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Abstract 

Background 

New Zealand has high rates of Crohn’s disease (CD) at 26/105. Having gene variants associated 

with low levels of betacarotene, vitamin D and Omega-3 polyunsaturated fatty acids can impede 

the immune response. Not known is the prevalence of these variants in a New Zealand CD 

population. 

Methods 

Project One   

To identify in New Zealand adults with CD (n=443) and healthy (n=649) the prevalence of gene 

variants associated with: low betacarotene  absorption (BCMO1); low vitamin D concentrations 

(GC, NADSYN1, CYP24A1, CYP2R1); omega-three and-six fatty acid uptake (FADS1, FADS2);  

cholesterol (PPARA); cardiovascular risk and CD activity (PPARG); colorectal adenoma (XRCC1), 

and inflammation (SCD).  

Project Two 

To investigate, through a double blinded, randomized, placebo, crossover, 12 week trial, the 

response of 30 healthy adults to a commercial nutrient supplement (containing antioxidants, vitamin 

D (25(OH)D3) and long chain Omega-3 fatty acids, in contrast to a medium-chain triglyceride oil 

(MCT) placebo, by measuring changes in inflammatory markers, biomarkers (blood lipids, serum 

concentrations of fatty acids, vitamin D and carotenoids, stool DNA (for microbiota),  gene 

expression shifts in inflammatory genes, and environmental data (stool, quality of life and nutrition 

measures). 

Project Three 

To investigate the response of 30 adults with CD to the same commercial nutrient supplement using 

similar methodology. 

Results 

Data analysis revealed gene variants from three SNPs: rs12934922, (BCM01); rs1074165, 

(CYP2R1) and rs174583 (FADS2) associated with low betacarotene absorption, low vitamin D 

concentration and negative fatty acid interactions respectively had frequencies of 18, 39 and 16% 

respectively in healthy and CD groups. In the nutrient supplement trials, healthy and CD groups 

showed significantly increased levels of EPA, (p=6.68E-14, p=2.20E-05) DHA (p=3.09E-09, 

p=9.10E-04), DPA (p=9.65E-09, p=0.01), HDL (p=0.011, p=0.001), and food variety scores 
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(p=0.001, p=0.0168) and a significant decrease in the Chol/HDL ratio (p=0.006, p=0.026) 

respectively. In healthy adults the MCT placebo significantly reduced vitamin D levels (p=0.0001). 

The CD group showed significant decreases in DNA damage (p=0.0003).  

Conclusion 

Those carrying key gene variants are susceptible to low levels of ant-inflammatory nutrients. The 

supplement benefits the nutrient profiles in both groups within a short time frame and reduced DNA 

damage in the CD group. 
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Introduction 

Background 

New Zealand has high rates of Crohn’s disease (CD) at 16.5/105 and a recent assessment of the 

incidence of CD in Canterbury, New Zealand, has shown that this incidence of CD increased from 

16.5/100,000 in 2004 to 26/100,000 in 2014 (1). As research into CD has progressed into this 

complex disorder, genetic susceptibility is proving to have a prime influence (2-4). Although 

genetics have a major influence on CD, little is known of the prevalence of gene variants particularly 

those associated with low levels of anti-oxidants, vitamin D and Omega-3 polyunsaturated fatty 

acids in New Zealanders.  Low levels of these can impede the immune response (5-8). The first 

chapter of this thesis describes the influence of these gene variants and others on CD. It covers 

information gleaned from the Genome-wide association studies (GWAS) and the genetic 

information available from familial associations i.e. from the families of people with CD. It 

discusses the genes and individual single nuclear polymorphisms (SNPs) associated with CD, which 

can be specific to particular population groups and that affect the pathophysiology of CD. This 

section concludes with a discussion of the genes which relate to food groups and specific nutrients 

(e.g. beta-carotene, vitamin D and omega-3 polyunsaturated fatty acids), which are emerging as 

being increasingly relevant to CD and the focus of this thesis. 

Nutritional-environmental factors also affect CD. The second chapter discusses the wide variety of 

non-nutritional and environmental factors that influence the development and progression of CD 

and modify gene expression. Non-nutritional factors include the person’s gastro-intestinal 

physiology (e.g. the lining with its physical, chemistry, and immune system barriers, its motility 

and the microbiome), perinatal and childhood factors (e.g. infections, antibiotic use, vaccinations, 

early exposure to pathogens), which are influenced by lifestyle practices such as cigarette smoking, 

oral contraceptive use, and how the brain-gut axis is affected by stress. 

The third chapter discusses the role of nutrition in CD. This examines nutrient deficiencies 

associated with CD; food consumption patterns; intolerances of particular food groups linked with 

CD and the role of nutrition in reducing inflammation. Diet is a key component in the disease 

susceptibility and the healthy aging process of individuals Betacarotene, vitamin D and Omega-3 

polyunsaturated fatty acids are associated with immune regulatory functions and have been shown 

to be beneficial in reducing inflammation, especially in people with inflammatory disorders (9-13). 

The fourth chapter describes the methodology of the three projects which are the subject matter of 

this PhD. These projects are based on two hypotheses:  
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1. The occurrence of particular variants in key genes associated with antioxidants, vitamin D and 

omega-3 polyunsaturated fatty acids (PUFA) would contribute to increased malabsorption in 

CD (Project One). 

2. That a commercially available nutrient supplement containing: antioxidants, vitamin D and 

omega-3 PUFA  is able to: reduce inflammation; increase serum vitamin D levels; increase 

the availability of omega-3 PUFA, and reduce oxidative stress (Projects Two and Three). 

The fifth chapter describes the results of these projects. The sixth chapter discusses the results; the 

strengths, and limitations of the study design and methodology applied, possible implications for 

clinical practice, and for future research.  

The next section gives the aim and objectives of this PhD. 

Aim 

To identify key genotypes and the response to nutrient supplementation in Crohn’s disease. 

Objective One 

To identify, in people with CD in NZ, (compared to a control group of healthy people) the 

prevalence of variants of genes, associated in European populations with: poor absorption of 

betacarotene (in the BCMO1 gene); low vitamin D concentrations (in the genes GC, NADSYN1, 

CYP24A1, CYP2R1); omega-three and-six fatty acid uptake (in the genes FADS1, FADS2);  total 

and LDL levels of cholesterol (in PPARA); cardiovascular risk and CD activity (in PPARG); 

colorectal adenoma (in XRCC1), and inflammation (in SCD). 

Objective Two 

Assess the response of 30 normal healthy adults to a commercially available nutrient supplement 

containing vitamin D (25(OH)D3) and long chain Omega-3 fatty acids in contrast to a placebo (a 

medium-chain triglyceride oil) by measuring changes in key biomarkers.  

The study design is a double blinded, randomized, placebo, crossover intervention trial with 

matched groups (for gender, smoking status) run over a period of 12 weeks. The biomarkers to be 

measured are: C-reactive protein and faecal calprotectin, (for inflammation), blood   lipids, serum 

concentrations of fatty acids, vitamin D and carotenoids. Stool DNA is to be extracted and measured 

for microbiota changes. Shifts in genetic expression of known inflammatory genes will be measured 
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through transcriptomics. Stool diaries, quality of life and nutrition measures will collect the 

environmental data. 

Objective Three 

Assess the response of 30 adults with CD (selected from the NuNZ data base which had their 

genotypes identified) to the same nutrient supplement as in the first trial.  

The same study design will be employed and similar biomarkers will be measured and 

environmental data collected. 
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Chapter 1. Genetic influences on Crohn’s disease 

Crohn’s disease (CD) is one of the two main Inflammatory Bowel Disorders (IBD), the other being 

Ulcerative Colitis (UC). Both these diseases are chronic and inflammatory (14). CD was first 

identified in the literature as ‘regional colitis’ in 1932, by the American Doctors Burrill Crohn, Leon 

Ginzburg and Gordon Oppenheimer on the basis of 14 cases (15). Since then the disease has been 

characterised as having a worldwide distribution (16, 17) (Figure 1.1). New Zealand (NZ) has one 

of the highest rates of CD with a prevalence of 16.5/10e+05 population (18). A recent assessment 

of the incidence of CD in Canterbury, NZ, has shown that this incidence of CD increased from 

16.5/100,000 in 2004 to 26/100,000 in 2014 (1). The disease affects both young and older people. 

It has been reported that 25% of people with CD are diagnosed by their 18th birthday (19). As 

research into CD has progressed into this complex disorder, genetic susceptibility is proving to have 

a prime influence (2-4). 

 

Figure 1.1 Incidence (per/105) of Crohn’s disease worldwide 

This chapter describes the genetic influences on CD as illustrated through genome wide association 

studies, gene studies on familial associations, studies on cultural differences and individual SNPs 

associated with CD, and gene-nutrient interactions associated with CD.  

1.1 Genome-wide association studies 

IBD has a complex genetic base with numerous genes involved. It is not inherited as a Mendelian 

trait (20). Genome-wide association studies (GWAS) have identified genetic loci which predispose 

people to the development of this disease. In Jostins et al. GWAS analysis on IBD in 15 countries 

identified 163 susceptibility loci (21). Among these susceptibility loci, 110 are associated with both 
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expressions of IBD and 30 were classified as being specific to CD. These associations for IBD are 

much more than have been described for other complex diseases (21).  

Jostin’s et al. study also revealed that seventy per cent of the IBD loci are found in other complex 

diseases (21). Lees et al. identified 51 IBD genes which overlapped with 23 different diseases. 

Examples of other inflammatory diseases are coeliac disease (another gastro-intestinal disorder), 

autoimmune diseases (systemic lupus erythematosus, ankylosing spondylitis, psoriasis, alopecia, 

asthma, multiple sclerosis, rheumatoid arthritis, atopic dermatitis and diabetes type 1), and the 

mycobacterial infection leprosy. Non-immune diseases such as diabetes type 2, obesity and 

osteoporosis have also genetic loci in common (4).  

The GWA study by Lees at al. also discerned that the pathophysiology of IBD can be linked to 

mechanisms connected with specific genetic pathways. These include the innate immunity pathway 

(NOD2 gene), the adaptive immunity pathway (IL23R, IL12B, JAK2, STAT3, TNFSF15, CCR6, 

IL27 and REL genes), the pathway involved with intestinal epithelial barrier maintenance (ECM1, 

CDH1, LAMB1, HNF4A and GNA12 genes), the autophagy pathway (ATG16L1, IRGM and ATG5 

genes) and the cell signalling pathway associated with the IL10 gene (22).  

Other connections have also been detected. These include Mendelian susceptibility to 

mycobacterial disease (MSMD) with IL12B, IFNGR2, STAT1, IRF8, TYK2, STAT3 and CARD9 

genes. Defects in the latter two genes have been linked to skin infections caused by Staphylococcus 

and candidiasis (21). Dinu et al. (23) also explored genetic associations in another GWAS data set 

specific to CD from the Wellcome Trust Case Control Consortium (WTCCC) which included over 

22,000 cases and 29,000 controls. Using a form of logic regression, they applied two specific forms 

of biologically plausible SNP-SNP interactions, 'SNP intersection' and 'SNP union', to the data. 

They found convincing support for CD association for 195 genes and identified some new 

susceptibility genes e.g., ISX, SLCO6A1, and TMEM183A.  

In a more recent study in 2015, from a cohort of 86,640 European individuals and 9,846 individuals 

of East Asian, Indian or Iranian descent, by Liu et al., 38 loci were implicated in IBD risk (24). 

However, GWA studies do not identify all the genetic risk factors associated with CD. This is 

because they do not explore all classes of genetic variation e.g. gene deletion, gene duplication or 

gene inversion (25). The exploration of genotypes of relatives of people with CD and individual 

SNPs associated with particular genes associated with CD help to illuminate further the influence 

of genetic factors. 
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1.2 Familial associations 

Having a parent or sibling affected by the disease is a significant risk factor for the development of 

CD (25). In the Bengston et al. study the relative risk for concordance of the disease was 22.7 (95% 

CI: 13.3-32.1) among ordinary siblings with CD (26). In the Laharie et al. study on 25 couples who 

both had this disease, nine (17%) of their children developed CD, with four coming from the same 

family (27). This familial disease clustering for siblings can be quantified as a ratio of risk to siblings 

to the prevalence reported in the population (the λs ratio). For CD, this has been reported as 15-42, 

which is high compared to other complex disorders e.g. diabetes type 2, which has λs <10 (28).  

Twin studies have also contributed important information with respect to genetic contributions to 

the development of CD e.g. disease location (higher in monozygotic twins) and diagnostic timing 

(29, 30). In recent identical twin studies where one twin was affected, there was a 35-58% chance 

the other would also develop the condition. However, in dizygotic twins’ concordance was less than 

10% (29).  

Recently, the Swedish twin study re-evaluated their analysis to include missed cases and to extend 

their time of observation. They found that the concordance of CD was reduced from 50% to 28.6% 

(31). This re-evaluation also highlighted the observation that the site of inflammation for CD was 

identical for 69% of the monozygotic pairs. An analysis of both the Danish and Swedish cohorts 

for twins also showed a site concordance of 65% (29). This concordance may be the result of 

monozygotic twins carrying a greater number of shared risk alleles than those of dizygotic twins. 

As a consequence, this would enable more gene-gene interactions. Twin studies of people with CD 

are generally small in their sample sizes (9-33) and as a consequence the power of these studies is 

limited (31).  

Familial studies, like twin studies of CD, allow the exploration of the influence of genetic factors 

on the clinical phenotype. The degree of disease concordance, the age of diagnosis and the initial 

site of inflammation have all been recognised as having familial characteristics (32-34). A higher 

degree of intestinal permeability among relatives of people with CD has also been investigated. 

These studies have confirmed that mutations in specific genes can be linked to CD e.g. CARD15 

(NOD2) 3020insC and these mutations are more frequent in relatives of people with CD (35-37). 

Pham et al. also showed subclinical intestinal inflammation in siblings of children with CD (38). 

1.3 Geographical differences in genes and individual SNPs  

A number of genes (Table 1.1) with particular SNPs have been associated with increased 

susceptibility to CD in particular population groups, but not in others.  
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Table 1.1 Cultural differences in genes and individual single nucleotide polymorphisms associated with 

Crohn’s disease 

Gene Location SNP Effect SNPs linked in 
CD/control (n)  

SNPs not linked to 
CD/control (n)  

NLRP3 1q44 rs4353135 

rs4266924 

rs10733113 

Contributes to 
control of the 
inflammasome  

Belgium &  

Canada (239/107)  
(30, 31)  

UK (1298/1244) (29) 

NLRP3 
& 
CARD8 

 1. Q705K/ 
rs35829419 

2.C10x / 

rs2043211 

 Sweden 

1.(498/742)  

2. (4/4) (32-34) 

 

TLR4 9q33.1 Asp299Gly/ 

rs4986790 

 

Linked to faulty 
bacterial sensing 

Belgium (448/140),  

Netherlands (112/170) 

Greece (120/100) 

Prague (19/20) 

Australia 619/360 
(35-42) 

New Zealand 
(182/188), (38) 

Hungary (527/200) 

Tunisia (39)  

(90/80) 

EC-IBD (159/248) 
(40)  

FUT2 19q13.3 1.W143X 
(rs601338) 

Non-secretor 
allele associated 
with CD and 
differences in 
microbiota 

1.Germany (43)   

2.rs504963, 
rs676388, 
rs485186, 
rs602662, 
rs492602,  

rs601338 

2.USA (44)  

 

 

   3.A38ST 

 (rs 1047781) 

3.Asian (45)  

ULK1 12q24.3 1.rs12303764 

 

 

Associated with 
autophagy and CD 

1.Belgium (947/548) 
(46, 47) 

 

1.New Zealand 
(406/638) (45) 

 

2.rs10902469
,  

rs3088051, 

rs7488085 

2.New Zealand  

(406/638) (47) 

2.Belgium  

(947/548) (44) 

NLRP3 (NLR family, pyrin domain containing 3), activates nuclear factor of kappa light 

polypeptide gene enhancer in B-cells (NF-ĸB) signalling and has a role in the control of the immune 

response, inflammation, and apoptosis. Mutations in this gene (formerly known as NALP3) have 

been associated with a number of disorders, an example of which includes a form of neonatal 

inflammatory disease known as neonatal-onset multisystem inflammatory disease (NOMID). 

Villani et al. (2009) reported that three SNPs of NLRP (Table 1.1) contributed to susceptibility to 

CD (39). However, in 2011, Lewis et al. found no association with these SNPs in their UK cohort 

(40). Schoultz et al. analysed other SNPs for NLRP3 in combination with CARD8 and found an 

increased susceptibility to CD but in men only (41). Blomgran et al. (2012) noted that the Q705K/ 

rs35829419 and C10x /rs2043211 variants were associated with impeded apoptosis in neutrophils 
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(42). This was in a small sample of 3 men and 1 woman with matched controls. The small sample 

size of these studies makes clarification of these differences problematic.  

TLR4 (toll-like receptor 4) is part of the Toll-like receptor (TLR) family. This receptor family 

interacts with a wide range of pathogens as part of their role in activating the innate immune system, 

the initial line of defence in stopping bacterial infection (43, 44). They do this by initiating the 

production of cytokines when they recognise molecular patterns of specific pathogens. These TLR 

receptors are found on cell surfaces of B lymphocytes, macrophages and mast cells. Mutations in 

the TLR4 gene are associated with changes in responsiveness to lipoglycans, (previously known as 

lipopolysaccharides), the main constituent of the exterior membrane of Gram negative bacteria, and 

consequently the bacteria are not constrained (45). This can lead to chronic inflammation of the 

intestines (46). In five studies conducted during 2005-2008 (Table 1.1), the mutation 

Asp299Gly/rs4986790 has been linked with CD. TRL4 expression was significantly increased in 

the inflamed intestinal cells of people with CD (combined studies total n=1,318) compared to the 

combined total for control populations (n=790). However, four studies conducted during a similar 

time frame did not corroborate this finding (combined studies total n=958 for CD and n=716 for 

controls). It would appear that differences between the investigations are a result of the differences 

in the ethnic background of the subject populations studied. It also implies that this mutation is not 

necessary for the development of CD although it may be associated with the earlier onset of the 

disease (47, 48). Some studies also report an association with this mutation and colonic CD, and 

non-stricturing disease (46, 49).  

Fucosyltransferase2 (FUT2) has also been identified as increasing the susceptibility to CD (50-52). 

This gene encodes the enzyme known as secretor type α (1,2) fucosyltransferase Se enzyme (Se) 

which regulates the expression of mucosal blood antigen receptors on the intestinal epithelium and 

secretory glands (50). Those who express this gene are known as secretors (51). Non-secretors have 

a loss of function for this gene which is most often associated with the allele Trp143Ter (W143X) 

in Caucasian populations (53). In Asian populations, another allele Ile129Phe (A385T) is the most 

common Se enzyme-deficient allele (54, 55). About 20% of Caucasian people are homozygous for 

the non-secretor alleles and fail to express the ABO antigens. In Asian populations, the incidence 

is similar (54). Soejima et al. in their study based in Vietnam, noted that the frequencies of Se-

phenotype were much higher in those people living in low altitudes compared to those living in 

high altitudes (56).  SNP variations in the FUT2 gene have been associated with varying 

susceptibility to Helicobacter pylori, and the development of human immunodeficiency virus (HIV) 

and Norovirus infections (55, 57, 58).  Non-secretors have also been linked to increased risk of 

duodenal ulceration (59), rheumatic fever (60), recurrent urinary tract infections in women (61), 
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cholera (62), infections involving Neisseria meningitides, Streptococcus pneumoniae  (63) and 

Haemophilus influenzae (63) and the progression of oral candidiasis (64, 65). The non-secretor 

phenotypes may confer some protection to infection, for example infections with Helicobacter 

pylori, and gastro-intestinal (GI) ulceration (55). Alleles of FUT2 have also been associated with 

circulating vitamin B12 levels. Those individuals homozygous for the rs492602 G allele have been 

reported to have higher B12 levels. Vagiano et al. report that 18.4% of people with CD experience 

anaemia associated with B12 deficiency (66). Stein and Bott stated that 48% of in-patients with CD 

had vitamin B12 deficiency (67). This allele was also described as having a strong linkage 

disequilibrium (the non-random associations of alleles at different loci) with the allele Trp143Ter 

(W143X) (68). 

Many pathogens have developed secretion systems to enable them to penetrate epithelial cells and 

introduce microbial proteins and thus alter the epithelial physiology to their benefit (69). To activate 

these secretory systems the pathogen must be able to bind to the cell surface (69). Oligosaccharides 

form a large component of the glycosylated domains of the mucins forming the mucous barrier and 

offer points of adherence for invasion. In mouse studies, non-secretors of FUT2 show changes in 

their oligosaccharide ligands (69). The non-secretory status may thus inhibit adherence of particular 

pathogens. However, this may also disrupt the effectiveness of the mucin barrier to other pathogens 

and therefore increase the risks of mucosal inflammation (69). Polymorphisms of the cell surface 

mucin MUC1 have also been associated with CD (70).  

The microbiota of those people with CD carrying the non-secretor alleles is different to those who 

are secretors. There are key differences in the diversity and organisation of the microbiota (52). A 

study on Bifidobacteria by Wacklin et al. showed that these were significantly reduced in diversity 

(p<0.0001), richness (p<0.0003) and abundance (p<0.05) in people carrying the non-secretor allele 

(71). They also noted that these individuals were infrequently colonised by B. bifidum (important 

in the infant flora), B. adolescentis and B. catenulatum/pseudocatenulatum (important in adult 

intestinal flora) (71). 

Bifidobacteria are an important part of the human intestinal microbiome. They are crucial to the 

development of a healthy infant microbiota encouraging appropriate gut maturity and gut integrity, 

modulating immunity and negating the effects of pathogens (72, 73). This would suggest that non-

secretors have a less robust microbiota population and with this an increased risk of having a less 

effective defence against a number of pathogens and as a consequence, being more vulnerable to 

having an inflamed gut. 
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The unc-51-like kinase 1 (C. elegans) (ULK1) is another gene becoming associated with CD. In the 

Henckaerts et al. case control study (Table 1.1) the ULK1 SNP rs12303764 was identified as 

significant (p=0.02) (74). The ULK1 gene has an important role in CD through its regulation of 

autophagy, the catabolic process that rids cells of unwanted organelles and proteins. The effects of 

autophagy are achieved in a number of ways - by fragmenting and reprocessing damaged and 

unwanted cells through the formation of autophagosomes, recognising patterns of receptor 

signalling, apoptosis regulation, elimination of micro-organisms, Th1/Th2 signal polarization and 

the homeostasis of immune cells important for the management of self-tolerance (75). Autophagy 

contributes to innate immunity by protecting the intracellular fluid from being invaded by microbial 

pathogens, and also to adaptive immunity by stimulating the growth, lifetime and proliferation of B 

and T cells (76).  Autophagy has a critical role in resisting infections of bacterial, viral or protozoan 

origin (77). However, the role of ULK1 SNPs in CD has not been clearly identified. Pathogens have 

developed strategies to block autophagy by hiding proteins to avoid detection e.g. the bacteria 

Shigella klexneri and Listeria monocytogenes, or by expressing proteins which block autophagy 

(78, 79). Two Herpes viruses have been identified as being able to do this (80-82). Perhaps the 

ULK1 SNP rs12303764 associated with CD enables easier access for pathogens by one of these 

strategies and this contributes to the inflammatory process. Another suggestion is that SNPs 

associated with weak recruitment of the proteins involved in autophagy may impair the formation 

of the membranes needed to ‘capture’ and restrict the replication of infectious agents and this leads 

to pathogen survival and increased inflammation (77).   

The study by Morgan et al. in a NZ cohort with IBD also identified three SNPs associated with 

ULK1 and CD (83). These SNPs were different to the SNP identified in the Belgium cohort (74). 

One SNP (rs10902469, p=0.0084) was associated with age of diagnosis (17-40 years, p=0.010), 

inflammatory disease (p=0.002), and colonic disease (p=0.025). Another SNP (rs3088051) was 

associated with stricturing (p=0.015), ileal disease (p=0.042) and bowel resection (p=0.002). 

Another SNP (rs7488085) was also associated with inflammatory disease (p=0.018). These findings 

suggested that different SNPs in the ULK1 gene may play a role in susceptibility to CD and the 

signs and symptoms of the disease in different groups who have this disorder. 

These studies cumulatively add more weight to the evidence that susceptibility to CD correlates 

with the total number of disease-linked polymorphisms that affect specific pathways associated with 

CD, rather than the thesis that particular SNPs associated with individual genes are responsible for 

CD. 
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1.4 Nutrient influences on Crohn’s disease  

A number of genes has also been associated with specific nutrient interactions which may be 

relevant to CD. The alleles of FUT2 associated with circulating B12 levels have already been 

discussed. However other gene-nutrient interactions have been identified. The presence or deletion 

of glutathione S-transferase mu 1, glutathione S-transferase theta 1 and free fatty acid receptor 2 – 

previously known as G protein-coupled receptor 43 (i.e. GSTM1, GSTT1 and FFAR2) are associated 

with Brassicaceae intake, fibre intake and short chain fatty acid productionrespectively. The 

prevalance of the two variants of betacarotene 15, 15’-monooxygenase 1 (BCMO1; rs12934922, 

R267S; rs7501331, A379V) is associated with betacarotene uptake. Common variations are known 

in genes associated with vitamin D uptake or absorption and vitamin D metabolism. The presence 

of particular SNPs in vitamin D-associated genes, or particular combinations of SNPs in genes that 

contribute to vitamin D-associated pathways has been associated with lower levels of vitamin D. 

Significant SNPs that have been identified include two SNPs in exon 11 of the D site of vitamin D 

binding protein gene (DBP), at codons 416 (GAT>GAG; Asp>Glu) and 420 (ACG>AAG; 

Thr>Lys), which regulate the level of vitamin D  and are associated with the aetiology of 

autoimmune diseases, as well as the DBP 420 variant Lys with IBD (84).  SNPS from the vitamin 

D (1,25-dihydroxyvitamin D3) receptor gene (VDR) include rs222857/Fok1, rs1544410/Bsm1, 

rs7975232/Apa1 and rs731236/Taq1, of which the latter is associated with CD (85). Other 

associated variants include a combination of three SNPs from the vitamin D pathway gene GC 

(group-specific component [vitamin D binding protein]), variants at the DHCR7/NADSYN1 locus 

(7-dehydrocholesterol reductase/NAD Synthetase 1), at the CYP2R1 gene (cytochrome P450, 

family 2, subfamily R, polypeptide 1),[rs12785878, rs12785878 and rs10741657 respectively] and 

finally a SNP (rs6013897) from the cytochrome P450, family 24, subfamily A, polypeptide 1 

(CYP24A1) which is responsible for the breakdown of 1,25-dihydroxyvitamin D3 (86). Table 1.2 

summarises recent research results on the effect of these gene-nutrient interactions. 
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Table 1.2 Gene-nutrient interactions 

Gene Nutrient Outcome 

GSTM1 glucosinolates In GSTM1+ participants ZAG and TTR declines with Brassicaceae 
intake but not in those with the GSTM1-null genotype (84). (TTR 
is a negative acute phase protein that declines in serum with 
early signs of inflammation).  

GSTT1 glucosinolates Deletion of the GSTT1 gene shows a beneficial response on CD 
symptoms with the ingestion of broccoli, cauliflower and 
Chinese greens (85).  

FFAR2 (=GPR43) fibre Deletion of FFAR2 is associated with intolerance to high fibre 
foods (in murine studies) (86).  

BCMO1 betacarotene Having one of the two variants of this gene (R267S: rs12934922; 
A379V: rs7501331) increases the risk of vitamin A deficiency (87).  

DBP  vitamin D DBP and the two SNPs in exon 11 of the DBP gene, at codons 
416 (GAT>GAG; Asp>Glu) and 420 (ACG>AAG; Thr>Lys), which 
may play a role in the aetiology CD based on their role in other 
autoimmune diseases Eloranta, 2011  

VDR vitamin D 

calcium 

PUFA’s 

curcumin 

The VDR polymorphisms (rs222857/Fok1, rs1544410/Bsm1, 
rs7975232/Apa1 and rs731236/TaqI) may have some 
association with CD. These SNPs may also determine bone 
mineral mass because of their influence on calcium absorption 
and risk of osteoporosis. VDR when activated by PUFAs and 
curcumin may also promote specific, 1, 25(OH)2D3-independent 
signalling pathways which impact on their bio-actions in the 
intestine and bone, as well as other VDR-containing tissues  (82, 

88-91)   

GC  

DHCR7/NADSYN1 

CYP2R1 

vitamin D Having a genotype score combining the following three variants 
from three different genes GC. The SNPS (rs2282679), 
DHCR7/NADSYN1 (rs12785878). CYP2R1    have been associated 
with a higher risk of vitamin D insufficiency (92). 

CYP24A1 vitamin D Variants in this mitochondrial protein have been associated 
with low vitamin D levels. This enzyme regulates the level of 
vitamin D and plays a part in the vitamin D endocrine system 
and calcium homeostasis. It initiates the degradation of 
1,25(OH)2D3 (50, 83). 

GSST1 and GSTM1 belong to the GST superfamily, which encode an extensive group of enzymes. 

The GST family contain several classes e.g. alpha, kappa, mu, omega, pi, sigma, theta, and zeta (87-

89). GST enzymes have significant roles in the metabolism of electrophilic compounds including 

drugs and carcinogens (90). There have been over 900 studies looking at the different 

polymorphisms of GST enzymes and their effects on various cancerous cells (91). Mu (GSTM1) 

and Theta (GSTT1) classes are especially significant in this respect with the intake of brassicaceae 

having an influence on cancer outcomes, contingent on the expression or non-expression of these 

genes (92-103).  

At the GSTM1 locus in Homo sapiens, four allelic variants have been discovered and the null allele 

is present in about 50% of people (104). Where the GSTM1 gene deletions or the null genotype 
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exist, there is a total lack of the protein encoded by the gene (105). People with deletions are thought 

to be more vulnerable to toxic xenobiotics (e.g. antibiotics and drugs). Different geographical 

groups vary in the frequency of the GSTM1 deletion. In Caucasian and Asian populations, the 

frequency of the GSTM1 null genotype genetic polymorphism is estimated to be about 53%. 

However, the frequency is lower at 27% in African- American populations (106).  

Two independent controlled diet studies found different responses in individuals to supplements of 

specific brassicaceae (i.e. broccoli, cabbage, cauliflower and radish sprouts) depending on their 

GSTM1 genotype (107). The study found that this combination of brassicaceae altered the 

concentrations of the circulating peptides transthyretin (TTR) and zinc alpha2-glycoprotein (ZAG) 

fragments in a sensitive and identifiable manner. TTR declines in serum with early signs of 

inflammation. ZAG an adipokine, and is mainly involved with lipid mobilisation. In GSTM1+ 

individuals, ZAG and TTR declined with Brassicaceae intake. However, this did not occur in those 

with the GSTM1-null genotype.  

The GST theta class comprises GSTT1 and GSTT2. This class has substrate specificity which 

distinguishes it from the other classes: alpha, kappa, mu, omega, pi, sigma, and zeta. These two 

genes, located approximately 50kb apart, have a 55% amino acid sequence in common. They are 

similar in structure with 5 axons with the same exon/intron on their boundaries. They have also both 

been extensively studied with respect to human carcinogenesis (89). These studies have been 

centred on the hypothesis that a deficiency of GST (through deletions of these genes) may inhibit 

the cells ability to detoxify xenobiotics and thus make people more liable to illnesses such as cancer 

(91). 

The percentage having the genetic polymorphism homozygous for the GSTT1 null allele is 

estimated to be 20% for Caucasians and for Asians 47-64%, (106). A deletion of GSTT2B, near the 

GSTT2 gene, has also been identified. In the study by Zhao et al. (2009) on linkage disequilibrium 

between the two high frequency deletion polymorphisms of the GSTT1 and GSTT2B genes, the 

deletion frequency has been described as very common in humans.  

The GSTT2B deletion greatly impairs the GSTT2 expression leading to the GSTT2 gene having a 

null-allele type expression level. The GSTT2B deletion is also associated with the GSTT1 deletion 

in a non- random manner (91). Zhao et al. suggest that the influences of these more recently 

identified deletion linkages and others yet to be discovered, may explain the conflicting results of 

the studies based on the GSTT1 deletions and the associated risks of developing cancer. 
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GSTs can also be acted on by isothiocyanates (found in the brassicaceae) either as inducers or as 

substrates so a deletion or lowered activity of a GST gene can result in a persistent or elevated level 

of isothiocyanates in the body (108). Studies based in Asia suggest that the null or less active GST 

genotypes for GSTT1 and GSTM1 are protective and lower the risk of colorectal cancer (97). 

However, in USA-based studies the opposite occurred. The active or expressed genotypes, not the 

null genotypes, were associated with risk reduction (109). The disparity of these results may reflect 

the different glucosinolate content of the particular type of brassicaceae consumed. In Asia, Chinese 

cabbage (bok choy) is the predominately eaten brassicaceae and its main glucosinolate is 

glucobrassicin, whereas in the USA, where raw broccoli is the more favoured brassicaceae, the 

glucosinolate contents differ (110). The main glucosinolate in this vegetable is glucoraphanin (111).  

Glucobrassicin is an indole whereas glucoraphanin is a sulforaphane. Their distinct chemical 

structures are shown in Figure 1. 2, (adapted from Higdon et al.), may mean they are metabolised 

in the gut lumen and this would suggest their influence on the GST genes could be dissimilar too 

(112). 

 

Figure 1.2 Structure of glucosinolates in bok choy and broccoli 

A recent pilot study by Campbell (2012) (113) on the GSTT1 (-/-) deletion in people with CD, in a 

NZ cohort (from the Auckland IBD study), also showed those consuming broccoli, cauliflower and 

Chinese greens were more likely to report experiencing a beneficial effect if they had the GSTT1 

deletion.  

Another gene-nutrient interaction is the free fatty acid receptor 2 gene (FFAR2) [previously known 

as G protein-coupled receptor 43 (GPR43)] with fibre. This gene is a member of the largest gene 

family, the seven-transmembrane receptor group known as G-protein-coupled receptors (GPCRs) 

(114). These are involved as mediators of cellular responses to many neurotransmitters and 

hormones (115). The FFA2 receptors are present in fat tissues, inflammatory cells and in the large 

intestine (116). In the large intestine, the receptors are stimulated by short chain fatty acids (SCFA) 

Glucobrassicin (in bok choy)                                               Glucoraphanin (in broccoli) 
 
Indole-3-Carbinol                                                                   Sulforaphane 
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which are produced by bacteria fermenting dietary fibre (45, 117). Lower intake of dietary fibre 

decreases the production of SCFAs which stimulate FFAR2 signalling. The interaction of SCFAs 

and FFAR2 greatly affects inflammatory processes. Maslowski and Mackay consider the SCFAs 

produced in the colon are very important for immunoregulation. They propose that the lower dietary 

fibre intake associated with the modern Western diet is the driver behind the increased incidence of 

inflammatory diseases associated with this lifestyle factor (117). SCFAs play an important part in 

homeostasis of the colon as they promote pathways involved in cell differentiation, growth 

regulation, immune regulation and apoptosis (118).  

SCFA and butyrate in particular, seem to be the favoured fuel source of the bacteria in the colon, 

and colonocytes which are required for the functional integrity of the epithelium (119-122). The 

source of SCFA is the intake of highly fermentable fibres, the residues of which on reaching the 

large bowel are converted by the anaerobic bacteria into SCFA (123). SCFA have been observed to 

increase the beneficial populations of Bifidobacterium and Lactobacillus which have a role in anti-

inflammatory outcomes and immune functions (124-126). SCFAs appear to be important in 

epithelial barrier maintenance and immune system regulation. 

