Caco-2/HT29-MTX-E12 co-culture were positioned in 

the cell culture plates containing activated DCs. This resulted in a model consisting of intestinal cells 

in the apical compartment and LPS-activated DCs in the basolateral compartment (Fig. 1D). TEER 

values measured at 24 and 48 hours after combination with activated DCs decreased with 12 and 45 

percentage points, respectively, compared to the condition without basolateral DCs (p < 0.001 and 

p < 0.0001) (Fig. 1E). In the next BA-exposure experiments, we used a pre-incubation period of 24 

hours. Altogether, we confirmed that the presence of activated DCs in the basolateral compartment 

caused a pro-inflammatory state, reflected by the elevated cytokine levels. This likely resulted in the 

observed increased intestinal permeability of the intestinal cells.

Figure 1 Establishment of a triple co-culture of Caco-2, HT29-MTX-E12 cells combined with activated 
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Schematic overview of the Caco-2 and HT29-MTX-E12 co-culture grown in a 3:1 ratio on cell culture inserts 
with a the mucus layer on top and activated DCs in basolateral compartment. (E) TEER measurements of 
Caco-2 and HT29-MTX-E12 culture at 24 and 48 hours. TEER values are expressed as percentage of the 
initial value. First bar pair: control cells without DCs, second bar pair: control cells with 10 ng/mL LPS in 
the basolateral compartment, third bar pair: cells combined with activated DCs. Statistical differences 
were determined using a one-way analysis of variance (ANOVA) followed by a Bonferroni post hoc test. ap 
< 0.001 at T=24h compared to condition with activated DCs. bp < 0.001 at T=48h compared to condition 
without DCs, but with basolateral LPS. cp < 0.0001 at T=48h compared to condition with activated DCs. 
dp < 0.05 at T=48h compared to condition with activated DCs. ****p < 0.0001. Data are derived from 3 
independent biological replicates.

_________________________________________

Intestinal permeability was slightly restored by LCA and sulfated DCA under inflammatory 

conditions

After the pre-incubation period, the co-cultures of Caco-2 and HT29-MTX-E12 cells were exposed 

to sulfated DCA, sulfated LCA and their unsulfated forms in different concentrations for another 24 

hours. Cytotoxicity measured by the release of LDH in the apical medium was not different between 

cells exposed to BAs compared to unexposed cells (data not shown). The TEER of all conditions 

exposed to BAs in the presence of activated DCs were significantly lower compared to the control 

without DCs (p < 0.0001) (Fig. 2A). Exposure to sulfated DCA (200 μM) and both concentrations of 

LCA (10 μM and 50 μM) resulted in a slight, but significant restoration of the TEER (Fig. 2A). The 

same cell culture inserts were subjected to a Lucifer Yellow assay to investigate if BA treatment 

had an effect on paracellular permeability. The flux of Lucifer Yellow from the apical to basolateral 

compartment was significantly lower in cells cultured without DCs compared to the control with DCs 

(p < 0.05) (Fig. 2B). None of the BAs had a significant additional effect on paracellular permeability. 

A B
Figure 2 Intestinal permeability assays of Caco-2 and HT29-MTX-E12 cells combined with activated 
DCs after treatment with (sulfated) BAs for 24h. (A) TEER values expressed as % of initial values. (B) 
Fluorescence measured in basolateral compartment after 3h apical Lucifer Yellow incubation, expressed 
as % of an empty cell culture insert (representing complete translocation). (C-D) Protein quantity of OCLN 
and ZO1 relative to the control. (E-H) Panel of genes related to intestinal permeability (OCLN: Occludin, ZO1: 
Zonula Occludens-1, CDH1: E-cadherin, CLDN1: Claudin-1). Expression of proteins and genes of interest is 
expressed relative to the control (Caco-2 and HT29-MTX-E12 cells exposed to activated DCs in basolateral 
compartment). *p < 0.05; **p < 0.01; ****p < 0.0001 compared to the control condition with activated DCs. 

_________________________________________
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Schematic overview of the Caco-2 and HT29-MTX-E12 co-culture grown in a 3:1 ratio on cell culture inserts 
with a the mucus layer on top and activated DCs in basolateral compartment. (E) TEER measurements of 
Caco-2 and HT29-MTX-E12 culture at 24 and 48 hours. TEER values are expressed as percentage of the 
initial value. First bar pair: control cells without DCs, second bar pair: control cells with 10 ng/mL LPS in 
the basolateral compartment, third bar pair: cells combined with activated DCs. Statistical differences 
were determined using a one-way analysis of variance (ANOVA) followed by a Bonferroni post hoc test. ap 
< 0.001 at T=24h compared to condition with activated DCs. bp < 0.001 at T=48h compared to condition 
without DCs, but with basolateral LPS. cp < 0.0001 at T=48h compared to condition with activated DCs. 
dp < 0.05 at T=48h compared to condition with activated DCs. ****p < 0.0001. Data are derived from 3 
independent biological replicates.

_________________________________________

Intestinal permeability was slightly restored by LCA and sulfated DCA under inflammatory 

conditions

After the pre-incubation period, the co-cultures of Caco-2 and HT29-MTX-E12 cells were exposed 

to sulfated DCA, sulfated LCA and their unsulfated forms in different concentrations for another 24 

hours. Cytotoxicity measured by the release of LDH in the apical medium was not different between 

cells exposed to BAs compared to unexposed cells (data not shown). The TEER of all conditions 

exposed to BAs in the presence of activated DCs were significantly lower compared to the control 

without DCs (p < 0.0001) (Fig. 2A). Exposure to sulfated DCA (200 μM) and both concentrations of 

LCA (10 μM and 50 μM) resulted in a slight, but significant restoration of the TEER (Fig. 2A). The 

same cell culture inserts were subjected to a Lucifer Yellow assay to investigate if BA treatment 

had an effect on paracellular permeability. The flux of Lucifer Yellow from the apical to basolateral 

compartment was significantly lower in cells cultured without DCs compared to the control with DCs 

(p < 0.05) (Fig. 2B). None of the BAs had a significant additional effect on paracellular permeability. 

A B
Figure 2 Intestinal permeability assays of Caco-2 and HT29-MTX-E12 cells combined with activated 
DCs after treatment with (sulfated) BAs for 24h. (A) TEER values expressed as % of initial values. (B) 
Fluorescence measured in basolateral compartment after 3h apical Lucifer Yellow incubation, expressed 
as % of an empty cell culture insert (representing complete translocation). (C-D) Protein quantity of OCLN 
and ZO1 relative to the control. (E-H) Panel of genes related to intestinal permeability (OCLN: Occludin, ZO1: 
Zonula Occludens-1, CDH1: E-cadherin, CLDN1: Claudin-1). Expression of proteins and genes of interest is 
expressed relative to the control (Caco-2 and HT29-MTX-E12 cells exposed to activated DCs in basolateral 
compartment). *p < 0.05; **p < 0.01; ****p < 0.0001 compared to the control condition with activated DCs. 
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Expression of genes related to intestinal epithelial integrity tended to increase after BA 

exposure 

To further investigate the effects of sulfated secondary BAs on intestinal barrier function, we measured 

the expression of proteins related to intestinal epithelial integrity. In line with the significant TEER 

reduction (Fig. 2A), lower protein levels of Occludin (OCLN) and Zonula Occludens-1 (ZO1) were 

measured in cells exposed to activated DCs compared to the control cells without DCs (Fig. 2C-

D), but these differences were not significant. Next, we investigated whether these lower protein 

levels were the result of decreased mRNA levels. However, OCLN and ZO1 mRNA levels were not 

significantly affected by the presence of activated DCs in the basolateral compartment (Fig. 2E-F). 

Other genes related to intestinal barrier function, E-cadherin (CDH1) and Claudin-1 (CLDN1), were 

also not affected (Fig. 2G-H). Interestingly, protein levels of OCLN and ZO1 were not affected by BA 

exposure, whereas expression of OCLN, ZO1, CDH1 and CLDN1 followed an increasing trend after 

exposure to most BAs, although these differences were not significant (Fig. 2C-H). Together, these 

results indicate that differences in intestinal barrier function measured by TEER were partly reflected 

at gene and protein level. 

Differential expression of FXR-target genes by unsulfated, but not sulfated secondary BAs

Next, we aimed to find out if exposure to sulfated and unsulfated secondary BAs resulted in activation 

of FXR. While DCA and LCA are potent activators of FXR (22), it is unknown whether the sulfated 

forms of these BAs also activate FXR, as these BAs are not, or poorly absorbed by enterocytes (23). 

To this end, we investigated if exposure to DCA, LCA and their sulfated forms resulted in differential 

expression of a selection of FXR-target genes: ileal bile acid binding protein (IBABP, FABP6), 

fibroblast growth factor 19 (FGF19), basolateral organic solute transporters alpha and beta (OSTα/β, 

SLC51A/B), apical bile salt transporter (ABST, SLC10A2) and sulfotransferase family 2A member 1 

(SULT2A1) (31-34). Interestingly, the addition of activated DCs potently reduced the expression of 

ABST (p < 0.05) and SULT2A1 (p < 0.001) (Fig. 3A, F). ABST was not differentially expressed by any 

of the BAs (Fig. 3A). In contrast, FABP6, FGF19 and OSTβ were significantly upregulated in cells 

exposed to DCA compared to the control with activated DCs (Fig. 3B-C, E). Interestingly, exposure 

to 100 μM DCA reduced SULT2A1 expression compared to the control cells with DCs (Fig. 3F). 

Altogether, these results indicate that DCA had pronounced effects on the expression of most FXR-

target genes, while LCA had only minor effects. Exposure to neither sulfated DCA nor sulfated LCA 

resulted in a differential expression of any FXR-target genes. Importantly, mRNA levels of ABST and 

SULT2A1 were significantly decreased by the presence of basolateral activated DCs.    

Figure 3 Expression of FXR target genes (A-F) ABST, FABP6, FGF19, OSTα, OSTβ and SULT2A1. 
Expression of genes of interest is expressed as fold change relative to control (Caco-2 and HT29-MTX-E12 
cells exposed to activated DCs in basolateral compartment). *p < 0.05, **p < 0.01, ***p < 0.001 compared to 
the condition with activated DCs.

_________________________________________

No effects of sulfated secondary BAs on MUC2 and MUC5AC expression

In order to determine if sulfated secondary BAs had an effect on the mucus layer, we investigated 

the expression of MUC2, which is the most dominant gel-forming mucin present in the intestine. 

Moreover, we also measured expression of MUC5AC. This is another gel-forming mucin which is 

normally not secreted in the intestine, but is secreted in HT29-MTX-E12 cells, even after growing this 

cell type under SWMS conditions (29, 30). Interestingly, the presence of activated DCs decreased 

the expression of MUC2 and MUC5AC, although this effect was not statistically significant (Fig. 4A-
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Expression of genes related to intestinal epithelial integrity tended to increase after BA 

exposure 

To further investigate the effects of sulfated secondary BAs on intestinal barrier function, we measured 

the expression of proteins related to intestinal epithelial integrity. In line with the significant TEER 

reduction (Fig. 2A), lower protein levels of Occludin (OCLN) and Zonula Occludens-1 (ZO1) were 

measured in cells exposed to activated DCs compared to the control cells without DCs (Fig. 2C-

D), but these differences were not significant. Next, we investigated whether these lower protein 

levels were the result of decreased mRNA levels. However, OCLN and ZO1 mRNA levels were not 

significantly affected by the presence of activated DCs in the basolateral compartment (Fig. 2E-F). 

Other genes related to intestinal barrier function, E-cadherin (CDH1) and Claudin-1 (CLDN1), were 

also not affected (Fig. 2G-H). Interestingly, protein levels of OCLN and ZO1 were not affected by BA 

exposure, whereas expression of OCLN, ZO1, CDH1 and CLDN1 followed an increasing trend after 

exposure to most BAs, although these differences were not significant (Fig. 2C-H). Together, these 

results indicate that differences in intestinal barrier function measured by TEER were partly reflected 

at gene and protein level. 

Differential expression of FXR-target genes by unsulfated, but not sulfated secondary BAs

Next, we aimed to find out if exposure to sulfated and unsulfated secondary BAs resulted in activation 

of FXR. While DCA and LCA are potent activators of FXR (22), it is unknown whether the sulfated 

forms of these BAs also activate FXR, as these BAs are not, or poorly absorbed by enterocytes (23). 

To this end, we investigated if exposure to DCA, LCA and their sulfated forms resulted in differential 

expression of a selection of FXR-target genes: ileal bile acid binding protein (IBABP, FABP6), 

fibroblast growth factor 19 (FGF19), basolateral organic solute transporters alpha and beta (OSTα/β, 

SLC51A/B), apical bile salt transporter (ABST, SLC10A2) and sulfotransferase family 2A member 1 

(SULT2A1) (31-34). Interestingly, the addition of activated DCs potently reduced the expression of 

ABST (p < 0.05) and SULT2A1 (p < 0.001) (Fig. 3A, F). ABST was not differentially expressed by any 

of the BAs (Fig. 3A). In contrast, FABP6, FGF19 and OSTβ were significantly upregulated in cells 

exposed to DCA compared to the control with activated DCs (Fig. 3B-C, E). Interestingly, exposure 

to 100 μM DCA reduced SULT2A1 expression compared to the control cells with DCs (Fig. 3F). 

Altogether, these results indicate that DCA had pronounced effects on the expression of most FXR-

target genes, while LCA had only minor effects. Exposure to neither sulfated DCA nor sulfated LCA 

resulted in a differential expression of any FXR-target genes. Importantly, mRNA levels of ABST and 

SULT2A1 were significantly decreased by the presence of basolateral activated DCs.    

Figure 3 Expression of FXR target genes (A-F) ABST, FABP6, FGF19, OSTα, OSTβ and SULT2A1. 
Expression of genes of interest is expressed as fold change relative to control (Caco-2 and HT29-MTX-E12 
cells exposed to activated DCs in basolateral compartment). *p < 0.05, **p < 0.01, ***p < 0.001 compared to 
the condition with activated DCs.

_________________________________________

No effects of sulfated secondary BAs on MUC2 and MUC5AC expression

In order to determine if sulfated secondary BAs had an effect on the mucus layer, we investigated 

the expression of MUC2, which is the most dominant gel-forming mucin present in the intestine. 

Moreover, we also measured expression of MUC5AC. This is another gel-forming mucin which is 

normally not secreted in the intestine, but is secreted in HT29-MTX-E12 cells, even after growing this 

cell type under SWMS conditions (29, 30). Interestingly, the presence of activated DCs decreased 

the expression of MUC2 and MUC5AC, although this effect was not statistically significant (Fig. 4A-
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B). Compared to the control with activated DCs, the expression of MUC2 seemed to increase after 

exposure to 100 μM DCA and 10 μM LCA, which was borderline significant (p = 0.06 and p = 0.08), 

respectively (Fig. 4A). Sulfated BA exposure did not have any effect on mucin mRNA expression. 

Subtle effect of some BAs on expression of genes encoding for antimicrobial peptides 

Antimicrobial peptides (AMPs) play an important role in intestinal innate immune defense and are 

known to be produced by enterocytes (35). We measured the expression of genes encoding the 

AMPs defensin β-1 (DEFB1) and lysozyme (LYZ), but also angiogenin (ANG) and carbonic anhydrase 

12 (CA12), since the latter two AMPs are regulated by the BA receptor FXR (36, 37). Exposure to BAs 

caused slight, but non-significant changes compared to the control with activated DCs (Fig. 4C-F). 

Only ANG was significantly lower expressed after exposure to both 100 μM sulfated DCA and DCA, 

as well as 50 μM LCA (p < 0.05) (Fig. 4F).

A B

C D
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Figure 4 Expression of mucin and antimicrobial peptides. A) Expression of MUC2 and B) MUC5AC 
and genes encoding the antimicrobial peptides (C-F) DEFB1, LYZ, CA12 and ANG. Expression of genes of 
interest is expressed relative to the control (Caco-2 and HT29-MTX-E12 cells exposed to activated DCs in 
basolateral compartment). *p < 0.05 compared to condition with activated DCs.

_________________________________________

No indirect effects of BA exposure on cytokine production by basolateral DCs 

Although the presence of activated DCs in the basolateral compartment resulted in a significant 

increase in permeability of the Caco-2/HT29-MTX-E12 co-culture, apical exposure to sulfated and 

unsulfated secondary BAs did not have a major additional effect on intestinal epithelial integrity 

(Fig. 2A-B). We hypothesized that BAs might have migrated from the apical to the basolateral 

compartment via the openings between the intestinal epithelial cells, caused by the increased 

intestinal permeability. In that case, BAs might have come in contact with the DCs present in the 

basolateral compartment. Therefore, we investigated if this potential indirect contact between BAs 

and DCs caused an altered immune response by DCs. To this end, TNF-α and IL-12p40 levels were 

measured in conditioned medium from basolateral DCs after apical exposure to the different BAs. No 

differences in either TNF-α or IL-12p40 levels were found (Fig. 5A-B). 

Figure 5 Cytokine levels produced by basolateral DCs after indirect BA exposure (via cell culture 
inserts) and direct exposure. A) TNF-α and B) IL-12p40 levels after indirect exposure. C) TNF-α and D) 

A B

C D
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intestinal permeability. In that case, BAs might have come in contact with the DCs present in the 

basolateral compartment. Therefore, we investigated if this potential indirect contact between BAs 

and DCs caused an altered immune response by DCs. To this end, TNF-α and IL-12p40 levels were 
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IL-12p40 levels after direct exposure. Cytokine levels are expressed as percentage of the control, i.e. DCs 
exposed to only medium.

_________________________________________

Decreasing, but no significant trend in TNF-α and IL-12p40 production by activated DCs after 

direct exposure to secondary BAs

The finding that cytokine production by DCs was not affected by indirect BA exposure could either 

indicate that BAs were not migrated towards the basolateral compartment, or that DCs were not 

affected by BA exposure in terms of TNF-α and IL-12p40 production. To investigate if direct exposure 

to BAs caused an effect on immune response in DCs, we exposed activated DCs directly to sulfated 

and unsulfated secondary BAs under similar conditions as previous experiments with indirect 

exposure. DCA caused a decrease in both TNF-α and IL-12p40 levels compared to the control cells 

(Fig. 5C-D), but these differences were not significant. Lower IL-12p40 levels were found after LCA 

exposure, albeit variation between biological replicates was high (Fig. 5D). This was due to deviating 

results from one biological replicate (Supplementary file 1). No significant differences were found 

after exposure to sulfated BAs. 

Discussion

The rising prevalence of IBD in many countries is alarming, given the concomitant increase in social 

and economic burden associated with this disease (38). To decrease this burden, it is of utmost 

importance to better understand the underlying causes of IBD, especially because the etiology of 

IBD is still largely unknown. Emerging evidence suggests a potential role for BA dysmetabolism in 

IBD, however, the exact effects of elevated levels of IBD-associated BA subtypes are not widely 

investigated yet. In the present study, we aimed to investigate the effects of sulfated secondary BAs 

on intestinal barrier function in the context of IBD. Furthermore, we also investigated if sulfated BAs 

had an effect on immune response in human monocyte-derived DCs. 

We first aimed to establish an inflammatory in vitro human intestinal model, as existing models 

often insufficiently reflect the chronic inflammatory state in the context of IBD. For example, many 

existing models either add a cytokine cocktail to induce a pro-inflammatory state (39, 40) or use THP-

1 cells as representation of immune cells (41-46). The effectiveness of this cell line in an intestinal 

model is questionable. In two studies, Caco-2 cells exposed to THP-1 cells were severely damaged 

after 48 hours, which was reflected by the high cytotoxicity values and TEER decrease of more 

than 80% (44, 46). Given the crucial role of intestinal DCs in IBD pathophysiology (14, 47), we used 

human monocyte-derived DCs in our model. After activation with LPS, these DCs produced high 

cytokine levels, resulting in an increased intestinal permeability without affecting cytotoxicity. To 

improve the physiological representativeness of our model even more, we also paid special attention 

to the mucus layer, since it is often underrepresented or even lacking in most existing intestinal in 

vitro models. Therefore, we cultured the Caco-2/HT29-MTX-E12 co-culture under SWMS conditions, 

which was shown to improve the quantity and quality of the mucus layer (29, 30). 

After successful optimization, we exposed the inflammatory in vitro human intestinal immune 

model to sulfated and unsulfated secondary BAs for 24 hours and investigated the effects on 

intestinal barrier function. We found a slight TEER restoration after exposure to LCA and sulfated 

DCA, but not DCA and sulfated LCA. These effects on intestinal epithelial barrier integrity were 

partly reflected at protein level. Previous in vitro studies also showed TEER restoration by LCA in the 

presence of inflammatory conditions (40, 48). With regard to DCA, we did not find an effect on TEER, 

while a marked increased permeability caused by DCA was observed in several in vitro models (49-

52) as well as in mice (51, 53, 54). Importantly, we confirmed successful administration of DCA and 

LCA by measuring differential expression of FXR-target genes. Differences in incubation duration 

and BA concentrations might have impeded direct comparison to existing literature and results of 

the current study.

In line with the minor effects on intestinal epithelial barrier integrity, we did not find an effect of 

sulfated BAs on MUC2 and MUC5AC expression. On the contrary, DCA and LCA exposure resulted 

in an increased expression of MUC2, which was borderline significant. As MUC2 plays a crucial 

role in intestinal barrier protection (55-58), increased MUC2 mRNA expression might indicate that 

these BAs have a restorative effect on the mucus layer. In several human colon cancer cell lines, 

DCA also caused increased MUC2 expression (59, 60), but no effects of LCA on mucin mRNA 

expression have been described. Importantly, it was previously shown that prolonged exposure to 

pro-inflammatory cytokines strongly decreased mucin gene expression (61, 62). These results are 

in line with the decreasing trend in MUC2 and MUC5AC expression that we found after exposure 

to activated DCs, although this effect was not significant. Next to the effects of BAs on the mucus 

barrier, it is also important to consider other intestinal barrier properties, such as AMPs that are 

excreted in the mucus layer (63). Although DCA was previously shown to increase the expression 

and secretion of DEFB1/DEFB1 in vitro (64), we were not able to reproduce these results. We did 

find a slightly reduced expression of ANG by some BAs, which might imply that these BAs have a 

negative effect on mucosal defense (65). However, the effects of BAs on AMPs are underexplored in 

current literature, indicating that more research is needed in this field. 
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IL-12p40 levels after direct exposure. Cytokine levels are expressed as percentage of the control, i.e. DCs 
exposed to only medium.
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indicate that BAs were not migrated towards the basolateral compartment, or that DCs were not 

affected by BA exposure in terms of TNF-α and IL-12p40 production. To investigate if direct exposure 

to BAs caused an effect on immune response in DCs, we exposed activated DCs directly to sulfated 

and unsulfated secondary BAs under similar conditions as previous experiments with indirect 

exposure. DCA caused a decrease in both TNF-α and IL-12p40 levels compared to the control cells 

(Fig. 5C-D), but these differences were not significant. Lower IL-12p40 levels were found after LCA 

exposure, albeit variation between biological replicates was high (Fig. 5D). This was due to deviating 

results from one biological replicate (Supplementary file 1). No significant differences were found 

after exposure to sulfated BAs. 

Discussion
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and economic burden associated with this disease (38). To decrease this burden, it is of utmost 

importance to better understand the underlying causes of IBD, especially because the etiology of 

IBD is still largely unknown. Emerging evidence suggests a potential role for BA dysmetabolism in 

IBD, however, the exact effects of elevated levels of IBD-associated BA subtypes are not widely 

investigated yet. In the present study, we aimed to investigate the effects of sulfated secondary BAs 

on intestinal barrier function in the context of IBD. Furthermore, we also investigated if sulfated BAs 

had an effect on immune response in human monocyte-derived DCs. 

We first aimed to establish an inflammatory in vitro human intestinal model, as existing models 

often insufficiently reflect the chronic inflammatory state in the context of IBD. For example, many 

existing models either add a cytokine cocktail to induce a pro-inflammatory state (39, 40) or use THP-

1 cells as representation of immune cells (41-46). The effectiveness of this cell line in an intestinal 

model is questionable. In two studies, Caco-2 cells exposed to THP-1 cells were severely damaged 

after 48 hours, which was reflected by the high cytotoxicity values and TEER decrease of more 

than 80% (44, 46). Given the crucial role of intestinal DCs in IBD pathophysiology (14, 47), we used 

human monocyte-derived DCs in our model. After activation with LPS, these DCs produced high 

cytokine levels, resulting in an increased intestinal permeability without affecting cytotoxicity. To 

improve the physiological representativeness of our model even more, we also paid special attention 

to the mucus layer, since it is often underrepresented or even lacking in most existing intestinal in 

vitro models. Therefore, we cultured the Caco-2/HT29-MTX-E12 co-culture under SWMS conditions, 

which was shown to improve the quantity and quality of the mucus layer (29, 30). 

After successful optimization, we exposed the inflammatory in vitro human intestinal immune 

model to sulfated and unsulfated secondary BAs for 24 hours and investigated the effects on 

intestinal barrier function. We found a slight TEER restoration after exposure to LCA and sulfated 

DCA, but not DCA and sulfated LCA. These effects on intestinal epithelial barrier integrity were 

partly reflected at protein level. Previous in vitro studies also showed TEER restoration by LCA in the 

presence of inflammatory conditions (40, 48). With regard to DCA, we did not find an effect on TEER, 

while a marked increased permeability caused by DCA was observed in several in vitro models (49-

52) as well as in mice (51, 53, 54). Importantly, we confirmed successful administration of DCA and 

LCA by measuring differential expression of FXR-target genes. Differences in incubation duration 

and BA concentrations might have impeded direct comparison to existing literature and results of 

the current study.

In line with the minor effects on intestinal epithelial barrier integrity, we did not find an effect of 

sulfated BAs on MUC2 and MUC5AC expression. On the contrary, DCA and LCA exposure resulted 

in an increased expression of MUC2, which was borderline significant. As MUC2 plays a crucial 

role in intestinal barrier protection (55-58), increased MUC2 mRNA expression might indicate that 

these BAs have a restorative effect on the mucus layer. In several human colon cancer cell lines, 

DCA also caused increased MUC2 expression (59, 60), but no effects of LCA on mucin mRNA 

expression have been described. Importantly, it was previously shown that prolonged exposure to 

pro-inflammatory cytokines strongly decreased mucin gene expression (61, 62). These results are 

in line with the decreasing trend in MUC2 and MUC5AC expression that we found after exposure 

to activated DCs, although this effect was not significant. Next to the effects of BAs on the mucus 

barrier, it is also important to consider other intestinal barrier properties, such as AMPs that are 

excreted in the mucus layer (63). Although DCA was previously shown to increase the expression 

and secretion of DEFB1/DEFB1 in vitro (64), we were not able to reproduce these results. We did 

find a slightly reduced expression of ANG by some BAs, which might imply that these BAs have a 

negative effect on mucosal defense (65). However, the effects of BAs on AMPs are underexplored in 

current literature, indicating that more research is needed in this field. 
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Secondary BAs could have anti-inflammatory effects during intestinal inflammation (27, 66, 67). 

Since intestinal DCs are able to sample luminal content (47, 68), we hypothesized that luminal 

BAs could come in contact with DCs, which might result in an altered immune response. Indeed, 

direct exposure to secondary BAs caused a decreasing trend in cytokine production, but this effect 

was absent after exposure to sulfated secondary BAs. This finding might suggest that increased 

levels of sulfated BAs at the expense of secondary BAs could abolish the anti-inflammatory effects 

of secondary BAs. Similar effects were previously found in Caco-2 exposed to sulfated LCA (3), 

although this effect was found after exposure to relatively high concentrations of LCA and sulfated 

LCA (400 and 500 μM), which might hamper the physiological translatability of these results. 

Here, we present a novel and physiological relevant in vitro human intestinal model representing 

a pro-inflammatory state, which can be used to study intestinal barrier function in the presence of 

intestinal inflammation. We used this model to investigate the effects of sulfated and unsulfated 

secondary BAs on intestinal barrier function and immune response in DCs. We show that these 

BAs had ambiguous effects on intestinal barrier integrity, as reflected by the minor effects on TEER, 

expression of intestinal epithelial integrity related genes, AMPs and MUC2. Our results hint towards 

anti-inflammatory effects of secondary BAs, but not sulfated secondary BAs on activated DCs. 

These findings emphasize the potential impact of BA dysmetabolism during IBD and the relevance 

of proper bacterial desulfation activity to assure the anti-inflammatory effects of secondary BAs. 
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Supplementary file 1

Figure 1 Expression of the cell surface markers CD83, CD14 and CD209 on DCs activated with 10 ng/mL 
LPS for 24 hours and unstimulated DCs. Unstained (red) and stained (blue) samples are displayed from 
one representative donor.

Table 1 A) TNF-α levels and B) IL-12p40 levels produced by basolateral DCs after direct BA exposure, 
expressed as percentage of control. Values of all three biological replicates (batch 1, 2, 3) are shown. 

Sulfo-DCA DCA Sulfo-LCA LCA

Batch Control 100 μM 200 μM 100 μM 200 μM 10 μM 50 μM 10 μM 50 μM

1 100 93.9 124.7 134.0 93.2 87.6 87.8 92.9 88.9

2 100 105.0 103.4 64.9 42.7 56.8 42.8 76.4 84.5

3 100 92.1 108.4 94.7 90.7 105.5 97.7 105.0 99.8

Sulfo-DCA DCA Sulfo-LCA LCA

Batch Control 100 μM 200 μM 100 μM 200 μM 10 μM 50 μM 10 μM 50 μM

1 100 80.1 59.9 66.0 36.5 59.7 52.3 39.4 51.8

2 100 36.9 35.5 92.3 78.3 121.6 121.5 28.4 60.4

3 100 111.9 122.2 84.1 85.3 129.9 120.3 128.4 127.7

A

B
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Abstract 

The intestinal mucus layer plays a crucial role in human health. To study intestinal mucus function 

and structure in vitro, the mucus-producing intestinal cell line HT29-MTX-E12 has been commonly 

used. However, this cell line produces only low amounts of the intestine-specific MUC2. It has been 

shown previously that HT29-MTX-E12 cells cultured under Semi-Wet interface with Mechanical 

Stimulation (SWMS) produced higher amounts of MUC2, concomitant with a thicker mucus layer, 

compared to cells cultured conventionally. However, it remains unknown which underlying pathways 

are involved. Therefore, we aimed to further explore the cellular processes underlying the increased 

mucus production by HT29-MTX-E12 cells grown under SWMS conditions. Cells grown on Transwell 

membranes for 14 days under static and SWMS conditions (after cell seeding and attachment) 

were subjected to transcriptome analysis to investigate underlying molecular pathways at gene 

expression level. Caco-2 and LS174T cell lines were included as references. We characterized how 

SWMS conditions affected HT29-MTX-E12 cells in terms of epithelial barrier integrity, by measuring 

transepithelial electrical resistance, and cell metabolism, by monitoring pH and lactate production 

per molecule glucose of the conditioned medium. We confirmed higher MUC2 production under 

SWMS conditions at gene and protein level and demonstrated that this culturing method primarily 

stimulated cell growth. In addition, we also found evidence for a more aerobic cell metabolism under 

SWMS, as shown previously for similar models. In summary, we suggest different mechanisms by 

which mucus production is enhanced under SWMS and propose potential applications of this model 

in future studies.

Introduction 

The surface of the human gastro-intestinal (GI) tract is covered by a layer of mucus, protecting the 

host from pathogens, harmful chemical or biological substances and physical damage (1-4). Defects 

in this mucus layer have been implicated in several intestinal pathologies. For instance, Muc2 knock-

out mice were shown to develop spontaneous colitis (5) and colorectal cancer (6), emphasizing 

the important protective role of mucus. Along the GI tract, the mucus layer is thickest in the colon 

(7), where the number of intestinal bacteria is also highest (8). Interestingly, the mucus layer does 

not only protect the underlying epithelium from these high bacterial numbers, but also provides 

a binding site and nutrition-rich niche for residing intestinal bacteria, such as mucin-degrading 

bacterial species and cross-feeders which in concert produce beneficial compounds (e.g. short-

chain fatty acids) for the host (9, 10). 

The dual role of colonic mucus can be explained by the existence of two layers: The inner layer 

is densely packed, firmly attached to the intestinal epithelium and devoid of bacteria, whereas the 

outer layer is loose, constantly removed and colonized by bacteria (7, 11). Colonic mucus is mainly 

composed of the gel-forming mucin type 2 (MUC2) (12, 13), a heavily O-glycosylated protein secreted 

by intestinal goblet cells (14-16). Additionally, mucus contains salts, lipids (17) and defense-related 

proteins, such as antimicrobial peptides, growth factors, trefoil factors, immunoglobulins, lysozyme 

and other proteins (11). 

Our understanding of colonic mucus structure, function and composition has been largely 

dependent on in vivo models, such as rodents and pigs (reviewed in Etienne-Mesmin et al. (18)) 

or ex vivo techniques using human mucosal biopsies (first established by Browning et al. (19)) and 

murine intestinal explants (20, 21). These models, however, show large heterogeneity between and 

within subjects or, in the case of animal models, have a poor translational value. Additionally, these 

models are often expensive, require specialized experience and pose ethical concerns. Attempts 

have been made to recapitulate the intestinal mucosal layer – including host cells – in vitro, varying 

from simple to more advanced systems. Relatively simple cell models include the use of mucus-

excreting colonic cancer cell lines, such as HT29-MTX and LS174T cells (22, 23), but both examples 

have limitations. HT29-MTX cells have successfully been grown in confluent monolayers (24), but 

this cell type predominantly secretes MUC5AC, a mucin that is present in the stomach and airways, 

while producing only a limited amount of colon-specific MUC2 (22). On the other hand, LS174T cells 

do produce MUC2 (23), but are not capable of growing in an organized and adherent cell layer (25). 

More advanced models include culturing cell lines in innovative models, such as gut-on-chips (26, 

27) or 3D scaffolds (28-30); or the use of human colonoids (31, 32) and human intestinal organoids 
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(33); or a combination (34), which all demonstrated increased MUC2 production in vitro compared 

to conventional cell culture. Although these models are supposed to resemble the in vivo colonic 

mucosal layer more closely in terms of mucus composition, they are highly expensive and require 

specialized expertise (18).

To obtain more physiologically relevant models, simpler yet effective alternative strategies have 

been shown to further increase mucus production in intestinal cancer cell lines, using biochemical 

compounds, such as prostaglandin E2 (35) and Notch γ-secretase inhibitors (36), or bacteria-derived 

compounds (e.g. sodium butyrate (37) and LPS (38)). Physical strategies have also been applied, 

e.g. growing intestinal porcine epithelial cells at an air-liquid interface (ALI) (39, 40), stimulating 

cells mechanically, or a combination of both. For instance, Navabi and colleagues managed 

to create polarized, functional, crypt-forming intestinal cell layers with an adherent mucus layer, 

when growing HT29-MTX-E12 and other intestinal cell lines on Transwell membranes in semi-wet 

interfaces with mechanical stimulation (SWMS). SWMS conditions include decreased apical and 

basolateral medium volumes and continuous shaking on a rocking platform. Importantly, these cells 

demonstrated increased expression of MUC2, both absolute and relative to MUC5AC (25). HT29-

MTX-E12 cells grown under these conditions produced a thicker layer compared to static conditions. 

However, it remains unexplored what molecular mechanisms are involved.

In our study, we aimed to further explore the cellular processes underlying the increased mucus 

production by HT29-MTX-E12 cells grown under SWMS conditions. To this end, cells were subjected 

to transcriptome analysis after 15 days of culture to investigate underlying molecular pathways 

involved. As control cell lines for the transcriptomic analysis, we included Caco-2 and LS174T cells, 

a non-mucus producing and MUC2-producing cell line, respectively. Next, we further characterized 

the HT29-MTX-E12 monolayer, by measuring transepithelial electrical resistance and quantifying cell 

density. Additionally, as similar (semi-wet only) models have shown a more aerobic cell metabolism 

(41-44), we quantified pH and lactate production per molecule glucose of the conditioned medium. 

In overall, we attempted to gain more insight into the potential mechanisms underlying increased 

mucus production in HT29-MTX-E12 cells grown under SWMS conditions.  

Materials and Methods

Cell culture

HT29-MTX-E12 cells (ECACC) were obtained from Sigma-Aldrich (Darmstadt, Germany). Caco-

2 (ATCC HTB-37) and LS174T (ATCC CL-188) cells were purchased at LGC Standards (Wesel, 

Germany). All cell types were cultured in Dulbecco’s Modified Eagle Medium with 4.5g/L glucose, 

110 mg/L sodium pyruvate and 584 mg/L L-glutamine (Corning, NY, USA) supplemented with 10% 

Fetal Bovine Serum and 1% penicillin/streptomycin. When cells reached 80-90% confluency, they 

were counted and seeded. Passage numbers between 15 and 27 were used for Caco-2 cells and 

between 3 and 21 for HT29-MTX-E12 cells. LS174T cells were used between passage 17 and 19. 

Caco-2 and HT29MTX-E21 cells were seeded (day 0) at a density of 273,000 cells/mL in 275 μL 

per well on 12 mm 0.4 μm-pore polyester Transwell membranes (Corning 3460). A volume of 1 mL 

medium was added to the basolateral compartment. One day after seeding (day 1), media of all 

Transwells was refreshed and Semi-Wet conditions with Mechanical Stimulation (SWMS) were 

applied (25, 30). To these Transwells, 75 μL and 850 μL of medium was added to the apical and 

basolateral compartments, respectively, and plates were put on a CO2-resistant shaker (Thermo 

Fisher Scientific, Breda, The Netherlands) at 65 rpm. Media volumes of Transwells grown under 

static conditions were unchanged. LS174T cells were seeded at similar seeding density on regular 

12-well cell culture plates. This cell line was cultured under static conditions in a regular wells plate 

only, since these cells do not form a continuous monolayer of cells, but grow in a rather irregular 

manner (25). Medium was refreshed every Monday, Wednesday and Friday and cells were harvested 

15 days after seeding (t = 15 days). 

RNA isolation

Cells were washed with ice-cold PBS twice, trypsinized and RNA was isolated using the Maxwell®16 

LEV simplyRNA Cells Kit (Promega, cat. no. AS1270) and the Maxwell® 16 MDx Instrument (Promega), 

following the manufacturer’s instructions. 

Microarray

RNA isolate from three independent biological replicate experiments was used for microarray 

analysis. Total RNA yield was measured using photometry (DeNovix, USA). RNA quality was 

determined on an Agilent 2100 Bioanalyzer (Agilent Technologies, Amsterdam, The Netherlands). 

RNA was only used when the RNA integrity number (RIN) exceeded 8.0. One hundred nanogram of 

RNA was converted to cDNA and labelled (Ambion WT expression kit, Life Technologies, Bleiswijk, 

The Netherlands). Samples were hybridized to an Affymetrix Human Gene 1.1 ST array plate 

according to the standard Affymetrix instructions (Affymetrix, Santa Clara, CA, USA). The robust 

multi-array average (RMA) pre-processing algorithm in the Bioconductor library AffyPLM was used 
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Fisher Scientific, Breda, The Netherlands) at 65 rpm. Media volumes of Transwells grown under 
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to obtain normalized expression estimates (45). Probe sets were defined and assigned as described 

by Dai et al. (46). Differences in gene expression between static and SWMS conditions per cell type 

were analyzed using the Intensity Based Moderated T statistics (IBMT) (47), using p values <0.05 as 

threshold. The Venn diagram was created using Venny 2.1 (48). Microarray data has been submitted 

to the Gene Expression Omnibus (GEO) at the NCBI (GSE173729). 

TEER measurements

The transepithelial electrical resistance (TEER) was measured with an EVOM2 Volt/Ohm meter using 

STX2 electrodes (World Precision Instruments) at day 4, 7, 9, 11 and 14. One hour prior to measuring, 

medium of the Transwells was refreshed and equal medium volumes were applied in all wells (275 

μL apical and 1 mL basolateral). Before TEER measurements were performed, Transwells were put 

at room temperature for 5 minutes to allow temperature equilibration. After TEER measurements, 

the medium volumes in the wells were adapted again to volumes of the respective conditions. The 

background value (i.e. TEER value of an empty Transwell) was subtracted from the total TEER values. 

Protein isolation

Cells were washed twice with PBS and lysed in RIPA Lysis and Extraction Buffer (ThermoFisher 

Scientific), supplemented with the protease and phosphatase inhibitors PhosSTOP and cOmplete 

(Roche Diagnostics, Almere, The Netherlands). Lysates were incubated on ice for 20 minutes 

following centrifugation for 10 minutes at 13,000 x g. Supernatant was collected and protein 

concentrations were measured using a bicinchoninic acid assay (Thermo Fisher Scientific). 

Western Blot

Protein lysates (20 μg of protein/lane) were loaded onto 4-15% Mini-PROTEAN TGX Precast Protein 

Gels (Bio-Rad, Veenendaal, The Netherlands). Next, proteins were transferred onto a polyvinylidene 

difluoride membrane (Trans-Blot Turbo Midi 0.2 μm PVDF Transfer Packs, Bio-Rad) using the 

Transblot Turbo System (Bio-Rad). Membranes were blocked for 1 hour and incubated overnight at 

4 °C with rabbit anti-KLF4 (Sigma-Aldrich, catalogue no. SAB1300678) and rabbit anti-HSP90 (Cell 

Signaling Technology, cat. no. 4874). Antibodies were used in 1:500 and 1:5000 dilutions for KLF4 

and HSP90, respectively. Membranes were incubated for 1 hour with goat anti-rabbit (GenScript, 

cat. no. A00098) diluted 1:5000. Blocking and incubation of primary and secondary antibodies were 

done in TBS with 0.1% Tween 20 (TBS-T) and 5% (w/v) skimmed milk. In between, membranes were 

washed in TBS-T. Signals were quantified using the ChemiDoc MP system (Bio-Rad) and Clarity ECL 

substrate (Bio-Rad). 

