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ABSTRACT 

 

At least 1.4 million of Americans suffer from Inflammatory Bowel Diseases (IBD). 

IBD (Crohn’s disease and ulcerative colitis) is a spontaneously relapsing, 

immunologically mediated disorder of the gastrointestinal tract. Complete medical cure 

remains a challenge and the probability of relapse is over 70%. Curcumin has been 

shown to have a protective role in mouse models of inflammatory bowel diseases (IBD) 

and to reduce the relapse rate in human ulcerative colitis (UC), thus making it a 

potentially viable supportive treatment option. 

The objective of this research project was to provide a preclinical evaluation of 

curcumin’s efficacy in relevant models of human IBD, and to investigate the molecular 

mechanisms of its protective mechanism of action. (1) We investigated the effect of 

dietary curcumin in trinitrobenzene sulfonic acid (TNBS)-induced colitis in SJL/J mice 

(Th-1/Th-17 response) and in BALB/c mice (Th-1/Th-2 response). We demonstrated that 

the efficacy of dietary curcumin varies in the two strains. Although the exact mechanism 

underlying these differences remains unclear, our observations suggest that the 

therapeutic value of dietary curcumin may vary depending on the nature of immune 

dysregulation.  (2) We further confirmed those findings and we investigated the effects of 

curcumin on the development of colitis, immune activation, and in vivo
 
NF-B activity in 

germ-free IL-10
–/–

colonized with specific pathogen-free microflora. In this model 

resembling CD, we demonstrated that IL-10 and curcumin act synergistically to 

downregulate inflammation. (3) Neutrophil aberrant accumulation at the intestinal 

mucosa is a characteristic hallmark of inflammatory conditions such as ulcerative colitis. 

Neutrophil transepithelial migration leads to an impaired epithelial barrier function, 

perpetuation of inflammation and tissue destruction. Therefore, we investigated the effect 

of curcumin on neutrophil polarization and motility. Our results indicated that curcumin 

interferes with colonic inflammation partly through chemokine expression inhibition and 

neutrophil chemotaxis and chemokinesis inhibition. We also demonstrated that curcumin 
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significantly reduced epithelial tissue injury generated by neutrophil transepithelial 

migration and protease release. 

Those findings significantly add to our understanding of the mechanism by which 

curcumin affects the innate and adaptive immune response in IBD and may help develop 

innovative therapeutic strategy for IBD. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



14 

 

 

ABBREVIATIONS 

 

AIEC   Adherent-invasive Escherichia coli 

AKP   Aldo-keta reductase family 

AP-1   Activator protein 1 

Arp   Actin-related protein  

BSA   Bovine serum albumin 

CAR   Coxsackie and adenovirus receptor 

CCR   Chemokine, C-C motif, receptor 

CD   Crohn’s Disease 

CD-#   Clusters of differentiation  

Ccdc   Coiled-Coil domain 

Cdc   Cell division control protein  

CEACAM  Carcinoembryonic antigen-related cell adhesion molecules  

CEC   Colonic epithelial cell 

ConA   Concanavalin A  

COX   Cyclooxygenase 

CTLA   Cytotoxic T-Lymphocyte Antigen  

Cu   Curcumin 

CXCR   Chemokine, CXC motif, receptor  

DAF   Decay-accelerating factor 

DAVID Database for annotation, visualization and integrated discovery 

DC   Dendritic cell 

DMSO   Dimethyl sulfoxide 

CMV   Cytomegalovirus  

dNTP   Deoxyribonucleotide triphosphate 

DNB   Dinitrobenzene sulfonic
 
acid 

DSS   Dextran sulphate sodium 

EASE   Expression Analysis Systematic Explorer  
EDIM   Epizootic diarrhea of infant mice 

EGF   Epidermal growth factor 

EGFP   Enhanced green fuorescence protein 

Egr-1   Early growth response factor-1 

ELISA   Enzyme-linked immunosorbent assay 

ENA   Epithelial cell-derived neutrophil-activating peptide  

ER   Endoplasmic reticulum 

ERK   Extracellular signal-regulated kinase     

FBS   Fetal bovine serum 

FCS   Fetal calf serum    

fMLP   Formyl-methionyl-leucyl-phenylalanine    

Foxp3   Forkhead box P3    

GI   Gastro-Intestinal 

GM-CSF  Granulocyte-Macrophage Colony Stimulating Factor 



15 

 

H-NMR  Hydrogen-1 Nuclear Magnetic Resonance 

HL   Human promyelocytic leukemia 

HPLC   High performance liquid chromatography 

HRP   Horseradish peroxidase 

HSP   Heat shock protein 

IBD   Inflammatory bowel disease 

IEC   Intraepithelial cell  

IEL   Intraepithelial lymphocytes 

IC   Inhibitory concentration 

ICAM   Intercellular adhesion molecule    

IFN   Interferon 

Ig   Immunoglobulin 

IKK   IκB kinase 

IL   Interleukin 

iNOS   Inducible Nitric oxide synthase 

JAM   Junctional adhesion molecule 

KC   Keratinocyte derived chemokine 

KO   Knockout 

LC-MS  Liquid chromatography-mass spectrometry  

LIX   Lipopolysaccharide- induced c-x-c chemokine 

LOX   Lipoxygenase  

LPL   Lamina propria lymphocyte 

LPS   Lipopolysaccharide 

MadCAM  Mucosal addressin cell adhesion molecule 

MAP   Mycobacterium avium subspecies paratuberculosis 

MAPK   Mitogen-activated protein kinase 

MCP   Monocyte chemotactic protein 

MDP   Muramyl dipeptide 

MHC   Major histocompatibily complex 

MHV   Mouse hepatitis virus 

MIP   Macrophage inflammatory protein 

MLN   Mesenteric lymph nodes 

MMP   Metalloproteinase 

MNV   Murine norovirus 

MPO   Myeloperoxidase 

MPV   Murine parvovirus    

MST   Macrophage stimulating 

MVM   Minute virus of mice 

MyD   Myeloid differentiation primary response gene 

NADPH  Nicotinamide adenine dinucleotide phosphate 

NEMO   NF-kB essential modulator 

NET   Neutrophil extracellular DNS traps 

NF-B   Nuclear Factor Kappa B 

NK   Natural killer 



16 

 

NKT   Natural killer T cell 

NLR   NOD- like receptors 

NOD   Nucleotide-binding oligomerization domain 

NSAID  Nonsteroidal anti-inflammatory drugs 

OCTN   Organic cation transporter 

PAGE   Polyacrylamide gel electrophoresis 

PAMPs  Pathogen associated molecular pattern 

P-ANCA  Perinuclear anti-neutrophil cytoplasmic antibody 

PAR   Protease-activated receptor 

PBS   Phosphate buffered saline 

PBMC   Peripheral Blood Mononuclear Cell 

PCTE   Poly carbonate track-etch 

PIP2   Phosphatidylinositol (4,5)-bisphosphate 

PIP3   Phosphatidylinositol (3,4,5)-triphosphate 

PIP3K   Phophoinositide-3 kinase 

PLSD   Posthoc least significant difference 

PMA   Phorbol myristate acetate 

PMN   Polymorphonuclear leukocytes 

PP   Peyer’s patch 

PPAR   Peroxisome proliferators-activator receptor 

PRR   Pattern recognition receptor 

R   Receptor 

RA   Rheumatoid arthritis 

RAG   Recombination activating genes     

ROS   Reactive oxygen species 

RT   Reverse transcription 

RT-PCR  Reverse transcription polymerase chain reaction 

SCID   Severe combined immunodeficiency 

SDS   Sodium dodecyl sulfate 

SIRP   Signal regulatory protein 

SNK   Student-Newman-Kuels 

SPF   Specific pathogen free 

STAT   Signal transducers and activators of transcription 

TBP   TATA box binding protein 

TCR   T cell receptor 

TER   Transepithelial electrical resistance 

TF   Transcription factor 

TFBS   Transcription factor binding sites 

TG   Transgenic 

TGF   Transforming growth factor beta 

Th   T helper cell 

TIMP   Tissue inhitor of metalloproteinases 

TLR   Toll-like receptors    

TMEV   Theiler’s murine encephalomyelitis virus 



17 

 

TNF   Tumor necrosis factor 

TNBS   Trinitrobenzene sulfonic acid 

UC   Ulcerative colitis 

VCAM  Vascular cell adhesion molecule 

VEGF   Vascular endothelial growth 

WASL   Wiskott-Aldrich syndrome-ligand 

WASP   Wiskott-Alcrich syndrome protein 

WT   Wild-type 

YAMC  Young adult mouse colonocyte 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



18 

 

CHAPTER 1 

INTRODUCTION 

 

1-1- Inflammatory Bowel Disease - Impact   

 

Human inflammatory Bowel Disease (IBD) is a spontaneously relapsing, 

immunologically mediated disorder of the gastrointestinal tract, characterized by 

intestinal inflammation and mucosal damage. Crohn’s Disease (CD) and Ulcerative 

Colitis (UC) represent the two most common forms of the condition, with associated 

significant mortality (Table 1). Anatomically, Crohn’s Disease usually involves the ileum 

as well as the colon but can affect discontinuously any region of the intestine. In contrast, 

Ulcerative Colitis involves the rectum and the colon in a characteristic uninterrupted 

pattern. In CD, inflammation is often transmural, whereas in UC, inflammatory sites are 

restricted to the mucosa. Histological features of UC include neutrophil infiltration, 

micro-abscess formation and goblet cell depletion. CD is characterized by the formation 

of granulomas including macrophages, giant cells and epithelioid cells. 

IBD has not only a great influence on the quality of life of the affected individuals, 

but also a significant economic impact in the United States and in other developed 

countries. Although occurring worldwide, IBD is more common in United States, 

Europe, and Scandinavian countries. At least 1.4 million of Americans suffer from IBD, 

with approximately 45,000 new cases diagnosed each year.  The prevalence of CD in 

North America ranges from 26 to 199 cases per 100,000 persons, and the prevalence of 



19 

 

UC ranges from 37 to 246 cases per 100,000 persons, dependent on the report (Loftus, 

2004). Although CD is diagnosed most frequently in patients in their 20s and UC in 

patients in their 30s, the diagnosis can be made at any age and approximately 10% to 

15% of cases are diagnosed before adulthood. The total costs (medical and disability 

costs) of IBD in the US totals more than 20 billion every year. Complete medical cure 

remains a challenge and the probability of relapse is over 70%.  

 

Table 1: Number of deaths directly or indirectly related to IBD in the United States in 2004 

 

Everheart J.E. – The burden of digestive diseases in the United States -2004 

 

1-2- The Intestinal Immune System and Inflammation  

 

IBD is characterized by an uncontrolled inflammation resulting from an inappropriate 

and persistent activation of the mucosal immune system. Both environmental factors and 

genetic predispositions have been implicated in the pathogenesis of IBD (Xavier and 

Podolsky, 2007).  The precise causes of IBD remain mostly indeterminate and current 

research suggests that an inappropriate and persistent immune response against 
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commensal intestinal bacterial flora plays a pivotal role in the pathogenesis of chronic 

IBD (Sartor, 2008). The activation of the mucosal immune system is essential to 

counteract potentially harmful pathogens. However, the control of such responses is 

necessary to avoid an inappropriate immune response against self- or harmless antigen. 

Disruption of any of the specific immune defense and regulatory mechanisms may lead to 

the development of chronic intestinal inflammation.  

 The intestinal lamina propria is composed of complex immune cell populations which 

balance the requirement for physiologic immune tolerance to luminal antigens and the 

necessity to defend against pathogens. The hallmark of active IBD is an aberrant mucosal 

infiltration by the innate immune cells: primarily neutrophils, macrophages, dendritic 

cells and adaptive immune cells: T and B cells. Such infiltration correlates with increased 

pro-inflammatory cytokine production such as TNFα, IL-1β, IFNγ, IL-12/23 p40 and IL-

17. CD4
+
 T cells (Th1, Th2 or Th17), and regulatory T cells (nTreg, iTreg; Tr1 and Th3) 

orchestrate intestinal immune responses. Effector T cells are critical for the defense 

mechanism against pathogens. Regulatory T cells are playing an important role in 

limiting the expansion and overactivity of CD4
+
 effector T cells. IBD seems to be due to 

either an excessive activation of effector T cells and/or alteration of T cell mediated 

tolerance mechanisms through defects in the development or function of Treg or 

alteration in their immunosuppressive abilities (depicted in Figures 1 and 2). 

 Oral Tolerance is the key mechanism by which intestinal homeostasis is maintained.  

The term ―oral tolerance‖ refers to the state of active hyporesponsiveness to dietary 

antigens and commensal enteric bacteria or substances administrated orally. Oral 



21 

 

tolerance evolved to treat external agents that gain access to the body via a natural route 

as internal ―self‖ components. CD4
+
 T cells as well as CD8

+
 T cells, dendritic cells and 

other cell types are involved in oral tolerance. Feeding soluble proteins to rodents 

dampens the subsequent response to systemic challenge with the same protein. This 

systemic hyporesponsiveness to soluble proteins is induced in the mesenteric lymph 

nodes (MLNs) after migration of antigen-loaded DCs from the intestinal mucosa and as a 

result to direct inactivation of antigen-specific T cells.  

A dysregulation of microbial-epithelial contact, of the symbiotic nature of the 

intestinal host-microbial relationship, and an aberrant and persistent immune response are 

the fundamental processes involved in Inflammatory Bowel Disease. 
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Figure 1: Intestinal immune response in steady-state condition, 

 adapted from (Abraham and Cho, 2009) 
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Figure 2: Innate and Adaptive immune response in Inflammatory Bowel Disease, 

adapted from (Abraham and Cho, 2009) 
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1-2-1- Luminal Microbiota  

The intestinal microbiome controls the development of the intestinal immune 

system, as well as immune tolerance. It also supplies essential nutrients, modulates 

energy metabolism and participates in epithelial cell exfoliation.  

At least 200-300 different colonic species from 1,800 genera representing 

between 15,000 and 36,000 individual bacteria species constitute the total microbial load 

in the intestine (Sartor, 2008). In other terms, the lumen of the distal ileum and the colon 

contains 10
14

 bacteria, whereas our body is constituted of ―only‖ 10
12

 cells. Therefore, 

this extremely complex microbiota provides an important source of potentially 

detrimental microrganisms, antigens and ligands that can activate the innate and adaptive 

immune responses. In fact, CD and UC only develop in the distal ileum and the colon, 

where bacteria reach their highest concentration.  The pathogenic role of commensal 

bacteria in IBD was implicated by the fact that most germ-free colitis-susceptible rodents 

have no intestinal inflammation or immune activation but rapidly develop the disease and 

pathogenic immune responses after colonization with specific pathogen free enteric 

bacteria (Sellon et al., 1998).  

The various potential mechanisms by which enteric bacteria can induce chronic 

immune-mediated intestinal injury and inflammation are described as follows (Sartor, 

2008): 

 Pathogens or altered commensal bacteria, which display an increased epithelial 

adherence, invasion or survival, can promote bacterial stimulation of the innate and 

adaptive immune system.  
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 Atypical composition of the luminal microflora: A decreased amount of ―protective‖ 

bacteria, associated with an increase in the amount of pathogenic bacteria, antigens and 

the production of toxic metabolites, can induce a pathogenic immune response and can 

increase mucosal permeability. 

 Defective host containment of commensal bacteria, defective secretion of IgA and 

antimicrobial peptides can leads to bacterial overgrowth. Defective intracellular bacterial 

killing can also promote intracellular bacteria persistence and ineffective clearance of 

bacterial antigens. Increased bacterial translocation fosters TLR activation by bacterial 

ligands which further activate pathogenic immune responses. 

 Defective host immunoregulation: Dysregulated innate and adaptive immune responses 

due to a lack of oral tolerance to microbial antigens can leads to persistent inflammation. 

 

Despite the previously described detrimental role of luminal bacteria in IBD, 

controlled host / bacteria interactions are essential to maintain homeostatic mechanisms 

within the GI tract (Sartor, 2008). The critical role of commensal bacteria-mediated 

homeostatic responses by epithelial cells is demonstrated by the potentiation of DSS-

induced colitis in germ free (Kitajima et al., 2001), TLR9
-/-

 (Lee et al., 2006), TLR4
-/- 

(Fukata et al., 2005), and mice deficient in Myd88, an adaptor protein required for TLR 

and IL-1 signaling pathway (Rakoff-Nahoum et al., 2004). Recently the protective role of 

bacteria-mediated NF-B activation in epithelial cells has been demonstrated by 

conditional ablation of NEMO (IKK) in epithelial cells, which leads to severe chronic 

intestinal inflammation (Nenci et al., 2007). 



26 

 

 

Specific pathogens have been postulated to contribute to the pathogenesis of IBD: 

 Mycobacterium avium subspecies paratuberculosis (MAP) causes chronic 

granulomatous ileitis (called Johne’s disease) in cattle with clinical manifestations similar 

to what is observed in CD. Although, it was tempting to speculate that Crohn’s disease-

related-NOD2 polymorphisms and associated defective innate immune mechanism would 

appear to favor MAP infection, it is unlikely that MAP is the causative agent in CD 

(Sibartie et al., 2010).  

 AIEC (adherent/invasive Escherichia coli) was demonstrated to persist within 

epithelial cells and macrophages. AIEC adhesion to intestinal epithelial cells is mediated 

by type 1 pili expression on the bacteria and by CEACAM 6 apical expression on 

epithelial cells. Pro-inflammatory cytokines such as IFN and TNF increase the 

expression of CEACAM 6, providing a mechanism for the preferential recovery of AIEC 

in the inflamed ileum of CD patients (Darfeuille-Michaud et al., 2004).  

  Clostridium difficile toxin has been shown to reactivate quiescent IBD (Issa et al., 

2007) and to induce acute experimental epithelial injury (Kim et al., 2007) . 

 Viral etiology and particularly measles virus has also been suggested in CD without 

conclusive evidence. Recently, the role of cytomegalovirus (CMV) in the pathogenesis of 

IBD has been investigated. CMV infection may affect mucosal immunity and potentially 

increases the risk to develop colitis (Onyeagocha et al., 2009). 
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1-2-2- The Innate Immune System  

Innate immunity is essential as a dynamic first line of defense against 

microorganisms and potentially harmful molecules.  

 

a- Intestinal Epithelium  

At the interface between the intestinal microflora and the associated-

gastrointestinal lymphoid tissue, the intestinal epithelium is not only serving as a physical 

barrier but is also playing an essential role in shaping the mucosal immune system and 

actively participates in the sensing of commensal and pathogenic bacteria. Under normal 

conditions, the intestinal epithelium, in association with overlying mucus layers, serves as 

a strict barrier between luminal content and the intestinal mucosa.  

 Specialized intestinal cells, goblet cells regulate mucin production. The mucus layer is 

composed of 2 different layers: the outer layer, which is colonized by bacteria and an 

inner layer as a protected zone from bacteria. Other specialized small intestinal epithelial 

cells, Paneth cells play a role in limiting bacterial penetration, by being strategically 

localized at the basolateral part of the crypt and by secreting microbiocidal proteins such 

as -defensin, lysozyme and C-type lectin; RegIII. Specific ablation of Paneth cells in 

mice leads to an increased bacteria translocation (Vaishnava et al., 2008). Colonic 

metaplasia of Paneth cells has been observed in patient with UC.  Other antimicrobial 

compounds are produced by epithelial cells such as β-defensin and cathelicidins. 

 Intact tight intestinal barrier relies on intercellular junctions and tight junctions. In IBD, 

pro-inflammatory cytokines such as IFN and TNF have been shown to compromise 
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intestinal integrity (Colgan et al., 1994; Madara and Stafford, 1989; Schmitz et al., 1999). 

In an attempt to restore the disrupted epithelial barrier, IL-17 upregulation has been 

demonstrated to enhance barrier function (Kinugasa et al., 2000).  

 The ability of intestinal epithelial cells to perform the function of competent APCs 

(antigen presenting cells) is critical for intestinal immunoregulation. It has been 

demonstrated that epithelial cells could take up luminal soluble protein and that most of 

this uptake could be done either by fluid phase pinocytosis or by FcR mediated-protein 

capture. Processed antigen can be presented by epithelial cells is association with 

different MHC-I molecules:  MHC-I related chains A and B (MICA and MICB), 

expressed by stressed epithelial cells or another MHC-I related molecule, CD1d which 

activates a particular subset of NK-T cells (Mayer, 2000). Intestinal epithelial cells, 

which lack conventional co-stimulatory molecules such as CD80 and CD86, may 

function as efficient APC for CD4
+
 and CD8

+
 T cells via novel co-stimulatory molecules 

B7H and B7H1 (Nakazawa et al., 2004). 

 Epithelial cells are also responsible for conditioning the local environment via the 

secretion of particular chemokines and cytokines such as IL-8, ENA-78, Gro attracting 

neutrophils and RANTES, MIP-1 and MCP-1, attracting mostly T cells and 

macrophages. Several other types of epithelial dysregulation have been implicated in 

IBD, including defects in epithelial cell development and proliferation, cell-matrix 

adhesion, endoplasmic reticulum stress and epithelial restitution after injury (Abraham 

and Cho, 2009). 
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b- Pattern Recognition Receptors  

Innate immune response is mediated by pattern recognition receptors (PRRs); 

Toll-like receptors (TLR) and NOD-like receptors (NLR), which provide the first 

mechanisms of recognition of Pathogen Associated Molecular Pattern (PAMPs). Those 

recognized patterns are found on most of the noneukaryotic organisms and binding of 

PAMPs to their associated receptors activate signaling cascades that include AKT, PI3K 

and MAPK pathways and ultimately leads to activation of NF-B, which controls the 

expression of most inflammatory mediators including IL-12 and IL-23. Those pathways 

are inhibited by the induction of inhibitory molecules such as PPAR, A20, IFN/, IL-

10, TGF or eicosanoids (PGE2, lipoxins). 

 Ten TLRs have been identified in human. Among those, TLR2 binds peptidoglycan 

from Gram-positive bacteria, TLR4 recognizes bacterial lipopolysaccharide, TLR5 

flagellin and TLR9 CpG motifs of bacterial DNA.  TLR can be inducible or 

constitutively expressed by many different cell types along the intestinal GI tract, where 

they are localized to the basolateral membrane of mature as well as immature epithelial 

cells and on immune cells, such as T cells, macrophages and dendritic cells. Particular 

cell types express individual subsets of TLRs at different strategic anatomical locations. 

Therefore, TLR expression can be modified depending upon the state of cell activation 

and differentiation. TLR4 seems to be mostly expressed by epithelial cells in the distal 

colon and TLR2 generally in the proximal colon. MyD88, on the other hand, is expressed 

throughout the gastrointestinal tract. TLR2 and TLR4 are present only in small amounts 

in IEC in vivo, and PRR expression is restricted to the bottom of the crypt in normal 
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conditions (Ortega-Cava et al., 2003). The expression of TLR2 and 4 is lost as IEC 

mature and move toward the gut lumen consequently limiting the recognition of luminal 

bacteria in healthy intestine (Furrie et al., 2005).  In addition, mature epithelial cells are 

minimally responsive to LPS because of the low expression of TLR4 and CD14 (Abreu et 

al., 2001). TLR signaling in IEC directs the production of antimicrobial peptides and 

increases the migration of adjacent lamina propria immune cells (Vora et al., 2004). 

Dysregulation of PRR signaling in IECs is a crucial pathogenic factor in the development 

of chronic intestinal inflammation. Breaks in the intestinal barrier associated with 

translocation of antigen/PAMPs orchestrate an inappropriate immune response and 

initiate or maintain chronic intestinal inflammation.  

TLR2 and TLR4 have been shown not to be constitutively expressed in the intestinal 

biopsies from healthy individuals. However, TLR4 expression is increased in the small 

intestine of patient with CD/UC (Cario and Podolsky, 2000). It has also been recently 

suggested that TLR5-mediated pathways are playing a role in IBD pathogenesis (Gewirtz 

et al., 2006). Primarily expressed in Paneth cells and epithelial cells, TLR9 can activate 

intestinal epithelial cells to produce IL-8 and TNFand it has been proposed that TLR9 

and NOD2 interaction is lost in CD patients further altering downstream mucosal 

immune responses involved in the maintenance of gut homeostasis (van Heel et al., 

2005). 

 Member of the PRR receptor family, NOD2 is involved in bacterial protein muramyl 

dipeptide (MDP) sensing and clearance, and is involved in the control of the 

inflammatory response via MAPK and NF-κB regulation (Hugot et al., 2001), which 
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subsequently regulate the expression of many pro-inflammatory cytokines central to IBD 

pathogenesis such as TNF, IL-1, IL-6 and IL-8 in macrophages and DC. The role of 

NOD2 in the pathogenesis of IBD is described in more detail in paragraph 1-3. 

   

c- Macrophages 

The GI tract is the largest reservoir of macrophages in the body. Intestinal 

macrophages regulate the inflammatory responses to bacteria and antigens that breach the 

mucosal barrier, protect the mucosa against pathogens and phagocytose dead cells and 

foreign debris. Under physiological conditions, lamina propria macrophages are 

maintained in a non-inflammatory phenotype and do not respond to bacteria-derived 

compounds: human intestinal macrophages do not express CD14, a molecule known to 

be required for the recognition of TLR4 ligands. However, pathogen-stimulated 

macrophages release major pro-inflammatory cytokines and chemokines such as IL-6, 

IL-12, TNFand IL-8allowing for therecruitment of additional monocytes and effector 

cells and therefore participate in the amplification of the inflammatory process (Smith et 

al., 2005). 

 

d- Neutrophils  

One of the hallmarks of IBD is the recruitment and the activation of neutrophils to 

the site of inflammation and injury. Although effective host defense requires a controlled 

inflammation and the destruction of invasive pathogens by PMNs, aberrant and persistent 

inflammatory process mediated by PMNs leads to the reduction of epithelial barrier 
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function, perpetuation of inflammatory processes and tissue destruction via oxidative 

damage and the release of proteases  (Reaves et al., 2005; Wiedow and Meyer-Hoffert, 

2005). Therefore, IBD severity is directly correlated with the rate of neutrophil 

transepithelial migration into the mucosal epithelium and their accumulation in the 

intestinal lumen, followed by the formation of crypt abscesses (Chin and Parkos, 2007). 

PMNs are the first cells recruited at the inflammation site. These cells play a key 

role in the innate immune response by recognizing, ingesting and destroying many 

pathogens and orientate the nature of the adaptive immune response. Produced in the 

bone marrow, PMNs migrate to the tissue through the circulatory system. Activated 

PMNs adhere and roll along blood vessel endothelium. Then, neutrophils transmigrate 

between tightly apposed endothelial cells in a process called diapedesis. In the tissue, 

pro-inflammatory cytokines and chemokines guide PMNs to the active site of 

inflammation. Then, activated PMNs interact with epithelial cell basolateral surfaces, via 

CD11b/CD18 binding which facilitate PMNs’ passage through the paracellular space. In 

the lumen, PMNs are stabilized at the injury site by binding to the apical adhesion 

molecules and efficiently destroy and phagocytose pathogens by engaging the respiratory 

burst mechanism via NADPH oxidase activation. Excessive release of free radicals as 

well as the release of proteases associated with a persistent accumulation of neutrophils 

further enhance the reduction of epithelial barrier function, increase permeability, 

perpetuate the inflammatory processes and tissue destruction in the already compromised 

host (Figure 3). 
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Figure 3: Neutrophil and IBD 
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e- Dendritic cells 

Dendritic cells are implicated in both the maintenance of tolerance towards the 

commensal bacterial flora and the generation of protective immune response against 

pathogens. The impressive flexibility of the mucosal dendritic cell population allows for 

an accurate sensing of the local environment and the initiation of signals that shape the 

nature of the ensuing immune response. DCs are involved in luminal antigen sampling 

and in normal conditions, then directing T cells and B cells toward a non–inflammatory 

state necessary to maintain intestinal homeostasis.  

Various subpopulations of DCs are present in the small intestinal and colonic 

mucosa. Intestinal DCs are able to produce higher levels of IL-10 compared  to splenic 

DCs. CD11b
+
 DCs produce IL-10 and prime Th-2 type T cells whereas CD8

+
 and 

CD11b
-
CD8

-
 DCs in the Peyer’s Patches (PP) were shown to secrete IL-12, driving the 

production of IL-2 and IFN by T cells (Coombes and Powrie, 2008). 

 Dendritic cells are located beneath the epithelial dome of specialized intestinal 

lymphoid structure; Peyer’s Patches, and are sampling bacteria that penetrate the inner 

mucus layer, coming in close proximity to the mucosal surface.   

DCs can sample antigens by 3 different ways either (1) specialized M cells transcytosed 

antigen that can be taken up by DCs, (2) antigen can be transported into the lamina 

propria or (3) antigens can be sampled directly from the lumen by projecting dendrites.  

 In steady-state, tolerogenic DCs constitutively carry antigen from commensal bacteria 

or apoptotic IEC to the MLN. This constitutive antigen presentation is important for the 

maintenance of intestinal homeostasis as demonstrated by studies in which impaired 
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trafficking of DCs (CCR7
-/-

 mice) resulted in defective tolerance to oral antigen (Worbs 

et al., 2006). Dendritic cells are also playing a role in promoting Tregs in the periphery: 

in vitro culture of CD103
+
 DC and TGF induced the conversion of naïve T cells to 

Foxp3 expressing Treg (Coombes et al., 2007). Intestinal dendritic cells have also been 

implicated in isotype class switching to IgA in B cells via retinoic acid production (acid 

form of vitamin A) (Coombes and Powrie, 2008). 

 Although essential in maintaining gut homeostasis and oral tolerance, DCs are also 

directly contributing to the pathogenesis of IBD.  DC ablation has been shown to 

ameliorate DSS-induced colitis (Berndt et al., 2007). Invasion of the intestinal mucosa by 

pathogens leads to the activation of cytosolic pattern recognition receptors and enhanced 

production of chemokines and pro-inflammatory cytokines by DC. In CD, intestinal DCs 

have been shown to express higher levels of TLR2 and TLR4 and are more potent 

producers of IL-6 and IL-12 (Hart et al., 2005). 

 

1-2-3- The Adaptive Immune System 

Although innate immune responses seem to be an essential prerequisite for the 

activation of the immune response, the adaptive immune response is the major driver of 

tissue-mediated injury and aberrant and persistent inflammatory response. A combination 

of resident and recruited cells is implicated in the second phase of the immune response 

(Figures 1 and 2).   
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a- NKT cells  

 Invariant NKT cells (iNKT) cells express an invariant TCR-chain and respond to 

GalCer (-galactosylceramide, glycolipid antigen) in the context of CD1d. iNKT cells 

have the ability to deviate conventional naïve T cells towards Th-1 or Th-2 through the 

secretion of IL-4, IL-10, TGF or IL-13. iNKT cells have been shown to be the major 

driver for the development of oxazolone-mediated colitis (Nieuwenhuis et al., 2002).  

 Another type of NKT cells, called non-classical CD1d-restricted NKT cells (i.e., NKT 

cells that do not express an invariant TCR) has been shown to drive Th-2 response in UC 

via the production of IL-13  (Fuss et al., 2004). 

 

b- CD4
+
 effector  T cells 

The importance of T cells in colitis has been demonstrated by adoptive transfer 

experiments: injection of total peripheral T cells from normal WT animals into SCID 

mice does not induce intestinal inflammation, whereas administration of naïve CD4
+
 

CD45RB
high

 T cells in SCID or RAG mice induces severe colitis. This model of colitis is 

dependent on the presence of bacteria as it does not occur in germ-free conditions (Izcue 

et al., 2006). It is believed that the pathogenesis of CD and UC involved an excessive 

activation of mucosal T cells leading to aberrant inflammation.  

 The cytokine milieu determines the balance between the different subsets of T helper 

cells Th-1 and Th-2. Traditionally, CD was characterized mostly by Th-1 T cell 

phenotype secreting IFN which was induced by IL-12/IL-27 differentiation pathway. 

UC was thought to be mediated by Th-2 T cells, associated with IL-4, IL-5 and IL-13 
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production.  However, in recent years and according to the current literature, the Th-1-

Th-2 paradigm  has been contested. Evidence from mouse model of colitis demonstrates 

that both Th-1 and Th-2 responses can contribute to CD depending on the disease stage. 

In SAMP1/YitFc mouse model of CD, disease initiation is mediated by Th-1 and IFN - 

TNF production, but the establishment of chronic inflammation is dependent upon Th-2 

and IL-5, IL-13 secretion. On the other hand, anti-TNF treatment demonstrated efficacy 

in both CD and UC, suggesting the possible implication of Th-1 in UC (Rutgeerts et al., 

2005). 

 Recent studies have also identified the role of Th-17 cells in the adaptive immune 

response in IBD. Th-17 subset differentiates from naïve T cells in the presence of IL-6 

and TGF, and secretes IL-17 and IL-22. IL-23 is important in the maintenance of Th-17 

cell lineage. Elevated IL-17 and IL-22 levels have been found in the mucosa of UC and 

CD patient (Fujino et al., 2003). 

 ―Innate like‖ lymphocytes: principally T cells provide signals that enhance barrier 

function. Intraepithelial T cells intercalate between intestinal epithelial cells on the 

basolateral side of the epithelial tight junctions. They respond to epithelial insult by 

secreting epithelial growth factor (EGF) that promotes epithelial repair (Chen et al., 

2002) and by producing pro-inflammatory cytokines and antimicrobial factors (Ismail et 

al., 2009) thereby playing an important role in limiting bacteria penetration. 
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c- CD8
+
  effector T cells 

While CD8
+
 T cells are playing an important role in the destruction of virus 

infected cells and tumor cells, their role in colitis remains unclear and has not been 

extensively studied.  In a model of DSS-induced colitis, IFN-producing CD8
+
 T cells 

have been shown to induce relapsing colitis in mice suggesting that the cytolitic function 

of CD8
+
 T cells against epithelial cells may play a role in the initiation of the 

inflammatory process (Nancey et al., 2006). 