People with CD have been observed to have a low intake of fruit, vegetables and dietary fibre (127, 

128).  Proponents of the Fermentable, Oligo, Di, Mono-saccharides and Polyols (FODMAP) diet 

also recommend low intakes of fruit, vegetables and dietary fibre for the management of functional 

gastrointestinal symptoms (129). However, currently there is no published literature about the 

significance of this gene with respect to people with CD and their intake of fibre. FFAR2 is highly 

expressed in neutrophils (130). A pathological marker of CD is the migration of neutrophilic 

granulocytes into the mucosa of the intestine (131). FFAR2 also activates pathways involved in 

intracellular Ca2+ release and inhibits the build-up of cAMP (132).  

Two studies on FFAR2 using murine colitis models of FFAR2-/- were reported in 2009. Maslowski 

et al. explored how gut microbiota and the FFAR2 receptor regulated inflammatory responses (117). 

In their study FFAR2 -/- mice, were compared with wild type mice (n=7). On day seven of exposure 

to 4% dextran sodium sulphate (DSS) in the drinking water (used to induce acute colitis), increased 

inflammatory mediators and the consequent recruitment of immune cells was evident. This led to 

reduced colon length, increased disease activity index (DAI), increased myeloperoxidase (MPO) 

activity, and increased colonic neutrophil activity. Histological analysis showed a marked increase 

in inflammation. When 200 mM acetate (a SCFA) was given in their drinking water, the wild-type 

mice showed decreased inflammation, longer colon length and less tissue damage. No beneficial 

effect was reported for the FFAR2-/- mice (117).  Sina et al. also studied the role of FFAR2 in 
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neutrophil recruitment and inflammation in the intestine.  FFAR2-/- mice exposed to 4% DSS for 

six days lost more weight and died earlier than did wild type mice. The FFAR2-/- mice also had 

raised serum cytokine levels (CXCL1 and tumour necrosis factor (TNF), perhaps due to sepsis as 

Clostridium spp. was found in them. When the FFAR2-/- mice were examined on day six their 

endoscope score, histological score, colonic inflammation, and cell recruitment were reduced 

compared to the control mice. The authors stated that: ‘attenuated colonic tissue damage coincided 

with high mortality in the acute DSS model’, and suggested that septicaemia was more likely in the 

FFAR2-/- mice because the gut barrier was damaged by the DSS, leading to a higher transmission 

rate of bacteria into the sub-mucosa (133).The differences between the two studies based on the 

acute colitis model could stem from slightly different methodologies and mice being sourced from 

different animal colonies. 

Both studies also reported on chronic colitis models but these were set up quite differently in each 

case so their results are difficult to compare. In the Maslowski et al. study the FFAR2-/- mice were 

exposed to 2.5% DSS for eight days and then assessed. In the Sina et al. study the FFAR2-/- mice 

were exposed to 2% DSS for five days, then normal water for five days and the cycle repeated for 

30 days before they were sacrificed and assessed. Despite the different outcomes, both studies 

conclude that FFAR2 has a future role to play in strategies to develop as part of the solutions 

developed to explain or develop therapies for aberrant immune responses.  

Another gene which could impact on the nutrition of people with CD is the betacarotene 15, 15’-

monooxygenase gene (BCMO1). This gene encodes a protein which is an important enzyme in the 

metabolism of the nutrient beta-carotene to vitamin A (45). It is expressed in a number of tissues 

e.g. the liver, lungs and the skin as well as the small intestine. Here, within the enterocytes of the 

mucous membranes the enzyme cleaves betacarotene into two retinal molecules. These are 

packaged with other dietary lipids into chylomicrons and then secreted into the lymphatic system. 

Fat in the diet enables the optimum chylomicron formation (45, 134).  

According to the study by Leung et al. carrying one of the two polymorphisms (R267S: rs12934922 

or A379V: rs7501331) of the BCMO1 gene impedes the conversion of betacarotene to retinol (135). 

This study was based on a healthy population from the UK. Up to 45% of people in their study 

carried one of these two polymorphisms. Having one of the two polymorphisms of the BCMO1 

gene in conjunction with CD could thus impact on the health status of the carrier. In the recent NZ 

National Nutrition Survey 2008/9 it was reported that the NZ population sourced 58% of their 

vitamin A intake from carotenoids. The NZ population as a whole was also recorded as 22.7% and 

12.1% deficient in vitamin A, for males and females respectively. For those aged between 15-18 
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years these percentages increased to 27.4% and 37.5% (136). Adequate vitamin A intake is 

necessary for optimal activity of the innate and adaptive immune systems. Vitamin A is needed for 

the appropriate innate immune defense response. It affects neutrophil reactions to microbes, 

macrophage phagocytosis, and natural killer cell activity. Cultured human macrophages enriched 

with retinoic acid have been shown by Anand and Kaul to have increased resistance to M. 

tuberculosis by down regulating tryptophan-asparate containing coat protein (TACO) (137). 

Vitamin A is also needed for the optimal formation of T and B cells in the adaptive immune system 

and the balanced type 1 and type 2 cytokine responses. Impairment of these functions through 

vitamin A deficiency leads to epithelial barrier dysfunction and inflammation – hall marks of CD 

(138). Vitamin A deficiency in children increases the risk of signs and symptoms often associated 

with CD i.e impairment of iron use that aggravates anaemia; respiratory infections and diminished 

growth rates (139). If people with CD also carry one of these at risk alleles and are consequently 

vitamin A deficient, they can be encouraged to increase their vitamin A intake to compensate for 

their increased vulnerabilities. 

Another developing research area in gene-nutrient interactions that impacts on CD is that associated 

with vitamin D. Vitamin D’s main purpose is the maintenance of serum calcium and phosphorous 

levels (140). More recently deficiency has become increasingly linked to inflammatory and immune 

diseases such as muscular sclerosis, diabetes types 1 and 2, and CD, and to higher rates of cancer 

e.g. colon, breast and prostate cancers (84, 141-143). Cancer mortality and the incidence of 

autoimmune diseases increases with increased latitude. It has been suggested this could be related 

to suboptimal vitamin D levels which are a result of the lower UV-B radiation experienced at higher 

latitudes – especially in winter (144). 

Vitamin D is one of the fat soluble vitamins – the others being vitamins A, E and K (143).  Although 

it can be sourced from food – hence the description of vitamin – its main source is sunlight. Vitamin 

D is more correctly described as a secosteroid with endocrine functions. It operates in this role when 

the body converts it to the active form of vitamin D known as 1,25-dihydroxycholecalciferol or 

1,25-dihydroxyvitamin D3 (abbreviated 1,25-(OH)2D3), also known as calcitriol (145). 

The best food sources of vitamin D are fatty fish e.g. salmon and tuna, and fish liver oils. Other 

sources are fortified foods and supplements. The vitamin D found in foods is in the form of vitamin 

D3 which is also known as cholecalciferol. Some species of mushrooms may contain vitamin D in 

the form of vitamin D2 which is also known as ergocalciferol (143).  

Vitamin D becomes available to humans with sun exposure when ultraviolet (UV) rays (290-

313nm) are absorbed by the skin and trigger its production endogenously (142). When vitamin D 
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enters the body, from food or sunlight, it is inactive and has to undergo two hydroxylations before 

vitamin D can be used by the body (143). When vitamin D is absorbed via food it is incorporated 

into the chylomicron fraction and 80% of this is taken up by the lymphatic system. If it enters 

through the skin route it enters the extracellular space from the dermal capillary bed (142).  

Once vitamin D enters the circulation it is bound to the vitamin D-binding protein (DBP) [not to be 

confused by D site albumin promoter binding protein also known as DBP] which is encoded by the 

Group-Specific Component gene (GC). The GC gene has over 120 variants but most of these are 

rare and relate to geographical location and skin colour. Three common alleles predominate (Gc1F, 

Gc1S and Gc2). People with white skins have a higher frequency of the Gc1S allele (50-60%) (146, 

147). DBP levels are not subject to seasonal variations but do have a diurnal rhythm (148). DBP 

has other significant functions such as fatty acid transport and the activation of macrophages. 

Malnutrion may also lower its concentration(149).  

Vitamin D in its bound form is transported to the liver where the first hydroxylation takes place. 

Here the major form of circulating vitamin D (25(OH)D3) is formed. This form is still inactive and 

it must undergo a second hydroxylation to the 1,25(OH)2D3 hormone (mostly in the kidney) before 

the body can use it (142). Many P450 enzymes are involved in the hydroxylation processes. The 

principal hepatic one is CYP2R1. The renal enzyme (P450c1α) is encoded by the Cytochrome P450 

Family 27 Subfamily B Member 1 (CYP27B) gene. Mutations in this gene are linked with vitamin 

D dependent rickets. 1,25(OH)2D3 if acted on by the enzymes CYP3A4 or P450c24 (the latter 

encoded by the CYP24A1 gene) is inactivated. Once in the active form, the hormone 1,25(OH)2D3 

binds to the vitamin D receptor gene (VDR) (150).  

Vitamin D is becoming recognised as an important regulator of innate immunity and some research 

suggests that sufficient vitamin D may protect against the development of IBD (151). Metabolites 

of vitamin D act on anti-inflammatory pathways and are involved in the maintaining the tight 

junctions between the epithelial cells of the intestine (84, 152). The biomarker commonly accepted 

for measuring vitamin D status is the inactive form 25(OH)D3, the main form of vitamin D 

circulating in the plasma (153). This level fluctuates in people according to a number of factors. 

Environmental ones include the amount of exposure to sunlight (which is affected by the latitude, 

season and use of sun block), vitamin D intake from food, physical activity, and living with a partner 

or spouse. In men, waist circumference and HDL cholesterol may also affect vitamin D status, and 

in women, use of hormone replacement therapy (HRT) and age can be significant (154, 155).  

There is debate about what level of 25(OH)D3 constitutes a deficiency and there is no agreed 

scientific cut off point (143). The USA Institute of Medicine Food and Nutrition Board Reference 
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Intakes committee suggested that most people (97.5%) would have sufficient levels if 25(OH)D3 

levels were ≥50 nmol/L but <125 nmol/L, as levels higher are associated with adverse events (143, 

156).  

Genetic factors are thought to play a large part in vitamin D status as it is involved in multiple 

signalling pathways. The genetic contribution of vitamin D effects has been estimated to be from 

28-80% (157, 158). A number of SNPs in vitamin D associated genes, or particular combinations 

of SNPs in genes contributing to these pathways have been associated with lower levels of vitamin 

D. Vitamin D insufficiency affects many adults (159). Particular SNPs from genes associated with 

vitamin D status are also becoming increasingly relevant to their association with immune disorders 

(160-163). A synopsis of these genes and their roles is shown in Figure 1.3. 
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Figure 1.3 Genes and their roles and how they link with respect to vitamin D 
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The vitamin D receptor (VDR) facilitates most of the roles of the active form of vitamin D 

1,25(OH)2D3 as shown in Figure 2.3. One role in which VDR is becoming increasingly significant 

is that of regulating autophagy. Vitamin D affects signalling pathways (e.g. Bcl-2, beclin-1, P13K) 

involved in immunity and inflammation and these impact on autophagy homeostasis (164, 165). 

Wang et al. (2010) showed that 1,25(OH)2D3 affects the NOD2- defensin beta2 innate immune 

pathway, often found to be defective in people with CD (161). Another association with VDR and 

autophagy is the link with curcumin. Curcumin is a polyphenol and component of the spice 

turmeric. Its active ingredient is diferuloylmethane. Curcumin’s mechanism of action has been well 

studied (166). It regulates many cell signalling molecules. Examples are NF-ĸB, signal transducer 

and activator of transcription 3 (STAT3), hypoxia inducible factor 1, alpha subunit (HIF-1), 

peroxisome proliferator-activated receptor gamma (PPARƴ), arachidonate 5-lipoxygenase (5-LOX), 

TNF, interleukin 1, (IL-1), and interleukin 6 receptor (IL-6R) (167). It can also bind to and activate 

the VDR (168). Curcumin therapy has been trialled with people with IBD and it has been shown to 

improve clinical symptoms (169, 170).  

VDR is a major player among the genes involved with vitamin D as it influences so many other 

genes. It is a member of the nuclear receptor family. As such it directly modulates gene transcription 

and is reported to influence the transcription of more than 913 genes. Ramagopalan et al. found 

2,776 binding sites for VDR in their ChiP-seq defined genome wide map (171). The effects of VDR 

activation can be far reaching. For example, VDR has the ability to bind to the forkhead box P3 

gene (FOXP3). This gene has a pivotal role in the maturity and performance of T regulatory cells 

(172).  

A number of the genes modulated by VDR are also associated with disorders. The gene protein 

tyrosine phosphatase, non-receptor type 2 (PTPN2) which is involved in the regulation of the 

epithelial barrier function is one of these and is linked to CD (173). When the barrier function of 

the epithelium in the intestine is disturbed, microbes may penetrate the intestinal epithelium and 

this leads to inflammation. The VDR gene, as part of the genes that encode for the innate immune 

response, transcribes antimicrobial peptides which are responsible for the defence against, and 

elimination of, infection (174). If particular SNPs of the VDR gene impinge on this function in 

combination with variants of the PTPN2 gene associated with CD, this would increase the 

inflammatory process. Another factor linked to VDR and which may also contribute to the 

inflammatory process in CD, is the ability of some pathogenic bacteria, to bind to and inactivate the 

VDR receptor. By doing this, they disarm the innate immune response and thus increase the risk of 

inflammation. Gliding biofilm bacteria produce a sulfonolipid capnine (2-amino-3-hydroxy-15-
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methylhexadecane-1-sulfonic acid) which acts as a nanomolar kinetic inhibitor of the VDR ligand-

binding pocket (175, 176). Other examples of bacteria that are able to reduce the expression of the 

VDR are Borrelia burgdorferi, Chlamydia trachomatis, Mycobacterium leprae and Mycobacterium 

tuberculosis (177-180). Liu et al. showed that monocytes and macrophages can identify M. leprae, 

but the VDR response is impeded by M. leprae, upregulating the miRNA hsa-mir-21 in the 

monocytes, and this mechanism allows the bacteria to avoid the vitamin D generated immune 

response (181). The Epstein-Barr virus also down regulates VDR expression in B cells at mRNA 

and protein levels (182).  

VDR has four commonly arising polymorphisms which have been linked with osteoporosis, bone 

mineral density and various cancers. These polymorphisms are known as Fok1 (rs10735810), Bsm1 

(rs1544410), Apa1 (rs7975232) and Taq1 (rs731236) (85, 183). A meta-analysis performed in 2012 

by Xue et al. (184) on nine studies, which included one from the IBD study based in Canterbury 

NZ, revealed for Europeans, a significant increase in risk of CD if they carried the Taq1 tt genotype 

(OR=1.23; 95% CI, 1.02-1.49). However, those carrying the Apa1 “a” genotype had a decrease in 

CD risk (OR=0.081; 95% CI, 0.67-0.97). The NZ study (by Bentley, 2011) based on a South Island 

cohort in Canterbury, showed this to be true only for males in their cohort (160). Another NZ study 

based in Auckland, 2013, by Carvalho et al. reported that Taq1 tt genotype was significantly 

associated with CD and low vitamin D levels (OR=0.893; 95% Cl, 0.825-0.966) (185). They also 

showed that low serum vitamin D levels had a significant association with the allele rs73254 

(SCUBE3) (OR= 0.917; 95% Cl, 0.847-0.992) in subjects with CD and in their control group (185). 

SCUBE3 has been linked to cancer (186, 187), hypermethylation (188) and lung cancer (189).  

VDR expression can also be moderated by hormones such as glucocorticoids, estrogen, the 

parathyroid hormone and retinoids. Glucocorticoids can affect the 24(OH)ase, an enzyme involved 

in 1,25(OH)2D3 catabolism (190). This means glucocorticoid use as therapy can lead to too much 

bone loss (191). Estrogen has been shown to up-regulate VDR via mRNA and VDR protein in tissues 

including the colonic mucosa, as illustrated by Smirnoff et al. (192). Parathyroid hormone regulates 

VDR expression through VDR mRNA in the kidney and bone (193). Retinoic acid increases the 

expression of VDR, especially in bone cells (194).  

VDR’s critical role has been further exemplified from studies with vitamin D receptor null mice. In 

the review of Bouillon et al. its significant role in calcium and bone modelling is very evident (195). 

In engineered VDR absence, a bone and growth plate phenotype emerges that is similar to that seen 

in humans with congenital rickets or serious vitamin D deficiency. Alopecia and the development 

of hypertension from high renin levels also feature. The immune system is also more sensitive. 
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Autoimmune diseases like diabetes type 1 and IBD are more likely to emerge if predisposing 

influences are in place. VDR null mice are also more responsive to factors which induce oncogene 

or chemocarcinogen-induced tumours. Their cardiovascular system too is more vulnerable with 

cardiac hypertrophy and thrombosis manifesting (195).  

However, other SNPs associated with genes other than VDR also have influence particularly in their 

association with a higher risk of vitamin D insufficiency. Wang et al. in their GWAS study linked 

15 cohorts (with about 30,000 people) from European descent to genes associated with vitamin D 

insufficiency. They showed that a genotype score combining three variants from three different 

genes i.e. the SNP rs2282679 from the gene GC, the SNP rs127858787 from the gene 

DHCR7/NADSYN1, and the SNP rs10741657 from CYP2R1 increased the risk of vitamin D 

insufficiency (161).  

GC (as shown in Figure 1.3) encodes DBP which binds to vitamin D and transports it to target 

tissues. The GC gene belongs to the albumin gene family. This SNP identified in Wang’s et al. 

study has been identified in others (196, 197). Three other SNPs from the GC gene have also been 

associated with lowered vitamin D levels (rs4588, rs7041 and rs1155563) (197-199).  

The DHCR7/NADSYN1 gene encodes the enzyme involved with the last step of cholesterol 

synthesis where 7- dehydrocholesterol is converted to cholesterol. In humans, sunlight (ultra violet 

radiation 270-290 nm) converts 7- dehydrocholesterol to cholecalciferol - vitamin D3 (150).  

Cholesterol is a critical factor in bile acid formation which facilitates the absorption of dietary lipids 

(200). Perhaps the SNP rs127858787 may also be linked to the problems in fat digestion that people 

with CD report (201). The GWAS study by Ahn et al. on over 4,000 individuals of European 

ancestry, from five cohorts also identified the SNP rs11234027 from the DHCR7/NADSYN1 gene 

as having strong significant associations with vitamin D (197).  

To add to the complexity of this part of the vitamin D story there is also a recent hypothesis that 

vitamin D levels may also be influenced by genes involved with HDL cholesterol levels. 

Vimaleswaran et al. and Shirts et al. describe two SNPs (rs12272004 and rs3135506) from the 

APOA5 gene that interact with serum levels of 25(OH)2D3 in the winter season and this interaction 

affects HDL cholesterol (202, 203). The APOA5 gene has a significant role in the regulation of 

triglyceride levels in the plasma (45).   

The third SNP which Wang et al. identified was the SNP rs10741657 which is associated with the 

CYP2R1 enzyme, which converts vitamin D into active ligands for VDR and is a member of the 

cytochrome P450 superfamily. This SNP of the CYP2R1 enzyme has been identified with lower 
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25(OH)2D3 synthesis (45) and has also been detected in three other Caucasian groups involving 

609, 496 and 2610 subjects respectively in research on genetic influences on vitamin D levels (86, 

204, 205).  

The CYP24A1 enzyme is associated with vitamin D by influencing the levels of the active form of 

vitamin D (1,25(OH)2D3) especially its degradation, and it also catalyses 25(OH)D3 (see Figure 

1.3). It also balances CYP27B1 which encodes the renal enzyme (P450c1α) involved in the second 

hydroxylation process to convert the inactive form of vitamin D 25(OH)2D3 into the active form of 

vitamin D (1,25(OH)2D3) CYP24A1 action is also influenced by parathyroid hormone. This 

hormone in the presence of (1,25(OH)2D3) has been shown to up-regulate CYP24A1 in osteoblastic 

cells suggesting it may have a role in preventing abnormal bone formation by modulating bone 

development (206). Parathyroid hormone also has been shown in in vitro studies to down regulate 

CYP24A1 in the kidney cells to avoid blood calcium levels fluctuating too widely (207). Fibroblast 

growth factor 23 (FGF23) which is responsible for phosphate metabolism also regulates the 

expression CYP24A1 in the kidney and thus lowers (1,25(OH)2D3) levels (208).  

Currently CYP24A1 has around 50 polymorphisms ascribed to it (207). Some of these have been 

identified with specific population groups. In a study by Roff and Wilson, eight SNPs were 

identified as unique to African Americans. One of these SNPs associated with the promoter 

CYP24A1 region was shown to reduce the expression of CYP24A1 in cultured human lymphocytes 

in vivo (209). Another SNP was associated with idiopathic infantile hypercalcemia (210). Future 

research will identify whether the other polymorphisms of CYP24A1 can be linked to more illnesses 

such as CD. Figure 1.4 below shows the key genes and relevant SNPs for low vitamin D levels. The 

influence of these various SNPs has been fully discussed in the recent review on genetic variations 

in vitamin D metabolism genes by Laing et al. (211). 
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Other  nutrient–gene interactions  that also influence  CD are those associated with fatty acids 

especially long chain omega-3 polyunsaturated fatty acids (L-C PUFA-ω-3). Polyunsaturated fatty 

acids (PUFA) functions vary from modifying immune and inflammatory responses to influencing 

neurological development and function especially in the brain and eye. The intake of PUFAs and 

their metabolic pathways can also be a  significant factor in cancer  (212). L-C fatty acids have are 

helpful in reducing inflammation in people with inflammatory disorders (10, 213-216). These fatty 

acids act as precursors of mediators such as resolvins, protectins and maresins which initiate anti-

inflammatory and pro-resolving mechanisms (217).  

The usefulness of L-C PUFA-ω-3 in reducing inflammation in IBD was systematically reviewed 

with the analysis of 19 studies (11 on UC and 8 on CD) in 2012 (218).  The authors concluded that 

no recommendations could be made as to their usefulness. This was for a number of reasons: 

numbers in the trials were often small, the doses may have been too low to elicit a clinical response, 

many did not monitor fatty acid profiles through measures such as the dietary omega-3/omega-6 

fatty acid ratios, red blood cell or mucosal fatty acid profiles, and the use of different formulations 

for both the nutrient intervention and the placebo. Some placebos had constituents that included 

olive oil, oleic acid and MCT oil that may have confounded the results as all of these have been 

implicated in affecting the intestinal inflammatory response (219-225). Other factors that may have 

affected these results are nutrient–gene interactions. A number of studies have discussed the role 

genes play in the levels of L-C PUFA-ω-3 and omega-6 fatty acids as shown in Table 1.4. As the 

nutrient supplement used in Project Two and three also contained L-C PUFA-ω-3 the genes and 

their variants as listed in Table 1.3 are discussed below.  

The fatty acid desaturase (FADS) gene cluster consists of three genes. These are fatty acid 

desaturase 1 (FADS1: also known as delta-5-fatty acid desaturase); fatty acid desaturase 2 (FADS2; 

also known as delta-6-fatty acid desaturase), and fatty acid desaturase 3 (FADS3; also known as 

delta-9-fatty acid desaturase) (45). These control the unsaturation of fatty acids by introducing 

double bonds between distinct carbons of the fatty acyl chain. Diseases associated with these genes 

include metabolic syndrome X and Best vitelliform macular dystrophy. They are involved in 

metabolic pathways associated with the gene peroxisome proliferator-activated receptor alpha 

(PPARα) and omega-3 and omega-6 fatty acids (45). These genes are important because they 

determine the levels of L-C PUFA in the cells, tissues and the circulation (212). The degree to which 

they do this is dependent on ethnicity, the dietary intake of PUFAs and their metabolic pathway 

which is also affected by age (212, 226-228). This means dietary recommendations for their intake 

need to be tailored accordingly. For example, alleles/haplotypes of L-C-PUFA are more frequent in 

those with African ancestry compared to Europeans (229, 230). This has been hypothesised that, in 
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those of African descent, such variants will provide an increased capacity in the rate limiting step 

of linoleic acid conversion to arachidonic acid in the PUFA biosynthetic pathway. Depending on 

the dietary intake of PUFA this could shift the balance between anti-inflammatory and pro-

inflammatory outputs.  

Schaeffer et al. investigated FADS1 and FADS2 genetic variants in a European adult population 

respiratory health study (n=727; Table 1.4) (231). Fatty acid composition was assessed in serum 

phospholipids. They found, after correction for multiple testing five minor SNPS significantly 

associated with increased levels of of 18:2n−6, (linoleic acid), 20:2n−6, (eicosadienoic acid), 

20:3n−6, (dihom-g-linoleic acid) and 18:3n−3 (alpha-linoleic acid) and decreased levels of 

18:3n−6, (g-linolenic acid), 20:4n–6 (arachidonic acid), 22:4n−6, (adrenic acid), and 20:5–3 

(eicosapentaenoic acid). Arachidonic acid (AA) had the highest percentage of genetic variability 

(28%). AA metabolites are associated with inflammatory pathways and in IBD these include 

cytochrome c oxidase I (COX-1), cytochrome c oxidase 2 (COX-2), 5 lipoxygenase (5-LOX) and 

12-lipoxygenase (12-LOX) (232, 233). 
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Table 1.3 Gene-fatty acid interactions 

Gene Fatty Acids Genotype/SNP Outcomes 

FADS1, 
FADS2 

ω-3 & 6 rs174556, rs174570, 
rs2072114, rs174583, 
rs174589 

Those with minor alleles (in SNPS-rs174556, rs174570, rs2072114, rs174583, rs174589) had enhanced levels of 
18:2n − 6, 20:2n − 6, 20:3n − 6, and 18:3n − 3 and decreased levels of 18:3n − 6, 20:4n − 6, 22:4n − 6, 20:5n − 3, 
and 22:5n – 3, (232).  

PPARA ω-3 & 6 rs4253728 Those with the homozygous allele GG had significantly lower plasma levels of TG and apoC111 than those with 
the minor variant ‘A’ (correcting for gender, BMI, age, gender, ethnicity and interaction of ethnicity and 
genotype). Minor variant AA associated with a more effective reduction in cholesterol for those taking 
Simvastatin (235, 236). 

PPARG ω -3 & 6 rs1801282 A high intake of saturated and monounsaturated fat was associated with a more active CD in wild type carriers. 
People with a higher n6/n3 PUFA intake had a significantly higher disease activity i.e. fat intake interacts with 
polymorphisms (237)  

XRCC1 ω-3 & 6 194 Arg/Arg and 399 
Gln/Gln 

194Arg/Trp or Trp/Trp 
and 399Arg/Arg or 
Arg/Gln (rs25487) 

High monounsaturated fat intake and high ω -6/ ω-3 polyunsaturated fatty acid ratios were associated with 
colorectal adenoma risk of subjects with certain combined genotypes from XRCC1, (238).  

SCD1 

 

Palmitic acid 

Stearic acid 

CRP 

rs 2060792 G allele in European females associated with lower CRP levels (a measure of inflammation) and plasma palmitic 
fatty acid levels, and an inverse relationship with stearic acid (i.e. genetic variation in the SCD gene modulates 
the relationship between fatty acids and inflammation (239).  

TG=Triglyceride 
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This variability in the FADS genes would contribute to the difference in results in studies pertaining 

to L-C PUFA-ω-3 in reducing inflammation in IBD and to the variability in results of other 

inflammatory disorders including cancer.  

The peroxisome proliferator-activated receptor (PPAR) gene group (Table 1.4) is part of the nuclear 

receptor family that binds peroxisome proliferators which regulate the number and size of 

peroxisomes produced by the cell. Peroxisomes are cell organelles containing enzymes e.g. for lipid 

metabolism. The proteins encoded by these genes can be involved in lipid differentiation, epidermal 

cell differentiation and glucose homeostasis. The group has three members: peroxisome proliferator 

activated receptor alpha (PPARA), delta (PPARD) and gamma (PPARG). These genes are 

associated with non-alcoholic fatty liver disease (PPARA), atherosclerosis, cancer, diabetes, and 

obesity (PPARG). Variants of PPARG have also been associated with CD and Fajas et al. describe 

PPARG mRNA in humans as having their highest concentrations in adipose tissue and the colon 

(234, 235). A prime role for PPARD is to regulate fatty acids (which are natural ligands) in adipose 

tissue and skeletal muscle and it does this by inhibiting ligand-stimulated transcription of PPARA 

(45, 236).  PPARs as nuclear hormone receptors also affect the expression of genes associated with 

immune and inflammatory pathways. For example, PPARG suppresses NF-B-facilitated pro 

inflammatory responses so is an important gene for gut homeostasis and PPARD expression is also 

raised in colorectal cancer cells (45, 237).  

Because of PPAR involvement in lipid metabolism, genetic variants of PPAR genes have been 

explored to discern their effects on fatty acid metabolism, as exemplified by Tai et al. This study 

explored gene-nutrient interactions relating to plasma lipid variables in a subgroup of the 

Framingham Offspring study (n=2106), who were ingesting their normal diets (236) and who were 

largely of European extraction (238). The fatty acid intake was assessed in relation to plasma lipid 

variables. The dietary intake was assessed by a validated semi-quantitative food frequency 

questionnaire (FFQ). People with the gene variant 162V (PPARA-L162V) on a high intake of 

PUFA (> 8% of energy) had significantly lower plasma concentrations of triglycerides (TG) and 

apolipoprotein C-III (Apo-CIII). However, this was reversed when their intake of PUFA was low 

(4% of energy) i.e. they then had higher plasma concentrations of TG and Apo-CIII (p<0.01) when 

compared to 162L homozygotes. For the fatty acids (n-3) and (n-6) the results were similar. Tai et 

al. report the prevalence of the 162V allele in the European population was 14%. In another study 

by Shin and associates comparing Caucasians and African-Americans, the SNP (rs4253728) from 

this gene, which is in moderate linkage disequilibrium with PPARA L162V (r2=0.18), was also 

investigated with respect to TG and apo-CIII levels (239). People with the minor allele (A) had 
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significantly higher plasma levels of TG and ApoC111 (after correcting for gender, BMI, age, 

ethnicity and interaction of ethnicity and genotype) (Table 1.4). For those with the minor A variant 

compared to the GG variant in the African-Americans, plasma levels of apoCIII and TG were 

significantly higher (apoCIII: p = 0.03; TG: p = 0.02). When further adjustments were made for 

apoCIII, this result was no longer significant. (There were no significant differences in these levels 

in the Caucasians). The authors suggest that PPARA SNPs may modulate apoCIII levels and this 

interaction may affect TG levels. However, in this study they report too, these levels were highly 

co-related (r2=0.48) and they propose that this result may not in fact reflect a causal relationship but 

be an effect of TG measurement variability.  

Subsequent to these studies, other investigations have indicated that the PPARA SNP rs4253728 

minor allele AA has other effects. In a European population, a subgroup of the Rotterdam Study on 

chronic diseases in the elderly (n=77) aged > 55years, the variant AA of SNP rs4253728 was 

associated with a more effective reduction in cholesterol in those taking simvastatin. This was 

thought to be through this variant’s influence on the cytochrome P450 3A4 (CYP3A4) gene (240). 

This gene is a member of cytochrome P450 family which produces a number of enzymes that are 

involved in the metabolism of drugs and lipids (45). In the study by Chen et al. those with this minor 

variant (AA) in a female Chinese population (n=164) undergoing surgery consumed less pain relief 

with fentanyl, a potent opioid analgesic, post operatively. They too linked this to the enzyme activity 

of CYP3A4, noting that it was much lower in those with the AA variant of PPARA SNP rs4253728 

compared to the wildtype GG or GA variants (p<0.05) (241).  

Another study by Ferreira et al., specific to CD, looked at the genetic variants of the PPARG gene 

and effects on disease expression and fatty acid intake, (Table 1.4) (235). These European 

participants (n=99) based in Lisbon, were selected from those with a confirmed diagnosis of CD. 

They were attending outpatient clinics, were steroid free and only had mild to moderate disease 

activity (≥ 4) as assessed by the Harvey Bradshaw index over three visits through the year of the 

study. The controls selected for genotyping were healthy blood donors (n=116) with no history of 

IBD (242).  The dietary intake was assessed with a validated FFQ for a Portuguese population.   

It was observed that when wild type carriers of the gene variant SNP rs1801282 (PPARG Pro12 

Ala) had a high intake of monounsaturated and saturated fat that they suffered from more active 

disease [OR (95% CI) 4.37(1.52–12.51 and 4.21(1.33–13.26)].  

The cut off points were for high monounsaturated fat = 33.3g and for saturated fat = 24.7g. Values 

for high or low were those above or below the median intake. This study showed the role of dietary 

fat in CD disease activity is modulated by genotype. 



Chapter 1. Genetic influences on Crohn’s Disease 

31 

Another gene-nutrient interaction that has been studied with respect to fatty acids is the gene X-ray 

repair cross-complementing protein 1 (XRCC1) (Table 1.4). This gene encodes the DNA repair 

protein XRCC1 which is involved in the repair of single strand breaks in DNA resulting from 

exposure to alkylating agents and ionized radiation (45). It is part of the important DNA base 

excision repair (BER) pathway (243) The gene XRCC1 has a number of SNPs, three of which have 

common amino acid substitutions at codon 194, codon 280 and codon 399 i.e. rs1799782; (Arg to 

Trp), rs25489; (Arg to His) and rs25487 (Arg to Gln) respectively (244). These substitutions are 

thought to alter the repair activity of this gene and this may be why a number of studies have linked 

SNPs from the XRCC1 gene with colorectal, lung, and breast cancer (245-247). People with CD 

have a higher risk of colorectal cancer so if they have these SNPs this may increase their risk (248, 

249). 

With respect to colorectal adenoma, in vitro and animal studies have shown a link with PUFAs in 

the diet (250). High levels of ω-6 PUFAs and low intake of omega-3 PUFAs are associated with 

increased colon cancer risk (251). This may be because cell membrane fluidity is affected by the 

type dietary fat ingested. High membrane fluidity is linked to high rates of cell division associated 

with cell malignancy. The ω-6 PUFA arachidonic acid is more abundant in colon cancer cells than 

in cells from normal colon mucosa (252). Derivatives from ω-6 linoleic acid have also been shown 

to instigate lipid peroxidation in the membranes of colon cells leading to genotoxic products (253). 

These are normally removed by the BER pathway. However, the XRCC1 SNPs rs1799782, rs25489 

or rs25487 may interact with the high ingestion of ω-6 PUFAs to contribute to the accumulation of 

DNA damage and increased risk of colorectal adenoma. This hypothesis was explored in the study 

by Stern et al. (243). 

Stern et al. found for colorectal adenoma risk, that there were significant associations between high 

monounsaturated fatty acid intake and the combined genotypes from XRCC1 (codon 194 Arg/Arg 

and codon 399 Gln/Gln) (OR, 5.5; 95% CI, 1.4-22) or high omega-6/omega-3 polyunsaturated fatty 

acid ratios (OR, 2.5; 95% CI, 1.0-6.0). In addition, participants with a high omega-6/omega-3 

polyunsaturated fatty acid ratio intake and having the combined genotypes 194 Arg/Trp or Trp/Trp 

and codon 399Arg/Arg or Arg/Gln also had a significant association with colorectal cancer risk 

(OR, 2.3; 95% CI, 1.2-4.5). However, a further investigation by Stern et al. with a cohort of the 

Chinese Health Study (n=1,181 controls and n=311 cases (180 colon and 131 rectal cancer)) did 

not find an association with these variants and polyunsaturated fat intake (254). 