Dot Blot

Proteins were diluted to 68.2 μg/mL and 6x serially diluted 1:2 in PBS. In total 7 dilutions and one PBS-

control were blotted per condition. Of each dilution, 50 μL of sample was blotted on a Pierce 0.2 μm 

nitrocellulose membrane (Thermo Scientific) in a Dot Blot device (The Convertible, cat. series 1055. 

Gibco BRL) connected to a vacuum-pump. Next, membranes were blocked, incubated and imaged 

as described for Western Blot. Primary antibodies were diluted 1:2000 and 1:1000 for mouse anti-

MUC2 (Abcam, cat. no. ab11197) and-MUC5AC (Sigma-Aldrich, cat. no. WH0004586M7) respectively. 

Secondary goat anti-mouse antibody (Genscript, cat. no. A00160) was diluted at 1:2500. To check 

protein quantity on the membranes, a separate, identical membrane was blotted and incubated for 

10 min. in Ponceau Red (Honeywell Fluka). Next, the blot was washed in demi-water and signals 

were quantified using the ChemiDoc MP system. Dot Blots with anti-MUC2 and –MUC5AC were 

quantified by measuring the density of the first six dots (rows) using ImageJ software. A density-

based linear trendline was calculated from the second to the sixth dot. The coefficients (per μg/mL) 

were corrected for Ponceau Red density. Ponceau Red signals were quantified by measuring density 

of the first dot (first row) only. Biological replicates per conditions were n = 2 for HT29-MTX-E12, 

static, n = 3 for HT29-MTX-E12, SWMS, n = 3 for Caco-2 (static and SWMS), and n = 1 for LS174T. 

pH, lactate and glucose measurements 

Every time medium of Transwells was refreshed, conditioned medium was collected from HT29-

MTX-E12 cells and stored at -20 °C until further processing. Medium of apical and basolateral 

compartments were collected separately, but compartments were pooled per time point and 

condition. Samples were spun down and 200 μL of supernatant was transferred to a 96-wells 

plate. After stabilization, absorbance was measured at 415 and 560 nm at 5% CO2 in a Synergy 

Neo2 Hybrid Multi-Mode Reader with a CO2 and O2 gas controller (1210013) (BioTek Instruments). 

Aliquots of growth medium (ca. 5 mL) were used for preparation of a standard curve with pH 

values ranging from 2.6 to 9.9. Lactate and glucose were quantified with a Shimadzu LC2030C-Plus 

high-performance liquid chromatography (HPLC) system equipped with a Shodex SH1821 column 

kept at 45 °C and running 0.01 N sulfuric acid as eluent (1 mL/min). Compounds were detected by 

determining the refractive index and identified using pure lactate and glucose as external standards 

and crotonate as an internal standard.
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Statistical analysis

Statistical analysis of microarray data is described above. Data distribution for other (continuous) 

outcomes was tested with the D’Agostino-Pearson omnibus normality test using GraphPad Prism 

(San Diego, CA, USA). Significance of differences between two conditions was analysed using a 

two-tailed, unpaired Student’s t-test. For non-normally distributed data, a Mann-Whitney U test was 

used. The data are presented as mean ± standard deviation. A p-value of ≤ 0.05 was considered 

significant. Unless stated otherwise, all experiments were performed in triplicate.

Results

Gene expression changes in HT29-MTX-E12, Caco-2 and LS174T cells

To investigate SWMS-specific effects leading to higher mucus production of the SWMS culturing 

method, HT29-MTX-E12 cells were grown for 14 days under static and SWMS conditions (after 

cell seeding and attachment), and microarray analysis was performed on mRNA of the cells. We 

included Caco-2 cells, a non-mucus producing cell line, grown on Transwell membranes under static 

and SWMS conditions for 14 days as a reference control. The LS174T cell line was used as a control 

for a mucus-producing cell line. Multilevel principal component analysis performed on the 500 most 

variable genes showed a strong clustering of the biological replicates per cell type with a clear 

separation of the three cell lines (Supplementary Fig. 1A). A number of 6,732 and 7,013 genes were 

differentially regulated between SWMS and static conditions in HT29-MTX-E12 and Caco-2 cells, 

respectively (p < 0.05) (Supplementary Fig. 1B-D). 

Increased MUC2/MUC5AC ratio in SWMS-cultured HT29-MTX-E12 cells 

We investigated the expression of genes encoding for mucins in HT29-MTX-E12 cells, since we know 

from previous studies that culturing this cell type under SWMS conditions led to increased MUC2 

production (25). Indeed, in our study, SWMS conditions resulted in a significant 1.42-fold upregulation 

of MUC2 (p < 0.05) (Fig. 1A). Expression of gel-forming mucins MUC5AC and MUC5B was decreased 

in response to SWMS (FC = -1.56 and -1.84, respectively, p < 1 • 10-4) (Fig. 1A, Supplementary File 

1). Transmembrane mucins were also significantly lower expressed after SWMS conditions (Fig. 1A). 

MUC3A, 13, 17, 20 and 21 showed FC values between -1.52 and -2.32 (Supplementary File 1). Eight out 

of 19 mucins (MUC4, 6, 7, 12, 15, 16, 19 and 22) displayed very low expression levels under both static 

and SWMS conditions (RMA < 4) and were not significantly differentially expressed (Supplementary 

File 1). Taken together, these data indicate that SWMS conditions resulted in a change in expression 

of mucin encoding genes with an increased expression of MUC2, while other gel-forming as well 

as transmembrane mucins were significantly lower or not differentially expressed. Dot Blot data 

supported microarray data for MUC2, as protein levels also showed a significant upregulation (p 

< 0.05) under SWMS versus static conditions (Fig. 1B and Supplementary Fig. 2A and C). Less 

MUC5AC was detected under SWMS conditions, however, variation between replicates was rather 

high and differences were not significant (p = 0.20) (Fig. 1B and Supplementary Fig. 2B and C). 

Overall, HT29-MTX-E12 cells grown under SWMS conditions showed a significantly increased 

MUC2/MUC5AC-ratio (Fig. 1C, p < 0.05), confirming previous findings (25). For LS174T, which we 

included as a control cell line reported to produce predominantly MUC2, a relatively high MUC2/

MUC5AC ratio was calculated (Supplementary Fig. 2D-E). In contrast, Caco-2 cells, which 

are not reported to produce mucus, showed low RMA values (< 5) for MUC2 and MUC5AC and 

protein expression of these mucins was below detection level in both conditions (Supplementary 

Fig. 2A-C). Furthermore, similar to HT29-MTX-E12 cells, SWMS conditions resulted in significant 

downregulation of MUC20, MUC3A and MUC13 in this cell line (Supplementary File 1). 
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Statistical analysis
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are not reported to produce mucus, showed low RMA values (< 5) for MUC2 and MUC5AC and 

protein expression of these mucins was below detection level in both conditions (Supplementary 

Fig. 2A-C). Furthermore, similar to HT29-MTX-E12 cells, SWMS conditions resulted in significant 

downregulation of MUC20, MUC3A and MUC13 in this cell line (Supplementary File 1). 

Gel-forming mucins

Transmembrane mucins

A



178   |   Chapter 5

Figure 1 Mucin gene and protein expression in HT29-MTX-E12 cells grown under static and SWMS 
conditions. A) Microarray gene expression values (Log2) of a panel of gel-forming and transmembrane 
mucins B) Protein expression of MUC2 and MUC5AC, expressed as density (a.u.) per ug/mL protein blotted, 
after correction of Ponceau Red density (n = 2 for static, n = 3 for SWMS. Blot data in Supplementary Fig. 
2) C) Ratio of MUC2 and MUC5AC protein expression. * p < 0.05; *** p < 0.001; **** p < 0.0001; n = 3, unless 
stated otherwise.

_________________________________________

Upregulation of genes and pathways related to cell cycle, cell growth and cell proliferation in 

cells cultured under SWMS conditions 

As both HT29-MTX-E12 and Caco-2 cell lines were subjected to SWMS conditions and grown 

under static conditions, we compared the genes up- or downregulated in both cell lines. Of the 

2,844 significantly differentially expressed genes in both cell lines, 353 genes (12.4 % of shared 

total significantly regulated genes) were upregulated by 1.5-fold or higher in both cell types due to 

the SWMS conditions. A total of 180 genes (6.3 %) were significantly downregulated by 1.5-fold or 

higher in both cell lines and a total of 98 genes showed opposite effects when comparing the two 

cell lines (Supplementary Fig. 3). Interestingly, among the shared upregulated genes, a number 

of cell cycle related genes was included. Moreover, the top 10 most upregulated genes of HT29-

MTX-E12 cells under SWMS versus static conditions was dominated by genes related to cell growth, 

cell motility and cell proliferation, i.e. KIF14, KIF20A, DEPDC1, DLGAP5 and SPC25 (Table 1). Gene Set 

Enrichment Analysis (GSEA) also revealed that most significantly enriched upregulated pathways 

were dominated by cell cycle and DNA replication related pathways (Table 2). Furthermore, marker 

of proliferation Ki-67 (MKI67) was 5.03-fold upregulated by SWMS culturing conditions (p < 1 • 10-10) 

in HT29-MTX-E12 and 2.33-fold in Caco-2 cells (p < 1 • 10-5) (Supplementary Fig. 4A). Additionally, 

B C we found higher cell counts at day 15 under SWMS compared to static conditions in both cell lines 

(Supplementary Fig. 4B), confirming that SWMS conditions lead to an increase in cell proliferation. 

Altogether, these data indicate that SWMS conditions result in the activation of cell proliferation 

pathways compared to static conditions, independent of cell type.

Table 1 Top 10 strongest up- and downregulated genes in HT29-MTX-E12 cells grown under SWMS versus 
static conditions.

UPREGULATED

Gene Fold Change p-value Gene name

RNY4P23 10.80 5.40E-06 RNY4 pseudogene 23

SUCNR1 8.78 2.55E-11 succinate receptor 1

KIF14 8.00 2.45E-12 kinesin family member 14

KIF20A 7.99 1.65E-08 kinesin family member 20A

DEPDC1 7.93 6.11E-11 DEP domain containing 1

DLGAP5 7.91 5.15E-12 DLG associated protein 5

HMMR 7.82 1.03E-15 hyaluronan mediated motility receptor

H4C1 7.56 7.27E-07 H4 clustered histone 1

IL33 7.44 2.98E-13 interleukin 33

SPC25 7.41 4.47E-13 SPC25 component of NDC80 kinetochore complex

DOWNREGULATED

Gene Fold Change p-value Gene name

TFF2 -15.75 2.62E-13 trefoil factor 2

SCGB2A1 -8.91 1.33E-10 secretoglobin family 2A member 1

ST8SIA6 -4.56 1.06E-08 ST8 alpha-N-acetyl-neuraminide alpha-2,8-sialyl-
transferase 6

DUOX2 -4.53 4.52E-09 dual oxidase 2

TFF1 -4.44 1.37E-16 trefoil factor 1

APOL1 -4.41 1.29E-06 apolipoprotein L1

ADGRF1 -3.96 7.06E-08 adhesion G protein-coupled receptor F1

DUOXA2 -3.88 1.67E-09 dual oxidase maturation factor 2

UPK3B -3.80 4.29E-09 uroplakin 3B

SPRR1B -3.63 2.31E-07 small proline rich protein 1B
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Table 2 Top 10 most significantly enriched upregulated pathways in HT29-MTX-E12 cells induced by 

SWMS conditions. 

Pathway entry Enriched upregulated pathways NES* FDR q-value

HSA04110 Cell Cycle 2.856 0.000

HSA03460 Fanconi Anemia Pathway 2.637 0.000

HSA03030 DNA Replication 2.596 0.000

HSA05322 Systemic Lupus Erythematosus 2.539 0.000

HSA03440 Homologous Recombination 2.506 0.000

HSA04114 Oocyte Meiosis 2.329 0.000

HSA03420 Nucleotide Excision Repair 2.315 0.000

HSA03430 Mismatch Repair 2.312 0.000

HSA00100 Steroid Biosynthesis 2.306 0.000

HSA04914 Progesterone Mediated Oocyte Maturation 2.268 0.000

*NES: Normalised enrichment score.

_________________________________________

Expression of target genes involved in Notch- and Atoh-key pathways did not point towards a 

favoured cell differentiation state by SWMS conditions 

Next to the marked effects of SWMS conditions on cell proliferation in both HT29-MTX-E12 and 

Caco-2 cells, we took a closer look at the effects on intestinal cell differentiation. Key regulators in this 

process belong to the Notch/Atoh signalling pathway (49, 50). When it comes to cell differentiation, 

Notch and Atoh have opposing roles: Notch activation promotes absorptive cell differentiation, 

while Atoh activation favours differentiation into secretory cell types (49-51). Interestingly, in our 

transcriptomic dataset, both NOTCH1 and ATOH1 were significantly upregulated by SWMS conditions 

in HT29-MTX-E12 cells (FC = 1.61, p < 0.001 and FC = 1.64, p < 0.01, respectively) and the latter also 

in Caco-2 cells (FC = 2.09, p < 0.001). The stem cell marker LGR5, which is known to be part of a 

positive feedback loop regulated by Notch (52), was significantly upregulated by SWMS conditions 

in HT29-MTX-E12 cells (FC = 2.33, p < 1 • 10-5), although RMA values were below 5. In Caco-2 cells, 

LGR5 had higher RMA values and was even stronger upregulated (FC = 4.37, p < 1 • 10-7). Further 

downstream the Notch pathway, the target genes Hairy and enhancer of split (HES) family members 

HES1 and HES6 were both significantly upregulated by SWMS conditions in HT29-MTX-E12 cells (FC 

= 1.24, p < 0.05 and FC = 2.08, p < 1 • 10-5, respectively). Apart from Cyclin D1 (CCND1) (FC = -1.51, p 

< 1 • 10-6)  no other Notch-target genes were significantly differentially expressed. Regarding the Atoh 

pathway, the downstream target gene Neurogenin 3 (NEUROG3) was 2.07-fold and 2.41-fold higher 

expressed (p < 0.001) in HT29-MTX-E12 and Caco-2 cells, respectively. Other Atoh target genes, 

such as SPDEF and GFI1 were not differentially expressed between SWMS and static conditions in 

both cell types. Altogether, these transcriptomic data show that some target genes of both the Notch 

and Atoh pathway were differentially expressed in HT29-MTX-E12 and Caco-2 cells. However, these 

data do not point towards a favoured differentiation state (absorptive versus secretory cell fate). 

Downregulation of KLF4 at both gene and protein level under SWMS conditions in HT29-

MTX-E12 and Caco-2 cells

Another Notch-target involved in differentiation of progenitor cells into goblet cells is KLF4 (53). 

Given the secretory, goblet cell-like phenotype of HT29-MTX-E12 grown under SWMS conditions, 

the significant downregulation of KLF4 (FC = -1.86, p < 0.0001) is interesting. Acting as both a 

transcriptional repressor and activator in the gastrointestinal epithelium, this zinc-finger transcription 

factor plays a critical role in the decision between proliferation and cell cycle arrest/differentiation 

(54). We validated the downregulation of KLF4 under SWMS conditions at protein level using Western 

Immunoblotting. Indeed, when cultured under SWMS conditions, the expression of KLF4 protein was 

lower compared to the static conditions in both cell lines (Fig. 2A-B and Supplementary Fig. 5). 

Figure 2 Protein expression of KLF4 in HT29-MTX-E12, Caco-2 and LS174T cells grown under static 
and/or SWMS conditions. A) Western Blot results of KLF4 and HSP90 (house-keeping protein) in Caco-2, 
HT29-MTX-E12 and LS174T-cells grown under static and SWMS conditions or static only (LS174T). Of each 
condition, one representative biological replicate is shown. See Supplementary Fig. 5 for all replicates. B)  
KLF4 protein quantity expressed as the protein band density relative to HSP90. * p < 0.05, n = 3.
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and Atoh pathway were differentially expressed in HT29-MTX-E12 and Caco-2 cells. However, these 

data do not point towards a favoured differentiation state (absorptive versus secretory cell fate). 
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Another Notch-target involved in differentiation of progenitor cells into goblet cells is KLF4 (53). 

Given the secretory, goblet cell-like phenotype of HT29-MTX-E12 grown under SWMS conditions, 
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We next investigated whether this downregulation of KLF4 resulted in differential expression of 

target genes of KLF4 , as identified in literature (55). Among the most strongly regulated are genes 

related to cell-cycle control or essential for cell proliferation and differentiation, including cyclin B1 

(FC = 6.59, p < 1 • 10-13) (56), cyclin E2 (FC = 2.03, p < 0.001) (57, 58), ornithine decarboxylase (FC = 

1.80, p < 1 • 10-7) (59), cyclin E1 (FC = 1.62, p < 1 • 10-4) (57, 58), cyclin D1 (FC = -1.51, p < 1 • 10-6) (60, 61) 

and cyclin D2 (FC = 1.85, p < 0.001) (62). A non-exhaustive list of genes (in)directly related to KLF4 

is provided in Supplementary File 1. 

Minor effect on intestinal epithelial barrier integrity , but difference in appearance of cells 

grown under SWMS conditions 

To investigate the effects of SWMS conditions on intestinal epithelial barrier integrity, transepithelial 

electrical resistance (TEER) was measured at multiple time points during culturing. TEER values of 

HT29-MTX-E12 cells increased steadily over time and no clear effects were observed between static 

and SWMS conditions (Fig. 3A). For Caco-2 cells, the TEER of the cells grown on SWMS conditions 

increased steeply during the first seven days of culturing and decreased gradually afterwards, while 

the TEER of cells grown on static conditions was relatively stable (Fig. 3B). 

A

B

Figure 3 Transepithelial electrical resistance (TEER) of HT29-MTX-E12 and Caco-2 cells grown under 
static and SWMS conditions up to 14 days. TEER was measured at t = 4, 7, 9, 11 and 14 days and expressed 
in Ohm/cm2 in A) HT29-MTX-E12 and B) Caco-2 cells. * p < 0.05; ** p < 0.01; *** p < 0.001; n = 3.

_________________________________________

Based on available literature, we compiled a panel of genes responsible for epithelial barrier 

integrity (Supplementary File 1). Except for a 3.33-fold increase in expression of Catenin alpha 

like 1 (CTNNAL1) in HT29-MTX-E12 cells under SWMS conditions (p < 1 • 10-9), only a low number 

of significantly differentially expressed genes was found for both HT29-MTX-E12 and Caco-2 cells 

(Supplementary File 1). Together, these results indicate that SWMS conditions had negligible 

effects on TEER in both HT29-MTX-E12 and Caco-2 cells, which was reflected by the relatively low 

number of significantly differentially expressed genes related to cell integrity. Interestingly, a clear 

difference in cell appearance on the Transwell membranes was observed for both cell types at the 

time cells were harvested, as cells grown under SWMS conditions seemed to concentrate in the 

center of the membrane (Fig. 4A-B). 
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like 1 (CTNNAL1) in HT29-MTX-E12 cells under SWMS conditions (p < 1 • 10-9), only a low number 

of significantly differentially expressed genes was found for both HT29-MTX-E12 and Caco-2 cells 

(Supplementary File 1). Together, these results indicate that SWMS conditions had negligible 

effects on TEER in both HT29-MTX-E12 and Caco-2 cells, which was reflected by the relatively low 

number of significantly differentially expressed genes related to cell integrity. Interestingly, a clear 

difference in cell appearance on the Transwell membranes was observed for both cell types at the 

time cells were harvested, as cells grown under SWMS conditions seemed to concentrate in the 

center of the membrane (Fig. 4A-B). 
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Figure 4 Images of HT29-MTX-E12 and Caco-2 cells grown under static and SWMS conditions up to 
14 days. A) Pictures of HT29-MTX-E12 and Caco-2 cells grown under static and SWMS conditions at t = 
15 days. B) Bright-field microscopy pictures of HT29-MTX-E12 and Caco-2 cells grown under static and 
SWMS condition, focussed on the centre of the Transwell membranes.

_________________________________________

Downregulation of Trefoil Factor genes in HT29-MTX-E12 cells grown under SWMS conditions

When focusing on the most significantly downregulated genes in HT29-MTX-E12 grown under 

SWMS compared to static conditions, Trefoil Factor 2 (TFF2) was most strongly downregulated (FC 

= -15.75, p < 1 • 10-12 ) (Table 1). Although to a lesser extent, TFF1 and TFF3 were also significantly 

downregulated (Fig. 5). Trefoil factors are small cysteine rich peptides and form a family of mucin-

associated secretory molecules involved in many physiological processes to maintain and restore 

gastrointestinal mucosal homeostasis (Reviewed in Aihara et al. (63)). TFF peptides are known to 

auto- and cross-regulate their expression via the epidermal growth factor receptor in vitro (63, 64). 

However, EGF1 was not significantly differentially expressed between culture conditions in HT29-

MTX-E12 cells in our dataset. On the contrary, the gene encoding Epidermal growth factor receptor 

(EGFR) was significantly downregulated by 1.42-fold (p < 0.0001). 

B

Figure 5 TFF gene expression in HT29-MTX-E12 cells grown under static and SWMS conditions. 
Microarray expression values (Log2) of TFF1, 2 and 3 and the corresponding fold change (FC). **** p < 
0.0001; n = 3.

_________________________________________

Different regulation of ion transporters under SWMS conditions in both HT29-MTX-E12 and 

Caco-2 cells

Since ion transport has proven crucial in (intestinal) mucus production (65), we explored the effect of 

SWMS conditions on the expression of ion transporters and exchangers. The gene encoding Cystic 

Fibrosis transmembrane regulator (CFTR), a chloride and bicarbonate transporter expressed on the 

apical side of (intestinal) epithelial cells and demonstrated to be indispensable for normal mucus 

production (66), was significantly upregulated in HT29-MTX-E12 cells grown under SWMS conditions 

(FC = 1.68, p = < 0.00001). Other ion transporters that were significantly regulated under SWMS 

conditions in HT29-MTX-E12 and Caco-2 cells include NBCe1/SLC4A4, encoding a basolateral Na+/

HCO3- importer (FC = -1.95, p < 0.01 in HT29-MTX-E12) and NHE1/SLC9A1, encoding a basolateral 

Na+/H+ exchanger (FC = -1.59, p < 1 • 10-5). Additionally, the significant downregulation of DRA/

SLC26A3, encoding an apical Cl-/HCO3
- exchanger (FC = -1.25, p < 0.05) under SWMS conditions 

is interesting, given its importance in intestinal salt and fluid absorption (67). This gene is, however, 

not highly expressed in HT29-MTX-E12 cells (RMA < 3). Whereas GSEA revealed that the pathway 

“Mineral absorption” was not significantly regulated in HT29-MTX-E12, interestingly, this pathway 

was the most enriched among all downregulated pathways in Caco-2 cells (NES = -2.58, FDR 

q-value = 0.00, Supplementary File 2). These cells also showed relatively strong and significant 

regulation of aforementioned ion transporters (FC = 1.78, p < 1 • 10-8 for CFTR, FC = -2.03, p < 1 • 10-6 
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Different regulation of ion transporters under SWMS conditions in both HT29-MTX-E12 and 

Caco-2 cells

Since ion transport has proven crucial in (intestinal) mucus production (65), we explored the effect of 

SWMS conditions on the expression of ion transporters and exchangers. The gene encoding Cystic 

Fibrosis transmembrane regulator (CFTR), a chloride and bicarbonate transporter expressed on the 

apical side of (intestinal) epithelial cells and demonstrated to be indispensable for normal mucus 

production (66), was significantly upregulated in HT29-MTX-E12 cells grown under SWMS conditions 

(FC = 1.68, p = < 0.00001). Other ion transporters that were significantly regulated under SWMS 

conditions in HT29-MTX-E12 and Caco-2 cells include NBCe1/SLC4A4, encoding a basolateral Na+/

HCO3- importer (FC = -1.95, p < 0.01 in HT29-MTX-E12) and NHE1/SLC9A1, encoding a basolateral 

Na+/H+ exchanger (FC = -1.59, p < 1 • 10-5). Additionally, the significant downregulation of DRA/

SLC26A3, encoding an apical Cl-/HCO3
- exchanger (FC = -1.25, p < 0.05) under SWMS conditions 

is interesting, given its importance in intestinal salt and fluid absorption (67). This gene is, however, 

not highly expressed in HT29-MTX-E12 cells (RMA < 3). Whereas GSEA revealed that the pathway 

“Mineral absorption” was not significantly regulated in HT29-MTX-E12, interestingly, this pathway 

was the most enriched among all downregulated pathways in Caco-2 cells (NES = -2.58, FDR 

q-value = 0.00, Supplementary File 2). These cells also showed relatively strong and significant 

regulation of aforementioned ion transporters (FC = 1.78, p < 1 • 10-8 for CFTR, FC = -2.03, p < 1 • 10-6 
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for NBCe1, FC = -1.33, p < 0.01 for NHE1 and FC = -3.18, p < 1 • 10-8 for DRA). All in all, culturing under 

SWMS results in significant regulation of several key ion transporters in both HT29-MTX-E12 and 

Caco-2 cells. 

Lower glucose consumption and lactate production per cell in HT29-MTX-E12 cells grown 

under SWMS conditions

The observed visible colour difference of cell medium in HT29-MTX-E12 cells, accompanied by 

significant regulation of H+ and HCO- transporters, could indicate a difference in cell medium pH 

between growth conditions. The pH of the medium samples collected during every refreshment 

remained similar between the apical and basolateral compartment in both conditions. During the 

first 13 days, pH decreased to a similar extent in both conditions. Under SWMS conditions, the pH 

remained relatively stable over time after one week, whereas static conditions showed a decreased 

pH at t = 14 days in the apical compartment (difference of 0.2) (Supplementary Fig. 6A-B). At t = 15 

days, one day after the last medium refreshment, trends reversed and medium of static conditions 

showed a significantly higher pH compared to SWMS conditions in both compartments (difference 

of 0.2) (Fig. 6A-B and Supplementary Fig. 6A, C and D). 

Figure 6 pH values of medium collected at t = 15 days from HT29-MTX-E12 cells grown under static 
and SWMS conditions. Medium pH of A) apical and B) basolateral compartments of HT29-MTX-E12 cells 
grown under static and SWMS conditions at t = 15 days. * p < 0.05; ** p < 0.01, n = 3. 

A B

A decrease in pH could be explained by increased lactate production and subsequent acidification of 

the medium. Indeed, pH of cell medium showed opposite trends to the amount of lactate measured in 

the medium, i.e. lactate concentrations increased with decreasing pH values and remained stable for 

SWMS conditions (Supplementary Fig. 7A). As medium volumes were, however, different between 

static and SWMS conditions, we calculated total lactate production and glucose consumption per 

well. Cell medium collected from cells grown under static conditions showed significantly higher 

lactate production at t = 7-14 days (Supplementary Fig. 7B), accompanied with no difference 

in total glucose consumption per well (Supplementary Fig. 7C), indicating a lower amount of 

lactate produced per mole glucose under SWMS conditions. At t = 15 days, one day after the last 

medium change (at which not all glucose had been consumed yet), lactate production was similar 

between conditions (Fig. 7A). On the contrary, cells grown under SWMS conditions had consumed 

significantly more glucose (Fig. 7B), again resulting in a lower lactate-per-glucose ratio under SWMS 

conditions. After correction for cell count at t = 15 days, glucose consumption and lactate production 

per cell were still significantly lower under SWMS conditions (Fig. 7C-D, p < 0.001), resulting in a 

significantly lower lactate-per-glucose ratio (Fig. 7E).

A B C
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under SWMS conditions

The observed visible colour difference of cell medium in HT29-MTX-E12 cells, accompanied by 

significant regulation of H+ and HCO- transporters, could indicate a difference in cell medium pH 

between growth conditions. The pH of the medium samples collected during every refreshment 

remained similar between the apical and basolateral compartment in both conditions. During the 

first 13 days, pH decreased to a similar extent in both conditions. Under SWMS conditions, the pH 

remained relatively stable over time after one week, whereas static conditions showed a decreased 

pH at t = 14 days in the apical compartment (difference of 0.2) (Supplementary Fig. 6A-B). At t = 15 

days, one day after the last medium refreshment, trends reversed and medium of static conditions 

showed a significantly higher pH compared to SWMS conditions in both compartments (difference 

of 0.2) (Fig. 6A-B and Supplementary Fig. 6A, C and D). 
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A decrease in pH could be explained by increased lactate production and subsequent acidification of 

the medium. Indeed, pH of cell medium showed opposite trends to the amount of lactate measured in 

the medium, i.e. lactate concentrations increased with decreasing pH values and remained stable for 

SWMS conditions (Supplementary Fig. 7A). As medium volumes were, however, different between 

static and SWMS conditions, we calculated total lactate production and glucose consumption per 

well. Cell medium collected from cells grown under static conditions showed significantly higher 

lactate production at t = 7-14 days (Supplementary Fig. 7B), accompanied with no difference 

in total glucose consumption per well (Supplementary Fig. 7C), indicating a lower amount of 

lactate produced per mole glucose under SWMS conditions. At t = 15 days, one day after the last 

medium change (at which not all glucose had been consumed yet), lactate production was similar 

between conditions (Fig. 7A). On the contrary, cells grown under SWMS conditions had consumed 

significantly more glucose (Fig. 7B), again resulting in a lower lactate-per-glucose ratio under SWMS 

conditions. After correction for cell count at t = 15 days, glucose consumption and lactate production 

per cell were still significantly lower under SWMS conditions (Fig. 7C-D, p < 0.001), resulting in a 

significantly lower lactate-per-glucose ratio (Fig. 7E).
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Figure 7 Lactate production and glucose consumption by HT29-MTX-E12 grown under static and SWMS 
conditions. A) Total lactate (micromole) produced per well in medium collected from apical and basolateral 
compartments of HT29-MTX-E12 cells grown under static or SWMS conditions, at t = 15 days. B) Total 
glucose (micromole) consumed per well from medium collected from apical and basolateral compartments 
of HT29-MTX-E12 grown under static and SWMS conditions, at t = 15 days. C) Glucose consumption 
(picomole) per cell by HT29-MTX-E12 grown under static and SWMS conditions at t=15 days. D) Lactate 
production (picomole) per cell by HT29-MTX-E12 grown under static and SWMS conditions at t = 15 days. 
E) Ratio of lactate produced glucose consumed per cell in HT29-MTX-E12 grown under static and SWMS 
conditions at t = 15 days. * p < 0.05; ** p < 0.01; *** p < 0.001, n = 3.

_______________________________________ 

Lower glucose consumption under SWMS conditions coincided with a significantly lower expression 

of GLUT1/SLC2A1, encoding a transmembrane glucose transporter (FC = -1.46, p < 1 • 10-7) and HK2, 

encoding the glycolytic enzyme hexokinase 2 (FC = -2.18, p = p < 1 • 10-8). GSEA revealed, however, no 

significant enrichment of the “Carbohydrate absorption pathway” or “Glycolysis pathway” in HT29-

MTX-E12 cells cultured under SWMS conditions. Interestingly, however, both pathways were among 

the top-10 enriched downregulated in Caco-2 cells (NES “Carbohydrate absorption” = -2.35, p = 

0.00 and NES “Glycolysis pathway” = -2.12, p < 1 • 10-3, respectively). As shown previously for similar 

models, these data could point towards a more aerobic cell metabolism under SWMS conditions 

(40-44). This is further supported by a significant downregulation of the “HIF1-signalling pathway” in 

both HT29-MTX-E12 and Caco-2 cells, as revealed by GSEA (NES = -1.79, FDR q-value = < 0.05 and 

NES = -2.30, FDR q-value = 0.01, respectively).

D E Discussion

In the present study, we aimed to further characterize the potential mechanisms underlying the 

increased mucus production by the SWMS culture method as described by Navabi et al. (25). To 

this end, we cultured HT29-MTX-E12 cells under both static and SWMS conditions and performed 

microarray analysis to investigate changes in gene expression by taking both a targeted and 

untargeted approach. First, we aimed to validate the increased mucus production under SWMS 

conditions. Indeed, SWMS conditions induced higher MUC2 expression in HT29-MTX-E12 cells, 

which was also reflected at the protein level. It seemed that the increase in MUC2 occurred at the 

expense of MUC5AC, since both gene and protein expression of this mucin was decreased. This 

resulted in a significantly increased MUC2/MUC5AC ratio, confirming previous findings (25). An 

overview of the most prominent changes observed at t = 15 days is graphically summarized (Figure 

8).

Figure 8 Graphical summary of effects observed in HT29-MTX-E12 cells grown under SWMS 
compared to static conditions at t = 15 days. HT29-MTX-E12 cells were grown on Transwell under 
static and SWMS conditions. The most important changes between static and SWMS at t = 15 days are 
depicted. MUC2/MUC2 = mucin 2; MUC5AC/MUC5AC = mucin 5; TFF1/2/3 = trefoil factor 1/2/3; SLC9A1 
(NHE1) = Na+/H+ Exchanger 1; SLC4A4 (NBCe1) = Na+/HCO3- cotransporter 1; CFTR= Cystic Fibrosis 
transmembrane conductance regulator; lactate:glucose = amount of lactate (mole) produced per mole 
of glucose consumed in conditioned medium; SLC2A1 (GLUT1) = Glucose Transporter Type 1; HK2 = 
Hexokinase 2; KLF4/KLF4 = Kruppel like factor 4; EGFR = epidermal growth factor receptor; NOTCH1 = 
Notch receptor 1; ATOH1 = atonal BHLH transcription factor 1; MKI67 = marker of proliferation Ki-67; TEER 
= transepithelial electrical resistance. 
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both HT29-MTX-E12 and Caco-2 cells, as revealed by GSEA (NES = -1.79, FDR q-value = < 0.05 and 
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this end, we cultured HT29-MTX-E12 cells under both static and SWMS conditions and performed 

microarray analysis to investigate changes in gene expression by taking both a targeted and 

untargeted approach. First, we aimed to validate the increased mucus production under SWMS 

conditions. Indeed, SWMS conditions induced higher MUC2 expression in HT29-MTX-E12 cells, 

which was also reflected at the protein level. It seemed that the increase in MUC2 occurred at the 

expense of MUC5AC, since both gene and protein expression of this mucin was decreased. This 

resulted in a significantly increased MUC2/MUC5AC ratio, confirming previous findings (25). An 

overview of the most prominent changes observed at t = 15 days is graphically summarized (Figure 
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The transcriptomic analysis of HT29-MTX-E12 cells revealed that SWMS conditions resulted in a 

strong upregulation of genes and pathways related to cell cycle regulation. In line with this finding, 

we found higher cell numbers after SWMS culturing. Although the effect size was lower, similar 

results were found in Caco-2 cells. Similar to our results, a previous study using ALI – which is 

similar to the semi-wet interface part of SWMS conditions – also showed an increase in cell number 

and cell layer thickness in intestinal porcine epithelial cells (39), and increased cell proliferation in 

intestinal organoids (68). Our experiments can, however, not answer whether the higher cell count 

is due to an increased height and/or a columnar shape of cells grown under SWMS, as seen in both 

ALI and SWMS cultures (25, 39) or due to stacking of the cells, although the concentration of cells 

in the centre of the well point to the latter.  In any case, the shared upregulation of cell cycle-related 

pathways between colon carcinoma cell lines that are so different at the transcriptomic level (69), 

emphasizes the SWMS-specific effect on cell growth, independent of the cell type. As cell culturing 

conditions may also strongly influence cell morphology and tight junction formation (70), we explored 

if the SWMS method resulted in an increased resistance over the epithelial membrane by performing 

TEER measurements. TEER values of HT29-MTX-E12 cells were comparable to results from earlier 

studies (24, 71). No differences were found between SWMS and static conditions for HT29-MTX-E12 

cells during the culturing period, which was supported by the low number of differentially regulated 

genes related to intestinal barrier integrity. These findings are opposing the results from Navabi et al., 

as they found a slight, but significant, increase in TEER values of HT29-MTX-E12 cells cultured under 

SWMS conditions. However, apart from the fact that measurements were performed at 21 days, 

Navabi et al. also used a different device (Ussing chamber) for TEER measurements. Furthermore, 

the higher concentration of cells in the centre of the Transwell as a result of SWMS conditions may 

have resulted in an underestimation of TEER values, as the chopstick electrodes do not measure the 

resistance over the whole membrane. 

In parallel to cell proliferation, we also investigated the potential change in cell differentiation 

pathways as a result of the SWMS method. We focussed on the Notch/Atoh1 pathways, since these 

are key pathways in the decision between epithelial cell development into either absorptive or 

secretory cell types (51). Given the MUC2-promoting effects of SWMS conditions in HT29-MTX-E12 

cells, we hypothesized that SWMS conditions inhibited Notch and promoted Atoh1, thereby favouring 

the differentiation of secretory goblet cells. The interplay between Notch and Atoh in the context of 

goblet cell differentiation was underscored by the effect of the γ-secretase inhibitor DAPT, which 

further enhanced mucus production in HT29-MTX-E12 cells by indirectly inhibiting Notch, and thus 

promoting goblet cell differentiation (25). Although we found a number of significantly differentially 

expressed target genes of both Notch and Atoh1, the results did not point towards one particular 

overrepresented pathway. Based on these results, we suppose that the increased MUC2 production 

in HT29-MTX-E12 cells was not the result of a change towards a favoured secretory cell fate. This 

was further supported by a significant downregulation of the goblet cell marker KLF4 at both protein 

and gene level. The downregulation of KLF4/KLF4, identified as a cell cycle checkpoint protein and 

negative regulator of cell growth (72, 73), matches with the observed increased cell cycle regulation 

under SWMS conditions. However, based on our results, we cannot identify cause-effect relations 

and point at the exact trigger that led to decreased KLF4/KLF4 expression.

The three members of the TFF family (TFF1, TFF2, TFF3) were all strongly downregulated under 

SWMS conditions in HT29-MTX-E12 cells. TFF1 and TFF2 are predominantly expressed in the 

stomach and duodenum in humans (74-76), whereas TFF3 is mostly expressed in the small intestine 

and colon (77, 78). It is likely that our study confirms the previous finding that TFF1 and MUC5AC co-

localize (79, 80), as both genes were highly expressed in HT29-MTX-E12 cells. Moreover, the strong 

and significant downregulation of both TFF1 and MUC5AC induced by SWMS conditions emphasizes 

the simultaneous regulation of these genes by the SWMS method. TFF3 is known to co-localize 

with MUC2, however, these genes had opposite expression profiles. Interestingly, TFF expression is 

regulated by EGFR (64), of which the encoding gene was found downregulated in our transcriptomic 

dataset. Besides, EGFR activation was implicated in the production of MUC5AC in airway epithelial 

cells (81). However, the exact role of EGFR in the SWMS model remains elusive. 

Proper mucus production depends on the activity of ion transport (65) and ALI-models with other 

cell types have shown changes in ion transport (42, 82-84). Therefore, the significant regulation of 

several key ion transporters in both HT29-MTX-E12 and Caco-2 cells in our microarray analysis, is 

interesting. It should be considered, however, that the microarray results are limited to one time point; 

in this case at which a lower pH is measured under SWMS versus static conditions. Therefore, we 

cannot conclude whether the change in mucus phenotype can be (partially) explained by differential 

regulation of ion transporters, or that this regulation is a consequence of the microclimate at the 

timepoint of analysis. Moreover, our method to measure pH did not allow us to measure potential 

local pH differences, as seen in vivo (85), which could further clarify the observed changes.

It has been demonstrated previously that both the semi-wet conditions/ALI and the mechanical 

stimulation part of SWMS separately, support a more aerobic cell culture environment in non-

intestinal cell lines (41-44). More recent studies confirmed increased oxygen supply and oxidative 

phosphorylation, concomitant with suppressed glycolysis in intestinal epithelial cells from porcine 

origin (39, 40). Similar to the study by Klasvogt et al. (40), we measured significantly lower lactate 
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if the SWMS method resulted in an increased resistance over the epithelial membrane by performing 

TEER measurements. TEER values of HT29-MTX-E12 cells were comparable to results from earlier 

studies (24, 71). No differences were found between SWMS and static conditions for HT29-MTX-E12 
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SWMS conditions. However, apart from the fact that measurements were performed at 21 days, 

Navabi et al. also used a different device (Ussing chamber) for TEER measurements. Furthermore, 

the higher concentration of cells in the centre of the Transwell as a result of SWMS conditions may 

have resulted in an underestimation of TEER values, as the chopstick electrodes do not measure the 
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the differentiation of secretory goblet cells. The interplay between Notch and Atoh in the context of 
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and significant downregulation of both TFF1 and MUC5AC induced by SWMS conditions emphasizes 

the simultaneous regulation of these genes by the SWMS method. TFF3 is known to co-localize 

with MUC2, however, these genes had opposite expression profiles. Interestingly, TFF expression is 

regulated by EGFR (64), of which the encoding gene was found downregulated in our transcriptomic 

dataset. Besides, EGFR activation was implicated in the production of MUC5AC in airway epithelial 

cells (81). However, the exact role of EGFR in the SWMS model remains elusive. 