 

d- Regulatory T cells and Regulatory Cytokines  

 Naturally occurring Tregs (nTreg) have the ability to recognize both self antigens and 

foreign antigens and play an important role in the maintenance of self-tolerance and 

prevention of chronic immune stimulation in IBD (Sakaguchi, 2004). Mice lacking 

Foxp3 (Forkhead box P3, transcription factor directly involved in the commitment and 

maintenance of Treg lineage) develop fatal multiorgan failure inflammation (Fontenot et 

al., 2003). After exiting the thymus, Tregs can migrate to the GI tract where they can 

prevent inappropriate immune responses. CD4
+
CD25

+
Foxp3 expressing regulatory nTreg 

cells co-transfer with naïve CD4+ CD45RB
high

 T cells prevents colitis (Powrie et al., 

1993).  

 Naïve CD4
+
 T cells can differentiate into Induced Tregs (iTreg) when activated by 

transient TCR stimulation or TCR stimulation in the presence of TGF and IL-2. iTreg 

cells participate in colitis prevention. iTregs include different subsets: TGF-secreting 

Th3 and IL-10 producing Tr1. IL-10 secreting Tregs are induced following mucosal 
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administration of antigen (Burkhart et al., 1999). They are present in the gut mucosa and 

are able to inhibit any pathogenic responses to the normal flora (Cong et al., 2002). 

 The exact mechanism of immune suppression may involve cell/cell contact, IL-10 and 

TGF or the expression of CTLA4. Recent data demonstrated the critical role of luminal 

microflora in the generation and/or expansion of the Treg cell pool (Strauch et al., 2005).                                  

  A population of CD8
+
 Treg cells; CD8

+
 and CD8

+
 cells  have been suggested to 

control the immune responses through a variety of regulatory mechanisms, including IL-

10 and TGF (Metwali et al., 2006). 

 

 Mucosal protection is achieved in part by immunosuppressive cytokines IL-10 and 

TGF. 

IL-10 has broad anti-inflammatory activities that inhibit antigen presentation as well as 

subsequent release of pro-inflammatory cytokines such as IFN and IL-2 by Th1 cells. 

The key role of IL-10 in mucosa homeostasis has been demonstrated as IL-10
-/-

 

spontaneously develop colitis in the presence of a triggering microorganism (Kuhn et al., 

1993). CD4
+
 T cells from the spleen or T-cell enriched lamina propria lymphocytes from 

IL-10
-/-

 transferred into RAG
-/-

 mice induce colitis, thus demonstrating the importance of 

IL-10 in the maintenance of mucosal homeostasis (Blum et al., 2004). IL-10 has been 

described to reduce cytokine and chemokine production by macrophages. 

TGF is another important pleiotropic regulatory cytokine. TGF inhibits Th-1 and Th-2 

differentiation and impairs CD8
+
 effector T cell function. TGF KO mice die a few 

weeks after birth from extended T cell-mediated multiorgan autoimmunity (Li et al., 
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2006). Indeed, TGF is important for intestinal homeostasis as well as oral tolerance: 

mice with defective TGF signaling pathway developed rectal prolapse and exacerbated 

intestinal inflammation (Yang et al., 1999).  

Although IL-4 is a stimulatory cytokine for both T and B cells, it has been shown to have 

an immunosuppressive effect in the intestine. TCR KO mice treated with IL-4 showed a 

decreased of Th-2 type cytokine production and increased expression of IFN, thus 

demonstrating the role of IL-4 in Th1-Th2 mediated-responses (Iijima et al., 1999). In 

addition, it has been shown that IL-4 decreases VEGF production by PBMC in patient 

with UC and CD (Griga et al., 2000). 

 

e- B cells 

The role of B cells in IBD has not been extensively studied even though intestinal B 

cell IgA production significantly contributes to mucosal protection. IgA can be 

transcytosed across the epithelium, limiting the number of mucosa-associated bacteria 

and preventing bacterial penetration of host tissues. IgA is therefore essential to maintain 

the compartmentalization of intestinal bacteria (Macpherson et al., 2008). 

Immunoglobulin-producing plasma cells are also an important source of autoantibodies 

against host cell proteins such as autoantibodies against perinuclear anti-neutrophil 

cytoplasmic antibodies (p-ANCA), which are produced in UC (Joossens et al., 2002).  
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1-3- Genetic susceptibility  

 

 As mentioned before, IBD results from the combined effect of inherited variant of 

gene(s) conferring a risk for the disease and of the environmental factors affecting the 

immune system, eventually leading to an aberrant and persistent inflammatory response. 

The concordance rate for CD is 50 to 60% among monozygotic twins (Tysk et al., 1988).  

 Over the past decade, a variety of candidate genes have been studied and the 

identification of the first locus linked the CD susceptibility, IBD1 on chromosome 16 was 

published in 1996 (Hugot et al., 1996). The most promising candidate gene for CD 

predisposition, identified as CARD15 (encoding NOD2), is expressed in mononuclear 

cells, dendritic cells, Paneth and epithelial cells. Member of the PRR receptor family, 

NOD2 is involved in bacterial protein muramyl dipeptide (MDP) sensing and clearance, 

and is involved in the control of the inflammatory response via MAPK and NF-κB 

regulation (Hugot et al., 2001). Three variants of the LRR regions including one 

frameshift and two missense mutations have been identified and suggest a defect in 

bacteria sensing/recognition in patients with CD (Ogura et al., 2001). NOD2 regulates the 

expression of many pro-inflammatory cytokines involved in IBD pathogenesis such as 

TNF, IL-1, IL-6 and IL-8 in macrophages and DC and regulates the production of 

antibacterial peptides, lysozyme, and defensins by epithelial and Paneth cells. The 

mechanisms by which NOD2 variants may contribute to the disruption of intestinal 

homeostasis is not completely understood. However, NOD2 variants might increase the 

risk of CD by causing hyporeactivity in some innate immune response mechanisms, 



42 

 

thereby forcing excessive responses in other pathways which disrupt the immune 

homeostasis. In CD patients, NOD2 mutation is associated with an increased intestinal 

permeability (Buhner et al., 2006). 

 IBD3 locus is located on chromosome 6p in the close proximity to the coding region 

for HLA/MHC genes. Studies have shown the association of several classical and non-

classical MHC alleles with IBD susceptibility (Ahmad et al., 2006). 

 Another susceptibility locus has been identified as IBD5 and is located in close 

proximity to several cytokines genes IL-3, 4, l5 and IL-13 as well as OCTN1 and OCTN2 

(organic cation transporter 1 and 2). Those transporters have been linked to an increased 

susceptibility to CD (Peltekova et al., 2004). 

 More recently, IL-23R mutations in IBD have been shown to be highly significant. IL-

23 is an important mediator of colitis in mice and Duerr et al. found that a variant IL-23R 

gene allele on chromosomes 1p31 is protective against CD (Duerr et al., 2006). 

 Lately, three different homozygous mutations in IL-10RA and IL-10RB genes have 

been identified. Those genes are encoding IL-10R1 and IL-10R2 proteins, which form the 

IL-10 receptor heterotetramer. IL-10R1 is expressed on a lot of immune cells and IL-

10R2 is mainly expressed on epithelial cells and keratinocytes. Loss of function 

mutations in both IL-10RA and IL-10RB can be found in patients with severe, early-

onset enterocolitis, consistent with the previously described IL-10 functions and the fact 

that lack of IL-10 disrupts homeostasis in the intestinal immune system. Glocker et al. 

described that severe IBD is most prominent in patients with IL-10R1 and IL-10R2 
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deficiency. Those findings are consistent with the severe colitis in mice lacking either IL-

10 or IL-10R (Glocker et al., 2009). 

Genetic associations implicated in increased susceptibility to IBD are illustrated 

in the following table (Table 2). 

 

Table 2: Genetic associations with Crohn’s Disease and Ulcerative colitis (Adapted from 

(Abraham and Cho, 2009) 

 

Genes 

Associated With  

Function CD UC 

Immune responses    

NOD2  + - 
Bacterial sensing (peptidoglycan) to activate signaling 

pathway 

 

ATG16L1 

 (autophagy-related-16 like) 

+ - Part of the autophagy complex 

 

IRGM 

 (immunity-related GTPase M) 

+ equivocal 
Role in autophagy and require for IFN mediated  

clearance of intracellular pathogens 

IL-23 / Th-17 pathway    

IL-23R + + Component of the heterodimeric IL-23 R 

 

IL-12B 

 ( interleukin-12B, p40 subunit) 

 

+ + Component of IL-23 and Il-12 cytokines 

STAT3 + + 
Major STAT downstream of various cytokines  

such as IL-6, IL-10, IL-17,IL-21, IL-22 and IL-23 
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CCR6 
 

+ 

- 

 

Cell-membrane protein mediating migration and  

recruitment of inflammatory cells 

MST1 + + 
Involved in macrophage chemotaxis and activation  

flowing pro-inflammatory signals 

IL-10 + + 
Immunosuppressive cytokine with a central role in  

regulating intestinal inflammation 

IFN - + 
Critical cytokine in innate and adaptive immunity  

against intracellular pathogens 

Other genes    

PTGER4  

(prostaglandin E receptor 4) 
+ - One of the receptors for the inflammatory mediator PGE2 

ZNF365 

 (Zinc finger protein 365) 
+ - Role in mitosis 

SLC22A4 (solute-carrier family 

22, organic cation transporter) 
+ equivocal Plasma membrane polyspecific organic cation transporter 

PTPN2 (T-cell protein tyrosine 

phosphatase) 
+ - Multiple interactions with STAT proteins 

MHC + + Distinct MHC II associations between UC and CD 

NKX2-3 

 ( NK2- transcription factor 

related, locus 3) 

+ + 
Homeodomain –containing transcription factor affecting 

lymphoid and spleen development 

PLA2G2E 

 (secretory phospholipase A2) 
- + 

Releases arachidonic acid from the membrane 

phospholilpids 
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1-4  Environmental factors  

 

Environmental factors are believed to be responsible for the growing incidence of 

IBD during the last half of the century.  Among the different environmental factors, 

smoking has striking opposite effect in UC and CD, as a risk factor in CD and as a 

protective factor in UC. Studies have aimed at finding a causal relationship between the 

diet and IBD. Although it is difficult to define the precise diet composition and its 

influence on inflammation in humans, there is significant evidence supporting the 

benefits of elemental diets as primary or adjuvant therapy in IBD. Among 

pharmaceuticals, NSAIDs and oral contraceptives are the two main classes of drugs that 

have been intensively studied in IBD, and NSAIDs were found to be associated with a 

higher risk of IBD.  

The hygiene hypothesis suggests that exposure to infections such as helminths 

during childhood may be beneficial in preventing inappropriate immune sensitivity later 

in life  (Maizels and Yazdanbakhsh, 2003). Although the impact of geographical, social, 

economical and occupational status on chronic intestinal inflammation is difficult to 

analyze, it seems that the ―westernization‖ process is linked to the emergence of IBD and 

to the increased occurence of IBD in both Europe and North America. As an example, 

outside workers have less risk for IBD compared to individuals with indoor occupation 

and sedentary workers. It is also believed that stress may modulate the disease 

manifestations in IBD patients (Collins, 2001). 
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1-5 Therapeutic strategy 

 

The current treatments consist of pharmacological therapies (glucocorticoids,  

antibiotics or immunosuppressants) frequently accompanied by surgical and nutritional 

interventions. Immunotherapies are increasingly used and include primarily antibodies 

directed against TNF and 4-integrin, and therapeutic strategies using anti-IFN, anti-

IL-12, anti-IL-2 receptor antibodies are currently being considered.  

Current therapeutic strategy: 

- 5- aminosalicylic acid and derivatives  

- Glucocorticoids   

- Antibiotics (metronidazole-ciprofloxacin) 

- Immunosuppressants (azathioprine, metotrexate, cyclosporine) 

- ―Immunotherapy‖: 

. Proinflammatory cytokines: TNFα: Anti-TNFα antibodies are used currently 

to treat IBD (Infliximab, Adalimumab, Etanercept; humanized TNFα receptor 2 antibody 

and Onercept; soluble human p55 receptor to TNFα). IL-12/23 p40: human IgG 

monoclonal antibody (ABT-874).  IFNγ: Fontolizumab; humanized IgG1 monoclonal 

antibody. 

. Adhesion molecules: Blocking the interaction between adhesion molecules on 

the circulating immune cells and their endothelial receptors can be used to reduce 

immune cell infiltration into the imflammatory sites (Natalizumab; recombinant 

humanized IgG4 monoclonal antibodies to α4 integrin, anti-α4β7 integrin antibodies, 
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inhibition of integrin activation by CCX-282B, anti-MadCAM-1 antibody and anti-β7 

integrin which blocks integrin interaction with VCAM1). 

.  Neutrophil chemotaxis: Considerable resources are currently being devoted by 

the pharmaceutical industry toward the development of small molecules which would 

interfere with neutrophil migration, particularly targeting major receptors for 

chemoattractants, such as CXCR2 and CXCR1.  

 . Immunosuppressive cytokines: Recently, the administration of IL-10 

producing bacteria such as genetically engineered IL-10 producing Lactococcus lactis 

bacteria has been considered (Steidler et al., 2000). The therapeutic potential of 

recombinant IL-10 (Tenovil) has been evaluated in IBD (Rosenblum et al., 2002). 

. Costimulatory molecules: Anti-CD3 and CD40/CD40 ligand have been 

investigated without establishing efficacy. 

. Probiotics: Probiotics are part of the emergent strategy which aims at 

re-equilibrating the luminal environment. Probiotics are living micro-organisms that 

positively influence the host by modulating mucosal and systemic immunity as well as by 

improving the nutritional balance in the GI tract. Therefore, probiotics can directly 

influence the growth of pathogens through the secretion of antimicrobial substances or 

induce the expression of protective molecules that enhance the mucosal barrier function. 

 . Helminths: Specific immunomodulatory effects of helminth infection have been 

studied in numerous models of inflammation and particularly in IBD. Helminth 

colonization reduced the expression of major proinflammatory cytokines and increased 

the production of immunosuppressive cytokines (Elliott et al., 2008; Elliott et al., 2004). 
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These currently available treatments present non-negligible side effects and 

sometimes severe complications. Corticosteroids are not effective for maintenance 

therapy and have irreversible side effects such as the development of corticoid 

dependency (Katz, 2004). Side effects of corticosteroids may include osteopenia, 

cataracts, hypertension and acne. Aminosalicylates may cause rash, headache and nausea. 

Immunosuppressant therapy has been proven effective in both CD and UC, but the main 

concerns are opportunistic infections (possible tuberculosis reactivation) and 

malignancies, particularly lymphoma (Reddy and Loftus, 2006). In addition, some 

patients develop an antibody response against biological drugs which can interfere with 

the pharmacokinetics of the drugs and limit the drug effects. Antibiotic treatment in turn 

may result in neuropathy, dysgeusia, nausea and fungal overgrowth.  

 

The new approaches targeting individual cytokines or adhesion molecules give 

promising results but their use may be limited due to its cost and restricted specificity. 

Therefore, the development of novel more cost effective multidimensional therapeutic 

strategies with fewer side-effects is in demand. 

 

1-6- Curcumin 

Natural products have extensive past, present and future use in the treatment of many 

diseases and can serve as compounds of interest in their natural form as well as templates 

for synthetic modification.  The frequency of use of natural products for the prevention 
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and/or treatment of numerous diseases can be assessed by the number and economic 

value of prescription. More than 25% of the drugs prescribed worldwide are coming from 

plants. Examples of significant drugs obtained from plant are digoxin (used for the 

treatment of cardiovascular disease), quinine and quinidine (use for the treatment of 

malaria), vincristine and vinblastine (mitotic inhibitor with anti-tumor potential), atropine 

(competitive antagonist  for the acetylcholine receptor), morphine or codeine (potent 

analgesic). More than 60% of anti-infectious and anti-tumor drugs on the market or in 

clinical trials are coming from plants. In addition, compounds such as cannabinoid, 

colchicine and phorbols esters, all obtained from plants, are critical tools used in 

pharmaceutical and physiological research (Rates, 2001).  

 

a- History  

Curcumin history goes back over 5,000 years, to the heyday of Ayurveda 

(―science of long life‖). The dried rhizome of a perennial herb Curcuma longa Linn., also 

called turmeric, has been used in Asian/Indian medicine for centuries. In Europe, 

turmeric was also named ―Indian Saffron‖ because of its color and taste. Turmeric was 

first reported in the writings of Marco Polo following his journey in China in 1280. In 

1842, Vogel was the first to isolate curcumin. In 1910, Milbedzka and Lampe determined 

its structure (Milobedzka, J et al Curcumin. 1910.  Ber.Dtsch.chem Ges. 43: 2163-2170) 

and curcumin was first synthesized in 1913 (Lampe, V et al Curcumin. 1913.  

Ber.Dtsch.chem Ges. 46: 2235-2240). 

 

http://en.wikipedia.org/wiki/Competitive_antagonist
http://en.wikipedia.org/wiki/Muscarinic_acetylcholine_receptor
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b- Structure 

The active constituents of turmeric are curcuminoids and volatile oils, including 

tumerone, atlantone and zingiberene. The bright yellow color of turmeric is due to 

polyphenolic pigments, known as curcuminoids. The major curcuminoids present in 

turmeric are curcumin, demethoxycurcumin and bisdemethoxycurcumin. Curcumin is the 

most researched component and comprises 70-75% of the three curcuminoids. 

Curcumin [chemical name: (E-E)-1,7-bis (4-hydroxy-3-methoxyphenyl)-1,6-

heptadiene-3,5-dione], also called diferuloylmethane, has a molecular weight of 368.39, a 

melting point of 179-183°C  and chemical formula C21H20O6. Pure curcumin is an 

orange-yellow crystalline powder which is more soluble in ethanol, DMSO or acetone 

and is insoluble in water. Curcumin can be found in both enolate and bis-keto form, 

which coexist in an equilibrium. In neutral, acidic condition or in solid phase, the keto-

form is predominant and curcumin is a potent donor of protons. On the contrary, in 

alkaline condition, the enolate form is predominant and the phenolic part of curcumin 

plays the role of electron donor. 

 

 

 

Figure 4: Chemical structure of curcumin 
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c- Biological properties 

The chemopreventive potential of curcumin has been recently extensively 

reviewed. In addition, curcumin has been described to regulate the activity of several 

enzymes via direct interaction (e.g.; COX2, 5LOX, iNOS) and via modulating gene 

transcription through the inhibition of transcription factors (e.g; NF-B, AP-1, Egr-1, 

STAT-3) and the related signaling pathways. Curcumin’s health benefits have been 

demonstrated in various experimental animal models and in human clinical trials. 

Curcumin contributes to reduce blood cholesterol, to inhibit platelet aggregation and 

myocardial infarction, to dampen symptoms associated with type II diabetes, to reduce 

complications of rheumatoid arthritis (RA), multiple sclerosis and Alzheimer’s disease. 

Curcumin was shown to be effective in acute as well as chronic models of inflammation. 

The potential usefulness of curcumin in the treatment of IBD was suggested by studies in 

chemically induced rodent models of colitis with significant improvements in mortality, 

colonic morphology, local cytokine and chemokine production and neutrophil infiltration 

(Jiang et al., 2006; Salh et al., 2003; Sugimoto et al., 2002; Ukil et al., 2003). Results 

obtained in our laboratory in chemically-induced mouse model of colitis also indicate that 

dietary curcumin significantly increases survival and normalized the indices of the 

disease (Billerey-Larmonier et al., 2008). Morevover, curcumin has been demonstrated to 

be a promising safe medication for maintaining remission in patients with quiescent 

ulcerative colitis (Hanai et al., 2006). However, published clinical studies of potentially 
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therapeutic or preventive effects of curcumin in CD are generally lacking (Holt et al., 

2005) . 

 

d- Bioavailability 

Curcumin has been shown in various animal models and human studies to be 

extremely safe even used at very high doses (Cheng et al., 2001; Lao et al., 2006; 

Shankar et al., 1980; Shoba et al., 1998).  In addition, curcumin displays very low 

bioavailability with poor absorption and rapid metabolic elimination (Anand et al., 2007). 

The highest achieved peak serum concentration in the peripheral blood after a single oral 

dose (12g) in human patient reached only 51.2 ng/mL (Lao et al., 2006). Therefore, the 

bioavailability of oral curcumin is low partly because 40-65% of curcumin passes 

through the gastrointestinal tract unchanged. Most of the absorbed curcumin is 

metabolized via glucuronidation to glucuronide and glucuronide/sulfate metabolites in 

the intestinal mucosa and the liver. The reported low bioavailability of curcumin after 

oral administration may be viewed as an advantage or disadvantage, dependent on the 

clinical perpective. Its drawbacks are obvious for disorders for which encouraging in 

vitro data have been obtained, but for which require optimal systemic drug delivery, wide 

tissue distribution, and sustained pharmalogical concentration in the blood plasma. On 

the other hand, it is likely that the very limited intestinal absorption and rapid metabolism 

underlies the lack of curcumin’s systemic toxicity. Moreover, tissue distribution studies 

show the most significant accumulation of curcumin in the intestinal mucosa not only 

after oral, but also after parental administration of the compound. These findings suggest 
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a tropism for the intestinal tissue and imply that the intestinal epithelium, intestinal 

mucosa and local microcirculation are the primary targets of orally administered 

curcumin.  

 

e- Immunoregulatory properties 

The immunological effects of curcumin have been reported in numerous 

publications (Jagetia and Aggarwal, 2007). Curcumin has been shown in many cell types 

to enhance the phagocytic activity of macrophages and natural NK cell function, to 

inhibit lymphocyte proliferation and to inhibit the immunostimulatory function of 

dendritic cells. Recently curcumin has been described as a proapoptotic agent in human 

neutrophils, via the activation of the p38 mitogen-activated protein kinase pathway (Hu et 

al., 2005). Curcumin has also been shown to reduce calcium ion flux induced by IL-8 in 

PMNs and to mediate changes in the membrane expression of CXCR1 and CXCR2, via 

the sequestration of these receptors in the vesicular compartment (Takahashi et al., 2007). 

In this paragraph, an overview of the current knowledge on curcumin modulatory effect 

is reported and is summarized in Table 3. 

 

Table 3: Immunoregulatory effect of curcumin adapted from (Gautam et al., 2007) 

 

T cells 

 

inhibition 

- Proliferation of human T cells induced by PHA, PMA, 

ConA, anti-CD28 

- Proliferation of human PBMC by PHA 

- IL-2, IFN expression  

- Proliferation of HTLV-1 infected T cells 
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stimulation 

- Increased CD3
+ 

T-cell numbers in the small intestinal  

mucosa ( no change in total number of IEL- no change 

in TCR distribution) 

 

B cells 

 

 

inhibition 

- Epstein bar virus-induced B cell proliferation 

- IgE production by rat splenic B cells 

stimulation 

- B-cell proliferation in intestinal mucosa in mice 

- Antibody titer after immunization with sheep red blood 

cells 

Macrophages 

 

inhibition 

 

- Of TNF- IL-12 production by LPS-treated monocytes 

- Abilities to activate CD4+ T cell to produce IFN 

- Of MCP-1 (Monocyte chemotactic protein) and IP-10 ( 

interferon inducible protein) 

- Of IL-8, mMIP1 and MCP-1 expression on LPS- 

stimulated monocytes 

stimulation 

- Phagocytic activity  

- Enhancement of ROS generation ability of 

macrophages and secretion of lysosomal enzymes 

Dendritic cells 

 

inhibition 

 

- Surface expression of CD80-CD86 and MHCII 

- Impaired production IL-12, IL-1 IL-6, TNF 

- Inhibition MAPK – NF-B 

- Interference with antigen handling and antigen 

presentation 

stimulation 
- Highly efficient in capturing Ag via the mannose 

receptor mediated endocytosis 

NK cells stimulation 
       -     Low dose enhances proliferation of  YAC-1 cells 

       -     Increases NK-cell cytotoxicity 
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PMN 

inhibition -  Inhibition IL-8 signal transduction ( CXCR1- CXR2 )  

stimulation         -     Induces  apoptosis  

 

 

1-7- General Goal 

The goal of the proposed research was to determine the potential modulatory effect of  

curcumin in IBD (CD and UC) by identifying the mechanism by which curcumin could 

interfere with the innate immune response (particularly with PMN function) and with the 

adaptive immune response (Th-1/Th-17 versus Th2) and therefore to elucidate the 

potential protective effect of curcumin in IBD.  

The accumulated body of knowledge about curcumin led us to formulate the 

following specific aims.  

 

1-8- Specific aims 

 

Part 1: Effect of curcumin on T cell mediated immune response 

 

 Specific Aim 1:  Test the efficacy of dietary curcumin in experimentally 

comparable models of chemically-induced colitis in two immunologically distinct 

strains, BALB/c and SJL/J  

Rationale: Dietary curcumin was shown to ameliorate chemically induced colitis in 

mouse models of IBD, improving survival rate, body weight loss and colonic 
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morphology. As discussed earlier (paragraph 1-3), IBD is strongly influenced by genetic 

predisposition. Therefore, we took those observations further and investigated the 

effectiveness of curcumin in two immunologically distinct models of chemically induced 

colitis. BALB/c mice, which are believed to exhibit a mixed Th-2 response (resembling 

human UC) and SJL/J mice, which exhibit a Th1-Th17 mediated inflammation 

(resembling human CD). 

Hypothesis: The effectiveness of curcumin in TNBS-induced colitis varies among 

different strains of mice with different propensities for immune dysregulation. We 

hypothesized that dietary curcumin may have differential effectiveness in different strains 

of mice and may be related to its effect on immune dysregulation (Th-1/Th-17 versus Th-

2).  

  Specific Aim 2: To analyze the effect of dietary curcumin in immune-based 

mouse models of Crohn’s disease: IL-10 KO 

Rationale: Based on the results obtained in specific aim 1, it was tempting to speculate 

that dietary curcumin may be of different value in CD and UC. Since curcumin has not 

been previously tested in more chronic immune-mediated models of IBD, we proposed to 

test its efficacy in an established animal model of CD offered by germ-free IL-10
-/-

 mice, 

in which IL-10 deficiency allows for the development of unrestrained activation of a Th-

1-Th17 mediated immune response after colonization of the gut with specific pathogen-

free microflora. This model represents a conjunction of several key factors implicated in 

the pathogenesis of IBD, which include genetic predisposition and loss of immune 
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tolerance to colonic commensal bacteria. If proven, curcumin’s limited efficacy in the 

setting of Th1-Th17 type inflammatory condition will need to be taken into consideration 

in planning further clinical trials with CD patients. 

Hypothesis: According to the previous hypothesis described in Specific aim 1, we 

hypothetized that curcumin might have limited efficacy in Th1-Th17 mediated colitis in 

IL-10 deficient mice.  

 

Part 2: Effect of curcumin on innate immune response and particularly on 

neutrophil function. 

 

The proposed specific aims have been divided into two categories reflecting different 

aspects of neutrophil biology: neutrophil polarization and chemotaxis and transepithelial 

cells migration associated with protease release. 

 

 Specific Aim 1:  To investigate the effect of curcumin on neutrophil motility 

Rationale: As mentioned before, curcumin displays a protective effect in several mouse 

models of IBD. This protection is accompanied by a dramatic reduction of neutrophil 

infiltration in the colon. However, little is known about the precise effects of curcumin on 

neutrophils. The obtained results will further improve our understanding of the 

mechanism of action of curcumin and its efficacy in the treatment of IBD and other 

chronic disorders. 
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Hypothesis: Considering the importance of the innate immune response and particularly 

of neutrophil-mediated tissue injury in IBD, these cells and associated molecules as well 

as related signaling pathways increasingly attract the attention as potential therapeutic 

targets. We hypothesize that curcumin may affect the recruitment of PMNs, consequently 

reducing the extent of mucosal damage in the settings of colitis. Curcumin may impair 

the function of mainly neutrophil motility thus contributing to reduce the extent of 

neutrophil recruitment in the mucosa in the settings of chronic colitis. 

 

 Specific Aim 2:  To analyze the effect of curcumin on neutrophil/epithelial cell 

interactions and determine the effects of curcumin on protease-mediated defects in 

epithelial integrity 

 

Rationale: While under physiological conditions and immune surveillance, low density 

transepithelial PMN migration is generally believed not to damage the integrity of the 

epithelial monolayer, neutrophil accumulation at the intestinal mucosal surface is a 

characteristic hallmark of many inflammatory conditions of the intestine. Epithelial 

injury, such as crypt abscesses, disease activity and patient symptoms have been shown 

to correlate with the histological finding of extensive PMN migration across the 

epithelium (Chin and Parkos, 2007). Moreover, various studies have indicated that high 

density PMN flux across epithelial monolayers mimicking active inflammation results in 

the disruption of epithelial permeability and produces multifocal wounds (Chin and 

Parkos, 2007). Consequently, massive migration of PMN results in the loss of epithelial 
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barrier function, in an increased luminal antigen penetration and subsequent perpetuation 

of the inflammatory response in IBD.  

Hypothesis: In addition to reduced neutrophil chemotaxis and chemokinesis, curcumin 

might also reduce neutrophil transepithelial migration and the associated tissue injury. 
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CHAPTER 2 

 

PROTECTIVE EFFECTS OF DIETARY CURCUMIN IN MOUSE MODEL OF 

CHEMICALLY-INDUCED COLITIS ARE STRAIN DEPENDENT. 
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2-1 ABSTRACT 

Background: Curcumin (diferulolylmethane) has been shown to have a protective role in 

mouse models of inflammatory bowel diseases (IBD) and to reduce the relapse rate in 

human ulcerative colitis (UC), thus making it a potentially viable supportive treatment 



61 

 

option. Trinitrobenzene sulfonic acid (TNBS) colitis in NKT-deficient SJL/J mice has 

been described as Th1-mediated inflammation, whereas BALB/c mice are believed to 

exhibit a mixed Th1/Th2 response. Methods: We therefore investigated the effect of 

dietary curcumin in colitis induced in these 2 strains. Results: In the BALB/c mice, 

curcumin significantly increased survival, prevented weight loss, and normalized disease 

activity. In the SJL/J mice, curcumin demonstrated no protective effects. Genomewide 

microarray analysis of colonic gene expression was employed to define the differential 

effect of curcumin in these 2 strains. This analysis not only confirmed the disparate 

responses of the 2 strains to curcumin but also indicated different responses to TNBS. 

Curcumin inhibited proliferation of splenocytes from naive BALB/c mice but not SJL/J 

mice when nonspecifically stimulated in vitro with concanavalin A (ConA). Proliferation 

of CD4
+
 splenocytes was inhibited in both strains, albeit with about a 2-fold higher IC50 

in SJL/J mice. Secretion of IL-4 and IL-5 by CD4
+
 lymphocytes of BALB/c mice but not 

SJL/J mice was significantly augmented by ConA and reduced to control levels by 

curcumin. Conclusions: The efficacy of dietary curcumin in TNBS colitis varies in 

BALB/c and SJL/J mouse strains. Although the exact mechanism underlying these 

differences is unclear, the results suggest that the therapeutic value of dietary curcumin 

may differ depending on the nature of immune dysregulation in IBD. 

 

2-2 INTRODUCTION 

Idiopathic inflammatory bowel diseases [IBD; Crohn's disease (CD) and ulcerative colitis 

(UC)] are defined as autoimmune diseases implicated in aberrant and persistent 
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inflammation of the bowel because of an excessive effector response or an insufficient 

regulatory response to commensal bacterial flora (Sartor, 2006). Both environmental 

factors and genetic predisposition have been implicated in the pathogenesis of CD and 

UC, although their precise contributions remain incompletely understood (Danese et al., 

2004; Fiocchi, 1998; Lawrance et al., 2001; Sartor, 2006). Although both CD and UC 

share a common basis in immune hyperresponsiveness to mucosal antigens, the 2 

diseases vary considerably. Crohn's disease is associated with a Th1/Th17 cell-mediated 

response mediated by IL-12 and IL-23, with concomitant increased production of IFN, 

IL-2, IL-18, and IL-17, (Fuss et al., 1996; Monteleone et al., 1997; Parronchi et al., 1997; 

Sartor, 2006) whereas ulcerative colitis is associated with an atypical Th2 response 

characterized by NKT secretion of IL-13 accompanied by increased production of IL-4 

and IL-5 (Fuss et al., 2004; Sartor, 2006) .  

Both in human IBD and in animal models of the disease, the development and 

persistency of inflammation depend partially on the activation and nuclear translocation 

of the NF-B complex. Although with somewhat different mechanisms, NF-B regulates 

transcription of both Th1/Th17-associated cytokines like IL-12 and IL-23 (Becker et al., 

2003; Hilliard et al., 2002; Plevy et al., 1997; Zhang et al., 2005) and the Th2 cytokines 

IL-4 and IL-13, (Das et al., 2001; Pahl et al., 2002) making NF-B an attractive 

therapeutic target in both CD and UC. In fact, decoy oligonucleotides containing NF-B -

binding sites were proven effective in both the prevention and treatment of murine Th1 

and Th2 models of hapten-induced colitis (Fichtner-Feigl et al., 2005). Curcumin 
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(diferulolylmethane) is also an emerging candidate drug targeting, among other 

pathways, the signaling events leading to NF-B activity (Jobin et al., 1999). The effects 

of curcumin on the immune response (both innate and adaptive) has been a subject of 

much attention in the past decade (Jagetia and Aggarwal, 2007). Curcumin has been 

identified as the most active constituent of turmeric and has been described as an anti-

inflammatory, antioxidant, proapoptotic, and antiproliferative compound (Bhaumik et al., 

2000; Joe et al., 2004; Kim et al., 2005; Yadav et al., 2005). In addition, this compound 

regulates the activity of several enzymes via direct interaction or can modulate gene 

transcription through the inhibition of transcription factors and signaling pathways 

(Sharma et al., 2005). Curcumin has been shown to play a protective role in chemically 

induced mouse models of IBD (Jian et al., 2005; Salh et al., 2003; Sugimoto et al., 2002; 

Ukil et al., 2003) and to reduce the relapse rate in human UC (Hanai et al., 2006).  