Further studies pursued the links of SNP rs25487 with cancer. The meta-analysis by Shen et al. 

found no links with pancreatic cancer (255). However, the meta-analysis by Nedooshan et al. have 
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linked the A allele of the SNP rs25487 with an increased risk of thyroid cancer in Caucasians 

(AA+AG vs. GG: [OR=0.838, 95% CI = 0.728-0.965, p= 0.014)] (256). In another study by Nelson 

et al. (n=1000 Caucasians), on basal and squamous cell carcinoma, the AA variant of rs25487 was 

associated with a significantly reduced risk of both basal cell [OR 0.7, CI: 0.4-1.0] and squamous 

cell cancer (OR 0.6, CI: 0.3-0.9) except in those with painful sunburn history. Here the relative risk 

of squamous cell carcinoma was significantly higher for homozygous variants (257). The findings 

of this study and that of Stern et al. on the effect of monounsaturated and n-6 polyunsaturated fatty 

acids are both examples of the effect of gene – environmental interactions. 

Stearoyl-CoA Desaturase (SCD) is another gene whose SNPs have been investigated with respect 

to fatty acids. This gene is also crucial in lipid metabolism. (45).  SCD1 the protein encoded by 

SCD, is a rate limiting enzyme involved in the synthesis of mainly palmitoleic and oleic acids (258). 

The protein is also an important endoplasmic reticulum membrane protein (45). The endoplasmic 

reticulum is an organelle involved with lipid and protein synthesis. High levels of SCD expression 

have been associated with breast cancer and obesity in humans (259, 260). A SNP from the SCD 

gene has also been shown to modulate the expression of SCD1 and moderate the relationship 

between fatty acids and inflammation as measured by C-reactive protein (CRP) levels (261). 

In the study by Stryjecki et al. (261) carriers of the G allele were identified as having lower CRP 

levels and circulating levels of palmitic acid, in European females aged 20-29 years. This study also 

identified a significant inverse association between the G variant of SNP rs2060792 of SCD and 

stearic acid in this European group (p=0.04). In another study relating to CRP levels in an elderly 

population (aged 70 years) there was a positive correlation with the proportion of serum palmitoleic 

acid and the SCDI Index (described as the ratio of product (16:1n-7 and 18:1n-9) to precursor (16:0 

and 18:0) fatty acids (262)) and CRP concentrations (263). In the study by Melhus et al., where 

2009 men were followed for 35 years, a high SCDI index was associated with increased risk of 

fracture. The authors comment that as adipogenesis increases, marrow adipocytes are favoured over 

osteoblasts. (They are both from a common mesenchymal progenitor). This they thought would be 

the mechanism which led to bone loss and increased fracture risk (264). This may be a contributing 

factor to why people with CD have an increased risk of bone fractures with aging compared to the 

general population (265).  

In conclusion it can be seen that CD has a complex genetic base with numerous genes involved in 

its expression. This chapter has illustrated this through the examples of genome wide association 

studies, gene studies on familial associations, studies on cultural differences and individual SNPs 

associated with CD, and gene-nutrient interactions associated with CD. 
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Chapter 2. Environmental influences on Crohn’s disease  

This chapter discusses the wide variety of environmental factors which influence the development 

and progression of CD. These include the person’s gastrointestinal physiology (e.g. the lining of the 

gut barrier, the chemistry of the gut barrier, the immune system in the gut barrier, the motility of 

the gut and the microbiome), the exposure to pathogens and counter measures through perinatal and 

childhood factors, and lifestyle practices such as cigarette smoking, oral contraceptive use, stress 

levels and management of stress. Nutritional influences will be discussed separately in the next 

chapter.  

2.1 Gastrointestinal physiology 

The gastrointestinal system (also known as the gut) is the organ system which is most affected by 

IBD. The gut is essentially a long tube starting at the mouth and ending with a sphincter with two 

valves, commonly known as the anus.  The structure of the tube varies in its different sections which 

are demarcated as the mouth, oesophagus, stomach, small intestine (or small bowel) and colon (or 

large bowel) (Fig 2.1). These essentially are all composed of the same layers (Fig 2.2) (266). 

Starting from the inside out these are known as the mucosa, submucosa, muscularis externa and the 

serosa. This system has multiple functions which include absorption, secretion, excretion and 

defence and a diverse range of cells and tissues to enable it to function effectively. It absorbs 1.3-

1.8 L of electrolyte–rich fluid daily (267). Its surface area is 300-400 m2 which is larger than a tennis 

court (261m2) (268, 269) and it is only about 20 μm thick (270). The gastrointestinal system also 

has an intimate communication with the endocrine and nervous systems, which is described as the 

brain-gut axis (BGA) (271).  

The differences between the two major expressions of IBD (CD and UC) are based on which areas 

of the gut are affected. Although CD can occur in patches throughout the gut and is being 

increasingly identified first with changes in the mouth (142, 272), it is most commonly found at the 

distal ileum and colon (35-45%) (142). Crohn’s disease also can involve the full thickness of the 

gut wall with ulcers, fistulas and abscesses. This contrasts with UC which is limited to the mucosa 

of the large bowel (142). 
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Figure 2.1 Anatomy of the intestine Figure 2.2 Structure of intestinal wall 

The intestines are lined with mucosa (Figure 2.2 (266). This consists of mucous membranes, lined 

with epithelium and supported by connective tissue known as the lamina propria. The lamina 

propria contains blood vessels, lymph vessels, lymphoid tissue and lymphocytes, of which many 

are IgA-secreting B cells (273, 274). The epithelium contains four different types of cells with 

specific functions (Fig 2.3). These cells help retain the integrity of the epithelium and its barrier 

function while it is constantly exposed to food, antigens and pathogens which can inflict damage. 

To counteract this, the cells are constantly regenerating often every three to four days particularly 

in the small intestine (275, 276).  

The integrity of the epithelium (and its barrier function) is also affected by a number of other factors. 

These include the individual's age, the composition of their microbiota, their genetics, type of initial 

nutrition e.g. breast or formula fed, mucous composition, interactions between the gastrointestinal, 

endocrine and nervous systems (BGA), and whether there is concurrent infection (266). These 

individual factors can sometimes disrupt the integrity of the gut, leading to ‘leakiness’ and to 

inflammation, the hallmark of IBD. The gut goes to extensive lengths to maintain its barrier function 

especially against pathogens and it has developed four strategies to do so: physical, chemical, 

immunological and through the microbiome.  
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Figure 2.3 Cells of the Intestinal wall  

2.1.1 The physical barrier 

The gut maintains a physical barrier particularly with its specialised columnar epithelial cells (Fig. 

2.3 (277)) and the use of intercellular junctions. These columnar cells form a single layer with four 

specialised cell types: goblet cells, Paneth cells, enterocytes and enteroendocrine cells (278). The 

functions of these are described in Table 2.1. The development of epithelial cells starts early in 

pregnancy and the most common type – the enterocyte absorptive cells - is fully developed by 22 

weeks’ gestation (279). 

Table 2.1 Intestinal epithelial cell functions 

Cell type Function 

goblet  produce and maintain mucus (277)  

Paneth  manufacture and secrete antimicrobial peptides and proteins (278) 

enteroendocrine sense luminal contents, control food intake, have roles in mucosal immunity and repair 
(279) 

enterocytes specialised for absorption of nutrients, the most common cell type (280) 

These cells are the first line of defence of the host against possible harmful entrants. They display 

a wide range of immune functions. Their innate immune receptors, known as pattern recognition 

receptors (PRRs) recognise products derived from pathogens. An important class are the toll-like 

receptors (TLRs), activation of which leads to the release of anti-microbial peptides. TLRs 

recognise different pathogen–associated molecular patterns (PAMPs). Through the recognition of 
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PAMPs and activation of NF-ĸB, innate immune responses are triggered, including neutrophil 

migration, and the secretion of chemokines and cytokines and consequently the engagement of the 

adaptive immune system (280). 

Neutrophils are key cells of the innate immune response and are primed for defence against 

pathogenic bacteria. Epithelial gut cells recruit them from the vasculature through chemokine 

signalling - the main group of chemokines being the CXC class of ligands (281). In order for 

neutrophils to reach the lumen of the intestine they need to migrate through the cell junctions. This 

migration is associated with damage as it is accompanied with increased permeability, apoptosis of 

the epithelium and release of proteases and reactive oxygen species (ROS). This migration process 

is thought to also contribute to the formation of crypt abscesses with IBD and pathology during 

inflammation (282-285). Once the neutrophils have reached the lumen they use intracellular and 

extracellular mechanisms to kill and disable the bacteria.  

The intracellular junctions are the second line of defence in the promotion of the physical barrier. 

They are described as tight, adherens, gap and desmosomes junctions. These allow fluids, 

electrolytes and small molecules to pass through but not larger ones (269). Their function, protein 

composition and other relevant supporting structures are outlined in Table 2.2 (269, 286-290). 

Table 2.2 Cell junction functions  

Junction Type Function Composition Support 

tight controls permeability multi–protein eg. claudins, 
zonula occludens 

ring of actin & myosin 

adherens cell-cell adhesion cadherin proteins ring of actin & myosin 

desmosomes cell-cell adhesion desmoplakin & armadillo 
proteins plakoglobin and 
plakophilin 

intermediate filament 
cytoskeleton 

gap intracellular 
communication 

selective permeability 

connexin & pannexin 
proteins 

plasma membrane 

The epithelial cells and intracellular junctions are essential in maintaining homeostasis in the 

intestine, and when working appropriately keep the contents of the intestinal lumen and the internal 

tissues apart. Enteropathogens can disable their functions. Several lines of evidence using 

genetically manipulated mouse models also suggest that deletion or dysregulation of genes and 

specific chromosomal loci associated with these can lead to chronic intestinal inflammation (280). 

For example, myosin light chain kinase (MLCK) (which is involved in Na+-glucose co-transport 

regulation through its role in tight junction regulation) has been shown in vivo to become 

dysfunctional with infection with E. coli leading to barrier loss and fluid secretion (diarrhoea) (291). 
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People with CD (who often have diarrhoea as a symptom) have increased intestinal permeability 

and MLCK has been implicated as having a role in this disease’s initiation (292). 

2.1.2 The chemical barrier 

The gut maintains a chemical barrier with the production of mucus produced from the goblet and 

gastric foveolar mucous cells (286). The goblet cells start secreting early in gestation with mucin 

being produced by week 12 (279). Mucus has two main functions. One function is to act as a 

lubricant to reduce the stress on the epithelial cell layer with its constant exposure to food, antigens 

and pathogens. This lubrication also helps in the elimination of the gut contents. The other function 

of mucus is to act as a defence barrier through for example, the use of antimicrobial peptides to 

prevent contact between bacteria and the epithelial cell layer by trapping them in the mucus and 

then eliminating them via peristalsis (286, 293). The mucous layer (via the lymphoid tissue in the 

intestines – the Peyer’s patches) also sequesters about 75% of the immunoglobulin A (IgA) in the 

body (294) and this role too is to stop pathogenic micro-organisms gaining access to the epithelial 

cell surface by binding them and preventing their attachment (295).  

Mucus performs its defence role by forming two layers in the gut. The layer closer to the lumen is 

described as the outer ‘loose’ layer and in murine studies it is found to be twice as thick as the lower 

layer (296). The latter is closer to the epithelial cell surface and is described as the unstirred, firm 

or adherent layer (286, 293, 296). Here the diffusion of small solutes and ions is slower which 

reduces the absorption rate of nutrients. However, this also means nutrients released by the brush 

border enzymes are less likely to be transported away in the upper more turbulent outer layer (286). 

Commensal bacteria are usually kept out of the lower layer. They most commonly inhabit the layer 

close to the lumen (296).  

Mucus is composed of gel-forming mucins which are heavily glycosylated proteins which can be 

secretory (e.g. MUC2) or membrane bound (e.g. MUC1, MUC3, MUC17) - and 21 of these have 

been identified in humans (295). Mucus also contains trefoil peptides (TFF1, TFF2, and TFF3), 

resistin-like molecule β and Fc-binding protein (293, 295, 297). The latter Fc-binding protein is 

thought to be covalently linked to the Muc2 mucin and stabilises the inner/firm/adherent mucous 

layer (298). 

The nature of mucus is affected by the genes expressed, mucin composition and mucus secretion 

(286). People with CD upregulate expression of mucins resulting in an increased production and 

thickness of the mucus layer. These changes are thought to be provoked by the inflammatory 

process and the pro-inflammatory cytokines TNF-α, IFN-γ, and IL-6 (associated with CD) (293, 
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299, 300). The mucus composition can also be altered by ingested bacteria. E. coli, Salmonella 

enteritidis and Clostridium difficile bacterial infections can thicken the mucosal layer by binding 

the NOD2/CARD15 and toll-like receptors (293, 301). Mutations of these receptors are more 

common in people with CD (302) and this in part may explain the increased mucus production 

associated with this disease. The role of trefoil peptides is to augment the barrier function and 

promote repair where injury occurs. In humans and rats where the epidermis has been damaged, 

trefoil peptide expression is increased (303-305). Gronbæk et al. have shown in their study on trefoil 

peptides on 10 subjects (n=6 with CD, 4 with UC) with severe IBD activity that median 

concentrations of trefoil peptides were significantly increased (p < 0.01) compared to normal 

healthy controls (306).  

Resistin-like molecule β is a small cysteine-rich secreted protein (293) and is involved in 

maintaining the mucosal barrier as well as regulating colonic inflammation susceptibility (307, 

308). The role of this molecule has been extensively explored with murine models of helminthic 

infection, colitis and ileitis which are associated with intestinal inflammation. These studies indicate 

that resistin-like molecule β may promote pro-inflammatory or protective outcomes depending on 

the intensity of the helminthic infection (low dose or robust), and whether 2,4,6-

trinitrobenzenesulfonic acid (TNBS), or dextran sodium sulfate (DSS) was used (293, 298, 308-

310) to initiate the inflammation.  

The epithelium in the intestine also has a number of chemical receptors (e.g. olfactory, sweet, 

umami, bitter, metabolic glutamate, calcium sensing and free fatty acid) that act as sensors and 

modulators for its varying roles. These sensors are particularly significant for nutrient metabolism 

but the bitter taste and odour receptors are also thought to have a protective function in detecting 

possible poisons. When these receptors are alerted this can induce anion secretion and consequent 

fluid secretion to flush out possible toxic substances. In this way, possible damage is prevented and 

homeostasis of the gut is maintained (311). 

The other cells which help maintain the gut chemical barrier are the Paneth cells (Table 2.1). They 

live longer than the other intestinal cells – more than 20 days – and are renewed more slowly (312). 

They are most frequently found in the distal small intestine and the proximal section of the large 

bowel which are also the most common sites for CD (142, 313). When the intestine is inflamed they 

appear throughout the colon and this is recognised as a diagnostic element for IBD. Paneth cells 

contain granules with antimicrobial proteins (AMPs) (313). AMPs are active against bacteria (gram 

positive and gram negative) fungi, protozoa and have enveloped viruses (314). Paneth cells form 

early in the foetus at 12 weeks and the AMPS defensins and lysozyme are secreted in gestation at 
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weeks 13.5 and 20 respectively (315, 316). The secretion of these proteins in the adult can be 

triggered by signals from bacteria present in the gut which activate MyD88-dependent TLR 

signalling in Paneth cells. This response limits the ability of the bacteria to penetrate the host’s 

tissues thus helping to maintain the homeostasis of the gut (317, 318). The Paneth cells in the 

terminal ileum highly express NOD2 (319). They also have a key role in inflammation. Mutations 

in NOD2 may affect the functioning of the Paneth cells and account for the association of NOD2 

mutations with CD (320-322). Paneth cells also express TNFα, which is associated with 

inflammation in CD (323). Paneth cells express TNFα when they are damaged, and it stimulates 

their proliferation (324). Phospholipase A2 type IIA (PLA2G2A/ sPLA2) enzymes are also secreted 

by Paneth cells which are the most abundant source of sPLA2. The PLA2 superfamily of enzymes 

has a number of roles which include antibacterial and pro-inflammatory activities (313, 325-327).  

Evidence suggests that Paneth cells have a role not only in protecting the gut barrier function 

through antibacterial activity but also may play a significant part in intestinal inflammation 

associated with CD pathology.  

Digestive juices 

The digestive juices also contribute to the chemical barrier in the gut. Different ‘juices’ in the 

intestinal system are produced by the different sections and have different compositions (Table 2.3) 

(328-330). Although these digestive juices are primarily concerned with the breakdown of nutrients 

for their ready absorption by the body, they also bring changes for example in the pH, oxygen and 

nutrient content of the luminal fluids which also affect bacterial viability and composition. The 

saliva also contains secretory IgA (SIgA) which has anti-bacterial activity. The stomach has an acid 

content with pH of 1-3.5 which also deters the growth of bacteria (331). At the beginning of the 

small intestine, the duodenum, there is a change in pH with the entrance of pancreatic juice which 

is loaded with bicarbonate ions, and bile from the liver. By the time the digestive juices reach the 

colon the pH is 5-7, and this is more congenial to bacterial growth. As a result of the chemical 

composition of the lumen fluid the upper digestive tract has few bacterial species (332). 
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Table 2.3 Digestive juice composition 

Digestive organ Secretions Composition 

Oral cavity saliva Water, electrolytes, mucus, glycoproteins, 
enzymes, SIgA, lysozyme   

Stomach gastric juice 
 
 
hormones 

Mucus, bicarbonate, HCl, KCl, NaCl, intrinsic factor, 
pepsinogen, gastric lipase. 
Gastrin, histamine, endorphins, serotonin, 
cholecystokinin, somatostatin. 

Small Intestine pancreatic juice, hormones 
 
bile 
mucus 

Water, digestive enzymes, bicarbonate ions, 
insulin, glucagon, somatostatin, pancreatic 
polypeptide.  
Water, bile salts, bilirubin, cholesterol, fatty acids,       
lecithin, inorganic salts, ions. 
Gel forming mucins. 

A review of acid base disorders in IBD concluded that when the bowel is in an inflamed state 

(especially the colon) there may be mild to severe metabolic alkalosis due to the decreased secretion 

of bicarbonates (which normally act to reduce pH (267). This would also contribute to dysbiosis 

(microbial imbalances in the gut) associated with IBD. 

The oxygen levels also decrease from the duodenum to the colon which means bacterial 

composition changes (333). This results in aerobic bacteria being outnumbered by anaerobic species 

by 1:10 in the colon (334). Fluctuations and gradients in oxygen concentration can also influence 

the functions and the microbial community structure as many of them in their respiration use oxygen 

as an electron transfer acceptor (335). It has been observed for example, near the tips of the villi, in 

the intestinal environment, where the oxygen levels are low (microoxic), Shigella and Helicobacter 

can thrive. E. coli too can still grow, albeit slowly (336, 337). The expression of a number of 

Shigella genes is also influenced by microoxic conditions and it is thought that this may be how the 

process of an infection is established and leads to invasiveness (336). In the study by Harris et al. 

on a mouse model of chronic colitis, those mice with mild colonic inflammation had increased 

hypoxia in their colon (338), suggesting that inflammation and consequent lowered oxygen levels 

contribute to the growth of pathogenic bacteria in the gut. A systematic review of 31 human and 

animal studies showed that hyperbaric oxygen treatment for IBD lowered markers of inflammation 

and oxidative stress and improved the outcomes of IBD (339). This is thought to be because of the 

effect of this therapy on cytokines and other inflammation mediators (340). Perhaps higher oxygen 

levels may make the gut environment less congenial for pathogenic bacteria. ROS are also another 

factor to consider. ROS are molecules containing oxygen which are chemically reactive and are 

created as a natural consequence of normal oxygen metabolism. They have key roles in cell 

signalling. Prolonged and high levels of ROS occur in chronic inflammation and this has been linked 

to increased rates of mutation, inhibition of DNA repair mechanisms and possible consequent 

genetic damage to the mucosa (341-343).  
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2.1.3 The immunological barrier 

As mentioned earlier, the mucosa produces about 75% of the IgA in the body (294). IgA is an 

antibody and it has a critical role in gut immunity and maintaining homeostasis in the gut. There 

are two forms or isotypes of IgA: IgA1 and IgA2. Their predominance differs in the different 

sections of the intestines. In the small intestine, they are produced in similar amounts but in the 

colon IgA2 is more common. In the intestines IgA is released into the lumen by the polymeric 

immunoglobulin receptors in the dimeric form known as secretory IgA (sIgA) (294, 344). In this 

form, the immunoglobulin is protected from proteolytic enzymes (345). In the lumen SIgA interacts 

with food constituents, the antigens and the microbiota. Several grams of SIgA are released into the 

gut each day (344). 

The main role of SIgA is to help keep the tissues sterile and separate from the non-sterile external 

world of pathogens, micro-organisms and food that enters the gut. In order to do this, it has both a 

monitoring and immune response role. In its monitoring role, it needs to distinguish between 

symbiotic safe commensal bacteria and possibly lethal microorganisms, safe ingredients and 

possible toxins, and safe food and food allergens. If safety is breached then the immune role is 

initiated (346). In this role, SIgA blocks access of harmful agents to the epithelial cell surface. It 

does this by recognising and binding to antigenic epitopes (determinants) of target molecules and 

microbes, and preventing their attachment to, or infiltration of, the epithelium (346, 347). For 

instance, SIgA can limit bacterial virulence by binding to the bacteria and reducing their motility 

(Salmonella) or invasiveness (Shigella flexneri) (348, 349). SIgA based immune complexes aid 

their removal through peristalsis (346). The mechanism by which SIgA does all this is called 

immune exclusion and it is a preventive technique to preserve the surface of the gut from damage 

and to impede colonisation and invasion by organisms harmful to the body (344, 346). 

The microfold (also known as membranous) cells (M cells) found on the epithelium on the Peyer’s 

patches are key players initiating the SIgA response. Intestinal M cells have a specific receptor for 

SIgA (347). They are the chief site for producing SIgA-secreting plasma cells (344). The M cells 

sample the antigens in the lumen and introduce them to the lymphocyte and dendritic cells (350). If 

they detect unwanted bacteria, parasites or viruses they transport them from the gut lumen into the 

Peyer’s patches proper (351-353). They can thus act as a gateway by which micro-organisms gain 

entry into the epithelium (354). Pathogens like E. coli are thought to enter the mucosa in this manner 

and people with CD have increased numbers of these in their mucosa (355, 356).  

Breast milk contains SIgA and this provides immune protection in the guts of breast-fed infants. In 

mice which are suckling SIgA prevents aerobic bacteria from their gut draining into lymph nodes 
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and in the development of significantly different gut microbiota compared to mice who were not 

exposed to SIgA in breast milk. These changes persisted and were magnified when the mice attained 

adulthood. This early introduction to SIgA also resulted in a different pattern of epithelial gene 

expression. This included genes such as Interferon Regulatory Factor 1 (IRF1), FUT2 and VDR that 

are associated with human IBD. Exposure to passive SIgA was also found to ameliorate damage to 

the colon caused by DSS (329). The ability of SIgA to influence gene expression, ameliorate 

epithelial damage and effect the composition of the microbiota illustrates that intestinal homeostasis 

is affected by the interplay of a number of factors. 

2.1.4 The motility of the gut 

The motility of the gut which enables food to move through it has four phases: ingestion, 

mastication, deglutition (swallowing) and peristalsis (330). The latter two phases are the ones most 

affected by IBD (Table 2.4) and although swallowing and oesophageal issues in CD are less 

common, they still affect between 2-8% of individuals with this disease (357, 358).  

Table 2.4 Motility disorders associated with inflammatory bowel disease 

Gut section Incidence Contributing factors Motor expression Clinical 
Manifestations 

Oesophagus 2-8% Mucosal/transmural Failure of smooth 
muscle fibers to 
relax 

Reflux 

Stomach 15-20% Minute abnormalities of the 
stomach 

Delayed emptying No reports 

Biliary tree na Reduction of phase III migrating 
motor complex 

Reduction of  

gallbladder 
contractions 

↑ gall stones    

 

Small bowel up to 
74% 

Autonomic dysfunction, motor 
activity abnormalities, drug 
related toxicity 

↓ small bowel   
contractions &/or 
clustered     
contractions 

Abdominal 
pain/discomfit, 

diarrhoea, 

constipation 

Large bowel na Motor & neuronal activity 
impaired by incomplete mucosal 
healing & associated permeability 

↓ contractility &       
tone after food, 

↑ propulsion  

 

 

Diarrhoea 

 

Rectum & 
anus 

na 

 

Minute abnormalities of the 
rectum/anus, low pressures 

Impairment of the 
recto-anal 
inhibitory reflex, 
Weak rectal 
distensibility 

Incontinence 

na = not available 

Motility is regulated by the muscular layer of the gut (muscularis) and the nervous and endocrine 

systems. The muscularis is composed of smooth muscle, and there is an inner circular layer and an 
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outer longitudinal layer. These two layers enable segmental contractions – particularly in the small 

and large intestine (in the latter known as haustral churning), and peristalsis which help move the 

contents of the gut lumen along and pulverise and mix the food particularly in the stomach.  

Innervation of motility is from the enteric nervous system (ENS) which is part of the autonomic 

nervous system. The ENS arranges its neurons into the myenteric plexus (Auerbach’s plexus) and 

the submucous plexus (Meissner’s plexus). The former is positioned between these two muscle 

layers and regulates the motility of the gut. The latter in the sub-mucosal tissue regulates the gut’s 

secretions. The parasympathetic nervous system via the vagus (X) nerve and pelvic splanchnic 

nerves stimulates motility and the sympathetic nervous system reduces it through the nerves in the 

thoracic and upper lumbar spinal regions (330). The three intestinal reflexes involved in motility 

are the ileogastric reflex, the gastro-ileal reflex, and the intestino-intestinal reflex. The ileogastric 

reflex decreases gastric motility when the ileum is distended. The gastro-ileal reflex when 

stimulated by gastric activity promotes ileal motility and movement of the chyme through the 

ileocaecal valve. The intestino-intestinal reflex is engaged when there is over extension in one 

segment which results in a ‘relax’ signaling message to the rest of the intestine (330).  

Neurotransmitters are also involved in gut motility. The key one is serotonin (which is also a 

paracrine messenger i.e. involved in cell to cell signalling). Serotonin is synthesised and stored in 

the intestines by the enterochromaffin-like cells (specialised enteroendocrine cells). Serotonin 

receptors are found in several different sites in the enteric pathways in the digestive system, some 

of which are involved in peristalsis. Serotonin initiates peristaltic reflexes and is involved in gut-

brain signalling and is proposed to affect the secretions and proliferation of epithelial crypt cells 

(359-363). 

Minderhold et al. studied serotonin synthesis and uptake in people with CD. They compared people 

with CD in remission with IBS symptoms (n=10), people with CD in remission without IBS 

symptoms (n=10), and healthy controls (n=11). The Rome criteria were used for the IBS symptoms. 

The results showed TpH-1 expression, relative to β-actin, was significantly higher in the colon of 

people with IBS symptoms (p=0.005). It was concluded that increased serotonin biosynthesis may 

play a role in IBS symptoms associated with CD (364). A more recent study (n=185) sought to 

correlate serum serotonin and endoscopy scores (Pouchitis disease activity index - PDAI) in people 

with ileal pouches. They found that there was a relationship in people with inflammatory 

complications. There was a significant association between serum serotonin level and the PDAI 

endoscopy subscore of the pouch [OR]=1.9, 95% [CI]: 1.2, 2.9, p<0.05) and total PDAI endoscopy 
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score (OR=1.8; 95% CI: 1.2, 2.8, p<0.05) Their conclusion was that serotonin may be implicated 

in the process of mucosal inflammation (365). 

Other neurotransmitters such as acetylcholine, histamine, dopamine, serotonin and substance P are 

also involved in gut motility. The group of neurons that produce these neurotransmitters is located 

in the vomiting center of the medulla and their activation stimulates the vomiting reflex. Substance 

P is also secreted by macrophages associated with inflammation and so has a role in inflammatory 

disease. Substance P regulates smooth muscle contractions, ion transport in the epithelium and 

vascular permeability (366, 367).  

The major hormones involved in the control of digestion are gastrin, secretin and cholecystokinin. 

Gastrin and cholecystokinin can also have effects on the motility of the gut. Gastrin increases gastric 

motility and can constrict the lower oesophageal sphincter and relax the pyloric sphincter. 

Cholecystokinin enables ejection of bile from the gall bladder and influences the opening of the 

sphincter of the hepatopancreatic ampulla. Other hormones that have an influence on the motility 

of the gut are motilin (which instigates the contraction of the antrum sections of the stomach 

(pyloric, duodenum and jejunum) and substance PS (330, 368). 

The deglutition aspect of gut motility involves three phases: oral (which is under voluntary control), 

pharyngeal and oesophageal which are involuntary. The involuntary muscle actions in the mouth, 

pharynx, larynx and oesophagus are coordinated by the swallowing center which is in the medulla. 

Peristalsis is a wave like contraction produced by the circular and longitudinal muscles responding 

to the distension of the gut wall (usually to a bolus of food). Peristalsis helps move the contents of 

the gut lumen along particularly toward the ileal end of the small intestine where food enters the 

large intestine. This also has the effect of impeding colonisation by bacteria here (332). The rhythm 

is established by graded depolarisations known as slow waves which are set by automatic 

endogenous pacemaker activity produced by the interstitial cells of Cajal (ICC) which are 

distributed through the gut. ICC networks have been located in the myenteric plexus region, in the 

deep muscular plexus in the small bowel and the sub-mucosa in the stomach and large bowel (369). 

The ICC network maintains the rate of contraction in a healthy gut at about 2-4 cm/second (370). 

Wang et al. report patchy damage to ICC in people with CD (n=11). Other studies have also reported 

damage to the ICC network in UC (371-373). This variability in damage implies that gut motility 

could also be uneven. This may explain the motility issues observed in IBD (Table 2.4). At this 

stage, the damage to the ICC networks is thought to be caused by inflammation or the lack of 

membrane bound stem cell factor sourced from nerve cells (374). The anoctamin channel – ANO1 
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(which is a calcium-activated chloride channel) has a significant role in regulating the cells of Cajal 

(45).  

Transit time can also have an impact on the microbiome. Generally, transit time is slowest in the 

colon which enables the bacterial communities to be stable (375). If transit times speed up, as occurs 

with diarrhoea the bacterial community is adversely affected (333). 

2.2 The microbiome 

The microbiome is the genes and genomes of the microbiota, a large collection of diverse bacterial, 

archaeal, and eukaryotic microbes which form intricate ecosystems in different habitats of the 

human body (376). Each body part has its own microbial composition irrespective of age, gender 

etc. although metagenomics data indicates that the metabolic pathways are essentially the same 

across all body sites (377).  The microbiome in the human gut, for example contains up to 1014 

microbes with a density about 1011 -1012 cells/ml and encompasses over 3 million non-redundant 

genes. This implies that the microbiota has 150 times more genes than the human genome (378, 

379). The microbiome is also genetically alterable which is dissimilar to the human genome. This 

enables microbiota to change with changing environments and to variable food intakes (380).  

The microbiota community within the microbiome shows high variability among healthy people. 

Evidence suggests there is no one core microbiome at species level but there may be at phylum 

level or the core may be at the level of function rather than at an organisational level. Each adult 

has a distinct microbiota community in which one bacterial species may vary by up to 12 and 2,187-

fold (381, 382). The individuality of each human microbiome is suspected to confer particular 

properties on the individual but what these are has yet to be fully identified (383). It has been shown 

that in people with disorders like IBD and obesity that the composition of the microbiota different 

to those found in healthy people (378, 381, 384).  

Differences in people with IBD that have been identified include reduced numbers of microbiota, 

less divergent species with lower numbers of Firmicutes and increased number of Proteobacteria 

species compared to healthy people (385-388). This difference termed ‘dysbiosis’ contributes to the 

inability of people with IBD to maintain equilibrium between commensal and pathogenic bacteria 

(424) and is a hallmark of CD.  This is because in IBD, unlike people with healthy gastro-intestinal 

systems, the immune system is not as effective at deterring pathogens and maintaining sufficient 

commensal species that help sustain gut health. Factors that contribute to this are explained later in 

this chapter (438). 
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Unlike the human genome which is inherited, the microbiome is acquired anew with each 

generation. The microbiome also changes over the lifespan (Fig. 3.4).(378, 389-392).  

 

Figure 2.4 The development of the microbiota through the lifespan 

Until recently it was thought that the new born infant was born with a sterile gut and the first 

microbiota was conferred and influenced by the method of birth and initial feeding style. New 

evidence suggests that a foetal microbiome exists, being acquired in the last trimester from the 

microbiome in the mother’s amniotic fluid. It has also been observed that microbiota diversity is 

lower among immature babies (393). Nevertheless, the future composition of the infant’s gut 

bacteria is also affected by the delivery method i.e. whether Caesarean born (C-section) or vaginally 

born and whether breast fed or given infant formula. C-section babies have microbiota that 

resembles that on the mother’s skin and those born vaginally are seeded by the microbiota in the 

mother’s vagina (394, 395).  

The type of first foods also contributes to the composition of the microbiota. Breast feeding 

promotes immune development and protects against many diseases. In a small study on 3-month-

old babies 1,214 probe sets for epithelial cells were significantly, differently expressed in 

exclusively breast fed (n= 12) and formula fed babies (n=10) (396). This may explain some of the 

differences that have been noted in clinical and epidemiological observations between these two 

groups. The two groups have different gut development with the breast-fed babies being described 

as being ‘less leaky’. Bacteroidetes species which are important players in the commensal bacteria 

were not found in the stools of the formula fed infants (Figure 2.5) (396). Pig milk is physiologically 

and compositionally similar to human milk and more conducive to experimental work (397). 

Donavan et al. analysed the microbiome gene expression at phylum level in the stools of piglets.  

Those that were all formula fed shared the same distinct signature but those that were suckled had 

highly variable microbiomes. (396). 
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Figure 2.5 Bacterial phyla in stool of 3-mo-old breast- and formula-fed infants   

The microbiome of those that were suckled also had a higher number of virulence genes and this 

was thought to contribute to the host immune defence response. This could help explain why babies 

who are breast fed have a gut that is less leaky. Breast milk also contains human milk 

oligosaccharides (HMO’s) which stimulate the growth of the intestinal flora acting as prebiotics for 

beneficial bacteria (398). This too would contribute to the enhancement of gut barrier function.  

Towards three years of age the microbiome is thought to resemble the microbiota of adulthood 

(399). The gut microbiome however, in those aged 65 years and older (according to the initial 

analysis of 126 participants, Irish based ELDERMET consortium) is quite different from middle 

aged adults with a greater presence of Bacteroidetes species, increased taxonomic diversity and 

more individual variation (400). Studies based on elderly people in other countries report different 

findings, reflecting the participant’s country of residence (401). This change in the microbiome over 

time and country of residence is possible because gut microbes regularly swap genes with 

environmental microbes via horizontal gene transfer. An example of this is with Japanese 

individuals who possess marine bacteria (associated with seaweed ingestion) that metagenomics 

does not show in North American individuals. This is probably because Japanese people consume 

the seaweed Nori used with sushi, and assimilate the bacterial genes associated with this seaweed 

(402). 
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There are a number of methods by which the DNA of the microbiota community in the human gut 

is identified. Optimal methods have yet to be developed but current ones for identifying the DNA 

are generally based on taking samples of the microbiome from people’s faeces as this is less invasive 

than sampling directly from the different areas of the gut. The faecal microbial taxonomy is 

generally analysed by either pyrosequencing the variable 16S rRNA gene tags and amplifying the 

different 16S rRNA gene segments (amplicon analysis), or by generating sequence data from the 

entire community of microbiota with shotgun sequencing and using reference genome sequences 

(metagenomics analysis) (403, 404).  