Proper mucus production depends on the activity of ion transport (65) and ALI-models with other 

cell types have shown changes in ion transport (42, 82-84). Therefore, the significant regulation of 

several key ion transporters in both HT29-MTX-E12 and Caco-2 cells in our microarray analysis, is 

interesting. It should be considered, however, that the microarray results are limited to one time point; 

in this case at which a lower pH is measured under SWMS versus static conditions. Therefore, we 

cannot conclude whether the change in mucus phenotype can be (partially) explained by differential 

regulation of ion transporters, or that this regulation is a consequence of the microclimate at the 

timepoint of analysis. Moreover, our method to measure pH did not allow us to measure potential 

local pH differences, as seen in vivo (85), which could further clarify the observed changes.

It has been demonstrated previously that both the semi-wet conditions/ALI and the mechanical 

stimulation part of SWMS separately, support a more aerobic cell culture environment in non-

intestinal cell lines (41-44). More recent studies confirmed increased oxygen supply and oxidative 

phosphorylation, concomitant with suppressed glycolysis in intestinal epithelial cells from porcine 

origin (39, 40). Similar to the study by Klasvogt et al. (40), we measured significantly lower lactate 
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levels and decreased glucose consumption in HT29-MTX-E12 cells grown under SWMS conditions. 

Interestingly, as opposed to Klasvogt et al., we did not find a downregulation of the HIF-1α gene, but 

GSEA revealed significant enrichment of the HIF-1 signalling pathway among the downregulated 

pathways in both HT29-MTX-E12 and Caco-2 cells. This, together with the significantly decreased 

lactate-per glucose ratio, suggests that under SWMS conditions, cells switch to a more aerobic 

cell metabolism. Increased mucus production has been observed in other ALI-models (without 

mechanical stimulation), such as murine gastric surface mucous cells (44) and airway cells from 

different origins (86). MUC5AC was suggested to be transcriptionally regulated by HIF-1α in airway 

cells (87, 88), which indicates the possible involvement of HIF-1α in the downregulation of MUC5AC 

on both gene and protein level under SWMS conditions. In contrast, hypoxia was shown to enhance 

HIF-1α-binding to the MUC2 promoter, resulting in increased MUC2 mRNA and protein levels. 

However, this effect was transient, as MUC2 protein levels restored again after 24 hours, while 

hypoxic conditions were still applied (89). In any case, the increased MUC2 levels in our study cannot 

directly be explained by the observed downregulation of HIF-1α. 

Mechanical stimulation as part of the SWMS conditions, induced by continuous shaking at 65 rpm, 

led to a continuous exposure to shear stress. In a model highly similar to SWMS, the shear stress 

value was calculated to be 1.6 × 10-2 ± 4.7 × 10-3 dyne/cm2 (90). In other in vitro and ex vivo models, 

shear stress values between 1.3 and 2.0 × 10-2 dyne/cm2 were sufficient to increase MUC2 protein or 

gene expression in Caco-2 cells, colon organoids or enteroids compared to static conditions (26, 91). 

We were able to replicate the increase in MUC2 gene and protein levels in HT29-MTX-E12, but not 

in Caco-2 cells, although we cannot be certain if the shear stress induced by mechanical stimulation 

was responsible for this observation. Importantly, cell culture conditions in aforementioned models 

were different than the SWMS conditions, as medium is continuously replenished, whereas under 

SWMS conditions, medium is refreshed every 2 or 3 days (but still constantly redistributed due to 

mechanical stimulation). Besides, in some of the models mentioned above, laminar flow is applied 

using external pumps resulting in a constant flow, which is a different approach than the circular 

shaking motion under SWMS conditions. Signalling pathways involved in the response of intestinal 

cells to mechanical forces were not significantly regulated in our study (92). Shear stress was also 

demonstrated to stimulate differentiation of intestinal epithelial cells (26, 91, 93, 94). Interestingly, next 

to its role in cell differentiation and cell cycle arrest (95), KLF4 is also known as a mechanosensitive 

transcription factor in vascular endothelial cells (96), osteoblasts (97) and a dermal cell line (98), in 

a context-dependent manner. To the best of our knowledge, there is no literature available providing 

evidence for a link between shear stress and KLF4 in intestinal tissues or models. 

An important limitation of our study is that our microarray was restricted to a single time point, 

whereas our study aimed to capture an overview of the cellular processes affected by the SWMS 

culture method. To increase insight in gene expression over time (e.g. with regard to cell proliferation 

or mucus production), future studies should include multiple time points. Another limitation is that 

gene expression does not always match with protein expression or activity, though protein levels of 

MUC2, MUC5AC and KLF4 supported the changes observed at gene levels in both HT29-MTX-E12 

and Caco-2 cells. Apart from technical limitations of our study, we demonstrate that HT29-MTX-E12 

cells grown under SWMS conditions, as a model developed to better represent the in vivo intestine 

in terms of MUC2 and cell morphology (25) still has its limitations. For instance, the downregulation 

of genes encoding other mucus-associated proteins, such as TFF3, suggest a less representative 

mucus layer in terms of whole mucus composition. This could limit the use of this model to further 

functionally characterize the intestinal mucus layer at a molecular level and to exploit the myriad of in 

vivo functions of mucus. Still, the function of the SWMS-produced mucus layer as a physical barrier 

was demonstrated by its interference with the genotoxic activity of colibactin, a toxin produced by 

certain Escherichia coli strains (30). In a similar fashion, the model could be applied to evaluate the 

diffusion of drugs and other particles (100). Furthermore, with MUC2 being the main component, 

the model could be useful to study interactions with both pathogenic and commensal bacteria, but 

would further require quantification of the mucin glycans present, as these have demonstrated to 

play a crucial role in mucin-microbe interactions (101).  

Altogether, we confirm the usefulness of SWMS cell culture conditions to improve the in vivo 

representation of the mucus layer in vitro, with regard to the increase in intestinal mucin MUC2. 

Our study provides insight in potential underlying processes, which might ultimately lead to a step-

by-step improvement of the representativeness of the in vitro mucus layer. For instance, our study 

demonstrates upregulation of cell cycle regulation, downregulation of KLF4, differential regulation 

of ion transporters and increased aerobic metabolism of cells cultured under SWMS versus static 

conditions. Further research should also focus on the qualitative aspects of the in vitro mucus layer, 

for example with regard to mucin glycosylation, disulphide bonds that assure firmness of the mucus, 

and the contribution of other proteins present in the mucus layer, such as TFFs, as observed in vivo.
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Supplementary figure 2 Overview of Dot Blot results for A) MUC2 and B) MUC5AC including Caco-2 and 
HT29-MTX-E12 cells cultured under static and SWMS conditions and LS174T cells. A concentration of 68.2 
μg/mL was blotted and six times serially diluted 1:2. In the bottom row, PBS was used as a negative control. 
C) Images of Ponceau Red staining (colorimetric and photographic) that were used as reference for total 
protein content. Protein density was based on the colorimetric image. D) Protein expression of MUC2 and 
MUC5AC in LS174T cells, expressed as density (a.u.) per ug/mL protein blotted, after correction of Ponceau 
Red density. E) Ratio of MUC2 and MUC5AC protein expression in LS174T cells.
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Top 20 upregulated genes shared between HT29-MTX and Caco-2

Gene name FC in 
HT29-MTX

p-value FC in 
Caco-2

p- 
value

Gene function

RNY4P23 10.80 0.00 2.12 0.05 RNY4 pseudogene 23

KIF14 8.00 0.00 1.52 0.01 kinesin family member 14

KIF20A 7.99 0.00 1.76 0.01 kinesin family member 20A

DLGAP5 7.91 0.00 2.04 0.00 DLG associated protein 5

HMMR 7.82 0.00 1.52 0.00 hyaluronan mediated motility receptor

H4C1 7.56 0.00 2.86 0.00 H4 clustered histone 1

SPC25 7.41 0.00 2.06 0.00 SPC25 component of NDC80 kinetochore complex

H3C8 7.20 0.00 2.17 0.00 H3 clustered histone 8

TOP2A 6.89 0.00 1.79 0.00 DNA topoisomerase II alpha

CCNB1 6.59 0.00 1.75 0.00 cyclin B1

CENPF 6.57 0.00 1.82 0.00 centromere protein F

NDC80 6.42 0.00 1.90 0.00 NDC80 kinetochore complex component

H1-5 6.04 0.00 2.57 0.00 H1.5 linker histone, cluster member

ASPM 6.02 0.00 2.02 0.00 abnormal spindle microtubule assembly

PRR11 5.97 0.00 1.52 0.00 proline rich 11

CENPE 5.95 0.00 1.88 0.00 centromere protein E

NUSAP1 5.82 0.00 1.72 0.00 nucleolar and spindle associated protein 1

FOXM1 5.72 0.00 1.81 0.00 forkhead box M1

Top 20 downregulated genes shared between HT29-MTX and Caco-2

Gene name FC in 
HT29-MTX

p-value FC in 
Caco-2

p- value Gene function

SLC6A10P -1.51 0.01 -2.29 0.00 solute carrier family 6 member 10, pseudogene

CD55 -1.51 0.00 -2.11 0.00 CD55 molecule (Cromer blood group)

HLA-C -1.51 0.00 -2.07 0.00 major histocompatibility complex, class I, C

SLC46A3 -1.51 0.00 -1.97 0.00 solute carrier family 46 member 3

NRAD1 -1.51 0.00 -1.64 0.00 non-coding RNA in the aldehyde dehydroge-
nase 1A pathway

BCAT1 -1.52 0.00 -2.60 0.00 branched chain amino acid transaminase 1

ELF3-AS1 -1.52 0.00 -1.58 0.00 ELF3 antisense RNA 1

ARL14 -1.52 0.01 -2.08 0.00 ADP ribosylation factor like GTPase 14

MIR4268 -1.52 0.01 -1.50 0.03 microRNA 4268

MUC13 -1.52 0.00 -3.20 0.00 mucin 13, cell surface associated

ZNF625 -1.52 0.04 -1.66 0.03 zinc finger protein 625

VSIR -1.53 0.00 -1.71 0.00 V-set immunoregulatory receptor

UACA -1.53 0.00 -1.53 0.00 uveal autoantigen with coiled-coil domains 
and ankyrin repeats

TSPAN18 -1.53 0.00 -3.25 0.00 tetraspanin 18

EGFL7 -1.53 0.00 -1.57 0.00 EGF like domain multiple 7

PHKA2-AS1 -1.53 0.01 -2.82 0.00 PHKA2 antisense RNA 1

EPB41L1 -1.54 0.00 -1.89 0.00 erythrocyte membrane protein band 4.1 like 1

PTPRH -1.54 0.00 -1.60 0.00 protein tyrosine phosphatase receptor type H

PDK1 -1.55 0.00 -2.79 0.00 pyruvate dehydrogenase kinase 1

LRP1 -1.55 0.00 -1.66 0.00 LDL receptor related protein 1

Supplementary figure 3 Venn diagram showing the number of shared and unique differentially 
expressed up- and downregulated genes (-1.5 ≥ Fold change ≥ 1.5 between HT29-MTX-E12 and 
Caco-2 cells cultured under static and SWMS conditions. The top 20 up- and downregulated genes 
shared between HT29-MTX-E12 and Caco-2 cells is given in the tables.
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Supplementary figure 4 A) Microarray gene expression values (Log2) of MKI67 in HT29-MTX-E12 
and Caco-2 cells cultured under static and SWMS conditions. B) Cell count after t=15 days, expressed 
as cells per cm2, of HT29-MTX-E12 and Caco-2 cells cultured under static and SWMS conditions.  
**** p < 0.0001.

Supplementary figure 5 Western Immunoblotting results of KLF4, including all three biological 
replicates (batch 1, 2 and 3) in Caco-2, HT29-MTX-E12 and LS174T-cells grown under static and 
SWMS conditions or static only (LS174T). HSP90 was used as house-keeping protein.
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Supplementary figure 6 A) Ratio of Absorbance of cell culture medium (415 and 560 nm) of HT29-MTX-E12 
and Caco-2 cells under static and SWMS conditions measured at 5% CO2. B) Medium pH of  apical and 
basolateral compartments of HT29-MTX-E12 cells grown under static and SWMS conditions at t = 1-14 
days. * p < 0.05; ** p < 0.01, n = 3 C) Standard curve of pH values and absorbance values of cell culture 
medium measured at 415/560 nm at 5% CO2. D) The linear part the standard curve, including trendline. 
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Supplementary figure 7 A) Lactate concentration (mM) in cell culture medium of HT29-MTX-E12 cells 
collected during every medium refreshing moment. B) Total lactate (micromole) produced per well in 
medium collected from apical and basolateral compartments of HT29-MTX-E12 grown under static 
or SWMS conditions, at t = 1-14 days. C) Total glucose (micromole) consumed per well from medium 
collected from apical and basolateral compartments of HT29-MTX-E12 grown under static and SWMS 
conditions, at t = 1-14 days.
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Supplementary file 1 Panels of genes, including mucins, cell integrity-related genes, KLF4-related 
genes and genes related to ion transport in HT29-MTX-E21 and Caco-2 cells. The fold changes and 
p-values between SWMS and static conditions are given.

Mucins

HT29MTXE12 Caco-2

SYMBOL FC p-value FC p-value

MUC2 1.42 1.97E-02 1.05 7.57E-01

MUC12 1.29 1.07E-01 -1.58 1.43E-02

MUC6 1.08 5.29E-01 1.01 9.59E-01

MUC15 1.05 7.13E-01 -1.09 5.81E-01

MUC16 1.04 7.56E-01 -1.05 7.27E-01

MUCL1 1.03 8.70E-01 -1.21 2.65E-01

MUC7 -1.01 9.38E-01 1.18 3.42E-01

MUC12-AS1 -1.06 6.90E-01 -1.39 7.11E-02

MUC19 -1.08 4.80E-01 1.02 8.91E-01

MUC22 -1.13 2.79E-01 1.09 4.92E-01

MUC1 -1.21 1.21E-01 -1.01 9.19E-01

MUC4 -1.25 1.19E-01 -1.02 8.95E-01

MUC13 -1.52 1.82E-06 -3.20 5.09E-12

MUC5AC -1.56 6.61E-05 1.21 5.75E-02

MUC17 -1.62 1.94E-03 -1.59 6.09E-03

MUC5B-AS1 -1.74 5.95E-04 1.21 2.07E-01

MUC21 -1.75 2.04E-04 -1.09 5.46E-01

MUC3A -1.79 6.66E-05 -2.34 5.14E-06

MUC5B -1.84 1.75E-05 -1.03 8.03E-01

MUCL3 -2.24 1.41E-06 -1.32 3.92E-02

MUC20 -2.32 3.78E-10 -1.57 1.11E-05

 

Epithelial barrier integrity

HT29MTXE12 Caco-2

SYMBOL FC p-value FC p-value Gene name

CTNNAL1 3.33 3.09E-10 1.21 8.26E-02 catenin alpha like 1

HEG1 2.67 3.08E-07 -1.61 2.76E-03 heart development protein with EGF like domains 1

ECT2 2.26 1.86E-10 1.48 2.68E-05 epithelial cell transforming 2

SNAI1 1.47 8.37E-03 1.52 1.10E-02 snail family transcriptional repressor 1

CLDN6 1.45 3.90E-02 -1.09 6.40E-01 claudin 6

CDH7 1.42 7.75E-03 -1.02 8.64E-01 cadherin 7

CDH24 1.40 3.31E-03 1.13 2.75E-01 cadherin 24

TBCD 1.36 2.28E-05 1.14 4.90E-02 tubulin folding cofactor D

FLCN 1.30 7.34E-03 -1.25 3.44E-02 folliculin

PARD3 1.29 5.57E-04 1.13 8.19E-02 par-3 family cell polarity regulator

RAMP2 1.29 9.25E-02 2.34 6.32E-05 receptor activity modifying protein 2

PKP2 1.24 4.97E-04 -1.01 7.99E-01 plakophilin 2

TGFB1 1.24 2.64E-02 -2.01 1.98E-06 transforming growth factor beta 1

CLDN20 1.22 2.17E-01 1.50 3.16E-02 claudin 20

STRN 1.20 7.38E-03 -1.07 3.12E-01 striatin

CLDN22 1.17 2.00E-01 -1.10 5.01E-01 claudin 22

MPP7 1.17 1.59E-01 -1.57 1.84E-03 membrane palmitoylated protein 7

AMOT 1.16 1.70E-01 1.07 5.92E-01 angiomotin

PRKCI 1.16 1.06E-02 -1.12 6.24E-02 protein kinase C iota

PARD6G 1.16 3.03E-01 -1.02 9.19E-01 par-6 family cell polarity regulator gamma

CDH18 1.15 2.50E-01 1.03 8.18E-01 cadherin 18

TGFB3 1.15 2.95E-01 -1.45 1.95E-02 transforming growth factor beta 3

ACTG1 1.14 1.35E-03 1.00 9.02E-01 actin gamma 1

CDH13 1.13 2.80E-01 -1.17 2.39E-01 cadherin 13

KRT5 1.13 3.74E-01 1.08 6.09E-01 keratin 5

CLDN10 1.13 2.85E-01 1.01 9.41E-01 claudin 10

FBF1 1.13 2.87E-01 1.16 2.48E-01 Fas binding factor 1

NECTIN1 1.11 3.27E-01 -1.38 1.41E-02 nectin cell adhesion molecule 1

RHOA 1.11 6.46E-03 1.03 4.97E-01 ras homolog family member A

PARD6A 1.11 3.54E-01 -1.20 1.56E-01 par-6 family cell polarity regulator alpha

CLDN16 1.10 4.07E-01 1.48 8.50E-03 claudin 16

NLGN2 1.09 4.22E-01 -1.23 1.03E-01 neuroligin 2

KRT14 1.09 5.24E-01 1.08 6.10E-01 keratin 14

CDH15 1.09 4.81E-01 -1.16 2.82E-01 cadherin 15

CCM2 1.08 4.97E-01 1.14 2.91E-01 CCM2 scaffold protein

NECTIN3 1.07 3.78E-01 1.12 2.32E-01 nectin cell adhesion molecule 3

NEDD4L 1.07 2.46E-01 -1.06 3.91E-01 NEDD4 like E3 ubiquitin protein ligase

CLDN8 1.07 6.03E-01 1.05 7.26E-01 claudin 8

SRF 1.06 3.20E-01 -1.05 4.58E-01 serum response factor

TLN2 1.06 5.58E-01 -1.11 3.29E-01 talin 2

GJA4 1.06 6.83E-01 -1.23 1.96E-01 gap junction protein alpha 4

CSF1R 1.04 7.41E-01 -1.09 4.94E-01 colony stimulating factor 1 receptor

GJA1 1.04 7.93E-01 -1.29 1.28E-01 gap junction protein alpha 1

SNAI2 1.04 8.09E-01 -1.15 3.90E-01 snail family transcriptional repressor 2

PKP4 1.03 5.08E-01 1.01 8.22E-01 plakophilin 4

APC 1.02 7.99E-01 -1.01 9.63E-01 APC regulator of WNT signaling pathway

RAB13 1.02 8.10E-01 1.09 3.30E-01 RAB13, member RAS oncogene family

PVR 1.02 7.45E-01 -1.52 1.01E-06 PVR cell adhesion molecule

PRKACA 1.01 8.65E-01 -1.14 9.30E-02 protein kinase cAMP-activated catalytic subunit alpha

CDH5 1.01 9.33E-01 -1.14 3.40E-01 cadherin 5

TJAP1 1.01 9.28E-01 1.22 1.24E-01 tight junction associated protein 1

CDH2 1.01 9.49E-01 -1.06 6.56E-01 cadherin 2

RAB8B 1.01 9.45E-01 -1.00 9.79E-01 RAB8B, member RAS oncogene family

CDH6 1.00 9.82E-01 -1.86 1.78E-04 cadherin 6

DLG1 -1.00 9.26E-01 1.08 1.80E-01 discs large MAGUK scaffold protein 1
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Supplementary file 1 Panels of genes, including mucins, cell integrity-related genes, KLF4-related 
genes and genes related to ion transport in HT29-MTX-E21 and Caco-2 cells. The fold changes and 
p-values between SWMS and static conditions are given.
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SYMBOL FC p-value FC p-value
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MUC12 1.29 1.07E-01 -1.58 1.43E-02
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MUC15 1.05 7.13E-01 -1.09 5.81E-01

MUC16 1.04 7.56E-01 -1.05 7.27E-01
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MUC4 -1.25 1.19E-01 -1.02 8.95E-01

MUC13 -1.52 1.82E-06 -3.20 5.09E-12

MUC5AC -1.56 6.61E-05 1.21 5.75E-02

MUC17 -1.62 1.94E-03 -1.59 6.09E-03

MUC5B-AS1 -1.74 5.95E-04 1.21 2.07E-01

MUC21 -1.75 2.04E-04 -1.09 5.46E-01

MUC3A -1.79 6.66E-05 -2.34 5.14E-06

MUC5B -1.84 1.75E-05 -1.03 8.03E-01

MUCL3 -2.24 1.41E-06 -1.32 3.92E-02

MUC20 -2.32 3.78E-10 -1.57 1.11E-05

 

Epithelial barrier integrity

HT29MTXE12 Caco-2

SYMBOL FC p-value FC p-value Gene name

CTNNAL1 3.33 3.09E-10 1.21 8.26E-02 catenin alpha like 1

HEG1 2.67 3.08E-07 -1.61 2.76E-03 heart development protein with EGF like domains 1

ECT2 2.26 1.86E-10 1.48 2.68E-05 epithelial cell transforming 2

SNAI1 1.47 8.37E-03 1.52 1.10E-02 snail family transcriptional repressor 1

CLDN6 1.45 3.90E-02 -1.09 6.40E-01 claudin 6

CDH7 1.42 7.75E-03 -1.02 8.64E-01 cadherin 7

CDH24 1.40 3.31E-03 1.13 2.75E-01 cadherin 24

TBCD 1.36 2.28E-05 1.14 4.90E-02 tubulin folding cofactor D

FLCN 1.30 7.34E-03 -1.25 3.44E-02 folliculin

PARD3 1.29 5.57E-04 1.13 8.19E-02 par-3 family cell polarity regulator

RAMP2 1.29 9.25E-02 2.34 6.32E-05 receptor activity modifying protein 2

PKP2 1.24 4.97E-04 -1.01 7.99E-01 plakophilin 2

TGFB1 1.24 2.64E-02 -2.01 1.98E-06 transforming growth factor beta 1

CLDN20 1.22 2.17E-01 1.50 3.16E-02 claudin 20

STRN 1.20 7.38E-03 -1.07 3.12E-01 striatin

CLDN22 1.17 2.00E-01 -1.10 5.01E-01 claudin 22

MPP7 1.17 1.59E-01 -1.57 1.84E-03 membrane palmitoylated protein 7

AMOT 1.16 1.70E-01 1.07 5.92E-01 angiomotin

PRKCI 1.16 1.06E-02 -1.12 6.24E-02 protein kinase C iota

PARD6G 1.16 3.03E-01 -1.02 9.19E-01 par-6 family cell polarity regulator gamma

CDH18 1.15 2.50E-01 1.03 8.18E-01 cadherin 18

TGFB3 1.15 2.95E-01 -1.45 1.95E-02 transforming growth factor beta 3

ACTG1 1.14 1.35E-03 1.00 9.02E-01 actin gamma 1

CDH13 1.13 2.80E-01 -1.17 2.39E-01 cadherin 13

KRT5 1.13 3.74E-01 1.08 6.09E-01 keratin 5

CLDN10 1.13 2.85E-01 1.01 9.41E-01 claudin 10

FBF1 1.13 2.87E-01 1.16 2.48E-01 Fas binding factor 1

NECTIN1 1.11 3.27E-01 -1.38 1.41E-02 nectin cell adhesion molecule 1

RHOA 1.11 6.46E-03 1.03 4.97E-01 ras homolog family member A

PARD6A 1.11 3.54E-01 -1.20 1.56E-01 par-6 family cell polarity regulator alpha

CLDN16 1.10 4.07E-01 1.48 8.50E-03 claudin 16

NLGN2 1.09 4.22E-01 -1.23 1.03E-01 neuroligin 2

KRT14 1.09 5.24E-01 1.08 6.10E-01 keratin 14

CDH15 1.09 4.81E-01 -1.16 2.82E-01 cadherin 15

CCM2 1.08 4.97E-01 1.14 2.91E-01 CCM2 scaffold protein

NECTIN3 1.07 3.78E-01 1.12 2.32E-01 nectin cell adhesion molecule 3

NEDD4L 1.07 2.46E-01 -1.06 3.91E-01 NEDD4 like E3 ubiquitin protein ligase

CLDN8 1.07 6.03E-01 1.05 7.26E-01 claudin 8

SRF 1.06 3.20E-01 -1.05 4.58E-01 serum response factor

TLN2 1.06 5.58E-01 -1.11 3.29E-01 talin 2

GJA4 1.06 6.83E-01 -1.23 1.96E-01 gap junction protein alpha 4

CSF1R 1.04 7.41E-01 -1.09 4.94E-01 colony stimulating factor 1 receptor

GJA1 1.04 7.93E-01 -1.29 1.28E-01 gap junction protein alpha 1

SNAI2 1.04 8.09E-01 -1.15 3.90E-01 snail family transcriptional repressor 2

PKP4 1.03 5.08E-01 1.01 8.22E-01 plakophilin 4

APC 1.02 7.99E-01 -1.01 9.63E-01 APC regulator of WNT signaling pathway

RAB13 1.02 8.10E-01 1.09 3.30E-01 RAB13, member RAS oncogene family

PVR 1.02 7.45E-01 -1.52 1.01E-06 PVR cell adhesion molecule

PRKACA 1.01 8.65E-01 -1.14 9.30E-02 protein kinase cAMP-activated catalytic subunit alpha

CDH5 1.01 9.33E-01 -1.14 3.40E-01 cadherin 5

TJAP1 1.01 9.28E-01 1.22 1.24E-01 tight junction associated protein 1

CDH2 1.01 9.49E-01 -1.06 6.56E-01 cadherin 2

RAB8B 1.01 9.45E-01 -1.00 9.79E-01 RAB8B, member RAS oncogene family

CDH6 1.00 9.82E-01 -1.86 1.78E-04 cadherin 6

DLG1 -1.00 9.26E-01 1.08 1.80E-01 discs large MAGUK scaffold protein 1
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MPZ -1.01 9.59E-01 1.06 6.51E-01 myelin protein zero

NLGN4X -1.01 9.62E-01 -1.32 8.07E-02 neuroligin 4 X-linked

PKN2 -1.01 8.02E-01 -1.08 1.64E-01 protein kinase N2

NUMB -1.01 8.24E-01 1.06 3.43E-01 NUMB endocytic adaptor protein

ZNF703 -1.02 8.74E-01 -1.56 7.55E-04 zinc finger protein 703

CADM2 -1.02 8.89E-01 -1.06 6.57E-01 cell adhesion molecule 2

CDH12 -1.02 8.81E-01 1.85 2.77E-04 cadherin 12

TJP2 -1.02 6.75E-01 -1.12 5.41E-02 tight junction protein 2

CLDN5 -1.02 8.53E-01 -1.05 7.44E-01 claudin 5

F11R -1.02 5.12E-01 -1.12 1.70E-02 F11 receptor

NECTIN1-AS1 -1.03 8.13E-01 -1.05 7.56E-01 NECTIN1 antisense RNA 1

CSK -1.03 6.80E-01 1.10 2.97E-01 C-terminal Src kinase

CLDN15 -1.04 7.27E-01 1.04 7.42E-01 claudin 15

MTDH -1.04 3.88E-01 -1.01 8.20E-01 metadherin

CLDN12 -1.05 2.84E-01 -1.07 1.75E-01 claudin 12

CDH3 -1.05 5.85E-01 1.11 2.78E-01 cadherin 3

RAC1 -1.05 3.93E-01 -1.25 2.63E-03 Rac family small GTPase 1

JUP -1.05 3.69E-01 -1.19 1.77E-02 junction plakoglobin

NUMBL -1.06 6.24E-01 -1.04 7.24E-01 NUMB like endocytic adaptor protein

TLN1 -1.06 5.09E-01 -1.22 4.28E-02 talin 1

PATJ -1.06 2.88E-01 -1.38 1.17E-04 PATJ crumbs cell polarity complex component

SCRIB -1.07 4.65E-01 -1.06 5.58E-01 scribble planar cell polarity protein

PIP5K1C -1.08 3.59E-01 -1.05 5.91E-01 phosphatidylinositol-4-phosphate 5-kinase type 1 gamma

VCL -1.08 2.45E-01 -1.04 5.51E-01 vinculin

SMAD3 -1.09 3.77E-01 -1.31 2.10E-02 SMAD family member 3

GJC1 -1.10 5.16E-01 1.33 8.29E-02 gap junction protein gamma 1

NECTIN4 -1.10 4.39E-01 1.09 5.07E-01 nectin cell adhesion molecule 4

CLDN4 -1.10 6.36E-02 -1.13 3.44E-02 claudin 4

HDAC7 -1.10 3.07E-01 1.61 2.17E-04 histone deacetylase 7

CLDN11 -1.10 5.80E-01 1.19 3.76E-01 claudin 11

PRKCH -1.10 2.86E-01 -1.51 6.21E-04 protein kinase C eta

TRPV4 -1.11 3.95E-01 1.03 8.29E-01
transient receptor potential cation channel subfamily V 
member 4

MARVELD2 -1.11 9.95E-02 -1.01 9.20E-01 MARVEL domain containing 2

AFDN -1.11 2.80E-02 -1.10 7.83E-02 afadin, adherens junction formation factor

CTNND1 -1.11 1.06E-01 1.02 8.09E-01 catenin delta 1

CLDN19 -1.12 3.40E-01 1.07 5.85E-01 claudin 19

CADM1 -1.12 3.80E-01 -1.43 2.64E-02 cell adhesion molecule 1

ITGB4 -1.13 2.00E-01 -1.03 7.69E-01 integrin subunit beta 4

ARL2 -1.13 4.50E-02 -1.41 6.77E-05 ADP ribosylation factor like GTPase 2

CDH1 -1.14 1.17E-02 -1.02 6.70E-01 cadherin 1

TJP1 -1.14 1.51E-01 -1.06 5.38E-01 tight junction protein 1

SMAD7 -1.14 2.22E-01 -2.06 7.70E-06 SMAD family member 7

ITGA6 -1.14 2.39E-02 -1.33 1.42E-04 integrin subunit alpha 6

CLDN3 -1.14 1.49E-02 -1.02 7.02E-01 claudin 3

PERP -1.14 5.16E-02 -1.70 9.90E-07 p53 apoptosis effector related to PMP22

CLDN2 -1.14 2.45E-01 -1.25 8.90E-02 claudin 2

NF2 -1.14 3.21E-02 1.18 2.04E-02 neurofibromin 2

CLDN14 -1.14 2.61E-01 1.05 7.20E-01 claudin 14

LIM2 -1.14 2.30E-01 1.06 6.42E-01 lens intrinsic membrane protein 2

CTNNB1 -1.15 5.58E-03 -1.04 4.62E-01 catenin beta 1

CDC42 -1.15 9.20E-03 1.09 1.19E-01 cell division cycle 42

LIMS2 -1.16 3.23E-01 1.31 1.20E-01 LIM zinc finger domain containing 2

CD151 -1.16 2.83E-03 -1.32 2.86E-05 CD151 molecule (Raph blood group)

MARVELD3 -1.16 1.51E-02 -1.20 9.86E-03 MARVEL domain containing 3

CDH4 -1.17 2.38E-01 -2.04 1.14E-04 cadherin 4

OCLN -1.17 2.69E-02 -1.09 2.32E-01 occludin

NECTIN3-AS1 -1.17 3.70E-01 1.25 2.63E-01 NECTIN3 antisense RNA 1

DST -1.17 5.97E-03 -1.64 1.63E-07 dystonin

SHROOM2 -1.19 2.13E-01 1.01 9.50E-01 shroom family member 2

CTNNA1 -1.20 3.68E-03 -1.11 1.05E-01 catenin alpha 1

CADM3 -1.20 1.16E-01 1.08 5.66E-01 cell adhesion molecule 3

CDH9 -1.22 9.04E-02 1.14 2.92E-01 cadherin 9

CRB3 -1.22 7.40E-03 -1.59 9.87E-06 crumbs cell polarity complex component 3

DSG1 -1.23 7.83E-02 1.16 2.49E-01 desmoglein 1

TJP3 -1.24 2.81E-02 -1.16 1.48E-01 tight junction protein 3

CLDN9 -1.24 1.50E-01 -1.13 4.77E-01 claudin 9

LAMA3 -1.25 9.50E-03 -3.36 1.02E-10 laminin subunit alpha 3

CDH10 -1.27 6.56E-02 1.12 4.25E-01 cadherin 10

MPP5 -1.28 9.45E-04 -1.64 1.54E-06 membrane palmitoylated protein 5

DSP -1.28 1.25E-04 -1.56 4.09E-07 desmoplakin

NECTIN2 -1.28 7.50E-04 1.10 1.71E-01 nectin cell adhesion molecule 2

CLDN7 -1.28 7.83E-05 -1.26 4.87E-04 claudin 7

CDH11 -1.28 7.76E-02 1.06 6.83E-01 cadherin 11

PARD6B -1.29 3.25E-04 -1.26 2.54E-03 par-6 family cell polarity regulator beta

WNT11 -1.30 1.97E-02 -2.77 9.18E-08 Wnt family member 11

ITGB1 -1.31 1.03E-03 -1.33 1.71E-03 integrin subunit beta 1

PLEC -1.33 7.60E-04 -1.39 6.02E-04 plectin

RHOC -1.35 5.07E-04 -1.72 3.18E-06 ras homolog family member C

CLDN17 -1.36 2.29E-02 -1.01 9.17E-01 claudin 17

PRKCA -1.37 6.82E-05 2.05 8.35E-09 protein kinase C alpha

CDH8 -1.39 1.27E-02 -1.09 5.41E-01 cadherin 8

CXADR -1.41 1.51E-03 -1.55 6.32E-04 CXADR Ig-like cell adhesion molecule

CLDN1 -1.44 1.12E-05 1.37 2.25E-04 claudin 1

MYO1C -1.49 1.26E-06 -1.43 2.02E-05 myosin IC

LAMC2 -1.59 1.05E-05 -1.67 1.31E-05 laminin subunit gamma 2

CLDN23 -1.62 1.19E-04 -1.37 1.11E-02 claudin 23

FRMPD2 -1.74 9.47E-04 1.02 8.80E-01 FERM and PDZ domain containing 2
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MPZ -1.01 9.59E-01 1.06 6.51E-01 myelin protein zero

NLGN4X -1.01 9.62E-01 -1.32 8.07E-02 neuroligin 4 X-linked

PKN2 -1.01 8.02E-01 -1.08 1.64E-01 protein kinase N2

NUMB -1.01 8.24E-01 1.06 3.43E-01 NUMB endocytic adaptor protein

ZNF703 -1.02 8.74E-01 -1.56 7.55E-04 zinc finger protein 703

CADM2 -1.02 8.89E-01 -1.06 6.57E-01 cell adhesion molecule 2

CDH12 -1.02 8.81E-01 1.85 2.77E-04 cadherin 12

TJP2 -1.02 6.75E-01 -1.12 5.41E-02 tight junction protein 2

CLDN5 -1.02 8.53E-01 -1.05 7.44E-01 claudin 5

F11R -1.02 5.12E-01 -1.12 1.70E-02 F11 receptor

NECTIN1-AS1 -1.03 8.13E-01 -1.05 7.56E-01 NECTIN1 antisense RNA 1

CSK -1.03 6.80E-01 1.10 2.97E-01 C-terminal Src kinase

CLDN15 -1.04 7.27E-01 1.04 7.42E-01 claudin 15

MTDH -1.04 3.88E-01 -1.01 8.20E-01 metadherin

CLDN12 -1.05 2.84E-01 -1.07 1.75E-01 claudin 12

CDH3 -1.05 5.85E-01 1.11 2.78E-01 cadherin 3

RAC1 -1.05 3.93E-01 -1.25 2.63E-03 Rac family small GTPase 1

JUP -1.05 3.69E-01 -1.19 1.77E-02 junction plakoglobin

NUMBL -1.06 6.24E-01 -1.04 7.24E-01 NUMB like endocytic adaptor protein

TLN1 -1.06 5.09E-01 -1.22 4.28E-02 talin 1

PATJ -1.06 2.88E-01 -1.38 1.17E-04 PATJ crumbs cell polarity complex component

SCRIB -1.07 4.65E-01 -1.06 5.58E-01 scribble planar cell polarity protein

PIP5K1C -1.08 3.59E-01 -1.05 5.91E-01 phosphatidylinositol-4-phosphate 5-kinase type 1 gamma

VCL -1.08 2.45E-01 -1.04 5.51E-01 vinculin

SMAD3 -1.09 3.77E-01 -1.31 2.10E-02 SMAD family member 3

GJC1 -1.10 5.16E-01 1.33 8.29E-02 gap junction protein gamma 1

NECTIN4 -1.10 4.39E-01 1.09 5.07E-01 nectin cell adhesion molecule 4

CLDN4 -1.10 6.36E-02 -1.13 3.44E-02 claudin 4

HDAC7 -1.10 3.07E-01 1.61 2.17E-04 histone deacetylase 7

CLDN11 -1.10 5.80E-01 1.19 3.76E-01 claudin 11

PRKCH -1.10 2.86E-01 -1.51 6.21E-04 protein kinase C eta

TRPV4 -1.11 3.95E-01 1.03 8.29E-01
transient receptor potential cation channel subfamily V 
member 4

MARVELD2 -1.11 9.95E-02 -1.01 9.20E-01 MARVEL domain containing 2

AFDN -1.11 2.80E-02 -1.10 7.83E-02 afadin, adherens junction formation factor

CTNND1 -1.11 1.06E-01 1.02 8.09E-01 catenin delta 1

CLDN19 -1.12 3.40E-01 1.07 5.85E-01 claudin 19

CADM1 -1.12 3.80E-01 -1.43 2.64E-02 cell adhesion molecule 1

ITGB4 -1.13 2.00E-01 -1.03 7.69E-01 integrin subunit beta 4

ARL2 -1.13 4.50E-02 -1.41 6.77E-05 ADP ribosylation factor like GTPase 2

CDH1 -1.14 1.17E-02 -1.02 6.70E-01 cadherin 1

TJP1 -1.14 1.51E-01 -1.06 5.38E-01 tight junction protein 1

SMAD7 -1.14 2.22E-01 -2.06 7.70E-06 SMAD family member 7

ITGA6 -1.14 2.39E-02 -1.33 1.42E-04 integrin subunit alpha 6

CLDN3 -1.14 1.49E-02 -1.02 7.02E-01 claudin 3

PERP -1.14 5.16E-02 -1.70 9.90E-07 p53 apoptosis effector related to PMP22

CLDN2 -1.14 2.45E-01 -1.25 8.90E-02 claudin 2

NF2 -1.14 3.21E-02 1.18 2.04E-02 neurofibromin 2

CLDN14 -1.14 2.61E-01 1.05 7.20E-01 claudin 14

LIM2 -1.14 2.30E-01 1.06 6.42E-01 lens intrinsic membrane protein 2

CTNNB1 -1.15 5.58E-03 -1.04 4.62E-01 catenin beta 1

CDC42 -1.15 9.20E-03 1.09 1.19E-01 cell division cycle 42

LIMS2 -1.16 3.23E-01 1.31 1.20E-01 LIM zinc finger domain containing 2

CD151 -1.16 2.83E-03 -1.32 2.86E-05 CD151 molecule (Raph blood group)

MARVELD3 -1.16 1.51E-02 -1.20 9.86E-03 MARVEL domain containing 3

CDH4 -1.17 2.38E-01 -2.04 1.14E-04 cadherin 4

OCLN -1.17 2.69E-02 -1.09 2.32E-01 occludin

NECTIN3-AS1 -1.17 3.70E-01 1.25 2.63E-01 NECTIN3 antisense RNA 1

DST -1.17 5.97E-03 -1.64 1.63E-07 dystonin

SHROOM2 -1.19 2.13E-01 1.01 9.50E-01 shroom family member 2

CTNNA1 -1.20 3.68E-03 -1.11 1.05E-01 catenin alpha 1

CADM3 -1.20 1.16E-01 1.08 5.66E-01 cell adhesion molecule 3

CDH9 -1.22 9.04E-02 1.14 2.92E-01 cadherin 9

CRB3 -1.22 7.40E-03 -1.59 9.87E-06 crumbs cell polarity complex component 3

DSG1 -1.23 7.83E-02 1.16 2.49E-01 desmoglein 1

TJP3 -1.24 2.81E-02 -1.16 1.48E-01 tight junction protein 3

CLDN9 -1.24 1.50E-01 -1.13 4.77E-01 claudin 9

LAMA3 -1.25 9.50E-03 -3.36 1.02E-10 laminin subunit alpha 3

CDH10 -1.27 6.56E-02 1.12 4.25E-01 cadherin 10

MPP5 -1.28 9.45E-04 -1.64 1.54E-06 membrane palmitoylated protein 5

DSP -1.28 1.25E-04 -1.56 4.09E-07 desmoplakin

NECTIN2 -1.28 7.50E-04 1.10 1.71E-01 nectin cell adhesion molecule 2

CLDN7 -1.28 7.83E-05 -1.26 4.87E-04 claudin 7

CDH11 -1.28 7.76E-02 1.06 6.83E-01 cadherin 11

PARD6B -1.29 3.25E-04 -1.26 2.54E-03 par-6 family cell polarity regulator beta

WNT11 -1.30 1.97E-02 -2.77 9.18E-08 Wnt family member 11

ITGB1 -1.31 1.03E-03 -1.33 1.71E-03 integrin subunit beta 1

PLEC -1.33 7.60E-04 -1.39 6.02E-04 plectin

RHOC -1.35 5.07E-04 -1.72 3.18E-06 ras homolog family member C

CLDN17 -1.36 2.29E-02 -1.01 9.17E-01 claudin 17

PRKCA -1.37 6.82E-05 2.05 8.35E-09 protein kinase C alpha

CDH8 -1.39 1.27E-02 -1.09 5.41E-01 cadherin 8

CXADR -1.41 1.51E-03 -1.55 6.32E-04 CXADR Ig-like cell adhesion molecule

CLDN1 -1.44 1.12E-05 1.37 2.25E-04 claudin 1

MYO1C -1.49 1.26E-06 -1.43 2.02E-05 myosin IC

LAMC2 -1.59 1.05E-05 -1.67 1.31E-05 laminin subunit gamma 2

CLDN23 -1.62 1.19E-04 -1.37 1.11E-02 claudin 23

FRMPD2 -1.74 9.47E-04 1.02 8.80E-01 FERM and PDZ domain containing 2
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LAMB3 -1.80 1.87E-07 -1.29 4.28E-03 laminin subunit beta 3

