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Zusammenfassung 

 

Mohamad Toutounji 

 

Die Pathogenese von entzündlichen Darmerkrankungen in einem intestinalen 

Zellmodell: Die Rolle von ER-Stress und RhoA-Signalisierung bei Dysfunktion 

der Darmbarrieren  

 

Normale biologische Aktivitäten in Epithelzellen, wie zum Beispiel Proliferation, 

Differenzierung, Absorption und Sekretion, werden hauptsächlich über 

hochsynchronisierte Signalisierungsnetze gesteuert. Diese Signalnetzwerke setzen 

sich nicht nur aus stimulierenden, bzw. inhibitorischen Hormonen, wie Zytokinen oder 

Wachstumsfaktoren zusammen, sondern beinhalten auch Lipide, Kalzium und 

andere Ionen, die in vielen Signalwegen eine bedeutende Rolle spielen. 

 

Die wichtigsten Faktoren, die das Gleichgewicht der Synchronisation von 

Signalnetzwerken aufrechterhalten, sind die direkten Verbindungen zwischen Zellen, 

die durch die Junction-Plaques aufrechterhalten werden. Diese Plaques werden nach 

ihrer Funktion in Tight-Junctions, Adherens-Junctions und Gap-Junctions unterteilt. 

Diese Verbindung zwischen Epithelzellen wird durch Strukturen gewährleistet, die 

aufgrund ihrer Funktion als Abdichtung der Interzellularräume eine Schutzfunktion 

haben und als „intestinale Barriere“ bezeichnet werden. Der Zusammenbau dieser 

Junction-Plaques wird durch das kortikale Aktin-Zytoskelett und die Myosin-II-

Aktivität reguliert. Eine große Anzahl von Publikationen zeigte, dass eine Störung der 

zellulären Signaltransduktion aufgrund von Entzündungen zu Funktionsstörungen der 

„intestinale Barriere“ führen kann. 

 

Es wurde festgestellt, dass ein Verlust der Schutzfunktion von Epithelbarrieren, die 

mit der Umgebung interagieren und die Homöostase der Schleimhaut erhalten, an 

der Entwicklung von chronisch entzündlichen Darmerkrankungen (CED) beteiligt ist. 

Der molekulare Mechanismus, der Defekte in intestinalen Epithelzellen (IECs) und 
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deren Barrieren auslöst, ist jedoch weitgehend unbekannt. Es wurde auch festgetellt, 

dass der Verlust der Barrierefunktion mit ER-Stress in Verbindung steht. Wir 

verwendeten Dextran-Natriumsulfat (DSS), um ER-Stress in caco-2 Zellen zu 

induzieren, welche ein Modell für die Enterozyten des Epithels darstellen. Wir 

untersuchten den Einfluss der ER-Stressreaktion auf die Veränderung der 

Lipidflossenkonstruktion basierend auf dem Cholesteringehalt im intestinalen 

Epithelkultursystem und Proteinen, die die Zellintegrität vermitteln. 

Interessanterweise zeigte die Membran-Lipid-Raft-Analyse in Zellen, die mit DSS 

behandelt wurden, reduzierte Cholesterinspiegel in Lipid-Rafts. Darüber hinaus 

wurde in gestressten Zellen ein Verlust der Interaktion zwischen β-Actin, ZO-1 und E-

cadherin beobachtet. Interessanterweise fanden wir, dass RhoA während der 

Veränderung von ER-Homöostase und Lipid-Rafts signifikant runterreguliert wird. 

Schließlich impliziert ER-Stress eine Veränderung innerhalb der Hydrolase-Enzym-

Saccharose-Isomaltase-Homöostase. Zusammenfassend kann festgestellt werden, 

dass unsere Untersuchung eine Rolle bei der Zusammensetzung von RhoA und 

Lipid-Rafts spielt, die durch eine unausgeglichene ER-Homöostase während 

zellulärer Entzündung ausgelöst wird, die bei Störungen zu einer Herabregulierung 

von RhoA führt, die Biogenese von Lipiden unterbricht und folglich die Zellintegrität 

und -polarität reduziert. Letztendlich erweitert diese Studie unser Wissen über die 

fehlregulierte Funktion von Lipid-Rafts während der Entzündung und gibt eine 

Perspektive für die bevorstehende Entwicklung von regenerativen Therapien, die 

eine der therapeutischen Möglichkeiten zur Erzielung einer Schleimhautheilung bei 

refraktären Patienten von CED werden können. 
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Abstract 

 

Mohamad Toutounji 

 

Mimicking the pathogenesis of inflammatory bowel disease in an intestinal cell 

model: Role of ER stress and RhoA signaling in intestinal barrier dysfunction 

 

Normal biological activities within epithelial cells such as proliferation, differentiation, 

absorption and secretion are principally arranged via highly synchronized signaling 

networks. These signaling networks are not only the stimulative/inhibitory hormones, 

neurotransmitters, cytokines, growth factors but also lipids, calcium and other ions 

that take place in many signaling pathways.  

 

The most important factors that keep the balance of synchronization of cell signaling 

networks is the interaction between cells through the junctional plaques. These 

plaques are specialized for joining neighboring cells and are divided upon their 

function into tight, adhesion and gap junctions. The assembly of these junctional 

plaques is regulated by the cortical actin cytoskeleton and myosin II activity. The 

structure formed between neighboring cells is called cellular (intestinal) barrier. A 

huge body of evidences showed that disturbance in cellular signaling due to 

inflammation could lead to dysfunction in cellular barriers. 

 

A loss of the protective function of intestinal barriers that interact with the 

environment and keep the mucosa homeostasis was found to be involved in the 

development of IBD. However, the molecular mechanism initiating defects in 

intestinal epithelial cells (IECs) and their barriers are largely unrecognized. It has 

been also shown that ER-Stress is strongly associated with inflammatory conditions. 

In order to understand the mechanistic framework of epithelial cells during 

inflammation we used dextran sodium sulfate (DSS) to induce ER stress in caco-2 

cells that mimic the enterocytes of the epithelium. We investigated the impact of ER 

stress response on alteration of lipid raft structure based on cholesterol content in the 
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intestinal epithelial culture system and proteins mediating cellular integrity. 

Interestingly, membrane lipid raft analysis revealed reduced levels of cholesterol 

within lipid rafts in cells treated with DSS. Furthermore, a loss of interaction between 

β-actin, ZO-1 and E-Cadherin was observed in stressed cells. Most interestingly, we 

found that RhoA is significantly altered during ER stress and lipid rafts deregulation. 

Finally, ER stress implicates alteration within the hydrolase enzyme sucrose-

isomaltase homeostasis. In summary, our investigation establishes a role for RhoA 

and lipid rafts composition, initiated via imbalanced ER homeostasis during cellular 

inflammation, which upon perturbations leads to downregulation of RhoA, disrupted 

lipid biogenesis and trafficking consequently to reduced cellular integrity and polarity. 

Ultimately, this study expands our knowledge on dysregulated function of lipid rafts 

during inflammation and gives a perspective to the upcoming development of 

regenerative therapies that may become one of the therapeutic choices to achieve 

mucosal healing in refractory patients of IBD. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

5 
 

List of figures and tables 

 

1- List of figures and tables in the Introduction 

Figure 1I: The structure of the intestinal barrier 

Figure 2I: Model of the detergent resistant membrane (DRM)  

Figure 3I: ER homeostasis / regulation of protein folding and unfolded protein 

response 

Table 1I: List of genes that are altered in IBD  

Table 2I: List of some cytokines that are altered in patients with inflammatory bowel 

disease 

Table 3I: Main characteristics of the different epithelial cell types found in the gut and 

their role in intestinal barrier protection. 

 

2- List of figures and tables in the Materials and Methods 

Figure 1MM: The experimental procedure of lipid raft isolation and analysis 

Figure 2MM: PX458 CRISPR Cas9 construct containing a GFP tag 

Figure 3MM: CRISPR Cas9 has effecently resulted in the downregulation of RhoA 

Figure 4MM: T7 Endonuclease I digestion of IL10 target loci, three clones out of ~ 

100 had an indel in their genomic DNA. 

 

Table 1MM: General solutions in use 

Table 2MM: Supplies used in cell culture 

Table 3MM: List of primers for detecting ER stress markers by real-time PCR 

Table 4MM: Guide RNA sequences of IL10 and RhoA from two selected exons on 

the gDNA. 

Table 5MM: annealing reaction of gRNAs 

Table 6MM: Linearization reaction of PX458 plasmid and ligation with gRNA  

Table 7MM: Amplification of the indel target region of IL10 gene 

 

 



 

6 
 

3- List of figures and tables in the Results 

 

A- DSS treatment induces expression of ER stress markers in caco-2 cells, 

changes the balance of pro-inflammatory and anti-inflammatory 

cytokines and disrupts intestinal epithelial barrier 

 

Figure 1A: Cytotoxicity of DSS; LDH release assay 

Figure 1B: The expression of ER stress sensors  

Figure 1C: The dynamic of tight junctions under stress conditions. 

Figure 1D: The expression of several cytokines in caco-2 cells treatment with DSS. 

 

B- ER stress due to DSS treatment of caco-2 cells is associated with 

distortion of lipid rafts  

 

Figure 2A: The distribution of the cell membrane lipid rafts marker Flotillin-2 

Figure 2B: Cholesterol profile in lipid raft and non-lipid raft fractions of caco-2 cells 

control and treated with DSS. 

Figure 2C: The distribution of the Golgi marker GM130 and the ER marker calnexin 

in Lubrol and Tween 20 lipid rafts respectively. 

Figure 2D: The distribution of cholesterol in Tween-20 fractions that belong to the 

ER membrane.  

Figure 2E: The distribution of cholesterol in Lubrol fractions that belong to the Golgi 

membrane.  

 

C- Trafficking of brush border enzymes is impaired upon ER stress induced 

by DSS treatment 

 

Figure 3A: The enrichment of SI and DPPIV to the apical membrane (P2 fraction).  

Figure 3B: SI and DPPIV that are stained in the cytosolic fractions upon DSS 

treatment.  



 

7 
 

Figure 3C: The enzymatic activity of sucrase in control caco-2 cells and treated with 

DSS. 

Figure 3D: Immunofluorescence staining of confluent caco-2 cells control and 

treated with DSS.  

 

D- Decreased integrity of the cellular monolayer is associated with 

disrupted interaction of apical junctional protein complex 

 

Figure 4A: The expression and the interaction of E-cad, ZO-1 and β-actin in caco-2 

cells exposed to DSS. 

Figure 4B: Co-localization of ZO-1 and E-cad in coca-2 cells. 

 

E- Distortion of apical junctional complex due to a decreased RhoA 

expression in caco-2 cells 

 

Figure 5A: Reduction of the RhoA levels in the membrane fractions in cells treated 

with DSS. 

Figure 5B: Calcium efflux from the ER during DSS application. 

 

F- Impact of RhoA/lipid rafts alteration on cell proliferation and wound 

healing process 

 

Figure 6: The wound healing efficiency of caco-2 monolayer treated with DSS.  

 

G- Lack of RhoA causes impairment in growth rate, reduction in wound 

healing process and decrease in cellular integrity. 

Figure 7A: The wound healing efficiency of RhoA -/-, IL10 -/- and control caco-2 

monolayer.  

Figure 7B: Trans-epithelial electrical resistance (TEER) in RhoA -/-, IL10 -/- and 

control caco-2 cells.  

Figure 7C: The expression of some apical junctional proteins, ZO-1 and E-cad 



 

8 
 

 

H- Absence of RhoA expression in caco-2 cells causes lipid raft distortion 

that is associated with cholesterol depletion from membrane raft 

domains and accompanied with dissociation of Flotillin-2/SI from raft 

fractions. 

 

Figure 8A: Cholesterol levels in the membrane lipid raft fractions in control caco-2, 

RhoA-/- and IL10-/- cells.  

Figure 8B: The distribution of the lipid raft marker Flotillin-2 in control caco-2, RhoA-/- 

and IL10-/- cells.  

Figure 8C: The association of sucrase-isomaltse (SI) with the lipid raft fractions in 

control caco-2, RhoA-/- and IL10-/- cells.  

 

4- List of figures and tables in the Discussion 

Figure 1D: The balance between UPR response and ER stress signaling. 

Figure 2D: RhoA signaling and its role in cholesterol trafficking during ER stress 

Figure 1F: Elevated cytoplasmic calcium levels upon treatment of caco-2 cells with 

DSS. 

 

 

 

 

 

 

 

 

 

 



 

9 
 

List of abbreviations 

 

ACC: Acetyl-CoA carboxylase  

AGR2: anterior gradient protein-2 

AIEC: Adherent, invasive Escherichia coli 

AJ: Adherens junctions 

ANOVA: Analysis of variance 

APOE: Apolipoprotein E  

ATF4/ATF6: Activating Transcription Factor 4 and 6 

ATG16L1: Autophagy-related 16-like 1 

BSA: Bovine serum albumin 

CD: Crohn’s disease 

DAG: Diacylglycerol 

DMEM: Dulbecco’s Modified Eagle medium 

DRM: Detergent resistant membrane 

DSS: Dextran sulfate sodium 

E. coli: Escherichia coli 

EDTA: Ethylenediaminetetraacetic acid 

EGF: Epidermal growth factor  

eIF2α: eukaryotic initiation factor 2 

ER: Endoplasmic reticulum 

FAZIT: Frankfurter Allgemeine Zeitung - Stiftung 

FBS: Fetal Bovine Serum 

FFA: free fatty acids 

FHL2: Four And A Half LIM Domains 2 

GAPDH: Glyceraldehyde-3-phosphate dehydrogenase 

GEF: Guanine nucleotide exchange factors  

GJ: Gap junctions 

GO: Gene ontology 

GPI: Glycosylphosphatidylinositol  

GRS: Genetic risk score 



 

10 
 

GWAS: Genome-wide association study 

HC: Healthy control 

HEPES: 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HMGCR: 5'-AMP-activated protein kinase catalytic subunit alpha-1 

HPLC: High performance liquid chromatography 

HRQoL: Health-related quality of life  

Hsp70: Heat shock protein 70  

IBD: Inflammatory bowel disease 

ICAM1: Intercellular Adhesion Molecule 1 

IEC: intestinal epithelial cells  

IFN: Interferon 

Ig: Immunoglobulin 

IL- R: Interleukin-  receptor 

IL: Interleukin 

IRE1α: inositol-requiring enzyme 1 

ITGA: Integrin alpha subunit 

LB: Luria-Bertani 

LC3: microtubule –associated protein 1 light chain 3 

Ld: Liquid-disordered 

Lo: Liquid-ordered 

LPS: Lipopolysaccharide 

M cell: Microfold cell 

MDCK: Madin-Darby canine kidney cells 

MDP: Muramyl dipeptide 

MetaHIT: Metagenomics of the Human Intestinal Tract 

MUC2: Mucin 2 protein 

NFkB: Nuclear factor kB 

NLR: Nod-like receptor 

NOD2: Nucleotide-binding oligomerization domain containing 2 

NP-C1: Niemann Pick type-C1  

Pax-6: Paired box protein  



 

11 
 

PBS: Phosphate buffered saline 

PC: Phosphatidylcholine 

PCR: Polymerase chain reaction 

PDGF: Platelet-derived growth factor  

PERK: RNA-like ER kinase  

PG: Phosphoglycerol 

PI: Phosphatidylinositol 

PPARγ: peroxisome proliferator-activated receptors 

PS: Phosphatidylserine 

RA: Rheumatoid arthritis  

RhoA: Ras Homolog Family Member A 

S1P/S2P: sphingosine 1/2 phosphate 

SDS: Sodium dodecyl sulphate 

siRNA: Small interfering RNA 

SLE: Systemic lupus erythematosus 

SNARE: Soluble NSF attachment protein receptor 

SNP: Single nucleotide polymorphism 

SREBP: Sterol regulatory element-binding proteins 

SRF: Serum Response Factor 

Stat3/5: Signal Transducer And Activator Of Transcription 3/5 

TEER: Trans-epithelial electrical resistance  

TGF-β: Transforming growth factor-β 

TGN: Trans-Golgi network 

Th: T-helper 

TIM: T-cell immunoglobulin mucin 

TIR: Toll / IL-1 receptor 

TJ: Tight junctions  

TLR: Toll-like receptor 

TNF: Tumour necrosis factor 

UC: Ulcerative colitis 

UPR: unfolded protein response  



 

12 
 

USA: United States of America 

VAMP: Vesicle-associated membrane protein 

VLDL: very low density lipoprotein 

XBP1: X-box binding protein 1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 

13 
 

 

 

Chapter 1 

 

Introduction 

 

 

 

 

 

 

 

 

 



 

 

Inflammatory diseases: phenotype and epidemiology:  

One of the most famous inflammatory Diseases is known as inflammatory bowel 

disease (IBD) which includes crohn´s disease (CD) and ulcerative colitis (UC). 

Crohn´s disease and ulcerative colitis share epidemiological and clinical features, but 

represent distinct entities with unique mechanisms of inflammation in each condition. 

Both are recognized as inflammation of the gastrointestinal tract in the rectum and 

colon areas in ulcerative colitis and the whole digestive tract with a predilection for 

the Ileocecal region in Crohn´s disease. In addition, it is a cryptogenetic disorder 

arising from the chronic, intermittent or continuous inflammation of part of the 

intestinal tract.  