Generally, the vast majority of the microbiota in the microbiome, (about 2000 species) plays a 

commensal role in the body though extensive interaction, conversation and associations between 

organisms (335). The place the microbiota inhabits in the gut (in the layer close to the lumen rather 

than the lower layer of the mucous) is usually under tight control to prevent infiltration of microbes 

into the epithelium. Infiltration into the epithelium can initiate inflammation and sepsis – a hallmark 

of CD (270, 405). About 100 species have been identified as pathogenic (406). The microbiota’s 

main role in the gut is to extract maximum nutrition, particularly from plant polysaccharides which 

are not digested by other means. They are also able to use this food to sustain themselves and 

multiply. The specifics of their nutrition and metabolic roles e.g. the production of short chain fatty 

acids, bile acids and vasoactive amines will be discussed in the next chapter. The microbiota’s 

metabolic role can also involve processing of drugs through the gut (404).  

However, the microbiota also, as part of its involvement with the immune system, has a pivotal role 

in maintaining the integrity of the epithelium and its barrier function. A number of strategies have 

evolved to do this. One of the ways the microbiota help maintain barrier function is through their 

cross talk with the cells in the epithelium. For example, Bacteroides thetaiotaomicron induces 

Paneth cells to discharge angiogenin 4 (Ang4) into the lumen. This protein is abundant in the Paneth 

cell secretory granules. Ang4 has potent antibacterial activity which targets gram positive bacteria. 

This may help maintain a gram-negative population which is more prevalent in a healthy adult gut 

(270). Mouse studies have established the link between Ang4 expression and the presence of 

commensal bacteria. Germ-free mice achieve high expression of Ang4 in their Paneth cells only 

when they are exposed to commensal bacteria (407). This example illustrates how microbial 

composition can be regulated by one population impeding another via Paneth cell secretions. It also 

illustrates how the microbiota can accommodate a variety of microbes without mounting an immune 

response by using Ang4 to limit microbial access to the gut epithelium, so contributing to the 

maintenance of barrier function (407). 
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Bacteria in the microbiota also actively trigger mucosal repair through TLR signalling mechanisms. 

As mentioned earlier, signals from gut bacteria activate the Paneth cell MyD88-dependent TLR 

signalling pathway. This response limits the ability of the bacteria to penetrate the host’s tissues 

thus helping to maintain the homeostasis of the gut. Rakoff-Nahoum et al. showed that the 

elimination of the commensal bacteria and TLR signalling by antibiotic treatment in vivo increased 

the vulnerability of mice to DSS-induced disease. Their work indicated that TLR signalling also 

induced protective and repair responses, and also limited pathogenic bacterial growth. Their 

analysis suggests that this may occur through two possible processes. The first is the maintenance 

of protective factors, as the commensal bacteria constitutively bound TLRs expressed lumenally by 

the colonic epithelium. The second mechanism operates when epithelial damage leads to the 

activation of TLRs by the commensal microbiota and the induction of protective factors (408).  

The microbiome regulates neutrophil trafficking to maintain host resistance. Neutrophils are key 

cells of the innate immune response and are set up for defence against pathogenic bacteria. Gut 

epithelial cells recruit neutrophils from the vasculature through chemokine signalling. Neutrophils 

are necessary in controlling infections such as those of E. coli serotype K1 (409). Deshmukh et al. 

in their work with neonatal mice exposed to a five or three-antibiotic protocol followed by 

inoculation with E. coli have shown how microbiota can influence neutrophil activity. This 

antibiotic exposure reduces the composition and total numbers of the intestinal microbiota in the 

neonatal mice. For example, Gammaproteobacteria were not present on day three, and Bacilli on 

day 14 failed to colonise as normal. When normal intestinal microbiota was transferred into these 

antibiotic exposed mice, bone marrow and circulating neutrophils and plasma G-CSF levels 

increased, and resistance to E. coli K1 was partially restored (410). 

The ability of the microbiota to function in this way is possible because of microbe ‘mutualism’ 

which means as the microbiota sense the fluctuations in their environment they work co-operatively 

to promote their survival using a signalling pattern known as quorum sensing. This is where small 

signalling molecules are secreted and the microbiota are able to sense the molecules concentration 

(411). When a certain level is reached the whole population responds, co-ordinated by the 

expression of particular target genes. One of these signalling molecules is acyl-homoserine lactone 

(acy-HSL) and it has been identified in more than 200 species of Proteobacteria. This group includes 

a large number of pathogenic bacteria. They can use quorum sensing to increase the production of 

virulence factors i.e. activate a disproportionate number of genes which encode harmful products 

for the host (412), and overrun host defences which can include the gut barrier. This use of quorum 

sensing has given these pathogenic bacteria the title of ‘cheaters’ as they use the co-operative 

behaviour without paying for their metabolic production ‘costs’ (413). Fortunately, other 
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mechanisms like kin discrimination, high relatedness and pleiotropy can limit cheaters’ impact 

(414). 

Another element which can intrude on the microbiota working together to protect the intestinal 

barrier function is exposure to antibiotics. Although the microbiota exhibit resilience1 to antibiotics, 

repeated exposure can induce an importunate regime shift which can lower resistance. In the study 

by Dethelsen and Relman, healthy subjects who had not had antibiotics in the last year were exposed 

to two standards five day courses of the antibiotic Ciprofloxacin, at six month intervals. Their 

analysis of the microbiota community in the faecal output, after the completion of these courses, 

showed a large loss of diversity and change in composition. Recovery of the microbiota community 

began seven days after the last dose of antibiotics. However, it was not always to the previous level 

before treatment began. The authors suggest that each course of antibiotics may shift the microbiota 

community from mutualistic patterns and make it more vulnerable to pathogenic strains of 

microbiota and enable the intestinal barrier to be penetrated (389, 417).  

Repeated courses of antibiotics can also lead to the development of what is termed ‘the resistome’ 

– the collection of genes in bacteria that confers resistance to antibiotics (418). This is possible 

because of the lateral gene transfer between microbes which can be a common phenomenon among 

some microbial communities. In an investigation by Rasko et al. (419) where they compared 17 

genomes of both commensal and pathogenic strains of E.coli about half the genes were conserved 

in the group with the rest being components of a large reservoir of genes, known as the pangenome. 

This ability by microbiota to transfer genes not only contributes to antibiotic resistance but also to 

pathogenicity and virulence (420). Lateral gene transfer would also appear to be accelerated by 

inflammation. In the study by Stecher et al. (421) on the transfer between pathogenic and 

commensal Enterobacteriaceae in a colitis mouse model it was noted that gene transfer can occur 

at unprecedented rates in an infected gut. This microbiota behaviour would contribute to breaches 

of the barrier function of the gut which is a particular feature of CD.  

Another occurrence in the microbiota world is biofilms which is where most of the microbiota lives. 

Biofilms are complex groups of various species that thrive on multiple surfaces (422, 423).  

One example of a biofilm that impinges on the barrier function of the oral cavity is dental plaque 

which is associated with tooth decay. Dental plaque contains multiple species and strains of bacteria 

(as do all biofilms). It is surrounded by a matrix polymer which protects the microbe residents from 

                                                 
1 The capacity of a system to absorb disturbance and reorganise while undergoing change so as to retain essentially 

the same function, structure, identity and feedbacks (415, 416)]. 
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environmental pressures and host immune defence systems (422). This makes biofilms very 

resistant to antimicrobial agents. They have been shown to resist concentrations of these agents 

which are 1000x higher than what would kill genetically equivalent bacteria which do not reside in 

biofilms. This makes chronic wounds where they can be found very resistant to treatment (335).  

A study, by Rikardsson et al. (2009) on the perceived oral health in people with CD on 1943 people 

showed that people with CD thought their oral health was worse and that they had more need for 

dental treatment than those in the control group of 1000 people (162).  The patients were sourced 

from the Swedish National Patients Organisation of inflammatory bowel disease. Crohn’s disease 

patients also have a higher incidence of the bacteria Streptococcus mutans and Lactobacilli which 

are associated with tooth decay (424). The presence of this common biofilm in people with CD, 

would contribute to worsened oral health. 

2.3 Perinatal and childhood factors 

These factors encompass a number of situations relating to childhood that may influence the child’s 

response to pathogens (376). These include infections, antibiotic use, and exposure to a wide range 

of bacteria through pets, community swimming pools, carpets in the home, and sand pits.(425) 

2.3.1 Infections 

In a Swedish study (n=1469 with Crohn’s disease, n=2509 with Ulcerative colitis) by Ekbom et al. 

(426) the risk of developing IBD was increased four-fold if the baby was born within six months of 

the mother (or the infant itself), having a serious infection or illness. The risk increased three-fold 

if the baby’s family was from a low socio-economic background. This association with early 

exposure to infection was also noted in a NZ study on CD` (n= 315 with CD and 536 controls). 

Here it was observed if a debilitating childhood disease (which restricted daily activities) lasted six 

months or more there was a significant association with developing CD. The OR given was: (9.6 

95% [CI]: 6.1-15.1, p < 0.0001) (427). In a Danish case control study (n=267 with IBD and n=267 

for controls) some infections e.g. mumps and rubella did not increase the risk of developing IBD, 

while others showed a tendency to decrease the risk e.g. pertussis or Scarlatina (combined OR, 

0.56; 96% [CI] 0.27–1.20) and (combined OR, 0.57; 95% [CI], 0.31–1.03) respectively). Infection 

with measles however, significantly increased the odds for developing ulcerative colitis. Chicken 

pox experienced before the age of 20 years showed a trend for increased odds for CD and ulcerative 

colitis (combined OR, 1.53; 95% [CI] (0.80–2.94) (428). In this study, no comment was made on 

the severity of these infections or the length of their duration.  
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A number of other infectious organisms or pathogens has also been associated with, or mimic signs 

and symptoms of, IBD. Examples of these and the need to differentiate between their signs and 

symptoms and those of CD have been discussed by Hertogh and Geboes (429). The source of these 

infections may precede or co-exist with CD but often do not persist. Infectious organisms have been 

implicated in the clinical manifestations of CD for a long time. However, it is still not clear whether 

the inflammatory nature of this disease is caused by specific organisms or whether it is the 

microbiome responding as a whole. 

2.3.2 Antibiotic use 

Hildebrande et al. in their study based in Sweden (n=1098 patients, controls= 6550) showed that 

pneumonia, associated with antibiotic therapy, experienced before 5 years of age, was significantly 

associated with both paediatric and adult CD (OR 2.74; 95% [CI] (1.04-7.21) and 4.94 (1.83-13.23), 

respectively (430). In the NZ based study on environmental risk factors for CD, when pre-schoolers 

who had taken four or more courses of antibiotics in a year were compared with those who had not 

taken these amounts there was a 2.2-fold increase in risk for developing CD, (OR=2.19, 95% [CI] 

1.46-3.72, p=0.0004). Adolescents were also at a higher risk with a 3.2-fold increased risk (427). 

Antibiotic exposure in humans has also increased through food sourced from animals that have had 

antibiotics added to their food. This may affect the human biome if products from these animals are 

consumed and contribute to antibiotic resistance. The US Food and Drug Administration (2009) 

indicated that 80% of antimicrobial products in the USA were used for animal feed, not for 

veterinary use but as growth stimulants (431). In NZ, it is reported that about 60% of antibiotics are 

administered to animals (432). The Ministry for Primary Industries (NZ) states the use of antibiotics 

in cattle and sheep is low compared to the intensive rearing pig and poultry industries. Using 

antibiotics for growth promotion is also restricted to antibiotic products that have not shown to 

contribute to the development of antibiotic resistance (433). Hillerton (2012) also comments that 

NZ is gradually restricting the use of antibiotics in farm production systems e.g. the use of 

chloramphenicol and nitrofurazone are presently restricted, and currently cephalosporins are also 

being considered for restriction (434). 

The issue for the microbiome, as discussed earlier, is that antibiotic resistant genes are being built 

up in the microbial community both in pathogenic and non-pathogenic bacteria and thus building 

up the resistome (418). Genes in the resistome are readily transferred not only from one bacterial 

cell to another but also by cassettes of multiple genes (383, 435). This has been shown to result in 

a build-up of multidrug resistance to E. coli in domestic animals (436, 437). These bacteria have 

also been identified as being in increased numbers in those with CD (438-440). 
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2.3.3 Vaccinations  

The increased risk of developing CD through measles vaccination has not been substantiated in 

recent analysis. The 2012 Cochrane analysis of the effectiveness and safety of measles, mumps and 

rubella (MMR) vaccines in children stated that the vaccine was unlikely to be associated with CD. 

The Cochrane analysis covered a number of different types of study (e.g. randomised control and 

cohort studies) involving about 147 million children who had received the MMR vaccine (441). 

The link that had been suggested between measles infections or the MMR vaccines and CD was 

based on data collected on measles epidemics prevalent in the ten years following World War Two. 

In the last three months following these epidemics the incidence of CD was reported to increase 

more than 46% (442). Another study also reported for the same time period that the offspring of 

women who experienced measles during pregnancy also had an increased risk of CD (443). 

Subsequent studies could not confirm these findings (444, 445). An association between the use of 

attenuated live virus vaccines and CD has also been suggested (446). When the data were re-

analysed, methodological flaws were evident and new case control studies found no associations 

(447-449). In the NZ based case control study on risk factors and CD no links were found between 

measles infections, or measles vaccinations (427). 

Current guidelines on the use of vaccinations in people with IBD suggest taking a comprehensive 

vaccine history, doing a risk assessment, and adapting the vaccination schedule as needed. 

Vaccinations as appropriate will reduce the risk of unnecessary infections. It is recommended that 

those who are immunocompromised should avoid the use of live vaccines (i.e. MMR, or herpes 

zoster or varicella vaccine) or have these vaccinations administered before the initiation of therapy. 

Immunocompromised people include those who are treated with glucocorticoids, 6-

mercaptopurine/azathioprine, methotrexate, and drugs like infliximab (or have been in the last three 

months), and who have protein-calorie malnutrition. The overall view is that treatment for IBD 

should take precedence over vaccinations (450-452). 

2.3.4 Exposure to bacteria 

The hygiene or ‘old friends’ theory suggests that lack of exposure in early childhood to a wide range 

of bacteria e.g. Lactobacilli, and saprophytic bacteria associated with untreated water and mud, and 

helminths which are common in developing countries but uncommon in Western ones, increases 

the risks of immunological disorders including CD (453, 454). Exposure to these organisms in early 

childhood is thought to mature dendritic cells that initiate Treg effector cells which initiate pathways 
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which inhibit inflammation (455-457). A number of studies have sought to evaluate evidence of 

this hypothesis. 

In the Auckland CD Risk Factors study (n= 315 with CD and 536 controls) (427) no increased risks 

for CD were found relating to the use of community or home swimming pools, accessible home 

garden sandpits or attendance at preschool. Decreased risk with exposure to bacteria through pets 

at home, particularly during childhood and adolescence, or the amount of carpeting in a home during 

preschool and adolescence was also not substantiated. These different findings with IBD or CD 

have been reflected in other studies too. Some studies infer an increased risk as factors associated 

with improved hygiene are amplified e.g. the study by Gent et al. (458) while others find a decreased 

risk with increased family size and the presence of a cat, Bernstein et al.  (459). However, another 

study by Amre et al. found the opposite with the same factors (460).  

A much larger population based cross sectional study (n= 399,2510) was conducted by Klement et 

al. on adolescents 16.5-19.0 years of age, who lived in Israel and who were being conscripted for 

military service (461). They found living in an urban setting as opposed to a rural setting was 

associated with a statistically significant increased risk of IBD (OR 1.38, 95% [CI] 1.02–1.78). The 

rural versus urban setting was decided from the address given and matched with the coding supplied 

by the Ministry of Agriculture on whether a place was designated as primarily rural or urban. They 

also found an increased risk for IBD as the number of siblings decreased (OR 2.63, 95% [CI] 1.49–

4.62).  

Riedler et al. in their cross-sectional survey on the effects of early exposure to farm life on the 

development of asthma and allergy (n=319 for farm children, n=493 for non-farm children) found 

children who were exposed to farm milk (non-pasteurised) and stables in their first year of life had 

lower associations with asthma, hay-fever and atopic sensitisation than children who were exposed 

to farm environments between 1-5 years (462). This age dependent difference in response may 

explain the different results in the IBD and CD studies. Diagnosis for CD and IBD is most often 

made in puberty and so data on the first year of exposure to ‘old friends’ is not separated out from 

general exposure through childhood. 

However, how much exposure to ‘old friends’ does one need? Concern that over exposure to ‘old 

friends’ can detrimentally affect children’s growth has been expressed in work done in the areas of 

the world where poor hygiene and sanitation practices are the norm. Stunted growth can occur even 

without diarrhoea. This is thought to be related to the burden of their microbe-laden setting. This 

exposure is described as environmental enteropathy – the contamination from continuous faecal-

oral exposure which results in intestinal villus blunting and inflammation (463, 464). 
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2.3.5 Appendectomy 

Appendectomy has been associated with CD. It has been suggested that the removal of the appendix 

has a detrimental effect on the intestinal mucosa, resulting in an adverse effect on the immune 

system (465). However, the evidence has been inconsistent. Some studies suggest that initial 

diagnosis may have been incorrect, and that the presenting signs and symptoms were of CD, not 

appendicitis (466). However, in studies based in Sweden (2003) on people who had had an 

appendectomy (n= 212,218) an increased risk of developing CD was noted for people who had the 

operation after 10 years of age, or a perforated appendix, with the incidence ratio (IR) of (1.85 (95% 

CI, 1.10–3.18). These studies intimated also that the operation was a predictor of CD severity. If 

the appendix was perforated then the development of CD would be more serious and the patient 

would require more surgical resections (467). A link has been made between smoking and 

appendectomy (468, 469) but this study had no information on smoking behaviour. This study was 

followed up in 2007 with a combination of Swedish and Danish records of appendectomy (n = 709, 

353). People were followed for first hospitalisations for CD. The overall standard incidence ratio 

(SIR) of developing CD was (1.52 (95% [CI] 1.45–1.59), being highest in the first 6 months (SIR 

8.69; 95% [CI] 7.68–9.84). These findings were different to the Swedish study previously 

discussed. Kaplan et al. found the longterm increased risk of CD up to 20 years after the 

appendectomy was only observed in those appendectomy patients without mesenteric 

lymphadenitis or appendicitis, suggesting that the apparent increased risk could be explained as a 

diagnosis bias (470).  This study did not capture information such as smoking which is a possible 

confounder because it is a risk factor for the development of CD.  

2.4 Lifestyle practices 

2.4.1 Cigarette smoking  

Cigarette smoking has been implicated as a risk factor for CD for several years. This relationship 

does not hold true for UC and its development, for which current smoking has been shown to have 

a protective effect (471). Benoni and Nilsson (1984) in their case control study on smoking habits 

of people with IBD noted that there were significantly more women smokers than non-smokers 

among those with CD, the relative risks more than doubled at onset (2.70), diagnosis (2.5) and 

interview (2.33) (472). Several studies have since confirmed this (427). 

Calkins meta-analysis indicated that smokers increased their risks for developing CD two-fold 

(473). Han et al. showed there was a significant risk with cigarette smoking and passive smoking 

(427). Some studies show cigarette smoking also affects the course of the CD with an increased 

involvement of the ileal site, fistulas, stenosis and recurrence, if smoking continues after resection. 
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Immunosuppressive treatments are also more likely to be used as medical treatment with smokers 

(474-477). The link with smoking and CD and its effects on disease progression has not applied to 

all ethnicities. Studies on people from Israel have not found these associations (478, 479). These 

reports do not compare people with CD to controls however, but compare the proportion of smokers 

and non-smokers in people diagnosed with CD attending outpatient gastroenterology clinics. 

The discussion on the influence of smoking as a contributing environmental factor to CD continues 

to the present (480-492). There appears to be a reasonable consensus that smoking increases the 

risk of CD. The debate appears to be on how much it contributes to the progression of the disease 

(47, 479, 484, 486). A number of factors contribute to this. Studies vary in their size. Zabana et al. 

(n=259) concluded that those who developed CD while smoking had a similar disease progression 

to those who never smoked (484). Odes et al. showed no adverse effect (n= 208) (479). Lakatos 

showed that smoking was an independent risk factor (n=564) (47). Nunes showed that smoking 

exposure was an independent predictor for medical therapy (n=1170), (486). Smaller studies have 

significantly reduced statistical power. Another contributing factor is definition of terms. Blonski 

et al. argue that there needs to be more consensus on what is meant by aggressive or disabling 

disease in discussions on the effect of smoking on CD progression (493). Shiraki and Yamamoto 

also point out that endoscopic examinations to observe the effects of smoking also need clearer 

descriptions (494).  

Another factor that is overlooked with respect to this debate is the influence of a person’s genome. 

Very few studies look at genetic contributions to the response to smoking. Helbig et al. suggest in 

their case only study (n= 1636) that there is an interaction between NOD2 allele variants and 

smoking. Those having the 1007fs risk allele are less susceptible to the effects of smoking. (495).  

Setigal et al. noted that those having mutations in the IRGM gene (with SNP rs 4958847) (n=66, all 

male) had more frequent surgery with ileo-colonic CD (496). Genetic differences between people 

with CD could well underlie the difference in results found between studies.  

Studies based on animal models have also been conducted to bring clarity to the debate and to 

identify mechanisms underlying the response to smoking in IBD. The fact that smoking appears to 

have a negative correlation with CD and a positive one with ulcerative colitis needed explanation. 

Verschuere et al. (2011) reviewed the animal models used for studying the effects of smoking on 

intestinal inflammation, and suggested that smoking has different effects on the small bowel 

epithelium compared to the colonic epithelium (497). There was less tolerance to smoke exposure 

in the small bowel in murine studies with an increase in the apoptotic index in the follicle-associated 

epithelium on the Peyer’s patches (498, 499). However, this did not appear to be the case with the 
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epithelium in the colon, which appeared to be more resistant to the deleterious effects of cigarette 

smoke (500, 501). In examining the components of cigarette smoke they also commented that 

nicotine played a moderating role through the alpha 7 nicotinic acetylcholine receptor (α7nAChR) 

on the immune cells of the intestine particularly in the colon. More research was needed on the 

other components of smoke which could also have effects (497). 

2.4.2 Oral contraception 

The link with oral contraceptive use and IBD has been the subject of a number of large cohort 

studies. Khalili et al. (502) reported a 3-fold increased risk of CD with oral contraceptive use 

(n=232,452), and Cornish et al. (503) reported a pooled relative risk for women with CD of 1.51 

(95% [CI] 1.17-1.96, p=0.002) (n=75,815). The study by Godet et al. (n=30,673) (504) on oral 

contraceptive use and CD, with adjustment for smoking, suggested a moderate association between 

the use of oral contraceptives and the development of CD, with an OR of 1.44 (1.12, 1.86). Vessey 

et al. (n=17,032) (505) showed that women who used oral contraceptives had an incidence of 0.13 

per 1000 woman years for CD compared to an incidence of 0.07 in those who did not use oral 

contraception. 

Smaller studies have also contributed to the debate. Timmer et al. studied oral contraceptive use 

and smoking in people with CD (a prospective cohort, followed for up for 48 weeks or until relapse). 

For women aged 18–55 years (n=75), oral contraceptive use was associated with relapse rates of 

36% (p < 0.001). If they smoked as well, relapse rates were 79% (p < 0.001) (506). Rhodes et al. 

studied 100 women consecutively attending follow up clinics for IBD, and noted that oral 

contraception was more prevalent among those with isolated colonic CD (9/12, 75%; p < 0.02) 

(507). In the NZ based case control study on risk factors and CD the OR with use of oral 

contraception was (1.02 (1.00, 1.04) with p < 0.02) for women (n=218). The risk increased by 2% 

per year with those using the contraceptive pill over successive years (427).  

The reasons for the link between oral contraceptive use and CD are not clear. Wakefield et al. 

commented that multifocal infarction is evident in the gut in people with CD. They suggested that 

oral contraceptive use increases the risk of thrombi and this may impact on the microvasculature of 

the gastrointestinal system and interrupt normal gut function. This has the consequence of 

exacerbating CD (508). In contrast, Kane and Reddy have performed a retrospective study of the 

effects of hormone replacement therapy on women with CD before and after menopause (n= 40). 

They reported that hormone replacement therapy may provide a protective effect after menopause 

with an 80% reduction in the probability of having a flare in the first 2 years following the beginning 

of menopause compared with those who did not (hazard ratio [HR] 0.18, 95% [CI] 0.04-0.72). 
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Disease activity was not raised by oral contraceptive use. They also noted a dose-response effect 

with longer use of hormone replacement therapy (0.20, 0.07-0.65). They attributed this result to the 

anti-inflammatory effects of the oestrogen component of hormone replacement therapy (509). 

Oestrogen has been shown to affect immune responses and Polanczyk et al. have shown 17β-

estradiol to have a protective effect on experimental autoimmune encephalomyelitis facilitated 

through oestrogen receptor-α (510). Pregnancy, which also induces hormone changes (with 

increases in oestrogen levels), influences clinical symptoms in autoimmune diseases such as 

systemic lupus erythematosus where it exacerbates symptoms, and in rheumatoid arthritis and 

multiple sclerosis where there is an improvement in symptoms. Cardiac events post menopause may 

be linked to pre-existing atherosclerotic lesions and or clotting tendencies (511). The influence of 

cardiac events in subjects on hormone replacement therapy was not discussed in Kane and Reddy’s 

study. 

2.4.3 Stress 

The role of stress in IBD has been discussed over several decades (512). Definitions of stress often 

embody a concept of the homeostasis of an organism being under threat either externally or 

internally and from a physical or psychological causes (513). Both physical and psychological 

stressors may contribute to the development and course of CD. Exactly how they affect CD activity 

and symptom control has been the subject of a number of studies and investigations.  

A number of different stressors both physical (e.g. the stress of inflammation in the gut) and 

psychological (e.g. coping with an on-going chronic condition) have been increasingly recognised 

as influencing gastrointestinal tract physiology, affecting mucosal permeability and blood flow, 

barrier function, gut motility, gastric secretions and visceral sensitivity, and are thus implicated in 

CD (514-518). These stressors exert their influence through alterations in regulatory pathways 

mediated through the interplay of signalling by endocrine and immune cells, as well as the neurons 

which are found extensively in the gut. Over 20 peptide hormones have been identified as being 

secreted by the epithelial endocrine cells in the gut and a number of these target neurons. (The 

number of neurons in the gut has been estimated to be 108). As 70-80% of the immune cells in the 

body are contained in the gastrointestinal system, signals relayed between these and the neurons 

have significant effects on immunity (519).  

When the host is under stress and the nervous system relays this to the gut, inflammation may be 

the consequence, and inflammatory cells (granulocytes, mast cells, macrophages) accumulate. 

These in turn stimulate extrinsic afferent endings and efferent neurons, which modifies hormone 

release (520). These interactions between the immune, nervous (autonomic nervous system and 
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central nervous system) and endocrine systems include the BGA (271). Evidence is beginning to 

accrue that long-term exposure to stress may deregulate the BGA (521). The microbiota 

composition is affected through changes in the BGA when the host is under stress. These 

interactions between the microbiota and BGA can then affect gastrointestinal peristalsis, 

permeability and visceral sensitivity through mucosal and immune cells, and neural endings (522). 

People with CD have dysbiosis so stress may add to this. 

The studies on stress and IBD have also raised other questions. Does the development of IBD link 

to a personality type and or psychiatric disorders which are linked to stress? Do these different 

character traits relate to how well they manage the stress involved with their condition? Does the 

frequency of flares of symptoms and the progress of their disease also link to stress? A number of 

different assessment tools have been used to help answer these questions e.g. HADS, (Hospital 

Anxiety and Depression scale) (523); HRQOL (Health related Quality of Life (524) and the Toronto 

Alexithymia scale (525, 526).  

Moreno-Jimenez et al. (n=120) in their study on IBD looked at neuroticism and perfectionism. They 

found decreased well-being, decreased ability to adjust to their disease and decreased quality of life 

in those identified with these traits (524). Boye et al. (n=110) and Flett et al. (n=51) described 

similar findings (527, 528). Boye et al. in their ‘INSPIRE’ study found there was an association 

between alexithymia (difficulty in recognising and verbalising emotions) and IBD, as did Porcelli 

et al. (n=104) and Jones et al. (n=48) in their studies on gastrointestinal disorders. 

A number of studies have looked at the prevalence of anxiety and depression with respect to IBD. 

[Anxiety and depression are the most common psychiatric disorders.] In the USA anxiety and 

depression with one year prevalence rates are 18.5% and 10% respectively in their population (529). 

In NZ, the prevalence of anxiety and mood disorders is 14.7% and 7.7% respectively (530). Some 

report no association (531-533), while others found these disorders were widespread among people 

with IBD (534-541). In the study by Mittermaier et al. anxiety and/or depression was estimated to 

be 29-35% during remission and Addolorato et al. observed that during flares of the disease 60% 

experienced depression and 80% anxiety. However, most of these studies (Table 2.5) are small, 

subject selection differs, as do the methodologies. The genetic contribution to depression and 

anxiety is not discussed, and few discuss the contribution of fatigue often associated with IBD. 

Graff et al. looked at sleep difficulties and fatigue, psychological distress and stress for people with 

IBD (n=318) (542). These were tested against disease activity and disease subtype. With multiple 

regression analysis, higher fatigue levels were associated with active disease, poor sleep quality and 

perceived stress (OR 4.2, 95% [CI] 2.2-7.8); (OR 4.0, 95% [CI] 1.9-8.6) and (OR 4.2, 95% [CI] 
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2.2-8.1) respectively. C-reactive protein and haemoglobin concentrations were the physiological 

measures used. All these factors would contribute to the variation in results. 

However, a larger retrospective case controlled study has been done by Kurina et al.(543) (n=12499, 

Ulcerative Colitis: n = 7268, CD: n=5231; controls: n = 80,000). This was based on the analysis of 

hospital records. Their findings with respect to CD were that anxiety and depression did not precede 

the diagnosis but were significantly more common after the diagnosis. However, in the analysis of 

the Nurses’ Health study by Ananthakrishnan et al. (n= 152,461 women with 170 cases of CD) 

suggests women with recent depressive symptoms increase the risk of having CD (multivariate-

adjusted hazard ratio ([HR], 2.39; 95% [CI], 1.40–3.98; P trend = 0.001) (544). 

Some other studies explored whether stress levels contribute to the relapse rates and the progression 

of IBD and these would suggest that they do. Bernstein et al. in their study on people in an IBD 

research registry were surveyed every 3 months for 1 year. Here 174 participants who had a flare 

were compared with 209 who had no flares.  From their investigation, they observed that stress 

associated with negative mood affect and major life events was associated with an increased risk of 

flare (adjusted OR:2.40 95% CI (1.35, 4.26) (545). 

In the review of this study by Andrews et al. a number of points were raised (546). Firstly, the 

subject characteristics were atypical. The average age of the cohort was over 50 years, patients had 

experienced their disease for more than 20 years, and there was a bias to female gender. Standard 

therapy use was lower than in another similar Scandinavian IBD cohort, implying that this cohort 

had relatively mild IBD which could introduce another bias. Medication adherence was not 

discussed in the study and not considering this variable may also affect the results. Inflammation 

may have been more accurately measured by faecal calprotectin than by subjective perception. 

Flares could have been reported monthly or even weekly rather than 3 monthly. The study by 

Ananthakrishnan et al. (a multi-institution cohort of patients with ulcerative colitis and CD) 

indicated that the combination of stress and the psychiatric condition of anxiety increased the 

surgery rate by 28% for people with CD, (n= 5405). One-fifth of those with CD had either a major 

depressive disorder or generalised anxiety (OR: 1.28, 95% [CI] 1.03–1.57) (544). They made 

adjustments to their scoring for the possible confounding factors of disease activity and severity 

which are risk factors for depression.  Other factors that may have contributed bias to this study 

were the lack of information on either the use of psychotropic medication or non-adherence to any 

type of medication (547).  

Other studies include those by and Knowles et al. and Wahed et al. The former study examined the 

relationship between psychological morbidity and CD activity (n=96). Relationships were found 
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between disease activity, depression and anxiety as well as illness perceptions and coping tactics. 

Disease activity and influence on illness perceptions (P < 0.001); illness perceptions and depression 

and anxiety (P < 0.001 and P < 0.001, respectively); emotional coping strategies with the presence 

of anxiety and depression, (P < 0.001) (548). In the Wahed et al. study (n=24) on people with IBD 

the question asked was: Does psychological counselling alter the natural history of IBD? Fourteen 

patients were counselled for disease-related stress. In the year 2 following counselling, patients had 

fewer relapses (0 [0-2]) and outpatient attendances (3.5 [1-10]) than in the year before referral (2 

[0-5], P = 0.0008; and 6.5 [1-17], P = 0.0006) (549). 

The contribution of psychological factors to the stress experienced with IBD reported by the current 

studies illustrate the complexity of the issues involved in measuring changes in the pathophysiology 

and psychological factors. 

This chapter shows the wide variety of environmental factors, which influence the development and 

progression of CD. The person’s gastrointestinal physiology and their microbiome, their exposure 

to pathogens and counter measures through perinatal and childhood factors, their lifestyle practices 

with respect to cigarette smoking, oral contraceptive use, and management of stress all can have an 

impact. 
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Table 2.5 Studies on anxiety and depression and inflammatory bowel disease 

Authors Title Type of study 

Crane and Martin Social Learning, affective state and passive coping in 
irritable bowel syndrome (IBS) and inflammatory bowel 
disease 

Individuals recruited primarily from outpatient clinics and completed 
questionnaire measures of anxiety and depression 
n=33 (CD =17) (527) 

Guthrie et al. Psychological Disorder and severity of inflammatory 
bowel disease predict health related quality of life 

Patients with IBD attending a GI clinic. Completed the hospital anxiety and 
depression Scale questionnaire 
n=116 (CD =75) (528) 

Helzer et al. A study of the association between CD and psychiatric 
illness  

Structured psychiatric interview of known reliability and validity, and explicit 
diagnostic criteria for psychiatric illness. Subjects from a university and a private 
clinic, n=50 (529) 

Froch et al. The dynamics of emotional reactions in patients with 
IBD 

A review (530) 

Kovács & Kovács Depressive and anxiety symptoms, dysfunctional 
attitudes and social aspects in IBS and IBD 

Age- and gender-matched IBD patients presenting at a tertiary care 
gastroenterological centre completed self-reported questionnaires on, 
depressive and anxiety symptoms (537) 

 Mikocka-Walus et al. Controversies surrounding the comorbidity of 
depression and anxiety in IBD 

A review (532) 

Hardt et al. W09-01-Epidemiology of depression and distress in 
patients with IBD and validation of an indicator scale of 
perceived stress for psychosocial impairments 

Recruited from gastroenterological practices, university outpatient clinics, 
patient organization and completed the questionnaire 
n=1083 patients with CD and UC (533) 

Mittermaier et al. Impact of depressive mood on relapse in patients with 
IBD. 