CLDN18 -1.88 1.31E-04 1.49 1.39E-02 claudin 18

COL17A1 -1.93 2.65E-09 -2.21 9.79E-10 collagen type XVII alpha 1 chain

TGFB2 -3.28 3.64E-08 -1.14 3.53E-01 transforming growth factor beta 2

KLF4-related

 HT29MTXE12 Caco-2

SYMBOL FC p-value FC p-value Gene name

CCNB1 6.59 1.07E-14 1.75 5.46E-06 neurogenin 3

NEUROG3 2.07 3.41E-04 2.41 1.74E-04 ornithine decarboxylase 1

CDK2 2.06 1.04E-08 1.41 4.10E-04 atonal bHLH transcription factor 1

CCNE2 2.03 1.42E-04 1.30 1.31E-01 notch receptor 1

ODC1 1.80 2.11E-08 1.38 1.73E-04 tumor protein p53

ATOH1 1.64 5.98E-03 2.09 7.18E-04 TEA domain transcription factor 4

NOS3 1.63 1.00E-03 1.00 9.81E-01 kringle containing transmembrane protein 1

CCNE1 1.63 4.84E-05 1.30 2.00E-02 protein phosphatase 2 regulatory subunit B’delta

NOTCH1 1.61 1.72E-04 1.11 3.63E-01 MYC proto-oncogene, bHLH transcription factor

TP53 1.39 1.71E-03 1.18 1.22E-01 frizzled class receptor 1

TP53 1.39 1.71E-03 1.18 1.22E-01 tafazzin

TEAD4 1.39 2.05E-03 -1.35 9.47E-03 caudal type homeobox 2

KRT4 1.36 4.16E-02 1.07 6.70E-01 cellular communication network factor 4

HSP90AA1 1.33 1.64E-03 1.13 1.68E-01 cyclin dependent kinase inhibitor 1A

HSP90AB4P 1.32 1.92E-01 1.03 9.01E-01 Kruppel like factor 6

KREMEN1 1.30 7.90E-03 -1.31 1.42E-02 SLC9A3 regulator 1

HDC 1.27 9.07E-02 -1.07 6.72E-01 Kruppel like factor 5

PPP2R5D 1.24 5.96E-03 -1.46 1.50E-04 FRAT regulator of WNT signaling pathway 1

MYC 1.24 1.95E-02 1.45 1.02E-03 Wnt family member 16

TGFB1 1.24 2.64E-02 -2.01 1.98E-06 cytochrome P450 family 1 subfamily A member 1

HSP90B1 1.20 1.53E-05 1.03 3.58E-01 bone morphogenetic protein 4

HSP90AB1 1.19 9.32E-04 1.10 7.10E-02 ephrin B3

FZD1 1.16 1.69E-01 1.02 8.75E-01 Yes associated protein 1

CDKN1C 1.13 3.69E-01 -1.54 9.41E-03 Sp1 transcription factor

CEBPB 1.13 2.58E-01 -1.59 7.95E-04 catenin beta 1

TAZ 1.11 3.17E-01 -1.10 4.17E-01 LDL receptor related protein 5

ATG7 1.10 2.86E-01 1.15 1.59E-01 carbonic anhydrase 1

IL10 1.10 4.55E-01 -1.13 3.72E-01 alkaline phosphatase, intestinal

CLMP 1.08 5.28E-01 -1.29 8.27E-02 ras homolog family member U

ESR1 1.08 4.91E-01 1.07 6.05E-01 peroxisome proliferator activated receptor gamma

CDKN1B 1.06 2.61E-01 -1.16 2.06E-02 ephrin B1

GHRL 1.05 6.17E-01 -1.09 4.92E-01 cyclin D1

APOE 1.05 6.48E-01 1.11 4.06E-01 GATA binding protein 4

SLURP1 1.05 7.46E-01 -1.30 9.97E-02 Kruppel like factor 4

CDX2 1.04 6.20E-01 -1.53 4.09E-04 ephrin B2

PDGFRB 1.04 7.77E-01 2.25 6.00E-05 platelet derived growth factor receptor beta

CCN4 1.03 8.10E-01 -1.55 6.75E-03 cellular communication network factor 4

LDLR 1.03 6.62E-01 1.02 7.97E-01 low density lipoprotein receptor

CDKN1A 1.02 8.25E-01 -1.58 5.18E-04 cyclin dependent kinase inhibitor 1A

KRT13 1.01 9.61E-01 1.08 6.74E-01 keratin 13

LAMA1 1.01 9.53E-01 -1.48 7.57E-03 laminin subunit alpha 1

HSPA8 -1.01 7.94E-01 1.01 7.10E-01 heat shock protein family A (Hsp70) member 8

KLF6 -1.01 9.42E-01 -1.61 3.08E-03 Kruppel like factor 6

HSP90AB2P -1.02 9.49E-01 -1.17 5.72E-01
heat shock protein 90 alpha family class B member 2, 
pseudogene

SLC9A3R1 -1.02 7.07E-01 -1.27 2.45E-03 SLC9A3 regulator 1

CLDN5 -1.02 8.53E-01 -1.05 7.44E-01 claudin 5

MAP1LC3A -1.02 8.62E-01 -2.05 2.27E-04 microtubule associated protein 1 light chain 3 alpha

KLF5 -1.04 3.62E-01 -1.05 2.95E-01 Kruppel like factor 5

FRAT1 -1.04 7.45E-01 1.43 1.88E-02 FRAT regulator of WNT signaling pathway 1

PAX6 -1.05 7.11E-01 -1.13 3.76E-01 paired box 6

WNT16 -1.07 6.46E-01 -1.08 6.31E-01 Wnt family member 16

CYP1A1 -1.08 5.88E-01 -1.96 4.64E-04 cytochrome P450 family 1 subfamily A member 1

BMP4 -1.08 1.71E-01 -2.97 1.83E-12 bone morphogenetic protein 4

ELK3 -1.08 4.69E-01 -1.01 9.66E-01 ETS transcription factor ELK3

EFNB3 -1.09 5.59E-01 1.09 6.10E-01 ephrin B3

MFN2 -1.09 1.70E-01 -1.33 9.33E-04 mitofusin 2

HSP90AB3P -1.10 5.10E-01 1.12 4.68E-01
heat shock protein 90 alpha family class B member 3, 
pseudogene

YAP1 -1.10 8.21E-02 -1.11 9.56E-02 Yes associated protein 1

SP1 -1.13 1.87E-02 -1.04 4.50E-01 Sp1 transcription factor

CDH1 -1.14 1.17E-02 -1.02 6.70E-01 cadherin 1

TJP1 -1.14 1.51E-01 -1.06 5.38E-01 tight junction protein 1

CTNNB1 -1.15 5.58E-03 -1.04 4.62E-01 catenin beta 1

TIMP1 -1.15 9.21E-02 -1.17 9.57E-02 TIMP metallopeptidase inhibitor 1

IL6 -1.16 2.90E-01 1.04 8.13E-01 interleukin 6

DLK2 -1.17 1.71E-01 -1.12 3.64E-01 delta like non-canonical Notch ligand 2

OCLN -1.17 2.69E-02 -1.09 2.32E-01 occludin

TAGLN -1.17 3.55E-01 -2.02 2.01E-03 transgelin

ALPL -1.19 1.28E-01 -1.02 8.70E-01 alkaline phosphatase, biomineralization associated

MYOCD -1.22 9.55E-02 1.07 5.81E-01 myocardin

TRH -1.23 1.73E-01 -1.08 6.51E-01 thyrotropin releasing hormone

LRP5 -1.24 2.63E-04 -1.14 2.65E-02 LDL receptor related protein 5

KRT19 -1.25 2.40E-05 -1.75 3.27E-10 keratin 19

DMP1 -1.25 6.18E-02 1.06 6.20E-01 dentin matrix acidic phosphoprotein 1

LAMA3 -1.25 9.50E-03 -3.36 1.02E-10 laminin subunit alpha 3

CA1 -1.30 4.39E-02 -1.08 5.92E-01 carbonic anhydrase 1

ALPI -1.32 6.67E-02 -2.59 1.56E-05 alkaline phosphatase, intestinal

TIMP2 -1.33 7.29E-04 -1.56 2.59E-05 TIMP metallopeptidase inhibitor 2

ONECUT1 -1.35 2.52E-02 -1.01 9.20E-01 one cut homeobox 1
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LAMB3 -1.80 1.87E-07 -1.29 4.28E-03 laminin subunit beta 3

CLDN18 -1.88 1.31E-04 1.49 1.39E-02 claudin 18

COL17A1 -1.93 2.65E-09 -2.21 9.79E-10 collagen type XVII alpha 1 chain

TGFB2 -3.28 3.64E-08 -1.14 3.53E-01 transforming growth factor beta 2

KLF4-related

 HT29MTXE12 Caco-2

SYMBOL FC p-value FC p-value Gene name

CCNB1 6.59 1.07E-14 1.75 5.46E-06 neurogenin 3

NEUROG3 2.07 3.41E-04 2.41 1.74E-04 ornithine decarboxylase 1

CDK2 2.06 1.04E-08 1.41 4.10E-04 atonal bHLH transcription factor 1

CCNE2 2.03 1.42E-04 1.30 1.31E-01 notch receptor 1

ODC1 1.80 2.11E-08 1.38 1.73E-04 tumor protein p53

ATOH1 1.64 5.98E-03 2.09 7.18E-04 TEA domain transcription factor 4

NOS3 1.63 1.00E-03 1.00 9.81E-01 kringle containing transmembrane protein 1

CCNE1 1.63 4.84E-05 1.30 2.00E-02 protein phosphatase 2 regulatory subunit B’delta

NOTCH1 1.61 1.72E-04 1.11 3.63E-01 MYC proto-oncogene, bHLH transcription factor

TP53 1.39 1.71E-03 1.18 1.22E-01 frizzled class receptor 1

TP53 1.39 1.71E-03 1.18 1.22E-01 tafazzin

TEAD4 1.39 2.05E-03 -1.35 9.47E-03 caudal type homeobox 2

KRT4 1.36 4.16E-02 1.07 6.70E-01 cellular communication network factor 4

HSP90AA1 1.33 1.64E-03 1.13 1.68E-01 cyclin dependent kinase inhibitor 1A

HSP90AB4P 1.32 1.92E-01 1.03 9.01E-01 Kruppel like factor 6

KREMEN1 1.30 7.90E-03 -1.31 1.42E-02 SLC9A3 regulator 1

HDC 1.27 9.07E-02 -1.07 6.72E-01 Kruppel like factor 5

PPP2R5D 1.24 5.96E-03 -1.46 1.50E-04 FRAT regulator of WNT signaling pathway 1

MYC 1.24 1.95E-02 1.45 1.02E-03 Wnt family member 16

TGFB1 1.24 2.64E-02 -2.01 1.98E-06 cytochrome P450 family 1 subfamily A member 1

HSP90B1 1.20 1.53E-05 1.03 3.58E-01 bone morphogenetic protein 4

HSP90AB1 1.19 9.32E-04 1.10 7.10E-02 ephrin B3

FZD1 1.16 1.69E-01 1.02 8.75E-01 Yes associated protein 1

CDKN1C 1.13 3.69E-01 -1.54 9.41E-03 Sp1 transcription factor

CEBPB 1.13 2.58E-01 -1.59 7.95E-04 catenin beta 1

TAZ 1.11 3.17E-01 -1.10 4.17E-01 LDL receptor related protein 5

ATG7 1.10 2.86E-01 1.15 1.59E-01 carbonic anhydrase 1

IL10 1.10 4.55E-01 -1.13 3.72E-01 alkaline phosphatase, intestinal

CLMP 1.08 5.28E-01 -1.29 8.27E-02 ras homolog family member U

ESR1 1.08 4.91E-01 1.07 6.05E-01 peroxisome proliferator activated receptor gamma

CDKN1B 1.06 2.61E-01 -1.16 2.06E-02 ephrin B1

GHRL 1.05 6.17E-01 -1.09 4.92E-01 cyclin D1

APOE 1.05 6.48E-01 1.11 4.06E-01 GATA binding protein 4

SLURP1 1.05 7.46E-01 -1.30 9.97E-02 Kruppel like factor 4

CDX2 1.04 6.20E-01 -1.53 4.09E-04 ephrin B2

PDGFRB 1.04 7.77E-01 2.25 6.00E-05 platelet derived growth factor receptor beta

CCN4 1.03 8.10E-01 -1.55 6.75E-03 cellular communication network factor 4

LDLR 1.03 6.62E-01 1.02 7.97E-01 low density lipoprotein receptor

CDKN1A 1.02 8.25E-01 -1.58 5.18E-04 cyclin dependent kinase inhibitor 1A

KRT13 1.01 9.61E-01 1.08 6.74E-01 keratin 13

LAMA1 1.01 9.53E-01 -1.48 7.57E-03 laminin subunit alpha 1

HSPA8 -1.01 7.94E-01 1.01 7.10E-01 heat shock protein family A (Hsp70) member 8

KLF6 -1.01 9.42E-01 -1.61 3.08E-03 Kruppel like factor 6

HSP90AB2P -1.02 9.49E-01 -1.17 5.72E-01
heat shock protein 90 alpha family class B member 2, 
pseudogene

SLC9A3R1 -1.02 7.07E-01 -1.27 2.45E-03 SLC9A3 regulator 1

CLDN5 -1.02 8.53E-01 -1.05 7.44E-01 claudin 5

MAP1LC3A -1.02 8.62E-01 -2.05 2.27E-04 microtubule associated protein 1 light chain 3 alpha

KLF5 -1.04 3.62E-01 -1.05 2.95E-01 Kruppel like factor 5

FRAT1 -1.04 7.45E-01 1.43 1.88E-02 FRAT regulator of WNT signaling pathway 1

PAX6 -1.05 7.11E-01 -1.13 3.76E-01 paired box 6

WNT16 -1.07 6.46E-01 -1.08 6.31E-01 Wnt family member 16

CYP1A1 -1.08 5.88E-01 -1.96 4.64E-04 cytochrome P450 family 1 subfamily A member 1

BMP4 -1.08 1.71E-01 -2.97 1.83E-12 bone morphogenetic protein 4

ELK3 -1.08 4.69E-01 -1.01 9.66E-01 ETS transcription factor ELK3

EFNB3 -1.09 5.59E-01 1.09 6.10E-01 ephrin B3

MFN2 -1.09 1.70E-01 -1.33 9.33E-04 mitofusin 2

HSP90AB3P -1.10 5.10E-01 1.12 4.68E-01
heat shock protein 90 alpha family class B member 3, 
pseudogene

YAP1 -1.10 8.21E-02 -1.11 9.56E-02 Yes associated protein 1

SP1 -1.13 1.87E-02 -1.04 4.50E-01 Sp1 transcription factor

CDH1 -1.14 1.17E-02 -1.02 6.70E-01 cadherin 1

TJP1 -1.14 1.51E-01 -1.06 5.38E-01 tight junction protein 1

CTNNB1 -1.15 5.58E-03 -1.04 4.62E-01 catenin beta 1

TIMP1 -1.15 9.21E-02 -1.17 9.57E-02 TIMP metallopeptidase inhibitor 1

IL6 -1.16 2.90E-01 1.04 8.13E-01 interleukin 6

DLK2 -1.17 1.71E-01 -1.12 3.64E-01 delta like non-canonical Notch ligand 2

OCLN -1.17 2.69E-02 -1.09 2.32E-01 occludin

TAGLN -1.17 3.55E-01 -2.02 2.01E-03 transgelin

ALPL -1.19 1.28E-01 -1.02 8.70E-01 alkaline phosphatase, biomineralization associated

MYOCD -1.22 9.55E-02 1.07 5.81E-01 myocardin

TRH -1.23 1.73E-01 -1.08 6.51E-01 thyrotropin releasing hormone

LRP5 -1.24 2.63E-04 -1.14 2.65E-02 LDL receptor related protein 5

KRT19 -1.25 2.40E-05 -1.75 3.27E-10 keratin 19

DMP1 -1.25 6.18E-02 1.06 6.20E-01 dentin matrix acidic phosphoprotein 1

LAMA3 -1.25 9.50E-03 -3.36 1.02E-10 laminin subunit alpha 3

CA1 -1.30 4.39E-02 -1.08 5.92E-01 carbonic anhydrase 1

ALPI -1.32 6.67E-02 -2.59 1.56E-05 alkaline phosphatase, intestinal

TIMP2 -1.33 7.29E-04 -1.56 2.59E-05 TIMP metallopeptidase inhibitor 2

ONECUT1 -1.35 2.52E-02 -1.01 9.20E-01 one cut homeobox 1
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PFKP -1.36 2.67E-04 -4.19 7.97E-13 phosphofructokinase, platelet

SLC39A4 -1.36 1.78E-03 -2.20 2.08E-07 solute carrier family 39 member 4

RHOU -1.36 3.78E-04 -2.33 5.52E-09 ras homolog family member U

CYP11A1 -1.40 2.78E-02 1.31 1.08E-01 cytochrome P450 family 11 subfamily A member 1

PPARG -1.42 7.58E-05 -1.91 1.73E-07 peroxisome proliferator activated receptor gamma

EFNB1 -1.43 1.15E-02 1.17 2.81E-01 ephrin B1

SLC46A1 -1.47 4.51E-05 -1.79 1.46E-06 solute carrier family 46 member 1

CCND1 -1.51 1.04E-07 -1.21 2.06E-03 cyclin D1

GATA4 -1.56 5.18E-03 1.86 1.07E-03 GATA binding protein 4

CCND2 -1.85 2.20E-04 2.25 4.54E-05 cyclin D2

KLF4 -1.86 3.92E-07 -2.04 3.24E-07 Kruppel like factor 4

EFNB2 -2.11 2.07E-07 -2.39 1.31E-07 ephrin B2

GPA33 -3.43 5.90E-13 -6.73 3.78E-15 glycoprotein A33

Ion transport

 HT29MTXE12 Caco-2

SYMBOL FC p-value FC p-value Gene name

ATP1A1 5.03 5.48E-11 2.34 1.10E-06 ATPase Na+/K+ transporting subunit alpha 1

ATP1A2 1.68 2.88E-09 1.78 3.87E-09 ATPase Na+/K+ transporting subunit alpha 2

ATP1A3 1.51 1.04E-01 1.23 4.59E-01 ATPase Na+/K+ transporting subunit alpha 3

ATP1A4 1.50 6.86E-06 -2.13 8.05E-09 ATPase Na+/K+ transporting subunit alpha 4

ATP1B1 1.46 1.07E-05 1.49 2.62E-05 ATPase Na+/K+ transporting subunit beta 1

ATP1B2 1.45 3.69E-04 -4.98 5.63E-12 ATPase Na+/K+ transporting subunit beta 2

ATP1B3 1.44 1.48E-02 1.16 3.51E-01 ATPase Na+/K+ transporting subunit beta 3

ATP1B4 1.31 4.40E-05 1.76 1.37E-08 ATPase Na+/K+ transporting family member beta 4

ATP2B1 1.30 6.82E-02 1.67 3.82E-03 ATPase plasma membrane Ca2+ transporting 1

ATP2B2 1.27 9.89E-05 -1.07 2.17E-01 ATPase plasma membrane Ca2+ transporting 2

ATP2B3 1.23 1.11E-01 -1.26 1.25E-01 ATPase plasma membrane Ca2+ transporting 3

ATP2B4 1.21 5.16E-01 -1.19 5.92E-01 ATPase plasma membrane Ca2+ transporting 4

CA1 1.16 2.01E-03 -1.54 5.39E-08 carbonic anhydrase 1

CA2 1.16 2.66E-02 1.29 2.15E-03 carbonic anhydrase 2

CFTR 1.13 5.94E-01 -1.47 1.39E-01 CF transmembrane conductance regulator

CLCN2 1.13 4.67E-01 -1.15 4.52E-01 chloride voltage-gated channel 2

CYBRD1 1.11 4.72E-02 -1.03 6.22E-01 cytochrome b reductase 1

HEPH 1.11 3.80E-02 -1.01 8.85E-01 hephaestin

KCNE3 1.10 4.57E-01 -1.44 1.66E-02
potassium voltage-gated channel subfamily E regulatory subunit 
3

MAPK1 1.06 2.60E-01 1.11 6.59E-02 mitogen-activated protein kinase 1

MAPK3 1.02 9.25E-01 1.32 1.77E-01 mitogen-activated protein kinase 3

MKI67 -1.00 9.90E-01 -1.15 2.44E-01 marker of proliferation Ki-67

NFKB1 -1.01 9.24E-01 -1.62 6.07E-06 nuclear factor kappa B subunit 1

PLCG1 -1.07 3.50E-01 -1.31 4.87E-03 phospholipase C gamma 1

PRKCA -1.08 4.43E-01 3.14 2.41E-08 protein kinase C alpha

SLC11A2 -1.10 4.96E-01 1.21 2.31E-01 solute carrier family 11 member 2

SLC12A2 -1.10 1.85E-01 -1.42 3.22E-04 solute carrier family 12 member 2

SLC26A3 -1.10 4.03E-01 -1.38 2.20E-02 solute carrier family 26 member 3

SLC26A6 -1.13 3.47E-01 -1.30 8.98E-02 solute carrier family 26 member 6

SLC26A9 -1.13 2.86E-01 1.14 3.10E-01 solute carrier family 26 member 9

SLC30A1 -1.16 3.51E-01 -1.43 5.75E-02 solute carrier family 30 member 1

SLC31A1 -1.18 1.41E-01 -2.81 1.33E-07 solute carrier family 31 member 1

SLC34A1 -1.20 1.75E-01 1.07 6.55E-01 solute carrier family 34 member 1

SLC34A2 -1.20 7.93E-03 -1.23 9.38E-03 solute carrier family 34 member 2

SLC34A3 -1.21 1.04E-01 1.06 6.76E-01 solute carrier family 34 member 3

SLC39A4 -1.22 3.74E-01 1.28 3.15E-01 solute carrier family 39 member 4

SLC40A1 -1.22 9.88E-02 1.04 7.70E-01 solute carrier family 40 member 1

SLC46A1 -1.22 2.44E-01 1.06 7.74E-01 solute carrier family 46 member 1

SLC4A2 -1.25 2.96E-02 -3.18 4.62E-09 solute carrier family 4 member 2

SLC4A4 -1.27 1.08E-02 -1.18 1.04E-01 solute carrier family 4 member 4

SLC5A1 -1.30 4.39E-02 -1.08 5.92E-01 solute carrier family 5 member 1

SLC6A19 -1.31 2.30E-02 1.02 8.62E-01 solute carrier family 6 member 19

SLC8A1 -1.33 1.70E-08 -2.76 2.61E-16 solute carrier family 8 member A1

SLC8A2 -1.36 1.78E-03 -2.20 2.08E-07 solute carrier family 8 member A2

SLC8A3 -1.37 6.82E-05 2.05 8.35E-09 solute carrier family 8 member A3

SLC9A1 -1.38 3.41E-03 -1.12 3.05E-01 solute carrier family 9 member A1

SLC9A3 -1.42 2.53E-06 -2.24 9.02E-11 solute carrier family 9 member A3

STEAP1 -1.43 1.08E-04 -3.01 2.31E-10 STEAP family member 1

STEAP2 -1.43 2.54E-07 -1.63 1.97E-08 STEAP2 metalloreductase

TF -1.47 4.51E-05 -1.79 1.46E-06 transferrin

TNF -1.48 4.37E-03 1.12 4.02E-01 tumor necrosis factor

TRPM6 -1.59 1.88E-06 -1.34 1.10E-03
transient receptor potential cation channel subfamily M member 
6

TRPM7 -1.95 2.42E-07 -2.03 5.95E-07
transient receptor potential cation channel subfamily M member 
7

TRPV6 -2.31 1.97E-11 -1.53 2.21E-06 transient receptor potential cation channel subfamily V member 6
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PFKP -1.36 2.67E-04 -4.19 7.97E-13 phosphofructokinase, platelet

SLC39A4 -1.36 1.78E-03 -2.20 2.08E-07 solute carrier family 39 member 4

RHOU -1.36 3.78E-04 -2.33 5.52E-09 ras homolog family member U

CYP11A1 -1.40 2.78E-02 1.31 1.08E-01 cytochrome P450 family 11 subfamily A member 1

PPARG -1.42 7.58E-05 -1.91 1.73E-07 peroxisome proliferator activated receptor gamma

EFNB1 -1.43 1.15E-02 1.17 2.81E-01 ephrin B1

SLC46A1 -1.47 4.51E-05 -1.79 1.46E-06 solute carrier family 46 member 1

CCND1 -1.51 1.04E-07 -1.21 2.06E-03 cyclin D1

GATA4 -1.56 5.18E-03 1.86 1.07E-03 GATA binding protein 4

CCND2 -1.85 2.20E-04 2.25 4.54E-05 cyclin D2

KLF4 -1.86 3.92E-07 -2.04 3.24E-07 Kruppel like factor 4

EFNB2 -2.11 2.07E-07 -2.39 1.31E-07 ephrin B2

GPA33 -3.43 5.90E-13 -6.73 3.78E-15 glycoprotein A33

Ion transport

 HT29MTXE12 Caco-2

SYMBOL FC p-value FC p-value Gene name

ATP1A1 5.03 5.48E-11 2.34 1.10E-06 ATPase Na+/K+ transporting subunit alpha 1

ATP1A2 1.68 2.88E-09 1.78 3.87E-09 ATPase Na+/K+ transporting subunit alpha 2

ATP1A3 1.51 1.04E-01 1.23 4.59E-01 ATPase Na+/K+ transporting subunit alpha 3

ATP1A4 1.50 6.86E-06 -2.13 8.05E-09 ATPase Na+/K+ transporting subunit alpha 4

ATP1B1 1.46 1.07E-05 1.49 2.62E-05 ATPase Na+/K+ transporting subunit beta 1

ATP1B2 1.45 3.69E-04 -4.98 5.63E-12 ATPase Na+/K+ transporting subunit beta 2

ATP1B3 1.44 1.48E-02 1.16 3.51E-01 ATPase Na+/K+ transporting subunit beta 3

ATP1B4 1.31 4.40E-05 1.76 1.37E-08 ATPase Na+/K+ transporting family member beta 4

ATP2B1 1.30 6.82E-02 1.67 3.82E-03 ATPase plasma membrane Ca2+ transporting 1

ATP2B2 1.27 9.89E-05 -1.07 2.17E-01 ATPase plasma membrane Ca2+ transporting 2

ATP2B3 1.23 1.11E-01 -1.26 1.25E-01 ATPase plasma membrane Ca2+ transporting 3

ATP2B4 1.21 5.16E-01 -1.19 5.92E-01 ATPase plasma membrane Ca2+ transporting 4

CA1 1.16 2.01E-03 -1.54 5.39E-08 carbonic anhydrase 1

CA2 1.16 2.66E-02 1.29 2.15E-03 carbonic anhydrase 2

CFTR 1.13 5.94E-01 -1.47 1.39E-01 CF transmembrane conductance regulator

CLCN2 1.13 4.67E-01 -1.15 4.52E-01 chloride voltage-gated channel 2

CYBRD1 1.11 4.72E-02 -1.03 6.22E-01 cytochrome b reductase 1

HEPH 1.11 3.80E-02 -1.01 8.85E-01 hephaestin

KCNE3 1.10 4.57E-01 -1.44 1.66E-02
potassium voltage-gated channel subfamily E regulatory subunit 
3

MAPK1 1.06 2.60E-01 1.11 6.59E-02 mitogen-activated protein kinase 1

MAPK3 1.02 9.25E-01 1.32 1.77E-01 mitogen-activated protein kinase 3

MKI67 -1.00 9.90E-01 -1.15 2.44E-01 marker of proliferation Ki-67

NFKB1 -1.01 9.24E-01 -1.62 6.07E-06 nuclear factor kappa B subunit 1

PLCG1 -1.07 3.50E-01 -1.31 4.87E-03 phospholipase C gamma 1

PRKCA -1.08 4.43E-01 3.14 2.41E-08 protein kinase C alpha

SLC11A2 -1.10 4.96E-01 1.21 2.31E-01 solute carrier family 11 member 2

SLC12A2 -1.10 1.85E-01 -1.42 3.22E-04 solute carrier family 12 member 2

SLC26A3 -1.10 4.03E-01 -1.38 2.20E-02 solute carrier family 26 member 3

SLC26A6 -1.13 3.47E-01 -1.30 8.98E-02 solute carrier family 26 member 6

SLC26A9 -1.13 2.86E-01 1.14 3.10E-01 solute carrier family 26 member 9

SLC30A1 -1.16 3.51E-01 -1.43 5.75E-02 solute carrier family 30 member 1

SLC31A1 -1.18 1.41E-01 -2.81 1.33E-07 solute carrier family 31 member 1

SLC34A1 -1.20 1.75E-01 1.07 6.55E-01 solute carrier family 34 member 1

SLC34A2 -1.20 7.93E-03 -1.23 9.38E-03 solute carrier family 34 member 2

SLC34A3 -1.21 1.04E-01 1.06 6.76E-01 solute carrier family 34 member 3

SLC39A4 -1.22 3.74E-01 1.28 3.15E-01 solute carrier family 39 member 4

SLC40A1 -1.22 9.88E-02 1.04 7.70E-01 solute carrier family 40 member 1

SLC46A1 -1.22 2.44E-01 1.06 7.74E-01 solute carrier family 46 member 1

SLC4A2 -1.25 2.96E-02 -3.18 4.62E-09 solute carrier family 4 member 2

SLC4A4 -1.27 1.08E-02 -1.18 1.04E-01 solute carrier family 4 member 4

SLC5A1 -1.30 4.39E-02 -1.08 5.92E-01 solute carrier family 5 member 1

SLC6A19 -1.31 2.30E-02 1.02 8.62E-01 solute carrier family 6 member 19

SLC8A1 -1.33 1.70E-08 -2.76 2.61E-16 solute carrier family 8 member A1

SLC8A2 -1.36 1.78E-03 -2.20 2.08E-07 solute carrier family 8 member A2

SLC8A3 -1.37 6.82E-05 2.05 8.35E-09 solute carrier family 8 member A3

SLC9A1 -1.38 3.41E-03 -1.12 3.05E-01 solute carrier family 9 member A1

SLC9A3 -1.42 2.53E-06 -2.24 9.02E-11 solute carrier family 9 member A3

STEAP1 -1.43 1.08E-04 -3.01 2.31E-10 STEAP family member 1

STEAP2 -1.43 2.54E-07 -1.63 1.97E-08 STEAP2 metalloreductase

TF -1.47 4.51E-05 -1.79 1.46E-06 transferrin

TNF -1.48 4.37E-03 1.12 4.02E-01 tumor necrosis factor

TRPM6 -1.59 1.88E-06 -1.34 1.10E-03
transient receptor potential cation channel subfamily M member 
6

TRPM7 -1.95 2.42E-07 -2.03 5.95E-07
transient receptor potential cation channel subfamily M member 
7

TRPV6 -2.31 1.97E-11 -1.53 2.21E-06 transient receptor potential cation channel subfamily V member 6
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Supplementary file 2 Up- and downregulated pathways between SWMS and static conditions in HT29-
MTX-E12 and Caco-2 cells, obtained by Gene Set Enrichment Analysis (GSEA). NES = Normalized 
Enrichment Score; FDR = False Discovery Rate.  

HT29-MTX-E12 CELLS: UPREGULATED PATHWAYS

NAME NES FDR q-val

HSA04110.CELL.CYCLE.KEGG 2.86 0.00

HSA03460.FANCONI.ANEMIA.PATHWAY.KEGG 2.64 0.00

HSA03030.DNA.REPLICATION.KEGG 2.60 0.00

HSA05322.SYSTEMIC.LUPUS.ERYTHEMATOSUS.KEGG 2.54 0.00

HSA03440.HOMOLOGOUS.RECOMBINATION.KEGG 2.51 0.00

HSA04114.OOCYTE.MEIOSIS.KEGG 2.33 0.00

HSA03420.NUCLEOTIDE.EXCISION.REPAIR.KEGG 2.31 0.00

HSA03430.MISMATCH.REPAIR.KEGG 2.31 0.00

HSA00100.STEROID.BIOSYNTHESIS.KEGG 2.31 0.00

HSA04914.PROGESTERONE.MEDIATED.OOCYTE.MATURATION.KEGG 2.27 0.00

HSA05034.ALCOHOLISM.KEGG 2.25 0.00

HSA03013.RNA.TRANSPORT.KEGG 2.20 0.00

HSA03010.RIBOSOME.KEGG 2.18 0.00

HSA00480.GLUTATHIONE.METABOLISM.KEGG 2.18 0.00

HSA04115.P53.SIGNALING.PATHWAY.KEGG 2.15 1.71E-05

HSA03410.BASE.EXCISION.REPAIR.KEGG 2.08 6.39E-05

HSA00650.BUTANOATE.METABOLISM.KEGG 2.08 6.02E-05

HSA01524.PLATINUM.DRUG.RESISTANCE.KEGG 2.04 1.48E-04

HSA00280.VALINE..LEUCINE.AND.ISOLEUCINE.DEGRADATION.KEGG 2.03 1.60E-04

HSA03050.PROTEASOME.KEGG 2.03 1.52E-04

HSA04218.CELLULAR.SENESCENCE.KEGG 2.02 1.99E-04

HSA00071.FATTY.ACID.DEGRADATION.KEGG 2.02 1.98E-04

HSA00900.TERPENOID.BACKBONE.BIOSYNTHESIS.KEGG 2.02 2.12E-04

HSA01212.FATTY.ACID.METABOLISM.KEGG 1.99 3.82E-04

HSA00020.CITRATE.CYCLE..TCA.CYCLE..KEGG 1.94 7.12E-04

HSA00350.TYROSINE.METABOLISM.KEGG 1.93 8.28E-04

HSA00620.PYRUVATE.METABOLISM.KEGG 1.91 1.14E-03

HSA00640.PROPANOATE.METABOLISM.KEGG 1.88 1.55E-03

HSA00630.GLYOXYLATE.AND.DICARBOXYLATE.METABOLISM.KEGG 1.88 1.55E-03

HSA00380.TRYPTOPHAN.METABOLISM.KEGG 1.88 1.58E-03

HSA00270.CYSTEINE.AND.METHIONINE.METABOLISM.KEGG 1.88 1.55E-03

HSA05203.VIRAL.CARCINOGENESIS.KEGG 1.86 1.91E-03

HSA01200.CARBON.METABOLISM.KEGG 1.85 2.18E-03

HSA00061.FATTY.ACID.BIOSYNTHESIS.KEGG 1.79 4.91E-03

HSA03022.BASAL.TRANSCRIPTION.FACTORS.KEGG 1.78 4.96E-03

HSA00670.ONE.CARBON.POOL.BY.FOLATE.KEGG 1.75 7.43E-03

HSA03040.SPLICEOSOME.KEGG 1.74 8.28E-03

HSA00250.ALANINE..ASPARTATE.AND.GLUTAMATE.METABOLISM.KEGG 1.73 8.70E-03

HSA00310.LYSINE.DEGRADATION.KEGG 1.73 8.66E-03

HSA03018.RNA.DEGRADATION.KEGG 1.72 9.18E-03

HSA01210.2.OXOCARBOXYLIC.ACID.METABOLISM.KEGG 1.71 9.65E-03

HSA01523.ANTIFOLATE.RESISTANCE.KEGG 1.71 1.02E-02

HSA03008.RIBOSOME.BIOGENESIS.IN.EUKARYOTES.KEGG 1.70 1.05E-02

HSA00983.DRUG.METABOLISM...OTHER.ENZYMES.KEGG 1.70 1.08E-02

HSA00360.PHENYLALANINE.METABOLISM.KEGG 1.69 1.15E-02

HSA05166.HUMAN.T.CELL.LEUKEMIA.VIRUS.1.INFECTION.KEGG 1.65 1.61E-02

HSA00240.PYRIMIDINE.METABOLISM.KEGG 1.65 1.58E-02

HSA00062.FATTY.ACID.ELONGATION.KEGG 1.64 1.81E-02

HSA01040.BIOSYNTHESIS.OF.UNSATURATED.FATTY.ACIDS.KEGG 1.63 1.93E-02

HSA00230.PURINE.METABOLISM.KEGG 1.62 2.03E-02

HSA03320.PPAR.SIGNALING.PATHWAY.KEGG 1.61 2.29E-02

HSA01230.BIOSYNTHESIS.OF.AMINO.ACIDS.KEGG 1.59 2.71E-02

HSA03015.MRNA.SURVEILLANCE.PATHWAY.KEGG 1.59 2.70E-02

HSA00220.ARGININE.BIOSYNTHESIS.KEGG 1.57 2.91E-02

HSA04217.NECROPTOSIS.KEGG 1.57 2.92E-02

HSA00030.PENTOSE.PHOSPHATE.PATHWAY.KEGG 1.55 3.48E-02

HSA00053.ASCORBATE.AND.ALDARATE.METABOLISM.KEGG 1.55 3.45E-02

HSA00450.SELENOCOMPOUND.METABOLISM.KEGG 1.54 3.80E-02

HSA04068.FOXO.SIGNALING.PATHWAY.KEGG 1.52 4.21E-02

HSA04146.PEROXISOME.KEGG 1.51 4.78E-02

HSA00330.ARGININE.AND.PROLINE.METABOLISM.KEGG 1.47 6.05E-02

HSA05169.EPSTEIN.BARR.VIRUS.INFECTION.KEGG 1.45 7.27E-02

HSA04714.THERMOGENESIS.KEGG 1.43 8.27E-02

HSA05202.TRANSCRIPTIONAL.MISREGULATION.IN.CANCER.KEGG 1.40 1.00E-01

HSA05016.HUNTINGTON.DISEASE.KEGG 1.40 1.03E-01

HSA05206.MICRORNAS.IN.CANCER.KEGG 1.39 1.07E-01

HSA00260.GLYCINE..SERINE.AND.THREONINE.METABOLISM.KEGG 1.39 1.06E-01

HSA04210.APOPTOSIS.KEGG 1.37 1.21E-01

HSA00982.DRUG.METABOLISM...CYTOCHROME.P450.KEGG 1.35 1.34E-01

HSA05170.HUMAN.IMMUNODEFICIENCY.VIRUS.1.INFECTION.KEGG 1.35 1.33E-01

HSA00790.FOLATE.BIOSYNTHESIS.KEGG 1.35 1.34E-01

HSA04120.UBIQUITIN.MEDIATED.PROTEOLYSIS.KEGG 1.34 1.37E-01

HSA02010.ABC.TRANSPORTERS.KEGG 1.33 1.40E-01

HSA04216.FERROPTOSIS.KEGG 1.33 1.47E-01

HSA05222.SMALL.CELL.LUNG.CANCER.KEGG 1.31 1.59E-01

HSA00970.AMINOACYL.TRNA.BIOSYNTHESIS.KEGG 1.31 1.60E-01

HSA05204.CHEMICAL.CARCINOGENESIS.KEGG 1.30 1.64E-01

HSA05210.COLORECTAL.CANCER.KEGG 1.28 1.84E-01

HSA05161.HEPATITIS.B.KEGG 1.27 1.92E-01

HSA04152.AMPK.SIGNALING.PATHWAY.KEGG 1.27 1.98E-01

HSA00980.METABOLISM.OF.XENOBIOTICS.BY.CYTOCHROME.P450.KEGG 1.26 2.04E-01

HSA00561.GLYCEROLIPID.METABOLISM.KEGG 1.25 2.14E-01

HSA05220.CHRONIC.MYELOID.LEUKEMIA.KEGG 1.25 2.15E-01
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Supplementary file 2 Up- and downregulated pathways between SWMS and static conditions in HT29-
MTX-E12 and Caco-2 cells, obtained by Gene Set Enrichment Analysis (GSEA). NES = Normalized 
Enrichment Score; FDR = False Discovery Rate.  