In the patients diagnosed with CD, the most commonly affected areas are the 

terminal ileum (in 71% of patients) and right colon (71%) [1]. Ulcerative colitis affects 

children more than adults [2]. 30% of pediatric patients with UC have ulcers in the 

rectal sparing area and bloody diarrhea [3]. However, follow-up studies on IBD 

patients have shown that the magnitude of the disease may change over time. 

Although recently huge progresses in the understanding of IBD pathophysiology, the 

real causes of this inflammatory conditions remain unknown. CD and UC do not 

increase mortality, but because of their early onset and their chronicity, they increase 

the morbidity which alters the quality of life. Furthermore, the prevalence of 

inflammatory bowel disease (IBD) has been significantly increased worldwide. 

Several studies have been done to determine the incidence of IBD in different 

hemispherical regions [4-6]. In addition, some studies have concluded that IBD is 

heterogeneous disease according to the environmental and genetic conditions [7]. 

The patients with CD in Europe are estimated to be about 1 million and 1.5 million 

with UC. In Germany, the recent data published in health economics estimate about 

500,000 suffering from IBD, posing a real public health issue [8-11]. Generally, the 

highest incidences are traditionally reported in northern and Western Europe and 

North America, while in Africa, South America and Asia, the incidence of IBD has 
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long been rated as low. It is therefore common to think that the risk of IBD is linked to 

socio-economic development, industrialization or urbanization [12].  

With early onset about 10–15% of IBD patients are diagnosed before the age of 18 

years [13]. Consistent with a peak around the age of 30 years, the incidence is 7 per 

100,000 individuals per year during puberty, and increases further during 

adolescence to 12 per 100,000 in 20–29 aged individuals [14]. In children, most 

cohort studies show a predominance cases of Crohn's disease (CD) over ulcerative 

colitis (UC) [15]. In most pediatric studies, the median age of onset of symptoms in 

UC is 12 years [15, 16] and the diagnostic delay is considerably shorter compared to 

CD.  

In addition to the lower incidence number in children as compared to adults, and the 

predominance of CD over UC in children, another interesting difference exists 

between early onset and late onset IBD: a male preponderance is reported in 

pediatric CD [1, 13], while female preponderance is only seen among patients 

diagnosed in adolescence (13–19 years) [17], in accordance with the overall higher 

incidence of CD in females. 

 

The multifactorial pathogenesis of inflammatory bowel disease 

 

A- Contribution of genetic predispositions 

Although the etiology of IBD remains largely undiscovered, recent investigations 

have suggested that genetic factors, environment, microbiota, and immune response 

are involved in the pathogenesis of the disease. Evidence from epidemiological 

studies show a genetic contribution to IBD, 15% of patients with Crohn’s Disease 

(CD) have been found to have an affected family member with IBD. Furthermore, 

studies on twins with CD have found 50% concordance in monozygotic twins 

compared to less than 10% in dizygotic [18-20]. Earliest IBD genetic association 

study has defined nucleotide-binding oligomerization domain containing 2 (NOD2) as 

the first susceptibility gene for CD. NOD2 protein acts as an intracellular receptor for 

bacterial lipopolysaccharides by recognizing the muramyl dipeptide (MDP) derived 

Introduction 
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from them and activating the nuclear factor (NF)-κB in peripheral blood leukocytes. 

The activated NOD2 though muramyl dipeptide induces autophagy in dendritic cells 

(DCs). DCs from CD patients with susceptibility variants in NOD2 gene are deficient 

in autophagy induction and also show reduced localization of bacteria in 

autophagolysosomes [21]. Most recently, large genome-wide association studies 

have been done on 25,305 individuals to identify genes that are modified during IBD 

[22]. 26 new genome-wide significant loci were identified, three of which contain 

integrin genes that encode molecules in pathways. The associated variants were 

also correlated with expression changes in response to immune stimulus at two of 

these genes (ITGA4, ITGB8) and at two previously implicated integrin loci (ITGAL, 

ICAM1) [22]. However, their biological effects must be confirmed by additional 

functional studies. Although most IBD cases are correlated with polygenic 

contribution toward genetic susceptibility, there is a spectrum of other factors that 

mediate alterations in gene expression. These factors are microbial, environmental 

and immunological factors.  
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Gene 
Abbreviati

on 
Gene Name 

Gene 
Abbreviati

on 
Gene Name 

NOD2 
nucleotide binding 
oligomerization domain 
containing 2 

HLA-B 
major histocompatibility 
complex, class I, B 

IL10RA 
interleukin 10 receptor subunit 
alpha 

TNFRSF
6B 

TNF receptor superfamily 
member 6b 

IL23R interleukin 23 receptor ADCY3 adenylate cyclase 3 

IRF5 interferon regulatory factor 5 IL27 interleukin 27 

JAK2 Janus kinase 2 IFNGR2 interferon gamma receptor 2 

TYK2 tyrosine kinase 2 
TSPAN1
4 

tetraspanin 14 

IL12B interleukin 12B IL18RAP 
interleukin 18 receptor 
accessory protein 

ITGA4 integrin subunit alpha 4 KSR1 kinase suppressor of ras 1 

TNF tumor necrosis factor IL2RA 
interleukin 2 receptor 
subunit alpha 

IL10 interleukin 10 IL12A interleukin 12A 

STAT3 
signal transducer and activator 
of transcription 3 

IFNG interferon gamma 

TNFSF15 TNF superfamily member 15 TNFAIP3 TNF alpha induced protein 3 

FCGR2A Fc fragment of IgG receptor IIa NFKB1 
nuclear factor kappa B 
subunit 1 

CARD9 
caspase recruitment domain 
family member 9 

MAP3K8 
mitogen-activated protein 
kinase kinase kinase 8 

IL18R1 interleukin 18 receptor 1 PLAU 
plasminogen activator, 
urokinase 

PTPN2 
protein tyrosine phosphatase, 
non-receptor type 2 

SH2B1 SH2B adaptor protein 1 

UBE2L3 
ubiquitin conjugating enzyme 
E2 L3 

TMBIM1 
transmembrane BAX 
inhibitor motif containing 1 

ERAP2 
endoplasmic reticulum 
aminopeptidase 2 

TNFSF8 TNF superfamily member 8 

IL1R1 interleukin 1 receptor type 1 SMURF1 
SMAD specific E3 ubiquitin 
protein ligase 1 

 

 

Table 1I: List of genes that are altered in IBD (target validation) 
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B- Gastrointestinal Microbiota in IBD 

A large body of data indicates the importance of gut microbiom in maintaining the 

gastrointestinal hemostasis and immunological equilibrium at epithelial level [23, 24]. 

In human, the gut luminal microorganisms are consisted of around 100 trillion 

microbes belonging to more than 1000 different species encoding more than 3 million 

bacterial genes (microbiome) and therefore exceeding the number encoded by the 

human genome by 150-fold [24].  The role of the gut microbiome in IBD has been 

largely investigated.  

 

In addition to the implication of numerous candidate pathogens (such as adherent 

invasive E. coli (AIEC), Bacteroides fragilis, Clostridium difficile, Mycobacterium 

avium ssp. paratuberculosis, Yersinia enterocolitica, Listeria monocytogenes, 

Salmonella, Campylobacter) to the disease onset and/or perpetuation [25], there are 

over 400 complex microbiome surveys that have been conducted to identify the IBD 

gut. These are used also to precisely discriminate between the IBD gut and the 

healthy one. The discrimination between IBD and healthy guts depends on the 

overall reduction of the microbiome diversity, the total number of species. In fact, 

data from the MetaHIT consortium suggest that persons with IBD harbor on average 

25% fewer microbial genes than healthy persons [24, 26, 27]. This shift in the gut 

microbiota can be conducted by diet as it has been demonstrated that a Western diet 

induces a shift in microbiome composition increasing the susceptibility to AIEC 

infection [28]. 

 

 

C- The role of environmental factors in IBD 

Many environmental factors were identified as essential components of the 

pathogenesis of inflammatory bowel disease (IBD) and mainly responsible for the 

IBD increasing incidence around the globe. Evidences resulted from epidemiological, 

clinical and experimental studies support an association between IBD and a 

considerable number of environmental factors, which include smoking, diet, drugs, 

geographical and social status and stress [29, 30]. Many investigations support the 
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involvement of each of these factors in triggering, or modulating the course or 

outcome of IBD. One of the earliest described environmental factors is cigarette 

smoking that has been shown to be consistently associated with IBD [31, 32]. 

 

Bergeron et al. suggested that the effect of smoking may be elevated through 

activation of oxidative stress [33]. This study indicated that mononuclear cells from 

current smokers with CD secrets lower amounts of interleukin-8 (IL-8), IL-10, and IL-

23 compared to non-smokers. This susceptibility to the effect of smoking was not 

seen in healthy controls and UC patients. In addition, CD patients also synthesize 

lower levels of the cytoprotective heat shock protein 70 (Hsp70). These findings in 

conjunction with previous studies suggest that the differential effect of smoking on 

anti-inflammatory (IL-10) and pro-inflammatory cytokines, and on defenses against 

oxidative stress, may contribute to its clinical effect on UC and CD. However, 

mechanisms for the differential effect on both diseases given the strong overlapping 

genetic component require further study. 

 

Stress and IBD 

Walker et al has compared patients with psychological disorders and IBD. This study 

suggests that IBD is more frequent in patients with major depression, lower rates of 

social anxiety and bipolar disorders than in general samples in the United States and 

New Zealand [34, 35]. Although it is crucial to define stress that apparently leads to 

IBD, this factor may differ between individuals and can be a critical in IBD 

pathogenesis [36, 37]. In general, stress could be considered as a threat that starts 

reaction in the brain triggering the cellular stress via modulating the immune 

response [38, 39] and leading to modulating of disease activity [40, 41]. The 

aforementioned suggestions are supported by the fact, that the different reaction of 

IBD patients to the stress can affect their health-related quality of life (HRQoL) [42], it 

is also showed that emotional relaxation, optimization and self-reliant helped IBD 

patients to reduce their symptoms [43]. 
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The primary drivers of IBD 

1- Intestinal Barrier Dysfunction 

Normally, the gastrointestinal tract is functionally maintained by epithelial barriers that 

form a monocellular layer separating between the intestinal lumen and underneath 

tissues. It selectively permits the absorption of water, nutrients and electrolytes, while 

simultaneously preventing an intraluminal toxins, antigens and enteric flora. The 

function of epithelium barrier is maintained through the formation of complex protein-

protein networks that mechanically link adjacent cells and seal the intercellular 

space. The protein networks connecting epithelial cells form a plaque of interactions 

called apical junctional complexes. These complexes consist of transmembrane 

proteins that interact extracellularly with adjacent cells and intracellularly with adaptor 

proteins that link to the cytoskeleton proteins actin and myosin. These encircle the 

apical aspect of each cell and support the cortical actin web with the dense 

microvillus brush border [44, 45]. 

 

First studies about the association between intestinal barrier dysfunction and 

intestinal disease were first carried out by using an ex vivo approach that showed 

increased permeability in active IBD, in both ulcerated and non-ulcerated epithelia 

[46, 47]. Latter studies revealed that tight junction function, ultrastructure and protein 

composition are altered in IBD patients [48, 49]. Evidences from alteration of the 

claudin-1 and -2 expression have led to the suggestion that tight junction 

dysregulation might have a pathogenic role in IBD before epithelial ulceration [50]. 

With this idea finding, intestinal permeability has been reported as an indicator of 

relapse to active disease in patients with Crohn’s disease during clinical remission 

[51]. In addition to the aforementioned characters of IBD pathophysiology, IBD is also 

characterized by loss of ions and water dysregulation, which is a direct consequence 

of intestinal barrier dysfunction. Furthermore, increased permeability of the intestine 

in IBD is widely linked to the loss of tight junction and apoptosis of epithelial cells. 

Functionally, barrier loss is associated with dysregulated immune responses due to 

the increased bacterial translocation and upregulation of inflammatory cytokines such 

as TNFα, IFNγ, IL1a/IL1b, IL6 and other cytokines as shown in (Table 2I). 
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Cytokine   Cytokine   Cytokine   

IL-1α   IL-4   IL-10   

IL-1β   IL-5   IL-12   

IFN-α2   IL-6   IL-13   

IFN-γ   IL-7   IL-15   

IL-2   IL-8   IL-17   

TNF-α   IL-9   TNF-β   

      Increased   
    Decreased   
    No Change   
     

Table 2I shows the cytokines that are altered in patients with inflammatory bowel 

disease [52].  

 

Moreover, recent investigations using metagenomic sequencing approaches have 

greatly encouraged in the characterization and understanding of the microflora 

composition. This found to be significantly altered in IBD patients. Although barrier 

dysfunction has undoubtedly been identified as a component of IBD pathogenesis, 

the question whether these defects in the intestinal barriers are the primary cause or 

the consequence of the chronic disease process remains unanswered.  

 

2- Immune tolerance and intestinal homeostasis 

The intestinal homeostasis is maintained throughout the balance between the 

protective immunity of the intestinal mucosa and the immune tolerance. As in normal 

cases, the majority of antigens encountered by the intestinal immune system are not 

only the pathogens but also the nutrients including proteins and lipids, from food and 

commensal bacteria. These do not induce an immune response because the 

intestinal immune system can distinguish between beneficial and pathogenic 

molecules. The intestinal immune system is comprised of fast-acting innate immunity 

and antigen-specific adaptive immunity supported by regulatory components. The 

innate, adaptive and regulatory immunity are provided through several factors found 

in the gastrointestinal tract. The most predominant factor is the epithelial cells that 

Introduction 



 

22 
 

constitute the physical barriers and mucosal homeostasis. Further components of the 

intestinal immunity are the intestinal cells, which comprise of enterocytes, the goblet 

cells, the Paneth cells, endo and phagocytotic M-cells with their specialization of 

antigen uptake, and the intraepithelial lymphocytes [53]. These are covered by a 

surface of mucosa produced from goblet cells. In addition, the mucosal surface is 

crucial for immune regulation because this surface is in continuous contact with the 

food digested products and the microorganisms. However, all mucus functions to 

separate the luminal content, especially bacteria, from direct contact with the different 

epithelial cells that participates in specific barrier functions (Table 3I). 

Cell type Characteristics Role in barrier function 

Goblet cells Production and 
secretion of mucus 

Formation of a semi-permeable mucus 
layer preventing direct contact and 
adhesion between microflora and 

epithelial cells. 

Paneth cells 

Synthesis and 
release of 

antimicrobial 
peptides (alpha-

defensins) 

Direct bactericidal or bacteriostatic 
effects elicited by defensins, lysosyme 

and phospholypase A2 

Enterocytes 
Uptake of peptides, 

lipid, sugar, water and 
ions 

Enzymes in their lysosomes degrade the 
antigens. They can present processed 

antigens directly to T cells and are often 
directly involved in immune processes 

M cells 

Selective uptake of 
bacteria and antigens 

from the lumen via 
endocytosis or 
phagocytosis 

Controlled stimulation of the gut 
associated 

immune system. 

 

Table 3I: Main characteristics of the different epithelial cell types found in the gut and 

their role in intestinal barrier protection. 
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Intestinal integrity: meaning for the intestinal function 

In general, he word "integrity" means "The tightness of the epithelium". Considering 

the general understanding of integrity, intestinal integrity in the intestine and colon is 

defined to sustain the intestinal barrier whole and assembled. This occurs through a 

combinatory work of the mucus layer, the epithelial cells, and the interaction between 

the IECs by tight junctions (TJ). Alteration of intestinal integrity may therefore arise by 

changes in one of the aforementioned factors that maintain the integrity. The term 

intestinal integrity is strongly used in connection with intestinal permeability however 

they do not mean the same thing, however, they have different meanings. While 

intestinal integrity is (in other words as mentioned above) the sustained state of the 

IECs, intestinal permeability reflects the controlled molecules passage across the 

IEC layer. Such a passage is controlled by the epithelial cells forming the barrier, but 

also interactions of neighboring cells by tight junctions (TJs) (Fig.1I). Barrier functions 

can be measured in vitro by trans-epithelial electrical resistance (TEER) that 

measures barrier integrity. It measures both the leak and the pore pathway [54], 

therefore alterations in this parameter refer to the state of barrier integrity and 

function. Technically, the TEER system measures the total resistance created by the 

cell membrane area that is cultured between a set of electrodes (pair of current 

injection electrodes and pair of voltage measurement electrodes). Therefore the 

resultant TEER is calculated from the measured resistance value for cell monolayer 

cultured on membrane per unit area. (TEER Ωcm2= Measured resistance × Effective 

area) [55, 56]. 

 

In addition to TEER, bacteria can be used to indicate the impairment of intestinal 

integrity [57]. Bacteria crosses the intact epithelial layer through the leakage of TJs. 

Additionally, inflammatory conditions may lead to increased permeability as specific 

pro-inflammatory cytokines increases permeability [58].  
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Figure 1I shows the structure of the intestinal barrier. 

 

Lipid homeostasis in inflammation 

Cell membranes exhibit their dynamic platforms via the bilayer lipids that are 

fundamental for membrane trafficking, signal transduction and cell polarization. 