A prospective 18-month follow up study 
n= 60 (CD =47) (534) 

Addolorato et al. IBD a study of the association between anxiety and 
depression, physical morbidity and nutritional status 

Consecutive patients with IBD referred to Internal Medicine Centre over a 
period of 1 year,  
n=79 (CD =43) n=36 controls (535) 

Robertson et al. Personality Profile and affective state of patients with 
IBD 

The Eysenck personality inventory and hospital anxiety and depression scale 
were administered patients undergoing medical treatment for long standing 
IBD n=80 Controls = 40 (531) 

Kurina et al. Depression and anxiety in people with IBD n=12499, CD: n=5231; controls: n = 80,000 (539) 
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Chapter 3. Nutritional influences on Crohn’s disease  

This chapter describes nutritional factors that can have an impact on people with CD. These factors 

include their nutritional status, gene-nutrient interactions, beliefs and behaviours, food intolerances, 

and foods and nutrients associated with reducing inflammation.  

3.1 Nutrient deficiencies and Crohn’s disease 

Nutrition for people generally embodies the concept of nourishment and the ingestion of food and 

drinks that provide energy and promote the growth and maintenance of the body (550). Assessment 

of people with CD often shows they are under weight, with specific vitamin and mineral imbalances 

and this contributes to their ill health (66, 67, 551-554).  

Three studies illustrate this (Table 3.1). Vagianos et al. collected dietary information by 

questionnaires including dietary supplements and observed multiple and clinically significant 

vitamin and mineral deficiencies in adults with CD attending a gastroenterology outpatient clinic 

(66). Inadequate reported intake was defined as <66% of the dietary reference intake (RFI) for each 

micronutrient. Stein and Bott (2008) report on nutrient deficiencies on hospitalised adults with CD 

(67). Hartman et al. in 2016 (555) investigated the nutritional status of children and adolescents 

with IBD who were ambulatory outpatients (57 with CD and 11 with UC) at a gastroenterology 

clinic. They reported the median nutrient intake percentage compared with the Required Daily 

Allowance (RDA) and dietary intake of healthy children. The intake was considered low if less than 

80% of RDA. 

All three studies showed low levels of vitamin A and D and folate in people with CD. Stein and 

Bott (67) and Hartman et al. (555)  both found substantial risk for deficiencies of magnesium, zinc 

and iron (Table 3.1). Stein and Bott (67) also showed lower B12 concentrations for inpatients and 

Vagianos et al. commented that in those with CD (compared to those with UC) had lower B12 

concentrations with their serum biomarkers. Also among men with CD, there were a significantly 

higher proportion who had haemoglobin below the normal range compared to men with UC. 

Hartman et al. report anaemia was the most common sign of nutrient deficiency in their adolescents 

(51%). 
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Table 3.1 Nutrient deficiencies in adults and adolescents with Crohn’s disease 

Reference Vagianos et al.  Stein and Bott  Hartman et al. 

Year of Investigation 2007 2008 2016 

Number of Participants 71 na 68 

Gender (M/F) 32, 52 na   na 

Age (years) 37.6 ± 14.3 Adult 13.9 ± 3.2 

Country Canada Germany Israel 

Dietary Measurement 
FFQ, 4 day records, 
Anthropometric na 

3-day records & 
Anthropometric 

Laboratory Measurement Biomarkers for nutrients na 
Biomarkers for 
nutrients 

Dietary Deficiencies 
Vitamins & Minerals 

Outpatient % <66% RFI 
Inpatient % 
inadequate intake 

Outpatients %   < 80% 
of RDA 

Vitamin B6  4.2 na 10 

Vitamin B12 5.6 48 12 

Folate  20 56-62 34 

Vitamin C  9.9 na 31 

Vitamin A  30 11-50 57 

Vitamin D  38 23-75 25 

Vitamin E  59 na 65 

Calcium 25 13 79 

Iron  14 25-50 22 

Magnesium  na 14-33 69 

Zinc  8.5 40 28 

na = not available 

For people with CD, malnutrition may also occur because of the severity of oral lesions experienced 

which results in difficulties with tasting, chewing and swallowing. This means some foods are 

avoided e.g. tomatoes because of their perceived acidity. Oral involvement in CD has been 

identified as occurring in 8-29% of people with this disease (556). Examples of oral symptoms 

include: labial swelling, which also may include the gingiva and mucosa, mucosal polyps, cracking 

at the edges of the lips (angular cheilitis), ulcers, fissures and granulomas (557, 558). The mucous 

membranes in the mouth normally have a rapid cell turnover of 3-7 days in contrast to the skin 

which is up to 28 days (559). Loss of cells but not replacement can lead to the mouth showing early 

signs of systemic disease and early predisposition to nutritional deficiency. It is becoming 

increasingly recognised by those caring for the oral cavity of people experiencing CD that oral 

lesions may be the first indicator of CD and may precede bowel symptoms (272). The commensal 

and pathological bacteria already present in the mouth may also exacerbate damage to the mucous 

membranes. In CD, the oral cavity shows a higher prevalence of the bacteria Streptococcus mutans 

and Lactobacilli which are associated with tooth decay (376, 560). In addition, eating, drinking, 
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oral hygiene and breathing can also disturb already weakened membranes (561) and exacerbate the 

problem.  

In a study on the perceived oral health (n= 1943) on people with CD, Rikardsson et al. (2009) (562) 

showed that people with CD thought their oral health was worse and that they had more need for 

dental treatment than those in the control group of 1,000 people.  

Many vitamins and minerals are considered necessary for healthy mucous membranes (Table 3.2) 

(561). A number of these essential nutrients are low in people with CD as illustrated in Table 3.1 

(66, 67, 555). These nutrient deficiencies, and a higher presence of bacteria associated with dental 

caries, would undoubtedly contribute to the oral symptoms experienced by people with CD. 

Table 3.2 Nutrients associated with healthy mucous membranes  

Water Soluble vitamins Fat soluble vitamins Minerals 

Vitamin B2 (riboflavin) A Calcium 

Vitamin B3 (niacin) D Fluoride 

Vitamin B6 family E Zinc 

Vitamin B12 (cobalamin)   Iron 

Folic acid (folate)     

Vitamin C (ascorbic acid)     

3.1.1 Nutrition deficiencies associated with diet ‘Westernisation’  

Another diet related factor often discussed is the change of diet associated with increasing 

‘Westernisation’ and aging of populations. The incidence of CD has been increasing (563-566). 

This has often been related to today’s Western diet which has changed substantially in the last seven 

decades (125, 567-572). This is because of changes in food production and technology which 

provides easy access of urban based populations to cheap food high in sugar, refined oils and grains 

(573). In Bangladesh for example the incidence of diagnosed IBD is very low. However, when 

individuals have moved to the United Kingdom (UK) where they are more highly exposed to 

western culture and food choices, the incidence of IBD increases substantially within a generation 

(574) but this may also be that they receive better health care.  

The risk of CD appears to increase as the diet becomes more westernised and processed. This may 

be related to the refinement of “Western” food containing less fibre. Current intakes associated with 

the Western diet are assessed to be about 20 g/day, compared to a fibre content of 70-120 g/day 

when diets rich in fruit, vegetables and grains are consumed, as is estimated for hunter-gathers and 

agriculturalists in human history (575). The low consumption of fruit, vegetables and dietary fibre 

and the increased intake of refined sugars and animal fat have been observed in people with CD 
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(576), as are exclusion diets for IBD made popular in the media (577). The risk of IBD has been 

negatively associated with the intake of fibre (127, 568, 578). Fibre is categorised into two groups: 

insoluble and soluble. The removal of insoluble fibre, a component of skins of fruit and vegetables, 

whole grains, and seeds, is a current recommendation by the Crohn’s and Colitis Foundation of 

America (579) when people are experiencing a flare because insoluble fibre may intensify bloating, 

pain, diarrhoea and gas.  However, the consumption of soluble fibre in vegetables (e.g. the brassica 

family, dried peas and beans, parsnips, carrots, potatoes, spinach, squash, zucchini) and fruit (e.g. 

pip and stone fruit, berries, bananas, dates, cantaloupe, grapes and pineapple), oat cereals and barley 

is recommended. Soluble fibre promotes water absorption, enabling the gut contents to form a gel-

like consistency, which delays emptying of the gut and reducing diarrhoea (579). Soluble fibre also 

provides a substrate for bacterial fermentation in the colon (16). The soluble plant fibres in plantain 

and broccoli reduce the movement of E. coli across M cells in Peyer’s patches (580). In CD,  E. coli 

is found in increased numbers in the mucosa (355, 356). Lack of soluble fibre in the diet may 

contribute to the pathogenesis of CD.  

Some authors believe that the Western diet has become pro-inflammatory as a result of the increased 

consumption of saturated fatty acids and less unsaturated fat. In particular the decrease in the ratio 

of the omega-3 and omega-6 PUFAs ingested partly because of less consumption of fish.  In earlier 

times, people consumed only small amounts of these PUFAs and in about the same proportion. 

Today it is estimated that this ratio is now about 1:16 omega-3 to omega-6. This has occurred from 

the increased intake of vegetable oils (e.g. soy, safflower, corn and sunflower) (213, 581, 582). 

Another hypothesis is that the rising use of sugar substitutes during this time has contributed to the 

rise in CD (583). A number of studies have been conducted on the effects of artificial sweeteners 

(AS) on the gut. These have looked at their effects on secretion, absorption, gut motility, the 

microbiome and gastrointestinal symptoms (584-588). Some studies imply AS have measurable 

effects on the oral/gut microbiota (583, 589, 590). In one example, male rats were randomised into 

control and AS groups and were exposed to doses ranging from 1.1 to 11mg/kg/day) for 12 weeks. 

(The USA Federal Drug Administration – FDA- acceptable daily intake for humans is 5 mg/kg/day). 

At the low dose of 1.1mg/kg the researchers reported total anaerobes were reduced by 

approximately 50% in all sucralose plus maltodextrin groups. However, when this study was 

reviewed by an expert panel (591), the study was criticised for not having an isocaloric carbohydrate 

control and not correcting for the water content of the stools. Both these factors can affect the 

interpretation of the bacterial concentrations. This report also commented that the difference 

between control and treatment groups for bacterial counts given were also less than 10-fold. They 

concluded that this meant that the results could not be interpreted as indicative of adverse change 
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but reflected the normal range of variation in bacteria over this period of time. Further research 

though, in healthy human subjects continues to suggest microbiota are affected adversely by AS. 

Suez et al. showed that with 11 weeks of exposure to three common AS, saccharin altered gut 

microbiota and induced glucose intolerance (589). 

This indicates the need for more studies particularly in humans to elucidate the effects of AS on 

microbiota (592, 593). Dysbiosis of microbiota is a feature of CD and the increasing use of AS may 

contribute to this.   

Another suggestion is that highly processed and refined Western foods’ (lacking whole grains, fruit 

and vegetables, lean meat and high in salt, sugar and saturated fat) activate epigenetic changes that 

impinge on gene expression. This could be through DNA methylation, microRNAs (miRNAs) or 

changes in histone modifications (594). Epigenetic effects of nutrient supplementation (e.g. extra 

B12, folic acid and choline) in the early embryo stage have been shown in agouti mice. A dam with 

a particular SNP (a/a) can generate offspring with increased CpG methylation and consequent 

altered genetic expression. This DNA methylation silences transcription of specific regions of the 

genome and this alteration is passed onto the next generation (595). The authors concluded from 

this animal model that dietary supplements, often assumed to be only beneficial, may also have 

adverse effects on human epigenetic gene regulation. 

MiRNAs are small noncoding RNAs that target mRNAs and can trigger their degradation or repress 

their translation and thus control gene expression (596). Studies on 60 miRNAs have shown their 

responses to manipulation of concentrations of specific nutrients (597). These nutrients (e.g. retinoic 

acid, PUFAs, 1,25(OH)2D3) regulated specific miRNAs (up or down). The biological effects 

included cell growth, cell motility, inflammation, cytokinesis, cell cycle, cell proliferation, 

apoptosis and cell differentiation. These were achieved through particular molecular targets like IL-

1β, ICAM-1, Bcl-2, WT, Notch-1, capase-3, TGF β, RELA and FADS2. 

In addition, changes in histones can occur in response to changes in the nutrition environment.  

Histones are proteins in the nucleus of the cell that structurally organise the DNA into nucleosomes. 

They are often compared to a spool in which the DNA is a thread (598). Histones are modified by 

enzymes through processes like methylation, phosphorylation, acetylation and deamination. A 

number of nutrients can modify histones, including the SCFA butyrate, isothiocyanates, retinoic 

acid, ethanol, and protein restriction during the embryo stage. These nutrients affect the methyl 

group supply and enzyme activity involved with DNA methylation and consequently this can also 

modify histones (599). 



Chapter 3. Nutritional influences on Crohn’s disease 

68 

All of these suggest that cellular and gene-nutrient interactions have a major role to play in CD and 

its exacerbation. However, despite decades of research, there appears to be ‘no one size fits all’ 

food or nutrient solution to ameliorate the inflammation of the gut wall for all people who have CD 

(600, 601). 

3.2 Crohn’s disease, food consumption patterns and associated nutrient deficiencies 

3.2.1 Determinants of food consumption 

The determinants of the foods consumed are complex. Simplistically food consumption can be 

considered to be influenced by three characteristics: the characteristics of the person and their family 

and social networks, the characteristics of their environment and the characteristics of the food itself 

(Figure 1), (550, 602-604). These factors and their interactions underlie food choices that people 

with CD can make in addition to factors associated specifically with their choice of food and the 

expression of the disease as they experience it. 

 

Figure 3.1 Characteristics of food consumption that affect Crohn’s disease 

The characteristics of an individual that affect their food choices are: their age, gender, education 

level, income, nutrition knowledge, cooking skills and creativity, attitudes to health and the role of 

food in it, state of health, whether they smoke or take drugs and exercise (605-610). The 

characteristics of the environment include food availability, the season, employment, mobility, 

degree of urbanisation, size of household, stage of family, culture (e.g. religion, social facilitation, 

modelling) screen time, advertising, and the time available (611-613). The characteristics of the 

food that affects people’s consumption of it include taste, appearance, portion size, texture, cost, 

food-type, method of preparation, form, seasoning, food-combinations, and convenience (613-617). 

All these factors that underlie food choices that people with CD can make have not been fully 

explored in how people with CD make their food choices. However, the avoidance of particular 

food groups because of intolerance has had more attention. 
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3.2.2 Malnutrition and Crohn’s disease 

Malnutrition in CD may occur because only a narrow range of foods are ingested so there is 

insufficient diversity to maximise nutrient intake. For example, the removal of food groups from 

the diet because of intolerance to particular nutrients (e.g. gluten, lactose, fructose) drug-nutrient 

interactions, and dietary beliefs and practices may impact and. contribute to undernutrition, specific 

nutrient deficiencies and exacerbation of disease symptoms. These add to malnourishment caused 

by genetic factors, abnormal gastrointestinal physiology, and aberrant microbiotas which are 

associated with CD.  

The literature over a number of decades has discussed food consumption patterns and their effects 

that are of relevance to people with CD. Such food components include carbohydrates (618-623), 

sugar substitutes (583-588), fat (235, 624, 625), protein (626-628), lactose and gluten intolerance 

(629-632), fructose (633-638), fatty acids (639-648) and more recently vitamin D (84, 85, 160, 161, 

184, 211, 649-652). These may contribute to the malnutrition issues associated with CD. However, 

studies often have methodological differences, small numbers of participants and are cross-

sectional. A number of confounding factors may also be present e.g. whether people smoke, the 

way foods are processed, the manner in which foods are cooked (570, 653, 654). In addition, there 

are problems with absorption of some nutrients due to inflammation and also gene-nutrient 

interactions.  

3.2.3 Gene nutrient interactions 

Research on particular genes and nutrient factors e.g. OCTN1 and mushrooms (655), DIO1 and 

HLA with Brassicaceae (656), VDR with vitamin D (160, 184, 185), and changes in host microbiota 

as a result of different nutrient intake (657, 658) has identified more factors that contribute to the 

aetiology of the disease. 

3.2.4 Beliefs and behaviours  

Although a number of studies have described the diets of people with CD, few studies have explored 

dietary beliefs and behaviour in people with Crohn’s. If they do, it is in the context of IBD which 

includes CD and UC. Zallot et al. looked at total of 244 people experiencing IBD and their beliefs 

about diet and its impact on choices made about food and lifestyle with respect to the expression of 

their disease (659). Others e.g. Cooper et al. have looked more at the belief systems of people with 

IBD with regard to personal control and management (n=24) using one-to-one structured 

interviews. Ghosh and Mitchell in their survey on members of seven European affiliated Crohn’s 

and UC associations (n= 5,636) assessed quality of life issues (660, 661). Pellissier et al. have also 
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looked at people with IBD or IBS (n=75) and the link between psychological adjustment and 

autonomic disturbances (662). In this study, those with CD showed a positive link between an 

enhanced sympathetic activity and a positive coping strategy.  

Two recent studies have investigated practices and beliefs in people with IBD (663, 664). Limdi et 

al. had 400 patients from IBD clinics in Manchester (UK) complete a questionnaire with 18 

questions with respect to their nutrition beliefs and practices. Tinsley et al. questioned through focus 

groups and a questionnaire both people with IBD (n=567) and providers e.g. gastroenterologists, 

nurses and dietitians (n=223) via their membership of the Crohn’s & Colitis Foundation of America. 

These both showed that many patients believed nutrition was an important part of their IBD journey. 

In the UK study nutrition was considered important either as an initiating factor (48%) or 

contributing to relapse (57%). In the USA study, nutrition was considered important, compared to 

medications, in the management of their IBD (58.5%). The latter study also raised questions about 

the routine measurement of malnutrition in IBD patients at their visits as malnutrition can be an 

issue.  Many providers did so (69.4%) but it was thought this could be improved on with better 

nutritional assessment tools. The authors also noted from the results of their survey the need for 

better quality nutrition resources specific to IBD in a range of presentations.  

The paucity of studies on food consumption patterns and belief systems and how these may impact 

on food choices with respect to IBD indicates more research is needed (660). This information could 

inform the practice of people supporting those with these chronic disorders, whether in a 

professional or social context. The information could also be used to create more public awareness 

about this little recognised chronic condition, and especially to create better work environments and 

positive experiences when eating out in public places.  

3.3 The intolerance of particular nutrients and foods 

Crohn’s disease has been linked with a number of food intolerances, especially with foods 

containing gluten, lactose and fructose.  

3.3.1 Gluten intolerance 

Intolerance to foods containing gluten and the disease associated with it (coeliac disease) have links 

with CD. For example, both these diseases have genetic links.  Festen et al. in their meta-analysis 

of GWAS scans identified IL18RAP, PTPN2, TAGAP, and PUS10 as having shared risk loci for 

both these diseases (665). The gene PTPN2 as discussed earlier is involved in the regulation of the 
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epithelial barrier function and is modulated by the well-known receptor gene associated with 

vitamin D - VDR. 

Current nutrition advice for people with CD is to check whether they have gluten intolerance. The 

blood test for anti-tissue transglutaminase (tTG) antibodies can be taken. These antibodies are 

produced in the small intestine when inflammation occurs in response to gluten. Another test is for 

the anti-endomysial antibody (EMA) which has high specificity for coeliac disease (666). If CD 

patients prove to have an adverse response to gluten, then avoiding these foods and products 

containing them is advised. These foods include wheat, oats, barley (which includes malt and malt 

vinegar) and rye.  

3.3.2 Dairy products and lactose intolerance 

The sensitivity to dairy foods in people with IBD is about 10-20% (667-669). Some studies have 

also linked increased risk of IBD with the increased intake of dairy foods (670) particularly cheese 

(671). This may be because of the fat content of cheese (201). 

This sensitivity to dairy products is often associated with the reduction of the lactase enzyme in 

adulthood. Lactase is an enzyme (located in the villus enterocytes) required for the digestion of 

lactose in milk. Lactase catalyses lactose, the disaccharide in milk to galactose and glucose, 

monosaccharides which can be absorbed into the blood stream. In most mammals, its activity 

declines shortly after weaning. In humans, the enzyme may persist with its activity into adulthood 

and this is known as lactase persistence and it is a genetically determined trait. In Europe a single 

allele, T-13910 of the lactase phlorizin hydrolase (LCT) gene is the main one. However, in Africa 

and the Middle East many more mutations are associated with lactase persistence (672, 673). 

This lactase persistence has associations with CD. In a NZ based study (629), lactase persistence in 

the Caucasian population was associated with an increased risk of CD for those with the Lactase 

(LCT) gene who were homozygous for the T allele of rs4988235 as compared with those 

homozygous for the C allele (OR = 1.61, 95% CI: 1.03-2.51). Increasing lactase non-persistence in 

populations has also been linked to a decreased risk of CD. In a study encompassing populations 

from 26 countries around the world, as lactase non-persistence increased, CD decreased (p<0.01), 

(632).   

Not consuming dairy products raises the risk of having insufficient intakes of calcium in the diet 

especially if few others sources of calcium are consumed. Calcium is not only essential for bone 

health, but Ca2+ is extensively used in biological messenger systems and cell functions (674). As 

discussed earlier, Vagianos et al., observed that 25% of their adult outpatients consumed less than 
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the recommended intake of calcium; and the Hartman et al. study showed that 79% of the adolescent 

outpatients consumed less than 80% of RDA (66, 555). 

3.3.3 Sugars and fructose intolerance 

There is much debate in the literature about the effects of fructose consumption. The rise in obesity, 

diabetes, metabolic syndrome, IBS and IBD, and the  increased risk of coronary heart disease, and 

whether the increased consumption of fructose or fructans has contributed to these disorders have 

been widely discussed (675-686). Over recent decades, increasing amounts of fructose have been 

consumed as part of the Western lifestyle. This has been particularly associated with the addition 

of sugars to processed foods, in particular high fructose corn syrup (HFCS, ~60% fructose) as in 

the USA or with cane sugar (50% fructose) as in NZ. Both are cheap and ubiquitous sweeteners 

especially in soft drinks and cereal products (687). The effect of fructose in infant formulas on 

vascular inflammation has also been investigated in full-term babies. The study found that the 

fructose formula had a higher inflammatory response than the fructose free formula but the 

difference was not significant. The authors commented that the result may become significant in a 

preterm infant (688). According to recent USDA figures (Table 3.3 (136, 689, 691) the estimated 

calories of HFCS consumed daily has risen, peaked and is currently gradually declining. However, 

total ‘sweetener’ consumption has increased compared to the 1970 figures (689).  In NZ, the Adult 

Nutrition surveys of 1997 and 2008-2009 report that the mean fructose intake and the mean total 

sugar consumption for European males and females has declined from 1997 to 2008. Unfortunately, 

there are no recent national consumption figures to see if that national trend has continued. A small 

regional study (n=227) in 2014 based on a Canterbury population aged 50 years reported that the 

mean intake for fructose for men was 25.5g and 20.6g for females (690). This suggests that the 

downward trend has not continued. 
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Table 3.3 Consumption of Sugars: USA and NZ Trends  

USA Year g/day   NZ Year  g/day  NZ Year g/day 

HFCS 1970 0.4   
Fructose* 

(M) 1970 na 
Fructose* 

(W) 1970 na 
Refined 
sugar 1970 74.3         
Other  1970 12.6         

Total 1970 87.3   
Total Sugars 

(M) 1970 na 
Total 

Sugars (W) 1970 na 
HFCS 1997 44.3         
Refined 
sugar 1997 47.4         

Other 1997 16.9   
Fructose* 

(M) 1997 26 
Fructose* 

(W) 1997 20 
 
 
Total 1997 108.6   

Total Sugars 
(M) 1997 139 

Total 
Sugars (W) 1997 105 

HFCS 2006 42.2   
Fructose* 

(M) 2006 23.4 
Fructose* 

(W) 2006 19.6 
Refined 
sugar 2006 45.4   Sucrose (M) 2006 61.0 Sucrose (W) 2006 48.1 
Other  2006 14.00   Lactose (M) 2006 15.9 Lactose (W) 2006 13.4 
Total 2006 101.6   Total (M) 2006 100.3 Total (W) 2006 81.1 

HFCS 2015 31.0   
Fructose* 

(M) 2015 na 
Fructose* 

(W) 2015 na 
Refined 
sugar 2015 50.4   Sucrose (M) 2015 na Sucrose (W) 2015 na 
Other  2015 12.7   Lactose (M) 2015 na Lactose (W) 2015 na 

Total 2015 94.1   Total (M) 2015 na Total (W) 2015 na 

M = adults’ men; W = Adult women.  Refined sugar = cane & beet sugar. * Fructose from fruit, non-alcoholic and alcoholic 
beverages, vegetables, sugar and sweets 

Fructose, once ingested is transported into the blood stream through sugar transporting proteins 

GLUT2 and GLUT5, via the small intestine in limited amounts to the liver. The liver removes some 

of the fructose from circulation to maintain the correct proportion of glucose to fructose (10 times 

lower), (692-695) and converts fructose into other metabolites including triglycerides and uric acid. 

This latter function is thought to be a contributor to the rise in obesity, metabolic syndrome and 

diabetes (676, 680, 696, 697). Fructose intake also stimulates the thioredoxin-interacting protein 

gene (TXNIP) which can lead to more fructose intake (698). The TXNIP gene has been associated 

with promoting inflammation in endothelial cells, mediating hepatic inflammation, and regulating 

NF-κB (699-703). TXNIP has been shown to be involved in the differentiation of epithelial cells in 

the intestine (704). TXNIP mRNA, which negatively regulates the TXNIP gene, shows decreased 

expression in the inflamed mucosa of the colon in people with UC (705). Interestingly, thioredoxin-

1produced by the gene TXNIP is also inhibited by production of vitamin D3 up-regulated protein 1, 

when vitamin D3 is given (706, 707). 

The relationship between fructose uptake and the TXNIP gene may explain why fructose intake has 

been increasingly linked to intestinal symptoms of bloating, abdominal pain and diarrhoea and 
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fructose intolerance in IBS and IBD (695, 708-711) and underlies the need to consider people’s 

intake of fructose when managing these symptoms. Fructose intolerance is most commonly 

assessed, in adults, by breath testing after swallowing 25g of fructose, dissolved in water. Breath 

measurements are made on a 30-minute schedule for up to three hours. A value of ≥ 20 ppm H2, 

accompanied by symptoms (e.g. bloating, diarrhoea) is an affirmation of fructose intolerance (708, 

712) as the hydrogen is produced by gut bacteria reacting with the fructose which has not been 

absorbed in the small intestine.  

There are a number of guidelines, informed by evidence or not, that are available for the dietary 

management of fructose intolerance, (681, 713-715). These mostly revolve around eliminating 

foods judged to be high in fructose and consuming less than 5g of fructose a day for a fortnight, or 

until symptoms subside (708).  Then people are encouraged to slowly introduce foods singly in 

small amounts to establish individual tolerance levels (708). However, the analysis of what 

constitutes a high fructose food varies and if people stay on a low fructose diet for too long they are 

in danger of nutrient deficiencies (113) particularly due to lack of fruit and vegetables in the diet. 

A recent assessment of the incidence of CD in Canterbury, NZ, has shown that the incidence of CD 

increased from 16.5/100,000 in 2004 to 26/100,000 in 2014 (1). What part fructose intolerance 

contributes to this has yet to be illuminated. A recent NZ study by Spencer et al. on people with 

Irritable Bowel Syndrome (n=277) participants who were also based in Canterbury, found that the 

participants’ IBS score, constipation and diarrhoea were not associated with fructose intake.  

3.4 The role of nutrients in reducing inflammation  

Certain combinations of nutrients or foods, as exemplified diverse modes of feeding i.e. enteral 

nutrition and the Mediterranean diet, offer some insight into what nutrients or food combinations 

may ameliorate CD. Probiotics and prebiotics and other natural medicines have also been explored 

as to their anti-inflammatory effects on the gut. Ingesting certain combinations of known nutrients 

or anti-inflammatory foods have been shown to reduce inflammation (716, 717).  

3.4.1 Enteral and parenteral nutrition 

When people are experiencing ‘flares’ or relapses with their CD, tolerance of what is considered 

normal food is low. Their metabolism is also different. If they are experiencing loss of fluids by 

draining fistulas, blood loss or gastric suction they will be also losing essential nutrients. For 

example, nutrients like arginine, glutamine, selenium, zinc, omega-3 fatty acids and vitamin C have 

low plasma concentrations. They may also be receiving additional essential nutrients from 
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infusions, transfusions and parenteral nutrition. All this has to be managed and appropriate 

supplementation given (718-720). 

For people in these situations, nutrients are usually combined in liquid formulas which are ingested 

in one of three ways. One form of delivery is as ‘normal’ through the mouth, but often enteral (tube) 

feeding (EN) or parenteral nutrition (PN) are used. These special liquid formulas are considered to 

be anti-inflammatory. It is suggested they are effective because they remove dietary components 

which influence the microbiota toward a pro-inflammatory response. With their removal, the ability 

of bacteria to adhere to, or move through, the epithelium is diminished and the epithelial barrier 

gets an opportunity to heal and function normally (721, 722).  

EN and PN use a liquid formula of simple nutrients from protein, fats and carbohydrates that can 

be easily absorbed and delivered via a tube inserted via the nostril, down the oesophagus and into 

the stomach, or via a gastrostomy insertion, in the case of EN, or intravenously through a vein (most 

often in a limb) if it is PN (723). Their aim of this mode of nutrition is to prevent a decline in the 

person’s nutrition level when the oral route for intake of food is not very effective. There is some 

debate on how long to wait before initiating either EN or PN. Seven to ten days waiting is one 

recommendation for people who are normally nourished. The decision to begin will depend on 

judgments regarding the length of time required for a person to resume normal oral intake (723). 

The EN form of treatment is often used in children with CD and has been reported to encourage 

mucosal healing and to be as effective as steroids in inducing remission (724). 

In the study by Borrelli, et al. the liquid formula diet used was Modulen (725). This is composed of 

casein protein, glucose, sucrose, milk fat, corn oil, vitamins, minerals and trace elements, and these 

were chosen to support growth and minimise inflammation. The assessment in this randomised, 

controlled open-label trial included histologic and endoscopic scoring, the Paediatric CD activity 

score (Paediatric CDAI) erythrocyte sedimentation rate (ESR), and CRP (725). The mucosal 

healing for children (n=19) on this formula compared to those on corticosteroids (n=18) was 

significantly higher (p< 0.05). In a Japanese based study, where enteral nutrition of 900kcal/day 

was given, the cumulative non-hospitalization rates decreased for 135 of the 155 people with CD 

and ileal involvement (about 87%) (726). The product they used was Elental, which is very low in 

fat content, and consists of amino acids, dextrin, soya bean oil and vitamins. Other studies have 

been conducted in which combinations of enteral formulas and normal diets were used. In a 

randomized double-blind trial by Verma et al., the supplemented group was compared to a matched 

group on unrestricted diets and no formula. Forty eight percent of the supplemented group (n=17) 

in this study stayed in remission after one year as compared to 22% on the unrestricted diet (n=18), 
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(727). The supplemental formula used was EO28 Extra and this was composed of protein, amino 

acids and a mixture of saturated, monounsaturated and polyunsaturated fats (727). Other people 

advocate specialised enteral diets at times of critical illness, for example those enriched with the 

unsaturated lipids Eicosapentaenoic acid (EPA), Gamma-linolenic acid (GLA) and antioxidants 

(728-730). 

With respect to CD in children, a specific carbohydrate diet has also been postulated as effective. 

This diet restricts grains like wheat, barley, corn, and rice, and substitutes almond and coconut flours 

instead. The only form of sugar is honey. Milk products are limited to fully fermented yogurt. In 

the study by Suskind et al. (622) seven children with CD on this diet (average of 14.6 ± 10.8 months) 

and free from immunosuppressive medications were evaluated. All prior symptoms resolved and 

laboratory tests like serum albumin, CRP and calprotectin were within the normal range or much 

improved after three months on this diet. No evidence was given of a prior assessment of gluten or 

lactose intolerance in these children. 

In the examples discussed above, each of the supplemental formulas or diets had a different 

composition and the numbers in the trial population in three of the studies were small (less than 20 

in each group). This makes it difficult to identify which formula or diet is the most effective in 

reducing inflammation and or inducing remission. Ethnic and genetic differences may also make a 

difference to people’s responses. The wide range of formulas on the market is indicated by an 

international survey on paediatric enteral formulas given to children with CD. The responses to this 

survey recorded the use of 23 different formulas (731). EN too, is not without complications e.g. 

increased diarrhoea and/or vomiting. These are generally associated with the positioning and 

upkeep of the tube (732).  

When EN was compared with PN in adults in a meta-analysis of 27 studies, the rates of infection 

were lower for those on EN. However, people being reintroduced to an oral diet who had high rates 

of protein-energy malnutrition had higher rates of infection, and their mortality rate was higher 

when compared to PN (732).  

Three meta-analyses of randomized clinical trials (733-735) of the primary treatment, or of the 

induction of remission, of CD with EN (the latter a Cochrane review) concluded that EN was less 

effective for inducing remission of active CD than corticosteroid therapy.  However, a 2007 

Cochrane review on maintenance of remission in CD with EN concluded it may be effective (736). 

Three more systematic reviews in 2015 have reinforced EN as being more effective than diet and 

as good as some medications in maintaining remission for people with inactive CD (737), more 

effective in combination with infliximab in inducing and maintaining remission than infliximab by 
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itself (738) and exerting other possible potential benefits (739). However, as these findings are often 

based on short term studies, longer term randomised controlled studies with larger populations are 

needed. 

3.4.2 The Mediterranean diet 

It is becoming increasingly recognised that dietary patterns and in particular the ‘pattern’ of the 

Mediterranean diet is key in preventing or lowering the risk of chronic diseases (740-745). The 

Mediterranean diet is characterised by a high intake of vegetables, fruit, unrefined cereals, legumes 

and olive oil, a moderate consumption of dairy products (particularly yoghurt and cheese) and eggs, 

fish and wine (except for the absence of alcohol in Moslem countries) and relatively low intake of 

meat and meat products. It is also associated with a moderate amount of physical exercise (746). 

This pattern is reflective of the eating habits of people in the countries that surround the 

Mediterranean and there are a variety of different expressions of it. A growing number of studies 

show that this whole-food dietary pattern based mainly on plants reduces risk factors for coronary 

heart disease, colorectal cancer, diabetes and metabolic diseases, hypertension, and inflammation, 

and lowers the incidence of osteoarthritis (747-757).  

A few studies have investigated Mediterranean diet and IBD. In 2013 Marlow et al. reported a pilot 

study (n=8) that looked at the effect of a Mediterranean type diet on inflammation in people with 

CD (716). Specific Mediterranean style foods were given to the participants to consume over a 

period of 6 weeks. The weekly distribution of items included a variety of vegetables, extra virgin 

olive oil (EVOO), gluten free bread, salmon, fish oil capsules and green tea. Participants were also 

encouraged regularly to reduce their intake of refined flour, high fat and sugar products and red 

meat. They were also given recipes and suggestions for sustaining a healthy diet. Food diaries were 

completed and blood and faecal samples were taken at the beginning and end of the study and used 

to identify changes in CRP, symptoms, gut microbiota and gene expression through transcriptomics. 

Although the study numbers were small, this Mediterranean style diet showed a small reduction in 

CRP, a change in the microbiota with a trend towards an increase in Bacteroidetes and the 

Clostridium clusters with a decrease in Proteobacteria and Bacillaceae and 3,551 genes that were 

differentially expressed. Although this study was not powered for statistical significance, it does 

illustrate that an anti-inflammatory Mediterranean style diet, even in 6 weeks can potentially have 

a positive effect on inflammatory markers, gene expression and the microbiota. 