HT29-MTX-E12 CELLS: UPREGULATED PATHWAYS

NAME NES FDR q-val

HSA04110.CELL.CYCLE.KEGG 2.86 0.00

HSA03460.FANCONI.ANEMIA.PATHWAY.KEGG 2.64 0.00

HSA03030.DNA.REPLICATION.KEGG 2.60 0.00

HSA05322.SYSTEMIC.LUPUS.ERYTHEMATOSUS.KEGG 2.54 0.00

HSA03440.HOMOLOGOUS.RECOMBINATION.KEGG 2.51 0.00

HSA04114.OOCYTE.MEIOSIS.KEGG 2.33 0.00

HSA03420.NUCLEOTIDE.EXCISION.REPAIR.KEGG 2.31 0.00

HSA03430.MISMATCH.REPAIR.KEGG 2.31 0.00

HSA00100.STEROID.BIOSYNTHESIS.KEGG 2.31 0.00

HSA04914.PROGESTERONE.MEDIATED.OOCYTE.MATURATION.KEGG 2.27 0.00

HSA05034.ALCOHOLISM.KEGG 2.25 0.00

HSA03013.RNA.TRANSPORT.KEGG 2.20 0.00

HSA03010.RIBOSOME.KEGG 2.18 0.00

HSA00480.GLUTATHIONE.METABOLISM.KEGG 2.18 0.00

HSA04115.P53.SIGNALING.PATHWAY.KEGG 2.15 1.71E-05

HSA03410.BASE.EXCISION.REPAIR.KEGG 2.08 6.39E-05

HSA00650.BUTANOATE.METABOLISM.KEGG 2.08 6.02E-05

HSA01524.PLATINUM.DRUG.RESISTANCE.KEGG 2.04 1.48E-04

HSA00280.VALINE..LEUCINE.AND.ISOLEUCINE.DEGRADATION.KEGG 2.03 1.60E-04

HSA03050.PROTEASOME.KEGG 2.03 1.52E-04

HSA04218.CELLULAR.SENESCENCE.KEGG 2.02 1.99E-04

HSA00071.FATTY.ACID.DEGRADATION.KEGG 2.02 1.98E-04

HSA00900.TERPENOID.BACKBONE.BIOSYNTHESIS.KEGG 2.02 2.12E-04

HSA01212.FATTY.ACID.METABOLISM.KEGG 1.99 3.82E-04

HSA00020.CITRATE.CYCLE..TCA.CYCLE..KEGG 1.94 7.12E-04

HSA00350.TYROSINE.METABOLISM.KEGG 1.93 8.28E-04

HSA00620.PYRUVATE.METABOLISM.KEGG 1.91 1.14E-03

HSA00640.PROPANOATE.METABOLISM.KEGG 1.88 1.55E-03

HSA00630.GLYOXYLATE.AND.DICARBOXYLATE.METABOLISM.KEGG 1.88 1.55E-03

HSA00380.TRYPTOPHAN.METABOLISM.KEGG 1.88 1.58E-03

HSA00270.CYSTEINE.AND.METHIONINE.METABOLISM.KEGG 1.88 1.55E-03

HSA05203.VIRAL.CARCINOGENESIS.KEGG 1.86 1.91E-03

HSA01200.CARBON.METABOLISM.KEGG 1.85 2.18E-03

HSA00061.FATTY.ACID.BIOSYNTHESIS.KEGG 1.79 4.91E-03

HSA03022.BASAL.TRANSCRIPTION.FACTORS.KEGG 1.78 4.96E-03

HSA00670.ONE.CARBON.POOL.BY.FOLATE.KEGG 1.75 7.43E-03

HSA03040.SPLICEOSOME.KEGG 1.74 8.28E-03

HSA00250.ALANINE..ASPARTATE.AND.GLUTAMATE.METABOLISM.KEGG 1.73 8.70E-03

HSA00310.LYSINE.DEGRADATION.KEGG 1.73 8.66E-03

HSA03018.RNA.DEGRADATION.KEGG 1.72 9.18E-03

HSA01210.2.OXOCARBOXYLIC.ACID.METABOLISM.KEGG 1.71 9.65E-03

HSA01523.ANTIFOLATE.RESISTANCE.KEGG 1.71 1.02E-02

HSA03008.RIBOSOME.BIOGENESIS.IN.EUKARYOTES.KEGG 1.70 1.05E-02

HSA00983.DRUG.METABOLISM...OTHER.ENZYMES.KEGG 1.70 1.08E-02

HSA00360.PHENYLALANINE.METABOLISM.KEGG 1.69 1.15E-02

HSA05166.HUMAN.T.CELL.LEUKEMIA.VIRUS.1.INFECTION.KEGG 1.65 1.61E-02

HSA00240.PYRIMIDINE.METABOLISM.KEGG 1.65 1.58E-02

HSA00062.FATTY.ACID.ELONGATION.KEGG 1.64 1.81E-02

HSA01040.BIOSYNTHESIS.OF.UNSATURATED.FATTY.ACIDS.KEGG 1.63 1.93E-02

HSA00230.PURINE.METABOLISM.KEGG 1.62 2.03E-02

HSA03320.PPAR.SIGNALING.PATHWAY.KEGG 1.61 2.29E-02

HSA01230.BIOSYNTHESIS.OF.AMINO.ACIDS.KEGG 1.59 2.71E-02

HSA03015.MRNA.SURVEILLANCE.PATHWAY.KEGG 1.59 2.70E-02

HSA00220.ARGININE.BIOSYNTHESIS.KEGG 1.57 2.91E-02

HSA04217.NECROPTOSIS.KEGG 1.57 2.92E-02

HSA00030.PENTOSE.PHOSPHATE.PATHWAY.KEGG 1.55 3.48E-02

HSA00053.ASCORBATE.AND.ALDARATE.METABOLISM.KEGG 1.55 3.45E-02

HSA00450.SELENOCOMPOUND.METABOLISM.KEGG 1.54 3.80E-02

HSA04068.FOXO.SIGNALING.PATHWAY.KEGG 1.52 4.21E-02

HSA04146.PEROXISOME.KEGG 1.51 4.78E-02

HSA00330.ARGININE.AND.PROLINE.METABOLISM.KEGG 1.47 6.05E-02

HSA05169.EPSTEIN.BARR.VIRUS.INFECTION.KEGG 1.45 7.27E-02

HSA04714.THERMOGENESIS.KEGG 1.43 8.27E-02

HSA05202.TRANSCRIPTIONAL.MISREGULATION.IN.CANCER.KEGG 1.40 1.00E-01

HSA05016.HUNTINGTON.DISEASE.KEGG 1.40 1.03E-01

HSA05206.MICRORNAS.IN.CANCER.KEGG 1.39 1.07E-01

HSA00260.GLYCINE..SERINE.AND.THREONINE.METABOLISM.KEGG 1.39 1.06E-01

HSA04210.APOPTOSIS.KEGG 1.37 1.21E-01

HSA00982.DRUG.METABOLISM...CYTOCHROME.P450.KEGG 1.35 1.34E-01

HSA05170.HUMAN.IMMUNODEFICIENCY.VIRUS.1.INFECTION.KEGG 1.35 1.33E-01

HSA00790.FOLATE.BIOSYNTHESIS.KEGG 1.35 1.34E-01

HSA04120.UBIQUITIN.MEDIATED.PROTEOLYSIS.KEGG 1.34 1.37E-01

HSA02010.ABC.TRANSPORTERS.KEGG 1.33 1.40E-01

HSA04216.FERROPTOSIS.KEGG 1.33 1.47E-01

HSA05222.SMALL.CELL.LUNG.CANCER.KEGG 1.31 1.59E-01

HSA00970.AMINOACYL.TRNA.BIOSYNTHESIS.KEGG 1.31 1.60E-01

HSA05204.CHEMICAL.CARCINOGENESIS.KEGG 1.30 1.64E-01

HSA05210.COLORECTAL.CANCER.KEGG 1.28 1.84E-01

HSA05161.HEPATITIS.B.KEGG 1.27 1.92E-01

HSA04152.AMPK.SIGNALING.PATHWAY.KEGG 1.27 1.98E-01

HSA00980.METABOLISM.OF.XENOBIOTICS.BY.CYTOCHROME.P450.KEGG 1.26 2.04E-01

HSA00561.GLYCEROLIPID.METABOLISM.KEGG 1.25 2.14E-01

HSA05220.CHRONIC.MYELOID.LEUKEMIA.KEGG 1.25 2.15E-01
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HSA00010.GLYCOLYSIS...GLUCONEOGENESIS.KEGG 1.23 2.28E-01

HSA04950.MATURITY.ONSET.DIABETES.OF.THE.YOUNG.KEGG 1.23 2.31E-01

HSA00040.PENTOSE.AND.GLUCURONATE.INTERCONVERSIONS.KEGG 1.20 2.71E-01

HSA05225.HEPATOCELLULAR.CARCINOMA.KEGG 1.16 3.35E-01

HSA03020.RNA.POLYMERASE.KEGG 1.16 3.34E-01

HSA05020.PRION.DISEASES.KEGG 1.15 3.33E-01

HSA04975.FAT.DIGESTION.AND.ABSORPTION.KEGG 1.15 3.31E-01

HSA05012.PARKINSON.DISEASE.KEGG 1.14 3.43E-01

HSA04215.APOPTOSIS...MULTIPLE.SPECIES.KEGG 1.12 3.81E-01

HSA05223.NON.SMALL.CELL.LUNG.CANCER.KEGG 1.11 3.95E-01

HSA05212.PANCREATIC.CANCER.KEGG 1.09 4.31E-01

HSA05340.PRIMARY.IMMUNODEFICIENCY.KEGG 1.08 4.54E-01

HSA05418.FLUID.SHEAR.STRESS.AND.ATHEROSCLEROSIS.KEGG 1.07 4.54E-01

HSA04540.GAP.JUNCTION.KEGG 1.06 4.79E-01

HSA05164.INFLUENZA.A.KEGG 1.05 4.93E-01

HSA04964.PROXIMAL.TUBULE.BICARBONATE.RECLAMATION.KEGG 1.05 4.96E-01

HSA04664.FC.EPSILON.RI.SIGNALING.PATHWAY.KEGG 1.03 5.30E-01

HSA05218.MELANOMA.KEGG 1.02 5.50E-01

HSA00340.HISTIDINE.METABOLISM.KEGG 1.01 5.64E-01

HSA00190.OXIDATIVE.PHOSPHORYLATION.KEGG 1.00 5.70E-01

HSA04973.CARBOHYDRATE.DIGESTION.AND.ABSORPTION.KEGG 1.00 5.80E-01

HSA04922.GLUCAGON.SIGNALING.PATHWAY.KEGG 0.99 5.91E-01

HSA04728.DOPAMINERGIC.SYNAPSE.KEGG 0.99 5.87E-01

HSA00830.RETINOL.METABOLISM.KEGG 0.98 5.99E-01

HSA05030.COCAINE.ADDICTION.KEGG 0.98 6.00E-01

HSA00565.ETHER.LIPID.METABOLISM.KEGG 0.96 6.33E-01

HSA00590.ARACHIDONIC.ACID.METABOLISM.KEGG 0.95 6.39E-01

HSA05014.AMYOTROPHIC.LATERAL.SCLEROSIS..ALS..KEGG 0.95 6.36E-01

HSA05214.GLIOMA.KEGG 0.95 6.35E-01

HSA05224.BREAST.CANCER.KEGG 0.94 6.43E-01

HSA05010.ALZHEIMER.DISEASE.KEGG 0.93 6.60E-01

HSA05031.AMPHETAMINE.ADDICTION.KEGG 0.89 7.45E-01

HSA04623.CYTOSOLIC.DNA.SENSING.PATHWAY.KEGG 0.89 7.41E-01

HSA04920.ADIPOCYTOKINE.SIGNALING.PATHWAY.KEGG 0.88 7.52E-01

HSA04929.GNRH.SECRETION.KEGG 0.86 7.92E-01

HSA04934.CUSHING.SYNDROME.KEGG 0.86 7.88E-01

HSA04614.RENIN.ANGIOTENSIN.SYSTEM.KEGG 0.84 8.17E-01

HSA00515.MANNOSE.TYPE.O.GLYCAN.BIOSYNTHESIS.KEGG 0.84 8.11E-01

HSA04660.T.CELL.RECEPTOR.SIGNALING.PATHWAY.KEGG 0.83 8.11E-01

HSA04350.TGF.BETA.SIGNALING.PATHWAY.KEGG 0.79 8.76E-01

HSA04932.NON.ALCOHOLIC.FATTY.LIVER.DISEASE..NAFLD..KEGG 0.78 8.94E-01

HSA05017.SPINOCEREBELLAR.ATAXIA.KEGG 0.78 8.88E-01

HSA00730.THIAMINE.METABOLISM.KEGG 0.77 8.87E-01

HSA04722.NEUROTROPHIN.SIGNALING.PATHWAY.KEGG 0.77 8.85E-01

HSA04724.GLUTAMATERGIC.SYNAPSE.KEGG 0.72 9.36E-01

HSA04640.HEMATOPOIETIC.CELL.LINEAGE.KEGG 0.71 9.37E-01

HSA04730.LONG.TERM.DEPRESSION.KEGG 0.65 9.69E-01

HT29-MTX-E12 CELLS: DOWNREGULATED PATHWAYS

NAME NES FDR q-val

HSA04142.LYSOSOME.KEGG -2.24 1.58E-04

HSA05416.VIRAL.MYOCARDITIS.KEGG -1.96 1.50E-02

HSA04510.FOCAL.ADHESION.KEGG -1.93 1.52E-02

HSA05205.PROTEOGLYCANS.IN.CANCER.KEGG -1.88 2.22E-02

HSA00511.OTHER.GLYCAN.DEGRADATION.KEGG -1.86 2.21E-02

HSA04928.PARATHYROID.HORMONE.SYNTHESIS..SECRETION.AND.ACTION.KEGG -1.85 2.22E-02

HSA04070.PHOSPHATIDYLINOSITOL.SIGNALING.SYSTEM.KEGG -1.84 1.95E-02

HSA04962.VASOPRESSIN.REGULATED.WATER.REABSORPTION.KEGG -1.84 1.71E-02

HSA04630.JAK.STAT.SIGNALING.PATHWAY.KEGG -1.84 1.52E-02

HSA05320.AUTOIMMUNE.THYROID.DISEASE.KEGG -1.84 1.43E-02

HSA04144.ENDOCYTOSIS.KEGG -1.84 1.32E-02

HSA04514.CELL.ADHESION.MOLECULES..CAMS..KEGG -1.82 1.52E-02

HSA04066.HIF.1.SIGNALING.PATHWAY.KEGG -1.79 2.07E-02

HSA04061.VIRAL.PROTEIN.INTERACTION.WITH.CYTOKINE.AND.CYTOKINE.RECEPTOR.KEGG -1.78 2.03E-02

HSA04915.ESTROGEN.SIGNALING.PATHWAY.KEGG -1.76 2.38E-02

HSA04141.PROTEIN.PROCESSING.IN.ENDOPLASMIC.RETICULUM.KEGG -1.75 2.54E-02

HSA05145.TOXOPLASMOSIS.KEGG -1.73 2.81E-02

HSA05321.INFLAMMATORY.BOWEL.DISEASE..IBD..KEGG -1.72 2.91E-02

HSA05211.RENAL.CELL.CARCINOMA.KEGG -1.71 2.98E-02

HSA01521.EGFR.TYROSINE.KINASE.INHIBITOR.RESISTANCE.KEGG -1.68 3.81E-02

HSA05330.ALLOGRAFT.REJECTION.KEGG -1.68 3.79E-02

HSA04130.SNARE.INTERACTIONS.IN.VESICULAR.TRANSPORT.KEGG -1.68 3.72E-02

HSA05146.AMOEBIASIS.KEGG -1.68 3.58E-02

HSA00562.INOSITOL.PHOSPHATE.METABOLISM.KEGG -1.66 3.86E-02

HSA05152.TUBERCULOSIS.KEGG -1.66 3.80E-02

HSA05140.LEISHMANIASIS.KEGG -1.65 3.97E-02

HSA04360.AXON.GUIDANCE.KEGG -1.65 3.85E-02

HSA04960.ALDOSTERONE.REGULATED.SODIUM.REABSORPTION.KEGG -1.62 5.19E-02

HSA05100.BACTERIAL.INVASION.OF.EPITHELIAL.CELLS.KEGG -1.61 5.20E-02

HSA04145.PHAGOSOME.KEGG -1.61 5.12E-02

HSA04650.NATURAL.KILLER.CELL.MEDIATED.CYTOTOXICITY.KEGG -1.61 5.08E-02

HSA05130.PATHOGENIC.ESCHERICHIA.COLI.INFECTION.KEGG -1.60 5.40E-02

HSA05163.HUMAN.CYTOMEGALOVIRUS.INFECTION.KEGG -1.59 5.69E-02

HSA05165.HUMAN.PAPILLOMAVIRUS.INFECTION.KEGG -1.58 5.78E-02

HSA04919.THYROID.HORMONE.SIGNALING.PATHWAY.KEGG -1.58 5.85E-02

HSA04371.APELIN.SIGNALING.PATHWAY.KEGG -1.58 5.71E-02

HSA04530.TIGHT.JUNCTION.KEGG -1.57 5.64E-02



Characterization of Semi-Wet interface with Mechanical Stimulation   |   219   

5

HSA00010.GLYCOLYSIS...GLUCONEOGENESIS.KEGG 1.23 2.28E-01

HSA04950.MATURITY.ONSET.DIABETES.OF.THE.YOUNG.KEGG 1.23 2.31E-01

HSA00040.PENTOSE.AND.GLUCURONATE.INTERCONVERSIONS.KEGG 1.20 2.71E-01

HSA05225.HEPATOCELLULAR.CARCINOMA.KEGG 1.16 3.35E-01

HSA03020.RNA.POLYMERASE.KEGG 1.16 3.34E-01

HSA05020.PRION.DISEASES.KEGG 1.15 3.33E-01

HSA04975.FAT.DIGESTION.AND.ABSORPTION.KEGG 1.15 3.31E-01

HSA05012.PARKINSON.DISEASE.KEGG 1.14 3.43E-01

HSA04215.APOPTOSIS...MULTIPLE.SPECIES.KEGG 1.12 3.81E-01

HSA05223.NON.SMALL.CELL.LUNG.CANCER.KEGG 1.11 3.95E-01

HSA05212.PANCREATIC.CANCER.KEGG 1.09 4.31E-01

HSA05340.PRIMARY.IMMUNODEFICIENCY.KEGG 1.08 4.54E-01

HSA05418.FLUID.SHEAR.STRESS.AND.ATHEROSCLEROSIS.KEGG 1.07 4.54E-01

HSA04540.GAP.JUNCTION.KEGG 1.06 4.79E-01

HSA05164.INFLUENZA.A.KEGG 1.05 4.93E-01

HSA04964.PROXIMAL.TUBULE.BICARBONATE.RECLAMATION.KEGG 1.05 4.96E-01

HSA04664.FC.EPSILON.RI.SIGNALING.PATHWAY.KEGG 1.03 5.30E-01

HSA05218.MELANOMA.KEGG 1.02 5.50E-01

HSA00340.HISTIDINE.METABOLISM.KEGG 1.01 5.64E-01

HSA00190.OXIDATIVE.PHOSPHORYLATION.KEGG 1.00 5.70E-01

HSA04973.CARBOHYDRATE.DIGESTION.AND.ABSORPTION.KEGG 1.00 5.80E-01

HSA04922.GLUCAGON.SIGNALING.PATHWAY.KEGG 0.99 5.91E-01

HSA04728.DOPAMINERGIC.SYNAPSE.KEGG 0.99 5.87E-01

HSA00830.RETINOL.METABOLISM.KEGG 0.98 5.99E-01

HSA05030.COCAINE.ADDICTION.KEGG 0.98 6.00E-01

HSA00565.ETHER.LIPID.METABOLISM.KEGG 0.96 6.33E-01

HSA00590.ARACHIDONIC.ACID.METABOLISM.KEGG 0.95 6.39E-01

HSA05014.AMYOTROPHIC.LATERAL.SCLEROSIS..ALS..KEGG 0.95 6.36E-01

HSA05214.GLIOMA.KEGG 0.95 6.35E-01

HSA05224.BREAST.CANCER.KEGG 0.94 6.43E-01

HSA05010.ALZHEIMER.DISEASE.KEGG 0.93 6.60E-01

HSA05031.AMPHETAMINE.ADDICTION.KEGG 0.89 7.45E-01

HSA04623.CYTOSOLIC.DNA.SENSING.PATHWAY.KEGG 0.89 7.41E-01

HSA04920.ADIPOCYTOKINE.SIGNALING.PATHWAY.KEGG 0.88 7.52E-01

HSA04929.GNRH.SECRETION.KEGG 0.86 7.92E-01

HSA04934.CUSHING.SYNDROME.KEGG 0.86 7.88E-01

HSA04614.RENIN.ANGIOTENSIN.SYSTEM.KEGG 0.84 8.17E-01

HSA00515.MANNOSE.TYPE.O.GLYCAN.BIOSYNTHESIS.KEGG 0.84 8.11E-01

HSA04660.T.CELL.RECEPTOR.SIGNALING.PATHWAY.KEGG 0.83 8.11E-01

HSA04350.TGF.BETA.SIGNALING.PATHWAY.KEGG 0.79 8.76E-01

HSA04932.NON.ALCOHOLIC.FATTY.LIVER.DISEASE..NAFLD..KEGG 0.78 8.94E-01

HSA05017.SPINOCEREBELLAR.ATAXIA.KEGG 0.78 8.88E-01

HSA00730.THIAMINE.METABOLISM.KEGG 0.77 8.87E-01

HSA04722.NEUROTROPHIN.SIGNALING.PATHWAY.KEGG 0.77 8.85E-01

HSA04724.GLUTAMATERGIC.SYNAPSE.KEGG 0.72 9.36E-01

HSA04640.HEMATOPOIETIC.CELL.LINEAGE.KEGG 0.71 9.37E-01

HSA04730.LONG.TERM.DEPRESSION.KEGG 0.65 9.69E-01

HT29-MTX-E12 CELLS: DOWNREGULATED PATHWAYS

NAME NES FDR q-val

HSA04142.LYSOSOME.KEGG -2.24 1.58E-04

HSA05416.VIRAL.MYOCARDITIS.KEGG -1.96 1.50E-02

HSA04510.FOCAL.ADHESION.KEGG -1.93 1.52E-02

HSA05205.PROTEOGLYCANS.IN.CANCER.KEGG -1.88 2.22E-02

HSA00511.OTHER.GLYCAN.DEGRADATION.KEGG -1.86 2.21E-02

HSA04928.PARATHYROID.HORMONE.SYNTHESIS..SECRETION.AND.ACTION.KEGG -1.85 2.22E-02

HSA04070.PHOSPHATIDYLINOSITOL.SIGNALING.SYSTEM.KEGG -1.84 1.95E-02

HSA04962.VASOPRESSIN.REGULATED.WATER.REABSORPTION.KEGG -1.84 1.71E-02

HSA04630.JAK.STAT.SIGNALING.PATHWAY.KEGG -1.84 1.52E-02

HSA05320.AUTOIMMUNE.THYROID.DISEASE.KEGG -1.84 1.43E-02

HSA04144.ENDOCYTOSIS.KEGG -1.84 1.32E-02

HSA04514.CELL.ADHESION.MOLECULES..CAMS..KEGG -1.82 1.52E-02

HSA04066.HIF.1.SIGNALING.PATHWAY.KEGG -1.79 2.07E-02

HSA04061.VIRAL.PROTEIN.INTERACTION.WITH.CYTOKINE.AND.CYTOKINE.RECEPTOR.KEGG -1.78 2.03E-02

HSA04915.ESTROGEN.SIGNALING.PATHWAY.KEGG -1.76 2.38E-02

HSA04141.PROTEIN.PROCESSING.IN.ENDOPLASMIC.RETICULUM.KEGG -1.75 2.54E-02

HSA05145.TOXOPLASMOSIS.KEGG -1.73 2.81E-02

HSA05321.INFLAMMATORY.BOWEL.DISEASE..IBD..KEGG -1.72 2.91E-02

HSA05211.RENAL.CELL.CARCINOMA.KEGG -1.71 2.98E-02

HSA01521.EGFR.TYROSINE.KINASE.INHIBITOR.RESISTANCE.KEGG -1.68 3.81E-02

HSA05330.ALLOGRAFT.REJECTION.KEGG -1.68 3.79E-02

HSA04130.SNARE.INTERACTIONS.IN.VESICULAR.TRANSPORT.KEGG -1.68 3.72E-02

HSA05146.AMOEBIASIS.KEGG -1.68 3.58E-02

HSA00562.INOSITOL.PHOSPHATE.METABOLISM.KEGG -1.66 3.86E-02

HSA05152.TUBERCULOSIS.KEGG -1.66 3.80E-02

HSA05140.LEISHMANIASIS.KEGG -1.65 3.97E-02

HSA04360.AXON.GUIDANCE.KEGG -1.65 3.85E-02

HSA04960.ALDOSTERONE.REGULATED.SODIUM.REABSORPTION.KEGG -1.62 5.19E-02

HSA05100.BACTERIAL.INVASION.OF.EPITHELIAL.CELLS.KEGG -1.61 5.20E-02

HSA04145.PHAGOSOME.KEGG -1.61 5.12E-02

HSA04650.NATURAL.KILLER.CELL.MEDIATED.CYTOTOXICITY.KEGG -1.61 5.08E-02

HSA05130.PATHOGENIC.ESCHERICHIA.COLI.INFECTION.KEGG -1.60 5.40E-02

HSA05163.HUMAN.CYTOMEGALOVIRUS.INFECTION.KEGG -1.59 5.69E-02

HSA05165.HUMAN.PAPILLOMAVIRUS.INFECTION.KEGG -1.58 5.78E-02

HSA04919.THYROID.HORMONE.SIGNALING.PATHWAY.KEGG -1.58 5.85E-02

HSA04371.APELIN.SIGNALING.PATHWAY.KEGG -1.58 5.71E-02

HSA04530.TIGHT.JUNCTION.KEGG -1.57 5.64E-02
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HSA00512.MUCIN.TYPE.O.GLYCAN.BIOSYNTHESIS.KEGG -1.56 5.99E-02

HSA05332.GRAFT.VERSUS.HOST.DISEASE.KEGG -1.56 5.94E-02

HSA00601.GLYCOSPHINGOLIPID.BIOSYNTHESIS...LACTO.AND.NEOLACTO.SERIES.KEGG -1.56 5.91E-02

HSA03060.PROTEIN.EXPORT.KEGG -1.56 5.94E-02

HSA05213.ENDOMETRIAL.CANCER.KEGG -1.55 5.94E-02

HSA05231.CHOLINE.METABOLISM.IN.CANCER.KEGG -1.55 6.17E-02

HSA04140.AUTOPHAGY...ANIMAL.KEGG -1.54 6.36E-02

HSA05132.SALMONELLA.INFECTION.KEGG -1.52 7.51E-02

HSA04020.CALCIUM.SIGNALING.PATHWAY.KEGG -1.51 7.60E-02

HSA04933.AGE.RAGE.SIGNALING.PATHWAY.IN.DIABETIC.COMPLICATIONS.KEGG -1.51 7.72E-02

HSA04340.HEDGEHOG.SIGNALING.PATHWAY.KEGG -1.51 7.58E-02

HSA04670.LEUKOCYTE.TRANSENDOTHELIAL.MIGRATION.KEGG -1.51 7.46E-02

HSA04668.TNF.SIGNALING.PATHWAY.KEGG -1.50 7.50E-02

HSA04621.NOD.LIKE.RECEPTOR.SIGNALING.PATHWAY.KEGG -1.50 7.65E-02

HSA04940.TYPE.I.DIABETES.MELLITUS.KEGG -1.50 7.54E-02

HSA00500.STARCH.AND.SUCROSE.METABOLISM.KEGG -1.49 7.77E-02

HSA04072.PHOSPHOLIPASE.D.SIGNALING.PATHWAY.KEGG -1.49 7.82E-02

HSA00910.NITROGEN.METABOLISM.KEGG -1.48 8.06E-02

HSA04512.ECM.RECEPTOR.INTERACTION.KEGG -1.48 7.93E-02

HSA00051.FRUCTOSE.AND.MANNOSE.METABOLISM.KEGG -1.48 7.86E-02

HSA05221.ACUTE.MYELOID.LEUKEMIA.KEGG -1.48 8.02E-02

HSA05323.RHEUMATOID.ARTHRITIS.KEGG -1.47 8.07E-02

HSA04750.INFLAMMATORY.MEDIATOR.REGULATION.OF.TRP.CHANNELS.KEGG -1.47 8.20E-02

HSA04137.MITOPHAGY...ANIMAL.KEGG -1.46 8.76E-02

HSA04970.SALIVARY.SECRETION.KEGG -1.46 8.71E-02

HSA05167.KAPOSI.SARCOMA.ASSOCIATED.HERPESVIRUS.INFECTION.KEGG -1.44 9.32E-02

HSA04710.CIRCADIAN.RHYTHM.KEGG -1.44 9.55E-02

HSA04659.TH17.CELL.DIFFERENTIATION.KEGG -1.43 9.71E-02

HSA04961.ENDOCRINE.AND.OTHER.FACTOR.REGULATED.CALCIUM.REABSORPTION.KEGG -1.42 1.04E-01

HSA04520.ADHERENS.JUNCTION.KEGG -1.42 1.08E-01

HSA04064.NF.KAPPA.B.SIGNALING.PATHWAY.KEGG -1.41 1.07E-01

HSA00770.PANTOTHENATE.AND.COA.BIOSYNTHESIS.KEGG -1.41 1.06E-01

HSA04810.REGULATION.OF.ACTIN.CYTOSKELETON.KEGG -1.41 1.06E-01

HSA05414.DILATED.CARDIOMYOPATHY..DCM..KEGG -1.41 1.06E-01

HSA04744.PHOTOTRANSDUCTION.KEGG -1.41 1.05E-01

HSA04062.CHEMOKINE.SIGNALING.PATHWAY.KEGG -1.41 1.04E-01

HSA04916.MELANOGENESIS.KEGG -1.41 1.05E-01

HSA04658.TH1.AND.TH2.CELL.DIFFERENTIATION.KEGG -1.40 1.04E-01

HSA04913.OVARIAN.STEROIDOGENESIS.KEGG -1.40 1.04E-01

HSA05150.STAPHYLOCOCCUS.AUREUS.INFECTION.KEGG -1.39 1.09E-01

HSA04721.SYNAPTIC.VESICLE.CYCLE.KEGG -1.39 1.09E-01

HSA05144.MALARIA.KEGG -1.39 1.09E-01

HSA05160.HEPATITIS.C.KEGG -1.39 1.09E-01

HSA05215.PROSTATE.CANCER.KEGG -1.39 1.09E-01

HSA04923.REGULATION.OF.LIPOLYSIS.IN.ADIPOCYTES.KEGG -1.39 1.09E-01

HSA04966.COLLECTING.DUCT.ACID.SECRETION.KEGG -1.39 1.07E-01

HSA00513.VARIOUS.TYPES.OF.N.GLYCAN.BIOSYNTHESIS.KEGG -1.38 1.07E-01

HSA00520.AMINO.SUGAR.AND.NUCLEOTIDE.SUGAR.METABOLISM.KEGG -1.38 1.08E-01

HSA04978.MINERAL.ABSORPTION.KEGG -1.38 1.09E-01

HSA04910.INSULIN.SIGNALING.PATHWAY.KEGG -1.38 1.08E-01

HSA05412.ARRHYTHMOGENIC.RIGHT.VENTRICULAR.CARDIOMYOPATHY..ARVC..KEGG -1.37 1.12E-01

HSA04720.LONG.TERM.POTENTIATION.KEGG -1.37 1.13E-01

HSA05219.BLADDER.CANCER.KEGG -1.36 1.18E-01

HSA00140.STEROID.HORMONE.BIOSYNTHESIS.KEGG -1.35 1.24E-01

HSA00052.GALACTOSE.METABOLISM.KEGG -1.35 1.25E-01

HSA04060.CYTOKINE.CYTOKINE.RECEPTOR.INTERACTION.KEGG -1.34 1.29E-01

HSA00591.LINOLEIC.ACID.METABOLISM.KEGG -1.33 1.39E-01

HSA04151.PI3K.AKT.SIGNALING.PATHWAY.KEGG -1.33 1.39E-01

HSA04912.GNRH.SIGNALING.PATHWAY.KEGG -1.31 1.50E-01

HSA05230.CENTRAL.CARBON.METABOLISM.IN.CANCER.KEGG -1.31 1.52E-01

HSA04971.GASTRIC.ACID.SECRETION.KEGG -1.31 1.54E-01

HSA04370.VEGF.SIGNALING.PATHWAY.KEGG -1.31 1.52E-01

HSA04740.OLFACTORY.TRANSDUCTION.KEGG -1.30 1.60E-01

HSA00531.GLYCOSAMINOGLYCAN.DEGRADATION.KEGG -1.30 1.59E-01

HSA04015.RAP1.SIGNALING.PATHWAY.KEGG -1.30 1.58E-01

HSA00564.GLYCEROPHOSPHOLIPID.METABOLISM.KEGG -1.29 1.63E-01

HSA04612.ANTIGEN.PROCESSING.AND.PRESENTATION.KEGG -1.29 1.65E-01

HSA05226.GASTRIC.CANCER.KEGG -1.28 1.65E-01

HSA04917.PROLACTIN.SIGNALING.PATHWAY.KEGG -1.28 1.71E-01

HSA00532.GLYCOSAMINOGLYCAN.BIOSYNTHESIS...CHONDROITIN.SULFATE...DERMATAN.SULFATE.
KEGG -1.27 1.78E-01

HSA04620.TOLL.LIKE.RECEPTOR.SIGNALING.PATHWAY.KEGG -1.27 1.76E-01

HSA04625.C.TYPE.LECTIN.RECEPTOR.SIGNALING.PATHWAY.KEGG -1.27 1.77E-01

HSA04972.PANCREATIC.SECRETION.KEGG -1.27 1.77E-01

HSA04927.CORTISOL.SYNTHESIS.AND.SECRETION.KEGG -1.26 1.88E-01

HSA00563.GLYCOSYLPHOSPHATIDYLINOSITOL..GPI..ANCHOR.BIOSYNTHESIS.KEGG -1.25 1.93E-01

HSA00600.SPHINGOLIPID.METABOLISM.KEGG -1.25 1.95E-01

HSA04725.CHOLINERGIC.SYNAPSE.KEGG -1.25 1.93E-01

HSA04672.INTESTINAL.IMMUNE.NETWORK.FOR.IGA.PRODUCTION.KEGG -1.24 1.98E-01

HSA04211.LONGEVITY.REGULATING.PATHWAY.KEGG -1.24 2.00E-01

HSA05131.SHIGELLOSIS.KEGG -1.24 2.02E-01

HSA04918.THYROID.HORMONE.SYNTHESIS.KEGG -1.24 2.00E-01

HSA05120.EPITHELIAL.CELL.SIGNALING.IN.HELICOBACTER.PYLORI.INFECTION.KEGG -1.23 1.99E-01

HSA04911.INSULIN.SECRETION.KEGG -1.23 1.97E-01

HSA04925.ALDOSTERONE.SYNTHESIS.AND.SECRETION.KEGG -1.23 2.02E-01

HSA05168.HERPES.SIMPLEX.VIRUS.1.INFECTION.KEGG -1.23 2.03E-01

HSA04935.GROWTH.HORMONE.SYNTHESIS..SECRETION.AND.ACTION.KEGG -1.22 2.07E-01

HSA05143.AFRICAN.TRYPANOSOMIASIS.KEGG -1.22 2.12E-01
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HSA00512.MUCIN.TYPE.O.GLYCAN.BIOSYNTHESIS.KEGG -1.56 5.99E-02

HSA05332.GRAFT.VERSUS.HOST.DISEASE.KEGG -1.56 5.94E-02

HSA00601.GLYCOSPHINGOLIPID.BIOSYNTHESIS...LACTO.AND.NEOLACTO.SERIES.KEGG -1.56 5.91E-02

HSA03060.PROTEIN.EXPORT.KEGG -1.56 5.94E-02

HSA05213.ENDOMETRIAL.CANCER.KEGG -1.55 5.94E-02

HSA05231.CHOLINE.METABOLISM.IN.CANCER.KEGG -1.55 6.17E-02

HSA04140.AUTOPHAGY...ANIMAL.KEGG -1.54 6.36E-02

HSA05132.SALMONELLA.INFECTION.KEGG -1.52 7.51E-02

HSA04020.CALCIUM.SIGNALING.PATHWAY.KEGG -1.51 7.60E-02

HSA04933.AGE.RAGE.SIGNALING.PATHWAY.IN.DIABETIC.COMPLICATIONS.KEGG -1.51 7.72E-02

HSA04340.HEDGEHOG.SIGNALING.PATHWAY.KEGG -1.51 7.58E-02

HSA04670.LEUKOCYTE.TRANSENDOTHELIAL.MIGRATION.KEGG -1.51 7.46E-02

HSA04668.TNF.SIGNALING.PATHWAY.KEGG -1.50 7.50E-02

HSA04621.NOD.LIKE.RECEPTOR.SIGNALING.PATHWAY.KEGG -1.50 7.65E-02

HSA04940.TYPE.I.DIABETES.MELLITUS.KEGG -1.50 7.54E-02

HSA00500.STARCH.AND.SUCROSE.METABOLISM.KEGG -1.49 7.77E-02

HSA04072.PHOSPHOLIPASE.D.SIGNALING.PATHWAY.KEGG -1.49 7.82E-02

HSA00910.NITROGEN.METABOLISM.KEGG -1.48 8.06E-02

HSA04512.ECM.RECEPTOR.INTERACTION.KEGG -1.48 7.93E-02

HSA00051.FRUCTOSE.AND.MANNOSE.METABOLISM.KEGG -1.48 7.86E-02

HSA05221.ACUTE.MYELOID.LEUKEMIA.KEGG -1.48 8.02E-02

HSA05323.RHEUMATOID.ARTHRITIS.KEGG -1.47 8.07E-02

HSA04750.INFLAMMATORY.MEDIATOR.REGULATION.OF.TRP.CHANNELS.KEGG -1.47 8.20E-02

HSA04137.MITOPHAGY...ANIMAL.KEGG -1.46 8.76E-02

HSA04970.SALIVARY.SECRETION.KEGG -1.46 8.71E-02

HSA05167.KAPOSI.SARCOMA.ASSOCIATED.HERPESVIRUS.INFECTION.KEGG -1.44 9.32E-02

HSA04710.CIRCADIAN.RHYTHM.KEGG -1.44 9.55E-02

HSA04659.TH17.CELL.DIFFERENTIATION.KEGG -1.43 9.71E-02

HSA04961.ENDOCRINE.AND.OTHER.FACTOR.REGULATED.CALCIUM.REABSORPTION.KEGG -1.42 1.04E-01

HSA04520.ADHERENS.JUNCTION.KEGG -1.42 1.08E-01

HSA04064.NF.KAPPA.B.SIGNALING.PATHWAY.KEGG -1.41 1.07E-01

HSA00770.PANTOTHENATE.AND.COA.BIOSYNTHESIS.KEGG -1.41 1.06E-01

HSA04810.REGULATION.OF.ACTIN.CYTOSKELETON.KEGG -1.41 1.06E-01

HSA05414.DILATED.CARDIOMYOPATHY..DCM..KEGG -1.41 1.06E-01

HSA04744.PHOTOTRANSDUCTION.KEGG -1.41 1.05E-01

HSA04062.CHEMOKINE.SIGNALING.PATHWAY.KEGG -1.41 1.04E-01

HSA04916.MELANOGENESIS.KEGG -1.41 1.05E-01

HSA04658.TH1.AND.TH2.CELL.DIFFERENTIATION.KEGG -1.40 1.04E-01

HSA04913.OVARIAN.STEROIDOGENESIS.KEGG -1.40 1.04E-01

HSA05150.STAPHYLOCOCCUS.AUREUS.INFECTION.KEGG -1.39 1.09E-01

HSA04721.SYNAPTIC.VESICLE.CYCLE.KEGG -1.39 1.09E-01

HSA05144.MALARIA.KEGG -1.39 1.09E-01

HSA05160.HEPATITIS.C.KEGG -1.39 1.09E-01

HSA05215.PROSTATE.CANCER.KEGG -1.39 1.09E-01

HSA04923.REGULATION.OF.LIPOLYSIS.IN.ADIPOCYTES.KEGG -1.39 1.09E-01

HSA04966.COLLECTING.DUCT.ACID.SECRETION.KEGG -1.39 1.07E-01

HSA00513.VARIOUS.TYPES.OF.N.GLYCAN.BIOSYNTHESIS.KEGG -1.38 1.07E-01

HSA00520.AMINO.SUGAR.AND.NUCLEOTIDE.SUGAR.METABOLISM.KEGG -1.38 1.08E-01

HSA04978.MINERAL.ABSORPTION.KEGG -1.38 1.09E-01

HSA04910.INSULIN.SIGNALING.PATHWAY.KEGG -1.38 1.08E-01

HSA05412.ARRHYTHMOGENIC.RIGHT.VENTRICULAR.CARDIOMYOPATHY..ARVC..KEGG -1.37 1.12E-01

HSA04720.LONG.TERM.POTENTIATION.KEGG -1.37 1.13E-01

HSA05219.BLADDER.CANCER.KEGG -1.36 1.18E-01

HSA00140.STEROID.HORMONE.BIOSYNTHESIS.KEGG -1.35 1.24E-01

HSA00052.GALACTOSE.METABOLISM.KEGG -1.35 1.25E-01

HSA04060.CYTOKINE.CYTOKINE.RECEPTOR.INTERACTION.KEGG -1.34 1.29E-01

HSA00591.LINOLEIC.ACID.METABOLISM.KEGG -1.33 1.39E-01

HSA04151.PI3K.AKT.SIGNALING.PATHWAY.KEGG -1.33 1.39E-01

HSA04912.GNRH.SIGNALING.PATHWAY.KEGG -1.31 1.50E-01

HSA05230.CENTRAL.CARBON.METABOLISM.IN.CANCER.KEGG -1.31 1.52E-01

HSA04971.GASTRIC.ACID.SECRETION.KEGG -1.31 1.54E-01

HSA04370.VEGF.SIGNALING.PATHWAY.KEGG -1.31 1.52E-01

HSA04740.OLFACTORY.TRANSDUCTION.KEGG -1.30 1.60E-01

HSA00531.GLYCOSAMINOGLYCAN.DEGRADATION.KEGG -1.30 1.59E-01

HSA04015.RAP1.SIGNALING.PATHWAY.KEGG -1.30 1.58E-01

HSA00564.GLYCEROPHOSPHOLIPID.METABOLISM.KEGG -1.29 1.63E-01

HSA04612.ANTIGEN.PROCESSING.AND.PRESENTATION.KEGG -1.29 1.65E-01

HSA05226.GASTRIC.CANCER.KEGG -1.28 1.65E-01

HSA04917.PROLACTIN.SIGNALING.PATHWAY.KEGG -1.28 1.71E-01

HSA00532.GLYCOSAMINOGLYCAN.BIOSYNTHESIS...CHONDROITIN.SULFATE...DERMATAN.SULFATE.
KEGG -1.27 1.78E-01

HSA04620.TOLL.LIKE.RECEPTOR.SIGNALING.PATHWAY.KEGG -1.27 1.76E-01

HSA04625.C.TYPE.LECTIN.RECEPTOR.SIGNALING.PATHWAY.KEGG -1.27 1.77E-01

HSA04972.PANCREATIC.SECRETION.KEGG -1.27 1.77E-01

HSA04927.CORTISOL.SYNTHESIS.AND.SECRETION.KEGG -1.26 1.88E-01

HSA00563.GLYCOSYLPHOSPHATIDYLINOSITOL..GPI..ANCHOR.BIOSYNTHESIS.KEGG -1.25 1.93E-01

HSA00600.SPHINGOLIPID.METABOLISM.KEGG -1.25 1.95E-01

HSA04725.CHOLINERGIC.SYNAPSE.KEGG -1.25 1.93E-01

HSA04672.INTESTINAL.IMMUNE.NETWORK.FOR.IGA.PRODUCTION.KEGG -1.24 1.98E-01

HSA04211.LONGEVITY.REGULATING.PATHWAY.KEGG -1.24 2.00E-01

HSA05131.SHIGELLOSIS.KEGG -1.24 2.02E-01

HSA04918.THYROID.HORMONE.SYNTHESIS.KEGG -1.24 2.00E-01

HSA05120.EPITHELIAL.CELL.SIGNALING.IN.HELICOBACTER.PYLORI.INFECTION.KEGG -1.23 1.99E-01

HSA04911.INSULIN.SECRETION.KEGG -1.23 1.97E-01

HSA04925.ALDOSTERONE.SYNTHESIS.AND.SECRETION.KEGG -1.23 2.02E-01

HSA05168.HERPES.SIMPLEX.VIRUS.1.INFECTION.KEGG -1.23 2.03E-01

HSA04935.GROWTH.HORMONE.SYNTHESIS..SECRETION.AND.ACTION.KEGG -1.22 2.07E-01

HSA05143.AFRICAN.TRYPANOSOMIASIS.KEGG -1.22 2.12E-01
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HSA05142.CHAGAS.DISEASE..AMERICAN.TRYPANOSOMIASIS..KEGG -1.22 2.10E-01