Colitis can be efficiently induced in mice using a rectally administered haptenizing agent, 

trinitrobenzene sulfonic acid (TNBS) in 50% ethanol, with the nature of the immune 

response to TNBS depending on the genetic background of the mice used. In BALB/c 

mice, TNBS colitis develops independently of IFN, with prominent Th2 responses in 

colonic patches and lesions (Dohi et al., 1999). Although Th1 response and IFN  has 

been implicated in the early deaths of TNBS-treated BALB/c mice, in later stages of the 

disease in this strain, expression of IFN mRNA in CD4
+
 cells is undetectable, whereas 

morphological changes in the colonic mucosa are reminiscent of those observed in 

ulcerative colitis (Bouma et al., 2002). In contrast, TNBS-induced colitis in SJL/J mice is 
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mediated by Th1-type T cells and is associated with high production of IL-12 and IFN. 

This response may be attributed to a susceptibility locus on chromosome 11 of SJL/J 

mice, associated with increased IL-12 responses to parenteral injection of LPS (Bouma et 

al., 2002). The importance of IL-12 and/or IL-23 was demonstrated by the efficacy of a 

single injection of anti-p40 antibody in preventing colitis (Fuss et al., 1999). Colitis in 

SJL/J mice can also be prevented by the administration of anti-CD40, blocking CD40-

CD40L interactions, which are crucial in Th1-mediated inflammation (Cong et al., 2000; 

Stuber et al., 1996). The key role of TNF in TNBS colitis in the SJL/J strain also 

confirms the importance of the Th1 pathway because TNF-deficient mice do not 

develop inflammation (Singh et al., 2005). The Th1-skewed response to TNBS in SJL/J 

mice is likely a result of a defect in NKT cells that have been implicated in IL-13 

production and associated with an atypical Th2 response in ulcerative colitis (Fuss et al., 

2004). SJL/J mice have drastically reduced the number of B220
-
/CD1d tetramer

+
 NKT 

cells (Singh et al., 2005) with defective T-cell-receptor-induced IL-4 production and 

absence of T cells expressing NK1.1 (Beutner et al., 1997).  

In this study, we investigated the effect of dietary curcumin in a concentration previously 

demonstrated as effective in BALB/c mice (2%) (Sugimoto et al., 2002) in the 2 strains 

of mice: SJL/J and BALB/c. This model of hapten-induced colitis allows the study of the 

initial event in the development of mucosal inflammation, associating the response to 

specific antigen (in the presence of ethanol) and the mucosal immune response leading to 

colonic inflammation. Our results indicate that in BALB/c mice, which exhibit a mixed 
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Th1/Th2 response, dietary curcumin significantly increases survival, protects from 

weight loss, and normalizes the indices of the disease, while remaining ineffective in 

Th1-skewed SJL/J mice. Using a genomewide microarray analysis of colonic gene 

expression, we identified a differential pattern of genes regulated by dietary curcumin in 

these two mouse strains. Moreover, in vitro, curcumin inhibits concanavalin A (ConA)-

induced proliferation of splenocytes from naive BALB/c mice but not SJL/J mice. The 

curcumin IC50 for CD4
+
 T-cell proliferation was 2-fold higher in SJL/J mice than in 

BALB/c mice. Our results therefore provide a side-by-side comparison of the 

effectiveness of curcumin in 2 immunologically distinct models of chemically induced 

colitis and may suggest potential differences in the usefulness of this compound in 

Crohn's disease and ulcerative colitis. 

2-3 MATERIAL AND METHODS 

▪ Curcumin 

Curcumin was isolated from commercially obtained turmeric powder, Curcuma longa L., 

Zingiberaceae, according to the unpublished method of Timmermann et al (Higuchi 

Biosciences Center, University of Kansas, Lawrence, Kan.; patent pending). Briefly, the 

method consists of 3 steps, 2 solvent extraction steps and a chromatography step, 

employing commonly used water-miscible and -immiscible solvents in industrial-scale 

processes. Quality control was performed by high-performance liquid chromatography 

(HPLC) using an Agilent system comprising an Agilent 1100 pump, a thermostated 

column compartment, a nonthermostated autosampler and diode array detector, a Luna 

C18 column (Phenomenex), and a guard column (SecurityGuard AJO-4287; 
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Phenomenex; Torrance, CA) with mobile phases A (500 L of acetic acid/L of Nanopure 

water) and B (500 L of acetic acid/L of acetonitrile). Detection was performed at 425 

and 250 nm with ChemStation for LC 3D, Rev. A. 09.03 (1417) for data acquisition 

(Agilent). Mass spectrometry (MS) analysis was performed with an Agilent 1100 HPLC 

system in tandem with an Agilent LC-MSD-Trap-SL ion trap mass spectrometer using 

MSD Trap Control 5.0 with LC/MSD Trap software 4.1 by Bruker Daltonic GmbH for 

data acquisition. 

▪ Animals and Diets 

Six-week-old male BALB/c and SJL/J mice (18-21g B.W.) were obtained from Harlan 

Laboratories (Indianapolis, Ind.) and maintained in the animal facility at the University of 

Arizona, College of Medicine. Mice were fed a control diet (NIH-31; Harlan Teklad, 

Madison, Wis.) or a diet supplemented with 2% curcumin. Diets were prepared daily by 

mixing powdered food with curcumin (2% final content) in a mortar until homogeneity 

was observed. Water (0.65 mL/g diet) with microwave-melted agar (0.1% final content in 

the diet) was subsequently added and mixed well, and the diet was divided into daily 

portions based on an estimated consumption of 5g of dry matter per mouse per day. The 

stability of curcumin in the diet was evaluated by HPLC. Aliquots (3× 200mg) of the diet 

were removed at times 0, 2.5, 5, 9, and 24 hours and immediately extracted with 5 mL of 

a 1:1 mixture of dichloromethane and methanol. Samples were injected into a Luna C18 

(2) column with a SecurityGuard AJO-4287 guard column (both from Phenomenex) and 

analyzed in an Agilent 1100 system with a diode array detector at 425 and 250 nm. The 

area under the curve (AUC) of the curcumin peak was calculated, averaged, and plotted 
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(Fig. 1). Feeding the 2 diets began 2 days prior to the administration of TNBS and 

continued for 7 days, until sacrifice. Mice were administered TNBS intrarectally (2 

mg/mouse in 50% ethanol) or phosphate-buffered saline as a control in a total volume of 

100L (3.5cm from the anal verge) using a 1-mL syringe fitted with a polyethylene 

cannula. Mice were then kept in a vertical position for 30 seconds before being returned 

to their cages. Body weight and mortality were monitored daily. Three experimental 

groups were used in both mouse strains: control diet/control enema, control diet/TNBS 

enema, and 2% curcumin diet/TNBS enema. An additional group of BALB/c mice fed 

the curcumin-supplemented diet for 9 days was included to study the effects of curcumin 

alone on colonic gene expression.  

▪ Histological Evaluation 

Proximal and distal colons from BALB/c and SJL/J mice were harvested and fixed in 

10% neutral buffered formalin (Fisher Scientific, Tustin Calif.) and paraffin embedded. 

Five-micrometer tissue cuts were stained with hematoxylin and eosin (H&E) for light 

microscopic examination. A veterinary pathologist blinded to the study design graded the 

sections by scoring them on a scale from 0 to 5. The scoring table was based on the 

criteria degree of lamina propria mononuclear cell infiltration, crypt hyperplasia, and 

architectural distortion, as previously described (Kiela et al., 2005). Proximal and distal 

colons were scored separately, and the sum of the 2 scores for individual mice was used 

for statistical analysis. Images from H&E-stained slides were obtained for documentation 

and presentation using a Zeiss Axioplan microscope fitted with a Nikon DS-Fi1 digital 

camera. 

http://www3.interscience.wiley.com/cgi-bin/fulltext/117886141/main.html,ftx_abs#FIG1#FIG1
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▪ Microarray Analysis of Colonic Gene Expression 

Colonic tissues (whole colon) from 9 mice randomly selected from each treatment group 

were pooled (3 per sample), and RNA was purified with TRIzol reagent (Invitrogen, 

Carlsbad, Calif.) to yield 3 pooled samples per group. Total RNA (100g) was cleaned 

up with an RNeasy Mini Kit (Qiagen) according to the manufacturer's protocol. RNA 

was evaluated by denaturing agarose gel electrophoresis, the 28S/18S rRNA ratio was 

calculated, and concentrations were adjusted according to densitometric analysis of the 

18S rRNA. Only high-quality RNA, as evaluated by the intactness of the ribosomal 

bands, was used for gene chip analysis. RNA samples were subsequently processed to 

yield biotinylated cRNA for hybridization to Affymetrix Mouse Gene Array Expression 

Set 430 (Affymetrix, Santa Clara, Calif.) according to the manufacturer's 

recommendations (Affymetrix; Expression Analysis Technical Manual) using reagents 

provided by Affymetrix [Gene Chip Sample Cleanup Module, T7-oligo(dT) primer, 

GeneChip IVT Labeling Kit] or Invitrogen (dNTP mix, SuperScript II Reverse 

Transcriptase, E. coli DNA ligase, E. coli DNA polymerase I, E. coli RNase H). 

Fragmented cRNA was mixed with control oligonucleotide B2 (Affymetrix), eukaryotic 

hybridization controls (Affymetrix), herring sperm DNA (Invitrogen), bovine serum 

albumin (Invitrogen), 2× hybridization buffer, and RNAse-free water. This hybridization 

cocktail was then applied to GeneChip Mouse Expression Set 430 (Affymetrix) and 

hybridized at 45°C for 16 hours while spinning at 53 rpm. The GeneChip Mouse 

Expression Set 430 provides comprehensive coverage of the transcribed mouse genome 

on a 2-array set with about 45,000 probe sets to analyze the expression of more than 
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39,000 transcripts and variants from more than 34,000 well-characterized mouse genes. 

Chips were immediately washed and stained with the GeneChip Fluidics Station 400 

(Affymetrix). SAPE and antibody solutions were prepared according to the 

manufacturer's recommendations (Affymetrix), and chips were washed and stained 

utilizing the EukGE-WS2v5 fluidics protocol. After the chips had been washed and 

stained, they were scanned with the GeneChip Scanner 3000 (Affymetrix). Obtained data 

were subsequently exported for analysis to GeneSpring v.7.0 (Silicon Genetics, Redwood 

City, Calif.). Stringent empirical and statistical analyses were employed to compare gene 

expression profiles between mice in different treatment groups, with a cross-gene error 

model based on replicates. Normalized data (per gene, per chip, and per sample, with 

healthy controls serving as a reference point) were serially filtered in the following order: 

selected genes flagged as present or marginal in at least 3 of 9 samples; selected genes 

up- or down-regulated at least 1.5-fold with P ≤0.05 (control versus TNBS, both on 

control diet; Student t test); and selected genes with P ≤0.5 according to ANOVA (with 

all 3 treatment groups) and significantly different between TNBS-treated mice on control 

or curcumin-supplemented diet [by Student-Newman-Keuls (SNK) post hoc test]. 

▪ Real-time RT-PCR 

Expression of selected genes based on the outcome of microarray analysis was 

independently analyzed by real-time RT-PCR. 200ng of total RNA was reverse-

transcribed using an iScript kit (Bio-Rad, Hercules, Calif.), and 10% of the RT reaction 

was used for real-time PCR analysis using TaqMan technology and commercially 

available primers from Applied Biosystems (Foster City, Calif.) with iQSupermix (Bio-
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Rad) and the iCycler optical PCR cycler (Bio-Rad). The resulting data were analyzed 

using the comparative Ct method as a means of relative quantitation of gene expression, 

normalized to an endogenous reference (TATA box-binding protein) and relative to a 

calibrator (normalized Ct value obtained from control mice), and expressed as 2
- Ct

, as 

described by the manufacturer (Applied Biosystems). 

▪ Lymphoid Cell Preparation and Stimulation by Concanavalin A 

Spleens of naive BALB/c or SJL/J mice were removed, and single-cell suspensions were 

prepared by gentle teasing. Cells were washed and resuspended in complete medium 

(RPMI 1640, Invitrogen, Carlsbad, Calif.) supplemented with 10% heat-inactivated fetal 

calf serum (Gemini Bio-products, West Sacramento, Calif.), 2mM L-glutamine, 50 

mg/mL of gentamicin (Sigma, St. Louis, Mo.), 100U/mL penicillin, and 100mg/mL 

streptomycin (Invitrogen, Carlsbad, Calif.). Red blood cells were lysed in a hypotonic 

buffer (BD Biosciences, San Jose, Calif.) and washed twice in a complete medium. CD4
+
 

cells were purified from the total population of splenocytes using magnetic separation 

and an autoMACS instrument according to manufacturer's instructions (Miltenyi Biotec, 

Auburn, Calif.). CD4
+
 T cells were selected using the DepletS program. Flow cytometry 

analysis (FACSCalibur; BD, Franklin Lakes, NJ) indicated that more than 95% of the 

selected cells coexpressed CD3 and CD4. Cells were cultured at a concentration of 10
6
 

cells/mL in 96-well flat-bottomed plates (BD Bioscience). Splenocytes or CD4
+
 T cells 

were nonspecifically stimulated in vitro with concanavalin A (Sigma) at a concentration 

of 5g/mL and treated with DMSO or increasing concentrations of curcumin (from 0.5 to 

5M) for 72 hours. In a separate series of experiments, cell culture supernatants were 
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collected and stored at -80°C for cytokine analysis. For the proliferation assay, cells were 

pulsed with 1 Ci/well [
3
H]-thymidine (MP Biomaterial, Costa Mesa, Calif.) after 56 

hours of culture and incubated for an additional 16 hours. Cells were then harvested using 

a 96-well Packard cell harvester, and radioactivity was measured on a Packard Beta 

Counter (Packard Biosciences, Meriden, Conn.). The curcumin IC50 was calculated for 

BALB/c and SJL/J CD4
+
 T cells or splenocytes stimulated with concanavalin A and 

treated with increasing concentrations of curcumin - 0.5, 1, 1.25, 2.5, and 5M -

 according to the [
3
H]-thymidine measurements. 

▪ Statistical Analysis 

Statistical significance was determined by the Student t test or analysis of variance 

(ANOVA) followed by the Fisher PLSD test using the StatView software package 

version 4.53 (SAS Institute, Cary, NC). Data are expressed as mean ± standard error of 

the mean. Microarray analysis was performed using GeneSpring GX 7.3 (Agilent 

Technologies, Santa Clara, Calif.) utilizing both empirical and statistical tools (t test, 1-

way ANOVA, Student-Newman-Keuls post hoc test) in the software package. 

▪ Ethical Considerations 

All methods used in this study were reviewed and approved by the Institutional Animal 

Care and Use Committee of the University of Arizona 
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2-4 RESULTS 

A- Purity and Stability of Curcumin 

The isolated curcumin was more than 97% pure as judged by HPLC (Fig. 1A) and 

completely devoid of coextracted curcuminoids, demethoxycurcumin and bis-

demethoxycurcumin, commonly detected as contaminants in commercial curcumin. Its 

melting point, elemental analysis, and molecular weight by MS and H-NMR were in 

accord with the structure (Fig. 1B). Organic extraction and LC-MS analysis indicated no 

apparent degradation of dietary curcumin within 24 hours (Fig. 1C). 

 

Figure 1. Purity and stability of curcumin used in the study. A: HPLC analysis of curcumin was 

performed as described in the Materials and Methods section. No contaminating curcuminoids 

(demetoxycurcumin, or bis-demetoxycurcumin), commonly detected as contaminants in 

commercial curcumin, were detectable in the preparation. B: Mass spectrometry (MS) analysis of 

curcumin. Its melting point, elemental analysis, molecular weight by MS, and H NMR were in 

accord with the structure. C: Chromatographic analysis of curcumin stability in the mouse diet 

did not indicate any degradation over a 24-hour period. A slight increase in the amount of 

extracted curcumin was observed between times 0 and 9 hours, possibly because of partitioning 

http://www3.interscience.wiley.com/cgi-bin/fulltext/117886141/main.html,ftx_abs#FIG1#FIG1
http://www3.interscience.wiley.com/cgi-bin/fulltext/117886141/main.html,ftx_abs#FIG1#FIG1
http://www3.interscience.wiley.com/cgi-bin/fulltext/117886141/main.html,ftx_abs#FIG1#FIG1
http://www3.interscience.wiley.com/cgi-bin/fulltext/117886141/main.html,ftx_abs#SEC1-1#SEC1-1
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of hydrophobic curcumin into the lipid phase of the diet, which was more accessible to the 

organic solvents used in the extraction procedure. 

 

B- Curcumin Significantly Increased Survival and Protected from Body 

Weight Loss in BALB/c But Not SJL/J Mice 

Both strains of mice responded to TNBS treatment with significant mortality, which 

reached 35% in BALB/c mice and 50% in SJL/J mice (Fig. 2A). This was accompanied 

by body weight loss, as great as 27% and 28% of body weight in the BALB/c and SJL/J 

strains, respectively (Fig. 2B). Two percent dietary curcumin administered in a 

preventive mode in settings similar to those described by Sugimoto et al (Sugimoto et al., 

2002) offered significant protection against TNBS-induced mortality in BALB/c mice but 

not SJL/J mice (Fig. 2A). Similarly, curcumin prevented significant body weight loss in 

TNBS-treated BALB/c mice, whereas body weight loss and recovery of SJL/J mice was 

not improved by the curcumin-supplemented diet (Fig. 2B).  

http://www3.interscience.wiley.com/cgi-bin/fulltext/117886141/main.html,ftx_abs#FIG2#FIG2
http://www3.interscience.wiley.com/cgi-bin/fulltext/117886141/main.html,ftx_abs#FIG2#FIG2
http://www3.interscience.wiley.com/cgi-bin/fulltext/117886141/main.html,ftx_abs#FIG2#FIG2
http://www3.interscience.wiley.com/cgi-bin/fulltext/117886141/main.html,ftx_abs#FIG2#FIG2
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Figure 2. A: Survival of TNBS-treated BALB/c and SJL/J mice fed control diet (dotted line) and 

2% curcumin-supplemented diet (solid line). Dietary curcumin significantly improved the 

survival of colitic BALB/c mice but not SJL/J mice. B: Body weight loss and recovery in control 

and TNBS-treated BALB/c and SJL/J mice fed the control or the 2% curcumin-supplemented 

diet. The curcumin diet prevented body weight loss in BALB/c mice but not SJL/J mice. 

 

D- Curcumin Improves Colonic Histology of BALB/c Mice But Not SJL/J 

Mice 

Colon sections were interpreted semiquantitatively in a blinded manner by a veterinary 

pathologist according to previously published critieria (Kiela et al., 2005), taking into 

account lymphocytic and neutrophilic infiltration, crypt hyperplasia, mucosal ulcerations, 

focal or multifocal transmural necrosis, penetration of the colonic wall, and exuberant 

subacute peritonitis encompassing the adjacent pancreatic tissue. The final histological 

score, depicted in Figure 3G, is the sum of the scores from the proximal and distal 

http://www3.interscience.wiley.com/cgi-bin/fulltext/117886141/main.html,ftx_abs#FIG3#FIG3
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segments of the mouse colon. Consistent with the effects on mortality and body weight 

loss, curcumin treatment resulted in statistically significant improvement in the histology 

score of BALB/c mice but not SJL/J mice (Fig. 3).  

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

Figure 3. Histological analysis (H&E staining) of colonic morphology in control and TNBS-

treated BALB/c and SJL/J mice fed the control or the 2% curcumin-supplemented diet. A-C: 

http://www3.interscience.wiley.com/cgi-bin/fulltext/117886141/main.html,ftx_abs#FIG3#FIG3
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BALB/c mice; D-F: SJL/J mice. G: Summary of histological damage scoring expressed as the 

sum of the scores from the proximal and distal segments of the mouse colon. Consistent with the 

effects on mortality and body weight loss, curcumin treatment resulted in statistically significant 

improvement of the histology scores of BALB/c mice but not SJL/J mice. 

 

D- Microarray Analysis of Colonic Gene Expression Revealed TNBS Colitis 

Alters Expression of Distinct Sets of Genes in BALB/c and SJL/J Mice 

Genomewide microarray analysis (MOE430 set; Affymetrix) of colonic gene expression 

in BALB/c and SJL/J mice was performed using GeneSpring GX 7.3.1 software 

(Agilent). Genes/probe sets were selected as follows: (1) present or marginal in 2 of 6 

samples (3 biological repetitions per treatment per strain), (2) expression increased or 

decreased at least 1.5-fold, (3) t test showing P < 0.05 between control and TNBS-treated 

mice. In the BALB/c mice, a total of 965 genes/probe sets were differentially expressed, 

whereas in the SJL/J mice, expression of 800 genes/probe sets was altered. The Venn 

diagram depicted in Figure 4 indicates a relatively small set of genes common to both 

strains, which were significantly altered by TNBS colitis, thus indicating the 2 strains had 

a significantly different response to a common haptenizing agent (TNBS).  

http://www3.interscience.wiley.com/cgi-bin/fulltext/117886141/main.html,ftx_abs#FIG4#FIG4
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Figure 4. Venn diagram depicting a difference in the colonic gene expression pattern in BALB/c 

and SJL/J mice in response to TNBS. The number of genes/probe sets up- or down-regulated at 

least 1.5-fold (P < 0.05, Student t test) in the BALB/c mice (blue and gray overlap) and the SJL/J 

mice (green and gray overlap) indicated a significantly different response to the same haptenizing 

agent, with a relatively small number of genes dysregulated in both strains. 

 

E- Colonic Gene Expression Profiles in BALB/c and SJL/J Mice Confirmed 

Differential Response to Curcumin 

The genes/probe sets identified in Figure 4 as induced or repressed at least 1.5-fold (P < 

0.05) in TNBS colitis were analyzed by 1-way ANOVA followed by the Student-

Newman-Keuls post hoc (SNK) test for all 3 groups of mice (control, TNBS, 

TNBS+curcumin). ANOVA identified 469 genes in the BALB/c mice and 211 genes in 

the SJL/J mice. Of these, 428 genes were significantly different (normalized) in the 

BALB/c mice according to the SNK test (91.3%), whereas only 41 genes/probe sets were 

different in the SJL/J mice (19.4%), shown in Figure 5A. Moreover, the expression 

pattern of genes/probe sets identified in the BALB/c mice by ANOVA and the SNK test 

(Fig. 5A) was very different in the SJL/J mice. A vast majority of the genes whose 

expression was normalized by curcumin in the BALB/c mice (Fig. 5B), were not affected 

http://www3.interscience.wiley.com/cgi-bin/fulltext/117886141/main.html,ftx_abs#FIG4#FIG4
http://www3.interscience.wiley.com/cgi-bin/fulltext/117886141/main.html,ftx_abs#FIG5#FIG5
http://www3.interscience.wiley.com/cgi-bin/fulltext/117886141/main.html,ftx_abs#FIG5#FIG5
http://www3.interscience.wiley.com/cgi-bin/fulltext/117886141/main.html,ftx_abs#FIG5#FIG5
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in the SJL/J mice (Fig. 5C). Further analysis of the differential response to curcumin 

among the 2 mouse strains focused on genes affected by TNBS colitis and normalized by 

curcumin in BALB/c but not SJL/J mice. To this end, we identified a subset of 116 

genes/probe sets whose expression was normalized by curcumin treatment in BALB/c 

mice (as determined by ANOVA and post hoc testing) but were not significantly altered 

in SJL/J mice (P > 0.05 between TNBS and TNBS/curcumin by SNK test). To gain 

insight into the functional relevance of the identified genes that were targets of strain-

specific effects of curcumin, this list of genes/probe sets was analyzed with the 

Functional Annotation Tool and the Database for Annotation, Visualization, and 

Integrated Discovery (DAVID), developed and maintained by the National Institute of 

Allergy and Infectious Diseases (http://david.abcc.ncifcrf.gov/) (Dennis et al., 2003). 

Biological process gene ontological analysis grouped these 116 genes/probe sets into 

several functional categories (P value ranging from 0.05 to 3.6 × 10
-09

), consistent with 

an inflammatory response (Fig. 6). On close inspection, this list consisted of 97 

nonredundant, well-characterized genes, a large number of which are known to be 

involved in the pathogenesis of inflammatory bowel diseases, with genes involved in the 

acute-phase response, cell adhesion, and the response to a biotic stimulus particularly 

overrepresented. Table 1 depicts genes selected from among the 97 with expression data 

demonstrating a differential effect of dietary curcumin in the BALB/c and SJL/J mice.  

 

 

http://www3.interscience.wiley.com/cgi-bin/fulltext/117886141/main.html,ftx_abs#FIG5#FIG5
http://david.abcc.ncifcrf.gov/
http://www3.interscience.wiley.com/cgi-bin/fulltext/117886141/main.html,ftx_abs#FIG6#FIG6
http://www3.interscience.wiley.com/cgi-bin/fulltext/117886141/main.html,ftx_abs#TBL1#TBL1
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Figure 5. A: Genes/probe sets dysregulated by TNBS colitis ( 1.5-fold, P < 0.05) in the 

BALB/c mice (965 genes) or the SJL/J mice (800 genes) were subjected to 1-way ANOVA 

followed by the Student-Newman-Keuls (SNK) post hoc test. Four hundred and sixty-nine 

genes/probe sets in the BALB/c mice and 211 in the SJL/J mice passed ANOVA. Of these, 428 

genes were normalized by curcumin treatment of the BALB/c mice (SNK, P < 0.05, TNBS 

versus TNBS/curcumin), but only 41 by curcumin treatment of the SJL/J mice. To demonstrate 

dramatic difference in the effect of curcumin in the 2 mouse strains, 428 genes from the SNK 

analysis of the BALB/c mice were plotted with their respective expression values from the 

BALB/c mice (B) and the SJL/J mice (C). 
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Figure 6. Gene ontology analysis using the DAVID Functional Annotation Tool 

(http://david.abcc.ncifcrf.gov/) of the 116 gene/probe sets (97 nonredundant well-characterized 

genes) whose expression was normalized by curcumin in BALB/c mice but not SJL/J mice based 

on post hoc analyses. Genes categorized based on biological process were grouped and ranked 

(threshold of 4, P < 0.05). Categories were sorted according to the EASE score, a modified Fisher 

exact P value. 

 

Table 1. Gene Expression Data (Fold Change Compared to Control Group) of the 97 

Nonredundant Well-Characterized Genes Whose Expression Was Normalized by Curcumin in 

BALB/c Mice and Not in SJL/J Mice Based on Post-Hoc Analyses -  

Genes were grouped based on their biological process assignment and sorted within groups based 

on fold-change in TNBS colitis in BALB/c mice. Asterisks next to gene symbols indicate genes 

selected and confirmed by real-time RT-PCR analysis. 

 

 

http://david.abcc.ncifcrf.gov/
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Gene Description BALB/c SJL/J 

 

  TNBS TNBS/Curcumin TNBS TNBS/Curcumin 

 

Acute-phase response     

   REG3A Regenerating islet-derived 3 alpha 109.00 6.67 37.70 67.10 

   REG3G Regenerating islet-derived 3 gamma 11.50 1.49 1.39 1.48 

   SERPINA3 Serine (or cysteine) peptidase inhibitor, clade a, 

member 3n 

10.60 0.89 3.06 5.51 

   REG3D Regenerating islet-derived 3 delta 8.85 1.04 14.30 24.50 

Cell adhesion FN1 fibronectin 1     

   THBS1 Thrombospondin 1 2.26 1.22 1.74 2.19 

   TNC* Tenascin c 2.25 1.08 1.45 2.12 

   COL1A2 Procollagen, type I, alpha 2 2.17 0.95 1.68 2.25 

   VCAN Versican 2.13 1.23 2.53 3.68 

   TGM2 Transglutaminase 2, c polypeptide 2.10 1.23 1.69 2.58 

   FBLN2 Fibulin 2 1.97 0.98 1.53 1.79 

   COL4A1 Procollagen, type IV, alpha 1 1.96 1.12 2.05 3.62 

   COL5A2 Procollagen, type V, alpha 2 1.93 1.12 1.60 1.92 

   EMB Embigin 1.74 1.13 2.02 2.86 

   COL4A2 Procollagen, type IV, alpha 2 1.74 0.97 1.62 3.15 

   ICAM1* Intercellular adhesion molecule 1 (CD54) 1.69 1.10 1.79 2.00 

   MADCAM1* Mucosal vascular addressin cell adhesion molecule 

1 

1.67 1.08 1.40 1.98 

   PDPN Podoplanin 1.65 1.12 1.53 2.02 

   CD47 cd47 Antigen (rh-related antigen, integrin-

associated signal transducer) 

1.64 1.07 1.28 1.73 

   COL5A1 Procollagen, type v, alpha 1 1.64 0.99 1.27 1.39 

   Thy Thymus cell antigen 1, theta 1.60 1.12 1.96 2.74 

  1.59 1.01 1.56 1.93 

Defense/immune/inflammatory response, response to biotic 

stimulus, response to wounding 

    

   S100A9 s100 Calcium binding protein a9 (calgranulin b) 62.80 3.09 48.90 101.00 

   Chi3l3* Chitinase 3-like 3 44.80 0.94 38.20 76.70 

   S100A8 s100 Calcium binding protein a8 (calgranulin a) 41.60 1.48 59.10 137.00 

   CXCL2 Chemokine (c-x-c motif) ligand 2 6.41 1.10 31.30 72.70 

   IL1B* Interleukin 1 beta 3.56 1.14 11.10 21.30 

   PTX3 Pentraxin-related gene, rapidly induced by IL-1 beta 2.98 0.94 3.11 7.16 

   LBP* Lipopolysaccharide binding protein 2.69 0.80 1.38 2.06 

   IL6* Interleukin 6 2.44 0.89 2.50 6.40 

   LILRB3 Leukocyte immunoglobulin-like receptor, subfamily 

b, member 3 

2.26 1.06 2.27 5.12 

   C3* Complement component 3 2.24 1.10 3.40 6.11 

   FCGR3A Fc fragment of IgG, low affinity IIIa, receptor 

(CD16a) 

2.06 0.86 1.42 2.82 

   CEBPB CCAAT/enhancer binding protein (c/ebp), beta 1.95 0.98 1.59 2.68 

   C1QB Complement component 1, q subcomponent, B 

chain 

1.90 1.13 1.88 2.16 

   C1QB Complement component 1, q subcomponent, B 

chain 

1.90 1.13 1.88 2.16 

   C4B Complement component 4b (childo blood group) 1.79 1.08 1.86 2.54 

   LCP1 Lymphocyte cytosolic protein 1 (L-plastin) 1.66 0.98 1.61 2.59 

   LYZ Lysozyme 1.63 1.05 1.90 3.43 

   BCL3 B-cell CLL/lymphoma 3 1.55 0.81 1.23 1.46 

   ARHGDIB Rho, GDP dissociation inhibitor (GDI) beta 1.50 1.09 1.60 2.60 

   CES3 Carboxylesterase 3 0.45 0.90 0.73 0.73 

Transport      

   LCN2* Lipocalin 2 63.50 1.74 15.00 39.00 

   CLCA6 Chloride channel calcium activated 6 35.00 1.39 1.28 1.45 

   Slc20a1 Solute carrier family 20, member 1 (Pit-1) 0.50 1.10 0.68 0.67 

   ABCB1 ATP-binding cassette, sub-family B (MDR/TAP), 

member 1A 

0.50 1.07 0.80 0.92 

   SLC30A10 Solute carrier family 30, member 10 0.37 0.78 0.87 0.79 

Response to stress     

   PTGS2* Prostaglandin-endoperoxide synthase 2 (COX-2) 3.59 1.20 3.29 7.66 
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   HSPB7 Heat shock protein family, member 7 

(cardiovascular) 

1.83 1.10 1.20 1.25 

Enzyme linked receptor protein signaling pathway     

   LOX Lysyl oxidase 4.06 1.16 3.85 7.95 

   IGF1 Insulin-like growth factor 1 (somatomedin C) 2.41 1.22 1.97 2.58 

   Sparc Secreted protein, acidic, cysteine-rich (osteonectin) 2.11 1.29 1.78 2.19 

   PTPRO Protein tyrosine phosphatase, receptor type, o 1.90 1.19 1.73 2.03 

   GRB10 Growth factor receptor-bound protein 10 1.56 1.03 1.89 2.37 

Development     

   PLA2G2A Phospholipase A2, group IIA (platelets, synovial 

fluid) 

8.48 1.58 1.64 1.67 

   TIMP1 TIMP metallopeptidase inhibitor 5.71 1.10 5.53 13.50 

   GREM1 Gremlin 1 2.55 0.96 1.87 2.25 

   IGFBP4 Insulin-like growth factor binding protein 4 2.32 1.04 1.86 2.65 

   CAPG Capping protein (actin filament), gelsolin-like 2.30 1.49 1.43 1.75 

   IGFBP5 Insulin-like growth factor binding protein 5 2.15 1.23 1.70 1.92 

   RREB1 Ras responsive element binding protein 1 0.50 1.08 0.76 0.73 

   PHOX2 Paired-like homeobox 2b 0.33 0.88 0.77 0.57 

Nitrogen compound metabolism     

   SRM Spermidine synthase 1.53 0.94 0.99 1.33 

   GOT1L1 Glutamic-oxaloacetic transaminase 1-like 1 0.50 0.99 1.34 1.52 

   MAOA Monoamine oxidase a 0.50 1.11 0.73 0.79 

Other       

   CTLA2A* Cytotoxic T lymphocyte-associated protein 2 alpha 6.48 1.27 2.64 3.53 

   RETNLB Resistin like beta 4.18 1.55 0.75 0.67 

   TRIM15 Tripartite motif-containing 15 3.85 1.26 1.25 1.40 

   SLPI Secretory leukocyte peptidase inhibitor 3.31 1.33 2.96 3.36 

   RBP1 Retinol binding protein 1, cellular 2.61 1.12 3.49 6.26 

   SERPINE2 Serpin peptidase inhibitor, clade E, member 2 2.50 1.46 1.68 2.09 

   CSF2RB Colony stimulating factor 2 receptor, beta, low-

affinity (granulocyte-macrophage) 

2.18 0.99 2.57 5.22 

   GDA Guanine deaminase 2.18 1.02 1.23 1.27 

   FPRL2 Formyl peptide receptor-like 2 2.16 0.96 2.06 5.48 

   OSMR Oncostatin M receptor 2.11 1.04 1.46 2.06 

   LGMN Legumain 2.03 1.02 1.23 1.43 

   PGS1 Phosphatidylglycerophosphate synthase 1 1.96 0.99 1.34 1.54 

   FSTL1 Follistatin-like 1 1.88 1.12 1.94 2.54 

   BGN Biglycan 1.87 1.24 1.88 2.57 

   TYROBP TYRO protein tyrosine kinase binding protein 1.83 1.07 2.09 3.06 

   SULF2 Sulfatase 2 1.81 1.04 1.44 1.66 

   PLOD2 Procollagen lysine, 2-oxoglutarate 5-dioxygenase 2 1.79 1.10 1.47 2.16 

   MSN Moesin 1.74 1.00 1.80 2.42 

   ITM2A Integral membrane protein 2A 1.74 1.05 2.09 3.33 

   MMP14 Matrix metallopeptidase 14 (membrane-inserted) 1.59 1.12 1.52 2.11 

   HEBP2 Heme binding protein 2 1.54 1.12 1.04 1.11 

   MMP2 Matrix metallopeptidase 2 1.51 1.03 1.61 2.19 

   GGTA1 Glycoprotein galactosyltransferase alpha 1 1.50 0.89 1.44 2.07 

   AKAP6 A kinase (PRKA) anchor protein 6 0.62 1.15 1.11 1.41 

   ARHGAP24 Rho GTPase activating protein 24 0.50 0.95 1.25 1.57 

   METTL7A Methyltransferase like 7A 0.50 1.08 0.83 0.80 

   SMPX Small muscle protein, X-linked 0.50 0.89 0.79 0.62 

   GSN Gelsolin 0.50 0.87 0.60 0.65 

   MRPL47 Mitochondrial ribosomal protein L47 0.50 1.48 0.95 1.32 

   NMT2 N-myristoyltransferase 2 0.50 1.44 1.77 2.48 

   METTL7A Methyltransferase like 7A 0.50 1.14 0.76 0.73 

   UGT2B5 UDP glucuronosyltransferase 2 family, polypeptide 

B5 

0.40 1.25 0.78 0.84 

   CES1 Carboxylesterase 1 (monocyte/macrophage Ser 

esterase 1) 

0.34 1.02 0.70 0.78 
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TNF is a prominent player in Th1 responses and is a well-established target of 

biological therapies, particularly in Crohn's disease. In our studies, expression of TNF 

was too low to be reliably compared by hybridization-based microarray analysis. 