The European Prospective Investigation into Cancer (EPIC) group has also recently looked at 

Mediterranean diet scores and dietary patterns and the risk of developing IBD (n= 256 with UC and 

117 with CD, with 4 matched controls per case) in a nested matched case-control study (n= 366,351) 
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(758). Data were collected from 2004-2010 using validated food frequency questionnaires (FFQ) 

which measured the intakes of 200 food items.  Although they could find no risk associated with 

the Mediterranean diet score they observed that UC risk was associated with a high intake of sugar 

and soft drinks and low intake of vegetables. 

Further research in this area will be forthcoming with the recent allocation of US$2.5 million by the 

Crohn’s & Colitis Foundation of America to study the effectiveness of the Mediterranean-style diet 

and a specific carbohydrate diet in reducing symptoms, clinical remission and mucosal 

inflammation in people with active CD. As people enrol in the study they will be randomly allocated 

to one of these two diets. Free meals will be delivered to participants for 6 weeks. Data (from patient 

reported outcomes, physician measures and faecal samples) will be collected at the beginning of the 

trial, at 6 weeks and again at 12 weeks (759). 

Mechanisms 

A number of mechanisms have been put forward to explain the anti-inflammatory effects of the 

Mediterranean diet based on its nutrient content. One characteristic of the diet is that it has a fat 

content of more than 40%. This is mainly from the consumption of olive oil which is used in cooked 

meals, soups and salads. This means that the monounsaturated (MUFA) content can be as twice as 

much as the saturated fat content because of the amount of olive oil ingested (750). Two clinical 

trials have been conducted where subjects have had a diet rich in MUFA, for short time period (two 

months) and longer (two years) (760, 761). Results from these have shown that a high MUFA diet 

can modulate the immune response. For example, in the two- month clinical trial (n=60) involving 

middle aged men consuming a diet high in olive oil content, there was a decrease in the expression 

of intercellular adhesion molecule 1 (ICAM-1) in peripheral blood mononuclear cells (PBMCs) 

(760). In another human trial (n=90) interleukin- (IL-) 18, 7 and 6 levels decreased in the serum. 

Other studies have looked at the effects of an enriched MUFA intake on neutrophil responses and 

on the levels of reactive oxygen species (ROS), and have obtained varying results. In the systematic 

review on this by Hatanaka et al. this variation in results was attributed to the different methods 

used to measure ROS levels intra-and extracellularly (762). These immune responses have been 

attributed to the oleic acid and polyphenol content of olive oil, and well as other minor components 

such as phenolic and unsaponifiable fractions and of hydroxytyrosyl actetate (a polyphenol) which 

exert an anti-inflammatory response through mitogen–activated protein kinase (MAPK) and NF-

B pathways (740). 

In animal models of IBD, a MUFA-rich diet reduced inflammation in rats with DSS-induced colitis, 

and decreased the damage to colonic tissue in a murine UC model. The latter effect was 
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accompanied by reduced levels of IL-6, IFN- and TNFα in homogenated colonic tissue (763, 764). 

In an in vitro trial (n=20), colonic tissue from IBD patients and healthy controls was exposed to 

different concentrations of the unsaponifiable fraction from EVOO. Here it was found to stimulate 

T cell apoptosis, decrease the level of activated blood T cells, decrease the expression of gut-homing 

integrin b7 on blood T cells, and decrease the secretion of IFN-c (765). The authors suggest that the 

unsaponifiable fraction from EVOO may be an appropriate dietary anti-inflammatory supplement 

in people with IBD. 

The Mediterranean diet is whole-food dietary pattern based mainly on plants. This ensures good 

levels of polyphenols which possess antioxidant activity (766), and of several minerals, soluble 

fibre and a variety of fat and water soluble vitamins e.g. beta-carotene, vitamin B6, B12, choline and 

its metabolite betaine, which are part of the vitamin B group, as well as the vitamins C and E (750, 

767, 768) which all contribute to anti-inflammatory processes. For example, low plasma levels of 

B6 have been linked to elevated CRP (769). Another example is from the ATTICA study (n=3000), 

which investigated the effects of Mediterranean diet on inflammation and coagulation. Participants 

on the highest intakes of choline and betaine (which are consumed in eggs, cereals, root vegetables, 

and meat (768, 770, 771)) had plasma CRP, IL-6 and TNF   levels that were significantly lower 

than those on the lowest intakes of these nutrients (750). Plasma folate and B12 levels had a 

significant inverse relationship with homocysteine and blood pressure (BP). 

Low intakes of food containing choline, betaine, B12, and folate have also been associated with 

elevated plasma homocysteine levels (750). Choline and betaine are sources of methyl groups that 

are required for the metabolism of homocysteine (772). High homocysteine levels are linked with 

inflammatory diseases, particularly heart and cerebrovascular diseases (773-778). Some suggest 

that homocysteine levels can be used as an indicator of the metabolic syndrome (779). Excessive 

levels of homocysteine are also a feature of IBD (780). A study exploring this relationship in DSS-

induced colitis in rats found that high homocysteine levels aggravated their colitis. When rats were 

supplemented with folate, the plasma concentrations of inflammatory IL-17 and the RAR-related 

orphan receptor gamma transcription factor (RORγt), which had been induced by the increased 

homocysteine concentrations, were decreased (781). The Mediterranean diet appears to be anti-

inflammatory not only because of its EVOO content but also because it contains nutrients that 

enable anti-inflammatory pathways and reduce homocysteine levels. 

Another mechanism by which the Mediterranean diet may contribute to lowered risks of chronic 

disease is its effect on the microbiota. (The effects of the microbiota on the immune system has 

been discussed in chapter two). More studies are acknowledging that diet plays a major role in 
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influencing gut microbiota (782-789). With respect to the influence of the Mediterranean diet in 

particular on the microbiota in adults without chronic conditions, Filipps et al. studied Italian 

participants who had closely followed the Mediterranean diet (790). Their total food and drink 

intake was measured with a seven-day weighed food diary, and three faecal and urinary samples 

were collected on a weekly basis from each participant for metabolome and microbiota analyses. 

The Mediterranean diet was highly correlated with the healthy food index, faecal SCFA levels and 

the microbiota components Firmicutes and Bacteroides. Filipps et al. also found higher urinary 

trimethylamine oxide (TMAO) levels in those who scored the lowest in following the 

Mediterranean diet, which places them at increased risk of a cardiovascular incident (791). 

Interestingly, choline is cleaved by anaerobic microbes to produce trimethylamine (792) so the 

Mediterranean diet may ameliorate this.  

A smaller study, by Gutiérrez-Díaz et al. (n=31) in adults with no identified pathology looked at 

diet and its influence on the microbiota. Nutritional intake was assessed by interviews with dietitians 

using a validated FFQ with 160 items and included questions about cooking techniques, recipe 

details and the foods, drinks and quantities consumed. It found, from the faecal analysis, a higher 

quantity of Bacteroidetes, Prevotellaceae and Prevotella (p = 0.001, 0.002 and 0.003 respectively) 

associated with those adhering to the Mediterranean diet. These participants also had lower amounts 

of Firmicutes and Lachnospiraceae (p = 0.003 and 0.045 respectively). Participants with the highest 

compliance to the Mediterranean diet, generated higher proportions of faecal propionate and 

butyrate (793).  

Further research on the effect of the Mediterranean diet on the homeostasis of gut microbiota would 

generate microbiota maps based on children’s and adolescents’ food eating styles. By using meta-

omic technologies, these food patterns will be matched with microbiota composition. These maps 

will measure the levels of adherence to the Mediterranean diet and the outcomes and hopefully 

enable the design of ameliorating nutritional solutions (794). 

3.4.3 Probiotics, prebiotics, synbiotics, complementary and alternative medicines and 

psychobiotics  

The WHO describes probiotics as “live microorganisms that, when administered in adequate 

amounts, confer a health benefit on the host” (795). Prebiotics on the other hand are dietary elements 

(like fermentable oligosaccharides (FOS), oligo fructose and inulin) that enable the growth or 

activity of micro-organisms to functionally influence the microbiome in a positive direction to 

improve the health of the host. As they are non-digestible, they pass through the gastrointestinal 

tract to the colon where they are fermented by the micro-organisms to form SCFAs and other 
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substances which encourage their proliferation. Examples of foods that are high in prebiotics are 

garlic, leek, onions, wheat bran and flour, bananas, chicory and dandelion leaves (796, 797). 

Synbiotics are products that combine probiotics and prebiotics (798).  

Complementary and alternative medicines used with IBD include preparations from Ayurvedic and 

traditional Chinese medicine, spiritual therapies, plant products (such as iberogast, a liquid formula 

of nine herbs, and peppermint oil, curcumin, marijuana, feijoa),  acupuncture, exercise, mind body 

therapies,  and fish oil  (169, 170, 640, 799-804).  Psychobiotics are live organisms (bacteria) that 

when ingested in sufficient amounts, confer improved mental wellbeing on their hosts through their 

interaction with the brain-gut axis (805, 806).  

Probiotics 

A number of reviews have described the effectiveness of probiotics in IBD to induce remission, 

maintain remission which is medically induced or to prevent recurrence postoperatively in the 

clinical setting (799, 805, 807-811).  The consensus is that some formulations (e.g. VSL#3 (812-

815), non-pathogenic E. coli Nissle 1917 (816-819), L. reuteri ATCC5573 (820), and L. rhamnosus 

(821)) appear to be effective especially for people with UC. This is not the case for those people 

with CD. Two Cochrane reviews and the European Crohn’s & Colitis Organisation (ECCO) 

guidelines do not support the use of probiotics for maintaining remission in people with CD (822-

824). The studies reviewed (eight in total) involved small numbers of participants, (n=11 ≤ 45, for 

adults; n=75 for children) with variation in the selection of probiotics used, and similarly with 

methods. There is a real need for larger RCTs in this area to clarify whether probiotics have a place 

in the treatment of CD. 

Prebiotics and synbiotics 

Few RCTs have assessed the usefulness of prebiotics and synbiotics for the treatment of CD (799).  

Examples of two prebiotic studies run over a period of four weeks (using FOS products as 

prebiotics) are those of Lindsay et al. (2005) (636) and Benjamin et al. (2011) (638) and a longer 

synbiotic study by Steed et al. (2010) (825) (Table 3.4). 
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Table 3.4 Prebiotics and synbiotic randomised controlled trials 

Study Lindsay et al 2005 Benjamin et al 2011 Steed et al 2010 

Prebiotics Prebio 1 (15g/day) Synergy 1 B longum + Synergy 1 

Duration 4 weeks 4 weeks 6 months 

n  10 103 35 

Effect Fecal Bifidobacteria, 
increase 

None CDAI, histological scores 
improved; TNF reduced 

Other 
treatments 

Steroids ≤ 10 mg/d;  

no other 
immunosuppressive 

Steroids ≤ 20 mg/d; 

other 
immunosuppressives, 44% 
of patients; 

placebo, maltodextrin 

 

In the Lindsay et al. open labelled study there was a significant increase in faecal Bifidobacteria. In 

the Benjamin et al. study no effect for FOS was found. However, in the first study the maximum 

steroid dose for participants was half that in the Benjamin et al. study where nearly 45% of these 

participants were on immunosuppressive drugs. Also in the latter study the placebo used was 

maltodextrin which has been classified as a prebiotic (826, 827). All these factors contribute to 

divergent results and illustrate the challenges in interpreting results from different studies.  In the 

synbiotic study by Steed et al. conducted over a longer time period, the CDAI score and mean 

histological scores in the synbiotic group significantly improved. At three months, a significant 

reduction in TNF-α in inflamed mucosa was also observed in this group compared to those on the 

placebo. The longer time period of this study may have contributed to this result. More RCTs with 

prebiotics and synbiotics need to be done. 

Complementary and alternative medicines 

The use of complementary and alternative medicines (CAM) is common with people who have 

IBD. Complementary medicine is used in conjunction with mainstream medical therapy and 

alternative medicines are those that are used instead of conventional medical therapy. Their use by 

people with IBD in Northern Europe has been reported as varying between 20 to 68% and similarly 

for people in the USA (21-68%) (828-831). A national survey on the general population in Australia 

reported the use of CAM as 68.9% (832). In NZ, the use of CAM with IBD has been reported as 

44.1% in the province of Canterbury (833). Three recent reviews have looked at the use of CAM 

with respect to IBD (799, 834, 835). The review by Sałaga et al. (2014) which was specifically on 

traditional Chinese herbal medicines (TCM) suggests that a number of these medicines (e.g. Xilei-

san, Kui jie qing, an extract from the plant Andrographis paniculata, and the herb Tripterygium 

wilfordii Hook F) show promise for the future. These random control trials (RCTs) were conducted 

in clinical situations but need the rigour of larger RCTs to confirm their effectiveness and safety. 
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The review by Currò et al. (2016) discusses the use of other medicines which have as their main 

component a variety of herbal products ranging from Boswellia serrata, curcumin, wheat grass, aloe 

vera leaf pulp, Artemisia absinthium (wormwood) which also contains cardamom, and marijuana. 

Like the previous review a number of these, or extracts from them also show promise in clinical 

trials but need further studies. The third review by Cheifetz et al. (2016), targeted at physicians, 

aimed to give a comprehensive summary of commonly used CAMs and the evidence for their 

effects to enable an informed discussion with patients, as many of them use them. His review not 

only covers herbs like marijuana, and curcumin, but also fish oil, the use of the parasite Trichuris 

suis, acupuncture with the herb moxibustion, mind body therapies, and exercise. Many of these 

clinical studies require more data. Some, like mind body therapies and exercise, improve quality of 

life without having an effect on disease activity. Unfortunately, none of the studies or reviews 

considers the genetic profiles of participants. If these were considered it may clarify which and for 

whom these CAMs would be helpful. 

Psychobiotics 

As mentioned in chapter two, the gastrointestinal tract has an intimate communication with the 

endocrine and nervous systems, which is described as the brain-gut axis (BGA) (271). Evidence is 

beginning to accrue that long-term exposure to stress may deregulate the BGA (521). Could the use 

of psychobiotics help ameliorate this for people with CD and improve mental wellbeing in their 

host? 

It has been well established in microbiota work done with mice and rats, including the use of 

probiotic strains and germ-free hosts that the microbiota can influence motor control, depression 

and anxiety levels, recall and learning. These results pertain to rodent microbiota and specific 

instruments to measure their behaviour (836-847). The key probiotics having a positive influence 

on these animals were those with strains from Bifidobacterium infantis, Lactobacillus helveticus, 

Lactobacillus rhamnosus, and Mycobacterium vaccae.  

The mechanisms by which microbiota can exert these effects have yet to be fully elucidated. One 

suggestion is that they do this by producing hormones which influence neural pathways.  Microbiota 

can produce a number of hormones related to neural functioning such as melatonin, γ-aminobutyric 

acid (GABA) and serotonin (805, 848, 849). GABA seems to be particularly significant in the 

microbial BGA interaction and a very important inhibitory human neurotransmitter which among 

its roles regulates motor functions, provides energy for the brain and has an implicit role in mental 

health (850). In the work done by Yunes et al. 58 strains of Lactobacilli have been detected which 

can stimulate GABA production in humans (851).  
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Another mechanism by which microbiota could have their influence on the BGA is via the immune 

system. In rodent models of IBD, anti-inflammatory (e.g.IL-10) and pro-inflammatory (e.g. TNF α, 

IL-6) cytokines and intestinal cells of the gut wall (which can influence the permeability of the gut 

barrier) are influenced the by microbiota and are associated with changes to anxiety levels and 

cognition.  In another model of chronic disease, (multiple sclerosis) in germ-free, transgenic SJL/J 

mice sensitised to myelin oligodendrocyte glycoprotein, the microbiota confers resistance to 

developing autoimmune encephalitis via the IL-17 pathway (852). Berer et al. used the same mouse 

model to show that the microbiota is an essential component of the demyelination processes 

mediated by T and B lymphocytes (853).  

A very recent human study by Tillisch et al. on healthy, non-obese women (n=40) aged 18-55 years 

showed gut microbiota may also have a role within the BGA in emotional processing (854). The 

study identified brain and behavioural characteristics grouped by gut microbiota profiles. The 

subjects were sorted into two groups those that were Bacteroides-high or Prevotella-high from their 

stool microbiota through 16S rRNA pyrosequencing. The subjects completed four psychiatric 

assessments and had a magnetic resonance imaging (MRI) scan. Those in the Prevotella-high group 

showed an increased response to negative emotional images. Structural and functional differences 

in the hippocampus were also associated with this.  

Research in the BGA field have initiated more recent studies in humans to explore the effect of 

psychobiotics and microbiota on the human BGA and whether probiotics can help people, 

particularly with their mental health.  The systematic review by Romijn and Rucklidge found ten 

randomised placebo controlled trials which investigated psychobiotics use in humans (855). From 

their review, it would appear at this stage, that there is limited evidence to support psychobiotic use.  

Many of the trials had study populations with normal mental health and their suggestion was that 

future trials should include people with mental health issues. The length of exposure to probiotics 

also may have an influence. In a mouse study, GABA levels peaked at four weeks and tailed off 

after that and this may also be a factor in human studies that needs to be accounted for (847). 

In conclusion - this review shows a number of nutrition related factors can influence the quality of 

nutrition of people who have CD (Figure 2). These combined with the other environmental factors 

discussed in chapter two (gastrointestinal physiology, microbiome, perinatal and childhood factors 

and lifestyle practices) illustrate the complexity and multifaceted nature of the environmental 

impact on CD.  
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Figure 3.2 Nutritional Factors that can influence Crohn's disease 
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Chapter 4. Materials and methods 

4.1 Introduction 

The genetic association study (Project One) objective was to analyse NZ genotype data relating to 

key anti-inflammatory nutrients: betacarotene, vitamin D, and Omega-3 fatty acids to determine the 

percentages associated with poor absorption, low levels or uptake (as reported in other European 

populations,   (86, 135, 204, 231, 856)) in healthy individuals as well as those with CD. This was 

based on the hypothesis that the occurrence of particular variants in key genes associated with 

antioxidants, vitamin D and omega-3 polyunsaturated fatty acids (PUFA) are susceptible to low 

levels of these ant-inflammatory nutrients and this would influence the nutrition status of people 

who had these variants. 

The nutrient trial with normal healthy adults (Project Two), and the nutrient trial with adults with 

CD (Project Three) objective was to investigate the benefits of a well-characterised omega-3 PUFA-

based oil with added bio-actives, to determine if it would reduce inflammation in normal individuals 

and individuals with CD and to ascertain whether it would increase specific nutrient levels.   This 

was based on the hypothesis that a commercially available nutrient supplement containing: 

antioxidants, vitamin D & omega-3 PUFA is able to: reduce inflammation, increase serum vitamin 

D levels, increase the availability of omega-3 PUFA, and reduce oxidative stress. 

The method and material section for the three projects (Genotyping- Project One, nutrient trial with 

normal healthy adults- Project Two, and the nutrient trial with adults with CD- Project Three) is 

divided into four sections: Study populations, project methodology, laboratory work and statistical 

analysis. Each section gives the details for each of the three projects.  

4.2 Study populations 

4.2.1 Subjects 

A summary of subject numbers for each project is illustrated in Table 4.1 
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Table 4.1 Subject numbers for projects 

Projects Subject Numbers 

Project One: Genetic 
association study 

 

Project Two:  

Nutrient trial 

with normal healthy adults   

Control                                       n=649 

CD                                               n=443 

 

Nutrient Trial                             n=30 

(Healthy) 

 

Project Three 

Nutrient trial with adults 
with CD 

 

Nutrient Trial                          n=27 

(CD)   

Project One: genotyping subjects 

Two groups with available stored DNA who had CD or were healthy adults were chosen as subjects. 

The CD subjects had been in the ‘Genes and Diet in Inflammatory Bowel Disease Study’ 

(GDIBDS), Auckland, NuNZ and were taken from this data base (Table 4.1). These people with 

CD were drawn from gastroenterology and surgical clinics, GPs, specialist practitioners Crohn’s 

and Colitis Support groups, genetic services or from advertising from May 2005 to April 2009. The 

control participants were hospital attendees in wards or outpatients from unrelated specialities 

invited to participate through medical staff. These participants were invited to give 10mL of blood 

from which DNA was extracted and serum separated. The DNA was stored in –80 degree celsius (-

80oC) freezers and it was from these samples the genotyping for Project One was done. Ethical 

approval for Project One was given by the NZ Multi-Region Human Ethics committee (Ethic 

approval No: MEC04/12/11). Additional healthy controls were also obtained from healthy controls 

in the ‘Selenium supplement study’ (SSS) who had given permission for their DNA to be used in 

other studies, (Ethic approval No: NTY/06/07/060. There were 443 subjects in the CD group and 

648 in the control group and they were matched for gender, smoking status and age within five 

years. The selection process is shown in the Figure 4.1 below. 
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Figure 4.1 Flow chart of subject selection for Project One  

Project Two: Nutrient trial with healthy subjects  

The number of participants selected for this trial was based on the Jorgensen’s et al. ‘Vitamin D3 

treatment in CD–a randomized double‐blind placebo‐controlled study’ (857) 

This study was designed to assess in CD, whether vitamin D3 treatment improved the course of the 

disease. The data from this trial indicates that the difference in the response of matched pairs is 

normally distributed with standard deviation 4. If the true difference in the mean response of 

matched pairs is 27 we will be able to reject the null hypothesis that this response difference is zero 

with probability (power) 1.000. The Type I error probability associated with this test of this null 

hypothesis is 0.05.  Based on these prior data, the proposed numbers are appropriate to detect a true 

difference in the key outcome measures.  

Healthy participants for the nutrient trial were recruited from the control group participants in the 

NuNZ study and from advertising among employees in local inner-city Health or Education 

Institutions in the local Auckland area (Figure 4.2).  Ethical approval for Project Two was given by 
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the NZ Multi-Region Human Ethics committee (Ethic approval No: NTY/11/11/109/AM05). The 

Universal Trial Number (UTN) allocated is U1111-1187-5726. The registration number with the 

Australasian NZ Clinical Trials Registry (ACTRN) is ACTRN12616001316493. The Web address 

of the trial is: http://www.ANZCTR.org.au/ACTRN12616001316493.aspx 

 

Figure 4.2 Flow chart of subject selection Project Two 

http://www.anzctr.org.au/ACTRN12616001316493.aspx
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Intended participants were supplied with a participant information sheet and if they were interested 

in participating had to complete an eligibility questionnaire and commit to an online nutrition 

questionnaire before being selected for the study. The participants who were selected and consented 

for the study were:  

 Male and female (15 of each), a  total of 30 participants 

 For women – not pregnant 

 Aged between 20–65 years 

 Had no history of cancer in the last five years 

 Smoke-free or had smoked relatively few cigarettes in the past  

 Without a history of gastrointestinal disorders (ulcerative colitis, CD or irritable bowel 

syndrome) 

 Stable with respect  to any prescribed medication with no changes in the last three months  

 Not taking  antibiotics in the month prior to the study commencement 

 Not on blood thinning medications (e.g. aspirin) 

 Not currently taking any vitamin D, fish oil/flax seed oil supplements or similar or eating 

more than 4 servings of oily fish (salmon, mackerel) each week; or if they were, being 

prepared to stop three weeks prior to the commencement of the study 

 Not consuming more than four alcoholic drinks daily 

 Able to fast overnight before attending the study centre at Grafton, UoA 

 Able to attend the local study centre at Grafton, Auckland for four visits 

 Prepared to complete the questionnaires related to the study and complete a symptom and 

faecal and symptom diary 

 Were prepared to give blood, urine and faecal samples (at the four time points). 

Project Three: Nutrient trial with Crohn’s disease participants subjects  

Participants, living in the Auckland region and who had relatively stable CD were chosen from the 

NuNZ database which had their genotypes identified (Figure 4.3).  Participants who responded to 

the initial request for their participation were sent a participant information sheet and those who 

were interested had to complete an eligibility form and commit to an online nutrition questionnaire 

before being selected for the study. Ethical approval for this project was given by the NZ Central 

Ethics committee (Ethic approval No: 15/CEN/153/AM01). The Universal Trial Number (UTN) is 

U1111-1172-6331. The registration number with the Australasian NZ Clinical Trials Registry 

(ACTRN) is ACTRN 12615000855527. The Web address of the trial is: 

http://www.ANZCTR.org.au/ACTRN12616001316493.aspx. 

http://www.anzctr.org.au/ACTRN12616001316493.aspx
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Figure 4.3 Flow chart of subject selection Project Three  
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The participants selected and consented for the study were:  

 Confirmed with a diagnosis of CD  

 Male and female – a total of 28 participants (19 female, 9 male) 

 Aged between 20–65 years 

 Had no history of treatment for cancer in the previous five years, except for non-spreading 

skin cancers 

 Had never smoked or have smoked less than 10 pack years i.e. less than 1 pack of cigarettes 

daily for 10 years 

 Not pregnant  

 Stable with respect to any prescribed medication and able to give a list of current 

medications 

 Not taking antibiotics when entering the study 

 Not on blood thinning medications (e.g. aspirin) 

 Were willing to stop taking Vitamin D, fish oil or similar supplements with ω-3 fatty acids, 

(or eating more than four servings of oily fish e.g. salmon, mackerel, each week) four weeks 

before the trial until after the end of the trial 

 Not donating blood within four months prior to the beginning of the study 

 Not consuming more than four alcohol drinks daily 

 Able to fast overnight before a home visit or attending the study centre at Grafton, UoA for 

the four visits required 

 Were free from sunbed use during the trial 

 Prepared to complete the questionnaires related to the study and complete a symptom and 

faecal diary and outdoor sun exposure chart 

 Were prepared to give blood, urine and faecal samples (at the four time points) 

 Were willing to give their Doctor’s name and contact details, and access to their medical 

records for information relevant to their CD to confirm their diagnosis and relevant history. 

4.3 Project methodology 

4.3.1 Project One: genotyping methodology 

The SNPs listed in Table 4.2 were chosen after systematically reviewing the literature for SNPs 

relating to the nutrients of interest (betacarotene, vitamin D, ω-3 and ω-6 fatty acids and palmitoleic 

fatty acid). Genotyping was outsourced and performed by custom SNP Sequenom MassARRAY 

Agena Mass Array iPlex Gold genotyping assay (Sequenom catalogue number 10134, Agena 

Bioscience, San Diego California) using the MALDI-TOF primer extension assay and the data 
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analysis Agena Bioscience MassARRAY System Typer software (858)   following the 

manufacturer's recommendations (859-861). All sample plates contained cases or controls, 

duplicate samples, and blanks. 

Table 4.2 SNPs chosen for Project One 

SNP type Gene Chromosome 
location 

Genotype/SNP to 
be identified 

Associated nutrient 

Exon Exon BCMO1  
16q23.2 

rs12934922   
rs7501331 

beta-carotene 

Intron             
Exon           
Intron 

GC 4q13.3 rs2282679      
rs4588     
rs1155563 

vitamin D 

Promoter CYP24A1 20q13.2 rs16999131 vitamin D 

Promoter CYP2R1 11p15.2 rs10741657 vitamin D 

Intron 
Intron 

DHCR7/NADSYN1 11q13.4 rs3829251 
rs12785878  

vitamin D 

Intron FADS1 11q12.2 rs174556 ω-3 & ω-6 fatty acids 

Intron 
Intron 
Intron 
Intron 

FADS2 11q12.2 rs174570 
rs2072114 
rs174583 rs174589 

ω-3 & ω-6 fatty acids 

Intron PPARA 22q13.31 rs4253728 ω-3 & ω-6 fatty acids 

Exon  PPARG 3p25.2 rs1801282 ω-3 & ω-6 fatty acids 

Exon  XRCC1 19q13.31 rs25487 = 
Arg399Gin 

ω-3 & ω-6 fatty acids 

Intron SCD 10q24.31 rs 2060792 +CRP levels & 
palmitoleic fatty acid 

+CRP=C-reactive protein 

The thawed DNA was pipetted into twelve 96 well plates.  These DNA samples were diluted with 

sterile water to make up a solution of 10ng/ul. Four repeat DNA samples and four blanks were 

placed in each of the 96 well plates. These were outsourced for custom SNP Sequenom 

MassARRAY to detect the alleles present in the SNPs (Table 4.2) in our study population. The 

protocol used for the Sequenom MassARRAY is reported by Ferguson et al. (862). 

4.3.2 Project Two: nutrient trial with healthy participants study methodology  

The healthy participants for this trial was designed as a double blinded, RCT, with cross-over to be 

conducted over 12 weeks (Figures 4.3 and 4.4). Once accepted into the study, participants’ names 

were coded by a person independent to the study and who also randomly allocated them into one of 

the two arms (n=15, each) of the study. All participants and researchers were blinded to the 

treatment regime until the trial was completed. 

 



Chapter 4. Material and methods 

95 

 

 

Figure 4.4 Trial design Project Two 

Collection of patient data and samples  

Blood, urine and faecal samples were collected at four time points throughout the trial: before the 

intervention, i.e. at baseline 0 weeks (T1); four weeks after the first intervention and before the 

washout period began (T2); after the washout (four weeks long) and before second intervention 

began at eight weeks (T3); and at the end of the second intervention, i.e. the end of the trial at 12 

weeks (T4). Blood was collected after overnight fasting. Blood samples were tested for CRP, lipid 

profiles, and for fatty acid analysis (FAMEs) at each of the time points and a full blood count (FBC) 

was taken at T1 and T4 time points. Blood for transcriptomics/gene expression analysis was taken 

at the time points T3 and T4. Urine samples were collected for targeted metabolomics at each time 

point. Faecal samples were also taken at each time point for calprotectin scoring and to measure 

microbiota. Details of how these samples were collected and processed are elaborated in the 

Laboratory section 4.2 and Table 4.3. Height and waist measurements were taken at the beginning 

of the intervention and weight measurements were taken at all of the sample collection times. The 

waist measurement was also taken again at the last sample collection time.  

Participants completed the first phase of the trial which lasted for four weeks. In this phase, the 

participant took the placebo or the supplement. This was followed by a four-week period of no 

supplementation (washout) and then another four-week phase where the participants crossed over 

and took the placebo or supplement that was not taken in the first phase. Each participant took two 

capsules of the supplement or placebo daily with a main meal, either at lunch or dinner. These 

directions were on the label of the container with instructions to keep the capsules at room 

temperature (below 25C) and not in the fridge. 

Capsules used  

The nutrient supplement capsule contained six ingredients: ω-3 fish oil, (DHA>255 mg, EPA>170 

mg), vitamin D3 (500IU), co-Enzyme Q10 (50mg), zeaxanthin (0.82mg), leutin (3mg) and 

astaxanthin (500mcg). It also contained natural mixed tocopherols, vitamin E with ascorbyl 

palmitate (1mg) and was enclosed in a soft gel composed of gelatine, glycerine soft gel, beeswax 

and natural annatto. This nutrient supplement was produced at a Good Manufacturing Practices 

prescreening,

random order

Visit 1  week 1

for those  on placebo 
capsules first

Duration  4 weeks

Visit 2  week  5

Washout -no 
capsules 

Duration  4  weeks
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Duration 4 weeks

Visit 4  week  12
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Duration  4  weeks

Visit 3 week  9,  placebo  capsules 
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(GMP) certified facility. This product has passed the International fish oil standards (IFOS) program 

- an independent third-party assessment program for fish oils. It has also met the Global 

Organisation for EPA and DHA (GOED) limits for peroxide value and p-anisidine values. The 

ingredients it contains were sourced locally and internationally from suppliers.  This nutrient 

supplement marketed as a ‘healthy aging complex’ is a well-characterised omega-3 PUFA-based 

oil with added bioactives, and available as a commercial product since 2013. It was chosen for this 

randomised double blind control study to assess whether its combination of anti-inflammatory 

nutrients would reduce inflammation and be safe to use in normal individuals and if it was effective 

then proceed to assess whether it would do so in with people with CD. 

The placebo capsules contained 850mg per capsule of MCT-8+10 triglycerides. The MCT oil a 

caprylic/capric triglyceride was sourced from Croda, Singapore (CRODAMOL GTCC-LQ-(SG), 

product code GE83907/0190/8S02). The heavy metal contamination guarantee was less than 10 

ppm. The oil contains the following fatty acid distillates: FAD-C6:0 caproic 0.0 2.0%; FAD-C8:0 

caprylic 50.0-80.0%; FAD-C10:0 capric 20.0-50.0%; FAD-C12:0, Lauric 0.03.0%. MCTs have 

been long used in clinical nutrition for the dietary management of malabsorption syndromes (863). 

They have an appropriate safety profile and long use in clinical trials   (864-868). On this basis the 

MCT capsule was chosen as a placebo. 

Questionnaires 

Study eligibility questionnaire and the online dietary questionnaire 

Before the trial began a pre-screening questionnaire and the online NuNZ dietary questionnaire 

were expected to be completed by all prospective participants. 

The pre-screening questionnaire asked for participants’ legal name, current contact details, 

ethnicity, date of birth, and gender. It also asked questions about their medical history – if they had 

had cancer; their smoking habits; if they had UC, CD or IBS; pregnancy status; medication and 

supplement history especially with respect to antibiotics, blood thinners and supplements containing 

omega-3 fatty acids and vitamin D. They were also asked about their fish intake. Dates were given 

too on the study weeks and they were asked to indicate which day of the week they preferred to 

arrive for the study visits. They were also asked for their Doctor’s name. 

The dietary questionnaire used was originally designed to determine the relationship between IBD 

and diet. The dietary questionnaire used in this trial was an updated and web based version of the 

one used for the original CD in Auckland study (2)  designed on methods used by Joachim (869) 

and validated by a group of patients who had CD (654). The questions ask participants to rate the 
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foods listed on whether they made the person feel worse or made them feel better on a five-point 

scale (definitely worse, probably worse, had no effect, probably better, or definitely better). A wide 

range of foods in each food group are presented, and questions were also asked about the effect of 

food preparation. There were also text areas to add additional information. 

These two questionnaires were used to decide which participants met the criteria for this trial. Based 

on the responses to these and in accordance with the criteria, the chosen participants were matched 

according to gender, age, smoking status and medication. 

Personal history 

Information at the first sample time was also gathered with respect to: vaginal/Caesarean section 

delivery; prenatal/full-term delivery; breastfeeding length; current medications; antibiotic use; fish 

oil consumption supplements (e.g. curcumin, vitamin and minerals tablets); alcohol intake. These 

questions were asked to minimise confounding factors and identify any other factors that may 

contribute to the Hawthorne effect (870). 

The quality of life questionnaire.  

Participants scored their sense of overall health and wellbeing on a numeric scale from 1-10 at 

during their interview. A circle is placed around a number which is closest to their sense of overall 

health and wellbeing (‘1’ being the lowest sense of wellbeing and ‘10’ the highest sense of 

wellbeing). This information was collected to assess if there are any changes to participants’ 

perceived health during the trial. This questionnaire was completed at each of the four time points, 

when the samples were collected. This validated questionnaire was sourced from the study of Surti 

et al. on assessing health status in IBD (871).  

The food variety score.  

This questionnaire by Savige et al. (872) was completed by participants for each week of the study. 

This was to assess the range of each participant’s food intake/diet for each week. The participants 

are asked to tick a list of foods. These were grouped into similar types e.g. different examples of 

fruit, vegetables meat etc. They then scored themselves, based on their answers to the questionnaire. 