HSA04976.BILE.SECRETION.KEGG -1.22 2.11E-01

HSA05310.ASTHMA.KEGG -1.21 2.11E-01

HSA05110.VIBRIO.CHOLERAE.INFECTION.KEGG -1.21 2.13E-01

HSA04012.ERBB.SIGNALING.PATHWAY.KEGG -1.21 2.19E-01

HSA05216.THYROID.CANCER.KEGG -1.20 2.30E-01

HSA04977.VITAMIN.DIGESTION.AND.ABSORPTION.KEGG -1.19 2.30E-01

HSA04926.RELAXIN.SIGNALING.PATHWAY.KEGG -1.19 2.33E-01

HSA04080.NEUROACTIVE.LIGAND.RECEPTOR.INTERACTION.KEGG -1.18 2.44E-01

HSA04742.TASTE.TRANSDUCTION.KEGG -1.18 2.45E-01

HSA04014.RAS.SIGNALING.PATHWAY.KEGG -1.18 2.45E-01

HSA00510.N.GLYCAN.BIOSYNTHESIS.KEGG -1.16 2.67E-01

HSA04071.SPHINGOLIPID.SIGNALING.PATHWAY.KEGG -1.16 2.68E-01

HSA04713.CIRCADIAN.ENTRAINMENT.KEGG -1.15 2.74E-01

HSA04022.CGMP.PKG.SIGNALING.PATHWAY.KEGG -1.15 2.85E-01

HSA04924.RENIN.SECRETION.KEGG -1.14 2.92E-01

HSA01522.ENDOCRINE.RESISTANCE.KEGG -1.13 3.02E-01

HSA00604.GLYCOSPHINGOLIPID.BIOSYNTHESIS...GANGLIO.SERIES.KEGG -1.13 3.01E-01

HSA04010.MAPK.SIGNALING.PATHWAY.KEGG -1.13 3.01E-01

HSA04270.VASCULAR.SMOOTH.MUSCLE.CONTRACTION.KEGG -1.13 3.07E-01

HSA04024.CAMP.SIGNALING.PATHWAY.KEGG -1.12 3.24E-01

HSA05410.HYPERTROPHIC.CARDIOMYOPATHY..HCM..KEGG -1.11 3.24E-01

HSA04390.HIPPO.SIGNALING.PATHWAY.KEGG -1.11 3.27E-01

HSA04261.ADRENERGIC.SIGNALING.IN.CARDIOMYOCYTES.KEGG -1.10 3.38E-01

HSA04150.MTOR.SIGNALING.PATHWAY.KEGG -1.10 3.37E-01

HSA05235.PD.L1.EXPRESSION.AND.PD.1.CHECKPOINT.PATHWAY.IN.CANCER.KEGG -1.10 3.46E-01

HSA00120.PRIMARY.BILE.ACID.BIOSYNTHESIS.KEGG -1.09 3.58E-01

HSA04380.OSTEOCLAST.DIFFERENTIATION.KEGG -1.09 3.62E-01

HSA05162.MEASLES.KEGG -1.08 3.66E-01

HSA04662.B.CELL.RECEPTOR.SIGNALING.PATHWAY.KEGG -1.08 3.73E-01

HSA04657.IL.17.SIGNALING.PATHWAY.KEGG -1.07 3.83E-01

HSA04666.FC.GAMMA.R.MEDIATED.PHAGOCYTOSIS.KEGG -1.07 3.81E-01

HSA00760.NICOTINATE.AND.NICOTINAMIDE.METABOLISM.KEGG -1.07 3.83E-01

HSA05133.PERTUSSIS.KEGG -1.06 4.01E-01

HSA04622.RIG.I.LIKE.RECEPTOR.SIGNALING.PATHWAY.KEGG -1.05 4.16E-01

HSA04611.PLATELET.ACTIVATION.KEGG -1.04 4.35E-01

HSA04550.SIGNALING.PATHWAYS.REGULATING.PLURIPOTENCY.OF.STEM.CELLS.KEGG -1.04 4.35E-01

HSA04610.COMPLEMENT.AND.COAGULATION.CASCADES.KEGG -1.03 4.43E-01

HSA00860.PORPHYRIN.AND.CHLOROPHYLL.METABOLISM.KEGG -1.03 4.56E-01

HSA04213.LONGEVITY.REGULATING.PATHWAY...MULTIPLE.SPECIES.KEGG -1.01 4.77E-01

HSA04930.TYPE.II.DIABETES.MELLITUS.KEGG -1.00 5.12E-01

HSA04931.INSULIN.RESISTANCE.KEGG -0.99 5.17E-01

HSA05134.LEGIONELLOSIS.KEGG -0.99 5.25E-01

HSA04979.CHOLESTEROL.METABOLISM.KEGG -0.98 5.35E-01

HSA04310.WNT.SIGNALING.PATHWAY.KEGG -0.97 5.56E-01

HSA04974.PROTEIN.DIGESTION.AND.ABSORPTION.KEGG -0.97 5.57E-01

HSA00534.GLYCOSAMINOGLYCAN.BIOSYNTHESIS...HEPARAN.SULFATE...HEPARIN.KEGG -0.97 5.55E-01

HSA04392.HIPPO.SIGNALING.PATHWAY...MULTIPLE.SPECIES.KEGG -0.96 5.69E-01

HSA04921.OXYTOCIN.SIGNALING.PATHWAY.KEGG -0.96 5.71E-01

HSA05135.YERSINIA.INFECTION.KEGG -0.95 5.99E-01

HSA04727.GABAERGIC.SYNAPSE.KEGG -0.94 6.25E-01

HSA00410.BETA.ALANINE.METABOLISM.KEGG -0.93 6.28E-01

HSA04330.NOTCH.SIGNALING.PATHWAY.KEGG -0.91 6.81E-01

HSA00514.OTHER.TYPES.OF.O.GLYCAN.BIOSYNTHESIS.KEGG -0.90 6.90E-01

HSA05032.MORPHINE.ADDICTION.KEGG -0.90 6.93E-01

HSA05217.BASAL.CELL.CARCINOMA.KEGG -0.89 7.04E-01

HSA04726.SEROTONERGIC.SYNAPSE.KEGG -0.89 7.08E-01

HSA04136.AUTOPHAGY...OTHER.KEGG -0.88 7.29E-01

HSA04260.CARDIAC.MUSCLE.CONTRACTION.KEGG -0.83 8.12E-01

HSA04723.RETROGRADE.ENDOCANNABINOID.SIGNALING.KEGG -0.83 8.14E-01

HSA00592.ALPHA.LINOLENIC.ACID.METABOLISM.KEGG -0.80 8.53E-01

HSA05033.NICOTINE.ADDICTION.KEGG -0.62 9.82E-01

CACO-2 CELLS: UPREGULATED PATHWAYS

NAME NES FDR q-val

HSA03030.DNA.REPLICATION.KEGG 2.53 0.00

HSA05322.SYSTEMIC.LUPUS.ERYTHEMATOSUS.KEGG 2.45 0.00

HSA03440.HOMOLOGOUS.RECOMBINATION.KEGG 2.29 0.00

HSA04110.CELL.CYCLE.KEGG 2.26 9.76E-06

HSA03460.FANCONI.ANEMIA.PATHWAY.KEGG 2.23 7.80E-06

HSA03430.MISMATCH.REPAIR.KEGG 2.17 3.42E-05

HSA03008.RIBOSOME.BIOGENESIS.IN.EUKARYOTES.KEGG 2.04 1.50E-04

HSA03410.BASE.EXCISION.REPAIR.KEGG 2.00 3.00E-04

HSA03013.RNA.TRANSPORT.KEGG 1.94 7.40E-04

HSA05034.ALCOHOLISM.KEGG 1.87 1.61E-03

HSA04610.COMPLEMENT.AND.COAGULATION.CASCADES.KEGG 1.86 1.88E-03

HSA03040.SPLICEOSOME.KEGG 1.80 3.64E-03

HSA03420.NUCLEOTIDE.EXCISION.REPAIR.KEGG 1.74 7.00E-03

HSA04914.PROGESTERONE.MEDIATED.OOCYTE.MATURATION.KEGG 1.70 9.47E-03

HSA03050.PROTEASOME.KEGG 1.57 3.10E-02

HSA00061.FATTY.ACID.BIOSYNTHESIS.KEGG 1.57 3.13E-02

HSA00900.TERPENOID.BACKBONE.BIOSYNTHESIS.KEGG 1.54 3.57E-02

HSA03015.MRNA.SURVEILLANCE.PATHWAY.KEGG 1.50 4.96E-02

HSA03020.RNA.POLYMERASE.KEGG 1.47 5.76E-02

HSA00270.CYSTEINE.AND.METHIONINE.METABOLISM.KEGG 1.47 5.47E-02

HSA00970.AMINOACYL.TRNA.BIOSYNTHESIS.KEGG 1.40 9.08E-02
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HSA05142.CHAGAS.DISEASE..AMERICAN.TRYPANOSOMIASIS..KEGG -1.22 2.10E-01

HSA04976.BILE.SECRETION.KEGG -1.22 2.11E-01

HSA05310.ASTHMA.KEGG -1.21 2.11E-01

HSA05110.VIBRIO.CHOLERAE.INFECTION.KEGG -1.21 2.13E-01

HSA04012.ERBB.SIGNALING.PATHWAY.KEGG -1.21 2.19E-01

HSA05216.THYROID.CANCER.KEGG -1.20 2.30E-01

HSA04977.VITAMIN.DIGESTION.AND.ABSORPTION.KEGG -1.19 2.30E-01

HSA04926.RELAXIN.SIGNALING.PATHWAY.KEGG -1.19 2.33E-01

HSA04080.NEUROACTIVE.LIGAND.RECEPTOR.INTERACTION.KEGG -1.18 2.44E-01

HSA04742.TASTE.TRANSDUCTION.KEGG -1.18 2.45E-01

HSA04014.RAS.SIGNALING.PATHWAY.KEGG -1.18 2.45E-01

HSA00510.N.GLYCAN.BIOSYNTHESIS.KEGG -1.16 2.67E-01

HSA04071.SPHINGOLIPID.SIGNALING.PATHWAY.KEGG -1.16 2.68E-01

HSA04713.CIRCADIAN.ENTRAINMENT.KEGG -1.15 2.74E-01

HSA04022.CGMP.PKG.SIGNALING.PATHWAY.KEGG -1.15 2.85E-01

HSA04924.RENIN.SECRETION.KEGG -1.14 2.92E-01

HSA01522.ENDOCRINE.RESISTANCE.KEGG -1.13 3.02E-01

HSA00604.GLYCOSPHINGOLIPID.BIOSYNTHESIS...GANGLIO.SERIES.KEGG -1.13 3.01E-01

HSA04010.MAPK.SIGNALING.PATHWAY.KEGG -1.13 3.01E-01

HSA04270.VASCULAR.SMOOTH.MUSCLE.CONTRACTION.KEGG -1.13 3.07E-01

HSA04024.CAMP.SIGNALING.PATHWAY.KEGG -1.12 3.24E-01

HSA05410.HYPERTROPHIC.CARDIOMYOPATHY..HCM..KEGG -1.11 3.24E-01

HSA04390.HIPPO.SIGNALING.PATHWAY.KEGG -1.11 3.27E-01

HSA04261.ADRENERGIC.SIGNALING.IN.CARDIOMYOCYTES.KEGG -1.10 3.38E-01

HSA04150.MTOR.SIGNALING.PATHWAY.KEGG -1.10 3.37E-01

HSA05235.PD.L1.EXPRESSION.AND.PD.1.CHECKPOINT.PATHWAY.IN.CANCER.KEGG -1.10 3.46E-01

HSA00120.PRIMARY.BILE.ACID.BIOSYNTHESIS.KEGG -1.09 3.58E-01

HSA04380.OSTEOCLAST.DIFFERENTIATION.KEGG -1.09 3.62E-01

HSA05162.MEASLES.KEGG -1.08 3.66E-01

HSA04662.B.CELL.RECEPTOR.SIGNALING.PATHWAY.KEGG -1.08 3.73E-01

HSA04657.IL.17.SIGNALING.PATHWAY.KEGG -1.07 3.83E-01

HSA04666.FC.GAMMA.R.MEDIATED.PHAGOCYTOSIS.KEGG -1.07 3.81E-01

HSA00760.NICOTINATE.AND.NICOTINAMIDE.METABOLISM.KEGG -1.07 3.83E-01

HSA05133.PERTUSSIS.KEGG -1.06 4.01E-01

HSA04622.RIG.I.LIKE.RECEPTOR.SIGNALING.PATHWAY.KEGG -1.05 4.16E-01

HSA04611.PLATELET.ACTIVATION.KEGG -1.04 4.35E-01

HSA04550.SIGNALING.PATHWAYS.REGULATING.PLURIPOTENCY.OF.STEM.CELLS.KEGG -1.04 4.35E-01

HSA04610.COMPLEMENT.AND.COAGULATION.CASCADES.KEGG -1.03 4.43E-01

HSA00860.PORPHYRIN.AND.CHLOROPHYLL.METABOLISM.KEGG -1.03 4.56E-01

HSA04213.LONGEVITY.REGULATING.PATHWAY...MULTIPLE.SPECIES.KEGG -1.01 4.77E-01

HSA04930.TYPE.II.DIABETES.MELLITUS.KEGG -1.00 5.12E-01

HSA04931.INSULIN.RESISTANCE.KEGG -0.99 5.17E-01

HSA05134.LEGIONELLOSIS.KEGG -0.99 5.25E-01

HSA04979.CHOLESTEROL.METABOLISM.KEGG -0.98 5.35E-01

HSA04310.WNT.SIGNALING.PATHWAY.KEGG -0.97 5.56E-01

HSA04974.PROTEIN.DIGESTION.AND.ABSORPTION.KEGG -0.97 5.57E-01

HSA00534.GLYCOSAMINOGLYCAN.BIOSYNTHESIS...HEPARAN.SULFATE...HEPARIN.KEGG -0.97 5.55E-01

HSA04392.HIPPO.SIGNALING.PATHWAY...MULTIPLE.SPECIES.KEGG -0.96 5.69E-01

HSA04921.OXYTOCIN.SIGNALING.PATHWAY.KEGG -0.96 5.71E-01

HSA05135.YERSINIA.INFECTION.KEGG -0.95 5.99E-01

HSA04727.GABAERGIC.SYNAPSE.KEGG -0.94 6.25E-01

HSA00410.BETA.ALANINE.METABOLISM.KEGG -0.93 6.28E-01

HSA04330.NOTCH.SIGNALING.PATHWAY.KEGG -0.91 6.81E-01

HSA00514.OTHER.TYPES.OF.O.GLYCAN.BIOSYNTHESIS.KEGG -0.90 6.90E-01

HSA05032.MORPHINE.ADDICTION.KEGG -0.90 6.93E-01

HSA05217.BASAL.CELL.CARCINOMA.KEGG -0.89 7.04E-01

HSA04726.SEROTONERGIC.SYNAPSE.KEGG -0.89 7.08E-01

HSA04136.AUTOPHAGY...OTHER.KEGG -0.88 7.29E-01

HSA04260.CARDIAC.MUSCLE.CONTRACTION.KEGG -0.83 8.12E-01

HSA04723.RETROGRADE.ENDOCANNABINOID.SIGNALING.KEGG -0.83 8.14E-01

HSA00592.ALPHA.LINOLENIC.ACID.METABOLISM.KEGG -0.80 8.53E-01

HSA05033.NICOTINE.ADDICTION.KEGG -0.62 9.82E-01

CACO-2 CELLS: UPREGULATED PATHWAYS

NAME NES FDR q-val

HSA03030.DNA.REPLICATION.KEGG 2.53 0.00

HSA05322.SYSTEMIC.LUPUS.ERYTHEMATOSUS.KEGG 2.45 0.00

HSA03440.HOMOLOGOUS.RECOMBINATION.KEGG 2.29 0.00

HSA04110.CELL.CYCLE.KEGG 2.26 9.76E-06

HSA03460.FANCONI.ANEMIA.PATHWAY.KEGG 2.23 7.80E-06

HSA03430.MISMATCH.REPAIR.KEGG 2.17 3.42E-05

HSA03008.RIBOSOME.BIOGENESIS.IN.EUKARYOTES.KEGG 2.04 1.50E-04

HSA03410.BASE.EXCISION.REPAIR.KEGG 2.00 3.00E-04

HSA03013.RNA.TRANSPORT.KEGG 1.94 7.40E-04

HSA05034.ALCOHOLISM.KEGG 1.87 1.61E-03

HSA04610.COMPLEMENT.AND.COAGULATION.CASCADES.KEGG 1.86 1.88E-03

HSA03040.SPLICEOSOME.KEGG 1.80 3.64E-03

HSA03420.NUCLEOTIDE.EXCISION.REPAIR.KEGG 1.74 7.00E-03

HSA04914.PROGESTERONE.MEDIATED.OOCYTE.MATURATION.KEGG 1.70 9.47E-03

HSA03050.PROTEASOME.KEGG 1.57 3.10E-02

HSA00061.FATTY.ACID.BIOSYNTHESIS.KEGG 1.57 3.13E-02

HSA00900.TERPENOID.BACKBONE.BIOSYNTHESIS.KEGG 1.54 3.57E-02

HSA03015.MRNA.SURVEILLANCE.PATHWAY.KEGG 1.50 4.96E-02

HSA03020.RNA.POLYMERASE.KEGG 1.47 5.76E-02

HSA00270.CYSTEINE.AND.METHIONINE.METABOLISM.KEGG 1.47 5.47E-02

HSA00970.AMINOACYL.TRNA.BIOSYNTHESIS.KEGG 1.40 9.08E-02
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HSA01210.2.OXOCARBOXYLIC.ACID.METABOLISM.KEGG 1.38 1.02E-01

HSA04114.OOCYTE.MEIOSIS.KEGG 1.38 9.86E-02

HSA01212.FATTY.ACID.METABOLISM.KEGG 1.37 1.01E-01

HSA00670.ONE.CARBON.POOL.BY.FOLATE.KEGG 1.35 1.11E-01

HSA00480.GLUTATHIONE.METABOLISM.KEGG 1.33 1.19E-01

HSA00280.VALINE..LEUCINE.AND.ISOLEUCINE.DEGRADATION.KEGG 1.30 1.46E-01

HSA05202.TRANSCRIPTIONAL.MISREGULATION.IN.CANCER.KEGG 1.27 1.69E-01

HSA04115.P53.SIGNALING.PATHWAY.KEGG 1.26 1.70E-01

HSA00910.NITROGEN.METABOLISM.KEGG 1.26 1.65E-01

HSA00250.ALANINE..ASPARTATE.AND.GLUTAMATE.METABOLISM.KEGG 1.25 1.74E-01

HSA00640.PROPANOATE.METABOLISM.KEGG 1.21 2.16E-01

HSA03018.RNA.DEGRADATION.KEGG 1.20 2.25E-01

HSA05110.VIBRIO.CHOLERAE.INFECTION.KEGG 1.13 3.31E-01

HSA04120.UBIQUITIN.MEDIATED.PROTEOLYSIS.KEGG 1.13 3.23E-01

HSA00020.CITRATE.CYCLE..TCA.CYCLE..KEGG 1.11 3.38E-01

HSA00630.GLYOXYLATE.AND.DICARBOXYLATE.METABOLISM.KEGG 1.11 3.33E-01

HSA04950.MATURITY.ONSET.DIABETES.OF.THE.YOUNG.KEGG 1.10 3.36E-01

HSA00310.LYSINE.DEGRADATION.KEGG 1.09 3.56E-01

HSA01524.PLATINUM.DRUG.RESISTANCE.KEGG 1.03 4.66E-01

HSA03022.BASAL.TRANSCRIPTION.FACTORS.KEGG 0.98 5.89E-01

HSA04740.OLFACTORY.TRANSDUCTION.KEGG 0.86 8.56E-01

HSA00510.N.GLYCAN.BIOSYNTHESIS.KEGG 0.86 8.51E-01

HSA00515.MANNOSE.TYPE.O.GLYCAN.BIOSYNTHESIS.KEGG 0.85 8.50E-01

HSA04742.TASTE.TRANSDUCTION.KEGG 0.79 9.32E-01

HSA04330.NOTCH.SIGNALING.PATHWAY.KEGG 0.78 9.25E-01

HSA04623.CYTOSOLIC.DNA.SENSING.PATHWAY.KEGG 0.77 9.21E-01

HSA05310.ASTHMA.KEGG 0.70 9.53E-01

CACO-2 CELLS: DOWNREGULATED PATHWAYS

NAME NES FDR q-val

HSA04978.MINERAL.ABSORPTION.KEGG -2.58 0.00

HSA04973.CARBOHYDRATE.DIGESTION.AND.ABSORPTION.KEGG -2.35 0.00

HSA00052.GALACTOSE.METABOLISM.KEGG -2.32 0.00

HSA04066.HIF.1.SIGNALING.PATHWAY.KEGG -2.30 0.00

HSA00500.STARCH.AND.SUCROSE.METABOLISM.KEGG -2.22 0.00

HSA04144.ENDOCYTOSIS.KEGG -2.15 7.23E-05

HSA00010.GLYCOLYSIS...GLUCONEOGENESIS.KEGG -2.12 1.20E-04

HSA04974.PROTEIN.DIGESTION.AND.ABSORPTION.KEGG -2.12 1.38E-04

HSA04137.MITOPHAGY...ANIMAL.KEGG -2.10 1.69E-04

HSA04145.PHAGOSOME.KEGG -2.10 1.65E-04

HSA04976.BILE.SECRETION.KEGG -2.09 1.89E-04

HSA00051.FRUCTOSE.AND.MANNOSE.METABOLISM.KEGG -2.07 2.09E-04

HSA00030.PENTOSE.PHOSPHATE.PATHWAY.KEGG -2.03 4.46E-04

HSA04510.FOCAL.ADHESION.KEGG -2.02 4.93E-04

HSA04977.VITAMIN.DIGESTION.AND.ABSORPTION.KEGG -2.00 5.42E-04

HSA04142.LYSOSOME.KEGG -1.99 6.29E-04

HSA00562.INOSITOL.PHOSPHATE.METABOLISM.KEGG -1.96 1.01E-03

HSA05211.RENAL.CELL.CARCINOMA.KEGG -1.94 1.36E-03

HSA00860.PORPHYRIN.AND.CHLOROPHYLL.METABOLISM.KEGG -1.94 1.53E-03

HSA05230.CENTRAL.CARBON.METABOLISM.IN.CANCER.KEGG -1.90 2.96E-03

HSA05217.BASAL.CELL.CARCINOMA.KEGG -1.88 3.48E-03

HSA04151.PI3K.AKT.SIGNALING.PATHWAY.KEGG -1.88 3.32E-03

HSA04922.GLUCAGON.SIGNALING.PATHWAY.KEGG -1.87 3.58E-03

HSA03320.PPAR.SIGNALING.PATHWAY.KEGG -1.87 3.46E-03

HSA04961.ENDOCRINE.AND.OTHER.FACTOR.REGULATED.CALCIUM.REABSORPTION.KEGG -1.86 4.12E-03

HSA04931.INSULIN.RESISTANCE.KEGG -1.85 4.07E-03

HSA00120.PRIMARY.BILE.ACID.BIOSYNTHESIS.KEGG -1.85 4.20E-03

HSA00982.DRUG.METABOLISM...CYTOCHROME.P450.KEGG -1.85 4.05E-03

HSA04216.FERROPTOSIS.KEGG -1.84 4.39E-03

HSA00980.METABOLISM.OF.XENOBIOTICS.BY.CYTOCHROME.P450.KEGG -1.84 4.49E-03

HSA00520.AMINO.SUGAR.AND.NUCLEOTIDE.SUGAR.METABOLISM.KEGG -1.83 4.54E-03

HSA04140.AUTOPHAGY...ANIMAL.KEGG -1.83 4.42E-03

HSA00830.RETINOL.METABOLISM.KEGG -1.83 4.46E-03

HSA05204.CHEMICAL.CARCINOGENESIS.KEGG -1.82 5.25E-03

HSA04512.ECM.RECEPTOR.INTERACTION.KEGG -1.81 5.23E-03

HSA05145.TOXOPLASMOSIS.KEGG -1.81 5.39E-03

HSA05205.PROTEOGLYCANS.IN.CANCER.KEGG -1.81 5.49E-03

HSA04152.AMPK.SIGNALING.PATHWAY.KEGG -1.80 5.85E-03

HSA05165.HUMAN.PAPILLOMAVIRUS.INFECTION.KEGG -1.80 6.01E-03

HSA00511.OTHER.GLYCAN.DEGRADATION.KEGG -1.79 5.92E-03

HSA01200.CARBON.METABOLISM.KEGG -1.79 5.91E-03

HSA05130.PATHOGENIC.ESCHERICHIA.COLI.INFECTION.KEGG -1.78 6.52E-03

HSA01230.BIOSYNTHESIS.OF.AMINO.ACIDS.KEGG -1.77 8.23E-03

HSA04810.REGULATION.OF.ACTIN.CYTOSKELETON.KEGG -1.75 9.44E-03

HSA04975.FAT.DIGESTION.AND.ABSORPTION.KEGG -1.74 1.07E-02

HSA05132.SALMONELLA.INFECTION.KEGG -1.73 1.17E-02

HSA04911.INSULIN.SECRETION.KEGG -1.73 1.15E-02

HSA04022.CGMP.PKG.SIGNALING.PATHWAY.KEGG -1.72 1.28E-02

HSA04130.SNARE.INTERACTIONS.IN.VESICULAR.TRANSPORT.KEGG -1.72 1.26E-02

HSA05222.SMALL.CELL.LUNG.CANCER.KEGG -1.71 1.29E-02

HSA05418.FLUID.SHEAR.STRESS.AND.ATHEROSCLEROSIS.KEGG -1.71 1.34E-02

HSA04520.ADHERENS.JUNCTION.KEGG -1.70 1.42E-02

HSA00531.GLYCOSAMINOGLYCAN.DEGRADATION.KEGG -1.70 1.47E-02

HSA04662.B.CELL.RECEPTOR.SIGNALING.PATHWAY.KEGG -1.70 1.47E-02

HSA04930.TYPE.II.DIABETES.MELLITUS.KEGG -1.70 1.47E-02

HSA04917.PROLACTIN.SIGNALING.PATHWAY.KEGG -1.70 1.44E-02

HSA04668.TNF.SIGNALING.PATHWAY.KEGG -1.69 1.57E-02

HSA05167.KAPOSI.SARCOMA.ASSOCIATED.HERPESVIRUS.INFECTION.KEGG -1.69 1.55E-02
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HSA01210.2.OXOCARBOXYLIC.ACID.METABOLISM.KEGG 1.38 1.02E-01

HSA04114.OOCYTE.MEIOSIS.KEGG 1.38 9.86E-02

HSA01212.FATTY.ACID.METABOLISM.KEGG 1.37 1.01E-01

HSA00670.ONE.CARBON.POOL.BY.FOLATE.KEGG 1.35 1.11E-01

HSA00480.GLUTATHIONE.METABOLISM.KEGG 1.33 1.19E-01

HSA00280.VALINE..LEUCINE.AND.ISOLEUCINE.DEGRADATION.KEGG 1.30 1.46E-01

HSA05202.TRANSCRIPTIONAL.MISREGULATION.IN.CANCER.KEGG 1.27 1.69E-01

HSA04115.P53.SIGNALING.PATHWAY.KEGG 1.26 1.70E-01

HSA00910.NITROGEN.METABOLISM.KEGG 1.26 1.65E-01

HSA00250.ALANINE..ASPARTATE.AND.GLUTAMATE.METABOLISM.KEGG 1.25 1.74E-01

HSA00640.PROPANOATE.METABOLISM.KEGG 1.21 2.16E-01

HSA03018.RNA.DEGRADATION.KEGG 1.20 2.25E-01

HSA05110.VIBRIO.CHOLERAE.INFECTION.KEGG 1.13 3.31E-01

HSA04120.UBIQUITIN.MEDIATED.PROTEOLYSIS.KEGG 1.13 3.23E-01

HSA00020.CITRATE.CYCLE..TCA.CYCLE..KEGG 1.11 3.38E-01

HSA00630.GLYOXYLATE.AND.DICARBOXYLATE.METABOLISM.KEGG 1.11 3.33E-01

HSA04950.MATURITY.ONSET.DIABETES.OF.THE.YOUNG.KEGG 1.10 3.36E-01

HSA00310.LYSINE.DEGRADATION.KEGG 1.09 3.56E-01

HSA01524.PLATINUM.DRUG.RESISTANCE.KEGG 1.03 4.66E-01

HSA03022.BASAL.TRANSCRIPTION.FACTORS.KEGG 0.98 5.89E-01

HSA04740.OLFACTORY.TRANSDUCTION.KEGG 0.86 8.56E-01

HSA00510.N.GLYCAN.BIOSYNTHESIS.KEGG 0.86 8.51E-01

HSA00515.MANNOSE.TYPE.O.GLYCAN.BIOSYNTHESIS.KEGG 0.85 8.50E-01

HSA04742.TASTE.TRANSDUCTION.KEGG 0.79 9.32E-01

HSA04330.NOTCH.SIGNALING.PATHWAY.KEGG 0.78 9.25E-01

HSA04623.CYTOSOLIC.DNA.SENSING.PATHWAY.KEGG 0.77 9.21E-01

HSA05310.ASTHMA.KEGG 0.70 9.53E-01

CACO-2 CELLS: DOWNREGULATED PATHWAYS

NAME NES FDR q-val

HSA04978.MINERAL.ABSORPTION.KEGG -2.58 0.00

HSA04973.CARBOHYDRATE.DIGESTION.AND.ABSORPTION.KEGG -2.35 0.00

HSA00052.GALACTOSE.METABOLISM.KEGG -2.32 0.00

HSA04066.HIF.1.SIGNALING.PATHWAY.KEGG -2.30 0.00

HSA00500.STARCH.AND.SUCROSE.METABOLISM.KEGG -2.22 0.00

HSA04144.ENDOCYTOSIS.KEGG -2.15 7.23E-05

HSA00010.GLYCOLYSIS...GLUCONEOGENESIS.KEGG -2.12 1.20E-04

HSA04974.PROTEIN.DIGESTION.AND.ABSORPTION.KEGG -2.12 1.38E-04

HSA04137.MITOPHAGY...ANIMAL.KEGG -2.10 1.69E-04

HSA04145.PHAGOSOME.KEGG -2.10 1.65E-04

HSA04976.BILE.SECRETION.KEGG -2.09 1.89E-04

HSA00051.FRUCTOSE.AND.MANNOSE.METABOLISM.KEGG -2.07 2.09E-04

HSA00030.PENTOSE.PHOSPHATE.PATHWAY.KEGG -2.03 4.46E-04

HSA04510.FOCAL.ADHESION.KEGG -2.02 4.93E-04

HSA04977.VITAMIN.DIGESTION.AND.ABSORPTION.KEGG -2.00 5.42E-04

HSA04142.LYSOSOME.KEGG -1.99 6.29E-04

HSA00562.INOSITOL.PHOSPHATE.METABOLISM.KEGG -1.96 1.01E-03

HSA05211.RENAL.CELL.CARCINOMA.KEGG -1.94 1.36E-03

HSA00860.PORPHYRIN.AND.CHLOROPHYLL.METABOLISM.KEGG -1.94 1.53E-03

HSA05230.CENTRAL.CARBON.METABOLISM.IN.CANCER.KEGG -1.90 2.96E-03

HSA05217.BASAL.CELL.CARCINOMA.KEGG -1.88 3.48E-03

HSA04151.PI3K.AKT.SIGNALING.PATHWAY.KEGG -1.88 3.32E-03

HSA04922.GLUCAGON.SIGNALING.PATHWAY.KEGG -1.87 3.58E-03

HSA03320.PPAR.SIGNALING.PATHWAY.KEGG -1.87 3.46E-03

HSA04961.ENDOCRINE.AND.OTHER.FACTOR.REGULATED.CALCIUM.REABSORPTION.KEGG -1.86 4.12E-03

HSA04931.INSULIN.RESISTANCE.KEGG -1.85 4.07E-03

HSA00120.PRIMARY.BILE.ACID.BIOSYNTHESIS.KEGG -1.85 4.20E-03

HSA00982.DRUG.METABOLISM...CYTOCHROME.P450.KEGG -1.85 4.05E-03

HSA04216.FERROPTOSIS.KEGG -1.84 4.39E-03

HSA00980.METABOLISM.OF.XENOBIOTICS.BY.CYTOCHROME.P450.KEGG -1.84 4.49E-03

HSA00520.AMINO.SUGAR.AND.NUCLEOTIDE.SUGAR.METABOLISM.KEGG -1.83 4.54E-03

HSA04140.AUTOPHAGY...ANIMAL.KEGG -1.83 4.42E-03

HSA00830.RETINOL.METABOLISM.KEGG -1.83 4.46E-03

HSA05204.CHEMICAL.CARCINOGENESIS.KEGG -1.82 5.25E-03

HSA04512.ECM.RECEPTOR.INTERACTION.KEGG -1.81 5.23E-03

HSA05145.TOXOPLASMOSIS.KEGG -1.81 5.39E-03

HSA05205.PROTEOGLYCANS.IN.CANCER.KEGG -1.81 5.49E-03

HSA04152.AMPK.SIGNALING.PATHWAY.KEGG -1.80 5.85E-03

HSA05165.HUMAN.PAPILLOMAVIRUS.INFECTION.KEGG -1.80 6.01E-03

HSA00511.OTHER.GLYCAN.DEGRADATION.KEGG -1.79 5.92E-03

HSA01200.CARBON.METABOLISM.KEGG -1.79 5.91E-03

HSA05130.PATHOGENIC.ESCHERICHIA.COLI.INFECTION.KEGG -1.78 6.52E-03

HSA01230.BIOSYNTHESIS.OF.AMINO.ACIDS.KEGG -1.77 8.23E-03

HSA04810.REGULATION.OF.ACTIN.CYTOSKELETON.KEGG -1.75 9.44E-03

HSA04975.FAT.DIGESTION.AND.ABSORPTION.KEGG -1.74 1.07E-02

HSA05132.SALMONELLA.INFECTION.KEGG -1.73 1.17E-02

HSA04911.INSULIN.SECRETION.KEGG -1.73 1.15E-02

HSA04022.CGMP.PKG.SIGNALING.PATHWAY.KEGG -1.72 1.28E-02

HSA04130.SNARE.INTERACTIONS.IN.VESICULAR.TRANSPORT.KEGG -1.72 1.26E-02

HSA05222.SMALL.CELL.LUNG.CANCER.KEGG -1.71 1.29E-02

HSA05418.FLUID.SHEAR.STRESS.AND.ATHEROSCLEROSIS.KEGG -1.71 1.34E-02

HSA04520.ADHERENS.JUNCTION.KEGG -1.70 1.42E-02

HSA00531.GLYCOSAMINOGLYCAN.DEGRADATION.KEGG -1.70 1.47E-02

HSA04662.B.CELL.RECEPTOR.SIGNALING.PATHWAY.KEGG -1.70 1.47E-02

HSA04930.TYPE.II.DIABETES.MELLITUS.KEGG -1.70 1.47E-02

HSA04917.PROLACTIN.SIGNALING.PATHWAY.KEGG -1.70 1.44E-02

HSA04668.TNF.SIGNALING.PATHWAY.KEGG -1.69 1.57E-02

HSA05167.KAPOSI.SARCOMA.ASSOCIATED.HERPESVIRUS.INFECTION.KEGG -1.69 1.55E-02
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HSA00040.PENTOSE.AND.GLUCURONATE.INTERCONVERSIONS.KEGG -1.69 1.53E-02