These lipids are liquid-ordered (Io) phase microdomains that exist in cell membranes 

and are called lipid rafts. The liquid-ordered (Io) phase is a sterol-dependent 

composition in which lipid acyl chains are tightly packed. In plasma membrane, Io-

phase domains form in sterol-rich cell membranes where they are dispersed in 

disordered membrane domains. In addition, these rafts are enriched in cholesterol 

and sphingolipids. The main function of cholesterol is to ensure the integrity of lipid 

rafts [59]. It has been showed that Lipid rafts have different sizes and lipid raft size is 

essential for dynamic lateral segregation of structural and signaling proteins into 

microdomains. Proteins localization into rafts is integral to increase specific protein-

AJ 

TJ 

GJ 

AJC 
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protein collision rates to facilitate efficient signaling. In addition, mobile and small 

rafts with a diameter up to 14 nm are better for maximizing the biologically relevant 

function of proteins [60]. Despite of the important progress that has been done to 

elucidate the nature of lipid microdomains, many basic questions about the role of 

rafts in numerous cellular processes remain unanswered. Nonetheless, approaches 

in the last decades, including biophysics, immunology, and lipid science has been 

used to indicate the fundamental importance of dynamic and chronic changes in 

membrane lipid to cell signaling and function.  Furthermore, it has been established 

that many diverse signaling receptors are incorporated into lipid rafts, including 

insulin receptors, T-cell antigen receptors, G-protein-coupled receptors, epidermal 

growth factor (EGF) receptors, platelet-derived growth factor (PDGF) receptors, and 

several signaling molecules such as kinases and phosphatases [61-63]. In general, 

by using proteomic approaches researchers could identify about 380 raft-specific 

proteins [64, 65]. For instance, recent works on the biology of lipid rafts suggest that 

the nature and composition of lipid rafts play critical roles in many human diseases, 

underlying the importance of understanding the factors that modulate their existence 

[66]. Studies on inflammatory diseases such as IBD have shown that lipid 

homeostasis is partial disorganized and that the function of immune cells such as 

lymphocytes, monocytes, and neutrophils is impaired.  

 

Although, most of these studies were resulted from rodents and in vitro studies that 

investigated the effect of infection and acute inflammation on lipids and lipoprotein 

metabolism [67, 68]. However, investigating lipid levels in patients with chronic 

inflammatory conditions such as rheumatoid arthritis (RA) and systemic lupus 

erythematosus (SLE) showed reduction in total cholesterol and LDL levels [69, 70], 

as well as a reduction in plasma HDL levels. Although the mechanisms behind these 

changes in plasma lipids are presently unknown, trials have been done to explain the 

crucial role of Apolipoprotein E (APOE) in peripheral lipid uptake and energy 

homeostasis [71]. The most recent clinical studies on lipidomic profiling in 

inflammatory bowel disease demonstrated that plasma lipid profiles differ profoundly 

in IBD patients compared with controls [72]. Other studies showed a reduction in total 

Introduction 



 

26 
 

cholesterol levels on patients with IBD [73]. These types of clinical studies explained 

only the alteration in lipid homeostasis in diseased plasma samples and did not 

investigate the effects of lipid homeostasis on cell signaling pathways.  

 

There is however increased evidences that abnormal lipid metabolism in patients 

with IBD leads to a decrease in cellular membrane fluidity and hence an alteration in 

membrane functions, not only in erythrocytes but also in other cells, and thus is 

related to the pathological status of the disease. It has been also suggested dynamic 

remodeling and fluidity of membrane lipid microdomains are very important for cell 

signaling, cell-cell communications and response. Furthermore, it has been 

speculated that small interventions upon membrane lipid, such as changes in 

cholesterol loading or crosslinking of raft lipids, are sufficient to induce micron-scale 

reordering of membranes and their protein cargo with consequent signal transduction 

[74].  

 

Lipid rafts regulation by intracellular cholesterol traffic 

Cholesterol is the most abundant lipid in mammalian cell membranes. Up to 90% of 

all cellular cholesterol resides in the plasma membrane and it builds between 25 and 

50% of cellular lipids depending on the cell type. A significant amount of data 

indicates that the insolubility of lipids in cold Triton X-100 correlates with the 

cholesterol concentration in cell and model membranes. It is now well established 

that raft perturbation using agents such as β-cyclodextrins can modify membrane raft 

structure and dependent signaling by delocalization of proteins, through depleting 

cholesterol from cells in different rations [75]. Further studies have shown that in 

primary murine macrophages, TLR4 signaling occurs in lipid rafts [76], demonstrating 

profound effects of cholesterol trafficking through rafts on TLR signaling in the 

macrophage. Additional studies showed that raft levels of TLR4 and TLR9, and cell 

responsiveness to TLR2, TLR4, TLR7, and TLR9 ligands, are all directly associated 

with exogenously manipulated raft cholesterol levels [77, 78]. Moreover, it is also 

found that cholesterol loading can also be associated with reduced macrophage 

inflammatory function [79]. Recent comprehensive reviews suggest that raft 
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cholesterol content is regulated by homeostatic cholesterol synthesis in the 

endoplasmic reticulum (ER), trafficking through the cell, endosomal recycling of 

internalized cholesterol to the ER/Golgi by Niemann Pick type-C1 (NP-C1) protein 

[80, 81]. Data obtained from (74) showed that in NPC-deficient fibroblasts, 

cholesterol levels in cell membrane are significantly reduced and late endosomal 

cholesterol is overloaded with raft overcrowding [82]. Taken together, these reports 

indicate an intriguing degree of association between the pathway for trafficking of 

cellular lipids and cellular signaling. 

 

Detergent resistance in biological membranes  

Studies on membrane models demonstrated that tightly packed configurations of lipid 

bilayers (Lo state) are less susceptible to solubilization by non-ionic detergents such 

as Triton X-100. This is presumed as tight packing reduces access of the detergent 

to the hydrophobic core [83, 84]. This physical character of the membrane lipid rafts 

allowed investigators to study cell plasma membranes structure and composition by 

using non-ionic detergents, such as Triton X-100, at low temperature, in which only 

the not tightly packed membrane domains will be solubilized. In addition, Ahmed et al 

[85] made use of detergent resistant (DRM) membrane and characterized the phase 

state of a series of sterol-rich mixtures containing different amounts of order- and 

disorder-preferring lipids by a fluorescence-quenching assay. This method 

determined the amount of order-preferring lipid required for phase separation. 

Furthermore, studies, in which TX-100 selectively solubilized Ld-phase domains, 

leaving the Lo-phase domains relatively unchanged as DRMs, supported the lipid 

bilayers model of biological membranes [86]. Both studies showed that TX-100 does 

not change the distribution of lipid within the membrane in the two phases. 

 

The tightly packing of certain lipids in the membrane domain (raft-associated lipids) 

renders them relatively insoluble in certain detergents, such as TX-100, Lubrol and 

Tween-20. Subsequently, lipid rafts can be readily purified as detergent-insoluble or 

detergent-resistant membranes (DRMs) by ultracentrifugation on sucrose density 

gradients [87]. On the sucrose gradient the heavy lipid rafts fraction migrates to the 
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low-density sucrose layers and the low density (non-lipid rafts membrane fraction) 

migrate to the high-density sucrose layers. Proteins associated with lipid rafts, 

sphingolipids and glycosylphosphatidylinositol (GPI)-anchored proteins, as well as 

cholesterol, are enriched in the cold detergent–insoluble fractions [88, 89]. Absence 

of cholesterol or sphingolipids from biological membranes causes increase in 

detergent solubility, which is persistent with the idea that cholesterol, sphingolipids 

and GPI lipids organizations are responsible for the DRMs property in cell 

membranes. However, an accurate physical explanation for detergent-insolubility of 

membrane components is still unavailable, but detergent-insolubility of lipids as a 

phenomenon is strongly correlated with the co-existence of liquid-ordered phases Lo 

in a fluid (liquid-disordered) membrane.  

 

These insoluble membrane regions form a platform for many proteins including 

exoplasmic GPI-anchored proteins, cytosolic lipid-linked non-receptor tyrosine 

kinases, transmembrane proteins, caveolin and flotillin which stabilized lipid rafts 

[90]. Many of the major breakthroughs in the cell signaling originate from the 

observations of alteration in DRM protein association upon induction of 

physiologically relevant stimuli. The analysis of DRM partitioning explored many raft-

related phenomena, including protein trafficking and function in disease 

pathogenesis, membrane trafficking and identifying ‘raftophilic’ peptide moieties [91]. 
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Figure 2I: model of the detergent resistant membrane (DRM)  

(funakoshi.co.jp) 

 

Biological roles of lipid rafts 

Studies to explorer the function of lipid raft microdomains are still carried out. 

Although investigations showed that lipid raft microdomains are involved in several 

cellular functions, including endocytosis, pinocytosis, membrane sorting and 

trafficking, compartmentalization of receptors, cell signalling and serve as an entry 

site for various pathogens or toxins, the mechanistic framework of these rafts are not 

fully understood [62, 91-93].  

 

Membrane sorting and trafficking 

Cargos are directly distinct to apical and basolateral surfaces in polarized epithelial 

cells. Studies on protein trafficking showed a central role for lipid rafts in polarized 

membrane trafficking. For instance, most GPI-anchored proteins and apical 

transmembrane proteins, N-glycosylated or O-glycosylated proteins are sorted to the 

apical membrane through putative association with raft-lectins to ensure apical 

delivery of the protein, for example sucrose-isomaltase [94]. Furthermore, during 

studies on polarized epithelial cells (Madin-Darby canine kidney, MDCK cells), 
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Simons and van Meer assumed that differential intracellular sorting of 

glycosphingolipids resulted from the specialized apical carrier vesicles in the trans-

Golgi network (TGN) that sorted higher amount of glycosphingolipids to the apical 

membrane [95, 96]. Furthermore, the apical sorting route depends on sphingolipid-

cholesterol microdomains carrying GPI-anchored proteins and apical membrane 

proteins [97]. Basolateral sorting, by contrast, depends on basolateral targeting 

signals such as di-leucine motifs or tyrosine motifs that bind to specific cargo 

receptors. In addition, rafts also have a crucial role the formation of transport 

vesicles.  

 

Many raft proteins are recycled, possibly by utilizing the same signals and 

mechanisms that have been used during their delivery to the plasma membrane. 

Lipid microdomains are also involved in transporting proteins in the endocytic 

pathways. Endocytosis comprises at least four different and relatively well defined 

routes of internalization. Clathrin-coated pits may exclude rafts, whereas caveolae 

and two newly identified clathrin- and caveolae-independent mechanisms seem 

intimately linked to rafts [98]. 

 

Lipid raft compartmentalization of receptors and cell signaling 

More recently, attentions have been drawn to understand the function of lipid rafts in 

recruiting and concentrating plasma membranes receptors and how receptor-rafts 

association (microcompartment) constitutes a physical basis for functionally 

segregating signaling pathways. To the present day, it is well established that lipid 

rafts provide the platform for certain receptors and for downstream signalling 

molecules to be in proximity, permitting the formation of competent signalling 

assemblies. This facilitates different signaling pathways to operate more efficiently 

and prevent cross-talk between different signaling molecules. Furthermore, there is a 

lot of evidences suggest that receptor redistribution into lipid rafts is necessary for 

certain signaling cascades to proceed. This take place by formation of higher-order 

signaling complexes through clustering within lipid microdomains allowing 

amplification and/or modulation of signals, hereby, lipid rafts are involved in 
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facilitating not only efficiency but also specificity of signaling (picture). Recent studies 

showed that several signaling events are associated to lipid rafts. Immune cell 

receptors, especially T-cell antigen receptor (TCR) [99, 100], B-cell antigen receptor 

(BCR) [101], the high affinity IgE receptor FcεRI of mast cells [102] or CD14-

dependent lipopolysaccharide (LPS)-induced receptor clustering [103] are the most 

extensively investigated examples for receptor-lipid raft compartmentalization. 

However, the role of lipid rafts microcompartments during disease pathogenesis still 

undiscovered. 

 

Lipid rafts in disease pathogenesis 

Regulation of lipid rafts requires a correct homeostasis of cholesterol, phospholipids 

and other lipids that are crucial for lipid rafts formation. In addition, proteins that 

regulate the trafficking and stabilization of lipids are involved in lipid raft regulation 

e.g.  NPC1/NPC2 Flotillin1/ Flotillin2 etc. subsequently, any defect in lipid 

homeostasis resulting from neurological diseases (Alzheimer´s, Parkinson´s and 

prion disease), infectious and inflammatory diseases (SIRS/sepsis), cardiovascular 

and metabolic disease, autoimmunity (systemic lupus ertyhematodes [SLE] and 

rheumatoid arthritis) and lipid storage dieases (Niemann-Pick and Gaucher disease) 

will affect directly the membrane lipid rafts. Table 3 summarizes diseases for which 

membrane microdomains/rafts and membrane raft proteins are implicated.  

 

Membrane microdomains in inflammatory diseases 

Regulation of calcium homeostasis, lipid metabolism, protein synthesis, 

posttranslational modification and trafficking takes place in the endoplasmic reticulum 

(ER). The ER is also the major site for the biosynthesis of cholesterol and 

phospholipids that constitute the bulk of the lipid components of all membranes 

including cellular, Golgi, ER and all vesicle membranes. In addition, many enzymes 

and regulatory proteins involved in lipid metabolism reside in the ER. Therefore, the 

ER plays a fundamental role in regulating membrane lipid composition [104] and 

membrane lipid homeostasis in all cell types. It has been well established that ER 

homeostasis is disrupted under numerous environmental, physiological, and 
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pathological insults. ER homeostasis in disease will be discussed in the following 

paragraph. For instance, excessive and/or prolonged disruption of ER homeostasis 

(referred as ER stress), leads to initiation of cellular self-destruction through 

apoptosis. Before the apoptotic signals start distracting cells, an excessive 

accumulation of lipids and their intermediate products takes place in the ER lumen 

leading to abnormalities in lipid homeostasis and subsequently membrane structure. 

Therefore, understanding the role of ER stress in cell physiology must be intense 

investigated. Many attempts were done to understand to cross-talk between ER 

stress and lipid homeostasis and the evident has been resulted from the finding that 

(sphingosine 1 phosphate) S1P and S2P processing enzymes cleave and activate 

the (sterol regulatory element-binding proteins) SREBPs, SREBP-1c and SREBP-2, 

that regulate biosynthesis of cholesterol and other lipids [105]. Furthermore, Lépine 

et al has demonstrated that by depletion of ER homeostasis keeper marker such as 

RNA-like ER kinase (PERK), inositol-requiring transmembrane kinase/endonuclease-

1α, or activating transcription factor 6 leads to suppression of autophagy, which is 

regulated by S1P [106]. Another link between ER homeostasis and lipid organization 

was resulted from phosphorylation experiments of PERK and (eukaryotic initiation 

factor 2) eIF2α that are induced by antipsychotic drugs, leading to increased lipid 

accumulation in hepatocytes through activation of SREBP-1c and SREBP-2 [107]. 

Further studies linked ER stress to lipid accumulation through the (Activating 

Transcription Factor 4 and 6) ATF4/ATF6 that also was found to be important for 

SREBP-1c, acetyl-CoA carboxylase (ACC), and (Apoptosis Signaling Receptor) FAS 

regulation [108-111]. 

 

The (transcription factor C/EBP homologous protein) CHOP as well, which is 

increased in ER stress conditions, was found to be involved in the regulation of lipid 

homeostasis through suppression of genes encoding (CCAAT-enhancer-binding 

protein) C/EBPα and other proteins related with lipid metabolism and homeostasis 

[112]. The (inositol-requiring enzyme 1) IRE1α and (X-box binding protein 1) XBP1 

were also found to play critical role in hepatic lipid metabolism. IRE1α deletion in the 

hepatocytes increased hepatic lipid load and reduced lipids of plasma membrane. 
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These have taken place by modulating series of genes involved in lipid metabolism, 

including C/EBPβ, C/EBPδ, (peroxisome proliferator-activated receptors) PPARγ, 

and enzymes of (triacylglycerol) TG biosynthesis [113]. Interestingly, absence of 

IRE1α led to reduced levels of protein disulfide isomerase, which accompanies with 

microsomal triglyceride transfer protein to promote neutral lipids delivery to the 

smooth ER lumen for (very low density lipoprotein) VLDL assembly [114]. In addition, 

Specific deletion of XBP1 in the liver compromised de novo hepatic lipogenesis, 

leading to reduced serum TG, cholesterol, and (free fatty acids) FFAs [115]. 

Furthermore, IRE1α/XBP1 pathway also was found to affect the expression of many 

inflammatory cytokines, e.g. in some studies it has been shown that XBP1 deletion or 

inhibition of IRE1α has remarkable anti-inflammatory effects [116, 117]. ATF4, ATF6, 

CHOP, eIF2α, XBP1 and IRE1 are induced during ER stress conditions and are used 

to monitor unfolded protein responses in the cells [118]. 