The scoring range for this assessment is: >30 very good; 25-29 good; 20-24 fair; <20 poor; <10 

very poor. This assessment was conducted to discern if the participant’s customary food intake may 

influence the outcomes of the supplement trial. Participants return these at their second, third and 

final visits.(872).  
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Stool diary.  

A daily diary was kept noting frequency of bowel movements and their consistency using the Bristol 

Stool Chart as a guide. Each bowel movement was checked and scored daily for consistency 

(hard=4, medium=3, soft=2, runny=1), ease (hard=3, ok=2, easy=1), volume (lots=3, medium=2, 

small=1), and frequency as has been previously described by Rush et al. (873). The purpose of this 

questionnaire was to monitor any changes in the stools with respect to the supplement or placebo 

intake.  

4.3.3 Project Three: nutrient trial with Crohn’s disease participants methodology 

This trial was also designed as a double blinded, RCT, with cross-over. However, the trial time was 

lengthened to 18 weeks (Figure 4.4). As the participants were drawn from the data base of the earlier 

IBD study, their existing codes were used and these were randomly allocated into one of the two 

arms of the study (n=14, n=13). All participants and researchers were blinded to the treatment 

regime until the trial was completed.  

Participants completed the first phase of the trial which lasted 6 weeks (Figures 4.3 and 4.5). In this 

phase, the participant took the placebo or the supplement. This was followed by a 6-week period of 

no supplementation (washout) and then another 6-week phase where the participants crossed over 

and took the placebo or supplement that was not taken in the first phase. Each participant took the 

capsules of the supplement or placebo daily with a main meal, either at lunch or dinner. These 

directions were on the label of the container with instructions to keep the capsules at RT (below 25 

C) and not in the fridge. 

 

 

Figure 4.5 Trial design Project Three 

Capsules used 

The same nutrient supplement capsule was used as in Project Two and sourced from the same GMP 

certificated facility. However, the placebo capsules contained purified fish oil (2,000 mg). Each 

capsule contained concentrated ω-3-ethyl esters (33% EPA< 22% DHA). This was equivalent to 

650mg marine triglycerides, 360mg EPA and 240mg DHA. Each capsule also contained orange oil 

(2.0mg) and d-alpha-tocopherol 1300IU/g (1.15 mg). Each capsule was enclosed in a gelatine shell 
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composed of gelatine (230mg), glycerol (104mg) and purified water (37mg). This was sourced from 

the same GMP certificated facility as the nutrient capsule. 

Collection of patient data and samples  

Blood, urine and faecal samples were collected at four time points throughout the trial: before the 

intervention, i.e. at baseline 0 weeks (T1); six weeks after the first intervention and before the 

washout period began (T2); after the washout (six weeks long) and before second intervention began 

at twelve weeks (T3); and at the end of the second intervention, i.e. the end of the trial at 18 weeks 

(T4). Blood samples were tested for CRP, lipid profiles, fatty acid analysis (FAMEs), the comet 

assay and a full blood count (FBC) at each of the time points. Blood for transcriptomics/gene 

expression analysis was taken at the time points T3 and T4. Urine samples were collected for 

targeted metabolomics at each time point. Faecal samples were also taken at each time point for 

calprotectin scoring and to measure microbiota. Details of how these samples were collected and 

processed are elaborated in the Laboratory section 4.2 and Table 4.3. Height and waist 

measurements were taken at the beginning of the intervention and weight and waist measurements 

were taken at all of the sample collection times. 

Questionnaires 

Study eligibility questionnaire and the online dietary questionnaire 

Before the trial began a pre-screening questionnaire and the online NuNZ Dietary Questionnaire 

were expected to be completed by all prospective participants. The pre-screening questionnaire was 

similar to the one used in Project Two. It asked for participants’ legal name, current contact details, 

ethnicity, date of birth, and gender. It also asked questions about their medical history especially 

with respect to CD; if they had had cancer; their smoking habits; pregnancy status; medication and 

supplement history especially with respect to antibiotics, blood thinners and supplements containing 

omega-3 fatty acids and vitamin D. Further questions were asked about their birth delivery mode 

and length of breastfeeding if they were breastfed. Dates were given too on the study weeks and 

they were asked to indicate which day of the week they preferred for study visits. They were also 

asked for their Doctor’s name. The online dietary questionnaire was the same as in Project Two. 

These two questionnaires were used to decide which participants met the criteria for this trial. Based 

on the responses to these and in accordance with the criteria, the chosen participants were matched 

according to gender, age, smoking and medication. 
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The quality of life questionnaires  

Two of these questionnaires were used in Project Three. The first was the same as in Project Two, 

the Quality of Life questionnaire with the number scale 1–10. The second one was the validated 

‘Short Quality of Life Questionnaire for Inflammatory Bowel Disease’ (874). This contains 10 

multi-choice questions. This questionnaire is designed to find out how participants had been feeling 

during the last two weeks. They are asked about the symptoms they have been having as a result of 

their IBD, their participation level in social and sporting engagements and their mood. Participants 

are asked to circle one of seven choices for each of the questions. Both of these questionnaires were 

completed at each of the four visits. 

The food variety score.  

This questionnaire was based on the one used in the previous study.  This was completed for each 

week of the study, to assess the range of each participant’s food intake/diet each. 

Stool diary.  

A daily diary was also completed for each day of the trial, similar to the one in Project Two, with 

the addition of two more symptoms scales – bloating (0-4; 0=no bloating, 4=a lot of bloating) and 

abdominal pain (0-4; 0=no pain, 4=a lot of pain).  

A self-report of skin colour numeric rating scale and the likelihood of burning and tanning 

numeric rating scale 

At the first visit these validated questionnaires were completed once (875, 876). This was to assess 

a participant’s response to the sun as absorption of ultraviolet rays is in part determined by skin 

colour (877). The amount of UV light to which participants are exposed may also affect their levels 

of vitamin D. These questionnaires both require reading a brief description and placing a circle 

around a scale. A Self Report of Skin Colour Numeric Rating Scale was a scale from 1-7, (1= very 

light/light skin colour, 1-2 light skin colour, 3-5 medium skin colour, 6-7 dark skin colour. The 

Likelihood of burning and tanning numeric rating scale was a scale from 1-6, (1= burn easily, never 

tan; 2= burn easily, tan minimally with difficulty; 3= burn moderately, tan moderately and easily; 

4= burn minimally, tan moderately and easily; 5= rarely burn, tan profusely; 6= never burn, tan 

profusely. 

Time outside in the day chart  

This was completed each day by the participants through the trial. Participants were required to 

circle a given time closest to the amount of time they have spent outside when their face, neck and 

hands have been exposed (0, 5, 10, 15, 30 or 60+ minutes). This was to give the investigators an 
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indication of how much UV light participants may be exposed to. Participants were also asked to 

indicate if they had used sunblock and its sun protection factor (SPF) rating if they had. Participants 

returned these charts at their second, third and final visits. 

4.4 Laboratory work 

4.4.1 Rational for biomarker measurements 

Inflammatory biomarkers  

There is evidence that disease is underlined by inflammation making these biomarkers valuable 

when seeking evidence to support the value of a nutritional supplement intervention. It would be 

expected that by taking omega-3 PUFA and vitamin D enriched supplements that the level of 

inflammation would reduce, even in a healthy population (9-13). CRP is an easy and reliable 

measure of inflammation from a blood sample. Faecal calprotectin is also another inflammatory 

marker. Calprotectin is a protein harvested from faecal matter. Calprotectin levels are higher when 

the bowel is inflamed, as in IBD, and so this assay is a relatively accessible measure of localised 

intestinal inflammation. 

Full blood count   

This measure was used as a ‘safety check’ and applied at the beginning and end of the trial in the 

group of healthy people and at each sample collection time in the group with CD. This was to check 

that the participants blood measures were ‘normal’ i.e. all in the normal range and that the 

intervention had not changed this. Lipid profiles were also measured but at each time point to 

ascertain if the supplement and placebo had any effect on these. 

Vitamin D 

This is relevant for the trial as it determines the extent that supplementation has increased the serum 

levels of vitamin D. Also this analysis would assist in assessing compliance. It was also considered 

valuable to record (or source) daily sunshine hours during the period of the trial in Project Three. 

The method proposed to be used for the vitamin D analysis was isotope-dilution liquid 

chromatography-tandem mass spectrometry (LCMS) which is recognised as the gold standard for 

the measurement of serum D:25-OH concentration (878).  

Plasma lipid metabolic profiling  

This measure is based on the changes in metabolites produced with the ingestion of the nutrient 

capsules or the placebo. It is used to determine the extent to which the lipids ingested are utilised. 

Increasing the intake of lipids does not always equate to utilisation and uptake. Samples were 
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analysed using the lipid profiling fatty acid methyl esters (FAME) analysis. This involves gas 

chromatography where esterification of lipids and injection, separation, identification and 

quantitation of the esters occurs (879).  

Transcriptomics/gene expression  

The purpose of this array is to map the expression of identified and relevant genes, in this case 

related to inflammation, as well as other non-targeted genes, and to determine if the intervention 

has initiated a shift in the expression of these genes. This array allows for the study of many genes 

at the same time, yet is sufficiently sensitive to detect changes in any one of these. It would also 

detect other changes that had not been anticipated.  

The Comet Assay 

The comet assay was used to assess the stability of the DNA instead of measuring shifts in genetic 

expression through transcriptomics for Project Three as funding was not available to measure 

transcriptomics/gene expression.  

CoQ10 (Ubiquinone) and the carotenoid 

These levels were used to assess levels of compliance (880-882). 

Lipid peroxidation 

This measure was used as an indicator of the amount of oxidative damage of the lipids by free 

radicals in the body at each time point. Significant differences while taking the supplement or 

control would show if there were any oxidative damage incurred.  A higher presence of free radicals 

is another indicator of ill health (883). 

Microbiota 

Gut microbiota signatures are indicative of disease severity and response to treatment (884, 885). 

Significant differences before and after treatment with the nutrient supplement would indicate 

whether it was able to restore gut micro-biodiversity. 

4.4.2 Preparation of samples for further analysis 

Urine, faecal and blood samples were collected at each T1-T4 intervention.  

Urine samples [10ml and 1ml (3x)] were aliquoted into 15ml Falcon and Eppendorf tubes 

respectively and stored at -80oC for later metabolomics profiling. Participants were provided with 

faecal collecting kits prior to each visit. Faecal samples were collected into 20ml containers by 
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participants 1-3 days prior to their T1-T4 visits. Once their fresh sample was collected they were 

requested to place these in another provided container to which water was added and these were 

kept in their home freezers and brought at their next visit. The 20ml container was then extracted 

and stored at -80oC for later calprotectin and microbiota analysis. The blood was collected and 

processed as shown in Table 4.3. Participants were requested to fast overnight before the blood test 

and to continue to drinking water. 

Table 4.3 Participant blood and faecal samples collection and processing 

Test 
Blood tube/ 
container 

Sample size Analysis Storage 

CRP* 
Lipid profile* 

PST Lithium 
pale green 
top tube 

6 ml Out sourced to LabPlus 
(http://www.labplus.co.nz/ 

Sent same day 
as collection 

Full Blood Count EDTA 
purple top  
tube 

6 ml Out sourced to  
LabPlus (www.labplus.co.nz/) 

Sent same day 
as collection 

Vitamin D SST gold top 
tube 

Serum  
80 µl 

LCMS.  Out sourced to Canterbury 
Health Laboratories (www.chl.co.nz/) 

-80oC 

Fatty Acid analysis 
(FAMEs) 

SST gold top 
tube 

Serum 
500 µl 

LCMS. Out sourced to AgResearch 
www.agresearch.co.nz/ 

-80oC 

RNA – 
Transcriptomics 

EDTA  
purple top  
tube 

8 ml  PBMCs extracted that day and stored 
until RNA extracted. Then out sourced 
for gene expression arrays microarray 
hybridization (Affymetrix) to Ramaciotti 
Centre, University of New South Wales, 
Sydney, Australia 

-80oC 

Comet# NH green top 
tube 

6 ml Single cell gel electrophoresis Process began 
same day 

Carotenoids+ 
 

SST gold top 
tube 
 

Serum 
200 µl  

UPLC/LCMS -out sourced to Plant and 
Food research 
(www.plantandfood.co.nz/) 

-80oC 

Co-enzyme Q10+ 
(Ubiquinone) 

SST gold top 
tube 

Serum 
300 µl 

LCMS Out sourced to Plant and Food 
research (www.plantandfood.co.nz/) 

-80oC 

Lipid 
Peroxidation+ 

EDTA 
purple top  
tube 

Plasma  
split into 
200 µ 
aliquots x5 

Oxidised LDL by enzyme-linked 
immunosorbent assay (ELISA) 
Out sourced to Plant and Food research 
www.plantandfood.co.nz/ 

Snap frozen  
in dry ice/  
ethanol & then 
into -80oC 

Microbiota 20ml stool 
collection 
container 

Faeces 
20ml 

DNA was extracted from stools using 
the PowerSoil DNA Isolation kit at 
Otago University then outsourced for 
High Taxonomic Fingerprint Microbiota 
Array to Argonne National Laboratories 
Illinois, USA 

-80oC 

Faecal  
Calprotectin 

20ml stool 
collection  
container 

Faeces 
20ml 

Calprotectin scoring was by             
Bühleman ’s Quantum Blue 
quantitative lateral flow assay (from 
Bühleman Laboratories AG, Taylor 
Bio-medical Pty Ltd Australia) 

   -80oC 

*Tests were analysed all from the same 6 ml sample of blood 

+ Assays only done for Project Two 

# Assay only done for Project Three 

http://www.labplus.co.nz/
http://www.labplus.co.nz/
file:///C:/Users/hrajmg/AppData/Local/Microsoft/Windows/Temporary%20Internet%20Files/Content.Outlook/K1MIT6J0/Oxidised
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4.4.3 C-reactive protein, lipid profile and full blood screen analysis 

CRP levels in blood plasma were measured using the CRP assay kit from Roche (Roche/Hitachi 

cobas c 311, cobas c 501/502, Catalogue number 07 6993 2). The CRP analysis was performed by 

LabPlus (http://www.labplus.co.nz/, Auckland, NZ). The lipid profile was also analysed was by 

LabPlus (http://www.labplus.co.nz/, Auckland, NZ) and included the following tests: total 

cholesterol, HDL-cholesterol, triglyceride LDL-cholesterol (calculated) and TC/HDL ratio 

(calculated). The FBC analysis included the following tests: red cell count (RBC) (E+12/L), 

haemocrit (Hct)%, mean cell volume (MCV) (fL), mean cell haemoglobin (MCH) (pg), basophils 

(E+9/L), haemoglobin (g/L), red cell distribution width (RDW)%, platelet count (E+9/L), immature 

granulocytes (E+9/L), white cell count (E+9/L), neutrophils (E+9/L), eosinophils (E+9/L), 

monocytes (E+9/L), and lymphocytes (E+9/L) 

4.4.4 Vitamin D analysis 

The samples were processed by the Christchurch based Canterbury Health Laboratories (Table 5.3). 

The method used was isotope-dilution liquid chromatography-tandem mass spectrometry (LCMS) 

which is recognised as the gold standard for the measurement of serum 25(OH)2D3 concentration 

(878).  

4.4.5 Fatty acid analysis (FAMEs) 

Due to the short time for each intervention phase of the two trials (four or six weeks), changes in 

fatty acids are most notable in serum, rather than in red blood cells, which are preferred for the 

omega-3 index as the sum of EPA and DHA in erythrocyte membranes and expressed as a 

percentage of total erythrocyte fatty acids.  [This index is used as a risk factor measure for coronary 

heart disease (886)]. The blood was collected and processed as shown in Table 4.3 and stored until 

the samples were analysed using the lipid profiling fatty acid methyl esters (FAMES) analysis. The 

method used was gas chromatography where esterification of lipids and injection, separation, 

identification and quantitation of the esters occurs (879). 

4.4.6 Transcriptomics  

There are three steps to this analysis. The first step is peripheral blood mononuclear cell (PBMC) 

isolation. The second step is RNA isolation and storage and the third step is gene expression 

microarray hybridization. 

http://www.labplus.co.nz/
http://www.labplus.co.nz/


Chapter 4. Material and methods 

105 

Peripheral blood mononuclear cell (PBMC) isolation 

8ml of whole blood was collected in a lavender ethylene diamine tetraacetic acid (EDTA) blood 

vacutainer tubes (Becton Dickinson (BD) catalogue number 367839). 8ml of room temperature 

Iscove’s modified Dulbecco’s medium (IMDM) (Sigma Aldrich catalogue number 13390 500ml) 

was added and mixed gently. 12.5ml Ficoll-Paque® Premium solution (Global Science and 

Technology catalogue number 17-5442-02) was added to a 50ml falcon centrifuge tube in a non-

illuminated biological cabinet. Using a 25ml serological pipette, 16ml of the diluted blood was 

slowly added so that the diluted blood layers did not mix with the Ficoll-Paque® Premium. The 

tube was centrifuged at 400 x g at room temperature for 30 mins. without brakes. The mononuclear 

cells as a buffy coat were then transferred into a clean 50ml Falcon centrifuge tube (In Vitro 

Technologies, catalogue number FAL352070) and IMDM added to a total volume of 50ml for cell 

washing. The tube was inverted to re-suspend the mononuclear cells.  The cells were centrifuged at 

800 x g, room temperature for 10 mins. The supernatant was carefully removed. The pellet was re-

suspended with fresh IMDM and topped up to 50ml. The cells were centrifuged at 800 x g, room 

temperature for 10 minutes. The supernatant was carefully removed. The cells were re-suspended 

in 1ml of fresh IMDM and transferred to a 1.8ml microcentrifuge tube and centrifuged at 800 x g, 

room temperature for 10 mins. The supernatant was carefully removed and cells re-suspended in an 

appropriate volume of RNAprotect Cell Reagent and vortexed to mix. This was then stored at -

80oC. 

RNA isolation and storage 

Total RNA was purified from stabilised PBMC cells which were isolated from EDTA whole blood 

obtained from the participants at T3 and T4 time points using the RNeasy MiniKit (Biostrategy 

RNA protect Cell Reagent- QIAGEN Bio-Strategy catalogue number 76526) with the following 

protocol.  

The samples of PMBC’s were completely thawed then resuspended in RNAprotect Reagent for five 

mins. followed by centrifuging at 5000xg at RT. The supernatant was removed by pipetting and the 

loosened pellet was dissolved in 350μl of Buffer RLT Plus. The pellet was completely dissolved by 

vortexing.  Once sufficiently resuspended the cells were counted using a haemocytometer (for 

<5x106 number of cells) or 600μl (for 5x106 – 1x107) number of cells. [For counting the cells were 

diluted 1:3 (100l cells + 300l PBS) and then 1:1 (10l:10l) dilution with trypan blue (0.4%)]. 

The lysate was pipetted into a QIAshredder spin column, placed in a 2ml collection tube, and 

centrifuged for two mins. at full speed. 1 volume of 70% ethanol was added to the flow-through 

and mixed well. 700μl of the sample, was transferred to an RNeasy spin column placed in a 2ml 
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collection tube, centrifuged for 30s at 10000 x g and the flow-through discarded. To wash the spin 

column membrane 350μl of Buffer RW1 was added to the RNeasy spin column, and centrifuged 

for 30s at 10000 x g and the flow-through discarded.  

10μl DNase I stock solution was added to 70μl Buffer RDD and mixed gently by inverting the tube. 

DNase I incubation mix (80μl) was added directly to the RNeasy spin column membrane, and 

incubated at room temperature for 15 minutes. 350μl Buffer RW1 was added to the RNeasy spin 

column, and centrifuged for 30s at 10000 x g, the flow-through was discarded. 500μl Buffer RPE 

was added to the RNeasy spin column and centrifuged for 30s at 10000 x and the flow-through 

discarded. 500μl Buffer RPE was added to the RNeasy spin column and centrifuged for two minutes 

at 10000 x g. The RNeasy spin column was placed in a new 2ml collection tube. This was 

centrifuged at full speed for one min. The RNeasy spin column was placed in a new 1.5ml collection 

tube and 30μl RNase free water added directly to the spin column membrane, incubated for one 

minute and then centrifuged for one min at 10000 x g to elute the RNA. 2μl of RNA was aliquoted 

for each of the Bioanalyser (2100 Bioanalyser Agilent) to assess the quality of the RNA and 

NanoDrop® (Thermo Scientific ND-1000 spectrophotometer) for the RNA Quantification. These 

analyses were performed according to the manufacturer’s protocols (887, 888). 

Gene expression arrays  

A concentration of >100ng/μl of RNA and a RNA quality indicator (RQI) of >8 are required. Gene 

expression arrays microarray hybridization was performed on GeneChip® PrimeView™ Human 

Gene Expression arrays (Affymetrix) following the manufacturer's protocol by The Ramaciotti 

Centre, University of New South Wales, Sydney, Australia, using the Affymetrix GeneChip® 

Instrument System.  

4.4.7 The comet assay 

Samples for the assay were collected for Project Three before and after each six-week intervention 

for each group and each treatment (Table 4.3). The single cell gel electrophoresis or comet assay 

was used to assess the stability of the DNA. Preparation of the fresh blood slides was carried out by 

topping a pre-agarose-coated (1% normal melting point agarose in Phosphate-buffered saline 

(PBS)) and dried slide with a mixture of 5μl of blood and 75μl of 0.5% low melting point (LMP) 

agarose in PBS. Cells were treated for analysis as previously described (889, 890). The presence of 

breaks in the DNA allows the DNA to extend toward the anode, resulting in a comet like image 

when stained with ethidium bromide and visualized under a fluorescence microscope (891). Comets 

were scored using a fluorescent Zeiss Axioskop2 microscope fitted with 100W mercury burner from 
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Osram, an excitation filter of 515–560nm and a barrier filter of 590nm, Evolution VF cooled 

monochrome camera kit from MediaCybernetics Bethesda, USA and Komet 6.0 Single Cell Gel 

Electrophoresis Analysis software from Andor Technology, Ireland. A total of 50 cells were scored 

for each subject for each treatment at a magnification of 200. The camera exposure time was set at 

40ms and the tail break length applied were 25μm. For all of these assays, tail length was taken 

from the centre of nucleus (892). An increase in tail length or tail moment provided evidence of an 

increased number of strand breaks in the nuclear DNA. All steps for the comet slide preparation 

were carried out in diffused light to prevent additional DNA damage (893).  

4.4.8 The carotenoid analysis 

The samples of 200µl aliquots of serum (Table 4.3) for each participant were stored in 

microcentrifuge tubes, at -80oC before sending as a batch to Plant and Food Research, Palmerston 

North NZ for analysis by UPLC/LCMS. 

4.4.9 The co-enzyme (ubiquinone) analysis 

The samples of 300µl aliquot of serum (Table 4.3) for each participant were stored in 

microcentrifuge tubes, at -80oC before sending as a batch to Plant and Food Research, Palmerston 

North NZ for analysis by LCMS. 

4.4.10 Lipid peroxidation 

The sample (Table 4.3) was mixed 8-10 times immediately after collection to ensure all the 

anticoagulant was thoroughly mixed with the blood sample. The samples were spun for 10 mins. at 

1000 x g at 4oC, then the plasma split into five 200µL aliquots, snap frozen in dry ice/ ethanol (or 

liquid nitrogen) and stored at -80o C before sending to Plant and Food Research for analysis. Here 

they were assayed for oxidised LDL by enzyme-linked immunosorbent assay (ELISA; Mercodia 

Version 12.0, lot 23328; Winston-Salem, NC, USA), as described by the manufacturer.  

4.4.11 Faecal calprotectin 

The calprotectin scoring was analysed using Bühleman’s Quantum Blue calprotectin quantitative 

lateral flow assay (Bühleman Laboratories AG, Taylor Bio-medical Pty Ltd Australia). This assay 

is designed to measure the calprotectin antigen by sandwich immunoassay. Faecal samples were 

collected in standard laboratory 20ml stool collection containers and stored frozen at -80oC until 

assay. To perform the assay each container was defrosted at 4-6 o C until the stool was soft enough 

to extract 100mg of stool. For stools from non IBD (healthy) participants (Project Two) this portion 

was pressed into an extraction tube and 4.0ml of the extraction buffer prepared according to the 
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manufacturer’s instructions was added and this was vortexed for one minute. A separate 300µl of 

buffer solution was pipetted into a microcentrifuge tube to which 20µl of faecal extract solution 

was added (1:16 dilution). This was centrifuged for one min. at 3000RPM. The test cartridge was 

placed into the calprotectin reader and the sample port of the test cartridge was loaded with 60µl of 

the diluted extract. The calprotectin reader was set in the ‘CAL_720’ mode. Once the liquid was 

absorbed by the cartridge it was advanced into the reader to incubate for 12 mins. before the score 

was read. 

For stools from participants with CD (IBD patients) this portion was pressed into an extraction tube, 

4.0ml of the extraction buffer provided by the manufacturer was added and vortexed for one min. 

A separate 3.0mL of chase buffer solution provided by the manufacturer was pipetted into a 5ml 

plastic tube to which 20µl of faecal extract solution was added (1:150 dilution). This was vortexed 

briefly and allowed to settle for 5-10 mins. The test cartridge was placed into the calprotectin reader 

and the sample port of the test cartridge was loaded with 80µl of the diluted extract. The calprotectin 

reader was set in the ‘CHR_900’ mode. Once the liquid was absorbed by the cartridge it was 

advanced into the reader to incubate for 15 minutes, before the score was read. 

4.4.12 Microbiota  

Stool samples from both clinical trials were processed using the same techniques. The first step for 

microbiota analysis is the DNA extraction from faeces. This was done using the PowerSoil DNA 

Isolation Kit (Mo Bio Laboratories, California, USA). This kit was used as recommended by the to 

the Human Microbiome Project standard operating procedures 

(http://www.hmpdacc.org/tools_protocols/tools_protocols.php). The contents of the PowerBead 

tubes in the kit were emptied into clean 1.5ml microcentrifuge tubes. An extract of 0.20g of faeces 

from each of the participants’ sample and 800µl of TN150 was added to the empty Powerbead 

tubes, and this was vortexed briefly and then centrifuged at 11,000 x g RCF for three min.  The 

supernatant was poured off and the PowerBeads from the microcentrifuge tubes were added. 60µl 

of Solution C1 provided by the manufacturer was added and vortexed briefly. The samples were 

then added to the MiniBeadbeater machine, secured with the cover plate, and run at maximum speed 

for three min. to disrupt the microbial cells. The tubes were then incubated on ice for five min. and 

then processed through the MiniBeadbeater machine once more for three min. and incubated again 

on ice for five min. The tubes were then centrifuged at 10,000 x g for 30 sec. The supernatant (400-

500µl) was transferred to a clean 2ml collection tube. 250µl of C2 solution provided by the 

manufacturer was added and vortexed for five sec. and incubated five min on ice. The tubes were 

then centrifuged at room temperature for one min at 10,000 x g. Avoiding the pellet, 600µl of 

http://www.hmpdacc.org/tools_protocols/tools_protocols.php
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supernatant was transferred to a clean 2ml collection tube. 200µl of Solution C3 provided by the 

manufacturer was then added and vortexed briefly. These tubes were then incubated a 4°C for five 

min on ice. After this these tubes were centrifuged at room temperature for one min at 10,000 x g. 

Avoiding the pellet, 750µl of supernatant was transferred into a clean 2ml collection tube. 

1200µl of Solution C4 provided by the manufacturer was added to the supernatant and vortexed for 

five sec. 675µl of this was pipetted onto a spin filter and centrifuged at 10,000 x g for one min at 

room temperature. The flow was discarded and an additional 675µl of supernatant was added to the 

spin filter and centrifuged at 10,000 x g for one min. at room temperature. The remaining 

supernatant was added to the spin filter and centrifuged at 10,000 x g for one min. 500µl of Solution 

C5 provided by the manufacturer was added and centrifuged at room temperature for 30 secs at 

10,000 x g. The flow through was discarded and the tube centrifuged again at room temperature for 

one min. at 10,000 x g. The spin filter was placed in a clean 2ml collection. C6 solution was heated 

in microwave 15s and 100µl of Solution C6 provided by the manufacturer was added to the centre 

of the white filter membrane. This tube was centrifuged at room temperature for 30sec. at 10,000 x 

g. The spin filter was discarded. The DNA was then assessed for quality using the Qubit® 

fluorimeter (Invitrogen Catalogue number Q32857) and the NanoDrop® (Thermo Scientific ND-

1000 spectrophotometer) measuring tools. These analyses were performed according to the 

manufacturer’s protocols (888, 894). 

The DNA samples were then outsourced (Argonne National Laboratories Illinois, USA) to analyse 

the DNA from the microbiota from the faecal samples using the High Taxonomic Fingerprint 

Microbiota Array (HTF-Microbi.Array). This is a DNA-microarray for the high taxonomic level 

fingerprint of the human intestinal microbiota. This implements the Ligase Detection Reaction 

(LDR) technology. This enzymatic in vitro reaction, based on the discriminative properties of the 

DNA ligation enzyme, requires the design of a pair of two adjacent oligonucleotides specific for 

each target sequence: a probe specific for the variation (called "Discriminating Probe", or DS) 

which carries a 5'-fluorescent label, and a second probe, named "Common Probe" (or CP), starting 

one base 3'-downstream of the DS that carries a 5'-phosphate group and a unique sequence named 

cZipCode at its 3'-end. The oligonucleotide probe pairs and a thermostable DNA ligase were used 

in a LDR reaction with previously PCR-amplified DNA fragments. This reaction was cycled to 

increase product yield. The LDR products, obtained only in presence of a perfectly matching 

template by action of the DNA ligase, were addressed to a precise location onto a Universal Array 

(UA), where a set of artificial sequences, called Zip-codes were arranged. These products carry both 

the fluorescent label and a unique cZipCode sequence and can be detected by laser scanning and 

identified according to their location within the array. The LDR approach is a highly specific and 
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sensitive assay for detecting single nucleotide variations; thus, differences of a single base along 

the 16S rRNA gene can be employed to distinguish different microbial lineages (895). The genomic 

DNA was submitted to Argonne National Laboratories for barcoded amplification of the V4 region 

of the bacterial 16S rRNA gene and sequencing on a MiSeq (Illumina) instrument.  

4.5 Statistical analysis 

4.5.1 Project One 

For the analysis of the associations between Illumina immunochip genotype data and nutrition data 

PLINK was used.  A p-value of less than 0.05 was considered significant. 

4.5.2 Project Two  

The fatty acid, vitamin D and C-reactive protein analysis 

The Shapiro test was used first to assess the normality of the data at each time point. A variable is 

not considered as normally distributed if the variable shows a not normal distribution at every single 

time point (Appendix Tables 1 and 2). Data analysis was then performed using different methods 

in order to identify compounds potentially affected by the interventions studied here. First, the 

general linear mixed model (GLMM) was applied. The GLMM produced was adjusted for gender, 

smoking status and BMI differences before and after the trial (Appendix Table 3). Second, the 

method reported by Hills and Armitage (896) for a quantitative response and interaction analysis 

(Appendix Tables 7 and 8)  was applied to calculate the effects of treatment (i.e. placebo and nutrient 

supplement) and period on each identified metabolite and in the washout time (Appendix Tables 8-

11) (Appendix Tables 4 and 5). This method was applied using the t distribution to compare the 

placebo and nutrient supplement as treatments for variables normally distributed; and we used the 

Mann-Whitney test for variables not normally distributed. Thirdly, the analysis of variance 

(ANOVA) within subject analysis was applied to calculate the effects of treatment and period on 

the identified compounds (Appendix Table 6). Fourthly, the t-Test was used to compare the 

abundance of the studied variables at individual time points. Parametric analyses were applied on 

the log-transformed data (log base 10) in order to increase the symmetry of the data. R software 

was used for statistical analyses and a p-value lower than 0.05 was considered significant (897). 

The gene transcription data analysis 

Affymetrix Primeview array data was read using the ‘affy’package in the statistical language R and 

normalised using the robust multi-array average (RMA) method (898). Quality assurance (QA) of 

the data showed that the data was of good quality and free of obvious artefacts or outliers. The 
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‘limma’ package was used to compare gene expression pre-and post-supplement, paired by 

participant code (899). 

The questionnaires and blood test results 

The stool and food variety questionnaires were analysed using IBM SPSS statistics 23. 

The blood test results were analysed using IBM SPSS statistics 23. 

The microbiota results 

Statistical comparisons for the analysis of the water content of the faecal material were carried out 

using the non-parametric Kruskal-Wallis test in prism7. DNA sequences were processed using the 

QIIME v. 1.9.1 and vsearch v.2.0.2 suite of programs (900, 901). Genus level taxonomy was 

obtained by filtering operational taxonomic unit (OTU) tables containing taxonomic data generated 

using the RDP classifier, extracting representative sequences and using BLAST to identify genus 

level matches, where possible, within the NCBI database. Alpha and beta-diversity analysis of 

phylogenetic data compared the coverage and richness (number of phylotypes), and similarity or 

difference in the composition of the stool microbiota between subjects and treatment groups. 

4.5.3 Project Three 

The microbiota analysis was processed as in Project Two. 

All other analysis was conducted using IBM SPSS statistics 23. 
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Chapter 5. Results  

This chapter describes the results for each of the three projects in turn. The first section describes 

the results of Project One on genotyping. The second section is on the results for the random control 

trial on healthy people and the third section is on the random control trial on people with CD.   

5.1 Project One: genotyping  

This project’ objective was to identify, in people with CD, the prevalence of variants of genes 

associated with poor absorption of betacarotene, (in the BCMO1 gene), low vitamin D 

concentrations (in the genes GC, NADSYN1, CYP24A1, CYP2R1), and variants associated with 

omega-three and six fatty acid uptake. These latter variants can affect serum levels (in FADS1, 

FADS2), total and LDL levels of cholesterol (in PPARA), cardiovascular risk and CD activity (in 

PPARG), colorectal adenoma (in XRCC1), and inflammation (in SCD).  

The genotypes of allelles relating to the SNPs  for these nutrients of interest were determined by 

custom SNP Sequenom MassARRAY analysis. The genotype frequency results of this analysis, 

presented as percentages, are below (Table 5.1). There were similar percentages of alleles in both 

groups for all the nutrients analysed. 