However, real-time PCR analysis demonstrated that the TNBS-treated SJL/J mice had 

significantly higher expression of TNF than did the BALB/c mice, and dietary curcumin 

effectively reduced expression in the latter strain while remaining ineffective in the SJL/J 

mice (Fig. 7). 

 

Figure 7. Real-time RT-PCR analysis of colonic expression of TNF mRNA in BALB/c and 

SJL/J mice. The results were analyzed with TATA box-binding protein as an internal control 

using the Ct method, with control BALB/c mice (open bar) used as a calibrator. Statistical 

analysis was performed with ANOVA (P = 0.0007) followed by the Fisher PLSD post hoc test. 

Different letters next to bars indicate statistical differences (Fisher PLSD test, P < 0.05). 

 

F- Identification of Overrepresented Transcription Factor-Binding Sites in 

Curcumin-Responsive Genes 

To gain further insight into the transcriptional effects of curcumin in BALB/c mice, we 

used the set of 116 genes/probe identified as responding to curcumin treatment in 

http://www3.interscience.wiley.com/cgi-bin/fulltext/117886141/main.html,ftx_abs#FIG7#FIG7
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BALB/c mice but not SJL/J mice to perform an analysis of transcription factor-binding 

sites (TFBSs) in the known gene promoters. To accomplish this, we utilized the 

oPOSSUM tool, recently developed by Ho Sui et al (http://www.cisreg.ca/oPOSSUM/) 

(Ho Sui et al., 2007). The oPOSSUM algorithm identifies overrepresented, predicted 

TFBSs in sets of human and mouse genes as compared to a defined genomic region of 

1000 randomly selected background genes. Our analysis included 1000 bp upstream of 

the known or predicted transcription start site. From the submitted 116 genes/probe sets, 

71 were included in the analysis. From among the overrepresented TFBSs, those 

previously demonstrated as targets of curcumin stood out (Fos/AP-1, NF B, and PPAR

; Table 2). Although caution should be used interpreting TFBSs found overrepresented 

based on smaller background gene hits, some may represent true information about new, 

previously undescribed nuclear targets of curcumin, such as SRY/Sox5/Sox9 (members 

of the high-mobility group-box family of DNA-binding proteins), or homeobox 

transcription factors, generally implicated in regulating tissue-specific gene expression 

essential for tissue differentiation (Hox11, Prrx2, Nkx2-5, TCF1; Table 2). 

Table 2. oPOSSUM Analysis (http://www.cisreg.ca/oPOSSUM/) of Overrepresented Predicted 

Transcription Factor-Binding Sites in the Set of 97 Nonredundant Genes Whose Expression Was 

Normalized by Curcumin in BALB/c Mice and Not in SJL/J Mice Based on Post Hoc Analyses. 

 

TF 

Background gene 

hits 

Target gene 

hits 

Background TFBS 

hits 

Target TFBS 

hits 

Z-

score 

Fisher 

score 

 
RXR-VDR 7 3 7 3 12.0 0.024 

Fos 233 24 346 52 11.9 0.035 

Hox 11-CTF1 16 5 16 5 11.6 0.010 

cEBP 179 16 262 35 9.5 0.024 

SRY 283 26 623 75 9.3 0.089 

MEF 2A 96 12 123 18 7.4 0.045 

HLF 108 13 121 17 7.3 0.047 

SRF 11 3 11 3 7.3 0.060 

PPARG-

RXRA 

8 2 8 2 7.1 0.138 

http://www.cisreg.ca/oPOSSUM/
http://www3.interscience.wiley.com/cgi-bin/fulltext/117886141/main.html,ftx_abs#TBL2#TBL2
http://www3.interscience.wiley.com/cgi-bin/fulltext/117886141/main.html,ftx_abs#TBL2#TBL2
http://www.cisreg.ca/oPOSSUM/
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Prrx 2 322 27 916 105 7.0 0.188 

FOXD1 159 16 204 25 5.2 0.101 

Nkx2-5 383 29 1118 113 5.1 0.379 

RELA 113 14 128 16 4.9 0.033 

TCF1 33 5 35 5 4.4 0.101 

Sox5 317 27 691 70 4.0 0.165 

SOX9 211 20 336 35 3.7 0.108 

NFKB1 76 9 83 10 3.7 0.101 

REL 194 21 269 28 3.5 0.032 

TAL1-TCF3 95 12 118 13 3.3 0.042 

NFIl3 51 7 57 7 3.2 0.082 
 

 

 

 
From the submitted 97 genes, 71 were included in the analysis focused on 1,000 bp upstream of 

transcription start site and compared to a defined genomic region of 1,000 randomly selected 

background genes. TFBS, transcription factor-binding site; background gene hits, number of 

genes with binding site(s) in the 1000-bp set of background genes; target gene hits, number of 

genes with binding site(s) in the 71 tested genes; background TFBS hits, number of binding sites 

in the 1,000-bp set of background genes; target TFBS hits, number of binding sites in the 71 

tested genes; Z score, measure of the rate of occurrence of a TFBS in the target set of genes 

compared to the expected rate estimated from the precomputed background set; Fisher score, 1-

tailed Fisher exact probability comparing the proportion of coexpressed genes containing a 

particular TFBS to the proportion of the background set that contained the site to determine the 

probability of a nonrandom association between the coexepressed gene set and the TFBS of 

interest. 

G- Limited Effects of Dietary Curcumin on Colonic Transcriptome in Naive 

BALB/c Mice 

Curcumin is most effective when administered in a preventive mode prior to induction of 

colitis (Sugimoto et al., 2002). To test whether curcumin acts to modify baseline gene 

expression or acts solely to prevent changes in colonic gene expression in response to an 

inflammatory insult, we analyzed the gene expression profile in the responsive mouse 

strain (BALB/c) to 2% dietary curcumin administered alone for the duration of the study 

(9 days). We observed very limited effects of the compound on the colonic transcriptome, 

consistent with the reported lack of toxic effects in rodents and humans. Microarray 

analysis performed in an analogous way to that already described identified only 6 genes 

significantly ( 1.5-fold change; P < 0.05, t test) affected by dietary curcumin. These 
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include CHOP10/Ddit3 (2.47-fold induction by curcumin), glutathione S-transferase 2 

(1.92-fold induction), HSPA5 (2.55-fold induction), coiled-coil domain containing 116 

(Ccdc116; 2.11-fold induction), aldo-keto reductase family 1, member B (AKR1B1; 1.89-

fold increase), and Wiskott-Aldrich syndrome-like gene (WASL; 1.89-fold increase). 

H- Curcumin Differentially Modulates Mitogen-Induced BALB/c and SJL/J 

Splenocyte and CD4
+
 T-Cell Proliferation In Vitro 

To help explain the strain-specific in vivo response to curcumin, we also evaluated the 

proliferative response of total splenocytes or purified CD4
+
 T cells obtained from 

BALB/c or SJL/J mice. Total splenocytes and magnetically selected CD4
+
 T cells were 

stimulated by a nonspecific mitogenic agent concanavalin A (ConA; 5M) and cotreated 

with increasing concentrations of curcumin. The concentrations used were verified as 

noncytotoxic by the Trypan blue exclusion assay and by adenylate kinase release 

(ToxiLight Non-destructive Cytotoxicity Assay, Cambrex, NJ; data not shown). As 

anticipated, SJL/J mice generally had a much lower proliferative response to ConA than 

the BALB/c strain (Fig. 8). Curcumin effectively and dose-dependently inhibited 

proliferation of the BALB/c-derived splenocytes remaining (Fig. 8A) without a 

significant effect on splenocytes obtained from the SJL/J mice (Fig. 8B). Although the 

strain-related difference in the effects of curcumin on the proliferation of CD4
+
 

lymphocytes was less dramatic than with total splenocytes, the IC50 calculated based on 5 

independent experiments was somewhat higher in SJL/J mice than in BALB/c mice (4.1 

vs. 2.5M, respectively; P < 0.05). In response to ConA stimulation, secretion of two key 

Th2 cytokines; IL-4 and IL-5, was significantly increased in the BALB/c-derived 

http://www3.interscience.wiley.com/cgi-bin/fulltext/117886141/main.html,ftx_abs#FIG8#FIG8
http://www3.interscience.wiley.com/cgi-bin/fulltext/117886141/main.html,ftx_abs#FIG8#FIG8
http://www3.interscience.wiley.com/cgi-bin/fulltext/117886141/main.html,ftx_abs#FIG8#FIG8
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splenocytes (9-fold and 2.4-fold, respectively) and was significantly reduced by 5M 

curcumin, whereas both cytokines remained unaffected by ConA or curcumin in 

splenocytes obtained from SJL/J mice.  

 

 

 

Figure 8. Effects of low, noncytotoxic concentrations of curcumin on ConA-induced 

proliferation of splenocytes (A,B) or magnetically selected CD4
+
 lymphocytes (C,D) obtained 

from naive BALB/c (A,C) or SJL/J mice (B,D). Dose-dependent inhibition of splenocyte 

proliferation was only observed in BALB/c mice, whereas the calculated IC50 of curcumin for the 

inhibition of CD4+ cell proliferation was significantly higher in SJL/J mice (P < 0.05; Student t 

test). All data were derived from 5 independent experiments with a minimum of 4 repetitions per 

treatment (
*
statistical difference between control and ConA-treated cells; 

#
statistical difference 

between ConA and ConA+Curcumin treatment groups). 
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2-5 DISCUSSION 

Curcumin has a broad spectrum of biological actions including chemotherapeutic, anti-

inflammatory, antiangiogenic, and antioxidant effects. These were reviewed in depth in a 

recent monograph by Aggarwal, Surh, and Shishodia (Aggarwal BB , Surh Y-J , 

Shishodia S , eds. The Molecular Targets and Therapeutic Uses of Curcumin in Health 

and Disease. 2007/06/16 ed. New York: Springer; 2007.). The pleiotropic effects of 

curcumin could be attributed in part to the inhibition of NF-B, a finding that prompted 

several recent studies, which demonstrated the effectiveness of curcumin in chemically 

induced models of colitis (Jian et al., 2005; Salh et al., 2003; Sugimoto et al., 2002; Ukil 

et al., 2003). Moreover, curcumin has been demonstrated to be a promising, safe 

medication for maintaining remission in patients with quiescent ulcerative colits (UC) 

(Hanai et al., 2006). Clinical studies of potentially therapeutic or preventive effects of 

curcumin in Crohn's disease are generally lacking, with the exception of a limited study 

by Holt et al (Holt et al., 2005). There are considerable differences in the pathogenesis, 

clinical manifestations, and outcomes of CD and UC, although generally there are no 

medications tailored specifically for either disorder. 

Dichotomizing IBD as Th1 driven (Crohn's disease) and Th2 or atypical Th2 response 

(ulcerative colitis) may be oversimplified based on current knowledge of IBD 

pathogenesis. It is even more contentious whether the TNBS colitis model can truly 

represent CD or UC, or simply an acute inflammation, a rather nonspecific component of 

IBD. Keeping in mind this and the known immunological differences between BALB/c 
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and SJL/J mice described in the introduction, it is remarkable to see the striking 

differences in colonic gene expression pattern in response to the same haptenizing agent 

in BALB/c and SJL/J mice, 2 strains considered susceptible to TNBS-induced colitis 

(Scheiffele and Fuss, 2002). Although precise analysis of the differences in 

transcriptional response to TNBS in BALB/c and SJL/J mice is beyond the scope and 

limitations of this article, it is likely that this vastly different response to a 

proinflammatory insult also underlies the described differential effect of dietary 

curcumin. Despite multiple reports indicating the protective effects of curcumin in 

chemically induced colitis (Jian et al., 2005; Salh et al., 2003; Sugimoto et al., 2002; Ukil 

et al., 2003), we have repeatedly demonstrated lack of any positive effects of the 

compound in SJL/J mice in mortality, body weight loss, colonic histology, or colonic 

gene expression pattern. At the same time, BALB/c mice were consistently protected 

when administered curcumin in a preventive mode. 

It remains unclear whether the protective effects of curcumin are dependent on 

polarization of T-cell responses in these two strains. Real-time RT-PCR analysis of 

colonic TNF  expression seems to indicate that the induction of the cytokine expression 

and differential effects of curcumin in BALB/c and SJL/J mice may be one factor 

determining the overall responsiveness to this drug. On the other hand, there are reports 

of in vitro studies that demonstrated curcumin-mediated inhibition of the Th1 activation 

pathway and skewing of the inflammatory response from Th1 to Th2. Kang et al showed 

that curcumin inhibited IL-12 production by LPS-induced macrophages, reduced their 

ability to induce IFN, and increased their ability to induce IL-4 in antigen-primed CD4
+
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T cells (Kang et al., 1999). More recently, Kim et al demonstrated that curcumin-treated 

bone marrow-derived dendritic cells (DCs) also exhibited impaired IL-12, IL-1, IL-6, 

and TNFexpression in response to LPS (Kim et al., 2005). In addition, curcumin-

treated DCs showed impaired induction of Th1 responses (Kim et al., 2005). In vivo, 

curcumin was also shown to inhibit the Th1 cytokine profile (Kang et al., 1999; Zhang et 

al., 2006b), although in both cases this was accomplished with curcumin administered 

intraparenterally. Therefore, these studies were not conducted in settings achievable in 

human patients, where curcumin can only be administered orally and for whom no 

suitable means of parenteral administration have been described or approved by the Food 

and Drug Administration. It is likely that limited bioavailability and rapid metabolism of 

curcumin to compounds of unknown anti-inflammatory activity may both be factors in 

the ultimate effectiveness of curcumin in different forms of colonic inflammation. Also, it 

is not inconceivable that the observed more rapid onset of colitis in SJL/J mice was a 

factor in the overall efficacy of curcumin. Although little is known about the absorptive 

mechanisms of curcumin and the role of intestinal mucus, differences in mucus secretion, 

a potential diffusional barrier, particularly for lipophilic drugs, could contribute to 

differences in curcumin accessibility to the colonic epithelium. 

Differential genomewide analysis of colonic gene expression clearly underscores the 

difference in clinical response to curcumin in the tested 2 strains of mice, with 91.3% of 

genes dysregulated by TNBS brought back to control levels in BALB/c mice and only 

19.4% of genes affected by curcumin in SJL/J mice (Fig. 5). Focusing further analysis on 

genes affected by curcumin specifically in BALB/c mice and not in SJL/J mice, we 

http://www3.interscience.wiley.com/cgi-bin/fulltext/117886141/main.html,ftx_abs#FIG5#FIG5
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hoped to gain insight into curcumin's mechanism of protection from colitis. This list, 

depicted in Table 1, consists of 97 nonredundant genes, many of them known to be 

involved in the pathogenesis of inflammatory bowel diseases, with a particularly well-

represented group of genes involved in cell adhesion. These include the members of the 

immunoglobulin superfamily, ICAM1, and MADCAM1. Although microarray data for 

VCAM1 were somewhat inconsistent (with disparate results from 4 probe sets), real-time 

PCR analysis confirmed the same pattern of expression, with VCAM1 elevated 12.06-

fold ± 4.4-fold in TNBS-treated BALB/c mice and reduced 2.23-fold ± 0.3-fold over 

control mice by feeding them a curcumin-supplemented diet. At the same time, elevated 

expression of VCAM1 in colitic SJL/J mice was not affected by curcumin (data not 

shown). The binding of VCAM1 and MADCAM1 to their respective integrin ligands has 

been a target for drug development in recent years (Nakamura et al., 2006). Similarly, 

antisense therapy directed toward ICAM1 (Alicaforsen; ISIS 2302) showed promising 

results in studies with CD, unremitting pouchitis, and UC patients (Danese et al., 2005). 

It is plausible that the protective effects of curcumin are a result of its lack of specificity 

and its targeting of multiple genes and signaling pathways. Down-regulation of adhesion 

molecule expression was accompanied by simultaneous inhibition of cytokine and 

chemokine expression (e.g., IL1, MIP-2, IL-6). Also, TLR-4 signaling, known to be 

affected by curcumin at the NF-B signaling cascade level (Jobin et al., 1999), inhibition 

of ligand-dependent and -independent TLR-4 dimerization (Youn et al., 2006), and direct 

binding to MD-2 (Gradisar et al., 2007), may be further affected by the observed down-

regulation of LPS-binding protein (Table 1) and CD14. The latter was significantly 

http://www3.interscience.wiley.com/cgi-bin/fulltext/117886141/main.html,ftx_abs#TBL1#TBL1
http://www3.interscience.wiley.com/cgi-bin/fulltext/117886141/main.html,ftx_abs#TBL1#TBL1
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induced by TNBS colitis in both BALB/c and SJL/J mice but reduced by curcumin in the 

BALB/c strain only (also confirmed by real-time PCR; not shown). CD14 was not 

included in the comparison presented in Table 1 because it did not pass the 1-way 

ANOVA test in SJL/J mice. 

Microarray analysis of colonic gene expression in response to dietary curcumin in naive 

BALB/c mice showed very limited effects of the drug. This finding underscores the lack 

of apparent toxicity of curcumin and suggests it is unlikely that wide alterations of the 

colonic transcriptome set the stage for the attenuated response to TNBS in this mouse 

strain. Of the 6 identified genes induced by curcumin, the role of 3 is unclear (GSTa2, 

AKR1B1, Ccdc116), though it is possible that the first 2 may be up-regulated in response 

to curcumin metabolism. Chop10/Ddit3 has been shown to be activated by ER stress 

(Marciniak et al., 2004) and to act as an inhibitor of C/EBP DNA binding (Ron and 

Habener, 1992). Incidentally, the C/EBP binding site was found overrepresented in 

curcumin-regulated genes in BALB/c mice (Table 2). Induction of HSPA5, a member of 

the HSP70 family of heat shock proteins, may also be related to ER stress. This protein is 

believed to be a key element in sensing the folding capacity within the ER (Shen et al., 

2002). Perhaps the most intriguing finding is the induction of the WASL (N-WASP) gene 

by curcumin. WASL is a ubiquitously expressed functional homologue of WASP 

(Wiskott-Aldrich syndrome protein), with both playing key regulatory roles in cellular 

actin assembly and in integrating surface-receptor signals to the actin cytoskeleton. Most 

importantly, very recently WASP-deficient mice were described to develop Th2-like 

colitis (Nguyen et al., 2007). Although an intriguing concept, answering the questions of 

http://www3.interscience.wiley.com/cgi-bin/fulltext/117886141/main.html,ftx_abs#TBL1#TBL1
http://www3.interscience.wiley.com/cgi-bin/fulltext/117886141/main.html,ftx_abs#TBL2#TBL2
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whether WASL plays a similar role in the development of colitis and whether its 

induction by curcumin is of importance in the overall anti-inflammatory effects of the 

compound remains largely speculative. 

The important question that remains is why the same genes are differently affected by 

curcumin in these 2 strains. Unfortunately, microarray analysis does not provide enough 

information to answer it. Analysis of transcription factor (TF)-binding sites 

overrepresented in promoters of genes affected in BALB/c mice but not SJL/J mice 

(Table 2) returned a number of TFs consistent with current knowledge about the 

transcriptional effects of curcumin (NF-B family, AP-1, PPAR), along with many 

others that have not yet been described as affected by curcumin. It remains to be 

elucidated whether they represent true targets of the compound and whether they play a 

role in the different responses to curcumin in BALB/c and SJL/J mice. Our in vitro 

observations also suggest that some of the differential effects of curcumin may stem from 

differences in the potency of the compound to inhibit splenocyte and CD4
+
 T-cell 

proliferation in these 2 strains. We have shown that the IC50 of curcumin was nearly 2-

fold higher for SJL/J-derived CD4
+
 T cells, whereas ConA-induced proliferation of total 

SJL/J splenocytes was completely unaffected. In sharp contrast, mitogen-induced 

BALB/c splenocyte proliferation was greatly inhibited by low and noncytotoxic 

concentrations of curcumin (Fig. 8). Although the mechanism of these puzzling yet 

striking differences is unclear, it may also represent the basis for the selective efficacy of 

curcumin in the 2 tested mouse strains. It is also plausible that pharmacokinetic properties 

of curcumin or metabolic activity of enzymes involved in biotransformation of curcumin 

http://www3.interscience.wiley.com/cgi-bin/fulltext/117886141/main.html,ftx_abs#TBL2#TBL2
http://www3.interscience.wiley.com/cgi-bin/fulltext/117886141/main.html,ftx_abs#FIG8#FIG8
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into potentially active or inactive metabolites varies among different mouse strains, 

although this has never been demonstrated. 

Based on our results, it is tempting to speculate that dietary curcumin may be of different 

value for Crohn's disease and ulcerative colitis. Although the usefulness of this 

compound in maintaining remission in UC has been recently demonstrated (Hanai et al., 

2006), no well-designed trials with CD patients have been published. To support this 

hypothesis, our results would also have to be further verified in established immune 

models of Crohn's disease and ulcerative colitis, such as IL-10- or TCR-knockout mice, 

respectively. 
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CHAPTER 3 

 

LIMITED EFFECT OF DIETARY CURCUMIN ON TH-1 DRIVEN COLITIS IN 

IL-10 DEFICIENT MICE SUGGEST AN IL-10-DEPENDENT MECHANISM OF 

PROTECTION 

 

This chapter has been accepted for publication in American Journal of Physiology – 

Gastrointestinal and Liver Physiology.  
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3-1 ABSTRACT 

Curcumin (diferulolylmethane) demonstrates profound anti-inflammatory
 

effects in 

intestinal epithelial cells (IEC) and in immune cells
 
in vitro and exhibits a protective role 

in rodent models of
 
chemically induced colitis, with its presumed primary mechanism

 
of 

action via inhibition of NF-B. Although it has been demonstrated
 
effective in reducing 

relapse rate in ulcerative colitis patients,
 
curcumin's effectiveness in Crohn's disease (CD) 

or in Th-1/Th-17
 
mediated immune models of CD has not been evaluated. Therefore,

 
we 

investigated the effects of dietary curcumin (0.1–1%)
 
on the development of colitis, 

immune activation, and in vivo
 
NF-B activity in germ-free IL-10

–/–
 or IL-10

–/–
;NF-

B
EGFP 

mice colonized with specific pathogen-free microflora. Proximal
 
and distal colon 

morphology showed a mild protective effect
 
of curcumin only at 0.1%. Colonic IFN and 

IL-12/23p40 mRNA
 
expression followed similar pattern ( 50% inhibition at 0.1%).

 

Secretion of IL-12/23p40 and IFN by colonic explants and mesenteric
 
lymph node cells 

was elevated in IL-10
–/–

 mice and
 
was not decreased by dietary curcumin. Surprisingly, 

activation
 
of NF-B in IL-10

–/–
 mice (phospho-NF-Bp65) or in

 
IL-10

–/–
;NF-B

EGFP
 mice 

(whole organ or confocal
 

imaging) was not noticeably inhibited by curcumin. 

Furthermore,
 
we demonstrate that IL-10 and curcumin act synergistically to

 
downregulate 

NF-B activity in IEC and IL-12/23p40 production
 
by splenocytes and dendritic cells. In 

conclusion, curcumin
 
demonstrates limited effectiveness on Th-1 mediated colitis

 
in IL-

10
–/–

 mice, with moderately improved colonic
 
morphology, but with no significant effect 

on pathogenic T cell
 
responses and in situ NF-B activity. In vitro studies suggest

 
that the 

protective effects of curcumin are IL-10 dependent. 
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3-2 INTRODUCTION 

Crohn’s disease (CD), one of the two most common types of inflammatory
 
bowel 

diseases (IBD), is a spontaneously relapsing, immunologically
 
mediated disorder of the 

gastrointestinal tract that is characterized
 
by intestinal inflammation and mucosal damage. 

Both environmental
 
factors and genetic predispositions have been implicated in

 
the 

pathogenesis of CD. However, the precise cause remains poorly
 
understood. Current 

research suggests that an inappropriate
 

and persistent immune response against 

commensal intestinal
 
bacterial flora plays a pivotal role in the pathogenesis of

 
chronic 

IBD (Sartor, 2008).
 
 

Balance between an adequate immune response against invasive
 

pathogens and a 

controlled immune response against commensal
 
microbiota is essential for maintaining 

intestinal integrity.
 
Mucosal T cells orchestrate the immune response and maintain

 

intestinal homeostasis. Intestinal inflammation is perpetuated
 

by the release of 

proinflammatory cytokines and other soluble
 
mediators, which determine the orientation 

of the immune response
 
toward Th-1, Th-17, or Th-2 pathway. CD is primarily Th-1- and

 

Th-17-mediated inflammation (Fuss et al., 1996; Parronchi et al., 1997) with increased 

LPS-mediated
 
IL-12 production, which in turn elicits secretion of IFN and

 
IL-2 by Th-1 

cells. This is associated with increased production
 
of IL-23 (Schmidt et al., 2005), a 

cytokine required for maintenance of Th-17
 
cell lineage, differentiating under control of 

IL-6 and TGF-β (Stockinger and Veldhoen, 2007). IL-21 has also been implicated in the 

pathogenesis of
 
CD and is thought to participate in generation and maintenance

 
of both 
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Th-1 and Th-17 mucosal immune responses (Fina et al., 2007). Effector
 
Th-1 cells with 

cytotoxic functions have been found in the intestinal
 
lamina propria of patients with CD 

(Mariani et al., 2000).
 
 

Nuclear factor-B (NF-B) is a dominant regulator of expression
 
of numerous genes, 

many of which play critical roles in initiation
 
and perpetuation of inflammation, as well 

as in programmed cell
 
death (apoptosis). Excessive or inappropriate activation of

 
mucosal 

NF-B has been described both in ulcerative colitis (UC)
 
and CD patients (Rogler et al., 

1998; Schreiber et al., 1998), as well as in animal models of IBD,
 
thus becoming an 

attractive target for potential therapeutic
 
intervention. Despite the known role of NF-B 

in blocking apoptosis
 
in the intestinal epithelial cells (Chen et al., 2003; Egan et al., 2004) 

and potential detrimental
 

effects of NF-B blockade (Egan et al., 2003), specific 

inhibition of NF-B by
 
p65 antisense oligonucleotides in mouse models of colitis is

 

beneficial (Lawrance et al., 2003; Murano et al., 2000; Neurath et al., 1996; Spiik et al., 

2002). In addition, drugs used as a first-line
 
therapy of IBD such as glucocorticoids or 

aminosalicylates all
 
modulate NF-B activation (Ardite et al., 1998; Kaiser et al., 1999).

 
 

Curcumin is another example of a nonspecific inhibitor of NF-B
 
with potent anti-

inflammatory effects. Curcumin is the active
 
component of turmeric, the dried rhizome of 

Curcuma longa Linn.
 
Its effects on the immune responses (both innate and adaptive)

 
have 

generated considerable attention in the past decade (Jagetia and Aggarwal, 2007) .
 

Numerous in vitro studies on biological activity of curcumin
 
demonstrate a very wide 

range of effects with its presumed primary,
 
though not only, mechanism of action being 
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inhibition of NF-B
 
(Jagetia and Aggarwal, 2007). These effects have been reported in 

many cell types, including
 
intestinal epithelial cells (Jobin et al., 1999), macrophages, 

dendritic cells,
 
B cells, and T cells (Jagetia and Aggarwal, 2007) . The potential 

usefulness of curcumin
 
in the treatment of IBD was suggested by studies in chemically

 

induced rodent models of colitis (Jiang et al., 2006; Salh et al., 2003; Sugimoto et al., 

2002; Ukil et al., 2003; Venkataranganna et al., 2007; Zhang et al., 2006a; Zhang et al., 

2006b)
 
Curcumin has also been demonstrated as an effective agent in

 
maintenance 

therapy of UC (Hanai et al., 2006), and encouraging, though not
 
conclusive, data were 

obtained in a small clinical trial in
 
CD patients (Holt et al., 2005) Our initial observations 

on the efficacy of
 
curcumin in TNBS-induced mouse colitis indicated that dietary

 

curcumin significantly increased survival, prevented weight
 
loss, and normalized disease 

indexes in BALB/c mice, which exhibit
 
a mixed Th1-Th2 response, but not in Th-1-

driven colitis in
 
NKT-deficient SJL/J mice (Billerey-Larmonier et al., 2008). These 

observations suggest that
 

curcumin's potency may be limited in Th-1-mediated 

experimental
 
colitis and in CD. Since curcumin has not been previously tested

 
in more 

chronic immune-mediated models of IBD, we tested its
 
efficacy in an established animal 

model of CD offered by IL-10
–/– 

mice, in which IL-10 deficiency allows for the 

development of
 
unrestrained activation of a Th-1-mediated immune response (Wirtz and 

Neurath, 2007)
 
This model represents a conjunction of several key factors implied

 
in the 

pathogenesis of IBD, which include genetic predisposition
 
and loss of immune tolerance 

to colonic commensal bacteria.
 

Importantly, IL-10
–/–

 mice demonstrate persistent
 

activation of NF-B (as judged by phospho-RelA expression) in
 
colonic epithelial cells 
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after monoassociation of germ-free
 
mice with Enterococcus faecalis, thus making it a 

particularly
 
attractive model to test curcumin efficacy in CD (Ruiz et al., 2005) 

Here, we describe that in IL-10
–/–

 mouse model of
 
colitis induced by colonization of 

germ-free mice with specific
 
pathogen-free microbiota, dietary curcumin has mild effects

 

on mucosal damage, paradoxically limited to the lowest of the
 

three curcumin 

concentrations tested (0.1%). All tested concentrations
 
of dietary curcumin failed to 

inhibit bacterial antigen-stimulated
 
pathogenic T cell responses and did not attenuate NF-

B activation
 
in IL-10

–/–
;NF-B

EGFP
 transgenic mice. In vitro analysis

 
demonstrated that 

IL-10 and curcumin might be acting synergistically
 
to downregulate NF-B activity and 

IL-12/23p40 production. The
 
lack of efficacy of curcumin in Th-1/Th-17-mediated colitis

 

in IL-10-deficient mice and reciprocal dose dependency may need
 
to be taken into 

consideration in planning further clinical
 
trials with CD patients.