 

 

Implications of ER Stress to the intestinal epithelial cell function and 

inflammation  

The scientific view of ER stress defines the ER stress as the imbalance between the 

ER folding capacity and the burden of newly translocating proteins into the ER, which 

leads to the accumulation of misfolded/unfolded proteins in the lumen of the 

organelle and causes ER stress. The mechanism that removes the unfolded protein 

from the ER lumen is the unfolded protein response (UPR) [119]. The UPR 

encompasses a collection of integrated signaling pathways triggered by ER 

membrane and luminal protein sensor portions that sense stress in the ER and 

cytoplasmatic effector portions that interact with the transcriptional or translational 

apparatus [120]. The activation of UPR lead to changes of protein expressions 

related to nearly every aspect of the secretory/degradation pathway folding, 

processing, and trafficking of ER-client proteins, as well as, genes involved in 

apoptosis. Between 2-10% of active gene expression was found to be altered during 

UPR and ER stress [121-123]. Conditions such as low ATP, redox stress or 

abnormal ER calcium content may perturb protein maturation in the ER and interfere 
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with ER folding capacity leading to activation of UPR [124]. Protein mutations may 

render some molecules incompetent to be folded and lead to their constitutive 

accumulation in the ER and activation of UPR. In addition, physiological conditions 

may challenge the ER by constitutively activating Ca+2 effluxes from the ER leading 

to ER stress because of calcium lack dysfunction of chaperons needed for proper 

protein folding [125]. Taken together accumulation of unfolded proteins in the ER 

leads ER stress and vice versa ER stress conditions lead to accumulation of 

unfolded proteins and activation of UPR pathway to eliminate the accumulated 

proteins from the ER.  

 

Recent studies showed that ER stress has been linked to the pathogenesis of 

inflammatory bowel disease (IBD) [126]. Several abnormalities in genes including 

XBP1, (anterior gradient protein-2) AGR2, and genes listed in table (1) that encode 

proteins were found to be associated with ER homeostasis and function [127]. 

Studies from animal models demonstrated that the tissue specific deletion of the 

gene encoding XBP1 results in the absence of Paneth cells and spontaneous 

inflammation in small intestine, along with activation of ER stress markers. In 

addition, Xbp1-/- mice also displayed reduced and defective mucin secretion in the 

gut [128]. Further interesting studies have demonstrated that loss of Xbp1 alleles 

causes activation of IRE1 in the epithelium, IRE1 in turn can stimulate JNK and NFkB 

pathways and production of inflammatory mediators in the gut [129]. However, the 

signaling cascade, through which XBP1 regulates goblet cell function in the gut, is 

still unclear. Latest studies demonstrated that Agr2 deficiency, which functions as a 

protein disulfide isomerase in the ER, leads to ER stress in the intestinal epithelium, 

disruption of Paneth cell homeostasis, inflammation in the gut lumen [130]. Notably, 

Agr2 was found to play a role in the maturation, function and secretion of mucin 

(MUC2) in murine colonic goblet cells [131]. However, the mechanistic framework of 

these proteins and their direct association with lipid biosynthesis in inflammatory 

conditions remains to be elucidated. However, since ER stress and activated UPR 

are resulted from impaired ER functionality, lipid biosynthesis and trafficking will be in 

turn impaired in ER stress conditions. However, the observation that ER stress 
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markers are induced paralleling to alteration of lipids in the intestinal epithelia of 

patients with chronic IBD, as well as human genetic evidence and animal studies 

suggest that perturbed ER homeostasis due to physiological/environmental stress or 

genetic lesions in intestinal epithelial cells (IECs) may contribute to the pathogenesis 

of IBD. 

 

 

Figure 3I: ER homeostasis / regulation of protein folding and unfolded protein 

response 

 

RhoA and its role in lipid homeostasis  

RhoA (Ras homolog family member A) belongs to Ras superfamily of small GTP-

binding proteins and it has intrinsic (guanosine triphosphate) GTP hydrolysis activity 

that converts GTP into GDP and phosphate (GTPase). Rho GTPases family 

comprises of at least 23 members, including Cdc42, Rac1, and RhoA, which are the 

three most well studied GTPases [132, 133]. The human RhoA protein is encoded by 

the RhoA gene. This gene contains five exons and is located on Chromosome 3, 
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cytogenetic band 3p21.31 with 1919 base pairs of cDNA length, which translated to a 

small protein with 193 residues. Protein structures of Rho family contain a single 

domain with eight helices and six-stranded beta-sheet. In addition, the amino acids 

sequence if Rho family is highly conserved among Rho family members. RhoA is 

distinguished from other Ras-related GTPases via its glutamine (Gln) in position 136.  

Furthermore, the other Rho proteins also have distinctive amino acid sequence in 

this position, resulting in different functional features. RhoA have two specific switch 

regions, switch I and switch II, both of them differ through their characteristic folding, 

distinguishing the conformational differences between RhoA-GDP and RhoA-GTP. 

The switch between RhoA-GTP and RhoA-GDP state is caused by (Guanine 

nucleotide exchange factors) GEFs [134]. Both switches I and II are involved in the 

binding with RohA substrates (e.g. ROCKs). RhoAs are distributed in tissues 

ubiquitously, indicating their versatile function in cells, including regulation of the 

cytoskeleton, cell motility, vesicle transport, involvement in signaling pathways and 

transcriptional control [135-138]. In addition, RhoA has been implicated in many 

regulatory transcriptional events such as SRF , NF-kappaB, c/EBPb, Stat3, Stat5, 

FHL-2, PAX6, GATA-4, E2F, Oestrogen Receptor alpha, Oestrogen Receptor beta, 

CREB, and transcription factors that depend on the JNK and p38 MAP kinase 

pathways. Substrates to these kinases include c-Jun, ELK, PEA3, ATF2, MEF2A, 

Max and CHOP/2GADD153 [139-141]. Although the role of RhoA in many biological 

evets is well established, its role in inflammation is still to be elucidated. Recent 

studies using a genome-wide approach observed markedly impaired Rho-A signaling 

in active IBD patients. In the same study on mice lacking RhoA expression in IECs, 

spontaneous chronic intestinal inflammation with accumulation of granulocytes and 

CD4+ T cells were detectable in the animal [142]. Moreover, the phenotype observed 

in those animals was associated with cytoskeleton rearrangement, aberrant cell 

shedding and loss of epithelial integrity leading inflammation. Although a significant 

body of evidence indicates that barrier functions are defective in inflammatory and 

stress conditions, no direct clue could limit the barrier dysfunction to specific factor or 

mechanistic frame.  RhoA knock-down studies in hepatoma cell lines revealed 

reduced (3-hydroxy-3-methyl-glutaryl-coenzyme A reductase) HMGCR, (low density 
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lipoprotein receptor) LDLR, and (Sterol Regulatory Element Binding Transcription 

Factor 2) SREBF2 mRNA expression [143]. HMGCR is the rate-limiting microsomal 

enzyme for cholesterol synthesis, LDLR receives cholesterol at the cell membrane 

and is then endocytosed ending up in lysosomes where the LDLR is degraded and 

the cholesterol repressed for the HMGCR, subsequently downregulation of HMGCR, 

LDLR or SREBF2, that is required for lipid homeostasis, leads to cholesterol 

decrease in the cell alternating membrane lipid composition and resistance against 

the detergent action. 

 

Epithelial in vitro models of inflammation 

In vitro models based on cell culture are increasingly becoming essential tools as an 

alternative to animal experiments. These models are usually used to analyze cellular 

processes during drug tests. One of the most usable cell lines as a model for the 

intestinal mucosa is he epithelial cell line Caco-2. These cells were derived from a 

colon (large intestine) of a patient with carcinoma, the cells differentiated and 

polarized such that their phenotype, when they were cultured under specific 

conditions. Morphologically and functionally they resemble the enterocytes lining the 

small intestine and express junctional proteins, microvilli, and a number of enzymes 

and transporters that are characteristic of enterocytes [144, 145]. They were 

extensively used as a model of the human intestinal barrier [146]. Caco-2 cells were 

shown to have the highest correlation to the in vivo situation when compared to 20 

different intestinal cells [147].  

 

Caco-2 cells exhibit cylindrical polarized morphology with apical microvilli and 

functional tight junctions, when they grow on 10 μm thick polyester or polycarbonate 

membranes, mimicking the intestinal lumen. Generally, the epithelial cells constitute 

the major cell type in the epithelium that forms a surface with about (~ 250 m2). Thus 

in turn is the main interface for interaction with microflora and absorption of nutrients. 

Caco-2 monolayer culture system has consequently been accepted by regulatory 

authorities as an in vitro model for testing permeation of small drug molecules [148]. 

However, mimicking the physiological complexity in in vitro models is still not 
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applicable because of the lack of immune components, which play a key role in cell 

function. 
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Aim of the thesis 

 

The main aim of this work is to introduce some of the basic principles behind the 

signaling pathways of inflammation. Subsequently, I will describe how recent 

advances in the inflammation research, allied with the continued development of 

antibodies against some inflammatory key proteins, have provided us with 

understandings for unravelling the complexities of signaling at the cellular and 

subcellular level.  

As mentioned in the introduction many pathways, genes and stress conditions have 

been implicated in inflammatory diseases but most of these findings are anecdotal 

reports, and no clear molecular pathogenic explanation of inflammatory diseases has 

been established. In contrast, accumulating evidence suggests that ER stress and 

lipid homeostasis and inflammatory bowel diseases (IBDs) are strongly associated. 

More specifically, IBD patients have been reported to have barrier dysfunction, 

alteration in lipid homeostasis and up-regulation of ER stress sensors. However, it 

needs to be taken into account that many of these observations were made 

independently and left many questions open such as: 

I. How does ER stress affect cellular function? 

II. How the intestinal epithelial cells are implicated in the pathogenesis of 

IBD? 

III. What is the reason for the disintegrated epithelium during the pathogenesis 

of IBD? 

IV. Which factors are responsible for lipid alterations in IBD patient’s serum? 

My doctoral thesis addresses the aforementioned issues trying to characterize 

inflammatory signaling in the intestinal epithelial cells including membrane lipid 

microdomains based on their detergent resistance. Investigating the ER stress 

sensors that are activated during inflammation was also a fundamental work goal of 

this work to understand the mechanistic framework of inflammation. Further, specific 

alterations in membrane lipid microdomains under ER stress conditions were also 

tested.  
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Chapter 2 

 

Materials and Methods 
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Materials and methods 

General solutions in use: Table 1MM 

Solution name Abbreviation Component 

Dithiothreitol 1 M DTT Dissolve 15.45 g DTT in 100 ml H2O 
Store at −20°C 

ethylenediamine 
tetraacetic acid 0.5 M 
(pH 8.0) 

EDTA Dissolve 186.1 g Na2EDTA⋅2H2O in 700 
ml H2O 

Adjust pH to 8.0 with 10 M NaOH (∼50 ml) 
Add H2O to 1 liter 

phosphate-buffered 

saline pH ∼7.3 

PBS 137 mM NaCl 
2.7 mM KCl 

4.3 mM Na2HPO4⋅7H2O 
1.4 mM KH2PO4 

SDS electrophoresis 
buffer, 5× 

 15.1 g Tris base 
72.0 g glycine 
5.0 g SDS 
H2O to 1000 ml 
Dilute to 1× or 2× for working solution, as 
appropriate 

Transfer Buffer 20x  10.2g Bicine 
13.08g Bis-Tris 
0.75 EDTA 
Ad 125mL ddH2O 

Sodium acetate, 3 M  Dissolve 408 g sodium acetate⋅3H2O in 
800 ml H2O 
Add H2O to 1 liter 
Adjust pH to 4.8 or 5.2 (as desired) with 3 
M acetic acid 

Tris/acetate/EDTA 
50× 

TAE 242 g Tris base 
57.1 ml glacial acetic acid 

37.2 g Na2EDTA⋅2H2O 
H2O to 1 liter 

Tris/EDTA TE 10 mM Tris⋅Cl, pH 7.4  
1 mM EDTA, pH 8.0 
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Software, Data Banks and Web Sites. 
 
-Primer design (http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi) 

-Genome browser (http://genome.ucsc.edu/) 

-Articles and bio-informatics tools (http://www.ncbi.nlm.nih.gov/)  

-Wilcoxon T-Test-Programm -

(http://www.fon.hum.uva.nl/Service/Statistics/Wilcoxon_Test.html) 

-Excel 

-Snapgene 

-Neb cutter 

-Word 

-ImageJ 

-GraphPad 6.0 

-EndNote 7 

 

Cell culture 

Supplies used in cell culture: Table 2MM 

Name Abbrevation Usage 

Fetal calf serum FCS Serum was 

inactivated by 

incubating 60 min 

at 56 °C 

Dulbecco’s 

Modified Eagle’s 

Medium 

DMEM with sodium 

pyruvate, without 

glutamine, 4.5 g/L 

glucose added 

Penicillin/ 

streptomycin 

PEN-STREP 10,000 u/mL 

Trypsin 2.5% in 

HBSS 

  

Di-methylsulfoxide DMSO  
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Human caco-2 cells differentiate spontaneously in culture building monolayers of 

mature intestinal enterocytes which have been used as a model of the intestinal 

barrier. These cells were obtained from DSMZ company (German Collection of 

Microorganisms and Cell Cultures GmbH). When cell reached the subculturing 

density of 50% confluence (approximately 5.5 * 104 cells/cm2), the medium was 

removed from the dish and cells were washed twice with 1x phosphate-buffered 

saline (PBS). Then the dishes were supplemented with 2 mL of fresh trypsin–EDTA 

solution and left in the incubator for 4-5 min. Trypsin action was arrested by addition 

of 2 mL of complete medium, cell suspension was transferred in a 15 mL tube and 

centrifuged 5 min at 600g. After removing supernatant, cell pellet was resuspendend 

in complete medium and seeded at 4.5 * 103 cells/cm2. Medium was changed every 

two days. Dulbecco's modified Eagle's minimum essential medium (DMEM, pH 7.4) 

supplemented with 25 mM glucose, 10% inactivated fetal bovine serum (FBS), 1% 

penicillinstreptomycin and 1% non-essential amino acid solution. Cells were 

maintained at 37˚C in a humidified 5% Co2 atmosphere. 

 

 

Detection of DSS cytotoxicity using LDH release assay 

Dextran sulfate sodium salt (DSS) (36,000-50,000 M.Wt.) was obtained from MP 

biomedicals GmbH in Germany. Caco-2 cells were plated and treated with different 

concentration of DSS 2%, 2,5% and 3% or not treated as control for 24 h. After 24 h, 

cells were subjected to LDH release assay.  

LDH assay is based on the permeabilization of plasma membrane, through which the 

cytosolic enzyme lactate dehydrogenase (LDH) is released in the culture 

supernatants. Tetrazolium salts can be converted by LDH present in the culture 

supernatant into a colored product. Intensity of the color is proportional to the number 

of lysed cells and can be measured spectrophotometrically. LDH release assay was 

perforned using the Cytotoxicity Assay kit (Promega Corporation, Madison, WI) as 

mentioned in the manufacturer’s instructions. Briefly, the supernatants of the treated 

cells were collected separately and the dead cells were discarded by a centrfugation 

step. Substrate provided with the kit was added to the supernatants. Supernatant 
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from cells treated with lysis solution provided in the kit served as positive control. 

After the incubation step with substrate of 10 min the reaction was stopped by a 

stoping reagent supplemented with the kit. The absorbance was measured at 490 

nm. 

 

Measurements  of transepithelial electrical resistance (TEER) 

Caco-2 cells were plated at 3x105 cells/100 μl on Millicell-HA (Millipore, Bedford, MA) 

and grown on the filter in the same culture media unteil they were 20 days post-

confluent. DSS then wsa added to the cells and the cellular TEERs were measured 

every 30 min. DSS was added to apical sides of caco-2 cell monolayers. Analyses 

were performed in triplicate. 

 

Measurement of calcium signaling in caco-2 cells 

Caco-2 cells were plated on cover slips and grown until they reach 6 days post-

confleuce. Cells were washed twice with Ca2+ recording buffer at RT, 5 minutes each 

then they were loaded with 1µg/ml Fura-2-AM at RT for 30 minutes and after that the 

cells were washed again twice with Ca2+ recording buffer. Cells on cover slips were 

then put under the microscop to record the calcium mobilization. Calcium 

mobilization was stimulated by using 10µM of ATP/UTP. 