HSA04350.TGF.BETA.SIGNALING.PATHWAY.KEGG -1.68 1.55E-02

HSA04960.ALDOSTERONE.REGULATED.SODIUM.REABSORPTION.KEGG -1.68 1.53E-02

HSA04640.HEMATOPOIETIC.CELL.LINEAGE.KEGG -1.68 1.54E-02

HSA05134.LEGIONELLOSIS.KEGG -1.68 1.54E-02

HSA05216.THYROID.CANCER.KEGG -1.67 1.59E-02

HSA04650.NATURAL.KILLER.CELL.MEDIATED.CYTOTOXICITY.KEGG -1.67 1.65E-02

HSA04068.FOXO.SIGNALING.PATHWAY.KEGG -1.67 1.69E-02

HSA05321.INFLAMMATORY.BOWEL.DISEASE..IBD..KEGG -1.66 1.75E-02

HSA00140.STEROID.HORMONE.BIOSYNTHESIS.KEGG -1.65 1.87E-02

HSA04010.MAPK.SIGNALING.PATHWAY.KEGG -1.65 1.86E-02

HSA04550.SIGNALING.PATHWAYS.REGULATING.PLURIPOTENCY.OF.STEM.CELLS.KEGG -1.65 1.84E-02

HSA05146.AMOEBIASIS.KEGG -1.65 1.87E-02

HSA05235.PD.L1.EXPRESSION.AND.PD.1.CHECKPOINT.PATHWAY.IN.CANCER.KEGG -1.65 1.85E-02

HSA04721.SYNAPTIC.VESICLE.CYCLE.KEGG -1.65 1.83E-02

HSA04928.PARATHYROID.HORMONE.SYNTHESIS..SECRETION.AND.ACTION.KEGG -1.65 1.86E-02

HSA05213.ENDOMETRIAL.CANCER.KEGG -1.64 2.01E-02

HSA04380.OSTEOCLAST.DIFFERENTIATION.KEGG -1.63 2.07E-02

HSA04920.ADIPOCYTOKINE.SIGNALING.PATHWAY.KEGG -1.62 2.25E-02

HSA05416.VIRAL.MYOCARDITIS.KEGG -1.62 2.23E-02

HSA00601.GLYCOSPHINGOLIPID.BIOSYNTHESIS...LACTO.AND.NEOLACTO.SERIES.KEGG -1.62 2.23E-02

HSA04260.CARDIAC.MUSCLE.CONTRACTION.KEGG -1.61 2.40E-02

HSA05131.SHIGELLOSIS.KEGG -1.61 2.38E-02

HSA04514.CELL.ADHESION.MOLECULES..CAMS..KEGG -1.61 2.40E-02

HSA04919.THYROID.HORMONE.SIGNALING.PATHWAY.KEGG -1.60 2.65E-02

HSA04910.INSULIN.SIGNALING.PATHWAY.KEGG -1.60 2.70E-02

HSA05169.EPSTEIN.BARR.VIRUS.INFECTION.KEGG -1.60 2.68E-02

HSA04024.CAMP.SIGNALING.PATHWAY.KEGG -1.58 3.00E-02

HSA05163.HUMAN.CYTOMEGALOVIRUS.INFECTION.KEGG -1.58 3.02E-02

HSA05142.CHAGAS.DISEASE..AMERICAN.TRYPANOSOMIASIS..KEGG -1.58 3.02E-02

HSA04964.PROXIMAL.TUBULE.BICARBONATE.RECLAMATION.KEGG -1.57 3.18E-02

HSA04630.JAK.STAT.SIGNALING.PATHWAY.KEGG -1.57 3.17E-02

HSA00512.MUCIN.TYPE.O.GLYCAN.BIOSYNTHESIS.KEGG -1.56 3.47E-02

HSA05100.BACTERIAL.INVASION.OF.EPITHELIAL.CELLS.KEGG -1.56 3.48E-02

HSA04530.TIGHT.JUNCTION.KEGG -1.55 3.72E-02

HSA04261.ADRENERGIC.SIGNALING.IN.CARDIOMYOCYTES.KEGG -1.55 3.73E-02

HSA04014.RAS.SIGNALING.PATHWAY.KEGG -1.54 3.86E-02

HSA00513.VARIOUS.TYPES.OF.N.GLYCAN.BIOSYNTHESIS.KEGG -1.54 3.87E-02

HSA04926.RELAXIN.SIGNALING.PATHWAY.KEGG -1.54 3.85E-02

HSA04070.PHOSPHATIDYLINOSITOL.SIGNALING.SYSTEM.KEGG -1.54 3.97E-02

HSA00600.SPHINGOLIPID.METABOLISM.KEGG -1.54 4.00E-02

HSA04915.ESTROGEN.SIGNALING.PATHWAY.KEGG -1.54 3.99E-02

HSA00340.HISTIDINE.METABOLISM.KEGG -1.53 4.16E-02

HSA04371.APELIN.SIGNALING.PATHWAY.KEGG -1.52 4.44E-02

HSA05412.ARRHYTHMOGENIC.RIGHT.VENTRICULAR.CARDIOMYOPATHY..ARVC..KEGG -1.52 4.45E-02

HSA04150.MTOR.SIGNALING.PATHWAY.KEGG -1.51 4.66E-02

HSA05210.COLORECTAL.CANCER.KEGG -1.51 4.64E-02

HSA05410.HYPERTROPHIC.CARDIOMYOPATHY..HCM..KEGG -1.51 4.75E-02

HSA05140.LEISHMANIASIS.KEGG -1.51 4.81E-02

HSA04390.HIPPO.SIGNALING.PATHWAY.KEGG -1.50 4.93E-02

HSA05162.MEASLES.KEGG -1.50 4.90E-02

HSA00564.GLYCEROPHOSPHOLIPID.METABOLISM.KEGG -1.50 5.01E-02

HSA00592.ALPHA.LINOLENIC.ACID.METABOLISM.KEGG -1.50 5.07E-02

HSA04927.CORTISOL.SYNTHESIS.AND.SECRETION.KEGG -1.49 5.08E-02

HSA05212.PANCREATIC.CANCER.KEGG -1.49 5.22E-02

HSA05323.RHEUMATOID.ARTHRITIS.KEGG -1.49 5.23E-02

HSA04015.RAP1.SIGNALING.PATHWAY.KEGG -1.49 5.21E-02

HSA04625.C.TYPE.LECTIN.RECEPTOR.SIGNALING.PATHWAY.KEGG -1.49 5.23E-02

HSA01521.EGFR.TYROSINE.KINASE.INHIBITOR.RESISTANCE.KEGG -1.48 5.32E-02

HSA04614.RENIN.ANGIOTENSIN.SYSTEM.KEGG -1.48 5.34E-02

HSA05135.YERSINIA.INFECTION.KEGG -1.48 5.37E-02

HSA05231.CHOLINE.METABOLISM.IN.CANCER.KEGG -1.48 5.36E-02

HSA00561.GLYCEROLIPID.METABOLISM.KEGG -1.47 5.55E-02

HSA00591.LINOLEIC.ACID.METABOLISM.KEGG -1.47 5.70E-02

HSA00760.NICOTINATE.AND.NICOTINAMIDE.METABOLISM.KEGG -1.47 5.70E-02

HSA04072.PHOSPHOLIPASE.D.SIGNALING.PATHWAY.KEGG -1.47 5.71E-02

HSA00330.ARGININE.AND.PROLINE.METABOLISM.KEGG -1.46 5.85E-02

HSA04210.APOPTOSIS.KEGG -1.46 5.85E-02

HSA04658.TH1.AND.TH2.CELL.DIFFERENTIATION.KEGG -1.46 5.93E-02

HSA04979.CHOLESTEROL.METABOLISM.KEGG -1.46 5.96E-02

HSA04728.DOPAMINERGIC.SYNAPSE.KEGG -1.46 6.07E-02

HSA00053.ASCORBATE.AND.ALDARATE.METABOLISM.KEGG -1.45 6.48E-02

HSA04060.CYTOKINE.CYTOKINE.RECEPTOR.INTERACTION.KEGG -1.44 6.52E-02

HSA00360.PHENYLALANINE.METABOLISM.KEGG -1.44 6.48E-02

HSA05219.BLADDER.CANCER.KEGG -1.44 6.46E-02

HSA05033.NICOTINE.ADDICTION.KEGG -1.44 6.42E-02

HSA00770.PANTOTHENATE.AND.COA.BIOSYNTHESIS.KEGG -1.44 6.41E-02

HSA04925.ALDOSTERONE.SYNTHESIS.AND.SECRETION.KEGG -1.44 6.60E-02

HSA05120.EPITHELIAL.CELL.SIGNALING.IN.HELICOBACTER.PYLORI.INFECTION.KEGG -1.44 6.60E-02

HSA05160.HEPATITIS.C.KEGG -1.44 6.67E-02

HSA00983.DRUG.METABOLISM...OTHER.ENZYMES.KEGG -1.44 6.63E-02

HSA00590.ARACHIDONIC.ACID.METABOLISM.KEGG -1.43 6.64E-02

HSA00565.ETHER.LIPID.METABOLISM.KEGG -1.43 6.71E-02

HSA04620.TOLL.LIKE.RECEPTOR.SIGNALING.PATHWAY.KEGG -1.43 6.79E-02

HSA04722.NEUROTROPHIN.SIGNALING.PATHWAY.KEGG -1.43 6.80E-02

HSA04933.AGE.RAGE.SIGNALING.PATHWAY.IN.DIABETIC.COMPLICATIONS.KEGG -1.42 7.01E-02

HSA04211.LONGEVITY.REGULATING.PATHWAY.KEGG -1.42 6.97E-02

HSA04062.CHEMOKINE.SIGNALING.PATHWAY.KEGG -1.42 7.33E-02
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HSA00040.PENTOSE.AND.GLUCURONATE.INTERCONVERSIONS.KEGG -1.69 1.53E-02

HSA04350.TGF.BETA.SIGNALING.PATHWAY.KEGG -1.68 1.55E-02

HSA04960.ALDOSTERONE.REGULATED.SODIUM.REABSORPTION.KEGG -1.68 1.53E-02

HSA04640.HEMATOPOIETIC.CELL.LINEAGE.KEGG -1.68 1.54E-02

HSA05134.LEGIONELLOSIS.KEGG -1.68 1.54E-02

HSA05216.THYROID.CANCER.KEGG -1.67 1.59E-02

HSA04650.NATURAL.KILLER.CELL.MEDIATED.CYTOTOXICITY.KEGG -1.67 1.65E-02

HSA04068.FOXO.SIGNALING.PATHWAY.KEGG -1.67 1.69E-02

HSA05321.INFLAMMATORY.BOWEL.DISEASE..IBD..KEGG -1.66 1.75E-02

HSA00140.STEROID.HORMONE.BIOSYNTHESIS.KEGG -1.65 1.87E-02

HSA04010.MAPK.SIGNALING.PATHWAY.KEGG -1.65 1.86E-02

HSA04550.SIGNALING.PATHWAYS.REGULATING.PLURIPOTENCY.OF.STEM.CELLS.KEGG -1.65 1.84E-02

HSA05146.AMOEBIASIS.KEGG -1.65 1.87E-02

HSA05235.PD.L1.EXPRESSION.AND.PD.1.CHECKPOINT.PATHWAY.IN.CANCER.KEGG -1.65 1.85E-02

HSA04721.SYNAPTIC.VESICLE.CYCLE.KEGG -1.65 1.83E-02

HSA04928.PARATHYROID.HORMONE.SYNTHESIS..SECRETION.AND.ACTION.KEGG -1.65 1.86E-02

HSA05213.ENDOMETRIAL.CANCER.KEGG -1.64 2.01E-02

HSA04380.OSTEOCLAST.DIFFERENTIATION.KEGG -1.63 2.07E-02

HSA04920.ADIPOCYTOKINE.SIGNALING.PATHWAY.KEGG -1.62 2.25E-02

HSA05416.VIRAL.MYOCARDITIS.KEGG -1.62 2.23E-02

HSA00601.GLYCOSPHINGOLIPID.BIOSYNTHESIS...LACTO.AND.NEOLACTO.SERIES.KEGG -1.62 2.23E-02

HSA04260.CARDIAC.MUSCLE.CONTRACTION.KEGG -1.61 2.40E-02

HSA05131.SHIGELLOSIS.KEGG -1.61 2.38E-02

HSA04514.CELL.ADHESION.MOLECULES..CAMS..KEGG -1.61 2.40E-02

HSA04919.THYROID.HORMONE.SIGNALING.PATHWAY.KEGG -1.60 2.65E-02

HSA04910.INSULIN.SIGNALING.PATHWAY.KEGG -1.60 2.70E-02

HSA05169.EPSTEIN.BARR.VIRUS.INFECTION.KEGG -1.60 2.68E-02

HSA04024.CAMP.SIGNALING.PATHWAY.KEGG -1.58 3.00E-02

HSA05163.HUMAN.CYTOMEGALOVIRUS.INFECTION.KEGG -1.58 3.02E-02

HSA05142.CHAGAS.DISEASE..AMERICAN.TRYPANOSOMIASIS..KEGG -1.58 3.02E-02

HSA04964.PROXIMAL.TUBULE.BICARBONATE.RECLAMATION.KEGG -1.57 3.18E-02

HSA04630.JAK.STAT.SIGNALING.PATHWAY.KEGG -1.57 3.17E-02

HSA00512.MUCIN.TYPE.O.GLYCAN.BIOSYNTHESIS.KEGG -1.56 3.47E-02

HSA05100.BACTERIAL.INVASION.OF.EPITHELIAL.CELLS.KEGG -1.56 3.48E-02

HSA04530.TIGHT.JUNCTION.KEGG -1.55 3.72E-02

HSA04261.ADRENERGIC.SIGNALING.IN.CARDIOMYOCYTES.KEGG -1.55 3.73E-02

HSA04014.RAS.SIGNALING.PATHWAY.KEGG -1.54 3.86E-02

HSA00513.VARIOUS.TYPES.OF.N.GLYCAN.BIOSYNTHESIS.KEGG -1.54 3.87E-02

HSA04926.RELAXIN.SIGNALING.PATHWAY.KEGG -1.54 3.85E-02

HSA04070.PHOSPHATIDYLINOSITOL.SIGNALING.SYSTEM.KEGG -1.54 3.97E-02

HSA00600.SPHINGOLIPID.METABOLISM.KEGG -1.54 4.00E-02

HSA04915.ESTROGEN.SIGNALING.PATHWAY.KEGG -1.54 3.99E-02

HSA00340.HISTIDINE.METABOLISM.KEGG -1.53 4.16E-02

HSA04371.APELIN.SIGNALING.PATHWAY.KEGG -1.52 4.44E-02

HSA05412.ARRHYTHMOGENIC.RIGHT.VENTRICULAR.CARDIOMYOPATHY..ARVC..KEGG -1.52 4.45E-02

HSA04150.MTOR.SIGNALING.PATHWAY.KEGG -1.51 4.66E-02

HSA05210.COLORECTAL.CANCER.KEGG -1.51 4.64E-02

HSA05410.HYPERTROPHIC.CARDIOMYOPATHY..HCM..KEGG -1.51 4.75E-02

HSA05140.LEISHMANIASIS.KEGG -1.51 4.81E-02

HSA04390.HIPPO.SIGNALING.PATHWAY.KEGG -1.50 4.93E-02

HSA05162.MEASLES.KEGG -1.50 4.90E-02

HSA00564.GLYCEROPHOSPHOLIPID.METABOLISM.KEGG -1.50 5.01E-02

HSA00592.ALPHA.LINOLENIC.ACID.METABOLISM.KEGG -1.50 5.07E-02

HSA04927.CORTISOL.SYNTHESIS.AND.SECRETION.KEGG -1.49 5.08E-02

HSA05212.PANCREATIC.CANCER.KEGG -1.49 5.22E-02

HSA05323.RHEUMATOID.ARTHRITIS.KEGG -1.49 5.23E-02

HSA04015.RAP1.SIGNALING.PATHWAY.KEGG -1.49 5.21E-02

HSA04625.C.TYPE.LECTIN.RECEPTOR.SIGNALING.PATHWAY.KEGG -1.49 5.23E-02

HSA01521.EGFR.TYROSINE.KINASE.INHIBITOR.RESISTANCE.KEGG -1.48 5.32E-02

HSA04614.RENIN.ANGIOTENSIN.SYSTEM.KEGG -1.48 5.34E-02

HSA05135.YERSINIA.INFECTION.KEGG -1.48 5.37E-02

HSA05231.CHOLINE.METABOLISM.IN.CANCER.KEGG -1.48 5.36E-02

HSA00561.GLYCEROLIPID.METABOLISM.KEGG -1.47 5.55E-02

HSA00591.LINOLEIC.ACID.METABOLISM.KEGG -1.47 5.70E-02

HSA00760.NICOTINATE.AND.NICOTINAMIDE.METABOLISM.KEGG -1.47 5.70E-02

HSA04072.PHOSPHOLIPASE.D.SIGNALING.PATHWAY.KEGG -1.47 5.71E-02

HSA00330.ARGININE.AND.PROLINE.METABOLISM.KEGG -1.46 5.85E-02

HSA04210.APOPTOSIS.KEGG -1.46 5.85E-02

HSA04658.TH1.AND.TH2.CELL.DIFFERENTIATION.KEGG -1.46 5.93E-02

HSA04979.CHOLESTEROL.METABOLISM.KEGG -1.46 5.96E-02

HSA04728.DOPAMINERGIC.SYNAPSE.KEGG -1.46 6.07E-02

HSA00053.ASCORBATE.AND.ALDARATE.METABOLISM.KEGG -1.45 6.48E-02

HSA04060.CYTOKINE.CYTOKINE.RECEPTOR.INTERACTION.KEGG -1.44 6.52E-02

HSA00360.PHENYLALANINE.METABOLISM.KEGG -1.44 6.48E-02

HSA05219.BLADDER.CANCER.KEGG -1.44 6.46E-02

HSA05033.NICOTINE.ADDICTION.KEGG -1.44 6.42E-02

HSA00770.PANTOTHENATE.AND.COA.BIOSYNTHESIS.KEGG -1.44 6.41E-02

HSA04925.ALDOSTERONE.SYNTHESIS.AND.SECRETION.KEGG -1.44 6.60E-02

HSA05120.EPITHELIAL.CELL.SIGNALING.IN.HELICOBACTER.PYLORI.INFECTION.KEGG -1.44 6.60E-02

HSA05160.HEPATITIS.C.KEGG -1.44 6.67E-02

HSA00983.DRUG.METABOLISM...OTHER.ENZYMES.KEGG -1.44 6.63E-02

HSA00590.ARACHIDONIC.ACID.METABOLISM.KEGG -1.43 6.64E-02

HSA00565.ETHER.LIPID.METABOLISM.KEGG -1.43 6.71E-02

HSA04620.TOLL.LIKE.RECEPTOR.SIGNALING.PATHWAY.KEGG -1.43 6.79E-02

HSA04722.NEUROTROPHIN.SIGNALING.PATHWAY.KEGG -1.43 6.80E-02

HSA04933.AGE.RAGE.SIGNALING.PATHWAY.IN.DIABETIC.COMPLICATIONS.KEGG -1.42 7.01E-02

HSA04211.LONGEVITY.REGULATING.PATHWAY.KEGG -1.42 6.97E-02

HSA04062.CHEMOKINE.SIGNALING.PATHWAY.KEGG -1.42 7.33E-02
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HSA04071.SPHINGOLIPID.SIGNALING.PATHWAY.KEGG -1.41 7.37E-02

HSA04621.NOD.LIKE.RECEPTOR.SIGNALING.PATHWAY.KEGG -1.41 7.38E-02

HSA04064.NF.KAPPA.B.SIGNALING.PATHWAY.KEGG -1.41 7.34E-02

HSA05332.GRAFT.VERSUS.HOST.DISEASE.KEGG -1.41 7.47E-02

HSA04360.AXON.GUIDANCE.KEGG -1.41 7.45E-02

HSA05330.ALLOGRAFT.REJECTION.KEGG -1.41 7.64E-02

HSA04934.CUSHING.SYNDROME.KEGG -1.40 7.92E-02

HSA05152.TUBERCULOSIS.KEGG -1.40 8.04E-02

HSA05215.PROSTATE.CANCER.KEGG -1.40 8.03E-02

HSA04657.IL.17.SIGNALING.PATHWAY.KEGG -1.40 8.02E-02

HSA04710.CIRCADIAN.RHYTHM.KEGG -1.39 8.30E-02

HSA04940.TYPE.I.DIABETES.MELLITUS.KEGG -1.38 8.56E-02

HSA04660.T.CELL.RECEPTOR.SIGNALING.PATHWAY.KEGG -1.37 9.27E-02

HSA04726.SEROTONERGIC.SYNAPSE.KEGG -1.37 9.22E-02

HSA04971.GASTRIC.ACID.SECRETION.KEGG -1.37 9.34E-02

HSA04932.NON.ALCOHOLIC.FATTY.LIVER.DISEASE..NAFLD..KEGG -1.37 9.66E-02

HSA04972.PANCREATIC.SECRETION.KEGG -1.36 9.91E-02

HSA04540.GAP.JUNCTION.KEGG -1.35 1.03E-01

HSA00730.THIAMINE.METABOLISM.KEGG -1.35 1.03E-01

HSA04659.TH17.CELL.DIFFERENTIATION.KEGG -1.35 1.04E-01

HSA05164.INFLUENZA.A.KEGG -1.35 1.07E-01

HSA04670.LEUKOCYTE.TRANSENDOTHELIAL.MIGRATION.KEGG -1.33 1.18E-01

HSA05016.HUNTINGTON.DISEASE.KEGG -1.33 1.17E-01

HSA04935.GROWTH.HORMONE.SYNTHESIS..SECRETION.AND.ACTION.KEGG -1.33 1.21E-01

HSA05226.GASTRIC.CANCER.KEGG -1.32 1.28E-01

HSA05144.MALARIA.KEGG -1.31 1.30E-01

HSA04962.VASOPRESSIN.REGULATED.WATER.REABSORPTION.KEGG -1.31 1.37E-01

HSA02010.ABC.TRANSPORTERS.KEGG -1.30 1.43E-01

HSA04912.GNRH.SIGNALING.PATHWAY.KEGG -1.30 1.45E-01

HSA04340.HEDGEHOG.SIGNALING.PATHWAY.KEGG -1.29 1.45E-01

HSA04136.AUTOPHAGY...OTHER.KEGG -1.29 1.47E-01

HSA05170.HUMAN.IMMUNODEFICIENCY.VIRUS.1.INFECTION.KEGG -1.29 1.47E-01

HSA05218.MELANOMA.KEGG -1.29 1.47E-01

HSA04611.PLATELET.ACTIVATION.KEGG -1.28 1.52E-01

HSA04921.OXYTOCIN.SIGNALING.PATHWAY.KEGG -1.28 1.53E-01

HSA05032.MORPHINE.ADDICTION.KEGG -1.28 1.57E-01

HSA04725.CHOLINERGIC.SYNAPSE.KEGG -1.28 1.56E-01

HSA04730.LONG.TERM.DEPRESSION.KEGG -1.28 1.56E-01

HSA00230.PURINE.METABOLISM.KEGG -1.27 1.57E-01

HSA04218.CELLULAR.SENESCENCE.KEGG -1.27 1.56E-01

HSA00620.PYRUVATE.METABOLISM.KEGG -1.26 1.66E-01

HSA05168.HERPES.SIMPLEX.VIRUS.1.INFECTION.KEGG -1.26 1.67E-01

HSA04918.THYROID.HORMONE.SYNTHESIS.KEGG -1.26 1.67E-01

HSA00514.OTHER.TYPES.OF.O.GLYCAN.BIOSYNTHESIS.KEGG -1.26 1.68E-01

HSA05414.DILATED.CARDIOMYOPATHY..DCM..KEGG -1.26 1.68E-01

HSA04713.CIRCADIAN.ENTRAINMENT.KEGG -1.25 1.76E-01

HSA04080.NEUROACTIVE.LIGAND.RECEPTOR.INTERACTION.KEGG -1.25 1.79E-01

HSA04612.ANTIGEN.PROCESSING.AND.PRESENTATION.KEGG -1.25 1.79E-01

HSA04012.ERBB.SIGNALING.PATHWAY.KEGG -1.24 1.85E-01

HSA04141.PROTEIN.PROCESSING.IN.ENDOPLASMIC.RETICULUM.KEGG -1.24 1.86E-01

HSA00563.GLYCOSYLPHOSPHATIDYLINOSITOL..GPI..ANCHOR.BIOSYNTHESIS.KEGG -1.24 1.88E-01

HSA00410.BETA.ALANINE.METABOLISM.KEGG -1.23 1.90E-01

HSA04924.RENIN.SECRETION.KEGG -1.23 1.95E-01

HSA04929.GNRH.SECRETION.KEGG -1.23 1.95E-01

HSA04723.RETROGRADE.ENDOCANNABINOID.SIGNALING.KEGG -1.22 1.97E-01

HSA04217.NECROPTOSIS.KEGG -1.22 1.99E-01

HSA04270.VASCULAR.SMOOTH.MUSCLE.CONTRACTION.KEGG -1.22 1.99E-01

HSA04622.RIG.I.LIKE.RECEPTOR.SIGNALING.PATHWAY.KEGG -1.22 1.98E-01

HSA05143.AFRICAN.TRYPANOSOMIASIS.KEGG -1.22 2.01E-01

HSA04923.REGULATION.OF.LIPOLYSIS.IN.ADIPOCYTES.KEGG -1.22 2.00E-01

HSA00062.FATTY.ACID.ELONGATION.KEGG -1.22 2.00E-01

HSA04970.SALIVARY.SECRETION.KEGG -1.22 2.00E-01

HSA05320.AUTOIMMUNE.THYROID.DISEASE.KEGG -1.21 2.05E-01

HSA05161.HEPATITIS.B.KEGG -1.20 2.15E-01

HSA05224.BREAST.CANCER.KEGG -1.20 2.19E-01

HSA04146.PEROXISOME.KEGG -1.19 2.31E-01

HSA05206.MICRORNAS.IN.CANCER.KEGG -1.19 2.33E-01

HSA04666.FC.GAMMA.R.MEDIATED.PHAGOCYTOSIS.KEGG -1.18 2.33E-01

HSA05166.HUMAN.T.CELL.LEUKEMIA.VIRUS.1.INFECTION.KEGG -1.18 2.33E-01

HSA04724.GLUTAMATERGIC.SYNAPSE.KEGG -1.18 2.42E-01

HSA05030.COCAINE.ADDICTION.KEGG -1.17 2.49E-01

HSA05133.PERTUSSIS.KEGG -1.17 2.48E-01

HSA05221.ACUTE.MYELOID.LEUKEMIA.KEGG -1.17 2.52E-01

HSA04213.LONGEVITY.REGULATING.PATHWAY...MULTIPLE.SPECIES.KEGG -1.15 2.74E-01

HSA05220.CHRONIC.MYELOID.LEUKEMIA.KEGG -1.15 2.79E-01

HSA05223.NON.SMALL.CELL.LUNG.CANCER.KEGG -1.14 2.80E-01

HSA00071.FATTY.ACID.DEGRADATION.KEGG -1.13 3.03E-01

HSA05225.HEPATOCELLULAR.CARCINOMA.KEGG -1.13 3.05E-01

HSA00790.FOLATE.BIOSYNTHESIS.KEGG -1.12 3.11E-01

HSA04061.VIRAL.PROTEIN.INTERACTION.WITH.CYTOKINE.AND.CYTOKINE.RECEPTOR.KEGG -1.12 3.20E-01

HSA05203.VIRAL.CARCINOGENESIS.KEGG -1.11 3.21E-01

HSA00240.PYRIMIDINE.METABOLISM.KEGG -1.11 3.24E-01

HSA04966.COLLECTING.DUCT.ACID.SECRETION.KEGG -1.10 3.35E-01

HSA00380.TRYPTOPHAN.METABOLISM.KEGG -1.10 3.42E-01

HSA04916.MELANOGENESIS.KEGG -1.09 3.52E-01

HSA05014.AMYOTROPHIC.LATERAL.SCLEROSIS..ALS..KEGG -1.09 3.53E-01

HSA04020.CALCIUM.SIGNALING.PATHWAY.KEGG -1.08 3.68E-01

HSA05214.GLIOMA.KEGG -1.07 3.79E-01
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HSA04071.SPHINGOLIPID.SIGNALING.PATHWAY.KEGG -1.41 7.37E-02

HSA04621.NOD.LIKE.RECEPTOR.SIGNALING.PATHWAY.KEGG -1.41 7.38E-02

HSA04064.NF.KAPPA.B.SIGNALING.PATHWAY.KEGG -1.41 7.34E-02

HSA05332.GRAFT.VERSUS.HOST.DISEASE.KEGG -1.41 7.47E-02

HSA04360.AXON.GUIDANCE.KEGG -1.41 7.45E-02

HSA05330.ALLOGRAFT.REJECTION.KEGG -1.41 7.64E-02

HSA04934.CUSHING.SYNDROME.KEGG -1.40 7.92E-02

HSA05152.TUBERCULOSIS.KEGG -1.40 8.04E-02

HSA05215.PROSTATE.CANCER.KEGG -1.40 8.03E-02

HSA04657.IL.17.SIGNALING.PATHWAY.KEGG -1.40 8.02E-02

HSA04710.CIRCADIAN.RHYTHM.KEGG -1.39 8.30E-02

HSA04940.TYPE.I.DIABETES.MELLITUS.KEGG -1.38 8.56E-02

HSA04660.T.CELL.RECEPTOR.SIGNALING.PATHWAY.KEGG -1.37 9.27E-02

HSA04726.SEROTONERGIC.SYNAPSE.KEGG -1.37 9.22E-02

HSA04971.GASTRIC.ACID.SECRETION.KEGG -1.37 9.34E-02

HSA04932.NON.ALCOHOLIC.FATTY.LIVER.DISEASE..NAFLD..KEGG -1.37 9.66E-02

HSA04972.PANCREATIC.SECRETION.KEGG -1.36 9.91E-02

HSA04540.GAP.JUNCTION.KEGG -1.35 1.03E-01

HSA00730.THIAMINE.METABOLISM.KEGG -1.35 1.03E-01

HSA04659.TH17.CELL.DIFFERENTIATION.KEGG -1.35 1.04E-01

HSA05164.INFLUENZA.A.KEGG -1.35 1.07E-01

HSA04670.LEUKOCYTE.TRANSENDOTHELIAL.MIGRATION.KEGG -1.33 1.18E-01

HSA05016.HUNTINGTON.DISEASE.KEGG -1.33 1.17E-01

HSA04935.GROWTH.HORMONE.SYNTHESIS..SECRETION.AND.ACTION.KEGG -1.33 1.21E-01

HSA05226.GASTRIC.CANCER.KEGG -1.32 1.28E-01

HSA05144.MALARIA.KEGG -1.31 1.30E-01

HSA04962.VASOPRESSIN.REGULATED.WATER.REABSORPTION.KEGG -1.31 1.37E-01

HSA02010.ABC.TRANSPORTERS.KEGG -1.30 1.43E-01

HSA04912.GNRH.SIGNALING.PATHWAY.KEGG -1.30 1.45E-01

HSA04340.HEDGEHOG.SIGNALING.PATHWAY.KEGG -1.29 1.45E-01

HSA04136.AUTOPHAGY...OTHER.KEGG -1.29 1.47E-01

HSA05170.HUMAN.IMMUNODEFICIENCY.VIRUS.1.INFECTION.KEGG -1.29 1.47E-01

HSA05218.MELANOMA.KEGG -1.29 1.47E-01

HSA04611.PLATELET.ACTIVATION.KEGG -1.28 1.52E-01

HSA04921.OXYTOCIN.SIGNALING.PATHWAY.KEGG -1.28 1.53E-01

HSA05032.MORPHINE.ADDICTION.KEGG -1.28 1.57E-01

HSA04725.CHOLINERGIC.SYNAPSE.KEGG -1.28 1.56E-01

HSA04730.LONG.TERM.DEPRESSION.KEGG -1.28 1.56E-01

HSA00230.PURINE.METABOLISM.KEGG -1.27 1.57E-01

HSA04218.CELLULAR.SENESCENCE.KEGG -1.27 1.56E-01

HSA00620.PYRUVATE.METABOLISM.KEGG -1.26 1.66E-01

HSA05168.HERPES.SIMPLEX.VIRUS.1.INFECTION.KEGG -1.26 1.67E-01

HSA04918.THYROID.HORMONE.SYNTHESIS.KEGG -1.26 1.67E-01

HSA00514.OTHER.TYPES.OF.O.GLYCAN.BIOSYNTHESIS.KEGG -1.26 1.68E-01

HSA05414.DILATED.CARDIOMYOPATHY..DCM..KEGG -1.26 1.68E-01

HSA04713.CIRCADIAN.ENTRAINMENT.KEGG -1.25 1.76E-01

HSA04080.NEUROACTIVE.LIGAND.RECEPTOR.INTERACTION.KEGG -1.25 1.79E-01

HSA04612.ANTIGEN.PROCESSING.AND.PRESENTATION.KEGG -1.25 1.79E-01

HSA04012.ERBB.SIGNALING.PATHWAY.KEGG -1.24 1.85E-01

HSA04141.PROTEIN.PROCESSING.IN.ENDOPLASMIC.RETICULUM.KEGG -1.24 1.86E-01

HSA00563.GLYCOSYLPHOSPHATIDYLINOSITOL..GPI..ANCHOR.BIOSYNTHESIS.KEGG -1.24 1.88E-01

HSA00410.BETA.ALANINE.METABOLISM.KEGG -1.23 1.90E-01

HSA04924.RENIN.SECRETION.KEGG -1.23 1.95E-01

HSA04929.GNRH.SECRETION.KEGG -1.23 1.95E-01

HSA04723.RETROGRADE.ENDOCANNABINOID.SIGNALING.KEGG -1.22 1.97E-01

HSA04217.NECROPTOSIS.KEGG -1.22 1.99E-01

HSA04270.VASCULAR.SMOOTH.MUSCLE.CONTRACTION.KEGG -1.22 1.99E-01

HSA04622.RIG.I.LIKE.RECEPTOR.SIGNALING.PATHWAY.KEGG -1.22 1.98E-01

HSA05143.AFRICAN.TRYPANOSOMIASIS.KEGG -1.22 2.01E-01

HSA04923.REGULATION.OF.LIPOLYSIS.IN.ADIPOCYTES.KEGG -1.22 2.00E-01

HSA00062.FATTY.ACID.ELONGATION.KEGG -1.22 2.00E-01

HSA04970.SALIVARY.SECRETION.KEGG -1.22 2.00E-01

HSA05320.AUTOIMMUNE.THYROID.DISEASE.KEGG -1.21 2.05E-01

HSA05161.HEPATITIS.B.KEGG -1.20 2.15E-01

HSA05224.BREAST.CANCER.KEGG -1.20 2.19E-01

HSA04146.PEROXISOME.KEGG -1.19 2.31E-01

HSA05206.MICRORNAS.IN.CANCER.KEGG -1.19 2.33E-01

HSA04666.FC.GAMMA.R.MEDIATED.PHAGOCYTOSIS.KEGG -1.18 2.33E-01

HSA05166.HUMAN.T.CELL.LEUKEMIA.VIRUS.1.INFECTION.KEGG -1.18 2.33E-01

HSA04724.GLUTAMATERGIC.SYNAPSE.KEGG -1.18 2.42E-01

HSA05030.COCAINE.ADDICTION.KEGG -1.17 2.49E-01

HSA05133.PERTUSSIS.KEGG -1.17 2.48E-01

HSA05221.ACUTE.MYELOID.LEUKEMIA.KEGG -1.17 2.52E-01

HSA04213.LONGEVITY.REGULATING.PATHWAY...MULTIPLE.SPECIES.KEGG -1.15 2.74E-01

HSA05220.CHRONIC.MYELOID.LEUKEMIA.KEGG -1.15 2.79E-01

HSA05223.NON.SMALL.CELL.LUNG.CANCER.KEGG -1.14 2.80E-01

HSA00071.FATTY.ACID.DEGRADATION.KEGG -1.13 3.03E-01

HSA05225.HEPATOCELLULAR.CARCINOMA.KEGG -1.13 3.05E-01

HSA00790.FOLATE.BIOSYNTHESIS.KEGG -1.12 3.11E-01

HSA04061.VIRAL.PROTEIN.INTERACTION.WITH.CYTOKINE.AND.CYTOKINE.RECEPTOR.KEGG -1.12 3.20E-01

HSA05203.VIRAL.CARCINOGENESIS.KEGG -1.11 3.21E-01

HSA00240.PYRIMIDINE.METABOLISM.KEGG -1.11 3.24E-01

HSA04966.COLLECTING.DUCT.ACID.SECRETION.KEGG -1.10 3.35E-01

HSA00380.TRYPTOPHAN.METABOLISM.KEGG -1.10 3.42E-01

HSA04916.MELANOGENESIS.KEGG -1.09 3.52E-01

HSA05014.AMYOTROPHIC.LATERAL.SCLEROSIS..ALS..KEGG -1.09 3.53E-01

HSA04020.CALCIUM.SIGNALING.PATHWAY.KEGG -1.08 3.68E-01

HSA05214.GLIOMA.KEGG -1.07 3.79E-01
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The urgency to obtain increased scientific knowledge in the field of gastrointestinal (GI) health is 

emphasized by the alarming fact that 40% of the worldwide population suffers from functional GI 

disorders (1). This not only results in an increase in global health care costs, but also in a decreased 

quality of life (1). Although gastric and esophageal disorders are all categories of GI disorders, in this 

thesis, we only focused on the intestine. Despite the advances in understanding intestinal health, 

still many underlying mechanisms remain elusive. In order to reduce the socioeconomic burden, it is 

of utmost important to increase our knowledge on intestinal health and the underlying mechanisms 

of intestinal pathophysiology. Only then, steps can be made towards reducing the prevalence of 

intestinal disorders on the one hand, and developing pharmacological or nutritional therapies to 

treat these diseases efficiently and effectively on the other hand. Therefore, the aim of this thesis 

was to investigate how multiple important aspects, including the aging process, gut microbiota, 

and bile acids, can affect intestinal health. To this end, we used physiologically relevant in vivo 

and in vitro models. In Chapter 2, we demonstrated that the aging process is associated with a 

pronounced change in gut microbiota composition and colonic gene expression, which are likely 

acting in concert to mediate colonic health during aging. We also observed a strong aging-related 

decrease in the abundance of the mucin-degrading bacterium A. muciniphila. In Chapter 3, we 

investigated the potential health-promoting effects of A. muciniphila by supplementing progeroid 

mice with this bacterium for 10 weeks. We found promising health-promoting effects of A. muciniphila 

with regard to the colonic mucus layer and immune-related processes. In both in vivo studies, the 

general dogma stating that aging-related microbial dysbiosis is related to impaired intestinal barrier 

function and intestinal inflammation is central. However, the molecular mechanisms underlying this 

negative feedback loop are not known. In this context, bacterial metabolites can act as key molecular 

mediators and are thus a highly relevant area of investigation. In Chapter 4, we investigated the role 

of sulfated BAs, which were previously shown to be elevated in IBD patients, on the progression 

of chronic intestinal inflammation. Although we found minor effects of sulfated secondary BAs on 

intestinal permeability, our evidence pointed towards that sulfated secondary BAs abolished the 

anti-inflammatory effects of secondary BAs when exposed directly to DCs. In in vitro research, 

the selection of a physiologically relevant model is a crucial aspect while designing a study. With 

regard to intestinal health, the mucus layer is often underrepresented in widely used models. To 

approach the intestinal barrier function in a more physiological way, we investigated the SWMS 

growing method to enhance mucus production in HT29-MTX-E12 cells in Chapter 5. This increased 

insight might ultimately lead to potential recommendations to further improve in vitro models to 

study intestinal health.    

A definition of intestinal health

Like anywhere in the body, it also applies to the intestine that homeostasis is a key aspect of health. 

Fundamental factors that are involved as determinants of intestinal health include a balanced 

microbiota composition, a well-functioning intestinal barrier, and the absence of inflammation, 

amongst others (2). Because of the intensive crosstalk between these factors, disturbance of one 

factor likely renders the others prone to disturbance as well. This vicious cycle is implied in a range 

of disorders and diseases of the intestinal tract, but also beyond. It is the strong involvement of the 

intestine in overall health that makes this a crucial area of investigation. However, before diving 

deeper into this research field, it is first important to discuss what intestinal health exactly involves. 

In 2011, a group of researchers determined five major criteria to define a healthy intestine. Some of 

these definitions are rather clear, such as “An effective digestion and absorption of food” and “The 

absence of GI illness” (3). However, other definitions could be interpreted in a less objective way. 

For example, the criterium “A normal and stable microbiota” might sound straightforward, but it is 

unclear what the scientific definition of ‘normal’ and ‘stable’ is. In the context of a healthy microbiota 

composition, ‘dysbiosis’ is a widely used and acknowledged term. Dysbiosis is often defined as the 

shift in microbial composition that is associated with pathology (4). More specifically, dysbiosis is 

considered as a change in resident bacteria relative to the gut microbiota of healthy individuals, 

including a loss of beneficial bacteria, an increase in potential pathobionts, and a decreased overall 

diversity (5). However, results from a recent study might question the generalizability of this definition 

towards all diseases. This meta-analysis showed that different diseases are associated with distinct 

types of dysbiosis (6). For example, the gut microbiota composition of colorectal cancer patients is 

characterized by an increase in pathobionts, while IBD patients are characterized by a predominant 

depletion of beneficial bacteria (6). Additionally, an important factor that should be taken into account 

is the influence of age on disease-associated dysbiosis. A recent study investigated the effect of age 

on the gut microbiota composition in five disorders: IBD, intestinal polyps, colorectal cancer, type 2 

diabetes and liver cirrhosis (7). Age-specific trends in microbiota-disease associations were found, 

for example, younger subjects tended to gain disease-associated gut microbiota, while elderly 

subjects lost gut microbiota that are usually associated with health (7). The implication of age as a 

confounder emphasizes the importance to control for age to improve the robustness of microbiota 

studies. Altogether, it can be concluded that a more detailed description of disease-specific dysbiosis 

should be implemented with due consideration of potential confounders. Looking more carefully into 

intestinal dysbiosis is important, since a specific microbial profile could serve as determinant for 

predicting the manifestation of a disease or disorder (8). Ultimately, this approach could serve a 
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therapeutic goal by specifically targeting bacterial species, e.g. removal of harmful bacteria, and/or 

administration of beneficial bacteria, to eventually alleviate or cure intestinal disorders.

Hallmarks of the aging intestinal tract

Over the last decades, extensive research has resulted in a substantially increased understanding 

in gut microbiota composition during health and disease, but also during different stages of life. 

The aging process is characterized by marked shifts in gut microbiota composition, which is 

associated with physical fitness and frailty (9, 10). On the contrary, it remains relatively unexplored 

how this microbial shift is induced and whether this is a cause or consequence of impaired health. 