 
 

3-3 MATERIAL AND METHODS 

▪ Curcumin  

Curcumin, 98.05% pure and free of contaminating curcuminoids
 
(demethoxy-curcumin 

and bis-demethoxy-curcumin), was obtained
 
from ChromaDex (Irvine, CA) and tested for 

its efficacy in vitro
 
with LPS-treated RAW 264.7 mouse macrophages. Curcumin was 

incorporated
 
into NIH-31 modified open formula at 0.1, 0.5, and 1% and pelleted

 
by 

Harlan Teklad (Madison, WI). HPLC analysis indicated no significant
 
loss of curcumin 

during the incorporation and pelleting process.
 
In a control experiment, 129Sv/Ev mice 

received control and
 

curcumin-supplemented diets for 5 days to monitor food 
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consumption.
 
At the end of the 5-day period, animals were euthanized; colonic

 
content 

was collected, weighed, and resuspended in HPLC-grade
 
methanol at 1:2 ratio (wt/vol). 

Samples were sonicated with
 
a probe sonicator and allowed to rotate at room temperature

 

for 20 min. After two centrifugations (12,500 g, 10 min), the
 
supernatants were collected 

and analyzed for curcumin concentration
 
by HPLC. The analyses were performed by 

GAAS (Tucson, AZ) with
 
Agilent 1200RR HPLC instrument (Agilent Technologies, 

Santa
 
Clara, CA) and Chemstation for LC 3D software (Agilent).

 
 

▪ Experimental animals 

 Specific pathogen-free (SPF) wild-type (WT) 129/SvEv mice and
 
germ-free IL-10

–/–
 

mice on the same genetic background
 
were obtained from the National Gnotobiotic 

Rodent Resource
 
Center at the University of North Carolina, Chapel Hill. Germ-free

 
IL-

10
–/–

 mice were transferred to the SPF facility
 
and kept in sterile cages 2 days prior to 

being colonized with
 

SPF fecal bacteria. Treatment with control or curcumin 

supplemented
 
diets (0.1, 0.5, 1%, color coded) was initiated at the time

 
of transfer and 

continued until euthanasia (14 days postcolonization).
 

The 14 days of bacteria 

colonization allowed for development
 
of mild to moderate colitis in SPF-associated 

previously germ-free
 
IL-10

–/–
 mice (Sellon et al., 1998) (see RESULTS). Germ-free NF-

B
EGFP 

transgenic (TG) mice expressing the enhanced green fluorescent
 
protein (EGFP) 

under the transcriptional control of NF-B cis
 
elements on WT or IL-10

–/–
 background 

(Karrasch et al., 2007) were
 

similarly SPF associated, fed control diet or diet 

supplemented
 
with 1% curcumin, and euthanized 28 days after colonization.

 
Additional 
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WT 129/SvEv mice and IL-10
–/–

 mice (originally
 
transferred from SPF facility at 

University of North Carolina)
 
were obtained from a conventional animal facility at the 

University
 
of Arizona Health Sciences Center. Sentinel mice were routinely

 
monitored 

and determined as free from common murine pathogens
 
(MHV, MPV, MVM, TMEV, 

Mycoplasma pulmonis, Sendai, EDIM, MNV,
 
ecto- and endoparasites). Animal use 

protocols were approved
 
by the Institutional Animal Care and Use Committee, North 

Carolina
 
State University and by the University of Arizona Animal Care

 
and Use 

Committee.
 
 

▪ Histology and scoring 

Proximal and distal colons from WT and IL-10
–/– 

mice were harvested and fixed in 10% 

neutral buffered formalin
 

(Fisher Scientific, Tustin, CA). Fixed tissues were then 

embedded
 
in paraffin, and 5-µm-thick tissue cuts were stained with

 
hematoxylin and 

eosin (H&E) for light microscopic examination.
 
Sections were graded by a veterinary 

pathologist blinded to
 
the study design according to previously published criteria (Kiela 

et al., 2005)
  
 

▪ Immunohistochemistry  

Sections of proximal and distal colon were prepared as above.
 
After deparaffinization and 

rehydration, antigen retrieval was
 
performed by heating slides in citrate buffer (10 mM 

sodium
 
citrate, 0.05% Tween 20, pH 6.0). After washing in PBS, residual

 
endogenous 

peroxidase activity was quenched by incubation in
 
3% H2O2 in water for 10 min. Slides 
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were then incubated for
 
1 h in normal goat serum blocking buffer (KPL, Gaithersburg,

 

MD). Next, sections were incubated with a primary antibody against
 
phospho-NF-B p65 

(RelA) (Ser
276

; 1/50, Cell Signaling Technology,
 
Danvers, MA) in 1 x PBS with 1% BSA 

overnight at 4°C. After
 
three washes in PBS, slides were incubated with biotinylated

 

secondary antibody and streptavidin-peroxidase complex according
 
to the manufacturer's 

recommendation (KPL). Slides were then
 
incubated with 3,3'-diaminobenzidine (Vector 

Laboratories, Burlingame,
 

CA) and mounted with Vectamount medium (Vector 

Laboratories).
 
Slide examination was performed independently in a blind manner

 
by two 

experienced scientists using a Zeiss Axioplan microscope
 
(Carl Zeiss MicroImaging, 

Thornwood, NY). Images were captured
 
with Nikon Digital Sight DS-Fi1 camera and 

NIS-Element software
 

(Nikon Instruments, Melville, NY). Staining was scored by 

counting
 

the number of phospho-RelA positive cells per high-power field
 

(x200 

magnification). A total of five fields in each section
 
were analyzed for all experimental 

animals.
 
 

▪ EGFP imaging (whole organ and confocal analysis) 

SPF-associated IL-10
–/–

;NF-B
EGFP

 and control IL-10
wt/wt

;NF-B
EGFP 

mice were 

euthanized, and the intestine dissected and immediately
 
imaged via a charge-coupled 

device camera in a light-tight imaging
 
box with a dual-filtered light source and emission 

filters specific
 
for EGFP (LT-99D2 Illumatools, Lightools Research, Encinitas,

 
CA). 

Identical exposure times were used to capture images within
 
each experiment. For 

confocal microscopy on living tissues,
 
colonic segments were placed on the stage of a 
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Leica SP2 Upright
 
Laser Scanning Confocal Microscope without further processing

 
or 

fixation. EGFP was excited at 495-nm wavelength, and images
 
were acquired using 

detection filters specific for the EGFP
 
emission spectrum. Images were analyzed with the 

Leica SP2 Laser
 
Scanning Confocal Imaging Software (Leica).

 
 

▪ Real-time RT-PCR  

Real-time RT-PCR was used to evaluate colonic expression of
 
IFN and IL-12/23p40 

mRNA. Total RNA was isolated from mouse
 
colon by use of TRIzol reagent (Invitrogen, 

Carlsbad, CA) and
 
its integrity was confirmed by denaturing agarose gel electrophoresis

 

and calculated densitometric 28S/18S ratio. Total RNA (250 ng)
 
was reverse-transcribed 

by using the iScript cDNA synthesis
 
kit (Bio-Rad, Hercules, CA). Subsequently, 20 µl of 

the
 
PCR reactions were set up in 96-well plates containing 10 µl

 
of 2 x IQ Supermix (Bio-

Rad), 1 µl TaqMan primer/probe
 
set (ABI, Foster City, CA), 2 µl of the cDNA synthesis

 

reaction (10% of RT reaction), and 7 µl of nuclease-free
 
water. Reactions were run and 

analyzed on a Bio-Rad iCycler
 
iQ real-time PCR detection system. Cycling parameters 

were determined
 
and resulting data were analyzed by the comparative CT method

 
as 

means of relative quantification, normalized to an endogenous
 
reference (TATA Box 

Binding Protein, TBP) and relative to a
 
calibrator (normalized CT value obtained from 

control mice)
 
and expressed as 2

–C
T (Applied Biosystems User Bulletin

 
no. 2: Rev. B 

"Relative Quantification of Gene Expression").
 
 

▪ Colonic explant culture  
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Colon fragments were prepared as described previously (Sellon et al., 1998)
 
Briefly, 

colon segments were flushed with phosphate-buffered
 
saline (PBS) to remove fecal 

contents, opened lengthwise, and
 
shaken vigorously for 30 min in PBS. Tissue was then 

apportioned
 
to wells (50–100 mg of tissue per well) of a 24-well tissue

 
culture plate 

(Corning Costar, Lowell, MA) and cultured in 1
 
ml of complete RPMI 1640 medium 

containing 5% heat-inactivated
 

fetal bovine serum, penicillin, streptomycin, and 

amphotericin
 
B (all from Invitrogen). Tissues were incubated at 37°C

 
for 18 h, and 

supernatants were collected and stored at –80°C
 
until being assayed.

 
 

▪ MLN cell preparation and stimulation with cecal antigen  

Cecal bacterial lysates were obtained by collecting cecal content
 
in RPMI medium to a 

ratio of 2 ml/g, and 100 mM of MgCl2 and
 
DNAse (100 µg/ml) was added to the RPMI 

medium (1:4 ratio)
 
and homogenized with glass beads (0.1 mm) on a mini bead beater.

 

After centrifugation, supernatants were collected and tested
 
for protein concentration. 

Mesenteric lymph nodes (MLN) were
 
removed and single cell suspensions were prepared 

by gentle
 
teasing. Cells were washed and resuspended in complete RPMI

 
1640 medium 

supplemented with 5% heat-inactivated fetal calf
 
serum (Irvine Scientific, Santa Ana, 

CA); 2 mM L-glutamine,
 
1 mM sodium pyruvate, 0.05 mM 2-mercaptoethanol, 50 ml of 

gentamicin
 
(Sigma, St. Louis, MO); and penicillin (100 U/ml), streptomycin

 
(100 ml), 

and amphotericin B (0.25 ml) (Invitrogen). MLN cells
 
were cultured at 10

6
 cells/ml in 96-

well flat-bottom plates
 
(Corning Costar, Cambridge, MA) and stimulated with cecal 
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antigen
 
extract at a concentration of 10 µg/ml for 72 h. Cell

 
culture supernatant was 

collected and stored at –80°C
 
until being assayed.

 
 

▪ Cell culture 

Mode-K cells, murine intestinal epithelial cells, were cultured
 
in DMEM supplemented 

with 10% FBS, 100 U/ml penicillin, 100
 
µg/ml streptomycin, 10 mM sodium pyruvate, 

and nonessential
 
amino acids. Cells were cultured at 37°C in a 95% air-5%

 
CO2 

atmosphere and passaged at 80% confluency. Media and other
 
reagents used for cell 

culture were purchased from Invitrogen.
 
 

▪ Mode K cell transfection and treatment  

NF- B-inducible reporter plasmid (pNiFty2-Luc) was purchased
 
from InvivoGen (San 

Diego, CA). The transfection was performed
 

using TransIT-LT1 reagent (Mirus, 

Madison, WI) according to
 
the manufacturer's protocol. Stably transfected cells were 

cultured
 
in the presence of Zeocin at 150 µg/ml (Invitrogen). Cells

 
were seeded in 24-well 

plates and were treated with recombinant
 
murine IL-10 (Peprotech, Rocky Hill, NJ), 

recombinant murine
 
IL-1β (Peprotech), or curcumin individually or in combination.

 
After 

cell lysis, reporter gene assay was performed according
 
to manufacturer's instruction 

(Luciferase Reporter assay system;
 
Promega, Madison, WI). Luciferase activity was 

measured with
 
a tube luminometer (Femtomaster FB12, Berthold Detection System,

 

Pforzheim, Germany) and expressed as normalized luciferase activity
 
relative to protein 

concentration (BCA assay; Pierce, Rockford,
 
IL).
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▪ Crude membrane preparation and cell surface protein extraction  

Crude membranes were prepared from Mode-K according to Tse et
 
al. (Tse et al., 1994) 

Cell surface biotinylation and protein extraction
 
were performed by use of the cell surface 

protein isolation
 
kit (Pierce) according to the manufacturer's instructions.

 
 

▪ Splenocyte preparation and treatment  

Spleens were removed from wild-type or IL-10
–/– 

mice housed in conventional facility 

and single cell suspensions
 
were prepared by gentle teasing. Cells were washed and 

resuspended
 
in complete medium (RPMI 1640, Invitrogen) supplemented with

 
10% heat-

inactivated fetal calf serum (Gemini Bio-Products,
 
West Sacramento, CA), 2 mM L-

glutamine, and penicillin (100
 
U/ml)-streptomycin (100 µg/ml) (Invitrogen). Red blood

 

cells were lysed in a hypotonic buffer (BD Biosciences, San
 
Jose, CA) and washed twice 

in complete medium. Cells were cultured
 
at a concentration of 10

6
 cells/ml in 96-well 

flat-bottom plates
 
(BD Bioscience). Splenocytes were stimulated in vitro with LPS

 

(Lipopolysaccharide from Escherichia coli O55:B5, Calbiochem,
 
Gibbstown, NJ) at the 

concentration of 10 ng/ml and treated
 
with increasing concentration of curcumin (from 

0.5 to 10 µM)
 
for 24 h. Cell culture supernatant was collected and stored

 
at –80°C until 

being assayed.
 
 

▪ DC2.4 dendritic cell treatment  

A bone marrow-derived, GM-CSF-differentiated, and myc- and raf-transduced
 
murine 

dendritic cell line DC2.4 was kindly provided by Dr.
 
Kenneth L. Rock (University of 
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Massachusetts Medical School,
 
Worcester, MA) (Shen et al., 1997) Cells were cultured in 

RPMI supplemented
 
with 10% heat-inactivated fetal calf serum (Gemini Bio-Products),

 

100 U/ml penicillin, 100 µg/ml streptomycin, and nonessential
 
amino acids (Invitrogen). 

Cells were cultured at 37°C in
 
a 95% air-5% CO2 atmosphere and passaged at 60–70% 

confluency.
 
Dendritic cells were treated with recombinant murine IL-10 (Peprotech)

 
for 1 

h and with curcumin for 10 min prior to stimulation by
 
LPS (Calbiochem) at 100 ng/ml. 

After 24 h, cell culture supernatant
 
was collected and stored at –80°C.

 
 

▪ Cytokine assays  

IL-12/23p40 and IFN- concentrations in the supernatant of colonic
 

explant and 

mesenteric lymph nodes cultures were measured by
 
enzyme-linked immunosorbent assay 

(ELISA; eBioscience, San Diego,
 
CA) according to the manufacturer's protocols.

 
 

▪ Statistical analysis  

Statistical significance was determined by the ANOVA followed
 
by Fisher paired least-

significant difference (PLSD) post hoc
 
test with StatView software package v.4.53 (SAS 

Institute, Cary,
 
NC). Data are expressed as means ± SE.
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3-4 RESULTS 

A- Food consumption and colonic curcumin concentration in mice fed 

experimental diets.  

Mice fed curcumin-supplemented diets exhibited slightly lower
 

daily food intake 

compared with mice fed control diet (12, 14,
 
and 18% decrease for 0.1, 0.5, and 1% 

curcumin diets, respectively).
 

HPLC analysis in the colonic content indicated that 

significant
 
amounts of unmetabolized and undegraded curcumin reached colonic

 
lumen. 

Measured curcumin concentrations were 1.54 ± 0.2
 
mM (for 0.1% dietary curcumin), 

5.23 + 0.44 mM (for 0.5%), and
 
7.54 + 0.3 mM (for 1.0%). No detectable amounts of 

curcumin
 
were documented for the control diet.

 
 

B- Curcumin has a moderate protective effect on colonic morphology only at 

0.1%.  

Germ-free IL-10
–/–

 mice were transferred to SPF
 
conditions and simultaneously started on 

control or curcumin-supplemented
 
diets (0.1, 0.5, or 1%). Two days later they were 

colonized
 
with SPF flora and euthanized 14 days postcolonization. Genetically

 
matched 

WT mice fed control diet maintained in SPF conditions
 
were used as baseline controls. 

Morphology of the proximal and
 
distal colon was analyzed. Both proximal and distal 

colon of
 
the control WT mice demonstrated a very mild lymphocytic infiltration,

 
typical 

for the "physiological inflammation" observed in murine
 
colon under normal conditions 

(Fig. 1A). Consistent with previously
 
published data (Berg et al., 1996), histological 

http://ajpgi.physiology.org/cgi/content/full/295/5/G1079#F1#F1
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analysis of the colon of IL-10
–/– 

mice showed a characteristic pattern of moderate 

inflammation
 

associated with crypt hyperplasia, lymphocytic and neutrophilic
 

infiltrations, and occasionally mucosal ulceration (Fig. 1B).
 
Feeding diet supplemented 

with curcumin at 0.1% significantly
 
reduced the signs of inflammation, reducing crypt 

hyperplasia
 

and lymphocytic and neutrophilic infiltration. At 0.5 and 1%,
 

dietary 

curcumin did not improve the histological signs of colonic
 
inflammation (Fig. 1B). These 

microscopic observations were
 
further confirmed by histological scoring performed by an 

unbiased
 
pathologist (Fig. 2).

  

http://ajpgi.physiology.org/cgi/content/full/295/5/G1079#F1#F1
http://ajpgi.physiology.org/cgi/content/full/295/5/G1079#F1#F1
http://ajpgi.physiology.org/cgi/content/full/295/5/G1079#F2#F2
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Figure 1. Histology of the proximal and distal colon or wild type (WT) and IL-10
–/–

 mice fed 

control or curcumin-supplemented diets. A: hematoxylin and eosin (H&E) staining of proximal 

and distal colon from WT mice fed control diet. B: H&E staining of proximal and distal colon of 

IL-10
–/–

 mice fed control diet or diets supplemented with increasing concentration of curcumin 

0.1, 0.5, and 1%. Magnifications x200. 
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Figure 2. Histological scoring of the proximal (A) and distal colon (B) performed by a veterinary 

pathologist blinded to the study design according to previously published criteria (Kiela et al., 

2005). Values represent the mean of 5 WT animals and 7 IL-10
–/–

 animals per group of treatment. 

Statistical analysis was performed with ANOVA followed by Fisher paired least-significant 

difference (PLSD) post hoc test. *Statistically significant differences (P ≤ 0.05) between control 

(WT, no curcumin; open bars) and respective dietary group of IL-10
–/–

 mice. #Statistical 

difference between IL-10
–/–

 mice on control diet and IL-10
–/–

 mice on respective curcumin-

supplemented diets. 

 

C- Colonic expression of IFN  and IL-12/23p40 mRNA is decreased by 0.1% 

curcumin, but ex vivo cytokine secretion by colonic explants remains unaffected.  

 

We investigated whether the expression of proinflammatory cytokines
 
corresponded with 

the histological observations. IL-12/23p40
 
and IFN were chosen as key cytokines 

implicated in the Th-1
 
pathway. We first evaluated the effect of dietary curcumin on

 
the 

colonic expression of IL-12/23p40 and IFN mRNA by real-time
 
RT-PCR. The effects of 
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dietary curcumin on steady-state mRNA
 
expression of the two cytokines paralleled those 

observed by
 
colonic histology. Curcumin at 0.1% significantly reduced IL-12/23p40

 

expression only in the proximal segment (Fig. 3), whereas IFN
 
gene expression was 

reduced by the lowest dietary concentration
 
of curcumin in both proximal (Fig. 4A) as 

well as in the distal
 
colon (Fig. 4B). However, higher doses of curcumin (0.5 or 1%)

 
had 

no significant effect on transcriptional activation of IL-12/23p40
 
and IFN genes in SPF-

colonized IL-10
–/–

 mice. Intriguingly,
 
when cytokine secretion was evaluated by ELISA 

in colonic explant
 
culture supernatant (without curcumin in the medium), elevated

 

production of IL-12/23p40 (Fig. 5A) and IFN (Fig. 5B) observed
 
in IL-10

–/–
 mice on 

control diet was not affected
 
by dietary curcumin. In fact, colonic tissues obtained from

 

IL-10
–/–

 mice fed higher concentrations of curcumin
 
(0.5 and 1%) produced significantly 

more IL-12/23p40 and IFN
 
than tissues from IL-10

–/–
 mice fed control diet

 
when 

cultured without the continuous presence of curcumin in
 
the medium (Fig. 5). 

 

http://ajpgi.physiology.org/cgi/content/full/295/5/G1079#F3#F3
http://ajpgi.physiology.org/cgi/content/full/295/5/G1079#F4#F4
http://ajpgi.physiology.org/cgi/content/full/295/5/G1079#F4#F4
http://ajpgi.physiology.org/cgi/content/full/295/5/G1079#F5#F5
http://ajpgi.physiology.org/cgi/content/full/295/5/G1079#F5#F5
http://ajpgi.physiology.org/cgi/content/full/295/5/G1079#F5#F5
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Figure 3. Real-time PCR analysis of IL-12/23p40 mRNA expression in the proximal (A) and 

distal colon (B). Data were normalized to TATA-box binding protein (TBP) mRNA as an internal 

control and calculated by the CT method (see MATERIALS AND METHODS) with WT mice 

fed control diet (open bars) used as calibrator. Statistical analysis was performed with ANOVA 

followed by Fisher PLSD post hoc test. *Statistically significant differences (P ≤0.05) between 

control (WT, no curcumin; open bars) and respective dietary group of IL-10
–/–

 mice. #Statistical 

difference between IL-10
–/–

 mice on control diet and IL-10
–/–

 mice on respective curcumin-

supplemented diets.  
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Figure 4. Real-time PCR analysis of IFN mRNA expression in the proximal (A) and distal colon 

(B). Data were normalized to TBP mRNA as an internal control and calculated by the CT 

method (see MATERIALS AND METHODS). Since expression of IFN in the colon of WT 

mice was extremely low to nondetectable, IL-10
–/–

 mice fed control diet (0% curcumin) were used 

as calibrator. Statistical analysis was performed with ANOVA followed by Fisher PLSD post hoc 

test. No statistically significant differences (P ≤ 0.05) were seen between IL-10
–/–

 mice on control 

diet and respective group of IL-10
–/–

 mice fed curcumin-supplemented diets (ANOVA P = 0.24 

and P = 0.06 for proximal and distal colon, respectively). 
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Figure 5. Secretion of IL-12/23p40 (A) and IFN (B) by cultured colonic explants obtained from 

wild-type (WT) or IL-10
–/–

 mice fed control or curcumin-supplemented diets. Colonic tissues 

were cultured for 18 h, and concentration of the 2 cytokines accumulated in the medium was 

measured by ELISA. Values represent mean concentrations ± SE expressed pg/ml per 0.05 g of 

tissue. Duplicate measurements were performed with tissues obtained from each individual 

animal. Statistical analysis was performed with ANOVA followed by Fisher PLSD post hoc test. 

*Statistically significant differences (P ≤ 0.05) between control (WT, no curcumin; open bars) 

and respective dietary group of IL-10
–/–

 mice. #Statistical difference between IL-10
–/–

 mice on 

control diet and IL-10
–/–

 mice on respective curcumin-supplemented diets. 
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D- Cecal antigen-stimulated secretion of IL-12/23p40 and IFN by MLN cells 

is moderately increased in colitic IL-10
–/–

 mice and is not inhibited by dietary 

curcumin.  

 

To further investigate our observations, we asked whether Th-1-related
 

cytokines 

produced by immune cells selected from secondary draining
 
lymphoid organs were 

affected by dietary curcumin. MLN-derived
 
immune cells were cultured for 72 h under 

the stimulation with
 
cecal bacterial antigens prepared from cecum of SPF mice from

 
the 

same mouse facility. By ELISA measurements, IFN and IL-12/23p40
 
concentrations 

were increased in IL-10
–/–

 mice compared
 
with control WT mice, although without 

reaching statistical
 
significance (Fig. 6). Dietary supplementation with curcumin

 
did not 

result in inhibition of cytokine secretion. On the contrary,
 
similar to the results obtained 

with colonic explants, MLN cells
 
isolated from mice fed higher concentrations of 

curcumin (0.5
 
or 1%) secreted more IFN and IL-12/23p40 upon stimulation with

 
cecal 

antigen extract (Fig. 6). These findings suggest that
 
whereas continuous presence of 

curcumin in the diet moderately
 
inhibits colonic expression of IFN and IL-12/23p40, 

activation
 
of the immune responses remains unaffected or is restored in

 
ex vivo assays. 

 

http://ajpgi.physiology.org/cgi/content/full/295/5/G1079#F6#F6
http://ajpgi.physiology.org/cgi/content/full/295/5/G1079#F6#F6
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Figure 6. Secretion of IL-12/23p40 (A) and IFN (B) by mesenteric lymph node (MLN) cells 

obtained from WT or IL-10
–/–

 mice fed control or curcumin-supplemented diets and stimulated 

with cecal antigen extract. MLN cells were stimulated by 10 µg/ml of cecal antigen [purified 

from wild-type, specific pathogen-free (SPF) mice from the same facility] for 72 h of culture. 

Duplicate ELISA measurements were performed for each animal. Statistical analysis was 

performed with ANOVA followed by Fisher PLSD post hoc test. *Statistically significant 

differences (P ≤ 0.05) between control (WT, no curcumin; open bars) and respective dietary 

group of IL-10
–/–

 mice. #Statistical difference between IL-10
–/–

 mice on control diet and IL-10
–/–

 

mice on respective curcumin-supplemented diets. 

 

 

 

 

 

 

 

* 
* 

* * 
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E- Dietary curcumin has limited effect on the activation of NF-B in IL-10
–/–

 

mice.  

On the basis of a large number of in vitro studies (Jobin et al., 1999; Jobin and Sartor, 

2000),
 
as well as several in vivo observations (Deguchi et al., 2007; Jian et al., 2005; Salh 

et al., 2003; Sugimoto et al., 2002), curcumin
 
has been considered as a nonspecific 

inhibitor of NF-B. It is
 
believed to exert its effects largely through inhibiting NF-B-

dependent
 
transcriptional activation of proinflammatory factors. Considering

 
the limited 

effects of dietary curcumin on colitis in IL-10
–/– 

mice, particularly the lack of inhibitory 

effects on proinflammatory
 
cytokines production by colonic explants and by MLN cells, 

we
 
investigated the effect of curcumin on in vivo NF-B activation

 
in the colon of control 

and SPF-associated IL-10
–/– 

mice. We took two complementary approaches, different 

from the
 
typically employed gel mobility shift assays reported by others

 
(Jian et al., 2005; 

Salh et al., 2003; Ukil et al., 2003) or the less quantitative total p65 staining (Sugimoto et 

al., 2002) 
 
Considering the crucial role of the p65 subunit in NF-B signaling

 
pathway, 

we first investigated its activation by phosphorylation
 
at Ser

276
 by immunohistochemistry. 

As anticipated, phosphorylation
 
of p65 was significantly enhanced in both the proximal 

and distal
 
colon of IL-10

–/–
 mice compared with wild-type mice

 
(Fig. 7), with both 

epithelial and infiltrating immune cells
 
positively stained (Figs. 7C and 8). At this 

relatively early
 
stage of colitis (14 days postcolonization), NF-B activation

 
was seen 

predominantly in colonic epithelial cells, although
 
the number of pSer

276
-p65 positive 

cells in the lamina propria
 
was also significantly elevated (Fig. 8). Consistent with 

http://ajpgi.physiology.org/cgi/content/full/295/5/G1079#F7#F7
http://ajpgi.physiology.org/cgi/content/full/295/5/G1079#F7#F7
http://ajpgi.physiology.org/cgi/content/full/295/5/G1079#F8#F8
http://ajpgi.physiology.org/cgi/content/full/295/5/G1079#F8#F8
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decreased
 
expression of IL-12/23p40 and IFN, 0.1% of dietary curcumin

 
reduced the 

number of phospho-p65-positive colonic epithelial
 
cells, especially in the proximal 

colonic segments (Fig. 8,
 
A and B). However, higher concentrations of dietary curcumin

 

(0.5 and 1%) had no effect (Fig. 7 and 8). Moreover, neither
 
concentration of curcumin 

affected NF- B activation in the subepithelial
 
compartment (depicted as open bars in Fig. 

8). 

 

 

 

http://ajpgi.physiology.org/cgi/content/full/295/5/G1079#F8#F8
http://ajpgi.physiology.org/cgi/content/full/295/5/G1079#F7#F7
http://ajpgi.physiology.org/cgi/content/full/295/5/G1079#F8#F8
http://ajpgi.physiology.org/cgi/content/full/295/5/G1079#F8#F8
http://ajpgi.physiology.org/cgi/content/full/295/5/G1079#F8#F8
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Figure 7. Immunohistochemical analysis of the effects of dietary curcumin on NF-B activation 

(phospho-Ser
276

p65) in the proximal and distal colon of IL-10
–/–

 mice in situ. Colonic tissues from 

wild-type mice fed control diet (A) and IL-10
–/–

 fed control or curcumin-supplemented diets (B) 

were collected 14 days postcolonization. Brown staining indicates cells positive for phospho-

Ser
276

p65 subunit of NF-B. Magnification x200. C: proximal colonic tissue from colitic IL-10
–/–

 

mouse on control diet demonstrating phospho-Ser
276

p65 positive nuclear brown staining in both 

epithelial cells and immune cells of the lamina propria (magnification x400). 

 

 

 
 

 

 

Figure 8. Scoring summary of phospho-Ser
276

p65-positive cells in the proximal (A) and distal 

colon (B) of WT or IL-10
–/–

 mice fed control or curcumin-supplemented diets. Staining was 

scored by counting the number of phospho-Ser
276

p65-positive cells; colonic epithelial cells (CEC; 

open bars) and lamina propria (LPL; shaded bars) per high-power field of vision (magnification 

x200). In total 5 randomly selected fields per section were analyzed for each mouse. Statistical 

analysis was performed with ANOVA followed by Fisher PLSD post hoc test. *Statistically 

significant differences (P ≤ 0.05) between control (WT, no curcumin) and respective dietary 

group of IL-10
–/–

 mice. #Statistical difference between IL-10
–/–

 mice on control diet and IL-10
–/–
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mice on respective curcumin-supplemented diets. Differences are indicated for total number of 

phospho-Ser
276

p65 positive cells (CEC+LPL; outside the bars), in CEC (inside shaded bars), and 

in LPL (inside open bars). 

 

 

 

To study activation of NF-B in a more functional setting, and
 

at a later time 

postcolonization (28 days), when primarily lamina
 
propria cells exhibit enhanced NF-B 

activity (Karrasch et al., 2007) we employed
 
TG mice expressing EGFP from an NF-B-

inducible promoter. NF-B
EGFP 

TG mice were maintained germ-free on wild-type or IL-

10
–/– 

background, thus allowing us to study the activation of NF-B
 
in the context of 

bacterially induced chronic inflammation and
 
spontaneous colitis by monitoring EGFP-

related fluorescence
 
in situ rather than by in vitro analyses. Following transfer

 
to SPF 

conditions, macroscopic analysis of EGFP fluorescence
 
in the intact colon demonstrated 

that NF-B activation was significantly
 
increased in IL-10

–/–
 compare to WT mice (Fig. 

9A).
 
Consistent with phospho-p65 staining, histological analysis

 
and cytokine production, 

in the whole organ fluorescence analysis,
 
dietary curcumin at 1% did not demonstrate a 

significant or
 
easily noticeable attenuation of the EGFP expression and by

 
the same token 

did not affect NF-B-mediated gene transcription.
 

In a more unequivocal fashion, 

confocal microscopy on whole
 
colonic tissues indicated no effect of dietary curcumin on 

NF-B
 
activity in the lamina propria compartment (Fig. 9B).

  

http://ajpgi.physiology.org/cgi/content/full/295/5/G1079#F9#F9
http://ajpgi.physiology.org/cgi/content/full/295/5/G1079#F9#F9
http://ajpgi.physiology.org/cgi/content/full/295/5/G1079#F9#F9
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Figure 9. Evaluation of enhanced green fluorescent protein (EGFP) fluorescence in the colon of 

IL-10
wt/wt

/NF-B
EGFP

 and IL-10
–/–

/NF-B
EGFP

 mice fed control or 1% curcumin-supplemented 

diet. Germ-free mice were colonized with SPF flora and euthanized 28 days postcolonization. A: 

colon and cecum were resected and EGFP fluorescence was imaged as described in Materials and 

Methods. B: confocal imaging of colonic mucosa immediately after dissection was performed as 

described in MATERIALS AND METHODS, with predominantly interstitial cells being EGFP 

positive and thus likely representing LPL mononuclear cells. 
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F- IL-10 potentiates the effect of curcumin to downregulate IL-12/23p40 

production by splenocytes.  

To explain the limited protective potential of curcumin in IL-10
–/– 

mice, we further 

investigated the effect of curcumin on the
 
production of IL-12/23p40 by LPS-stimulated 

splenocytes from
 
WT or IL-10

–/–
 mice. WT and IL-10

–/– 
splenocytes were pretreated with 

curcumin (0.5–10 µM)
 
for 2 h prior to 24 h stimulation by LPS (10 ng/ml). IL-12/23p40

 

production was assayed by ELISA. As anticipated, splenocytes
 
from IL-10-deficient mice 

exhibited enhanced secretion of IL-12/23p40
 
protein under both unstimulated and LPS-

induced conditions (Fig. 10).
 