- Calcium recording buffer:  
125 mM NaCl 
4.5 mM KCl 
10 mM Glucose 
20 mM HEPES pH 7.4 
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Detergent resistant-membrane (DRM) Preparation 

Membrane fraction presumably corresponding to the cholesterol-enriched 

microdomain was prepared from caco-2 cells by ultracentrifugation on a 

discontinuous sucrose gradient after lysis and homogenization in the presence of 1% 

(w/v) Triton X-100, Lubro or Tween 20 [149]. Briefly, DRM Lipid rafts fractions were 

isolated from either freshly harvested or frozen caco-2 cells in 500µl phosphate-

buffered saline containing a cocktail of protease inhibitor and 1% (w/v) Triton X-100, 

Lubrol or Tween 20. Cells were lysed, homogenized, and incubated at 4 °C for 2 h 

with gentle shaking. The lysate was then centrifuged at 5000 ×g for 10 min at 4 °C to 

get rid of the cell debris. The supernatant was mixed with an equal volume of 80% 

sucrose (w/v) and the resulting diluent was placed upper the bottom fraction that 

contains 1 mL 80% of sucrose. 7mL of 30% sucrose were then placed upper the 40% 

sucrose containing the sample. 1 mL of 5% sucrose was layered on the top of the 

gradient. The entire procedure was performed at 0–4 °C (on ice). The sucrose 

gradient ultracentrifugation was done at 100,000 ×g for 18 h at 4 °C using a SW 40 

rotor (Beckman Coulter, Mississauga, ON, Canada). Fractions of 1 ml (typically 9 

fractions in total) were collected from the top of the gradient tube using a density 

gradient fractionator (Model 640; ISCO, Lincoln, NE, U.S.A.). Immunoblot analysis 

was performed to identify and confirm the fractions containing lipid-raft 

microdomains. The experimental set up is depicted in (Fig. 1M). 
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Figure 1MM: the experimental procedure of lipid raft isolation and analysis 

 

Lipid extraction and analysis of lipid composition  

Total lipids from the sucrose gradient fractions were extracted by the method of Bligh 

and Dyer [150] with slight modification [151]. 3 ml of 2:1 MeOH:Chloroform were 

added to 600 µl of each fraction. Subsequently, the samples were rotated at room 

temperature for 30 min followed by centrifugation at 7°C for 5 min at 3000 x g. The 

supernatant was transferred to a new glass tube and 1 ml chloroform and 1 ml water 

was added, mixed briefly and centrifuged again at 7°C for 10 min at 3000 x g. After 

centrifugation, the upper aqueous layer was removed and the remaining organic 

phase was vacuum dried, the obtaines lipid pellet was resuspended in 500 µl 1:1 

MeOH:Chloroform and stored at -20°C for further analysis. Cholesterol analysis was 

performed with a Hitachi Chromaster HPLC as described in previously published 

methods by Branitzki-Heinemann [152]. 
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Preparation of brush border membrane (BBM)  

BBM from 7 days post confluent caco-2 cells was prepared following the method of 

Biber et al. (Biber, Stieger et al.1981), with all steps carried out at 4ºC. The 

monolayer was scrubbed with 1 ml of a buffer containing 300 mM Mannitol and 12 

mM Tris-HCl at pH of 7.4. The sample was homogenised for 2 minutes using the 

glass homogenizer Potter-Elvehjem (from VELP SCIENTIFICA) at half speed and 

then the sample was centrifuges at 5.000 xg for 20 min. the supernatant was divided 

into two Eppendorf tubes, first tube got 100µl and labelled as H (total homogenate) 

and the rest 900 µl was labelled as P1. To the 900 µl homogenate, 100 µl of 100 mM 

Cacl2 buffer was added. The mixture was kept on rotation for 30 minutes at 4ºC.  a 

ccentrifugation step was done on the the homogenate at 5000xg for 15 min, 4°C. The 

obtained pellet (P1) corresponds to the basolateral and intracellular membranes and 

it has been re-suspended in 100µl of the Tris-HCl buffer pH 7.4 supplemented with 

protease inhibitor (PI) (950µl buffer+50µl PI). The resulted supernatant (S1) was 

centrifuged at 25,000 rpm (Ultracentrifugation) for 30 min. at 4°C. The pellet (P2) 

corresponds to the brush border membranes and S2 is the cytosolic fraction. (S2 was 

stored in case is needed for further analysis). P2 was re-suspended in 100µl 25 mM 

Tris-HCl buffer, pH 7.4 supplemented with PI. 

 

 

Measurement of sucrase activity 

 
A: the principle: 

The enzymatic activity of sucrase was determined colorimetric according to the 

following reactions:  

 

Glucose + O2 + H2O GOD Gluconate + H2O2  

2H2O2 + Phenol + 4-Aminoantipyrine Peroxidase 4-(p-bezoquinone-mono-

imino)phenazone + 4H2O  

Glucose is oxidized by glucose oxidase to gluconate and hydrogen peroxide. In the 

presence of peroxidase, phenol reacts with 4-AAP and hydrogen peroxide to produce 
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a Quinonimin dye, the intensity of the colour produced measured at 492 nm, is 

proportional to the concentration of glucose in the sample ( Axiom). 

B: Standard Curve Preparation 

Solution Volume in µl 

Glucose 1µg/µl 0 2 4 8 12 16 20 

ddH2O 50 48 46 42 38 34 30 

GOD-PAP 200 200 200 200 200 200 200 

 

The mixture was incubated for 20 minutes at 37°C  and the measured at 492nm. 

 

C: Preparation of active enzyme samples. 

1- 25µl of P2 and 25µl of 150 mM Saccharose were pipetted in an Eppendorf 

tube and incubated for 60 minutes at 37°C.  

2- Blank: 25µl ddH2o and 25µl of 150 mM Saccharose in an Eppendorf tube, 

incubation for 60 minutes at 37°C.  

3- After the incubation, 200µl of GOD-PAP reagent were pipetted and the mixture 

was incubated for 20 minutes at 37°C. 

4- The absorbance was measured at wavelength of 492 nm.   

 

Solutions: 

- Saccharose 150mM: 0.1027g Saccharose in 2mL ddH2O (prepared fresh) 

- Glucose: 1mg Glucose in 1mL ddH2O. 

- Axiom GOD-PAP reagent. 
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Measuring of protein concentration 

Both total protein extract and purified BBM protein concentrations were determined 

by BIO-RAD Protein Assay Bradford [153]. The standard curve was prepared using a 

series of five BSA dilutions (0.0625, 0.125, 0.25, 0.5, 1 mg/ml). 20 μl of each BSA 

standard was mixed with 1 ml of diluted dye reagent in a cuvette for 5 min at RT. The 

absorbance of the sample was measured at the optical density (OD) of 595 nm for 

each standard and the results were plotted into a chart to generate the values of 

Bradford formula. Protein concentration was then calculated based on the standard 

curve and Bradford formula. 

 

 

Western blotting 

Western blots analysis of the sucrose gradient fractions was done by loading 50 µl 

from each fraction on SDS/PAGE, transferred to PVDF membrane. Antibodies used 

as following: Monoclonal antibodies against sucrase-isomaltase (HSI2, 

HBB2/614/88,HBB3/705/60 [154, 155]. Anti-DPPIV antibody was generously 

provided by Hans-Peter Hauri, University of Basel and Erwin E. Sterchi, University of 

Bern, Switzerland and Dallas Swallow, University College London, London, UK. anti-

flotillin-2, ZO-1 and E-Cadherin antibodies were purchased from Sigma (Munich, 

Germany).  

 

Fluorescence microscopy 

Caco-2 cell monolayers were fixed in 4% paraformaldehyde for 20 min at room 

temperature. Following permeabilization with 0.2% Triton X-100, cells were blocked 

and stained for ZO-1, E-Cadherin, Sucrase-Isomaltase and dipeptidyl-peptidase IV 

proteins. Samples were examined using a Leica TCS SP5 confocal inverted-base 

fluorescence microscope with a HCX PL APO 63× 0.75-1.25 oil immersion objective. 

HRP-coupled secondary antibodies were purchased from Thermo Scientific (IL. USA) 

and Alexa Fluor® secondary antibodies were from Invitrogen (Life Technologies 

GmbH). 
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List of antibodies used in this work 

Antibody IgG class Molecular weight (kDa) of the detected band Source 

Isomaltase 705 
1 ~ 245 kDa for the complete Enzyme SI [156] 

Sucrase 614 

DPPIV 775 1 ~ 122 kDa [156] 

ZO-1 1 ~ 220 kDa Cell 

signaing E-cadherin 1 ~ 135 kDa 

Flotillin-2 1 ~ 45 kDa 
Santa 

Crues 
RhoA 1 ~ 25 kDa 

Β-actin 1 ~ 43 kDa 

 

 

 

Total RNA isolation and reverse transcription 

Trizol was used to extract the total RNA from caco-2 cells. Cells were lysed with 500 

µl trizol reagent (ambion life technologies). A 100 µl of chloroform was added to the 

mixture and a centrifugation step was performed to separate RNA in an upper 

aqueous phase from proteins and DNA. The upper phase was transferred into a new 

Eppendorf tube and the RNA was precipitated using 250 µl of 100% isopropanol. The 

RNA pellet was washed twice with 75 % Ethanol, resuspended in RNase free water 

and stored at -80 until use. 

First-strand cDNA synthesis of total RNA using the M-MLV RT (Invitrogen) was 

performed according to manufacturer’s protocols with poly(dT)primer.  

 

PCR primer design 

Primers were designed using SnapGene and the idtdna platform (an online tool for 

identifying suitable primers within a given target region). Optimum annealing 

temperature was calculated on thermos scientific fisher´s Tm calculator.  
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Polymerase chain reaction (PCR) 

cDNA fragments of the various ER stress markers and cytokines were amplified 

using a set of self-designed sense and antisense primers listed in Table 1PCR. For 

conventional semiquantitative RT-PCR, 1 μl of diluted cDNA template(25 ng) was 

mixed with 0.5µl dNTPs (10 μM), 1µl of 100 nM forward and reverse primers, 2,5 μl 

PCR reaction buffer (10 × concentration) with 1µl of 50 mM MgCl2, 2 units Taq 

Polymerase, and nuclease-free water to a total volume of 25 μl. The PCR was 

programmed as following: 95© 3min – 95© 30sec – 50© 30sec – 72© 15sec- (*35) – 

72© 10 min. The PCR products were separated by electrophoresis on a 3% agarose 

gel and visualized by ethidium bromide staining. The sizes of amplified products are 

listed in the box below. 

Primer Sequence 
Annealing 

temperature 

product 

length 

XBP1fw 

XBP1rev 

TGGCCGGGTCTGCTGAGTCCG 

ATCCATGGGGAGATGTTCTGG 
53.2 97 bp 

ATF4fw 

ATF4rev 

GTTCTCCAGCGACAAGGCTA 

ATCCTGCTTGCTGTTGTTGG 
52,3 88 bp 

CHOPfw 

CHOPrev 

AGAACCAGGAAACGGAAACAGA 

TCTCCTTCATGCGCTGCTTT 
52,8 67 bp 

BiPfw 

BiPrev 

TGTTCAACCAATTATCAGCAAACTC 

TTCTGCTGTATCCTCTTCACCAGT 
59,9 73 bp 

 

Table 3MM: List of primers for detecting ER stress markers by real-time PCR 

 

Measurement of DNA concentration 

The concentration of DNA samples was measured by UV absorbance at 260 nm 

using a Nanodrop microplate EPOCH from BioTec. A blank measurement was first 

made using 2µl TE elution buffer. 2 μl of the DNA sample was then loaded and 

measured. DNA purity was calculated using the ratio of 260 nm/280 nm absorbance 

with a ratio of 1.8 - 2.2 considered as an acceptable purity level. 
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Bacterial transformation 

DH5α cells were removed from the -80°C freezer and put on ice to be thawed. Either 

5 μl of a ligation reaction or 50ng of plasmid DNA was added to 50µl DH5α cells and 

mixed gently by stirring with the pipette tip. Cells were left on ice for 30 minutes and 

then heat-shocked at 42°C for 45 seconds. Cells were then cooled on ice for two 

minutes, and 945 μl of RT°C SOCK medium was added to the cells, before being 

transferred to a shaking incubator, set to 37°C and 230 rpm, for one hour. For 

plasmid preparation, 100 μl of the transformed cells was spread on an agar plate, 

containing appropriate antibiotics, using a sterile spreader. For ligation reactions, the 

cell suspension was concentrated before plating. Cells were centrifuged for two 

minutes at 1,000xg to pellet the bacteria, 900 μl of the supernatant was removed, 

and the pellet re-suspended. All of the ~100 μl cell suspension was then spread on 

the agar plate. Plates were incubated upside down overnight in a 37°C incubator. 

The next morning plates were wrapped in Parafilm and stored in a refrigerator until 

use. 

 

Plasmid DNA preparation and sequencing 

A single colony resulted from the ligation was picked and transered into a tube 

containing 3 ml LB medium and an appropriate antibiotic(s). The culture was  

incubated at 37°C overnight in the bacterial shaker. In the second day, DNA was 

extracted from the liquid cultures using a Kit-free alkaline lysis plasmid miniprep 

procedure as follows: 1.5 ml of culture was centrifuged at 10,000 xg for 1 minute and 

the supernatant was discarded. The cell pellet was resuspended in 150 μl of solution 

I (25 mM Tris-HCl (pH 8) - 50 mM glucose - 10 mM EDTA). The mixture was left at 

room temperature for 5 min before adding 200 µl denaturing solution (0.2 M NaOH 

and 1.0% SDS). The mixture was left again for 5 min at RT. 150µl renaturing solution 

(120 mL 5M Potassium acetate - 23 mL glacial acetic acid - 57 mL of dH2O) was 

added to the sample was inverted several times. After 5 minutes of incubation, 50µl 

of choloroform was added to the sample and vortex. The sample was centrifuged for 

15 minutes at 13300rpm. The supernatant was collected in a new tube. Either 700μL 

of cold 100% ethanol or 350μL room temperature isopropanol was added to the 
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solution to precipitate the plasmid DNA after a centrifugation step. The supernatant 

was discarded and the pellet was washed twice with 70% ethanol. Finally the 

resulted dry pellet was re-suspended with 25-50μl of TE buffer. Resulted plasmid 

were send to Macrogen for sequencing and the DNA samples were adjusted to 

10ng/µl supplemented with desired primer. 

 

Preparing of CRISPR-Cas9 plasmid 

A: gRNAs design and annealing: gRNA of RhoA and IL10 were designed using the 

online tool CHOPCHOP (http://chopchop.cbu.uib.no/), CRISPR DESIGN 

(http://crispr.mit.edu/) and CRISPR direct (https://crispr.dbcls.jp/). Target sequences 

and guide RNA (gRNA) sequences are listed in Table 1. For preparing gRNA, we 

followed plasmid-based approach, where the template sequence for gRNA was 

annealed and cloned in CRISPR plasmid Map1 (PX458 SpCas9, addgene, 

Cambridge, USA) [157].  

 

Gene Target Exon gRNA 

IL10 
3 

caccgggcgcatgtgaactccctgg 
aaacccagggagttcacatgcgcc 

1 
caccgtaacatgcttcgagatctccg 
aaaccggagatctcgaagcatgttac 

RHOA 
5 

caccgggaatgatgagcacacaagg 
aaacccttgtgtgctcatcattccc 

2 
caccgaatcaccagtttcttccgga 
aaactccggaagaaactggtgattc 

Table 4MM: guide sequences of IL10 and RhoA 

Two complementary 20 μl base oligonucleotides corresponding to the target gene 

sequence were annealed in 20 μl solution by the following procedure: 
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Figure 2MM: PX458 CRISPR Cas9 construct containing a GFP tag. 

 

Amount Component 

1 μL 10x T4 ligase buffer 

1 μL T4 PNK 

6 μL ddH2O 

1 μL forward guide (100 μM) 

1 μL reverse guide (100 μM) 

10 μL total volume 

Table 5MM: Annealing reaction of gRNAs 

The reaction was run on PCR machine (37°C for 30 min., 95°C for 5 min, ramp down 

to 25°C at 5°C/min). The sample was then diluted 1:200 with ddH2O 

B: Ligation of the gRNA with CRISPR plasmid. This step was done in one reaction as 

following: Table 3MM 

Amount Component 

0.5 μL 200 ng/μL PX458 vector stock (100 ng) 

2 μL 10x Tango buffer 

1 μL 10 mM DTT 

1 μL 10 mM ATP 

1 μL FastDigest BbsI 

0.5 μL T7 DNA Ligase 

12 μL ddH2O 

2 μL diluted oligo complex (1:200) 

20 μL total volume 
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Table 6MM: Linearization reaction of PX458 plasmid and ligation with gRNA  

The reaction was done on the PCR machine with (37°C for 5 min, 21°C for 5 min, 

repeated 6 times). DH5α cells were then transformed with 10µl of the ligation 

product. 

 

Transfection and sorting of caco-2 cells 

2 hours prior to transfection cell culture media was renewed. Following mix was 

prepared for 2 cell culture plates, in the same order: 856 μl H20 - 124 μl 2,5 M CaCl2 

- 15-30 μg DNA. The mexutre was vortexed gently and then slowly (drop-wise) 1 ml 

of 2x HBS was added to the mix while aerating the mix using a 2 ml pipet. The mix 

was laf 20 min. at RT before it was add to caco-2 cells. 48 hours after transfection, 

the cells were washed twice with PBS and trypsinized then again they were washed 

with cell culture media to inactivate the trypsine. The cellular pellet was re-suspended 

in FACS buffer and sorted using FACSAria Fusion (BD Bioscience, USA). One cell 

was sorted in one well of 96 well plate. About three weeks after sorting, each cell 

formed a colony; this colony was transferred to 2cm well in 12 well plates. 1 week 

later the cells were confluent and they were again divided and transferred into 2 wells 

in 6 well plates. One well used for gDNA extraction and western blot knockout´s test. 
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Genotyping of transfected cells using T7E1 assay 

T7E1 recognizes and cleaves mismatched DNA. The genomic DNA of the 

transfected and sorted cells was isolated as mentioned in the manufacturer’s 

instructions (Giagen Kit).  