However, it is unlikely that the causes are constrained by only a few factors, since a plethora of 

lifestyle, environmental and genetic factors might be involved. A central dogma states that diet has a 

dominating impact on shaping the gut microbiota composition (11). However, this dogma is rejected 

in a recent study showing that the influence of host physiology was substantially greater than dietary 

factors in primates (12). It was also shown that in Drosophila, the prevention of age-related changes 

in intestinal physiology limited microbial dysbiosis, and resulted in extended lifespan (13). Next to 

the influence of physiological factors, several drugs, such as antibiotics or proton pump inhibitors, 

could also lead to a microbial shift (14, 15). These findings might lead to the large heterogeneity in 

aging studies. Another important factor that might add to the high variety observed in gut microbiota 

composition in human subjects, is that the human gut microbiota can be classified in three different 

enterotypes, which are quite robust among different populations (16). However, the robustness, and 

even the existence of enterotypes is currently under debate (17). Nevertheless, the question rises 

whether a random group of healthy individuals is a valid control group for gut microbiota analysis, 

or that control groups should match the subjects of interest more closely with regard to e.g. lifestyle, 

diet, gender, and, potentially, enterotype. An important disadvantage of this strategy is the increased 

effort, and thus time and money, that are involved in the more extensive screening process to select 

eligible control subjects. The highly controlled environment that is maintained during animal studies 

(i.e. genetic background, diet and gender) eliminate a number of aforementioned factors. Furthermore, 

in the context of gut microbiota analysis, the use of animals allows the sampling of colonic luminal 

content, instead of the dependence on fecal samples that is most often the case in human studies. It 

is clear that the gut microbiota composition in fecal samples is different compared to luminal content 

(18). Indeed, in Chapter 2, we found differences between fecal and colonic microbiota composition, 

although these differences were subtle. Therefore, based on our results, fecal samples could still 

serve as reliable source to examine gut microbiota, at least in mice. However, when sampling luminal 

content, it is important to consider the large diversity between different locations throughout the 

intestinal tract (19, 20). Newly developed techniques to sample luminal content, e.g. via catheter 

aspiration or other sampling devices (21), could be useful strategies to isolate luminal content from 

different parts of the intestine. These techniques are promising, especially with regard to sampling 

at different time points, which can be very useful to study time-dependent effects of gut microbiota 

composition. However, there are also challenges to overcome, for example to successfully sample 

the relatively firm colonic content, but also to preserve the intestinal sample (22).

From an observational to a functional approach

The complexity of the gut microbiota is also emphasized by the fact that a repertoire of bacterial 

species residing in the intestine remains to be discovered (23). Indeed, in Chapter 2, we detected 

a considerable number of undefined species, limiting us to fully specify bacteria at the species 

level. Instead, we were restricted to define some present bacteria at genus or even family or order 

level, which might have led to a less complete interpretation of the data, given the high variety of 

bacteria with different functions within taxa. In the future, this limitation will most probably become 

less prevalent, as the rapid development of high-throughput sequencing techniques facilitates the 

characterization of newly discovered species (23). Nevertheless, the question rises whether it would 

be more appropriate to shift our focus from the observational approach (“Who is present?”) to a 

more functional approach (“What do they do?” and “How do they do it?”). One possible approach 

in this regard is to investigate the presence of bacterial metabolites, as these could have important 

effects on intestinal barrier function and mucosal immune response, and are therefore considered 

as the communicating factor between the microbe and host (24). Importantly, profiling shifts in 

bacterial metabolites is the first step towards the transition from observational studies to studies 

investigating cause-and-effect relationships of specific bacterial metabolites and their effect on 

(impaired) intestinal health. In Chapter 2, we determined age-related shifts in metabolites present 

in colonic luminal content using 1H-NMR. It is noteworthy to mention that the metabolites present in 

colonic luminal content are not by definition derived from the gut microbiota, but can also be derived 

from food or host cell metabolism. In Chapter 2, we aimed to get clues on the origin of metabolites 

in colonic luminal content. Therefore, we correlated the levels of significantly altered metabolites to 

the relative abundances of the most present genera. These results could serve as starting point for 

future studies investigating the causal effects of these bacteria-derived metabolites on markers of 

intestinal health. However, instead of just correlation analyses, more sophisticated methods exist 

that can fully profile the function of the present bacterial communities by sequencing the complete 
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microbial genome present in a sample. This shotgun metagenomics approach opens new and 

promising avenues in, amongst others, unraveling complex host-microbe interactions (25). Despite 

the technical breakthrough, an important limitation of this next-generation sequencing method is 

the high costs (25). However, the high demand for this technique already led to a rapid decline in 

the costs. In addition to the taxonomic approach that we performed in Chapter 2, a metagenomic 

approach would also have been useful for this study. Instead, we focused on multivariate methods to 

integrate transcriptomic and microbiome data to find clues about the interactions between bacteria 

and host in the vicinity of the colonic wall. For example, we found that the strong downregulation of 

genes encoding for AMPs at old age was positively correlated with an uncultured member of the order 

Gastranaerophilales. A plausible hypothesis would be that the decreased relative abundance of this 

bacterium could be related to an impaired intestinal barrier function by causing a downregulation of 

AMPs during aging. However, it is important to realize that multivariate- and metagenomic analyses 

do not provide information about the bacterial products that are ultimately present. In this regard, the 

use of metabolomic analysis is highly important. 

Lessons from extreme longevity studies: the case of Akkermansia muciniphila 

As important mediator of intestinal health, gut microbiota composition is proposed to be a highly 

relevant candidate to manipulate as a strategy to improve healthy aging. However, it is first important 

to obtain insight in the bacterial species that are involved in healthy aging. To this end, a highly 

relevant study population include subjects with extreme longevity, i.e. centenarians; people older 

than 100 years. These subjects are reported to reach this extreme age with lower incidence of 

chronic diseases (26), and lower hospitalization rates (27), as compared to younger subjects. The 

analysis of the gut microbiota composition in centenarians could therefore provide extremely useful 

information about specific bacterial species that might be related to reaching an extremely high age 

in a healthy way. Although it remains unknown whether the gut microbiota composition is causal 

or rather a consequence of the lifestyle of these subjects, it will still provide useful information that 

can be used for future studies. In this sense, a key example of a ‘centenarian-enriched’ species is A. 

muciniphila, which was found to be increased in centenarians (28-30). In mice, the abundance of this 

bacterium was shown to be negatively correlated with inflammation, glucose intolerance and insulin 

resistance (31, 32). In humans, negative correlations were also found between A. muciniphila and both 

overweight and obesity, as well as markers of insulin resistance and hypertension (33-35). These 

associative studies provide a solid base to proceed to the next step: performing proof-of-concept 

studies to determine a potential causal link. In Chapter 3, we showed that supplementing progeroid 

mice with A. muciniphila resulted in, amongst others, attenuation of inflammation, suggesting that 

supplementation could be an effective strategy to improve inflammaging. The beneficial effects of 

this bacterium were also proven in humans. Although this study focused specifically on metabolic 

effects rather than the aging process, three months of A. muciniphila supplementation improved 

metabolic and inflammatory parameters in obese and insulin-resistant human subjects (36). The 

same study also confirmed the safety and tolerance of supplementation in humans (36). Altogether, 

these data open avenues for the application of A. muciniphila supplementation as a strategy to 

improve health. Interestingly, supplementation with pasteurized A. muciniphila was also shown to be 

effective in mice (37, 38) and humans (36). The use of pasteurized bacteria improves the applicability 

of supplementation, as the use of live bacteria may pose difficulties with regard to shelf life and 

viability, and thus the degree of efficacy. Moreover, pasteurized A. muciniphila was recently shown to 

be safe as a food ingredient (39). It is clear that A. muciniphila supplementation is a potent strategy 

to improve health, however, until now, all studies mainly focused on obese/overweight, middle-

aged subjects that suffer from metabolic disease. Although this study population can be generally 

considered as metabolically unhealthy, it is impossible to directly translate the effectiveness, safety 

and tolerability of A. muciniphila supplementation of these subjects into elderly subjects. This issue 

even applies more when taking into account frail elderly. Although speculative, it might be possible 

that the GI tract and immune system of (frail) elderly is less able to cope with a bulk of bacteria, which 

may result in adverse health effects, instead of the intended beneficial effects (40). In a parallel arm 

of the study described in Chapter 3, supplementation with the probiotic bacterium Bifidobacterium 

breve had adverse effects on mucus layer thickness and immune function in progeroid mice 

(41). With regard to A. muciniphila, there is evidence that the presence of this bacterium during 

Salmonella typhimurium infection exacerbates inflammation (42). A lower number of goblet cells was 

found, together with a loss of mucin sulphation, indicating that A. muciniphila caused disturbance 

of mucus homeostasis (42). The ability of A. muciniphila acting as a pathobiont emphasizes that 

probiotic supplementation of this bacterium in persons with underlying (inflammatory) diseases, 

e.g. frail elderly, should be considered with great awareness. Another important field of investigation 

is to determine the most effective mode of administration for elderly persons. For example, oral 

administration via a capsule may be less suitable for elderly compared to fluidic supplementation, 

which is more easy to swallow. Altogether, although the use of A. muciniphila supplementation is 

a promising therapeutic strategy to improve health, the effectiveness and applicability in elderly 

subjects should be carefully investigated in future studies. 



General discussion   |   239   

6

microbial genome present in a sample. This shotgun metagenomics approach opens new and 

promising avenues in, amongst others, unraveling complex host-microbe interactions (25). Despite 

the technical breakthrough, an important limitation of this next-generation sequencing method is 

the high costs (25). However, the high demand for this technique already led to a rapid decline in 

the costs. In addition to the taxonomic approach that we performed in Chapter 2, a metagenomic 

approach would also have been useful for this study. Instead, we focused on multivariate methods to 

integrate transcriptomic and microbiome data to find clues about the interactions between bacteria 

and host in the vicinity of the colonic wall. For example, we found that the strong downregulation of 

genes encoding for AMPs at old age was positively correlated with an uncultured member of the order 

Gastranaerophilales. A plausible hypothesis would be that the decreased relative abundance of this 

bacterium could be related to an impaired intestinal barrier function by causing a downregulation of 

AMPs during aging. However, it is important to realize that multivariate- and metagenomic analyses 

do not provide information about the bacterial products that are ultimately present. In this regard, the 

use of metabolomic analysis is highly important. 

Lessons from extreme longevity studies: the case of Akkermansia muciniphila 

As important mediator of intestinal health, gut microbiota composition is proposed to be a highly 

relevant candidate to manipulate as a strategy to improve healthy aging. However, it is first important 

to obtain insight in the bacterial species that are involved in healthy aging. To this end, a highly 

relevant study population include subjects with extreme longevity, i.e. centenarians; people older 

than 100 years. These subjects are reported to reach this extreme age with lower incidence of 

chronic diseases (26), and lower hospitalization rates (27), as compared to younger subjects. The 

analysis of the gut microbiota composition in centenarians could therefore provide extremely useful 

information about specific bacterial species that might be related to reaching an extremely high age 

in a healthy way. Although it remains unknown whether the gut microbiota composition is causal 

or rather a consequence of the lifestyle of these subjects, it will still provide useful information that 

can be used for future studies. In this sense, a key example of a ‘centenarian-enriched’ species is A. 

muciniphila, which was found to be increased in centenarians (28-30). In mice, the abundance of this 

bacterium was shown to be negatively correlated with inflammation, glucose intolerance and insulin 

resistance (31, 32). In humans, negative correlations were also found between A. muciniphila and both 

overweight and obesity, as well as markers of insulin resistance and hypertension (33-35). These 

associative studies provide a solid base to proceed to the next step: performing proof-of-concept 

studies to determine a potential causal link. In Chapter 3, we showed that supplementing progeroid 

mice with A. muciniphila resulted in, amongst others, attenuation of inflammation, suggesting that 

supplementation could be an effective strategy to improve inflammaging. The beneficial effects of 

this bacterium were also proven in humans. Although this study focused specifically on metabolic 

effects rather than the aging process, three months of A. muciniphila supplementation improved 

metabolic and inflammatory parameters in obese and insulin-resistant human subjects (36). The 

same study also confirmed the safety and tolerance of supplementation in humans (36). Altogether, 

these data open avenues for the application of A. muciniphila supplementation as a strategy to 

improve health. Interestingly, supplementation with pasteurized A. muciniphila was also shown to be 

effective in mice (37, 38) and humans (36). The use of pasteurized bacteria improves the applicability 

of supplementation, as the use of live bacteria may pose difficulties with regard to shelf life and 

viability, and thus the degree of efficacy. Moreover, pasteurized A. muciniphila was recently shown to 

be safe as a food ingredient (39). It is clear that A. muciniphila supplementation is a potent strategy 

to improve health, however, until now, all studies mainly focused on obese/overweight, middle-

aged subjects that suffer from metabolic disease. Although this study population can be generally 

considered as metabolically unhealthy, it is impossible to directly translate the effectiveness, safety 

and tolerability of A. muciniphila supplementation of these subjects into elderly subjects. This issue 

even applies more when taking into account frail elderly. Although speculative, it might be possible 

that the GI tract and immune system of (frail) elderly is less able to cope with a bulk of bacteria, which 

may result in adverse health effects, instead of the intended beneficial effects (40). In a parallel arm 

of the study described in Chapter 3, supplementation with the probiotic bacterium Bifidobacterium 

breve had adverse effects on mucus layer thickness and immune function in progeroid mice 

(41). With regard to A. muciniphila, there is evidence that the presence of this bacterium during 

Salmonella typhimurium infection exacerbates inflammation (42). A lower number of goblet cells was 

found, together with a loss of mucin sulphation, indicating that A. muciniphila caused disturbance 

of mucus homeostasis (42). The ability of A. muciniphila acting as a pathobiont emphasizes that 

probiotic supplementation of this bacterium in persons with underlying (inflammatory) diseases, 

e.g. frail elderly, should be considered with great awareness. Another important field of investigation 

is to determine the most effective mode of administration for elderly persons. For example, oral 

administration via a capsule may be less suitable for elderly compared to fluidic supplementation, 

which is more easy to swallow. Altogether, although the use of A. muciniphila supplementation is 

a promising therapeutic strategy to improve health, the effectiveness and applicability in elderly 

subjects should be carefully investigated in future studies. 



240   |   Chapter 6

Metabolomics and metagenomics as tools to understand healthy aging

The relevance of discovering centenarian-specific signature species and consider these as 

biomarkers for healthy aging could also be debated. First, just like in any other population, high 

variation is observed in centenarians as well. This could lead to misinterpretation of results, ultimately 

leading to incorrect assignation of species to be centenarian-specific. For example, a Chinese study 

showed that A. muciniphila abundance was declined in centenarians (43), which might hamper 

the general consideration that this bacterium is centenarian-specific. Although this single study 

is unlikely to question the plethora of other studies confirming the effectiveness of A. muciniphila 

supplementation, interindividual variation could pose difficulties in interpreting results regarding 

other bacterial species yet to be discovered. One way to overcome this issue is to focus more on 

potential confounders, such as diet, living situation, and geographical location, amongst others, as 

these factors are known to have a profound effect on gut microbiota composition (44). Secondly, in 

the process of using centenarian-enriched species as a strategy to improve healthy aging, one crucial 

aspect is often neglected; i.e. the underlying mechanism through which the bacterium exerts the 

beneficial health effects. In this sense, not necessarily the presence of certain bacteria is important, 

but rather the function of these bacteria. To this end, bacterial metabolite analysis might provide 

useful information. In a large cohort study, it was shown that healthy aging was characterized by 

a unique gut microbiota composition, which was reflected by a distinct plasma metabolite profile 

(45). On the other hand, the use of metagenomic sequencing methods in elderly or centenarian 

subjects could provide useful information about the pathways through which the present microbiota 

exert their health-related effects. For example, shotgun metagenomics of fecal microbiota in an 

Italian cohort revealed an age-related increase in reads for genes related to xenobiotic degradation, 

which was even stronger in centenarians and supercentenarians (aged 104-109 years) (46). It is 

noteworthy to mention that this functionality was assigned to commensal bacteria that belong to 

the more general human core microbiome (46). The authors speculated that this observation was 

due to an adaptive response of the gut microbiota to the increased exposure to xenobiotics in these 

long-lived subjects. Exposure to xenobiotics is related to an increased risk of autoimmune disease 

and cancer (47, 48), but also to intestinal diseases (49). Therefore, an increased capacity of the gut 

microbiota to degrade xenobiotics might therefore be considered as a health-promoting microbial 

shift, particularly with regard to the aging process, as accumulation of xenobiotics may occur in 

long-lived people. Hence, the performance of studies in this field of ‘toxicomicrobiomics’ is relevant 

particularly with regard to the aging process. 

Disentangling the mechanisms underlying healthy aging through probiotics

Given the fact that the influence of host physiology plays a major role in shaping gut microbiota 

composition (12, 13), it could be speculated that prevention of age-related changes in intestinal 

physiology is a useful target to improve intestinal health, instead of, for example, focus on dietary 

strategies. On the other hand, this approach also poses limitations. For example, techniques to 

determine changes in human intestinal physiology might be challenging due to technical or ethical 

concerns, especially in elderly. Moreover, not all bacterial species rely on nutrients derived from the 

food ingested by the host, but rather on alternative sources that are independent of diet. A good 

example includes the group of mucin-metabolizing bacteria that reside in the mucus layer and degrade 

mucin glycans, such as strains within the genera Bacteroides, Ruminococcus, Bifidobacterium and 

Akkermansia (50). This, together with the observation that the colonic mucus layer decreases with 

age in mice (41, 51, 52) emphasizes the importance of investigating both the colonic mucus layer and 

mucin-degrading bacteria in the context of healthy aging. Unfortunately, current available data is 

mostly restricted to animal studies, which is most probably due to the practical issues of successfully 

isolating mucus in vivo. Nevertheless, an especially important candidate to manipulate the colonic 

mucus layer is A. muciniphila, In Chapter 3, the observed attenuated inflammation and immune-

related processes in mice supplemented with A. muciniphila might be the result of a reinforced 

mucus layer induced by this bacterium, as this is a crucial factor for a strong intestinal barrier that 

keeps potential health-disturbing compounds at bay. However, our study design was not suitable to 

establish if this role was indeed causative. Therefore, a highly relevant and fundamental issue would 

be the mechanism underlying the increased mucus layer thickness induced by A. muciniphila. The 

combined mucin-degrading and mucus-building capacities of this bacterium seem contradictive, 

although both properties are well-established (53-55). With regard to the mucus layer, another 

question that rises is what the effect A. muciniphila on mucus quality would be, i.e. the effects on 

firmness and stability of the mucus layer, but also the presence and accessibility of glycans, amongst 

others. Unraveling these mechanisms is important to be able to comprehend the health-promoting 

effects of A. muciniphila and perhaps even to (pharmacologically) target the mucus layer without 

the use of this mucus-promoting bacterium. This could be promising, especially with regard to 

susceptible elderly. Although the use of commonly used probiotics is generally safe, application in 

(extremely) frail elderly might pose a potential risk if side effects occur. A more direct way to target 

the mucus layer by using drugs that act through the same mechanism as A. muciniphila might be a 

solution to prevent these probiotic-induced side effects.
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Dysbiosis as common denominator for aging and IBD

The existence of dysbiosis during the aging process is clear. Dysbiosis is also heavily involved in the 

pathogenesis of IBD (56). Obviously, fundamental differences exist in pathways involved in the aging 

process and IBD pathology, however, a remarkable resemblance in dysbiosis is found, characterized 

by a loss of health-associated species (6). This could imply that therapeutic interventions aimed 

to restore these beneficial species, e.g. pre- and probiotic use, might be a useful treatment for 

both aging- and IBD-specific dysbiosis. Speculatively, the similarity in dysbiosis might also lead to 

a similar shift in bacterial metabolite production. However, this speculation requires more insight 

in specific bacterial species and the metabolites produced. In Chapter 2, we found a significant 

decrease in an unspecified bile acid in old mice. Although our method was not sensitive enough 

to profile this BA more specifically, it could be ruled out that it is one of the BAs identified in our 

previous study (57), i.e. cholic acid, (tauro)deoxycholic acid, or chenodeoxycholic acid. In a recent 

study, an increased ratio of primary to secondary BAs was found in colonic content of both male and 

female mice, which was concomitant with a decreased relative abundance of bacteria associated 

with BA deconjugation and 7-dehydroxylation (58). A decreased abundance of these bacteria, and 

thus decreased enzymatic activity, could have led to the observed decrease in secondary BAs. 

Moreover, a decreased relative abundance of Peptococcus was found in old female mice, which is a 

genus involved in BA desulfation (59). Although the amount of sulfated BAs was not measured, an 

impaired desulfation capacity may have led to an increase in sulfated BAs, which was found to be a 

consequence of a dysbiosis-related decrease in enzymatic activity in IBD patients (60). Interestingly, 

after co-housing with young mice, both the primary to secondary BA ratio and relative abundance 

of Peptococcus restored again to a similar extent to that of young mice (58). These results highlight 

the potential similarities in dysbiosis, and consequently, shifts in bacterial metabolites between the 

aging process and IBD. However, much more research is needed to understand the fundaments 

of BA-driven disease progression. In this regard, data from observational studies could serve as 

starting point to studies investigating the causal relationships. 

Secondary bile acids as drivers or preventers of intestinal inflammation: sulfation feeds the 

controversy

The implication of BAs on disease progression has been subject to controversy, given the contrasting 

results found in several studies investigating BAs. For example, secondary BAs have been shown to 

cause higher intestinal permeability in Caco-2 cells (61, 62) and in mice (63). Furthermore, secondary 

BAs were also related to higher colon cancer incidence (64, 65). On the other hand, secondary BAs 

were shown to have anti-inflammatory properties in mice (66, 67) and in vitro studies (60, 68). These 

contradictive results could indicate that the effects of BAs are context-dependent, for example the 

concentration and type of BA, and the tissue where the BAs are present. In the case of secondary 

BAs, multiple subtypes are present in the body, for example secondary BAs conjugated with taurine, 

glycine or sulfate-groups (69, 70). However, these conjugated secondary BA are less prevalent 

compared to their unconjugated form, which might be a plausible cause of the relatively low amount 

of studies performed on their potential health effects. In the context of the aforementioned dysbiosis-

related decrease in enzymatic activity in IBD patients (60), we aimed to investigate the causal role 

of sulfated secondary BAs on IBD progression in Chapter 4. The choice to investigate this type of 

BA may add to the general BA controversy, since it is generally accepted that sulfation is a process 

to detoxify and eliminate the normally cytotoxic secondary BAs (71). Therefore, the hypothesized 

involvement of sulfated BAs in IBD progression might sound counterintuitive, which is emphasized 

by the fact that only a low amount of studies have been published on the role of sulfated BAs in any 

disease. The literature that is available is often dated, as most studies are published over 40 years 

ago. The first matter of debate is the question whether sulfated BAs are absorbed by the intestinal 

cells, due to their hydrophilic character. In Chapter 4, we found that expression of FXR-target genes 

in intestinal cells was not altered after exposure to sulfated LCA and sulfated DCA, indicating that 

these BAs are most probably not taken up by the cells to activate FXR. On the other hand, sulfated 

BAs may possibly activate TGR5, since this is a membrane-bound BA receptor and might therefore 

be activated without intracellular uptake of the ligand. Unfortunately, we were not able to measure 

TGR5 activity. It would have been worthwhile to investigate this, for example by a luciferase reporter 

assay or by measuring intracellular cAMP levels, which is induced by TGR5 (72). This is particularly 

important, since several studies showed that TGR5 is implicated in in, amongst others, intestinal 

barrier integrity (73) and regeneration of injured intestinal tissue in intestinal stem cells (74). 

Moreover, TGR5 is also implicated in immune response, since this receptor is expressed on immune 

cells (68), and both natural TGR5 agonists (DCA and LCA) as well as a synthetic TGR5 agonist 

suppressed TNF-α production in macrophages via the TGR5-cAMP pathway (75). Potentially, IL-10 

plays an important role, since TGR5 was shown to regulate IL-10 gene expression in a macrophage 

cell line (76). Although sulfated BAs had only minor effects on intestinal barrier function in Chapter 4, 

our results pointed towards an abolishment of anti-inflammatory effects exerted by secondary BAs. 

Future studies should focus on molecular pathways underlying these effects and the implication on 

IBD progression. Furthermore, a more detailed exploration of the effects on the mucus layer would 

also be highly relevant, given the important role of the mucus layer in intestinal health. In Chapter 
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4, we only investigated the expression of MUC2 and MUC5AC, while examination of other relevant 

parameters regarding mucus quantity and quality will provide give more complete information. 

However, with regard to in-depth investigation of the mucus layer, more effort should first be made 

towards the establishment of relevant and reproducible techniques. 

Challenges of investigating the mucus layer

Although it is clear that the mucus layer plays an extremely important role in health and disease, 

obtaining mechanistic insight is not straightforward. For example, mucins are extremely big 

proteins (MUC2 is 540 kDa) and are subject to complex post-transcriptional modifications (77, 78). 

Moreover, isolation of the mucus layer also faces some technical challenges. For example, mucus is 

transparent and has a high water content, which makes isolation and preservation of the mucus layer 

challenging and therefore requires specialized expertise (79). Where other aspects of the intestinal 

barrier are relatively easily performed, i.e. a FITC-dextran assay to measure intestinal permeability, 

suchlike assays to investigate the mucus layer in vivo are not widely described yet. Currently, animal 

models are commonly used, that allow the collection of intestinal tissue and analysis of the mucus 

layer upon sacrifice. In Chapter 3, we used histological techniques, including a Carnoy fixation of 

intestinal tissue to preserve the mucus layer, and subsequently a PAS/Alcian blue to stain mucins. 

The dependency on intestinal tissue to investigate mucus poses an important disadvantage, since 

it is not possible to measure the mucus layer in vivo at different time points. The relevance of time-

dependent mucus measurements is important given the fact that the mucus layer thickness is highly 

dynamic (80). Consequently, a single measurement could lead to incomplete or false interpretations. 

Alternatively, it is possible to isolate mucus derived from colonic biopsies and determine the mucus 

quality in an ex vivo manner, as described previously in IBD patients (79). This study indicates that 

it is possible to isolate mucus samples in humans, however, the feasibility remains doubtful due to 

the invasiveness of taking a biopsy. Furthermore, it could be questionable whether the use of ex vivo 

techniques to investigate mucus characteristics are completely representative for the in vivo the 

mucus layer, or if, for example, the composition of isolated mucus changes once outside the body. 

Importantly, as an increasing number of studies are focusing on the involvement of the mucus layer 

in health and disease, it is of utmost importance to establish methods to successfully isolate mucus 

in vivo, preferably in a non-invasive manner. Although speculative, a potential direction in this regard 

could be the use of biomarkers to assess mucus quantity and/or quality. Mucus is excreted via 

feces, implicating that mucus can be directly isolated from feces. Indeed, mucus isolation from feces 

was described in a previous study, although the authors aimed to examine colonocyte numbers 

present in mucus instead of investigating mucus properties (81). Subsequent methods to assess 

mucus quantity could be to measure total mucin content, for example by an Alcian Blue Mucin 

Assay (82). Besides, measuring other factors present in mucus that are indispensable for a strong 

mucus layer might also provide useful information on mucus quality. Obviously, the usefulness of 

these potential novel measurements should be investigated and optimized carefully before it can be 

applied in studies. 

Modeling the in vitro mucus layer: from static to dynamic conditions

Since in vivo methods to investigate the mucus layer are to be optimized and ex vivo techniques 

also require specialized equipment and expertise, in vitro models still remain a useful alternative to 

investigate mucus properties. However, in commonly used in vitro models representing the intestine, 

the mucus layer is often overlooked, and if present, poorly representative. For example, frequently 

used colonic cell lines, including Caco-2 and T84 cells, produce only a limited amount of gel-forming 

mucins, which makes them irrelevant when used as a mono-culture. When grown in a co-culture with 

a mucus-producing cell line, e.g. HT29-MTX, the representativeness is slightly improved. However, 

important disadvantages of HT29-MTX cells is that, when grown statically, only a thin mucus layer is 

secreted, which predominantly exists of MUC5AC, which is a mucin typically present in the stomach 

and lungs (83). The intestinal MUC2 is also present, but to a lesser extent (84). An important factor 

that impedes the in vitro translatability of the in vivo situation is that current in vitro models are often 

static, while in the in vivo situation is highly dynamic. To overcome this, Navabi and colleagues 

established the semi-wet interface with mechanical stimulation (SWMS) method that resulted in 

a thick and adherent mucus layer, which predominantly consisted of MUC2 (84). In Chapter 5, we 

confirmed that the SWMS method indeed resulted in a shift in mucin composition, i.e. a higher 

MUC2/MUC5AC ratio. However, the exact mechanisms by which the SWMS method resulted in 

increased mucus production remain elusive. The aim in Chapter 5 was to improve our understanding 

in the underlying mechanisms, which could ultimately help to improve the representativeness of 

the in vitro mucus layer. We found that SWMS culture conditions resulted in increased cell growth 

and a shift towards a more aerobic cell metabolism, which might be the driving factors behind the 

increased mucus production. With regard to the implications for SWMS methods in current in vitro 

cell culture models, the obvious question that rises is if this method indeed results in an improved 

model. Based on our findings, the SWMS method can indeed result in an improved mucus layer with 

regard to the mucin composition. Therefore, if a model is needed that only requires the presence 

of a mucus layer, e.g. drug-disposition studies or the exposure of bacterial metabolites, the SWMS 
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method is a relatively simple yet effective strategy. In Chapter 4, we deemed the SWMS method 

suitable to apply in our study design, since we aimed to establish a physiological relevant in vitro 

model representing the inflammatory situation as observed during IBD. As first line of defence, the 

mucus layer is indispensable for intestinal barrier function and is therefore crucial to include in an 

IBD model. By using activated DCs to create a pro-inflammatory environment, we hypothesized that 

both the mucus layer and intestinal epithelial cell layer were negatively affected. Indeed, we found 

a significantly increased intestinal permeability of the monolayer. In addition, we found a strong 

decreased expression of MUC2 and MUC5AC in intestinal cells exposed to activated DCs compared 

to unexposed control cells. However, we did not dive deeper into mucus properties, as we were 

unable to isolate the mucus layer from the cell culture inserts. 

In mucus research, not only the mucus quantity is important, but also the mucus quality. Although 

the determinants of mucus quantity are sufficiently established (e.g. mucus layer thickness and 

mucin content), some methods to measure mucus quality are described, however, these methods 

are not widely used yet. An explanation for this could be similar to the aforementioned example, 

i.e. the specialized expertise needed to perform such methods. A relevant method with regard to 

mucus quality is to measure mucus penetrability using fluorescent beads that have a similar size 

as bacteria. This method, described by Gustafsson et al. (80), provides useful information on an 

important functional property of mucus, i.e. the capacity to avoid penetration of bacteria into the 

mucus layer. Until now, this method is only described using tissue explants grown ex vivo on a 

perfusion chamber (80). It would be highly relevant if suchlike methods could be applied in in vitro 

settings as well. In Chapter 5, we attempted to use this method on HT29-MTX-E12 cells grown 

on Transwell membranes. Although the preliminary outcomes seemed promising, we were unable 

to further optimize this protocol, due to time constraints and practical issues regarding laboratory 

equipment. Therefore, we considered the data not fully complete to be included in this chapter. 

If the mucus layer should play a more central role in the model, e.g. in studies investigating the 

effects of specific compounds on mucus quality and quantity, the SWMS method might not be the 

best method. In this case, more relevant options include the use of ex vivo derived mucus (79), 

or the use of organoid or gut-on-a-chip models (82, 85), amongst others. Importantly, when using 

these more sophisticated models, researchers should not take for granted that the mucus layer is 

automatically representative. Instead, the mucus layer should be carefully investigated with regard 

to thickness, evenness, stability and composition. Furthermore, it should be taken into account that 

often extensive study set-ups are needed to achieve sufficient mucus yield to be able to perform 

quantity and quality assays. Importantly, the significance of the mucus layer in health and disease 

requires more scientific interest and therefore more research should be carried out to be able to 

investigate the mucus layer into more detail. For example, these models can be used to investigate 

the influence of dietary or microbial components on mucus properties. Eventually, these models 

could also be relevant to investigate the potential of (newly discovered) therapeutic interventions.  

The importance of approaching intestinal health from different perspectives

The role of the intestine in a plethora of diseases and disorders emphasizes that intestinal health 

reaches much further than the intestinal tract alone. Increased scientific insight in underlying 

mechanisms is therefore crucial to keep the intestine in a healthy condition. In this thesis, we took 

a multiperspective approach to investigate intestinal health by focusing on the aging process, gut 

microbiota and bile acids. As schematically depicted in Figure 1, an intricate relationship exists 

between these factors. 

Figure 1 A schematic overview of the interplay between parameters of intestinal health: intestinal 
barrier function, gut microbiota composition, bacterial metabolites and inflammation. In this thesis, we 
investigated the effects of the aging process on these aspects and evaluated the use of the probiotic 
Akkermansia muciniphila to improve intestinal health during the aging process. We also investigated the 
effect of bacterial metabolites (bile acids) on intestinal barrier function in the context of inflammatory 
bowel disease (IBD).

_________________________________________

Intervening in these processes, for example by bacterial supplementation (e.g. A. muciniphila) might 

be a promising strategy to improve intestinal health. Importantly, investigation into the role of bacterial 
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Intervening in these processes, for example by bacterial supplementation (e.g. A. muciniphila) might 

be a promising strategy to improve intestinal health. Importantly, investigation into the role of bacterial 
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metabolites (e.g. bile acids) is crucial to understand the consequences of the gut microbiota during 

health and disease, such as IBD. In vitro models described in this thesis might be relevant for future 

research that aims to investigate the role of bacterial metabolites in intestinal health. 
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It is widely acknowledged that the intestine plays an essential role in the maintenance of overall 

health. A well-regulated balance exists in the intestine, where on the one hand the uptake of nutrients 

is ensured, and on the other hand the entrance of bacteria and potentially harmful compounds is 

restricted. The intestinal barrier is responsible to carry out these highly important, but complex tasks. 

The intestinal barrier include the mucus layer, the intestinal epithelial cell layer and the immune 

cell ‘layer. In a healthy condition, the trillions of micro-organisms that are present in the intestinal 

tract have a beneficial relationship with the host. However, in case these highly regulated processes 

are impaired, the risk of (intestinal) diseases increases. As the prevalence of intestinal disorders 

is increasing worldwide, there is a high urgency to increase the scientific knowledge in the field 

of intestinal health. The aim of this thesis was to investigate the effects of relevant aspects that 

are known to be involved in intestinal health: the aging process, gut microbiota, and bile acids. To 

investigate this, we used relevant in vivo and in vitro models. 

The life-expectancy of humans has increased over the past centuries. However, the aging process 

increases the risk of disease, including intestinal disorders. To improve healthy aging, it is important 

to gain insight in the mechanisms underlying aging-related impaired intestinal health. In Chapter 

2, we investigated the effects of the aging process on different aspects of intestinal health using 

C57BL/6J mice aged 6, 12, 24 and 28 months. We found pronounced changes in gut microbiota 

composition during aging, including an enrichment of potential pathobionts and a decline in health-

promoting bacteria, such as Akkermansia spp. Transcriptome analysis of colonic scrapings pointed 

towards a decreased intestinal immune response during aging. To explore interactions between 

the gut microbiota and host colonic gene expression, a comprehensive integrative analysis was 

performed. The observed correlations between specific bacterial genera and host gene expression 

may serve as a starting point for future studies investigating the exact host-microbe interactions that 

take place in the vicinity of the colonic wall.

Since a detrimental shift in gut microbiota composition is frequently observed during aging, 

manipulation of the gut microbiota in the aged population could be a strategy to enhance healthy 

aging. A highly promising candidate is Akkermansia muciniphila, since a wide range of studies 

showed that this bacterium has beneficial effects on low-grade inflammation and (cardio)metabolic 

disorders. However, the effects of A. muciniphila on intestinal health parameters are not widely 

investigated yet. In Chapter 3, we supplemented progeroid Ercc1Δ-/7 mice with A. muciniphila for 10 

weeks and investigated histological, transcriptional and immunological aspects of intestinal health. 

We found that the thickness of the colonic mucus layer increased about 3-fold in supplemented mice 

compared to the control group that did not receive supplementation. Moreover, both transcriptomic 

and immunological analysis revealed an improved immune status. These results highlight the 

potential anti-inflammatory properties of A. muciniphila, which serve as a starting point for future 

studies investigating the use of this bacterium as a therapeutic intervention in the elderly population.  

The involvement of the gut microbiota in inflammatory disorders of the intestine, such as IBD, is 

widely acknowledged. Bacterial metabolites, which are the end products of bacterial metabolism, 

have a great influence on intestinal health, such as immune response and intestinal barrier function. 

Therefore, the shift in bacterial metabolite composition as a result of IBD-related dysbiosis could 

play a role in IBD pathology. In a previous study, increased levels of sulfated BAs were found in IBD 

patients, but the exact effect of sulfated BAs on disease progression has not been investigated yet. 

In Chapter 4, we aimed to investigate the effects of sulfated secondary bile acids on intestinal barrier 

function and immune response. We first established a novel inflammatory in vitro human intestinal 

model which was exposed to sulfated deoxycholic acid (DCA), sulfated lithocholic acid (LCA) and 

their unsulfated forms. Sulfated BAs had a minor effect on intestinal barrier function. In line with 

previous studies, we found evidence that pointed towards anti-inflammatory effects of LCA and 

DCA. However, these effects were not observed for sulfated LCA and DCA. These findings might 

imply that impaired metabolism of BAs is involved in IBD progression.  

In commonly used in vitro models used to investigate intestinal health, the mucus layer is often 

overlooked or underrepresented. However, the mucus layer is a highly important with regard 

to intestinal barrier function. To this end, it is highly important to improve the physiologically 

representativeness of in vitro intestinal models, for example by applying special culturing strategies. 

A previous study described a semi-wet interface with mechanical stimulation (SWMS) method to 

increase mucus production in the mucus-producing cell line HT29-MTX-E12. In Chapter 5, we aimed 

to investigate the underlying (molecular) mechanisms of this method. We found that SWMS culture 

conditions resulted in increased cell growth and a shift towards a more aerobic cell metabolism, 

which might be the driving factors behind the increased mucus production. This SWMS culturing 

method might be a simple, yet effective strategy to apply in in vitro intestinal models that require the 

presence of a mucus layer, e.g. e.g. studies investigating drug-disposition or the exposure of bacterial 

metabolites. In order to improve the physiological representativeness of the mucus layer even more, 

further research should focus on the qualitative aspects of the in vitro mucus layer. 

In this thesis we investigated intestinal health from different perspectives. We focused on the 

effects of the aging process, gut microbiota and bile acids on important intestinal health parameters. 

We showed that the aging process has profound effects on gut microbiota composition and that 

supplementation with Akkermansia muciniphila might be a potential strategy to improve healthy 
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aging. Besides, bacterial metabolites, such as secondary bile acids, play a crucial role in intestinal 

health and disease. Although the studies presented in this thesis contribute to our understanding 

with regard to intestinal health, still much remains to discover. An important aspect of future research 

on intestinal health should be to focus on the exact underlying mechanisms. To this end, the in vitro 

intestinal model described in this thesis could be a useful model. Ultimately, increased knowledge of 

intestinal health will contribute to the development of therapeutic strategies to treat, or even prevent 

intestinal disorders.  
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relaxed om met jou het practicum in goede banen te leiden. Jij had altijd wel een goede oplossing als 
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dankjewel daarvoor! Maartje, wat ben ik blij dat je ik je heb mogen begeleiden tijdens je stage! 

Jouw gedrevenheid, motivatie, labskills, harde werk en natuurlijk je gezelligheid heb ik altijd enorm 

gewaardeerd. Dank voor al je hulp tijdens mijn onderzoeken! 

Clara, de afgelopen jaren hebben wij heel wat keren samengewerkt. Heel erg bedankt voor je hulp 

op microbiologisch gebied en natuurlijk voor de kans die je me gegeven hebt om aan de Akkermansia 

studie te werken! 

Noortje, dankjewel dat ik altijd bij je terecht kon voor mijn vragen over galzouten en in vitro modellen! 

Ik vond het altijd heel leuk om bij je langs te komen in Utrecht en te sparren over m’n onderzoek. Heel 
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eens samenwerken!
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aan deze tijd, van samen uitbrakken in de collegezaal, ochtendzwemsessies met een Hema-ontbijtje, 

samen hardlopen in het Arboretum en natuurlijk alle hardloopwedstrijden. Ik vind het super dat jij 

ook aan een PhD bent begonnen! Ook al wonen we niet meer zo dicht bij elkaar, laten we nog heel 

vaak afspreken en samen gouden medailles gaan winnen! 
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en irritante vouwfietsers) zullen me altijd bijblijven, ik hoop dat er nog heel veel gaan komen (maar 

we zijn weer op de goede weg)!

Alle supermenckies: Frans, Gerrie, Hidde en Suzanne, heel erg bedankt voor jullie gezelligheid 

de afgelopen jaren. Ik vond het super dat jullie altijd zo geïnteresseerd in mijn onderzoek waren. 

Dank voor alle fijne momenten samen! Jasmijn, ik vond het zo leuk dat jij er voor koos om naar 

Wageningen te komen om ook Voeding & Gezondheid te gaan studeren! Het was altijd gezellig om 

met je te kletsen over je studie en mijn PhD. Ook de etentjes samen met Bob en Thijs erbij waren 

erg geslaagd! 
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