Curcumin inhibited the production of IL-12/23p40 in a 

dose-dependent
 
manner in both WT and IL-10

–/–
 splenocytes, although

 
in the case of IL-

10
–/–

 cells, curcumin was unable
 
to reduce the cytokine secretion to the basal levels 

observed
 
in wild-type, unstimulated cells (Fig. 10). These results were

 
suggestive that in 

the IL-10
–/–

 mice, the limited
 
potency of curcumin can be partially explained by the 

cooperative
 
anti-inflammatory effects of the compound with IL-10. 

http://ajpgi.physiology.org/cgi/content/full/295/5/G1079#F10#F10
http://ajpgi.physiology.org/cgi/content/full/295/5/G1079#F10#F10
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Figure 10. Inhibition of IL-12/23p40 secretion in LPS-stimulated splenocytes from WT or IL-10
–

/–
 mice by curcumin. Splenocytes from WT and IL-10

–/–
 mice were treated with curcumin (0.5 to 

10 µM) for 2 h prior to LPS stimulation (10 ng/ml) for 24 h. IL-12/23p40 concentration in the 

culture supernatant was determined by ELISA. *Statistically significant differences (P ≤0.05) 

between control cells (no LPS, no curcumin) and LPS or LPS/curcumin-treated cells (within 

respective genotype). #Statistical difference in IL-12/23p40 secretion between wild-type and IL-

10 deficient splenocytes (within respective treatment group). 

 

G- Curcumin and IL-10 act synergistically to inhibit NF-B activity in 

intestinal epithelial cells. 

In support of the above hypothesis, two earlier reports indicated
 
that curcumin increases 

expression of IL-10 in chemically induced
 
colitis in rats (Jian et al., 2005; Zhang et al., 

2006b). Moreover, Al-Ashy et al. (Al-Ashy et al., 2006) recently
 
described IL-10-

mediated inhibition of IL-1β-induced NF-B
 
activity and COX-2 expression in Mode-K 

mouse intestinal epithelial
 
cells. In macrophages, Zhou et al. (Zhou et al., 2004) described 

IL-10 inhibition
 
of LPS-stimulated IL-12p40 transcription at the chromatin structure

 

level. We therefore hypothesized that curcumin may exert its
 
anti-inflammatory effects 
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partially through an IL-10-dependent
 
pathway. To test for the possible synergistic 

activities of
 
curcumin and IL-10 in inhibiting NF-B activation, we utilized

 
Mode-K cells 

stably transfected with a NF-B inducible reporter
 
plasmid (pNiFty2-Luc). First, we 

verified that IL-10 receptor
 
(IL-10R ), a 90-kDa protein, was expressed in Mode-K 

cells and
 
present at the cytoplasmic membrane (Fig. 11A). Mode-K cells

 
were then stably 

transfected with an NF-B inducible reporter
 
plasmid (pNiFty2-Luc). We determined 

suboptimal concentrations
 
of curcumin or IL-10 administered individually by testing the

 

effects of increasing concentrations of these two factors on
 
NF-B activity induced by IL-

1β. IL-1β was recently
 
described as a potent inducing factor of NF-B in Mode-K cells

 

(Al-Ashy et al., 2006). Cells were pretreated for 1 h with IL-10 (5–100 ng/ml)
 
or for 10 

min with curcumin (1–50 µM) prior to 6
 
h treatment with IL-1β (10 ng/ml). In our 

experimental
 
settings, 25 µM of curcumin or 30 ng/ml of IL-10 alone

 
were not sufficient 

to significantly inhibit NF-B and luciferase
 
activity (Fig. 11, B and C). However, when 

cells were pretreated
 
with curcumin and IL-10 in combination (25 µM and 30ng/ml,

 

respectively) we observed a significant inhibition of NF-B activity,
 
which was reduced 

to the baseline level (Fig. 11D). This novel
 
observation may partially account for limited 

effects of dietary
 
curcumin on NF-B activation in IL-10-deficient mice. 

 

 

http://ajpgi.physiology.org/cgi/content/full/295/5/G1079#F11#F11
http://ajpgi.physiology.org/cgi/content/full/295/5/G1079#F11#F11
http://ajpgi.physiology.org/cgi/content/full/295/5/G1079#F11#F11
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Figure 11. Synergistic inhibition of IL-1β-induced NF-B activity by IL-10 and curcumin in 

stably transfected Mode-K cells. Mode-K cells transfected with NF-B-inducible reporter 

plasmid (pNiFty2-Luc) were determined to express detectable amounts of IL-10 receptor as 

judged by Western blotting with crude cell membranes and on the cell surface as analyzed by cell 

surface biotinylation (A). Cells were pretreated with or without increasing concentration of 

curcumin or murine IL-10 and then treated with IL-1β (10 ng/ml) for 6 h. Curcumin remained 

ineffective in concentrations 1–25 µM (B) whereas IL-10 significantly inhibited NF-B activity 

only at 100 ng/ml (C). Combination of curcumin and IL-10 in suboptimal concentrations (25 µM 

and 30 ng/ml, respectively) resulted in significant inhibition of NF-B (D). Relative 

luminescence unit (RLU) corresponding to the luciferase activity was normalized to protein 

concentration. Three independent experiments were performed, each in triplicate. Statistical 

analysis was performed with ANOVA followed by Fisher PLSD post hoc test. *Statistically 

significant differences (P ≤ 0.05) between control cells (open bars) and IL-1β-treated cells (solid 

bars). #Statistical difference between IL-1β-treated cells and cells cotreated with IL-1β and 

curcumin and/or IL-10. 
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H- Curcumin and IL-10 act synergistically to inhibit IL-12/23p40 production 

by dendritic cells.  

Dendritic cells are the most potent antigen-presenting cell
 
at the interface between innate 

and adaptive immune responses.
 
They play an active role in the maintenance of gut 

homeostasis
 
and T cell differentiation. Because they are one of the main

 
producers of 

proinflammatory cytokines, the study of the synergistic
 

effect between IL-10 and 

curcumin was of particular interest.
 
The in vitro effects of micromolar concentrations of 

curcumin
 
on antigen presenting cells have been recently reported (Kim et al., 2005).

 
The 

demonstrated effective concentrations leading to inhibition
 
of NF-B activation and 

impaired induction of Th1 responses were
 
10–25 µM (Kim et al., 2005), concentrations 

that have not been
 

reported as achievable in peripheral circulation after oral
 

administration of curcumin (Sharma et al., 2007) However, we have detected millimolar
 

concentrations of curcumin in the colonic content, and even
 
with poor bioavailability and 

rapid metabolism by the epithelial
 
cells, concentrations of curcumin in the lamina propria 

may
 
be significantly higher than that in the peripheral circulation.

 
We investigated the 

effects of submicromolar concentrations
 
of curcumin and IL-10 treatment on IL-12/23p40 

production by
 
LPS-stimulated DC2.4 cells, a murine dendritic cell line. The

 
expression of 

IL-10 receptor in DC2.4 cells was confirmed in
 
a way analogous to that described for 

Mode-K cells (data not
 
shown). The cells were pretreated with IL-10 in a suboptimal

 

concentration (2.5 ng/ml) determined in a separate series of
 
experiments (data not shown) 

and with curcumin (0.1, 0.5, and
 
1 µM) for 1 h and 10 min, respectively, prior to 24-h

 

stimulation with 100 ng/ml of LPS. Curcumin alone induced a
 
downregulation of IL-
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12/23p40 production in LPS-treated DC cells
 
in a dose-dependent response (Fig. 12A). 

IL-10 (2.5 ng/ml) and
 
curcumin (0.1 µM) used independently did not significantly

 
reduce 

the production of IL-12/23p40 (Fig. 12B), but when used
 

in combination they 

significantly inhibited IL-12/23p40 production
 
(Fig. 12B). Collectively, obtained data 

strongly suggest that
 
curcumin and IL-10 act synergistically to reduce the production

 
of 

proinflammatory cytokines and immune activation, a result
 
that may also explain the 

limited potential of curcumin in the
 
IL-10-deficient mice. 

 

 

 

Figure 12. Synergistic inhibition of LPS-induced IL-12/23p40 production by IL-10 and 

submicromolar concentrations of curcumin in dendritic cells in vitro. Dose response to increasing 

concentrations of curcumin in DC2.4 cells stimulated with LPS (100 ng/ml) for 24 h (A). 

Combination of curcumin and IL-10 in suboptimal concentrations (0.1 µM and 2.5 ng/ml, 

http://ajpgi.physiology.org/cgi/content/full/295/5/G1079#F12#F12
http://ajpgi.physiology.org/cgi/content/full/295/5/G1079#F12#F12
http://ajpgi.physiology.org/cgi/content/full/295/5/G1079#F12#F12
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respectively) resulted in significant inhibition of IL-12/23p40 production in LPS-stimulated 

DC2.4 cells (B). Two independent experiments were performed, each in triplicate. Statistical 

analysis was performed with ANOVA followed by Fisher PLSD post hoc test. *Statistically 

significant differences (P ≤ 0.05) between control cells (no LPS, no curcumin) and treated cells. 

#Statistical difference between LPS-treated cells and cells cotreated with curcumin, IL-10, or IL-

10 and curcumin. 

 

3-5 DISCUSSION 

The dried rhizome of a perennial herb Curcuma longa Linn., also
 
called turmeric, has 

been used in Asian medicine for centuries.
 
Curcumin has been identified as the most 

active constituent
 
of turmeric and is also defined as an anti-inflammatory, antioxidant,

 

proapoptotic, antiproliferative, and anti-infectious agent.
 
The anti-inflammatory activity 

of curcumin has been investigated
 
in various in vitro and in vivo studies (Sharma et al., 

2005). Curcumin was shown
 
to be effective in acute as well as chronic models of 

inflammation,
 
by enhancing phagocytic activity of macrophages as well as NK

 
cell 

functions and by inhibiting lymphocyte proliferation and
 
the immunostimulatory function 

of dendritic cells (Bhaumik et al., 2000; Jagetia and Aggarwal, 2007; Kim et al., 2005).
 
In 

addition, curcumin has been described to regulate the activity
 
of several enzymes via 

direct interaction (e.g., COX2, 5LOX,
 
iNOS) and to modulate gene transcription through 

the inhibition
 
of transcription factors (e.g., NF-B) and related signaling

 
pathways (Jobin 

et al., 1999; Sharma et al., 2005). In vitro, curcumin was shown to block cytokine-

induced
 
and NF-B-mediated activation of proinflammatory cytokines such

 
as IL-12 and 

IFN (Jobin et al., 1999).
 
 

On the basis of these encouraging observations, curcumin has
 
been extensively tested for 

efficacy in prevention or treatment
 
of active disease in multiple models of rodent colitis. 
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With
 
the abundance of data from chemically induced colitis (TNBS,

 
DNB, dextran sulfate 

sodium), models relying on initial mucosal
 

injury, there have been no studies 

demonstrating effectiveness
 
of curcumin in immune-mediated animal models of IBD. 

Whereas
 
curcumin was shown as an effective supportive therapy reducing

 
the relapse rate 

in UC patients, its efficacy in CD or in animals
 
models more pertinent to CD has not been 

evaluated. Our recently
 
published data with TNBS colitis in BALB/c and SJL/J mice 

demonstrated
 
(Billerey-Larmonier et al., 2008)

 
no protective effects of dietary curcumin 

in NKT-cell deficient
 
SJL/J mice, thus suggesting possible limited effects in a Th-1-

skewed
 
colonic inflammation. In the present study, we provide another

 
evidence of the 

limited potency of curcumin in the setting of
 
Th-1/Th-17-mediated colitis developed by 

IL-10 knockout mice.
 
In IL-10

–/–
 mice, curcumin partially improved colonic

 
morphology 

in both distal and proximal colon at the dose of
 
0.1%. Higher concentrations of curcumin 

did not display any
 

protective effect and did not reduce histological markers of
 

inflammation: crypt hyperplasia, lymphocytic and neutrophilic
 
infiltration, and mucosal 

ulceration. To further characterize
 
the effect of curcumin in IL-10

–/–
 mice, we evaluated

 

the production of two major proinflammatory cytokines implicated
 

in the colonic 

inflammation in IL-10-deficient mice: IL-12/23p40
 
and IFN. Curcumin showed only a 

very mild inhibitory effect
 
on IL-12/23p40 and IFN mRNA expression and protein 

concentrations
 

in the proximal and distal colon. However, IL-12/23p40 and IFN
 

secretion was not affected by curcumin in MLN cell culture stimulated
 
with commensal 

bacterial antigens. We further focused on the
 
effect of curcumin on the activation of NF-

B in vivo. This key
 
transcription factor has been well known to be the major target

 
of 
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curcumin in various in vitro cellular models. Dietary curcumin
 
had limited effects on NF-

B p65 activation (Ser
276

 phosphorylation)
 
in the colon of IL-10

–/–
 mice, observed only at

 

the lowest concentration of the compound (0.1%) and limited
 
to the colonic epithelial 

cells. Using a unique model to study
 
NF-B activation in situ, we further looked at the 

activation
 
of NF-B in transgenic IL-10

–/–
/NF-B

EGFP
 mice. In

 
this model, 1% of dietary 

curcumin failed to noticeably inhibit
 
the activation of NF-B. In vitro, curcumin inhibited 

the production
 
of IL-12/23p40 in LPS-stimulated splenocytes from WT and IL-10

–/– 
mice, 

although it was unable to reduce IL-12/23p40 secretion
 
to levels observed in unstimulated 

WT cells. Moreover, when
 

used in combination, submicromolar concentration of 

curcumin
 
(100 nM) acted synergistically with IL-10 to inhibit the production

 
of IL-

12/23p40 in murine dendritic cells. Similar synergism
 
was demonstrated in IL-1β-

induced NF-B activity in intestinal
 
epithelial Mode-K cells. These observations suggest 

that this
 
potential synergism between the two factors is partially responsible

 
for limited 

efficacy of curcumin in IL-10
–/–

 mice.
 
The IL-10-dependent effects of low concentrations 

of curcumin
 
on immune cells may be of particular relevance, since in human

 
patients 

receiving 4, 6, and 8 g of curcumin the average peaks
 
of serum curcumin concentrations 

after ingestion were 0.51,
 
0.63, and 1.77 µM, respectively (Cheng et al., 2001).

 
 

Limited bioavailability of orally administered curcumin and
 
its rapid metabolism (Sharma 

et al., 2007) may translate into insufficient concentration
 
of the compound in the lamina 

propria and secondary lymphoid
 

tissues. Although very difficult to address 

experimentally,
 
this could explain the limited effects of curcumin in an IBD

 
model 
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initiated by primary immune dysregulation and loss of
 
immune tolerance rather than by 

epithelial injury. The limited
 
effects of the compound in the IL-10 deficiency model may 

be
 
related to the effects of luminal curcumin on epithelial cells

 
rather than on the 

hyperactive T cells and may point to epithelial
 
cells as a primary target of curcumin. 

Indeed, curcumin has
 
been demonstrated to inhibit TNF or IL-1β-mediated increased

 

epithelial tight junction permeability (Al-Sadi and Ma, 2007; Ma et al., 2004), consistent 

with
 
inhibition of NF-B signaling by higher concentrations of the

 
drug (Jobin et al., 

1999). Whereas continuous presence of curcumin (at 0.1%
 
in diet) in the colonic lumen 

appeared beneficial to both mucosal
 
morphology and cytokine gene expression, removal 

of the anti-inflammatory
 
pressure of the compound in ex vivo studies (colonic explant

 

culture or MLN stimulation) restored immune reactivity and cytokine
 

production. 

Similarly, in the clinical trial with UC patients,
 
withdrawal of curcumin resulted in 

increased relapse rate to
 
levels observed in the placebo group (Hanai et al., 2006) It is, 

therefore,
 
possible that the potential pharmacological application of curcumin

 
in IBD 

patients may be limited to prevention or maintenance
 
of remission with continuous and 

regular oral intake of curcumin.
 
 

In addition, the limited effects of curcumin in IL-10
–/– 

mice could be related to the lack of 

induction of endogenous
 
immunomodulatory IL-10. Our in vitro data suggest an interplay

 

between curcumin and IL-10 in downregulating NF-B activity and
 
proinflammatory 

cytokine production. This finding has been recently
 
lent support by an observation that 

curcumin (50 µM) enhances
 
basal and LPS-induced production of IL-10 by mouse bone 
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marrow
 
derived dendritic cells, which gain the ability to direct Treg

 
cell differentiation 

(Cong et al., 2009).
 
Whereas IL-10 knockout mice provide an excellent model to study

 

CD pathogenesis, particularly its microbial aspects, human genetic
 
variations known to 

date as associated with CD do not include
 

the IL-10 locus and serum IL-10 

concentrations are increased
 
in the acute phase of CD (Kucharzik et al., 1995). Therefore, 

the data presented
 
here should not be considered as definitive evidence against

 
the use of 

curcumin in CD patients.
 
 

It is of importance to notice an inverse dose-effect relationship
 
of curcumin in IL-10 

deficiency colitis. Although not entirely
 
unexpected, the limited protective effects of 

curcumin in Th-1
 
mediated colitis were somewhat surprising. Lower (0.1%) dose

 
of 

curcumin provided modest protection in IL-10
–/– 

mice from developing colitis, coinciding 

with decreased activation
 
of NF-B in the colonic epithelial cells, whereas higher dietary

 

concentrations of the compound were not only ineffective but
 
appeared to exacerbate 

cytokine release from colonic explants
 
and MLN cells. Similarly, higher concentrations 

of curcumin
 
were without effect on NF-B activation in vivo. A similar reciprocal

 
dose-

effect relationship was not described in chemically induced
 
models of colitis. Curcumin is 

generally well tolerated by human
 
patients and doses up to 8,000 mg daily for 3 months 

did not result
 
in discernible systemic toxicities except mild nausea and diarrhea (Cheng et 

al., 2001). Because of its poor bioavailability it may be tempting
 
to use high daily doses 

of curcumin in clinical trials with
 
IBD patients. In a recent study with UC patients, 

curcumin was
 
used at a dose of 2 g/day to maintain remission (Hanai et al., 2006). On the

 

other hand, our recent microarray analysis of colonic gene expression
 
profile was 
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indicative of some degree of ER stress (Billerey-Larmonier et al., 2008). It
 
is, therefore, 

not inconceivable that higher concentrations
 
of dietary curcumin, in the absence of 

cytoprotective effects
 
of IL-10 (Shkoda et al., 2007), may attenuate mucosal healing and 

exacerbate
 
the immune response. Our results indicate that higher concentrations

 
of dietary 

curcumin do not always correlate with highest efficacy
 
in vivo and may in fact be 

detrimental. Therefore, in the design
 
of future clinical trials, a broad spectrum of doses 

that include
 
low concentrations of curcumin should be considered to determine

 
optimal 

benefits of the compound. 
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CHAPTER 4 

Modulation of Neutrophil Motility by Curcumin 

Implications for Inflammatory Bowel Disease 

 

This chapter has been submitted after revisions for publication in Inflammatory Bowel 
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4-1 ABSTRACT 

Background: Neutrophils (PMN) are the first cells recruited at the site of inflammation. 

They play a key role in the innate immune response by recognizing, ingesting and 

eliminating pathogens and participate in the orientation of the adaptive immune response. 

However, in Inflammatory Bowel Disease, the transepithelial migration of neutrophils 

also leads to an impaired epithelial barrier function, perpetuation of inflammation and 
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tissue destruction via oxidative damage and protease release. Curcumin 

(diferulolylmethane) displays a protective role in mouse models of IBD and in human 

ulcerative colitis, a phenomenon consistently accompanied by a reduction of mucosal 

neutrophil infiltration. We have previously reported that numerous genes involved in 

neutrophil migration were modulated by curcumin in TNBS colitis. We therefore 

investigated the effect of curcumin on neutrophil polarization and motility. Results: In 

vitro, curcumin attenuated LPS-stimulated expression and secretion of MIP-2, IL-1KC 

and MIP-1 in colonic epithelial cells (CEC) and in macrophages.  Curcumin 

significantly inhibited PMN chemotaxis against MIP-2 or conditioned media from LPS-

treated macrophages or CEC. Moreover, non-toxic curcumin concentrations markedly 

inhibited random migration of PMN suggesting a direct effect on neutrophil 

chemokinesis. Curcumin-mediated inhibition of PMN motility could be attributed to a 

downregulation of PI3K activity, AKT phosphorylation and F-actin polymerization at the 

leading edge. The inhibitory effect of curcumin on neutrophil motility was further 

demonstrated in vivo in a model of aseptic peritonitis. Conclusion: Our results indicate 

that curcumin interferes with colonic inflammation partly through inhibition of the 

chemokine expression and through direct inhibition of neutrophil chemotaxis and 

chemokinesis.  
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4-2 INTRODUCTION 

Aberrant immune response has been proposed as the underlying cause of Inflammatory 

Bowel Disease (IBD), combining an early defect in the innate immune response followed 

by a dysregulated T cell response in the chronic stage of the disease. Impaired neutrophil 

recruitment has been hypothesized to contribute to the development of Crohn’s Disease 

(CD). It has been postulated, that neutrophil accumulation and associated bacterial 

clearance are impaired and favor the formation of granulomatous inflammation in CD 

(Marks and Segal, 2008). Although forms of typhlitis or enterocolitis have been reported 

in various neutropenias or genetic disorders with impaired granulocyte function (Rahman 

et al., 2008), the hypothesis that inappropriate neutrophil recruitment or function may be 

at least in part responsible for the onset of CD remains controversial.  

Initiating events differs from the complex mechanisms responsible for the disease 

progression and relapse, which are traditionally attributed to a hyperactive adaptive 

immune response to the bowel luminal contents and primarily linked to a T-cell 

dysfunction accompanied by an unabated neutrophil influx.  The latter leads to the 

formation of crypt abscesses, a characteristic histologic lesion found particularly in 

patient with Ulcerative Colitis (UC). Disproportionate and persistent inflammatory 

process mediated by PMN leads to reduction of epithelial barrier function, perpetuation 

of inflammatory processes, and tissue destruction via the release of free radicals and 

proteases. Therefore in established disease, IBD severity seems to be directly correlated 

with the rate of transepithelial neutrophil migration, their accumulation in the intestinal 

lumen, and neutrophil fecal excretion (Saverymuttu et al., 1983). Neutrophils have also 
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been proposed to be important pro-inflammatory effector cells capable of associating 

with lymphocytes to foster epithelial dysfunction and injury associated with IBD. 

Recently, neutrophil serine proteases have been demonstrated as regulators of cell 

signaling during inflammation by enzymatic processing of TNF, IL-1 and IL-18 to 

their active forms, and even participate in activating the LPS receptor, TLR-4 (Wiedow 

and Meyer-Hoffert, 2005). Therefore, neutrophil recruitment and functions have become 

a target for pharmaceutical approaches aimed at reducing relapse rate in IBD patients. 

While major proinflammatory cytokines regulating T cell activation, such as TNF, IFN-

 and IL-12/23p40 have been at the center of attention for pharmaceutical interventions 

(Sandborn and Targan, 2002), strategies interfering with neutrophil migration, 

particularly targeting major chemoattractant receptors such as CXCR2 and CXCR1, have 

also been considered (Busch-Petersen, 2006). Such approaches could represent useful 

adjuncts to other therapeutic approaches using biologics that primarily target T cells or 

proinflammatory cytokines. Animal studies on the role of neutrophil recruitment in 

experimental colitis present somewhat inconsistent evidence. CXCR2
-/-

 mice are 

protected from tissue damage in chronic DSS colitis (Buanne et al., 2007). Similarly, 

antibody blockade of CXCR2 improves symptoms of DSS colitis (Farooq et al., 2009). 

Moreover, neutrophil depletion or inhibition of CD11b/CD18 decreases the severity of 

DSS and TNBS colitis, respectively (Natsui et al., 1997; Palmen et al., 1995). However 

other groups demonstrated that neutrophil depletion did not significantly improve acute 

colitis induced by acetic acid, TNBS/Ethanol and PMA (Buell and Berin, 1994; Yamada 
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et al., 1991). In yet another report, blocking of neutrophil adhesion or neutrophil 

depletion aggravated colitis (Kuhl et al., 2007).  

The effect of the dried rhizome of Curcuma longa Linn, also called turmeric, on the 

immune responses (both innate and adaptive) has generated considerable attention in the 

past decade (Jagetia and Aggarwal, 2007; Joe et al., 2004; Sharma et al., 2005). 

Curcumin has been identified as the most active constituent of turmeric and is also 

defined as an anti-inflammatory, anti-oxidant, pro-apoptotic, anti-proliferative and anti-

infectious agent (Bhaumik et al., 2000; Kim et al., 2005; Yadav et al., 2005). The anti-

inflammatory activity of curcumin has been attributed to its interference with the 

arachidonic acid cascade (Ammon et al., 1992; Cuendet and Pezzuto, 2000), regulation of 

several enzymes via direct interaction (e.g COX2, 5LOX, iNOS), although its presumed 

primary mechanism of action has been ascribed to the inhibition of NF-B (Jagetia and 

Aggarwal, 2007). Curcumin was shown to be effective in both acute and chronic models 

of inflammation. The potential usefulness of curcumin in the treatment of IBD was 

suggested by studies in chemically induced rodent models of colitis (Camacho-Barquero 

et al., 2007; Jiang et al., 2006; Salh et al., 2003; Sugimoto et al., 2002; Ukil et al., 2003; 

Venkataranganna et al., 2007; Zhang et al., 2006a; Zhang et al., 2006b), and in a well-

controlled ulcerative colitis clinical trial (Moss, 2007). In experimental animals, 

curcumin significantly improves survival, colonic morphology, dampens local cytokine 

and chemokine production and consistently reduces mucosal neutrophil infiltration 

(Billerey-Larmonier et al., 2008; Jian et al., 2005; Salh et al., 2003; Sugimoto et al., 

2002; Ukil et al., 2003). The latter may be partially explained by the recently described 
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pro-apoptotic in vitro effects of curcumin on human neutrophils via the activation of the 

p38 mitogen-activated protein kinase pathway (Hu et al., 2005), or by the curcumin-

mediated  reduction in IL-8-induced Ca
2+

 flux and reduced membrane expression of 

CXCR1 and CXCR2 via their sequestration in the vesicular compartments (Takahashi et 

al., 2007). However, the effects of curcumin on PMN migration have not been 

investigated, despite its potentially significant clinical implications. 

In this report, we provide the evidence for the modulatory effects of curcumin on 

neutrophil motility. These effects are not only mediated through an inhibition of 

chemoattractant gradient formation, but also through modulation of PMN chemotaxis and 

chemokinesis in settings where no cytotoxic effects of curcumin are observed. The 

mechanisms of this modulation were traced to the reduction of PI3K activity, 

phosphatidylinositol (3,4,5)-trisphosphate [PI(3,4,5)P3] synthesis, and inhibition of AKT 

(protein kinase B) activation, leading to a potent inhibition of F-actin polymerization at 

the neutrophil leading edge. The in vitro findings were further corroborated in an in vivo 

model of neutrophil migration in aseptic peritonitis. These results provide further insight 

into the mechanisms of the protection curcumin affords in chronic mucosal inflammation.  

4-3 MATERIAL AND METHODS 

▪ Curcumin 

98.05% pure curcumin, free of contaminating curcuminoids (demethoxy-curcumin and 

bis-demethoxy-curcumin) was obtained from ChromaDex (Irvine, CA) and tested for its 
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efficacy in vitro with LPS-treated RAW 264.7 mouse macrophages. Curcumin was 

dissolved in DMSO (Sigma Aldrich, Saint Louis, MO).   

 

▪ Experimental animals and Diets 

Six-week-old male BALB/c mice were obtained from Harlan Laboratories (Indianapolis, 

IN) and maintained in a conventional animal facility at the University of Arizona Health 

Sciences Center. Sentinel mice were routinely monitored and determined as free from 

common murine pathogens (MHV, MPV, MVM, TMEV, Mycoplasma pulmonis, Sendai, 

EDIM, MNV, ecto- and endoparasites). Animal use protocols were approved by the 

University of Arizona Animal Care.  

 

▪ Model of aseptic peritonitis 

Curcumin was dissolved in sterile olive oil and administered intraperitoneally (i.p.) at the 

dose of 100g/g body weight in 80l injection volume.  BALB/c mice received 3 

injections (i.p.) of olive oil (vehicle) with or without curcumin in 12h intervals. Four 

hours after the last injection, peritonitis was induced by i.p. injection of 500l of 3% 

(wt/vol) sterile thioglycollate (Sigma). 3 hours later, peritoneal cavity was lavaged with 

5mL of cold RPMI 1640 medium, and the number of cells was determined by Vi-Cell XR 

automated cell counter and viability analyzer (Beckman Coulter, Miami, FL). Cytospins 

of the lavaged cells were performed at 900 rpm for 5 min  in Shandon Cytospin III 

centrifuge (Thermo Fisher Scientific). Giemsa staining confirmed that granulocytes 

represented >90% of the cells lavaged 3 hours after thioglycollate broth injection. 
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▪ YAMC cell culture and treatment:  

Conditionally immortalized mouse colonic epithelial cells (YAMC) were obtained from 

Dr. Robert Whitehead (Vanderbilt University) (Whitehead et al., 1993) and were cultured 

under permissive conditions in RPMI 1640 with 2mM L-glutamine, 5% heat-inactivated 

fetal bovine serum (Hyclone, Fisher, Pittsburgh, PA), 1mM sodium pyruvate, 100 U/ml 

penicillin, and 100 µg/ml streptomycin, 6.25mg/L insulin and 5U/ml of recombinant 

murine IFN(Pierce, Rockford, IL)  at 33°C and 5% CO2.
 
If not indicated otherwise, 

media and other reagents used
 
for cell culture were purchased from Invitrogen (Carlsbad, 

CA).
 

Cells were seeded in 24-well plates, 24 hours prior to the experiments, they were 

transferred into 37°C in the same culture medium but without IFN. Cells were treated 

with DMSO or 50M of curcumin for 30 minutes prior to LPS from E.coli O55:B55 at 

100ng/ml (Calbiochem/Merck Chemicals, Nottingham, UK) for 4 hours. Cell culture 

supernatant was collected and YAMC cells monolayer was frozen in liquid nitrogen and 

stored at -80°C until RNA extraction. 

▪ Intraperitoneal macrophages selection, culture and treatment: 

Macrophages were collected from the peritoneum of BALB/c mice by a lavage with 5mL 

of cold RPMI 1640. The number of macrophages was determined by counting adherent 

cells after a 1 hour attachment
 
period on a hemocytometer glass surface at 37°C in 5% 

CO2.
 
After collection, cells were seeded at 10

6
 cells/well in 24-well plates and cultured 
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overnight in RPMI 1640 supplemented with 2mM L-glutamine 10% heat-inactivated fetal 

bovine serum (Hyclone, Fisher), 100 U/ml penicillin, and 100 µg/ml streptomycin at 

37°C with 5% CO2.  Then, intra-peritoneal macrophages were treated with or without 

curcumin at 50M 30 minutes prior to stimulation with LPS from E.coli O55:B55 at 

10ng/ml (Calbiochem) for 2 hours. Cell culture supernatants were collected and stored at 

-80°C until analysis. Macrophages were snap frozen in liquid nitrogen and stored at -

80°C. 

 

▪ Real-time RT-PCR analysis: 

Real-time RT-PCR was used to evaluate colonic expression of MIP-2, keratinocyte 

chemoattractant (KC), MIP-1 and IL-1 mRNA. Total RNA was isolated from 

peritoneal macrophages or YAMC cells using TRIzol reagent (Invitrogen) and its 

integrity was confirmed by denaturing agarose gel electrophoresis and calculated 

densitometric 18S/28S ratio. 250ng of total RNA was reverse-transcribed using iScript 

cDNA synthesis kit (Bio-Rad, Hercules, CA). Subsequently, 20 L of the PCR reactions 

were set up in 96-well plates containing 10 l 2x IQ Supermix (Bio-Rad), 1L TaqMan
®
 

respective primer/probe set (Applied Biosystems, Foster City, CA), 2L of the cDNA 

synthesis reaction (10% of RT reaction) and 7L of nuclease-free water. Reactions were 

run and analyzed on a Bio-Rad iCycler iQ real–time PCR detection system. Cycling 

parameters were determined and resulting data were analyzed by using the comparative 

Ct method as means of relative quantification, normalized to an endogenous reference 

(TATA Box Binding Protein, TBP) and relative to a calibrator (normalized Ct value 
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obtained from control mice) and expressed as 2
-C

t (Applied Biosystems User Bulletin 

#2: Rev B ―Relative Quantification of Gene Expression‖). 

 

▪ Cytokine Assays: 

MIP-2 concentrations in the supernatants from peritoneal macrophages and YAMC cell 

cultures were measured by enzyme-linked immunosorbent assay (ELISA; eBioscience, 

San Diego, CA) according to the manufacturer’s protocols.
   

KC, MIP-1 and IL-1 were 

determined using the Bio-Plex Cytokine Assay (Bio-Rad) on a Luminex-100 workstation 

(Liquichip; Qiagen) with MasterPlexCT software (MiraiBio, San Francisco, CA). 

 

▪ Neutrophil selection 

Bone marrow derived neutrophils were obtained from BALB/c femurs and tibiae and 

filtered through a Falcon 100-µm
 

nylon cell strainer (Becton Dickinson Labware, 

Franklin Lakes,
 
NJ). After red cell lysis in a hypotonic buffer (Becton Dickinson), cells 

were washed and resuspended
 

in complete medium (RPMI 1640; Invitrogen) 

supplemented
 
with 10% heat-inactivated fetal calf serum (Hyclone, Fisher), 2 mM L-

glutamine, 100 U/ml penicillin, and 100 µg/ml streptomycin (Invitrogen). Ly-6G positive 

neutrophils were purified from the total population of bone marrow derived cells using 

automated magnetic separation (autoMACS
TM

, Miltenyi Biotec, Auburn, CA) according 

to the manufacturer’s instructions with the PosseS program. Cell purity was assessed by 

flow cytometry using FITC-conjugated rat anti-mouse Ly-6G and Ly-6C monoclonal 

antibody (BD, Pharmingen). After selection cells were washed and resuspended in RPMI 
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1640, 2 mM L-glutamine, 100 U/ml penicillin, and 100 µg/ml streptomycin (Invitrogen) 

and 0.1% BSA (globulin and fatty acid free, Sigma). 