A: amplification of the target region: The indel target region of the gene was amplified 

as in the table 7MM:  

Component 50 μl reaction Final Concentration 

10X Standard Taq Reaction Buffer  5 μl  1X  

10 mM dNTPs 1 μl 200 µM 

10 µM Forward Primer 1 μl 0.2 µM (0.05–1 µM) 

10 µM Reverse Primer 1 μl 0.2 µM (0.05–1 µM) 

Cacl2 1 μl 2 mM 

DMSO 1 μl If GC rich 

Template DNA variable <1,000 ng 

Taq DNA Polymerase 0.25 µl 1.25 units/50 µl PCR 

Nuclease-free water to 50 µl 
 

 

Table 7MM: amplification of the indel target region of IL10 gene 

 

PCR Program: 

STEP TEMP TIME 

Initial Denaturation  94°C  3 minutes  

40 Cycles  

94°C 
45-
68°C 
72°C  

45 seconds 
15-60 seconds 
1 minute/kb  

Final Extension  72°C  10 minutes  

Hold  4-10°C    
 

A small amount of the of the PCR product was analyzed to verify the size and on 

1,5% - 2% agarose gel. 
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B: T7 Endonuclease I digestion: 

The reaction was assembled as following: 

Component 19 µl annealing reaction 

DNA 200 ng 

10X NEBuffer 2  2 µl  

Nuclease-free Water To 19 µl 

 

1. The PCR products were annealed in a thermocycler using the following 
conditions: 

Hybridization Conditions  

Step Temperature Ramp Rate Time 

Initial Denaturation 95°C 
 

5 minutes 

Annealing 
95-85°C -2°C/second 

 
85-25°C -0.1°C/second 

 
Hold 4°C 

 
Hold 

 

2. T7 Endonuclease I was added to the annealed PCR products 

Component 20 µl reaction 

Annealed PCR product 19 µl 

T7 Endonuclease I (M0302) 1 µl 

Incubation Time 15 minutes 

Incubation Temperature 37°C 

 

3. The reaction was stopped by adding 1.5 µl of 0.25 M EDTA. 
4.  

Analysis: 

The fragmented PCR products were analyzed and the percent of nuclease-specific 

cleavage products (fraction cleaved) was determined using the following formula: % 

gene modification = 100 x (1 – (1- fraction cleaved)1/2). 
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Figure 3MM: CRISPR Cas9 has effecently resulted in the downregulation of RhoA 

 

 

 

Figure 4MM: T7 Endonuclease I digestion of IL10 target loci, three clones out of ~ 

100 had an indel in their genomic DNA. 

 

 

Statistical analysis 

Experiments were carried out at least in triplicates and repeated at least three times 

independently. Data are represented as mean ± S.D. and compared by using the 

students t test. p values <0.05 were considered to be statistically significant. 
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Chapter 3 

Results 
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DSS treatment induces expression of ER stress markers in caco-2 cells, 

changes the balance of pro-inflammatory and anti-inflammatory cytokines and 

disrupts intestinal epithelial barrier 

In recent years, unresolved ER stress and unfolded protein response (UPR) have 

repeatedly been implicated in pathophysiology of chronic inflammatory disorders and 

IBD in particular [158]. We first tested the cytotoxicity of DSS 500 kDa on caco-2 

cells. Survival curves of cells exposed to 500 kDa DSS at 2% (w/v) were comparable 

to those of controls (Fig. 1A). To show that DSS treatment induces ER stress in vitro, 

we analyzed the transcript levels of several ER stress markers in 7 days post-

confluent caco-2 cells by semiquantitative RT-PCR analysis after 24h of treatment 

with 2% DSS (Fig.1B). The data show a clear increase of transcript levels for XBP1s, 

ATF4, CHOP and BiP proteins, all of which are involved in activation of cellular stress 

responses. 

 

Several lines of evidence suggests that elevated mucosal permeability and 

compromised intestinal epithelial barrier function are involved in experimentally 

induced colitis in DSS treated mice as well as in IBD patients [159]. In our in vitro 

system, 24h treatment of 7 days postconfluent caco-2 cells with 2% DSS rapidly 

influenced cellular characteristics and barrier functions of caco-2 cell monolayers as 

demonstrated by significant decrease in trans-epithelial electrical resistance (TEER) 

(Fig.1C). The in vitro effects of DSS treatment were not due to the cytotoxicity of DSS 

since cell viability was not significantly affected as determined by LDH cytotoxicity 

assay (Fig.1A). Additionally, the osmotic pressure of 2% DSS solution used in our 

experiments was 320 mOsm/kg which is not significantly higher than osmotic 

pressure of the cell medium alone (data not shown). We further analyzed by 

semiquantitative RT-PCR the levels of IL-1α, IL-6 and TNFα cytokines. All these 

cytokines revealed increased levels upon 24h of treatment of the cells with 2% DSS 

(Fig.1D). Previous findings showing elevated expression of pro-inflammatory 

cytokines in response to ER stress [160] and our results support this view, since 

treatment of caco-2 cells with DSS triggered elevation of ER stress factors. 

Interestingly, in the same set of experiments we also detected a significant decrease 
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in transcripts of anti-inflammatory cytokine IL-10 (Fig.1D). Therefore this 

experimental setup could be used as an adequate in vitro model tool to investigate 

molecular mechanisms of inflammation. Altogether, these data show that 24h 

treatment with 2% DSS induces substantial ER stress and inflammation in 7 days 

postconfluent caco-2 cells.  

 

 

Figure 1A shows the release of lactate dehydrogenase (LDH) from caco-2 cells 

treated with different concentrations of DSS 500 kDa. LDH is released when the 

plasma membrane is damaged and it indicates the cytotoxicity of DSS. Caco-2 cells 

exposed to 2% DSS were comparable to those of controls, but cytotoxic effects 

became clear at 3%. 
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Figure 1B represents the expression of the ER stress markers XBP1s, ATF4, BiP and 

CHOP after treating caco-2 cells with 2% DSS for 24 hours. Left-handed figure shows the 

band intensities of these markers while the right-handed one represents the relative 

expression of the ER stress markers.    

 

 

Figure 1C represents the values of TEERs in different time point. The TEER of caco-

2 cell monolayers significantly decreased after one hour of DSS treatment and per se 

disrupts barrier functions of intestinal epithelia.  
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Figure 1D shows the expression of several cytokines in caco-2 cells after 24 hours of 

treatment with DSS. 

 

ER stress due to DSS treatment of caco-2 cells is associated with distortion of 

lipid rafts  

It is likely that the alteration of cellular integrity is due to a structural distortion of lipid 

rafts, which may greatly perturb the interaction of cell-cell junction proteins in 

membrane microdomains. Lipid rafts are signalling and structural microdomains in 

plasma membrane. Furthermore, Lipid rafts participate in establishing and 

maintenance of cell polarity, cellular integrity and adhesion [161]. Cholesterol, a 

major component of lipid rafts, maintains optimum membrane fluidity, lipid raft 

structure and cell function [162]. As many investigations have outlined, simple 

interventions of membrane lipid, such as changes in cholesterol loading or 

crosslinking of raft lipids, are sufficient to induce micron-scale reordering of 

membranes and their protein cargo with consequent on signal transduction [163], we 

therefore addressed the question how do cell membrane lipid rafts look like under ER 

stress conditions. Because Flotillin-1 and Flotillin-2 are lipid raft scaffold proteins and 

form membrane microdomains [164, 165], we addressed the question whether ER 

stress affects Flotillins distribution in cholesterol-enriched microdomains. For this 
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purpose, TX-100 lysates of 7 days postconfluent caco-2 cells were analysed on 

sucrose gradients. The lipid rafts were recovered in the floating fractions of the 

gradient as assessed by the distribution of SI and Flotillin-2, a lipid rafts protein 

marker (Fig. 2A). Both SI and Flotillin-2 appeared primarily in the upper three 

fractions of the gradient, while almost 10% of total SI and Flotillin-2 existed in the 

bottom non-lipid rafts fractions. In cells treated with DSS, the level of SI and Flotillin-2 

in lipid rafts fractions were substantially reduced (Fig.2A Total).  

On the other hand, cholesterol levels were reduced in the lipid raft fractions in the 

cells treated with DSS (Fig 2B). This was measured to assess the structure of the 

lipid rafts, in which cholesterol is a major content to maintain their structure and 

shape. Furthermore, the biosynthesis of cholesterol commences in the ER by 

molecular machinery that regulates cellular cholesterol homeostasis and resides in 

the ER. Despite the low content of cholesterol in the ER membrane (3-6%), 

cholesterol depletion in ER membranes impairs ER-to-Golgi transport of secretory 

membrane proteins [166]. We asked therefore whether DSS-induced ER stress has 

affected cholesterol synthesis and resulted in reduced cholesterol levels in the ER or 

in Golgi with implications on the trafficking of SI and DPPIV. For this purpose, a 

subset of the ER/Golgi-membrane retained in the detergent-resistant membrane 

extracts (DRMs), utilizing the mild reagents Tween 20 and Lubrol for the ER and 

Golgi membrane lipid raft preparations respectively, was analysed. As (Fig. 2C) 

shows calnexin, an ER-membrane protein was retained predominantly in the floating 

fractions (DRMs, fractions 1-3) of the sucrose gradient in control caco-2 cells. Almost 

a similar pattern was revealed in the DSS-treated cells, but the level of calnexin in 

the detergent-soluble membrane fractions (DSM, fractions 7-9) has increased 

concomitant with an altered lipid composition of the ER membrane. In fact, lipid 

analysis demonstrated a decrease of almost 10% of cholesterol in the Tween-DRMs 

with concomitant increase of this lipid in the DSM.  The reduced distribution of lipid 

rafts in the DSS-treated cells was compatible with a substantial reduction of the 

cholesterol content as assessed by HPLC (Fig. 2D). However, Golgi membrane was 

not altered in response to DSS treatment. This is shown by a normal distribution of 
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the Golgi marker GM130 (Fig. 2B) and the unaffected cholesterol levels in the lipid 

raft and non-lipid raft fractions (Fig. 2E). 

 

 

 

 

 

Figure 2A shows the distribution of the cell membrane lipid rafts marker Flotillin-2. In 

the control cells Flotillin-2 was highly enriched to the first three fraction of the 

membrane that represents the lipid raft fraction. Upon treatment with DSS Flotillin-2 

was less enriched to the lipid rafts fraction and redistributed to non-rafts fraction. The 

total expression of Flotillin-2 was also decreased in cells treated with DSS. 
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Figure 2B: Cholesterol profile in lipid raft and non-lipid raft fractions of caco-2 cells 

control and treated with DSS. Caco-2 cells treated with DSS showed a shift of 

cholesterol distribution between raft and non-raft fraction, so that cholesterol is 

significantly reduced from raft fraction and increased in non- raft fraction due to DSS 

treatment. 
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Figure 2C: the distribution of the Golgi marker GM130 and the ER marker calnexin in 

lubrol and tween 20 lipid rafts respectively. The total expression of these markers did 

not change in cells treated with DSS however DSS affected the distribution of 

calnexin over the non-raft domains indicating that the ER homeostasis is affected 

due to DSS treatment. 

 

Figure 2D: the distribution of cholesterol in Tween-20 fractions that belong to the ER 

membrane. There is a slightly change in the cholesterol in lipid raft fractions between 

control and DSS cells and this tendency to membrane alteration was shown in the 

previous western blot with calnexin, which was redistributed to the non-raft fractions. 
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Figure 2E: the distribution of cholesterol in Lubrol fractions that belong to the Golgi 

membrane. No alteration of cholesterol distribution in lipid or non-lipid raft fractions 

was detectable upon treatment with DSS. 

 

Trafficking of brush border enzymes is impaired upon ER stress induced by 

DSS treatment 

The brush border consists of regularly-spaced and constantly-shaped microvilli that 

are organized in lipid rafts and function as high capacity digestive/absorptive surface 

of dietary nutrients and a permeability barrier towards luminal pathogens [167]. In 

addition, the sorting mechanism of several brush border enzymes including sucrase-

isomaltase (SI) and dipeptidyl-peptidase IV (DPPIV) depends on the association of 

these proteins with lipid rafts [168]. Since the lipid rafts are distorted due to DSS 

treatment, we examined the trafficking of two membrane proteins, sucrase-

isomaltase and dipeptidyl peptidase IV, that are sorted to the apical membrane in 

intestinal cells with high fidelity [169, 170]. First, the levels of mRNA as well as total 

protein expression of SI and DPPIV were not changed upon DSS treatment (Fig.4), 

indicating that ER stress did not affect the transcription level of these proteins. We 
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next addressed the question whether the processing and sorting of these two 

proteins have been affected. For this purpose we analyzed the levels of these two 

proteins in brush border membrane preparations (P2 fraction) of DSS-treated caco-2 

cells as compared to the non-treated cells. The results shown in (Fig.3A) 

demonstrate an enrichment of approximately 6-fold for SI and DPPIV proteins in the 

P2 fraction in comparison to P1 fraction, which contains the intracellular and 

basolateral membranes. The treatment of caco-2 cells with DSS reduced the levels 

of SI and DPPIV proteins in the P2 fractions substantially and markedly led to an 

increase of these proteins in S fraction that represents the cytosol as well as small 

vesicles (Fig.3B). The specific activity of SI was approximately three times lower in 

DSS-treated caco-2 cells in comparison to the control (Fig.3C).  Immunostaining of SI 

and DPPIV in DSS-treated confirmed the biochemical data, since reduced staining of 

SI and DPPIV was detected at the apical membrane in comparison to the heavier 

stating in the non-treated cells (Fig. 3D). Altogether, these data demonstrate a 

significant impairment of brush border enzyme trafficking and activity due to the DSS-

induced ER stress in caco-2 cells. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3A shows the enrichment of SI and DPPIV to the apical membrane (P2 

fraction). While DSS did not change dramatically the enrichment of DPPIV to the 

apical membrane, SI was significantly less enriched to the apical membrane. 
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Figure 3B represents the SI and DPPIV that are stained in the cytosolic fractions. It 

shows that SI, and due to treatment with DSS, failed to associate with the apical 

membrane; therefore it is more represented in the cytosolic fraction. 

 

 

Figure 3C: the activity of sucrase in control caco-2 cells and treated with DSS. 
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Figure 3D: Immunofluorescence staining of confluent caco-2 cells with SI and DPPIV 

monoclonal antibodies.  
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Decreased integrity of the cellular monolayer is associated with disrupted 

interaction of apical junctional protein complex 

The pathogenesis of IBD implicates dysregulation of the epithelial barrier as well as 

the changes in paracellular permeability due to altered cell to cell junctions. To 

examine this hypothesis we investigated the expression of ZO-1, E-cadherin in cells 

treated with DSS. The data show that the expression levels of ZO-1 and E-cadherin 

in DSS treated cells did not alter (Fig. 4A Lysate). We further addressed the potential 

interaction of the AJC proteins and whether DSS treatment has affected this 

interaction.  As shown in Fig. 4A, DSS treatment disrupted the interaction of ZO-1, E-

cadherin and β-actin. Moreover, confocal microscopy revealed a redistribution of both 

ZO-1, E-cadherin within the basolateral membrane (Fig. 4B). Together, these data 

could explain the increased paracellular permeability upon DSS treatment and lipid 

raft alteration. 

 

 

Figure 4A shows that the expression of E-cad, ZO-1 and β-actin did not change in 

response to DSS treatment. It shows as well the disprupted interaction between 

some of the apical junctional complex proteins such as E-cad, ZO-1 and β-actin. 
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Figure 4B: Immunofluorescence staining of confluent caco-2 cells with ZO-1 and E-

cad antibodies. The upper panel represent the control cells, in which ZO-1 and E-cad 

are co-localized. The bottom panel shows that upon treatment with DSS, ZO-1 does 

not colocalize with E-cad. 

 

Distortion of apical junctional complex due to a decreased RhoA expression in 

caco-2 cells 

Since the assembling of the apical junctional complex and its association with the 

cytoskeleton is organized through signalling proteins and these proteins are 

supposed to be affected under ER stress, we checked the expression of one of the 

key signalling proteins for the AJC assembly RhoA. RhoA was not reported to be 

altered during the pathogenies of inflammation. However, studies suggest a role of 

active RhoA in maintaining the intestinal integrity [171]. DSS significantly 

downregulated the expression of RhoA by 50 % as assessed by western blot (Fig. 5).  
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The downstream signalling of RhoA was as well checked to assess whether the 

reduction of RhoA has consequences on cell signalling. Since RhoA (GTPase) is 

required for the signal transduction of GPCR and calcium release from the ER upon 

activation of inositol 1,4,5 triphosphate receptor on the ER membrane. Generally, 

cells maintain a low concentration of calcium ions (Ca2+) in the cytoplasm, but the 

concentration may be altered by the release of Ca2+ from internal stores such as ER. 

The mechanism, by which Ca2+ is released is mediated by inositol 1,4,5-

trisphosphate (IP3)–sensitive channels present in the membranes of organelles 

maintaining internal stores [172]. The relationship between RhoA and calcium 

release starts when the GPCR is stimulated via ATP/UTP, then this undergoes 

splitting steps, in which different GPCR subunits results. To further transduce the 

signal Gα subunit must be activated by GTPase (RhoA) leading to calcium release 

from the ER. Consequently, downregulated RhoA leads to less calcium efflux from 

the ER. 