 

▪ Curcumin cytotoxicity assay 

Potential neutrophil cytotoxicity of curcumin was determined using the ToxiLight Non-

destructive Cytotoxicity BioAssay Kit (Cambrex, Charles City, IA) according to 

manufacturer’s instructions. PMNs were incubated for 2 hours at 37°C with 5% CO2, 

with increasing concentration of curcumin from 5M to 100M. 

 

▪ Chemotaxis and chemokinesis assay 

PMN were labeled with 5mM of the fluorescent indicator Calcein (CellTrace Calcein red-

orange, AM, Molecular Probes) for 30 minutes at 37°C and then washed in RPMI 1640, 

2 mM L-glutamine, 100 U/ml penicillin, and 100 µg/ml streptomycin (Invitrogen) and 

0.1% BSA (Sigma).  Twenty- nine microliters of chemotactic factor: MIP-2 (Peprotech, 

Rocky Hill, NJ), diluted in RPMI medium or conditioned mediums from YAMC cells or 

peritoneal macrophages were placed in the bottom compartment of a modified 96-well 

Boyden chamber fitted with polycarbonate track-etch (PCTE) membranes with 5m pore 

size (ChemoTX System, Neuroprobe, Gaithersburg, MD). Calcein-stained PMN (250,000 

cells /25l) were placed directly onto the filter (top chamber).  To study the effect of 

curcumin on chemokinesis, MIP-2 was placed on both sites of the membrane at the same 

concentration of 20ng/ml. In some experiments, PMNs were pretreated with 25 or 50M 

of curcumin at 37°C for 30 min prior to the assay. The chamber was placed for 1 hour at 
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37°C, 5% CO2. Fluorescence, corresponding to calcein-stained PMN in the bottom part 

was monitored using a Fluoroskan Ascent plate fluorometer and Fluoroskan software 

(Labsystems, Thermo Fisher Scientific). 

 

▪ Western blot analysis 

Bone marrow derived neutrophils were pretreated with curcumin (10-50M) for 5 

minutes prior to 30-second stimulation with MIP-2 (20ng/ml). Proteins were extracted by 

cell lysis in boiling Laemmli
 
sample buffer with 2 mM -mercaptoethanol. Proteins were 

fractionated
 
by 8% SDS-PAGE and blotted on a nitrocellulose membrane for immunoblot 

analysis.
 
After overnight incubation in 1X PBS/0.1% Tween 20, primary antibody to 

phospho-AKT (Ser
473

, Cell Signaling, Danvers, MA) or to phospho-p44/42 MAPK 

(Thr
202

/Tyr
204

) (Cell Signaling) were added. Total AKT (Cell Signaling) or total p44/42 

MAPK antibodies were used to confirm equal loading. HRP-conjugated anti-rabbit 

secondary antibody was used at 1:20,000
 
dilution (Amersham Bioscience, Piscataway, 

NJ). Western detection was performed with Super Signal West Pico (Pierce). 

 

▪ PI3K activity assay 

Bone marrow derived neutrophils were pretreated with curcumin (10-50M) for 5 

minutes prior to 30-seconds stimulation with MIP-2 (20ng/ml). PI3K activity was 

determined by measuring the concentration of PI(3,4,5)P3 (PIP3) using a competitive 

mass ELISA (Echelon Biosciences, Salt Lake City, UT). PIP3 extraction as well as the 

ELISA was performed according to the manufacturer’s protocol. 
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▪ Under agarose migration assay 

Under agarose neutrophil migration was performed as described (Heit and Kubes, 2003) 

with minor modifications. Glass cover slips were placed in Falcon 35mm x 10mm culture 

dishes and overlaid with 3ml of 1.6% agarose solution prepared with RPMI1640 culture 

medium with 20% heat-inactivated FCS. After the agarose solidified, five wells 3.5 mm 

in diameter and 2.4mm apart were cut using a sterile silicone template and bore. The gels 

were allowed to equilibrate for 1hour at 37°C, 5% CO2. For chemotaxis assay, the wells 

were loaded with either neutrophils or 20ng/ml of MIP-2. In separate experiment series, 

DMSO or curcumin-pretreated PMNs (1-50 M for 30 minutes) were used. In another 

series, curcumin was added directly to the gel at various concentrations.  

 

▪ F-actin staining, 

Following under-agarose assay, cells were fixed overnight in absolute methanol at 4°C, 

agarose gel was then gently removed, and PMNs fixed on a glass-coverslip were 

permeabilized in 1X PBS, 0.1% Triton for 20 minutes. Alexa 647-conjugated phalloidin 

(Molecular Probes) was then added the cells (1:50 dilution in 1X PBS/0.1%Triton) and 

incubated on ice for 30 minutes. Cells were counterstained with Sytox green (Molecular 

probes) to image the nuclei. After mounting, phalloidin staining was imaged with a Bio-

Rad MRC1024ES confocal microscope (Bio-Rad).
 
 

 

▪ Statistical Analysis: 
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Statistical significance was determined by the analysis of variance (ANOVA) followed 

by Fisher PLSD post-hoc test with StatView software package v.4.53 (SAS Institute, 

Cary, NC). Data are expressed as mean ± standard error of mean. 

 

4-4 RESULTS 

A-  Curcumin inhibits LPS-stimulated expression and secretion of MIP-2, 

KC, IL-1 and MIP-1in macrophages and colonic epithelial cells 

In IBD, chemokine production contributes to the exacerbation of the intestinal 

inflammation and has been considered as a potential therapeutic target (MacDermott, 

1999; Pender et al., 2005). Therefore, we investigated whether curcumin inhibits the 

formation of neutrophil chemoattractant gradient in vitro. MIP-2, KC, IL-1 and MIP-1 

were chosen as key chemoattractants based on their involvement in neutrophil homing to 

the site of inflammation, as well as  based on the previously reported microarray data 

(Billerey-Larmonier et al., 2008). Epithelial YAMC cells and peritoneal macrophages 

were used as models of the two primary chemokine sources in the inflamed colonic 

mucosa.  Both cell types were exposed to 50M of curcumin 30 minutes prior to LPS 

treatment (100ng/ml for 4 hours in YAMC colonocytes and 10ng/ml for 2 hours in 

macrophages).  Curcumin effectively reduced LPS-stimulated chemokine secretion in 

both peritoneal macrophages and in YAMC cells (Fig. 1). The same pattern was observed 

in real-time RT-PCR analysis (data not shown), thus suggesting transcriptional 

mechanism of inhibition.  
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Figure 1. ELISA for secreted MIP-2 (A) and Bio-Plex analysis for secreted KC (B), IL-1 (C) 

and MIP-1 (D) in the cell culture medium of peritoneal macrophages or YAMC colonocytes 

pretreated with or without curcumin (50M) for 30 minutes at 37°C  LPS  prior to 2 hour (10 

ng/mL; macrophages) of 4 hour (100 ng/mL, YAMC) treatment E.coli. LPS. *Statistically 

significant differences (p<0.05) between values from cells treated with LPS alone and other 

respective treatments (ANOVA followed by Fisher PLSD post-hoc test). 
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B-  Curcumin  has no cytotoxic effect on the bone marrow derived 

neutrophils  

To investigate the indirect and direct effects of curcumin on neutrophils, we 

purified mouse PMNs from the bone marrow using anti-Ly6G microbeads (Miltenyi 

Biotech). This technique was superior to density gradient centrifugation and consistently 

yielded ≥ 95% pure neutrophil population as estimated by flow cytometry (Figure 2A). 

To investigate the potential harmful effects of curcumin on PMN reported in other 

publication (Hu et al., 2005), we analyzed the release of adenylate kinase as a marker of 

cytoxicity. Under experimental conditions used in or exceeding subsequent experiments, 

curcumin had no significant cytotoxic effects on PMN at the concentrations ranging 

between 10 to 100M.  
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Figure 2. (A) Flow cytometry analysis of PMN after magnetic selection. (B) Cytotoxity assay 

with PMN treated with and without curcumin at different concentrations (5 to 100M) for 2 hours 

evaluated by adenylate kinase release (RLU, relative light units). 

C-  Curcumin  inhibits neutrophil chemotaxis toward conditioned media 

from LPS-treated macrophages and colonic epithelial cells 

Since we analyzed macrophages and colonocytes only for the selected four chemokines, 

we verified the effects of curcumin on neutrophil chemotaxis using conditioned media 

from the two cell types from experiments analogous to those presented in Fig. 1. 

Conditioned media from both LPS-treated macrophages and colonic epithelial cells 

potently attracted neutrophils, while media from cells treated with curcumin alone or with 

curcumin and LPS were ineffective (Fig. 3A,B). The inhibition of chemotaxis toward 
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conditioned media from cells treated with curcumin suggested that curcumin inhibited 

basal (unstimulated) chemokine secretion, or that trace amounts of the non-metabolized 

compound remaining in the media inhibited random neutrophil migration in the absence 

of chemoattractant gradient.  Since the first hypothesis was not supported by the data 

from any of the four analyzed chemokines (Fig. 1), inhibition of chemokinesis appeared 

more likely and was tested in the subsequent experiments.  

 

 

Figure 3. Chemotaxis Assay with calcein red-orange AM stained bone marrow-derived mouse 

neutrophils against conditioned medium obtained from intraperitoneal macrophages (A) or 

YAMC cells (B) treated with DMSO (control), 50 M curcumin, LPS (10 ng/mL), or LPS with 
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curcumin (the same treatment conditions as described in Fig. 1). *Statistically significant 

differences (p<0.05) between values from cells treated with curcumin or curcumin/LPS and 

control or LPS treatment; # statistically significant differences between values from cells treated 

with LPS alone and other respective treatments (ANOVA followed by Fisher PLSD post-hoc 

test). 

D-  Curcumin inhibits neutrophil chemotaxis in MIP-2 gradient 

For the following experiments, MIP-2 was chosen as a functional mouse homologue of 

IL-8 and a chemoattractant of reference (Ohtsuka et al., 2001) . Neutrophil chemotaxis 

was tested with increasing concentrations of MIP-2 (5-20 ng/mL) added to the bottom 

compartment with DMSO or curcumin (25 or 50 M). Curcumin significantly inhibited 

neutrophil migration toward MIP-2, with no significant difference between the effects of 

25 and 50 M of the compound (Fig. 4A). Consistent with data from experiments with 

conditioned media, addition of curcumin alone to the bottom compartment also inhibited 

neutrophil migration, thus further suggesting that curcumin inhibits chemokine-

independent neutrophil chemokinesis (Fig. 4B).  To further confirm this observation, 

neutrophils were pre-treated with curcumin at 10-50M prior to the migration assay, 

washed and applied in a uniform MIP-2 concentration (20 ng/mL in both compartments 

of the ChemoTX system).  As anticipated, all tested concentrations of curcumin 

effectively reduced the random neutrophil migration in a homogenous chemoattractant 

concentration (Figure 4C), thus suggesting a direct effect on the neutrophil chemokinesis.  
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Figure 4. (A) Chemotaxis of untreated, calcein-stained neutrophils against recombinant MIP-2 

(5-20 ng/mL) without or with 25 or 50 M curcumin in the lower chamber of the ChemoTx® 

Chemotaxis System.  * p<0.05 MIP-2 vs. control; # p<0.05 curcumin vs. control or 

curcumin/MIP-2 vs. MIP-2 alone. (B) Chemotaxis of neutrophils pretreated with 10-50M of 

curcumin (30 min prior to the assay) against recombinant MIP-2 (20ng/mL) * p<0.05 MIP-2 vs. 

control; # p<0.05 Curcumin 10M/MIP-2 vs. MIP-2 alone; † Curcumin 25 or 50M vs. 

Curcumin 10M/MIP-2 or MIP-2 alone.  (C) Chemokinesis assay of PMN with recombinant 

MIP-2 (20ng/mL) placed in the top and bottom chamber. PMNs were pretreated with curcumin 

(10, 25 or 50M) 30 minutes prior to the assay. * p<0.05 10-20M curcumin vs. DMSO;  # 

p<0.05 50 M curcumin vs. control or 10-20M curcumin (ANOVA followed by Fisher PLSD 

post-hoc test). 
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E-  Curcumin inhibits MIP-2-induced F-actin polymerization in mouse 

neutrophils 

Polymerization of actin cytoskeleton is an essential element of PMNs motility, 

with F-actin formation at the leading edge guiding cell locomotion. Chemoattractants 

stimulate F-actin polymerization and allow cells to migrate directionally in a 

concentration gradient. We hypothesized that curcumin may exert its effects at least 

partially through inhibiting F-actin polymerization. To test this hypothesis, we employed 

the under-agarose migration assay to study the effect of curcumin (pretreatment with 10, 

25 or 50M) on neutrophils migration in a MIP-2 gradient. This well established 

technique allows the analysis of the behavior of cell population rather than of individual 

cells (Heit and Kubes, 2003). As shown by phalloidin staining in Fig. 5A, curcumin dose 

dependently inhibited F-actin polymerization and reduced neutrophil migration.  To test 

whether prolonged exposure (30 min) to curcumin is a prerequisite to observe this 

phenomenon, under-agarose migration assay was also performed with untreated 

neutrophils added to a well cut in agarose polymerized with addition of DMSO or 25-

50M of curcumin (solid phase curcumin). Fig. 5B depicts a representative phalloidin 

staining (red) demonstrating on-contact inhibition of F-actin polymerization in 

neutrophils as they attempt to migrate toward MIP-2 gradient. These observations suggest 

a rapid mechanism of inhibition of neutrophil migration, unlikely secondary to the 
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previously reported effects of curcumin on cell apoptosis or endocytic retention of 

CXCR2. 

 
            A. 

 
 

 

Control DMSO

MIP-2 

(20ng/ml)

Curcumin 10M

Curcumin 25M

Curcumin 50M
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Figure 5. Under agarose neutrophil migration assay: F-actin was labeled after migration with 

Alexa-647 conjugated phalloidin and nuclei were counterstained with sytox green and cells were 

imaged under a confocal laser scanning microscope. (A) Control DMSO-treated PMN or PMN 

pretreated with 10-50 M of curcumin for 30 min prior to the assay were loaded into different 

wells cut in 1.6% agarose gel. Recombinant MIP-2 (20ng/ml) was placed in the central well. Each 

well was placed at equal distance from each other. (B) Curcumin was homogeneously added to 

the gel at 25 or 50 M.  PMN or recombinant MIP-2 (20ng/ml) were loaded into adjacent, evenly 

spaced wells.  
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F-  Curcumin  inhibits MIP-2 induced PI3K and AKT pathway but not 

p44/42 ERK phosphorylation in mouse neutrophils. 

It has been shown previously that the response to intermediate chemokines such 

as MIP-2, cellular signaling guiding F-actin polymerization and leading edge formation is 

governed primarily by PI3K/AKT pathway (Heit et al., 2002). PI3Khas been implicated 

as a major effector of neutrophil chemotaxis (Ferrandi et al., 2007; Hannigan et al., 2004) 

and was reported as one of curcumin’s targets in another model (Lin, 2007). To gain a 

mechanistic insight into the inhibitory effect of curcumin observed with ChemoTX 

system and under-agarose assay, we tested the effects of curcumin on MIP-2- induced 

PI3K activation and its downstream target, protein kinase B (AKT). We therefore 

investigated the effect of curcumin on MIP-2-stimulated production of PIP3 utilizing a 

competitive ELISA assay. As depicted in Fig. 6A, MIP-2 treatment resulted in noticeable 

(although not statistically significant; p=0.06) increase in total cellular PIP3 

concentration, which was reversed by pretreatment with 10M of curcumin and reduced 

below the basal level (Fig. 6A).  Consistent with this observation, MIP-2 significantly 

induced AKT activation (as measured by Ser
473

 phosphorylation status), which was dose-

dependently reduced by 10- of curcumin (Fig. 6B). MIP-2 also activated the 

MAPK signaling cascade as measured by ERK p42/p44 activation. This pathway, 

however, remained unaffected in curcumin-pretreated neutrophils, thus demonstrating 
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specificity toward PI3K/AKT pathway (Fig. 6B). Curcumin alone did not affect the 

baseline levels of phospho-AKT or phospho-ERK. 

 

 

 

Figure 6. (A) ELISA for PIP3 concentration (pMol/10
6
 cells) in bone marrow derived-neutrophil 

treated with 10-50M of curcumin 5 minutes prior to a 30-second stimulation with MIP-2 

(20ng/ml). (B) Western blot analysis of phospho-AKT (Ser
473

) or to phospho-p44/42 MAPK 

(Thr
202

/Tyr
204

) in PMNs treated with 10-50M of curcumin 5 minutes prior to a 30-second 

stimulation with MIP-2 (20ng/ml). Total AKT and total ERK were evaluated as loading control.  

* p<0.05 curcumin/MIP-2 vs. control or MIP-2 alone (ANOVA followed by Fisher PLSD post-

hoc test). 

 

G-  Curcumin  inhibits neutrophil migration in a model of aseptic peritonitis 

To further confirm the effects of curcumin in PMN recruitment to an active site of 

inflammation, we utilized a commonly accepted model of aseptic peritonitis. BALB/c 
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mice were injected intra-peritoneally with curcumin or vehicle prior to i.p. injection of 

sterile thioglycollate broth. We confirmed that in PBS-injected mice, the primary cells 

lavaged from the peritoneum were resident macrophages, while three hours following 

thioglycollate broth injection, the lavaged cell number increased 3-4 fold and was 

represented primarily (>90%) by PMNs (Fig. 7A,B). Administration of curcumin prior to 

thioglycollate broth injection significantly reduced peritoneal recruitment of neutrophils 

(Figure 7B).  
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Figure 7. Effect of curcumin on neutrophil recruitment in thioglycollate induced aseptic 

peritonitis. (A) BALB/c mice received three i.p. injections of curcumin or vehicle alone every 12 

hours in a total volume of 80l. 4 hours after the last i.p. injection of curcumin or vehicle, 

peritonitis was induced by i.p. injection of 500l of 3% thioglycollate (wt/vol; Sigma). 3 hours 

later, intra-peritoneal cells lavaged with 5mL of cold RPMI 1640 and the number of cells was 

determined using the Vi-Cell XR automatic cell counter and viability analyzer (Beckman-

Coulter). (B) Giemsa staining of the lavaged peritoneal cells in PBS or thioglycolate injected 

mice. (C) The effect of curcumin on peritoneal neutrophil recovery in aseptic peritonitis.  * 

p<0.05 curcumin/thioglycollate vs. all other treatments (ANOVA followed by Fisher PLSD post-

hoc test). 

 

4-5 DISCUSSION 

 

Recruitment and activation of neutrophils to the site of injury is one of the hallmarks of 

active IBD. Disproportionate and persistent inflammatory process mediated by the 

B. 

C. 
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transepithelial migration of neutrophils leads to reduction of epithelial barrier function, 

perpetuation of inflammatory processes and tissue destruction via oxidative damage and 

the release of proteases.   

Curcumin has been identified as the most active constituent of turmeric and is also 

defined as an anti-inflammatory, anti-oxidant, pro-apoptotic, anti-proliferative and anti-

infectious agent. The anti-inflammatory activity of curcumin has been investigated in a 

variety of in vitro and in vivo settings (Jagetia and Aggarwal, 2007; Yadav et al., 2005). 

Based on these observations, curcumin has been extensively tested for it efficacy in the 

prevention and treatment of active disease in multiple models of colitis and other 

autoimmune disorders such as rheumatoid arthritis (Funk et al., 2006a; Funk et al., 

2006b). In rheumatoid arthritis, turmeric was shown  to down-regulate chemokine 

production in the acute and chronic phase of the disease,  and affected expression of 

adhesion molecules required for the recruitment of inflammatory cells such as PMNs to 

the joint (Funk et al., 2006a). In our previous studies, curcumin effectively attenuated 

TNBS-induced colitis in BALB/c mice (Billerey-Larmonier et al., 2008). In this report 

we provided an overview of the effects of curcumin on colonic transcriptome using 

genome-wide microarray analysis of gene transcription (Billerey-Larmonier et al., 2008). 

Reiteration of this analysis focused on genes involved in neutrophil function indicated 

numerous genes affected by inflammation and normalized by dietary curcumin. These 

include some potent neutrophil chemoattractants: chemokines (C-X-C) ligand 1 (KC), 

chemokines (C-X-C) ligand 2 (MIP-2), chemokines (C-X-C) ligand 5 (LIX), IL-1 and 

their associated receptors, as well as small cytoplasmic proteins,  calgranulin A (S100A8) 
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and B (S100A9). The latter two are not only released by neutrophils during inflammatory 

reaction, but also act as potent chemoattractants, and their inhibition effectively inhibits 

neutrophil migration (Vandal et al., 2003). Additionally, we identified genes involved in 

neutrophils diapedesis including CD43 (leukosialin) which play an essential role in 

maintaining neutrophils in their ―non-sticky‖ state (Lopez et al., 1998) and was increased 

in curcumin-treated animals. Several other genes associated with neutrophil migration 

and actin-based cytoskeleton rearrangement such as Cdc42, Arp protein complex, WASP 

(Wiskott-Aldrich syndrome protein), were also downregulated by dietary curcumin.  

In the current study, we confirmed the role of curcumin in inhibiting the expression 

and production of chemoattractant molecules; MIP-2, KC, MIP-1 and IL-1 by 

peritoneal macrophages and colonic epithelial cells.  Moreover, in addition to altering the 

chemoattractant gradient formation, curcumin directly affected neutrophil chemotaxis 

and chemokinesis stimulated by MIP-2, a CXCL chemokine, which along with KC is 

considered to be a mouse functional homologue of IL-8.  MIP-2 signals through CXCR2, 

a G-protein–coupled chemotactic receptor directing directional F-actin polymerization in 

the lamella region of a migrating neutrophils (Benard et al., 1999). Downstream from the 

CXCR2, the regulation of F-actin polymerization depends on PI3K activation and 

PtdIns(3,4,5)P3 production, and involves the activation of protein kinase B (Akt/PKB) 

and the guanosine triphosphatases (GTPases) Cdc42 and Rac2. Cdc42 and Rac2 form 

complexes with the Wiskott-Aldrich syndrome protein (WASP)  family proteins and 

actin-related protein 2/3 (Arp2/3) to promote the formation of free barbed ends, which in 

turn initiate cytoskeletal F-actin polymerization in the lamella region. Curcumin inhibited 
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F-actin formation at the leading edge, an event that could be attributed to the attenuation 

PI3Kactivity, PIP3 synthesis, and AKT phosphorylation. This pathways has been 

reported as curcumin target by several other reports, exploring the chemopreventive role 

of the compound in controlling cancer cell proliferation (Lin, 2007). Interestingly, 

contrary to some reports, curcumin did not affect MIP-2 stimulated ERK 

phosphorylation, demonstrating a degree of specificity in mouse neutrophils, and 

suggesting that initial stages MIP-2/CXCR2 signaling were not targeted by the 

compound. This finding, along with ―on-contact‖ inhibition of F-actin polymerization in 

under-agarose migration assays, also argues that our findings were not mediated through 

reduction of surface availability of CXCR2 recently reported by Takahashi et al. 

(Takahashi et al., 2007). 

Neutrophil contribution to the pathogenesis of IBD is not definitive, with data from 

animal studies often yielding contradictory results. Recent studies with CD patients 

suggest a defect in the recruitment and functions of the PMNs as a causative mechanism 

of disease initiation. Emerging picture, although far from being conclusive, is that 

neutrophils play different roles in different phases of the disease process: (i) in the 

initiation phase, neutrophils play a role in bacteria clearance limiting a possible 

overactive adaptive immune response; (ii) in the active part of the disease, neutrophils 

play a significant pro-inflammatory and destructive role; (iii) in the resolution phase, 

neutrophils may contribute to wound healing and tissue repair. Considering the dual role 

of neutrophil depending on the stage of the disease, clinical strategies based only on the 

inhibition of neutrophil function may need to be used with caution in CD patients. To 
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date, there have been no well-designed clinical trials with CD patients involving 

curcumin treatment, while our own studies with mouse models of CD (TNBS colitis in 

SJL/J mice or microbially-induced colitis in IL-10
-/-

 mice) demonstrated no or limited 

effects of curcumin (Billerey-Larmonier et al., 2008; Larmonier et al., 2008). On the 

other hand, in BALB/c mice (Billerey-Larmonier et al., 2008) and other less 

immunologically defined models of colitis (Hanai and Sugimoto, 2009), as well as in UC 

patients (Hanai et al., 2006), curcumin demonstrated a promising efficacy. It is 

conceivable, that part of the protective effects of curcumin in UC is due to neutrophil 

inhibition. Current understanding of the pathogenic role of neutrophils in UC appears less 

controversial. Functionally, compared to controls, neutrophils from UC patients have 

exacerbated response to inflammatory stimuli, such as phorbol ester, fMLP, or zymosan 

(D'Odorico et al., 2000). Moreover, inflammatory mediators in the colon of patients with 

active UC stimulate the migration, activation, and survival of neutrophils (Lampinen et 

al., 2008). IL-8, MPO, and neutrophil-related luminol-dependent fluorescence are 

associated with the degree of inflammation in UC mucosa (Anezaki et al., 1998), and 

leukocytapheresis with selective removal of granulocytes and monocytes/macrophages 

gains recognition as a very safe and effective alternative to biological therapies for 

patients with refractory ulcerative colitis (Arseneau and Cominelli, 2009). 

The presented results strongly suggest that curcumin reduces neutrophil recruitment 

to the inflammatory sites by affecting chemokine gradient formation as well as by the 

direct effect of the compound on neutrophil polarization, chemotaxis and chemokinesis. 
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These mechanisms likely significantly contribute to the described protective and potent 

effect of curcumin in ulcerative colitis.  
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CHAPTER 5 

 

Modulation of Neutrophil- Epithelial Cell Interaction by Curcumin 

Implications for Inflammatory Bowel Disease 

 

Acknowledgments: this work was supported by NIDDK 5R01DK067286 and ABRC 

RFP 07-100. 

 

5-1 ABSTRACT 

Background: Aberrant accumulation of neutrophil at the intestinal mucosal 

surfaces is a characteristic hallmark of inflammatory conditions such as Ulcerative 

Colitis.  Neutrophil transepithelial migration also leads to an impaired epithelial barrier 

function, perpetuation of inflammation and tissue destruction via oxidative damage and 

protease release and directly correlates with clinical disease activity. Curcumin 

(diferulolylmethane) displays a protective role in mouse models of IBD and in human 

Ulcerative Colitis, a phenomenon consistently accompanied by a reduction of mucosal 

neutrophil infiltration. We have previously reported that curcumin significantly inhibits 

neutrophil motility. Results: In vitro, curcumin inhibits neutrophil proteinase-3-induced 

drop in transepithelial resistance in T84 cells and shifts the balance of ICAM-1/CD55 

expression which determines the apical retention or release of transmigrating neutrophils. 

In addition, curcumin modulates neutrophil transepithelial migration though an inverted 

T-84 cell monolayer.  In vivo, curcumin significantly inhibits metalloproteinase gene 
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expression in the distal colon of TNBS-induced colitis in BALB/c mice.  Curcumin 

inhibition of neutrophil-mediated epithelial damage was confirmed in a novel in vivo 

model using sodium periodate enema. Conclusion: Our results indicate that curcumin 

interferes with colonic inflammation through the modulation of neutrophil/epithelial cell 

interaction and reduces neutrophil-mediated tissue injury. 

5-2 INTRODUCTION   

 

While under physiological conditions and immune surveillance low-density 

transepithelial PMN migration is generally believed not to compromise the integrity of 

epithelial monolayers, neutrophil accumulation at intestinal mucosal surfaces is the 

characteristic hallmark of many inflammatory conditions of the intestine. PMNs 

accumulation  in the intestinal lumen directly correlates with clinical disease activity and 

epithelial injury (Nusrat et al., 1997). In order to reach the lumen, PMNs must migrate 

across the epithelial cell barrier. This complex mechanism involves the interaction of 

PMNs to the basolateral part of the epithelium via CD11b/CD18 binding to epithelial 

fucosylated glycoproteins and to the desmosomal junctional adhesion molecule (JAM-C). 

Further migration involves the binding of PMN SIRPto epithelial CD47 followed by 

the opening of the tight junctions through the interaction between JAML protein and 

CAR (coxsackie and adenovirus receptor). Upon their arrival to the lumen PMN are 

stabilized to the epithelium via ICAM1 binding. Binding of PMN-undefined ligands to 

DAF (Decay-Accelerating Factor, CD55) facilitates PMN detachment from the apical 

surface and terminates the transmigration response (Chin and Parkos, 2007). In the case 
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of microbial invasion, apical PMNs release proteases and free radicals, which can serve 

numerous functions.  Serine proteases not only participate in microbial destruction, but 

also serve as modulators of several signaling pathways in the immune cells, lead to 

proteolytic activation of proinflammatory cytokines and participate in their release 

(Wiedow and Meyer-Hoffert, 2005). The oxidative burst. i.e. the production of reactive 

oxygen species and nitric oxide has been considered as the primary PMN ―weapon‖ 

against foreign invaders. However, it also leads to mucosal destruction when excessive 

inflammation occurs in IBD. At the inflammation site, PMN are stimulated to release 

reactive oxygen species (hydrogen peroxide, superoxide anion) which react with other 

radicals to create reactive hydroxyl radicals and singlet oxygen. In IBD, these highly 

toxic but non specific compounds target not only invasive bacteria but also epithelial 

mucosa, causing significant damage and death of cells including PMNs themself.  

Considering the importance of the innate immune response and particularly of neutrophil-

mediated tissue destruction in IBD and the previously described inhibitory effect of 

curcumin on neutrophil chemotaxis (Chapter #4), we hypothesize that curcumin may 

reduce extensive tissue damage by reducing neutrophil transepithelial migration 

associated with the production and release of neutrophil-associated enzymes and highly 

toxic oxidative compounds.  In this chapter, we will evaluate the potential effects of 

curcumin on this aspect of neutrophil function in vitro and in a novel in vivo model.  

 

 

 



171 

 

5-3 MATERIAL AND METHODS 

 

▪ Curcumin 

98.05% pure curcumin, free of contaminating curcuminoids (demethoxy-curcumin and 

bis-demethoxy-curcumin) was obtained from ChromaDex (Irvine, CA) and tested for its 

efficacy in vitro with LPS-treated RAW 264.7 mouse macrophages. Curcumin was 

dissolved in DMSO (Sigma Aldrich, Saint Louis, MO).   

 

▪ Experimental animals  

Six-week-old male BALB/c mice were obtained from Harlan Laboratories (Indianapolis, 

IN) and maintained in a conventional animal facility at the University of Arizona Health 

Sciences Center. Sentinel mice were routinely monitored and determined as free from 

common murine pathogens (MHV, MPV, MVM, TMEV, Mycoplasma pulmonis, Sendai, 

EDIM, MNV, ecto- and endoparasites).  

 

▪ TNBS colitis model 

Mice were administered TNBS intrarectally (2 mg/mouse in 50% ethanol) or phosphate-

buffered saline as a control in a total volume of 100L (3.5cm from the anal verge) using 

a 1-mL syringe fitted with a polyethylene cannula. Mice were then kept in a vertical 

position for 30 seconds before being returned to their cages. Body weight and mortality 

were monitored daily. Three experimental groups were used in both mouse strains: 
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control diet/control enema, control diet/TNBS enema, and 2% curcumin diet/TNBS 

enema. Animal use protocols were approved by the University of Arizona Animal Care. 

 

▪ Model of in vivo neutrophil recruitment:  

Six week-old male BALB/c mice were starved 18 hours before administered sodium 

periodate (Sigma Aldrich), 50mM/mouse in 1X PBS or in 50% ethanol depending on the 

experimental settings) or 1X PBS as control in a total volume of 100 L into the colonic 

lumen (3.5 cm from the anal verge) using a 1mL syringe fitted with a polyethylene 

cannula. Mice were sacrificed 3hours after sodium periodate enema. For curcumin 

treatment, curcumin was dissolved in sterile olive oil and administered intraperitoneally 

(i.p.) at the dose of 100g/g body weight in 80l injection volume.  BALB/c mice 

received 3 injections (i.p.) of olive oil (vehicle) with or without curcumin in 12h 

intervals. Four hours after the last injection, 50 mM Na-periodate was given in enema. 

▪ Histology:  

Distal colons were harvested and fixed in 10% buffered formalin
 
(Fisher Scientific, 

Tustin, CA). Fixed tissues were then embedded
 
in paraffin, and 5-µm-thick tissue cuts 

were stained with
 
hematoxylin and eosin (H&E) for light microscopic examination.

  
 

▪ Immunohistochemistry:  

Sections of distal colon were prepared as above.
 
After deparaffinization and rehydration, 

antigen retrieval was
 
performed by heating slides in citrate buffer (10 mM sodium

 
citrate, 

0.05% Tween 20, pH 6.0). After washing in PBS, residual
 
endogenous peroxidase 
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activity was quenched by incubation in
 
3% H2O2 in water for 10 min. Slides were then 

incubated for
 

1 h in normal goat serum blocking buffer (Vector Laboratories, 

Burlingame,
 
CA). Next, sections were incubated with a primary antibody (MCA771GA) 

recognizing a polymorphic 40-kDa antigen expressed
 
by polymorphonuclear cells, but 

absent on resident tissue macrophages (AbD Serotec, Raleigh, NC) in 1X PBS with 1% 

BSA overnight at 4°C. After
 
three washes in PBS, slides were incubated with biotinylated

 

secondary antibody and streptavidin-peroxidase complex according
 
to the manufacturer's 

recommendation (Vector Laboratories). Slides were then
 

incubated with 3,3'-

diaminobenzidine (Vector Laboratories) and mounted with Vectamount medium (Vector 

Laboratories).
 