The results showed significantly less activity of GPCR and less released calcium 

from the ER indicating a perturbation of RhoA signalling in the cell (Fig. 5B). 

 

 

Figure 5A shows a reduction in the RhoA levels in the membrane fractions and in 

the total expression levels in caco-2 cells treated with DSS compared to control cells. 
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Figure 5B represents the released calcium from the ER during DSS application on 

caco-2 cells and in control cells. The cells were stimulated with 10 µM UTP and upon 

stimuli cells treated with DSS showed a significant reduction in the calcium efflux 

from the ER compared to control cells. 

 

Impact of RhoA/lipid rafts alteration on cell proliferation and wound healing 

process 

RhoA has been described as having a stimulatory activity of intestinal epithelial 

migration and wound closure [173]. Because wound healing involves cell migration 

activity and RhoA is strongly expressed in human epithelial intestinal cells, we 

hypothesized that absence of RhoA might be involved in epithelial ulcerations that 

appear during the pathogenies of inflammation.  These ulcers are unclosed wounds 

in the intestine. To test this hypothesis, we performed a wound-healing assay using 

the caco-2 cell line as a model system. Experiments were conducted as follows. 

Cells were first day confluent as the wound was established then some cells were 

treated with DSS and the scratch areas were measured in different time points. In the 

wild type untreated cells, the wound has been closed within 72 hours post to wound 

imitation. However in the cells that were treated with DSS, the wound closed to about 

40% of the initial scratch after 72 hours post scratch (Fig 6). 
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Figure 6 showed a wound healing efficiency of caco-2 monolayer treated with DSS. 

Monolayer obtained DSS treatment was less efficient in would healing than the 

control monolayer. 
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Lack of RhoA causes impairment in growth rate, reduction in wound healing 

process and decrease in cellular integrity. 

Since IL10 and RhoA were downregulated in caco-2 cells treated with DSS and 

those cells showed impaired wound healing process, it is important to determine 

whether IL10 and RhoA cause the impairment in wound healing. For this we 

established IL10-/- and RhoA-/- caco-2 cells. Wound closure studies of confluent 

monolayers of WT and knockout caco-2 cells showed decreased rate of wound 

healing compared with control WT cells (Fig. 7A). After 72 h of wound establishment, 

wounds in control cells and IL10-/- cells were closed to 100 % of the original wound 

width. By comparison, wounds in cells lacking RhoA expression had closed to only 

70% of the original wound width, and this was comparable with the observations of 

the DSS experiment. Under these experimental conditions, both RhoA knockout and 

DSS inhibited wound closure.  

To determine if the impairment of wound healing process is due to barrier 

dysfunction, Trans-Epithelial Electrical Resistance (TEER) of WT, IL10-/- and RhoA-/- 

cells using an EVOM2 epithelial ohm-meter was measured. We observed that 

paracellular permeability in 20-day post-confluent caco-2 monolayer was markedly 

higher when RhoA is absent in comparison to control and IL10-/- monolayer (Fig. 

7B). 

To uncover the reason for dysfunction wound healing process and high permeability 

in cells lacking RhoA expression, we checked the expression of ZO-1 and E-cad, 

since these proteins are essential for lamellae formation during wound healing 

process [174]. The results show a reduction of ZO-1 but not E-cad expression in cells 

lacking RhoA (Fig. 7C).  
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Figure 7A: the wound healing efficiency of caco-2 monolayer. While caco-2 

monolayer lacking IL10 expression was able to close the scratch with 72 hours, the 

monolayer lacking RhoA did not have the same efficiency of wound closure within 72 

hours. 

 

P<0.0005 

P<0.0005 
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Figure 7B: Transepithelial electrical resistance (TEER). The control cells show a 

high resistance when they are a monolayer (black). Absence of IL10 did not change 

the resistance significantly; however RhoA absence reduced the TEER values of 

caco-2 monolayer significantly indicating a disrupted barrier function. 

 

 

 

Figure 7C: the expression of some apical junctional proteins, ZO-1 and E-cad. Cells 

were lysed as mentioned in the methodological part and 50 micrograms from control, 

IL-/- and RhoA -/- cells were loaded on the gel. 
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Absence of RhoA expression in caco-2 cells causes lipid raft distortion that is 

associated with cholesterol depletion from membrane raft domains and 

accompanied with dissociation of Flotillin-2/SI from raft fractions. 

As it has been assessed by the experiments on caco-2 cells, by which DSS was 

used to induce ER stress, the expression of RhoA and IL10 was significantly 

decreased. We further questioned whether RhoA or IL10 is responsible for the 

distortion of lipid rafts. To answer this question, the established IL10-/- and RhoA-/- 

caco-2 cells were analyzed and their lipid rafts with the WT caco-2 cells were 

compared. Interestingly, cholesterol levels in the lipid rafts of RhoA-/- caco-2 cells 

were significantly decreased compared with IL10-/- caco-2 cells and WT cells (Fig. 

8A). Furthermore, the lipid rafts marker Flotillin-2 was also reduced in raft fractions of 

RhoA-/- caco-2 whereas it was normally distributed in the IL10-/- and WT caco-2 cells 

(Fig. 8B). On the other hand and in order to test if the reduced sucrase-isomaltase 

enrichment to the lipid rafts is associated with the downregulated RhoA, we checked 

for the SI in the lipid raft gradient. Interestingly, the western blot gel showed 

comparable results with those seen in DSS treatment experiments (Fig 2A DSS/SI), 

in which RhoA was downregulated (Fig. 5A) and SI was less enriched to the lipid raft 

fractions (Fig. 8C). 
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Figure 8A: cholesterol levels in the membrane lipid raft fractions in control caco-2 

cell, RhoA-/- and IL10-/-. Total lipids were recovered from sucrose gradients and the 

cholesterol was measured using HPLC. 

 

Figure 8B shows the distribution of the lipid raft stabilizer Flotillin-2. The first three 

fractions of sucrose gradient on the lift side represent the floating fractions (Lipid 

Rafts). The last three fractions represent the non-lipid raft domains. 
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Figure 8C shows the association of sucrase-isomaltase (SI) with the lipid raft 

fractions that were prepared as mentioned in figure 8B. 
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Chapter 4 

Discussion 
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ER stress: consequences and molecular signaling pathways 

 

Compelling evidence points to the important role of the intestinal barrier dysfunction 

in regulating inflammatory responses [175]. Many of these pro-inflammatory 

conditions are considered to be mediated by bacterial infection and by the 

imbalanced gut flora [176, 177]. However, the inflammation is an orchestration of a 

complex phenomenon that involves immune responses, alteration in epithelium 

tightness and dysfunction of the absorption process. Up to date, most of studies on 

inflammation such as IBD have focused on the bacterial infection and the activation 

of the immune response with considering the role of epithelial cells, which are, in our 

view, the important drivers of inflammatory reactions including IBD. Even the further 

studies that have been carried out on the epithelial cells, did not suggest any 

potential role of IECs in triggering an inflammatory reaction. Here we demonstrate 

that endogenous ER stress factors lead to an inflammatory response. ER stress 

regulates the subsequent inflammatory signaling that critically determines the 

severity of inflammation by distinct and synergistic mechanisms. In this work we have 

tried to elucidate the signaling pathway, by which ER triggers alterations in IECs 

homeostasis.  

 

For this purpose, we used an experimental setup that mimics the mouse model of 

ulcerative colitis by using dextran sulfate sodium (DSS). Beside this, we made use of 

the finding that suggests a role for ER stress and unfolded protein response in 

pathophysiology of IBD [128, 178]. Furthermore, we used caco-2 cells that mimic the 

enterocytes of the epithelium in shape and function. In response to dextran sulfate 

sodium (DSS), caco-2 cells promoted ER stress and homeostasis alteration 

signaling. Caco-2 cells showed upregulation of ER stress sensors upon DSS 

treatment, consistent with the finding observed in patients with IBD [179]. ATF4, 

sXBP1, BiP, CHOP and GRP94 were upregulated in response to DSS treatment. 

These findings are consistent with previous observations, in which ER stress sensors 

were upregulated in colitis mice upon DSS treatment [180]. sXBP1 is essential trans-

activator of unfolded protein response (UPR) gene induction in response to ER 
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stress. XBP1-/- mice in the intestinal epithelium are more sensitive to DSS treatment, 

although the underlying mechanism is not yet clear [181]. ATF4 is a potent activator 

of a number of ER chaperones including BiP, GRP94 and is activated upon ER 

stress; therefore it is thought that ATF4 is active during ER stress to recover cells 

from accumulated unfolded proteins [182]. In addition, ATF4 is also activated during 

oxidative stress and acts as anti-oxidant mediator [183]. Many studies support the 

important role of ER chaperons that are induced during UPR such as BiP. BiP 

resides in the ER lumen and promotes proper protein folding. Our data showed an 

upregulation of BiP upon DSS treatment, which in this case indicates for an 

accumulation of unfolded proteins in the ER and that BiP is upregulated in response 

to the activated UPR. Although it is little known about the role of ATF4 and BiP in 

IBD, it is possible that ATF4 and BiP play a protective role against accumulation of 

unfolded proteins, ER stress and oxidative stress in IECs during intestinal 

inflammation. In addition to its protective role, ATF4 activates downstream a bZIP 

transcription factor CCAAT/enhancer-binding protein homologous protein (CHOP), 

which functions as a master regulator of ER stress–induced cell death [184]. CHOP 

was as well upregulated in response to DSS treatment. However as ATF4 was also 

upregulated and CHOP is the downstream target of ATF4, ATF4 is then suggested to 

play dual role to initiate both apoptotic and adaptive pathways and selectively allow 

for adaptation (Figure 1D). In general, the reconstitution of an adaptive ER stress 

response in cells is still unknown. However, studies carried out to monitor the 

activation of UPR gene expression pathways that facilitate either adaptation or 

apoptosis, showed that survival is favored during mild stress and the activation of 

apoptotic pathway is promoted as cells adapt to stress [185]. This mechanism of 

dependent cell autonomous apoptosis, in which ATF4- and CHOP are the key player, 

may have evolved to selectively eliminate stressed, damaged or infected cells from 

the organism [186]. 
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Figure 1D: the balance between UPR response and ER stress signaling. 

 

Increasing evidences suggest that the consequences of ER stress are not limited to 

the activation of UPR, and have an important role in the IECs abnormalities during 

the pathogenesis of inflammation. One of the most analyzed alterations in the IBD 

patients is the inflammatory cytokines in the blood plasma including the pro-

inflammatory and anti-inflammatory cytokines [187, 188]. Three of cytokines that 

were reported to be elevated in the serum of IBD patients were tested. Their 

expression levels were elevated in our experimental setup in caco-2 cells with ER 

stress conditions. These are the pro-inflammatory cytokines TNF-α, IL1β and IL6. On 

the other hand the cytokine IL10, which has an anti-inflammatory role, was 

downregulated in cells treated with DSS. These results are in the same line with the 

findings that demonstrate an extensive cross-talk between the inflammatory 

response and the ER-stress. This interaction between ER stress and modulation of 

cytokines still not complete understood. However, this issue was extensively 

researched in order to find the link between ER stress and inflammation.  
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Studies have shown that IL-10 is constitutively expressed and secreted by the human 

normal colonic mucosa, including epithelial cells [189]. In addition, studies have 

shown that downregulation of the IL-10 in the intestinal mucosae induced the 

immunosuppressive B-cell lymphoma 3 gene (BCL3) and upregulation of IFN-γ and 

TNF-α [190, 191]. Furthermore, IL-10 depletion was shown to be responsible for 

surface epithelium damage and crypt loss, mainly by apoptosis. However, it still 

unclear if IL-10 directly suppresses the expression and the activity of pro-

inflammatory cytokines or it associates with other pathways to regulate the pro-

inflammatory cytokines. There is one study that suggests a role for IL-10 absence in 

activation of IRE1α phosphorylation in macrpühages [192]. In general, UPR signaling 

pathways converge on several immune signaling pathways; including Toll-like 

receptor (TLR) signaling, stress kinase signaling and NF‑κB activation pathways that 

is activated through IRE1α [193]. On the other hand, Phosphorylated IRE1α, which 

takes place during ER stress, binds to TNF receptor-associated factor 2 (TRAF2), 

connecting ER stress signaling to the activation of mitogen-activated protein kinase 

(MAPK) 8 (also known as JNK1) [194] via MAPK kinase kinase 5 (MAP3K5) [195] 

and subsequent activation of transcription factor AP‑1. This IRE1α–TRAF2 signaling 

pathway increases the production of IL‑6 through nucleotide-binding oligomerization 

domain (NOD)-containing proteins 1 and 2 and receptor-interacting serine/threonine-

protein kinase 2 (RIPK2) [196].  Studies have revealed that the cholera toxin A1 

protein can bind to the cytosolic domain of IRE1α, activating the regulated Ire1-

dependent decay (RIDD). Enhanced RIDD in turn produces small RNAs that bind to 

ATP-dependent RNA helicase DDX58 (also known as RIGI), leading to the activation 

of mitochondrial antiviral-signaling protein (MAVS), which in turn activates NF‑κB 

and interferon regulatory factor 3 (IRF3) to increase production of inflammatory 

cytokines including IFN-β [197]. In addition, the stimulator of interferon genes 

(STING) associates with the interferon regulatory factor 3 (IRF3) and this takes place 

during ER stress. Furthermore, ER stress is also directly linked to the synergistic 

overproduction of IL6 via the upregulated CHOP. The molecular mechanism for 

CHOP-induced stimulation of IL-6 transcription was not well understood. However, 
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Hattori et al provide evidences that CHOP can directly up-regulate the IL-6 

transcription without binding to the IL6 promoter [198].  

 

As aforementioned, cells undergo adaptation or apoptotic fate depending on the 

strength of stress. In other words, cells with mild to strong stress need their 

inflammatory response to be triggered to selectively eliminate damaged or infected 

cells from the cellular population. As we mentioned above, ATF4 is supposed to do 

this work because it activates the protective pathways to rescue ER from stress and 

it activates the transcription of CHOP that activates the apoptotic pathway. The 

investigation of ATF4 role can be additionally achieved by the interleukin I (IL1-α) that 

plays a pivotal role in triggering proinflammatory responses during inflammation as 

found in the work of Suwara et al [199].  

 

Taken together this experimental setup provides evidence that the modulation of pro- 

and anti-inflammatory cytokines is directly linked to ER stress. However, a lot of 

intracellular events during ER stress and inflammation occur in the cells and this will 

be discussed in the following section. 

 

Mechanisms of Intestinal Epithelial Barrier Dysfunction by loss of apical 

junctional connections  

 

As mentioned in the introduction, a huge amount of data support that IBD 

pathogenesis comprises disruption of the intestinal barrier and immune response, 

and this is associated with the alterations of gut microbiota leading to problems in 

homeostasis. Altered intestinal homeostasis drives expansion of bacterial infection 

and results in compromised barrier function. So far the barrier dysfunction is thought 

to be caused by the bacteria that are able to invade, survive, and replicate within host 

cells, leading to exacerbation of barrier dysfunction by disruption of TJ proteins, and 

ultimately contributing to IBD pathogenesis. This thought cannot be true because IBD 

patients treated with antibiotics still have dysfunctional barrier in their gut [200, 201]. 

So the thinking that there is another factor that causes barrier dysfunction is 
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legitimate. However, clinical studies show that the levels of inflammatory cytokines, 

including TNF-α [202], IFN-γ [203], and IL-1β [204] are elevated in the intestines of 

IBD patients. Results from one of the experimental tests which showed a direct role 

for the cytokines modulation in barrier dysfunction was suggested by Wang et al 

2005 [205]. In their work caco-2 monolayer, which was treated with interferon-γ (INF-

γ) and tumor necrosis factor-α (TNF-α), developed barrier dysregulation. It has been 

also demonstrated that INF-γ with TNF-α disrupt barrier function via the upregulation 

of myosin II regulatory light chain (MLC) phosphorylation. However in their work it 

has been shown that caco-2 monolayer exhibits decrease in TEER with 

downregulation of claudin-1 and occludin. This experimental result is in line with 

several findings that revealed significantly increased INF-γ and TNF-α upon MLC 

phosphorylation in patient with IBD [206]. But still to date the reason of increased 

INF-γ and TNF-α in the gut mucosa unclear, since INF-γ and TNF-α upregulation 

should occur prior to barrier dysfunction.  

 

Here we demonstrate that ER stress including the splicing of XBP1 triggers the 

regulation of TNF-α gene expression through IRE1- α. In our findings, caco-2 

monolayer treated with DSS reduces tight junction dynamics (referred by TEER) in 

response to TNF-α and sXBP1 upregulation. Recent studies have also demonstrated 

that TNF-α impairs the intestinal TJ barrier through different unknown mechanisms. 