Slide examination was performed independently in a blind manner

 
by two 

experienced scientists using a Zeiss Axioplan microscope
 
(Carl Zeiss MicroImaging, 

Thornwood, NY). Images were captured
 
with Nikon Digital Sight DS-Fi1 camera and 

NIS-Element software
 
(Nikon Instruments, Melville, NY). 

 

▪ HL60- cell culture and differentiation:  

Human-promyelocytic  leukemia  cells  (HL-60) were cultured in RPMI 1640 with 2mM 

L-glutamine (Invitrogen, Carlsbad, CA), 5% heat-inactivated fetal bovine serum 

(Hyclone, Fisher, Pittsburgh, PA) at 37°C and 5% CO2.
 

Cells were induced to 

differentiate into neutrophil-like cells by culturing them in the presence of DMSO at 

1.3% (vol/vol) for 7-8 days.  

 

▪ Chemotaxis Assay 
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HL-60 were labeled with 5mM of the fluorescent indicator Calcein (CellTrace Calcein 

red-orange, AM, Molecular Probes) for 30 minutes at 37°C and then washed in RPMI 

1640, RPMI 1640 with 2mM L-glutamine, 5% heat-inactivated fetal bovine serum.  

Twenty- nine microliters of chemotactic factor: IL-8 20ng/ml  (Peprotech, Rocky Hill, 

NJ), fMLP 0.5M (Sigma) or C5a 0.5g/ml (Peprotech) diluted in RPMI medium were 

placed in the bottom compartment of a modified 96-well Boyden chamber fitted with 

polycarbonate track-etch (PCTE) membranes with 5m pore size (ChemoTX System, 

Neuroprobe, Gaithersburg, MD). Calcein-stained HL-60  (250,000 cells /25l) were 

placed directly onto the filter (top chamber).  Fluorescence, corresponding to calcein-

stained HL-60 in the bottom part was monitored using a Fluoroskan Ascent plate 

fluorometer and Fluoroskan software (Labsystems, Thermo Fisher Scientific). 

 

▪ Real-time RT-PCR analysis: 

Real-time RT-PCR was used to evaluate colonic expression of MMP8, MMP9, MMP2, 

TIMP1 mRNA or CD55 and ICAM1 mRNA. Total RNA was isolated from colonic tissue 

or T84 cells using TRIzol reagent (Invitrogen) and its integrity was confirmed by 

denaturing agarose gel electrophoresis and calculated densitometric 18S/28S ratio. 250ng 

of total RNA was reverse-transcribed using iScript cDNA synthesis kit (Bio-Rad, 

Hercules, CA). Subsequently, 20 L of the PCR reactions were set up in 96-well plates 

containing 10 l 2x IQ Supermix (Bio-Rad), 1L TaqMan
®
 respective primer/probe set 

(Applied Biosystems, Foster City, CA), 2L of the cDNA synthesis reaction (10% of RT 

reaction) and 7L of nuclease-free water. Reactions were run and analyzed on a Bio-Rad 
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iCycler iQ real–time PCR detection system. Cycling parameters were determined and 

resulting data were analyzed by using the comparative Ct method as means of relative 

quantification, normalized to an endogenous reference (TATA Box Binding Protein, 

TBP) and relative to a calibrator (normalized Ct value obtained from control mice) and 

expressed as 2
-C

t (Applied Biosystems User Bulletin #2: Rev B ―Relative Quantification 

of Gene Expression‖). 

 

 ▪ T84 culture for CD55 and ICAM-1 RT-PCR 

T84 cells were seeded in 6 well plates (Fisher Scientific, Greiner). At confluency, cells 

were pretreated with curcumin for 20 minutes prior to 2 hours treatment with 100U/ml of 

hIFNPeprotech). 

▪ Inverted monolayer cell culture:  

Intestinal epithelial cells, T84 were grown in DMEM/F12 (1:1) medium with 5% FBS 

and 1% HEPES (Invitrogen). Monolayers were seeded on millicell hanging cell culture 

insert at the concentration of 0.5 x 10
6
 cells/membrane (0.6cm

2 
, 5m pore size 

polyethylene terephthalate membrane) (Millipore). In order to study basolateral to apical 

migration, T84 cells were cultured on the lower surface of the filter, in
 
an inverted 

monolayer using cloning cylinder (ISC bioexpress) (9.5mm ID x 6.2mm High, high 

polystyrene cylinder). Monolayer confluency was monitored by measuring the 

transepithelial electrical resistance (TER) to passive ion flow. Cells were cultured until 

TER reached 1,000Ωxcm
2
. 
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▪ PMN transepithelial migration  

Transmigration experiment were performed as previously described (Parkos et al., 1991) 

Curcumin pretreatment of T84 monolayer: cells were incubated in complete medium 

containing 50M curcumin or DMSO for 20 minutes and washed in DMEM/F12 (1:1) 

medium with 5% FBS and 1% HEPES .  

Transmigration: 100l of complete T-84 medium was added to the top part of the 

chamber followed by 1x10
6
 differentiated HL-60 cells in 25l of complete T84 medium 

and chemoattractant; FMLP (Sigma) at 1M in complete medium was placed in the 

bottom chamber. Migration assay was performed for 110 minutes- 37°C. Fluorescence, 

corresponding to calcein-stained HL-60 in the bottom part was monitored using a 

Fluoroskan Ascent fluorometer and Fluoroskan software (Labsystems, Thermo Fisher 

Scientific). TER was measured every 20 minutes with chopstick electrodes and EndOhm 

apparatus. 

▪ Proteinase-3 induced drop in TER: 

T-84 were grown on nitrocellulose semi-permeable matrix (5mM) until they reached 

>2,000 Ωxcm2. Cells were then apically pretreated with DMSO of 50mM curcumin for 

20 minutes, washed, TER re-measured and then treated with 1U/ml of human neutrophil-

derived proteinase-3 for 30 seconds. TER was measured with chopstick electrodes and 

EndOhm apparatus.  

 

▪ Myeloperoxidase assay 
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MPO was measured by ELISA according to manufacturer’s protocol (Hycult 

biotechnology – Cell Sciences Inc. Canton, MA) in the colonic content (volumes adjusted 

with PBS across all mice). 

 

▪ Statistical Analysis: 

Statistical significance was determined by the analysis of variance (ANOVA) followed 

by Fisher PLSD post-hoc test with StatView software package v.4.53 (SAS Institute, 

Cary, NC). Data are expressed as mean ± standard error of mean. 

 

5-4 RESULTS 

A-  Curcumin inhibits neutrophil proteinase-3-induced drop in 

transepithelial resistance in T84 cells 

Neutrophil infiltration and associated release of serine proteases contribute to epithelial 

injury during the active phases of mucosal disorders such as IBD. PMNs contact with 

basolateral surfaces of intestinal epithelial cells in the presence of a chemoattractant 

results in the disruption of the barrier function even without transmigration. This process 

is mediated at least in part by serine protease-mediated activation of epithelial protease-

activated receptors, PAR-1 and PAR-2, which induce signaling events leading to an 

increased epithelial permeability thereby facilitating PMN transepithelial migration (Chin 

et al., 2008) (Figure 1). We observed that in a polarized T-84 monolayer, human 

neutrophil proteinase-3 rapidly decreased TER when applied basolaterally or apically 
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(similar to data published by (Chin et al., 2008). The effect of apical or basolateral 

proteinase-3 was completely prevented by pretreatment of T-84 cells with 50M 

curcumin. Since curcumin was removed from the media prior to proteinase-3 treatment, 

the restoration of TER was not mediated by the inhibition of proteinase-3 enzymatic 

activity, but rather by inhibition of intracellular signaling leading to PAR activation 

(Figure 1).  

 

 

 

Figure 1: The effects of curcumin on proteinase-3-induced a drop in transepithelial resistance 

(TER) in T84 monolayers. T-84 were cells grown on nitrocellulose semi-permeable matrix (5M) 

until they reached > 2,000Ωxcm
2
. Cells were then apically pretreated with DMSO or 50 M 

curcumin for 20 minutes, washed, TER  re-measured and then treated with 1U/ml or human-

neutrophil-derived proteinase-3 for 30 seconds. TER was measured with chopstick electrodes and 

EndOhm apparatus. 
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B-  Curcumin shifts the balance of ICAM-1/CD55 determining the apical 

retention/release of transmigrating neutrophils 

In the process of transepithelial migration, neutrophils utilize several adhesion 

mechanisms aiding various stages of the process. These include initial CD11b/18-

mediated interactions of PMN with members of the junctional adhesion molecule (JAM) 

family of proteins, and subsequent CD47-SIRP mediated PMN movement through the 

paracellular space. Upon migration, neutrophils are either released from the epithelial 

surface or retained by interaction with mucosal immunoglobulins and apical ICAM-1 

with PMN FcR and Mac-1, respectively. Expression of ICAM-1 is balanced by DAF 

(CD55), which serves as an anti-adhesive ligand promoting the release of PMN from the 

apical epithelial surface (Figure 2A). Retained neutrophils on mucosal surfaces are 

exposed to pathogens and neutralize them by degranulation of cytotoxic products such as 

reactive oxygen species. However, the same cytotoxic components can be detrimental to 

the underlying tissue when excessive numbers of neutrophils accumulate at the luminal 

surface. To this end, we have observed that in T84 cells, curcumin dose dependently 

reduces IFN-stimulated ICAM-1 expression while increasing expression of CD55 at the 

same time, potentially shifting the balance from surface retention to neutrophil release. 
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- - + + + + - - - 

Curcumin 

(M) 
- DMSO - 10 25 50 10 25 50 

 

 

Figure 2: 

Real time-PCR analysis of the effects of curcumin on IFN stimulated mRNA expression of two 

adhesion molecules determining apical neutrophil retention (A), ICAM-1 (B) and CD55 (C) in T-

84 colonocytes. Cells were pre-treated with curcumin for 20 min prior to a 2 hours treatment with 

100U/ml of hIFN.  Statistical analysis was performed with ANOVA followed by Fisher PLSD 

post hoc test – Statistically significant differences were considered at P ≤ 0.05 

 

 

C-  Establishing neutrophil-like cell differentiation from HL-60 

The HL-60 (Human promyelocytic leukemia cells) cell line has been useful to study 

myeloid cell differentiation and proliferation (Collins et al., 1977). It is now well 

established that this particular cell line can be induced to terminally differentiate into 

mature human neutrophils by treatment with DMSO.  Since T84 are human colonic 

epithelial cells, neutrophil-like cells from HL-60 differentiation were used. We 

established this cell culture model in the lab and tested their functionality, i.e. chemotaxis 

C. 
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function toward fMLP, IL-8 and C5a. As shown in figure 3, the neutrophil generated 

were functional and able to migrate toward a chemoattractant gradiant. 

 

 
 

 

Figure 3. (A) Model of neutrophil differentiation from HL-60. (B) Chemotaxis of 

untreated, calcein-stained neutrophil-like HL-60 cells against recombinant IL-8 (20 ng/mL), 

fMLP (0.5M) or C5a (0.5g/ml) added in in the lower chamber of the ChemoTx® Chemotaxis 

System.  * p<0.05 fMLP, IL-8, C5a vs. control. 

 

D-  Curcumin  effect on neutrophil transepithelial migration 

 In vitro modeling of PMN epithelial cell interactions was developed and described by the 

Parkos team (Parkos et al., 1991). Inverted epithelial cell monolayers were cultured on 

permeable polycarbonate supports using commercially available inserts (Figure 4A). 

Epithelial cells were cultured to form a tight monolayer.  T84 epithelial cells were 

pretreated with curcumin 50M for 20 minutes and HL-60 transepithelial migration 

toward fMLP 1M was evaluated. As shown in Figure 4B, preliminary results showed an 

inhibitory effect of curcumin. However, the following experiments (Figure 4D- 4E) did 

A. B. 



183 

 

not confirm this initial observation: curcumin-pretreatement did not significantly inhibit 

neutrophil transepithelial migration toward fMLP gradient. TER measurement correlated 

with neutrophil migration.  

 

 
        

Figure 4: 

 

(A) Basolateral to Apical neutrophil transepithelial migration schematic adapted from Heather A. 

Edens (Edens et al., 2002)  

(B,D) Neutrophil-Transepithelial migration assay:  inverted monolayer of human colonic 

epithelial T-84 cells were pretreated with curcumin 50M or DMSO for 20 minutes prior to the 

Calcein stained 

Neutrophil like HL-
60 cells

Chemoattractant 

fMLP 1M
T84

A 
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assay. Calcein-stained human neutrophil-like HL-60 cells migrate toward a chemoattractant 

fMLP 1M  for 110 minutes. 

(C,E) Confluency and tight junction maturation were determined by monitoring the 

transepithelial electrical resistance (TER) and cell monolayers were used when resistance had 

reached 1,500–2,000 Ωxcm
2
 - TER was monitored at specified time points during PMN 

transmigration and is reported as the percentage of the baseline TER (t = 0 h). TER was measured 

with chopstick electrodes and EndOhm apparatus.  

 

E-  Dietary curcumin inhibits metalloproteinase gene expression in the distal 

colon of  TNBS-induced colitis in BALB/c mice  

According to our observations presented in chapter 2, curcumin demonstrated 

significant efficacy in TNBS-induced  mouse colitis by significantly increasing survival, 

preventing body weight
 
loss, and normalizing disease indexes in BALB/c mice. Matrix 

metalloproteinases (MMPs) are one class of secreted enzymes with major functions in the 

degradation and remodeling of all components of the extracellular matrix. Dysregulated 

expression of MMPs has been shown to have a significant pathogenic role in numerous 

autoimmune disorders such as RA and IBD. MMP-9 and MMP-2 are referred as 

gelatinases, and have been shown to be highly expressed in the inflamed colonic mucosa 

of IBD patient and correlated with the disease activity (von Lampe et al., 2000).  

Epithelial derived MMP-9 is an important factor in colitis-associated tissue injury, 

whereas MMP-2 plays a protective role against tissue damage and maintains gut barrier 

function (Garg et al., 2009). MMP2 
-/-

 mice are highly sensitive to experimental colitis, 

with barrier dysfunction. Absence of MMP-9 attenuated the development the 

development of inflammatory response in colitis (Castaneda et al., 2005). TIMP-1 is 

described as an inhibitor of MMPs activity and has been shown to be elevated in patient 
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with CD or UC (Kapsoritakis et al., 2008). More specifically, we evaluated the effect of 

dietary curcumin on the expression of MMPs in the distal colon of BALB/c mice (Figure 

5). By reducing MMPs production, curcumin may reduce extensive tissue damage by 

reducing neutrophil transepithelial migration associated with the production and release 

of neutrophil-associated tissue remodeling enzymes and highly toxic compounds.  

 

       

 

      

 

Figure 5: Expression of metalloproteases in the distal colon of TNBS-trated BALB/c 
curcumin (NIH-31; Harlan Teklad, Madison, Wis.). Feeding the 2 diets began 2 days prior to the 

administration of TNBS and continued for 5-7 days, until sacrifice. Mice were administered 

TNBS intrarectally (2 mg/mouse in 50% ethanol) or phosphate-buffered saline as a control in a 
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total volume of 100  mL. Real-time RT-PCR analysis of colonic expression of MMP9 (A), 

MMP2 (B), MMP8 (C) and TIMP1 (D) mRNA in BALB/c mice. The results were analyzed with 

TATA box-binding protein as an internal control using the   Ct method. Statistical analysis 

was performed with ANOVA followed by Fisher PLSD post hoc test – Statistically significant 

differences were considered at P ≤ 0.05. 

F-  Effect of curcumin in a novel model of neutrophilic colitis and 

transepithelial migration in vivo 

We have developed a mouse model of neutrophil homing, infiltration and 

transmigration by adapting a well-characterized model of peritoneal neutrophil 

recruitment utilizing intracolonic administration of Na-periodate. Sodium periodate is 

already described as a potent compound which induces PMN migration in a model of 

sterile peritonitis.  In our model, we have optimized the Na-periodate concentration and 

volume as well as the time necessary to induce a rapid and selective infiltration of distal 

colonic mucosa by neutrophils as indicated by H&E staining, MMP8 mRNA expression, 

and immunohistochemistry using MCA771FA antibody specific to a 40 KDa antigen 

expressed by PMN. In this model, within 3 hours, Na-periodate alone increases not only 

the number of infiltrating neutrophils but also the number of transmigrating PMNs, as 

evidences by increased MPO activity in the colonic content (Figure 6). With the selected 

concentration of Na-periodate and the timeframe of 3 hours, we do not observe 

microscopically appreciable epithelial damage. Interestingly, if the Na-Periodate is 

preceded (2 hours earlier) by 40-50% ethanol enema, we frequently observe massive 

neutrophil-mediated tissue-destruction with the complete loss of characteristic histology 

(Figure 7). Interestingly, in the latter settings, the number of neutrophils observed by 
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immunohistochemistry was not highly elevated. This can be explained by the fact that 

most of the neutrophils attracted by Na-periodate may have already reached the lumen.  

 

    

Figure 6: Model of neutrophilic colitis induced by intracolonic adminsitration of 100l of 50mM 

Na-periodate. 

(A) Representative H&E staining of distal colon after PBS enema; (B) after Na-periodate 50mM; 

(C) Real time RT-PCR analysis of neutrophil collagenase, MMP8 in the whole thickness distal 

colon of mice given PBS of Na-periodate; (D) Transepithelial neutrophil migration in response to 

luminal Na-Periodate determinated by mouse MPO-specific ELISA in the colonic contents 

(recovered colonic content volume was equalized across samples/mice with PBS). 

immunohistochemistry staining of neutrophil in the distal colon of control (E) or Na-periodate 

(F) treated animals. 

Statistical analysis was performed with ANOVA followed by Fisher PLSD post hoc test – 

Statistically significant differences were considered at P ≤ 0.05 

E. F. 
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Figure 7: Intracolonic adminsitration of 100ml of 50mM Na-periodate in 50% ethanol. 

(A) Representative H&E staining of distal colon after PBS enema; (B-C-D) after Na-periodate 

50mM and ethanol 50%. Each picture represents diffferent mice. 

 

 Curcumin protective potential was evaluated in this novel model of neutrophil 

intraepithelial migration. Intraperitoneal injections of curcumin significantly inhibited 

neutrophil migration in the mucosa as evaluated by distal colon H&E staining and MMP8 

mRNA expression (Figure 8). 

 

 

 

B. 

A. 

C. D. 
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Figure 8: Effect of curcumin on Na-periodate-induced neutrophilic colitis. (A) BALB/c mice 

received 3 injections of curcumin dissolved in oil or oil alone for the control group. Curcumin 
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was injected ip every 12 hours in a total volume of 80ml. 4 hours after the last ip injection of 

curcumin and/or oil (vehicle), Na-periodate 50mM was given in enema for 3 hours. (B) 

Representative H&E staining of distal colon. (C) Real time RT-PCR analysis of neutrophil 

collagenase, MMP8 in the whole thickness distal colon of BALC/c mice.Statistical analysis was 

performed with ANOVA followed by Fisher PLSD post hoc test – Statistically significant 

differences were considered at P ≤ 0.05 
 

5-5  DISCUSSION 

 

The infiltration of PMNs at the site of the inflammation is characteristic of IBD.  

Neutrophils are the key cellular elements of the innate immune system, providing 

protection from invading bacteria. Following activation by bacterial by-products or other 

immune stimuli—such as lipopolysaccharide, glycolipids, and methylated DNA—

neutrophils execute several specialized functions that include chemotaxis, phagocytosis, 

Neutrophil Extracellular DNA Traps (NETs) formation and the generation of reactive 

oxygen metabolites. All of these processes are required for the elimination of invading 

micro-organisms or cellular debris. However, when normal regulatory mechanisms fail, 

neutrophils are also responsible for immunologically-induced tissue injury. An exuberant 

neutrophil-mediated immune response, their migration and release of free radicals and 

proteases perpetuate intestinal mucosal damage and may exacerbate the severity of 

inflammatory bowel disease.  The ability to modify neutrophil activation and to prevent 

excessive innate inflammatory responses is a potentially useful treatment objective for 

conditions associated with neutrophil-mediated tissue damage. 

The dried rhizome of a perennial herb Curcuma longa Linn., also call turmeric, 

has been used in Asian medicine for centuries. Curcumin has been identified as the most 

active constituent of turmeric and is also defined as an anti-inflammatory, anti-oxidant, 
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pro-apoptotic, anti-proliferative and anti-infectious agent (Sharma et al., 2005). Curcumin 

was shown to be effective in acute as well as chronic models of inflammation. The 

potential usefulness of curcumin in the treatment of IBD was suggested by studies in 

chemically induced rodent models of colitis with significant improvements in mortality, 

colonic morphology, local cytokine and chemokine production and neutrophil infiltration. 

Results obtained in our laboratory in chemically-induced mouse model of colitis also 

indicate that dietary curcumin significantly increases survival and normalized the indices 

of the disease (Billerey-Larmonier et al., 2008). Recently curcumin has been described as 

a proapoptotic agent in human neutrophils, via the activation of the p38 mitogen-

activated protein kinase pathway (Hu et al., 2005). Curcumin has also been shown to 

reduce calcium ion flux induced by IL-8 in PMNs and to mediate changes in the 

membrane expression of CXCR1 and CXCR2, via the sequestration of these receptors in 

the vesicular compartment (Takahashi et al., 2007). 

 In this study, we evaluated the effect of curcumin particularly on 

neutrophil/epithelial cell interaction and neutrophil-associated tissue damage in the 

context of intestinal inflammation. In vitro, curcumin reduced neutrophil proteinase-3-

induced drop in transepithelial resistance in T84 cells. Interestingly, curcumin induced a 

shift in the balance of ICAM-1/CD55 expression which determines the apical retention or 

release of transmigrating neutrophils. Curcumin was able to specifically downregulate 

ICAM expression and induce the expression of CD55, favoring neutrophil release from 

the apical epithelial surface. However, curcumin did not consistently modulate neutrophil 

transepithelial migration though an inverted T-84 cell monolayer. This can be explained 
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partially by the difficulty to mimic precisely in vitro the complex in vivo environment. A 

pretreatment with additional pro-inflammatory cytokines consistent with the 

inflammatory environment should have been considered to assess the effect of curcumin 

in condition ressembling in vivo settings. We also have noticed some inconsistency in the 

performance of HL-60 cells, those experiment would have to be repeated with primary 

blood-derived human neutrophils. However, we observed curcumin’s specific effect on 

neutrophil transepithelial migration and mucosal accumulation in an in vivo model. In 

this context, curcumin reduced neutrophil recruitment to the colonic mucosa following 

Na-periodate enema. In addition, we confirmed the effect of curcumin on neutrophil-

associated metalloproteinase expression in the distal colon of TNBS-induced colitis in 

BALB/c mice.  

The current study confirmed the potential of curcumin in inhibiting two 

significant aspects of neutrophil biology: neutrophil chemotaxis and chemokinesis 

presented in chapter 4 and neutrophil transepithelial migration and associated tissue 

damage mediated by proteases presented in this chapter.  
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CHAPTER 6 

CONCLUSIONS AND DISCUSSION 

 

Summary 

Inflammatory Bowel disease has been named one of the five most prevalent 

gastrointestinal disorders in the United States (Heyman et al., 2005). 

Despite the promising advances in our understanding of the basic mechanisms 

leading to IBD, multiple genetic influences and environmental contributions have yet to 

be identified. The highest historical rates of IBD are found in industrialized countries 

such as North America, England and Europe. Although the disease is found rather rarely 

in tropical regions, rising rates of IBD have been reported in East Asia and India  (Sood 

and Midha, 2007). In addition, Carr et al  reported that first and second generation 

immigrants coming from areas with low incidence of IBD, acquire a similar level of risk 

for IBD than the indigenous population of their new country (Carr and Mayberry, 1999) . 

Therefore, the varying rates of IBD observed among racial and ethnic groups are 

influenced by decisive environmental factors (Green et al., 2006). As countries develop 

economically, the risk for IBD increases (Loftus, 2004). This can be explained in part by 

changes in hygiene practices as economic development results in improved food 

processing and access to a daunting array of cleaning products. Increased hygiene 

significantly limits exposure to infectious agents in childhood (Koloski et al., 2008). Such 

exposure to micro-organisms is believed to be essential in programming the immune 
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system in order to maintain gut homeostasis. Those different factors may explain the 

striking rise in the incidence of IBD in the past years. 

Considering the critical increase in the incidence of inflammatory bowel disease 

and the fact that complete medical cure remains a challenge and that the probability of 

relapse is over 70%, the development of novel more cost effective multidimensional 

therapeutic strategies, with fewer side-effects remains in demand. 

 

 The overall goal of this dissertation was to understand the mechanism by which 

curcumin (diferuloylmethane) could be protective in IBD. We made the intriguing 

observation that curcumin is not equally effective in preventing the development of 

chemically induced colitis in two immunologically different mouse strains, BALB/c and 

SJL/J mice. Curcumin was protective in the first strain, displaying a mixed or Th-2-

skewed adaptive T cell response while it remained ineffective in the latter strain, in which 

NKT cell deficiency is believed to orientate the immune activation toward the Th1-

pathway (Chapter 2). To further verify the limited potential of curcumin in an immune-

based model of Th-1 colitis representative of human CD, we conducted studies with SPF-

associated germ-free IL-10 KO mice in collaboration if the National Gnobiotic Rodent 

resource center at the University of North Carolina Chapel Hill and the laboratory of Dr. 

Balfour Sartor. We found that in this model, characterized by a lack of tolerance and 

hyperactive innate and adaptive immune response to commensal bacteria, curcumin 

displayed only moderate protective effects on colonic inflammation, but only at a low 

dietary dose (Chapter 3). Moreover, we established that curcumin
 
acts synergistically 
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with IL-10 to inhibit the production
 
of IL-12/23p40 in murine dendritic cells and to 

decrease IL-1β-induced NF-B activity in intestinal
 
epithelial cells. These observations 

suggest that the
 
potential synergism between the two factors is partially responsible

 
for 

limited efficacy of curcumin in IL-10
–/–

 mice.
 
 This observation is consistent with 

recently reported data, where curcumin promoted DC tolerogenic phenotype to induce the 

differentiation of iTregs in the intestine (Cong et al., 2009).  

Collectively obtained data presented in chapters 2 and 3 unequivocally 

demonstrated the selective protective effect of curcumin. Our results provided the first 

side-by-side comparison of the effectiveness of curcumin and suggest potential 

differences in the usefulness of this compound for the treatment of Crohn’s Disease and 

Ulcerative Colitis. Interestingly, our results also indicated that higher concentration of 

dietary curcumin do not always correlate with highest efficacy in vivo and may in fact be 

detrimental. Therefore, in the design of future clinical trials, a broad spectrum of doses 

that include low concentrations of curcumin should be considered to determine the 

optimal benefits of the compound (Figure 1).  

  As mentioned before, IBD represents a dysregulated innate mucosal immune 

response to commensal microbiota antigen that initially derives from innate immunity 

abnormalities and leads to an excessive effector T cells response/defect in tolerance and 

immunoregulation by regulatory T cells. Therefore, we investigated the curcumin effect 

on neutrophils, a critical component of the innate immune response. We demonstrated 

that curcumin not only inhibits the formation of chemoattractant gradient by inhibition of 

neutrophil chemokine production, but it also inhibits the intrinsic mechanisms leading to 
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neutrophil polarization and chemotaxis and chemokinesis (AKT and PI3K 

phosphorylation, F-actin polymerization) (Chapter 4). We also demonstrated that 

curcumin significantly reduced epithelial tissue injury generated by neutrophil 

transepithelial migration and protease release. In vivo, we established the inhibitory effect 

of curcumin on the selective recruitment of neutrophil in a model of Sodium-periodate 

enema (Chapter 5) (Figure 2). 

Collectively, the obtained data demonstrated the role of curcumin in modifying 

the inflammatory immune response. They also suggest that while curcumin is unlikely to 

replace the current immunoregulatory drugs: it may be of substantial value in the 

maintenance therapy by modulating selected elements and function of the immune 

system. 

 

 

Figure 1: Differential effect of curcumin in CD and UC (Chapters 2-3) 
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Figure 2: Effect of curcumin on neutrophil function in IBD (Chapters 4 and 5) 

 

 

 

 Speculations have been made in order to propose a model for curcumin mechanism of 

action: 

The chemical properties of curcumin such as it hydrophobicity, lipophilicity and 

instability in aqueous solutions seem to favor its insertion within the cellular membrane 

and its rapid entrance into the cell. Therefore, curcumin is able to alter/modify cellular 

membranes properties such as permeability, fluidity and asymmetry (Jaruga et al., 1998). 
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It was also previously described that curcumin was able to induce a nonlinear thinning of 

membrane lipid bilayers and weaken the elasticity of the lipid bilayers (Hung et al., 

2008). Curcumin could generate a state of cellular unresponsiveness to many effector 

molecules, but it can also lead to cytotoxicity, particularly in cancer cells. On another 

hand, curcumin has been shown to stimulate several cellular responses, such as its effect 

on CD55 expression described in chapter 5. Curcumin is a pleiotropic molecule affecting 

multiple pathways and cellular events with its final effect being the combination of all its 

effects. Considering curcumin’s complex mechanism of action, various experimental 

approaches aimed at dissecting the affected pathways individually seem appropriate 

rather than trying to find a universal/general mechanism of action.  

 Numerous investigators in the oncology field have tried to develop curcumin analogs in 

order to increase its bioavaibility and potential to induce cancer cell apoptosis (Bar-Sela 

et al., 2009; Narayanan et al., 2009). Previous research in the lab aimed at chemically 

modifying curcumin. (1) A carbon-spaced biotin was linked to the structure of curcumin 

in hopes to use it as bait in pull-down studies to identify the interacting proteins. Such 

modifications significantly affected the biological activity of curcumin. (2) Another 

approach has been also considered: we reasoned that due to its poor absorption, curcumin 

could be a valid carrier for 5-aminosalicylic acid. It appears that synthesis of such 

composite molecule leads to potentially toxic decay intermediates. (3) Modification of 

bacteria to deliver and release therapeutics molecules is an exciting and promising 

approach. However, if expressing a protein such as a particular cytokine (such as IL-10) 

or antibodies in bacteria is duable, transplanting an entire plant metabolic pathway 
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leading to the synthesis of curcumin (diferulolylmethane) is unlikely. The synthetic 

pathway(s) leading to the synthesis of curcumin have just begun to be reported 

(Katsuyama et al., 2009b) (Katsuyama et al., 2009a). 
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Perspectives and Future Directions 

 

 A given disease is generally caused by the dysregulation of multiple and complex 

mechanisms, which raises the question of whether we should be looking for specific 

disease targets or exclusive signaling pathways to design new therapy. Interestingly, most 

therapeutic regimens use a combination of drugs that target multiple pathways. It is 

becoming increasingly evident that the different mechanisms underlying human diseases 

are very complex and frequently involve both genetic and environmental factors. 

Focusing only on drugs targeting single biological targets may be inadequate to regulate 

the various pathways implicated in complex diseases. It is now becoming accepted that 

we may need to adopt multi-target based drug strategies for the treatment of complex 

human disease such as IBD.  

Considering its pleiotropic effects, curcumin, therefore, has a great potential for 

the treatment or as a supplemental therapy of complex diseases such as IBD. 

Scientific databases using the key words ―curcumin‖ showed over 3,223 articles in the 

English language. The accumulated body of the literature and the findings presented in 

this thesis improved our understanding of the biological effect of curcumin. Based on 

published research conducted with animal models, curcumin has shown a strong 

therapeutic potential and is acting through multiple molecular and cellular signaling 

pathways. 
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 As future perspective and future direction of this study, it seems essential to evaluate 

the potential therapeutic effect of curcumin in a clinical trial, which would provide a 

deeper understanding of its potential for the treatment of autoimmune diseases or cancer.   

Curcumin’s anti-inflammatory properties and therapeutic benefits have been 

explored in different gastrointestinal conditions including IBD: Crohn’s Disease and 

Ulcerative Colitis. In a limited study involving only 10 patients, curcumin was shown to 

be promising for the treatment of CD (Holt et al., 2005). Most encouraging data for the 

potential of curcumin as maintenance therapy for UC came from a large multicenter, 

randomized, double-blind control trial of 89 patients with quiescent UC. In this study, 

only 2 patients out of 43 (5%) taking curcumin orally had relapsed compared to 8 out of 

39 in the placebo control group (21%) (Hanai et al., 2006).  

 Current ongoing or recruiting clinical trials will further assess the role of curcumin in 

complex diseases. According to clinicaltrials.gov, there are currently 44 human clinical 

trials using curcumin. Among them, curcumin therapeutic benefits will be investigated in 

Irritable Bowel Syndrome (Clinical trial in phase IV). Curcumin’s protective effect, in 

combination with sulfasalazine or mesalamine, will be evaluated in pediatrics IBD 

patients (UC) (Clinical trial in phase I). The efficacy and tolerability of Coltect (500mg 

curcumin, 250mg green tea and 100mg of selemethionine), a combination of anti-

inflammatory and antioxidant components, will be tested in patients with active 

Ulcerative Colitis.  
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More clinical trials involving higher number of patients both for the monitoring of 

remission and relapse rates, with more rigorous, accurate randomized and controlled 

design are necessary. Clinical trials are absolutely required to clarify the potential value 

of curcumin as a therapeutic agent and confirm its potential for the treatment of 

Inflammatory Bowel Disease. 

 

 

 

 

 

 

 

“Success is the ability to go from one failure to another with no loss of 

enthusiasm” 

                                                                              Winston Churchill 
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