One of these mechanisms suggest that TNF-α decreases TEER through claudin-2, 

which is expressed throughout the intestine and forms pores for controlling cations 

passage [207]. So its upregulation leads to more cations passaging and decrease in 

the monolayer resistance. But as the barrier function in maintained via the complex 

interaction between different junction proteins including adherens and tight junction 

with the actin cytoskeleton. The disruption of barrier function must include modulation 

of the apical junctional complexes. That was the second central discovery in our 

work. So the interaction between ZO-1 (TJ), E-cad (AJ) and beta actin was impaired 

in caco-2 monolayer treated with DSS. In addition, the immunofluorescence results 

showed disrupted co-localization of ZO-1 with E-cad. These are in the same line with 

several clinical and experimental studies. These studies demonstrate that defects in 
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the intestinal AJC occur previous to the increased permeability observed in various 

intestinal and systemic diseases. ZO-1 is the main cell-cell contact protein and it has 

been proposed that ZO proteins may mediate the early assembly of AJC proteins into 

cell-cell contacts. Although, intensive efforts have been made to clarify the functional 

role of ZO proteins in AJC, its regulation and function during inflammation still 

unclear. Recent studies have been shown that ZO-1 deficient cells are still able to 

form normal TJ structures and show normal permeability; however, an obvious delay 

in the assembly of other TJ proteins including occludin and claudins into the TJ is 

observed, indicating that the ZO proteins have an important role in the regulation of 

TJ assembly [208]. On the other hand, the transmembrane junctional adhesion 

molecules (E-cadherin) have been found to mediate directly cell–cell adhesion and 

stabilize the entire epithelial monolayer. In addition, the physiological importance of 

E-cadherin in inflammatory conditions has been investigated intensively using in vivo 

and in vitro models. Its deletion was associated with bloody diarrhea and death 

attributed to epithelial shedding [209]. Furthermore, T84 cells treated with IFN-γ 

exhibited reduced surface expression of E-cadherin, enhanced AJ disassembly, and 

overall destabilized the epithelial monolayer [210]. Grill et al. has shown in an 

experimental mice colitis using DSS that E-cad expression was significantly 

decreased and this loss of E-cad was associated with the signs of severe 

inflammation, bloody stools and increased neutrophil infiltration [211]. Moreover, E-

cad has been shown to be the main reason for the bloody stools, when E-cadherin 

KO mice were compared to DSS mice histologically suggesting that the loss of E-

cadherin per se does not necessarily affect TJ expression. This is of particular 

importance because mice deleted for TJ proteins such as occludin or junctional 

adhesion molecule (JAM)-A do not show signs of spontaneous colitis, suggesting 

that E-cadherin is the most important component for epithelial barrier integrity than 

single TJ components [212]. 

 

Although, the indication that E-cadherin is associated with barrier dysfunction could 

be predicted based on the data obtained from patients with inflammatory diseases, 

the direct evidence which supports this notion at the molecular level is missing. 
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Studies on cytotoxic chemotherapeutics have revealed that epithelial-mesenchymal 

transition (EMT) is induced downstream of ER stress in response to the 

chemotherapeutics [213]. The epithelial-mesenchymal transition includes decreased 

expression of E-cadherin and increased expression of mesenchymal markers such 

as Vimentin and Snail. Many clinical studies on patients with lung cancer have 

revealed an upregulation in ER stress sensors and EMT markers when compared to 

normal lung tissue [214, 215]. Consistent with our in-vitro findings, E-cad expression 

was reduced in caco-2 monolayer treated with DSS. These observations are logical, 

given that the loss of E-cadherin reduces adhesion and increases cellular migration, 

for example during EMT, which could be related to a higher risk of developing 

epithelial cancer in the patients with IBD [216, 217]. 

 

Alteration in membrane lipids in caco-2 cells under stress conditions 

 

Although many studies have focused on mediators that have been clearly implicated 

in the pathogenesis of inflammatory bowel diseases, thus studies could not find a 

clear link the histological changes in IBD patients. Histological studies on mucosa 

from IBD patients have revealed remarkable changes in the morphology of the 

epithelium lining the surface of the colon [218]. An extensive infiltration of immune 

cells, cellular proliferation, migration, structural reorganization and loss of cell 

continuity were the most remarkable characters in thus patients. Our in vitro 

experiments revealed persuasive evidence that during ER stress the intestinal 

epithelial cells undergo lipid raft alterations and membrane damage represented as 

cholesterol and Flotillin-2 depletion from membrane lipid rafts factions. These results 

were in line with other results that showed membrane damage due to increased 

oxidant stress. The mechanism(s) underlying membrane damage was elusive. 

However, since the ER is the place for the cholesterol biosynthesis and during stress 

its function is affected, it is generally thought that ER affects directly the membrane 

composition. This hypothesis was wrong since the homeostasis of cholesterol in the 

ER was intact and did not change in order to DSS treatment and stress induction. 

Another hypothesis was supposed to explain the disruption of membrane lipid rafts 
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during ER stress. Since DSS treatments showed decrease in the membrane lipid 

rafts marker Flotillin-2 and the membrane non rafts marker RhoA, a role for one of 

these proteins was suggested in the maintenance/disruption of membrane lipid 

composition. Since RhoA has a pivotal role in the lipid homeostasis, this protein was 

knocked out from caco-2 cells. Interestingly, caco-2 cells lacking RhoA revealed 

similar results regarding membrane lipid rafts composition. Concomitant with the 

absence of RhoA we observed a disability of caco-2 cells to heal wounds in the 

monolayer cells and this was observed in the monolayer treated with DSS too. In 

addition the main digestive enzyme in caco-2 cells, sucrose-isomaltase, was 

observed to be inactive and less enriched to the brush border membrane in both 

monolayers. Sucrose-Isomaltase (SI) was as well less associated with lipid rafts in 

caco-2 cells treated with DSS and lacking RhoA. Taken together and in line with 

various investigations in in vitro model systems, RhoA play an important role in the 

regulation of barrier function [219]. However, it was not clear if RhoA is directly 

affects the apical junctional complex therefore; this study provided a clear clue about 

the mechanistic framework of RhoA during inflammation. The role of RhoA in tight 

junction was suggested through the meditation of actin cytoskeleton contraction, 

suggesting that RhoA regulates the cytoskeleton, which is needed for the 

maintenance of the tight junction function [220, 221]. Furthermore, the molecular 

mechanism, through which RhoA modulates the intestinal barrier still not completely 

elucidated. Some have suggested that a part of RhoA effects is mediated through 

RhoA/ROCK pathway [222] and this precisely regulates the active/inactive form of 

RhoA to maintain the tight junction function [223]. Our results suggest that RhoA 

modulates barrier function by regulating membrane lipid rafts. In WT caco-2 cells, the 

lipid rafts marker Flotillin-2 was highly enriched to the floating fractions of the density 

gradient, however in the caco-2 cells treated with DSS or lacking RhoA, the lipid rafts 

marker Flotillin-2 was much less associated with lipid rafts fraction. In addition, the 

further analysis of lipid rafts fraction showed significantly reduced levels of 

cholesterol in cells treated with DSS and in cells lacking RhoA. In this respective and 

in line with other findings that suggest an important role for RhoA in differential 

regulation of the signaling molecules within lipid rafts, the key player during ER stress 
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that causes alterations in membrane lipid rafts should be supposed to be RhoA. The 

general models of membrane organization during ER stress are more complex than 

is predicted by our work since a lot of protein networks are implicated in the 

organization of membrane (Figure 2D). Although much research has advanced the 

understanding of membrane organization beyond stable micron-scale phase-

separated lipid rafts, the structural changes during disease pathogenesis is still often 

referenced as the primary mechanism of sorting of membrane components. 

According to normal case of membrane lipid raft, signaling proteins such as GPCR 

are expected to cluster into raft domains, while isoprenylated molecules like the 

RhoA anchor would be excluded to the surrounding disordered phase with no 

apparent clustering [224, 225]. Here we show the existence of a new complex 

mechanism, by which the barrier function can be disrupted.  This complexity extends 

to the differential sorting of lipid rafts compounds (cholesterol) during ER stress. Our 

observations demonstrate that the complexity from the alterations of membrane 

components and the interactions of the junctional proteins with the cytoskeleton and 

intracellular proteins cannot be fully described in a doctoral research work. On the 

other hand, as already mentioned in the introduction the barrier function is 

maintained though the apical junctional complex proteins that interact with the 

underlying cytoskeleton via cytoplasmic scaffold proteins. These interactions are 

tightly controlled by a number of signaling proteins that are critical for the regulation 

of the AJC function. Among these signaling molecules RhoA have been 

demonstrated to regulate the AJC function in diverse physiological and pathological 

states. Many studies showed that RhoA mediates signaling pathways that control 

maintenance, disassembly and assembly of the AJC in epithelial cells. However, the 

direct molecular evidence connecting AJC with the RhoA pathway has not been 

determined. The present work shows that RhoA is directly associated with ZO-1, E-

cad downregulation in polarized epithelial cells. Consequently and since ZO-1 alone 

retards junction assembly and barrier establishment [208, 226] RhoA depletion leads 

to barrier disassembly. This depletion is mediated through cholesterol that is found to 

be decreased upon DSS treatment or RhoA knockout. Since the key regulators of 
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barrier function, TJ proteins, have been associated with cholesterol-enriched 

membrane lipid rafts [227].  
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Figure 2D: RhoA signaling and its role in cholesterol trafficking during ER stress 
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The role of modulated cytokines during ER stress in membrane lipid rafts and 

barrier dysfunction 

 

It has early been presupposed that the development of inflammation does not stem 

from a single causative cellular factor but rather that an interaction between different 

cellular signals. Therefore, we questioned whether barrier dysfunction in caco-2 cells 

was due to altered cytokine expression or due to ER stress induces by DSS. Studies 

published in the past showed that the exposure of caco-2 intestinal epithelial cells to 

cyclodextrin induced rapid reductions in TER paralleled by enhanced paracellular 

permeability. Further analysis of the effects of cyclodextrin revealed a disruption of 

lipid rafts and the epithelial barrier function [228-231]. In addition, it has been shown 

that IFN-γ induces mild barrier leakage compared with those induced by cyclodextrin. 

To answer our question we established IL10 knockout caco-2 cell line. In these cells 

barrier function was unaltered and the membrane lipid raft was not changed. As well 

as, the trafficking machinery of apical proteins such as sucrose-isomaltase was 

intact. However in in vitro experiments, TNF-α has been shown to alter the lipid 

composition of lipid rafts in conjunction with loss of barrier function [232]. This may 

imply a complex relationship between raft disruption and barrier disruption during ER 

stress and modulation of cytokines. During ER stress TNF-α induces signaling 

pathways that are involved in sequential modulation of RhoA, leading to NF-kappa B 

activation and, ultimately, to secretion of cytokines [233]. Thus it makes it possible 

that the fundamental organization of rafts is impacted in inflammatory 

microenvironments, which in turn could influence the cell-cell connection and the 

execution of their biological functions (adhesion/signaling/recruiting of immune cells). 

Although cells primed with pro-inflammatory cytokines lack the complexity of in vivo 

models, blocking TNF-α in DSS mice reduced chronic colitis [234]. Thus it has been 

found that lipid rafts from colon taken from DSS mice were disrupted and the 

evidence for this was suggested by the broadened flotillin-1 distribution [235]. Further 

exploration studies on the link between loss of barrier function and putative disruption 

of lipid rafts have shown a disruption of the intestinal permeability accompanied with 

changes in the biochemical and protein distribution profiles within lipid raft gradients. 
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Thus experimental results support a hypothesis that the disruptions of lipid raft occur 

previously to the loss of epithelial barrier function. For further investigate whether 

lipid raft disruption is associated with inflammatory microenvironments/signal 

proteins, experiments using IL-10 knockout mice with mild colonic inflammation were 

done. IL-10 knockout mice spontaneously developed colitis and exhibited increased 

small intestinal permeability prior to the onset of inflammation [236, 237]. Lipid rafts 

isolated from those mice showed raft disruption and this was also supported in 

biopsies of UC patients, in which flotillin-1 distribution was broadened. However, it 

was surprising to note that the knockout of anti-inflammatory cytokine IL-10 did not 

reduce the total cholesterol levels and the cholesterol levels of lipid rafts fraction, but 

it reduced the protein expression of ZO-1 and E-cadherin in caco-2 cells. This may 

imply a complex relationship between raft disruption and modulation of cytokines. In 

addition, in the context both of human ulcerative colitis biopsies and DSS murine 

colitis experiments, it has been also only shown the association between barrier 

dysfunction, raft disruption and cytokines without giving any explanation about the 

mechanistic frame work than undergo these changes during the pathogenesis of 

inflammation. It is also particularly intriguing to speculate why lipid rafts are disrupted 

prior to barrier dysfunction. Whether this is trivial or reflects a propensity to later 

develop inflammation/barrier disruption cannot be inferred from our doctoral work. 

Therefore a full investigation of the cellular mechanisms of lipid raft disruption in 

inflammatory microenvironments is needed to understand their potential contribution 

to inflammation [238]. 

 

Taken together, our study shows that disruption of intestinal epithelial lipid rafts is 

associated with ER stress and is a feature of inflammation or primed inflammatory 

conditions in cellular models of inflammation. Furthermore, evidence of lipid raft 

disruption even in the absence of overt damage to the epithelial barrier suggests that 

this may constitute an early signal in the inflammatory cascade that culminates in 

inflammatory diseases. 
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Future work and perspectives 

 

Since DSS and the absence of RhoA alter the composition of lipid rafts in our 

experimental set up and since RhoA is downregulated under ER stress conditions, it 

is necessary to define if the ER regulates the expression of RhoA. Genome wide 

association studies (GWAS) identified recently a polymorphism in the autophagy-

related 16-like 1 (ATG16L1) gene that is strongly associated with inflammatory bowel 

disease [239]. ATG16L1 associates with the Immunity Related GTPase M gene 

(IRGM) and both were identified to have functional roles in autophagy. 

 

Autophagy represents one of the intracellular degradative pathways that involve 

fusion of cytoplasmic cargos to endosomal and lysosomal compartments. The 

process of autophagy comprises three forms, macroautophagy, microautophagy and 

chaperone-mediated autophagy [240]. Macroautophagy initiates the degradation of 

intracellular organelles and cytosolic proteins. This is also involved in the formation of 

the autophagosomes to initially sequester the materials for depredation. 

Subsequently, the autophagosome fuses with lysosomes, which contain degradative 

enzymes, resulting in degradation of intracellular cargos that are fused with 

lysosomes. Microautophagy however does not require the formation of 

autophagosome, rather materials, which should be recycled, engulf and are then 

sequestered by the lysosomal membrane itself. Furthermore, chaperone-mediated 

autophagy degrades cytosolic proteins selectively and occurs independently of 

vesicle trafficking [241].  

 

Autophagy is a tightly regulated process, and upon starvation, ER stress and cellular 

activation autophagy could be regulated. Very recently, studies have found that 

autophagy may also have a role in activation of PRRs such as TLRs and NLRs and 

their downstream signaling cascades. Furthermore, induction of autophagy pathways 

via TLR signaling during phagocytosis results in enhanced phagolysosomal fusion 

and destruction of intracellular microbes in macrophages [242]. In general, 



 

99 
 

autophagy has been reported to have a role in many diseases ranging from 

inflammation to infection and many metabolic disorders. 

 

Since we screened for calcium signaling under ER stress conditions when cells 

treated with DSS, calcium was in the ER significantly decreased in comparison with 

control cells (Fig. 1S). Loss of ER Ca2+ is frequently accompanied by ER stress. 

Those indicate a disruption of Ca2+ movement across the ER membrane since in our 

experiment Ca2+ in the cytoplasm was highly increased. Indeed, perturbation of the 

dynamic Ca2+ movement can lead to activation of various Ca2+-regulated pathways, 

including autophagy. Studies on breast tumor model have found that the cytosolic 

Ca2+ mobilizing agents thapsigargin, ionomycin, and vitamin D can activate 

CAMKK2/CAMKKβ (calcium/calmodulin-dependent protein kinase kinase 2, β), which 

in turn triggers autophagy via AMPK-dependent MTORC1 inhibition [243]. Those 

were also supported through sophisticated work by Jia et al and Höglinger [244, 245]. 

They demonstrated that autophagy is induced by Ca2+ movement across the ER. 

 

Figure 1F shows the elevated cytoplasmic calcium levels upon treatment of caco-2 

cells with DSS. 

 

On the other hand, Gao et al. provide experimental evidence that autophagy 

negatively regulates Wnt signaling by degrading it regulator protein; however, this 

occurs under nutrient starvation [246]. Therefore, the ability of autophagy to degrade 
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signaling proteins under basal conditions and thereby to ensure normal cellular 

homeostasis may be valid for other proteins that are altered during inflammation. 

This has been shown by Belaid A et al. They show that autophagy promotes the 

degradation of active RhoA. They support this by (i) RhoA is elevated in cells 

deficient in autophagosome clearance; (ii) RhoA failed to localize to midbody and 

instead accumulated within autolysosomes [247]. 

 

Taken together the stresses ER seems to upregulate the autophagy and this 

downregulated the expression of RhoA. RhoA in turn altered the composition of 

membrane lipid rafts. 

 

Therefore it is necessary for this work to address the question whether RhoA is 

regulated through the activated autophagy under ER stress and calcium efflux. On 

the other hand it is also important to understand the regulation of membrane lipid 

rafts during ER stress and if the autophagy has a direct role on their structure and 

sorting. 
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