The frequencies of the two alleles in the BCMO1 gene (rs7501331 and rs12934922) were also 

determined. For the allele rs7501331 in those in the control group (n=650) and those with CD 

(n=417) are as follows. In the control group, the frequencies of the wild type C allele and the variant 

T allele were 79.2 and 20.8%, respectively. In the CD group, the frequencies of the wild type C 

allele and the variant T allele were 75.7 and 24.3%, respectively. The frequencies of alleles in 

rs12934922 (n=649 for control group and n=416 in the CD group) for the wild type A allele were 

57.2% and 56.8 % and for the variant T allele, 42.8 and 43.2% for the control and CD groups 

respectively.  
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Table 5.1 Percentages of genotypes for control and Crohn’s disease groups for each single nucleotide polymorphism investigated 

Gene  SNP  Nutrient Genotype 
% 
Control 
Group  

% CD 
group 

Genotype 
% 
Control 
Group  

% CD 
group 

Genotype 
% 
Control 
Group  

% CD group 

BCMO1 rs12934922  Beta-
carotene 

AA 32.25 32.45 AT 49.15 49.52 TT 18.64 18.03 

 rs7501331  CC 63.08 57.55 CT 32.15 36.21 TT 4.77 6.24 
GC rs2282679 Vitamin D AA 49.21 52.28 AC 40.88 35.73 CC 9.91 11.99 
 rs4588  AA 10.16 12.47 AC 41.25 36.21 CC 48.59 51.32 
 rs1155563  CC 10.49 13.04 CT 40.69 36.23 TT 48.83 50.72 
CYP24A1 rs16999131 Vitamin D CC 0.00 0.00 CG 0.31 0.00 GG 99.69 100.00 
CYP2R1 rs10741657 Vitamin D AA 17.05 16.07 AG 45.27 45.56 GG 37.21 38.37 
DHCR7NADSYN1 rs3829251 Vitamin D AA 2.93 1.91 AG 24.50 28.40 GG 72.57 69.69 
 rs12785878  GG 10.03 6.47 GT 37.77 39.81 TT 52.19 53.72 
AA rs174556 Omega-3 & 6 

FA 
CC 47.50 40.77 CT 39.06 46.52 TT 13.44 12.71 

FADS2 rs174570 Omega-3 & 6 
FA 

CC 72.54 75.96 CT 24.96 22.12 TT 2.50 1.92 

 rs2072114  AA 75.51 76.44 AG 22.15 20.67 GG 2.34 2.88 
 rs174583  CC 41.03 36.36 CT 43.21 48.09 TT 15.76 15.55 
 rs174589  CC 6.07 6.00 CG 32.04 36.45 GG 61.90 57.55 
PPARA rs4253728 Omega-3 & 6 

FA 
AA 5.43 6.24 AG 36.28 37.17 GG 58.29 56.59 

PPARG rs1801282  CC 77.41 74.34 CG 21.65 24.46 GG 0.93 1.20 
XRCC1 rs25487   AA 12.85 11.72 AG 46.87 51.44 GG 40.28 36.84 
SCD rs2060792 CRP levels & 

palmitoleic 
fatty acid 

 46.41 43.75 AG 44.12 46.88 GG 9.47 9.38 
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5.2 Project Two: nutrient trial with healthy participants 

This project’s objective was to assess the response of 30 normal healthy adults to a commercially 

available nutrient supplement containing vitamin D (25(OH)2D3) and long chain omega-3 fatty 

acids in contrast to a placebo (MCT) by measuring changes in key biomarkers. The study design 

was a double blinded, randomized, placebo, crossover intervention trial with matched groups (for 

gender, smoking status) run over a period of 12 weeks. The biomarkers measured were: faecal 

calprotectin and C-reactive protein (for inflammation), blood lipids, serum concentrations of fatty 

acids, vitamin D and carotenoids. Stool DNA was extracted and measured for microbiota changes. 

Shifts in genetic expression of known inflammatory genes were measured through transcriptomics. 

Personal data was also collected from stool diaries, quality of life and nutrition questionnaires. 

The study population (n=30) was recruited from Auckland, NZ, with an even gender selection and 

with ages between 20–60 years. The participants were randomised through a computer-generated 

table into groups A and B (Table 5.2). No participants were current smokers. 

Table 5.2 Characteristics of healthy participants when randomised into Groups A & B 

 Group A  Group B  

N 

Male 

15 

6 

15 

9 

Female 9 6 

Past smoker 4 1 

BMI 29.8 28.3 

Age -years 
(median) 49 50 

European 12 11 

Non- European 3 4 

Twenty-seven participants completed the whole trial, and 28 participants completed the first 

intervention and washout period. In the first intervention period of 28 days, Group A received the 

placebo while Group B received the nutrient supplement.  

5.2.1 Calprotectin analysis 

The results for the measurements for calprotectin scores (µg/g) are listed below (Table 5.3). 

Calprotectin scores (µg/g) of participants who took the nutrient supplement or the placebo were not 

significantly different. One participant started with a calprotectin score of 490µg/g but this fell to 

77.4µg/g after four weeks and was 18.6µg/g by the end of the trial. 
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Table 5.3 Healthy participant calprotectin score (µg/g) analysis of the nutrient and placebo interventions (t- 

test) 

Variable 
 

Mean 
Standard 

CI t (26) p 
Deviation 

Calprotectin Nutrient 4.17 97.90 -34.56, 42.90 -0.22 0.827 

  Placebo -0.07 29.43 -11.71, 11.58 -0.01 0.991 

5.2.2 C-reactive protein and fatty acid analysis 

A summary of p-values reported by the different statistical methods applied in this study is 

presented in Table 5.4. Groups A took the placebo first and Group B took the nutrient supplement 

first. The results of the Shapiro test show that CRP is the only variable not normally distributed at 

every time point.  

Individual results for Project Two indicate that only two people were consistently over the normal 

range for CRP. They started the trial at 16.0 and 11.0mg/L respectively and both these measures 

declined during the trial with their last readings being 10.0 and 7.0mg/L respectively (unpublished 

data).  

Table 5.4 Summary of p-values reported by the different statistical methods applied between nutrient and 

placebo interventions (healthy participants) 

 Analysis 1* Analysis 2**  Analysis 3***  Analysis 4**** 

p-values 

Variables GLMM          Treat. Period  Inter. Treat. Period Treat. Period 

C14 0.46 0.66 0.43  0.46 0.43 0.37 0.20 0.63 

C14.1 0.02 0.89 0.59  0.44 0.21 0.73 0.23 0.92 

C15 0.22 0.65 0.26  0.22 0.21 0.86 0.03 0.92 

C16 0.27 0.94 0.68  0.26 0.39 0.52 0.05 0.27 

C16.1 0.01 0.89 0.54  0.34 0.10 0.54 0.01 0.35 

C17 0.44 0.95 0.01  0.15 0.35 0.63 0.13 0.35 

C17.1.C9 0.17 1.00 0.32  0.07 0.23 0.82 0.01 1.00 

C18 0.39 0.08 0.70  0.48 0.56 0.81 0.35 0.43 

C18.1.cis.11 0.01 0.98 0.10  0.09 0.09 0.34 0.03 0.18 

C18.1.cis.9 0.61 1.00 0.08  0.44 0.02 0.73 0.00 0.94 

C18.1.trans.11 0.11 0.93 0.29  0.21 0.16 0.87 0.06 0.87 

C18.3.n3 0.72 0.92 0.16  0.49 0.58 0.57 0.39 0.57 

C20.0 0.05 0.91 0.23  0.08 0.15 0.45 0.09 0.67 

C20.1 0.46 1.00 0.25  0.23 0.01 0.60 0.01 0.55 

C20.3.n6 0.15 1.00 0.32  0.30 0.00 0.37 0.19 0.37 

C20.4.n6 1.00 0.61 0.86  0.45 0.49 0.48 0.75 0.49 

C20.5 6.68E-14 0.11 0.61  0.43 0.00 0.72 0.00 0.54 

C22.5 9.65E-09 0.06 0.13  0.26 0.00 0.09 0.00 0.06 
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 Analysis 1* Analysis 2**  Analysis 3***  Analysis 4**** 

p-values 

Variables GLMM          Treat. Period  Inter. Treat. Period Treat. Period 

C22.6 3.09E-09 0.02 0.36  0.34 0.00 0.68 0.00 0.45 

C24 0.73 0.59 0.88  0.25 0.98 0.16 0.99 0.30 

C24.1 0.80 0.25 0.91  0.36 0.69 0.41 0.81 0.50 

CLA 0.56 0.90 0.72  0.24 0.31 0.92 0.25 0.87 

CRP 0.01 0.83 0.45  0.24 0.06 0.94 0.19 0.67 

* Analysis 1: generalized linear mixed model. 

** Analysis 2: parametric (t distribution) method proposed by Hills and Armitage 1979. 

*** Analysis 3: non-parametric (Mann-Whitney) method proposed by Hills and Armitage 1979. 

**** Analysis 4: ANOVA within subjects. 

The GLMM analysis indicates that the nutrient supplement significantly decreased the fatty acid 

levels of C14.1 (myristoleic acid), C16.1 (palmitoleic acid), C18.1 cis 9 (Oleic acid) and 

significantly increased the fatty acid levels of C20.5, (EPA) C22.5, (DPA) and C22.6 (DHA) when 

compared to the placebo (Table 5.4. The GLMM analysis also suggests that the nutrient supplement 

produced a significant reduction in the CRP levels when compared to placebo (Table 5.3 and Figure 

5.1). 

 

Figure 5.1 Differences in C-reactive protein (mg/l) before and after the trial for the healthy participants 

consuming either the nutrient supplement or the placebo (general linear mixed model analysis) 

The method reported by Hills and Armitage (896) was then applied to calculate the effects of 

treatment and period on each identified metabolite and CRP. The results depicting the sum of fatty 

acids are shown in Figure 5.2. Results are shown also for EPA (20.5; Figure 5.3), DPA (22.5; Figure 
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5.40 and DHA (22.6; Figure 5.5).  In all these cases, supplementation with the nutrient supplement 

resulted in a significant increase of their plasma concentrations. Margaric acid (C17) (Figure 5.6) 

showed a potential period interaction which was not confirmed after the interaction analysis.  

 

Figure 5.2 Effect of treatment on sum of fatty acids in healthy particpants (Hills and Armitage analysis) 

*Graph: Group A (black) shows changes in the plasma concentrations. This group started with Placebo (T1-T2) then washout 
(T2-T3) then nutrient supplement (T3-T4) Group B (red) shows changes in the plasma concentrations. This group started with 
nutrient intervention (T1-T2) then washout (T2-T3) then placebo (T3-T4). 

**Histogram: Group A (black) shows the mean effect of changes in the plasma concentrations. This group started with the 
placebo intervention (T2-T1) then nutrient supplement (T4-T3). Group B (red) shows the mean effect of changes in the plasma 
concentrations. This group stared with nutrient supplement (T2-T1) then the placebo supplement. Group A yellow (who started 
with the placebo first) is the difference in fatty acid concentrations (T4-T1) for this group. Group B yellow (who started with the 
nutrient supplement first) is the difference in fatty acid concentrations (T4-T1) for this group. 

Log scale=µg fatty acid/ml 

 

Figure 5.3 Effect of treatment on C20.5 (eicosapentaenoic acid) in healthy participants (Hills and Armitage 

analysis)* 

*This figure shows the effect of treatment on C20.5 (Eicosapentaenoic acid) in the plasma. Group A (black lines) represent 
participants that started the experiment receiving Placebo (T1-T2) then washout (T2-T3) then nutrient supplement (T3-T4). 
Participants of Group B (red lines) started with nutrient intervention (T1-T2) then washout (T2-T3) then placebo (T3-T4). Solid 
lines indicate averages, while dashed lines represent the individual samples. (B) This figure shows the mean effect of changes in 
the concentration of sum of fatty acids between different time points (black and red bars) and their differences (yellow bars). 
Log scale=µg fatty acid/ml. 
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Figure 5.4 Effect of treatment on C22.5 (Docosapentaenoic acid) (Hills and Armitage analysis)* 

*This figure shows the effect of treatment on C22.5 (Docosapentaenoic acid) in the plasma. Group A (black lines) represent 
participants that started the experiment receiving Placebo (T1-T2) then washout (T2-T3) then nutrient supplement (T3-T4). 
Participants of Group B (red lines) started with nutrient intervention (T1-T2) then washout (T2-T3) then placebo (T3-T4). Solid 
lines indicate averages, while dashed lines represent the individual samples. (B) This figure shows the mean effect of changes in 
the concentration of sum of fatty acids between different time points (black and red bars) and their differences (yellow bars). 
Log scale=µg fatty acid/ml. 

 

Figure 5.5 Effect of treatment on C22.6 (docosahexaenoic acid) in healthy participants (Hills and Armitage 

analysis)*   

*This figure shows the effect of treatment on C22.6 (Docosahexaenoic acid) in the plasma. Group A (black lines) represent 

participants that started the experiment receiving Placebo (T1-T2) then washout (T2-T3) then nutrient supplement (T3-T4). 
Participants of Group B (red lines) started with nutrient intervention (T1-T2) then washout (T2-T3) then placebo (T3-T4). Solid 
lines indicate averages, while dashed lines represent the individual samples. (B) This figure shows the mean effect of changes in 
the concentration of sum of fatty acids between different time points (black and red bars) and their differences (yellow bars). 
Log scale=µg fatty acid/ml 
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Figure 5.6 Effect of period on C17 (margaric acid) in healthy participants (Hills and Armitage analysis)* 

* This figure shows the effect of period on C17 (margaric acid) in the plasma. Group A (black lines) represent participants that 
started the experiment receiving Placebo (T1-T2) then washout (T2-T3) then nutrient supplement (T3-T4). Participants of 
Group B (red lines) started with nutrient intervention (T1-T2) then washout (T2-T3) then placebo (T3-T4). Solid lines indicate 
averages, while dashed lines represent the individual samples. (B) This figure shows the mean effect of changes in the 
concentration of sum of fatty acids between different time points (black and red bars) and their differences (yellow bars). Log 
scale=µg fatty acid/ml 

The analysis based on ANOVA within subjects indicated that C15, C16, C16.1, C17.1.C9, 

C18.1.cis.11, C18.1.cis.9, C20.1, C20.5, C22.5 and C22.6 were significantly affected by treatment 

(Table 5.3). Using gender as an additional factor did not produce different results (unpublished 

data).  When the t-test was applied to individual time points for Groups A individually (Tables 

5.5and 5.6) before and after treatment, the EPA and DHA fatty acid levels increased significantly 

for both groups. DPA fatty acid levels increased significantly in those who took the placebo first. 

When the t-test was applied before and after the washout period, myristoleic acid (C14.1) levels 

showed a significant change in those who took the placebo first and there was a significant change 

for DHA fatty acid (C22.6) levels in the group who took the nutrient supplement first. When the t-

test was applied for the time points T1 and T3, C24.0 (lignoceric acid) fatty acid levels were 

significantly increased for the group who took the placebo first.  

When the t-test was applied on individual time points for both the groups combined (Table 5.6) 

there were no significant effects for those participants when they took the placebo but there were 

significant increases in the levels for the fatty acids EPA, DPA and DHA (C20.5, C22.5 and C22.6), 

when participants took the nutrient supplement. When t-tests were applied before and after the 

washout period (T2 and T3) EPA fatty acid levels showed a significant difference. When the t test 

was conducted at T1 and T3, lignoceric acid (C24) showed a significant difference. 
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Table 5.5 T-test on the two randomised groups (A & B) separated (healthy participants) 

Fatty Acid Group 
t-Test 

Placebo 
t-Test  

Treatment 
t-Test Washout 

T2-T3 
t-Test 
T1-T3 

C14 A 0.664 0.699 0.385 0.573 
C14 B 0.952 0.818 0.919 0.885 
C14.1 A 0.958 0.997 0.028 0.844 
C14.1 B 0.916 0.834 0.522 0.938 
C15 A 0.657 0.848 0.464 0.831 
C15 B 0.658 0.823 0.619 0.45 
C16 A 0.731 0.592 0.438 0.708 
C16 B 0.999 0.858 0.942 0.807 
C16.1 A 0.919 0.573 0.480 0.418 
C16.1 B 0.836 0.53 0.876 0.682 
C17 A 0.787 0.897 0.296 0.604 
C17 B 0.641 0.709 0.558 0.372 
C17.1.C9 A 0.393 0.958 0.568 0.987 
C17.1.C9 B 0.985 0.550 0.905 0.610 
C18 A 0.685 0.891 0.482 0.874 
C18 B 0.880 0.88 0.669 0.776 
C18.1.cis.11 A 0.924 0.657 0.378 0.483 
C18.1.cis.11 B 0.577 0.569 0.937 0.573 
C18.1.cis.9 A 0.689 0.617 0.443 0.777 
C18.1.cis.9 B 0.839 0.508 0.957 0.594 
C18.1.trans.11 A 0.485 0.941 0.553 0.752 
C18.1.trans.11 B 0.974 0.195 0.762 0.439 
C18.2.n6 A 0.569 0.705 0.651 0.915 
C18.2.n6 B 0.695 0.861 0.972 0.803 
C18.3.n3 A 0.745 0.803 0.523 0.699 
C18.3.n3 B 0.897 0.719 0.86 0.575 
C20.0 A 0.559 0.787 0.435 0.242 
C20.0 B 0.878 0.581 0.419 0.935 
C20.1 A 0.641 0.464 0.333 0.991 
C20.1 B 0.306 0.319 0.966 0.079 
C20.3.n6 A 0.643 0.41 0.835 0.719 
C20.3.n6 B 0.755 0.997 0.402 0.535 
C20.4.n6 A 0.975 0.521 0.686 0.660 
C20.4.n6 B 0.927 0.844 0.888 0.724 
C20.5 A 0.120 0 0.722 0.044 
C20.5 B 0.830 0 0.001 0.444 
C22.5 A 0.377 0.002 0.99 0.322 
C22.5 B 0.859 0.148 0.067 0.785 
C22.6 A 0.277 0 0.909 0.224 
C22.6 B 0.951 0.032 0.044 0.557 
C24 A 0.444 0.922 0.162 0.030 
C24 B 0.948 0.399 0.729 0.298 
C24.1 A 0.968 0.49 0.178 0.072 
C24.1 B 0.482 0.188 0.379 0.784 
CLA A 0.879 0.773 0.680 0.764 
CLA B 0.789 0.417 0.757 0.589 
CRP A 0.419 0.233 0.320 0.166 
CRP B 0.430 0.889 0.251 0.297 

A = group starting with Placebo first; 

B = group starting with nutrient supplement first 
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Table 5.6 T-test on the two randomised groups (A & B) combined (healthy participants) 

Fatty Acid t-Test Placebo 
t-Test 

Treatment t-Test Washout T2-T3 
t-Test  
T1-T3 

C14 0.702 0.676 0.595 0.636 
C14.1 0.907 0.831 0.867 0.964 
C15 0.52 0.762 0.368 0.479 
C16 0.814 0.649 0.596 0.673 
C16.1 0.823 0.393 0.750 0.444 
C17 0.598 0.827 0.263 0.296 
C17.1.C9 0.534 0.601 0.757 0.653 
C18 0.710 0.966 0.457 0.737 
C18.1.cis.11 0.633 0.466 0.610 0.384 
C18.1.cis.9 0.656 0.394 0.628 0.539 
C18.1.trans.11 0.554 0.365 0.806 0.76 
C18.2.n6 0.491 0.926 0.812 0.792 
C18.3.n3 0.745 0.889 0.583 0.483 
C20.0 0.674 0.528 0.901 0.637 
C20.1 0.284 0.217 0.505 0.206 
C20.3.n6 0.568 0.582 0.705 0.491 
C20.4.n6 0.987 0.866 0.677 0.562 
C20.5 0.352 0 0.004 0.734 
C22.5 0.614 0.003 0.143 0.367 
C22.6 0.459 0 0.078 0.724 
C24 0.664 0.694 0.178 0.019 
C24.1 0.668 0.832 0.601 0.135 
CLA 0.961 0.414 0.891 0.533 
CRP 0.295 0.624 0.811 0.878 

When the data for the Omega Three Index was summarised – the results showed a significant change 

when both groups took the nutrient supplement (Figure 5.7) 

 

Figure 5.7 Omega three index summary*(healthy participants) 

* This figure shows a summary of the Omega Three Index. Group A (black lines) represent participants that started 
the experiment receiving Placebo (T1-T2) then washout (T2-T3) then nutrient supplement (T3-T4). Participants of Group B (red 
lines) started with nutrient intervention (T1-T2) then washout (T2-T3) then placebo (T3-T4). Solid lines indicate averages, while 
dashed lines represent the individual samples. (B) This figure shows the mean effect of changes in the concentration of sum of 
fatty acids between different time points (black and red bars) and their differences (yellow bars). Log scale=µg fatty acid/ml 
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5.2.3 Microbiota analysis 

These are analysed with Project Three results. 

5.2.4 Vitamin D analysis 

For participants taking the nutrient supplement the GLMM and analysis indicated that there were 

significant increases in serum concentrations of 25(OH)D3 compared to the placebo.  The Mills 

Armitage Log Transformed analysis also showed a significant result with those taking the nutrient 

supplement first (Table 5.7). Table 5.7 gives a summary of vitamin D results (nmol/L). 

Table 5.7 Summary of treatment, washout and period effects on vitamin D (nmol/L) reported by the different 

statistical methods applied in this study (healthy participants) 

Treatment effect GLMM Analysis    

Intervention Estimate s.e. p value 95% CI   

Vitamin D 

Placebo 

5.66 

-8.51 

2.87 

2.82 

0.0001 

 

8.90-19.43  

                 

Treatment effect Mills Armitage Log Transformed    

 Intervention Variance s.e. d.f. t p value 95% CI 

Vitamin D 0.0535 0.0445 25 5.353 7.5E-06 0.33,0.15 

   Washout -Period Mills Armitage Log Transformed    

Intervention Variance s.e. d.f. t p value 95% CI 

Vitamin D 0.0589 0.0467 25 -1.440 0.919 0.03, -0.16 

Washout -Treatment Mills Armitage Log Transformed    

Intervention Variance s.e. d.f. t p value 95% CI 

Vitamin D 0.0589 0.0467 25 1.107 0.139 0.15, -0.04 

Washout Summary Mills Armitage Log Transformed    

Intervention 
p Value 
Treatment 

p Value 
Period     

Vitamin D 0.139 0.919     

Period Mills Armitage Log Transformed    

Intervention Variance s.e. d.f. t p value 95% CI 

Vitamin D 0.0535 0.0445 25 -1.306 9.0E-01 0.03, -0.15 

5.2.5 CoQ10 (ubiquinone) analysis 

Measurement of serum levels of CoQ10 throughout the trial was an effective measure of dietary 

compliance. Of the 26 participants who supplied four serum samples, 22 could be assigned to the 

nutrient or placebo groups. One subject could also be categorised with only two samples supplied. 

However, three subjects were grouped as undetermined (Figure 5.9).  

Decoding revealed the categorisation for nutrient and placebo was correct except for one participant 

who was on the placebo in the first phase of the trial.  In the trial CoQ10 levels were shown to 
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significantly increase when participants took the nutrient supplement.  However, there was no 

significant difference in levels when participants were on the placebo (Table 5.8).  

 

Figure 5.8 Ratio of total CoQ10 detected in serum (nM) at T2 and T4 relative to basal total Q10 T1 for each 

individual across full data set (healthy participants).  Ratio total = CoQ10H2/CoQ10 in serum (nM) 

Table 5.8 CoQ10 (nM) levels analysis of healthy participants in nutrient and placebo interventions (t-test)  

Variant Mean 
Standard  

Deviation 
CI t (25) p 

Nutrient 1.73 1.06 1.30,2.15 8.33 1.11E-08 

Placebo 0.03 0.27 -0.09,0.14 0.48 0.64 

5.2.6 Carotenoid analysis 

Table 5.9 shows the results of the nutrient supplement and placebo intervention on the carotenoid 

levels. Participants taking the nutrient showed a significant difference in lutein levels and significant 

decrease in beta-carotene levels but no significant difference in lycopene levels. When participants 

took the placebo, there were no significant differences in lutein, beta-carotene, or lycopene levels. 
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Table 5.9 Carotenoid serum level (µg/mL) analysis of the healthy participants with nutrient and placebo 

interventions (t-test) 

Variant   Mean Standard  95% CI   t (26) P 
Deviation     

Lutein Nutrient 0.39 0.32  0.26, 0.52 6.37 9.59E-07 
 Placebo -0.03 0.13 -0.08, 0.02  -1.21 0.238 
        
Beta 
carotene 

Nutrient -0.39 0.79 -0.70, -0.07   -2.54 0.018 

    Placebo -0.20 1.07 -0.62, 0.22  0.97 0.340 
        
Lycopene Nutrient -0.15 0.54 -0.37, 0.06  -1.46 0.157 
  Placebo 0.18 0.51 -0.02, 0.38                        1.88 0.071 

5.2.7 Lipid profile analysis 

Table 5.10 shows the p values for the lipid levels when participants were on the nutrient supplement 

and when they were on the placebo. There were significant differences in HDL levels and the 

Chol/HDL ratio when participants took the nutrient supplement.  However, when the participants 

took the placebo capsule there were no significant differences to the lipid levels.  

Table 5.10 Lipid profile analysis (healthy participants) 

Variant   Mean  Standard  CI  T (26) p 

 Deviation 

HDL Nutrient 0.08  0.15   0.0204, 0.1426  2.74 0.011 

 Placebo -0.03  0.21 -0.1147, 0.0480 -0.84 0.407 

LDL Nutrient 0.07  0.34 -0.0615, 0.2096  1.12 0.272 

 Placebo -0.10  0.50 -0.2984, 0.0984 -1.04 0.310 

Triglycerides Nutrient -0.09  0.32 -0.2165, 0.0388 -1.43 0.164 

 Placebo 0.09  0.26 -0.0187, 0.1891  1.69 0.104 

Chol Nutrient -0.01  0.46 -0.1970, 0.1674 -0.17 0.869 

 Placebo 0.04  0.58 -0.1842, 0.2731  0.40 0.693 

Chol/HDL Nutrient -0.16  0.27 -0.2627, -0.0484 -2.98 0.006 

  Placebo 0.01  0.42 -0.1554, 0.1776  0.14 0.892 

5.2.8 Lipid peroxidation analysis 

Lipid peroxidation is a measure (described in chapter 4.3.9) used as an indicator of the amount of 

oxidative damage of the lipids by free radicals in the body at each time point. Significant differences 

while taking the nutrient supplement or placebo would show if any oxidative damage has occurred.  

A higher presence of free radicals is an indicator of ill health (883).  

Participants who were given nutrient and placebo capsules provided blood samples which were 

assayed for serum lipid peroxidation levels. A standard curve of calibrator standards, produced by 
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cubic spline fit, was generated for every assay run. Results (Figure 5.10 and Table 5.11) for the 

lipid peroxidation were expressed in U/L, the arbitrary units as defined by the manufacturer.   

 

Figure 5.9 Oxidised LDL levels in plasma samples (healthy participants) 

There was no significant difference in the levels for lipid peroxidation when participants took the 

nutrient supplement or the placebo. 

Table 5.11 Lipid peroxidation (U/L) level analysis of nutrient and placebo interventions in healthy subjects (t-

test) 

Variant   Mean Standard deviation 95% CI t (26) P 

Lipid Peroxidation Nutrient 1.11 21.25 -7.29, 9.52 0.27 0.788 

 Placebo 3.79 22.04 -4.93-12.51 0.89 0.380 

5.2.9 Full blood count analysis 

The full blood count measure was used as a ‘safety check’ and applied at the beginning and end of 

the trial. To measure whether those participating in the trial had been affected by the interventions, 

individual participants were assessed to see if they showed any significant differences in their blood 

count results from the beginning and at the end of the trial. There were significant differences for 

the red cell count, haemocrit, mean cell volume, mean cell haemoglobin and basophils (Table 5.12). 

Results were then analysed for those who in the last phase took the nutrient supplement or the 

placebo to identify if they were in the normal range (Table 5.13). No individuals moved into values 

higher than the normal range. 
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Table 5.12 Blood test p-values reported for healthy participants at different trial times (t-test) 

Blood test 

p values for 
individual 
participants results 
from T1(start of 
trial) to T4(end of 
trial) 

p values for 
individual 
participants results 
who finished trial on 
Nutrient supplement 

p values for 
individual 
participants 
results who 
finished trial on 
the placebo 

Red Cell Count (RBC) (E+12/L) 0.0035* 0.0328* 0.0474* 

Haemocrit (Hct) % 0.0001* 0.0008* 0.0131* 

Mean cell volume (MCV) (fL) 8.02E-08* 1.667-05* 0.0016* 

Mean cell haemoglobin (MCH) (pg) 0.0021+ 0.0032+ 0.1901+ 

Basophils (E+9/L) 0.0002+ 0.0285+ 0.0021+ 

Haemoglobin (g/L) 0.0871 0.5096 0.1143 

Red cell distribution width (RDW) % 0.6305 0.7946 0.6765 

Platelet Count (E+9/L) 0.2423 0.4888 0.3599 

Immature granulocytes (E+9/L) 0.5417 0.7752 0.2642 

White Cell Count (E+9/L) 0.3156 0.2850 0.6676 

Neutrophils (E+9/L) 0.8756 0.9165 0.6917 

Eosinophils (E+9/L) 0.1669 0.3223 0.3618 

Monocytes (E+9/L) 0.4298 0.5148 0.6237 

Lymphocytes (E+9/L) 0.0473 0.2436 0.1232 

* associated with a decreasing value   

  + associated with an increasing value 

Table 5.13 Healthy participants (n) for whom blood tests differed significantly (p <0.05) from normal range (t-

test) 

Blood test 
Normal 
range 

Participants who 
finished on 
supplement and 
declined below 
normal range 

Numbers who 
dropped below 
normal range 
who finished on 
the placebo 

Numbers who 
rose to normal 
range who 
finished on the 
Nutrient 
supplement 

Numbers who 
rose to normal 
range who 
finished on the 
placebo 

RBC 4.3 - 6.0 1 1 2 1 

Hct 0.40 - 0.52 3 3 0 0 

MCV 80-99 0 0 0 0 

MCH 27 - 33 0 0 0 0 
Basophils  0.0 - 0.2 0 0 0 0 

5.2.10 Transcriptomics analysis 

The purpose of this analysis (described in chapter 4. 3.5) was to map the expression of identified 

genes, relevant to inflammation, to determine if the intervention has initiated a shift in the 

expression of these genes.  
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Gene expression changes from the nutrient supplement 

Following dietary supplementation with the nutrient supplement, only CD16b was significantly 

differentially expressed over the 4-week intervention. Fold change -2, (p value = 0.0069), but not 

significant after multiple testing correction, (adj p value = 0.999). 

Gene expression changes between the nutrient and placebo supplementation 

Multiple genes (37) were differentially expressed with a fold change above ±1.5 (Table 5.14), but 

these differences were not significant after multiple testing corrections were applied. Eight of those 

genes (CD8B1, HLA-C, HLA-DPB1, HLA-DQB1, HLA-DRB4, IGHA1, IGHA2, S100B) are 

involved in the immune response, including four members of the HLA family of genes (HLA-C, 

HLA-DPB1, HLA-DQB1, HLA-DRB4), which are responsible for the regulation of the immune 

system. Table 5.15 shows the genes most strongly down-regulated following four weeks nutrient 

supplementation relative to the placebo. Table 5.16 shows selected examples of differential gene 

expression relevant to the nutrient supplement, although none of these changes was statistically 

significant. 
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Table 5.14 Genes most strongly up-regulated: nutrient supplementation relative to placebo (four weeks) (healthy participants) 

Fold change p value Gene name 

3.0314 0.1304 major histocompatibility complex, class II, DP beta 1 

2.7170 0.0332 phosphoserine phosphatase 

2.5140 0.3203 ribosomal protein S4, Y-linked 1 

2.2658 0.3489 DEAD (Asp-Glu-Ala-Asp) box polypeptide 3, Y-linked 

2.2099 0.2407 major histocompatibility complex, class II, DR beta 4 /// HLA class II histocompatibility antigen, DR beta 4 chain-like 

2.0734 0.3183 eukaryotic translation initiation factor 1A, Y-linked 

1.9670 0.0123 up-regulated during skeletal muscle growth 5 homolog (mouse) 

1.8934 0.3145 lysine (K)-specific demethylase 5D 

1.8609 0.0029 neuregulin 1 

1.8327 0.0140 Myosin, light chain 4, alkali; atrial, embryonic 

1.8075 0.3030 lysine (K)-specific demethylase 5D 

1.7544 0.0546 S100 calcium binding protein B 

1.7219 0.1933 urotensin 2 

1.6575 0.1155 PDZK1 interacting protein 1 

1.6313 0.0027 carboxypeptidase A5 

1.6313 0.3196 chromosome Y open reading frame 15B 

1.5955 0.3992 ubiquitin specific peptidase 9, Y-linked 

1.5889 0.0060 CD8b molecule 

1.5856 0.0991 zinc finger protein 506 

1.5845 0.3352 zinc finger protein, Y-linked 

1.5735 0.5348 signal-regulatory protein beta 1 

1.5637 0.2803 ubiquitously transcribed tetratricopeptide repeat gene, Y-linked 

1.5422 0.3616 chromosome Y open reading frame 15A 

1.5411 0.2688 haemoglobin, delta 

1.5369 0.0450 zinc finger protein 683 

1.5347 0.1787 ovostatin homolog 2-like /// ovostatin 2 
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Table 5.15 Genes most strongly down-regulated: nutrient supplementation relative to placebo (four weeks) (healthy participants) 

Fold change p value Gene name 

-2.9485 0.3011 X (inactive)-specific transcript (non-protein coding) 

-2.3070 0.3529 major histocompatibility complex, class I, C 

-1.6268 0.1747 major histocompatibility complex, class II, DQ beta 1 

-1.6211 0.0430 immunoglobulin heavy constant alpha 1 /// immunoglobulin heavy constant alpha 2 (A2m marker) /// hypothetical LOC100126583 

-1.6088 0.1991 haemoglobin, gamma A /// haemoglobin, gamma G 

-1.5347 0.0299 zinc finger protein 718 

-1.5305 0.0062 transmembrane and tetratricopeptide repeat containing 1 

-1.5168 0.3778 myomesin (M-protein) 2, 165kDa 

-1.5021 0.0464 chromosome 6 open reading frame 105 

Table 5.16 Examples of differential gene expression relevant to the nutrient supplement (healthy participants) 

Fold change p value Gene Gene name 

1.2226 0.0735 FADS1 fatty acid desaturase 1 

1.1942 0.2008 FADS2 fatty acid desaturase 2 

1.0454 0.6436 FADS3 fatty acid desaturase 3 

-1.1011 0.1076 PPARA peroxisome proliferator-activated receptor alpha 

-1.0622 0.2090 PPARG peroxisome proliferator-activated receptor gamma 

1.0504 0.1591 APOA5 apolipoprotein A-V 

1.0733 0.6114 FFAR2 free fatty acid receptor 2 

1.0446 0.4664 DHCR7 7-dehydrocholesterol reductase 

-1.0644 0.2605 CYP24A1 cytochrome P450, family 24, subfamily A, polypeptide 1 

1.0607 0.1798 CYP2R1 cytochrome P450, family 2, subfamily R, polypeptide 1 
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5.2.11 Questionnaire analysis 

Quality of life score (QoL) 

There were no significant differences in the QoL scores for participants on the nutrient supplement 

(Table 5.17). One participant was excluded because there were incomplete records.  

Food variety score  

Three participants who completed the trial had insufficient data so were removed from the analysis. 

The four food variety scores (FVSs) of each participant for each phase of the trial were summed 

and averaged.  Then the scores were statistically analysed using a paired sample t test.  There was 

a significant difference in the scores for food variety for participants when they were on the nutrient 

supplement (Table 5.17). When the data were analysed between week one and four for the nutrient 

supplement there was a significant change (p=0.0006) but not with the MCT control (p= 0.6188). 

When the scores for the last week of the nutrient supplement were compared with those of the first 

week of the control - i.e. the washout period – there was also no significant difference in the food 

variety scores (p<0.45). 

Stool questionnaire 

The stools of participants were analysed for the three phases of the trial: while on the nutrient 

supplement, the washout period and while they were on the placebo.  The participants were asked 

to keep daily records during each phase and these were summed and averaged. There was only one 

significant difference (Table 5.17) with an increased volume for stool output while taking the 

placebo as compared to when participants were in the washout period. Three participants’ results 

were not included because of incomplete data sets.  
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Table 5.17 Quality of life, food variety scores and stool questionnaire analysis of the nutrient and placebo 

interventions with healthy participants (t-test) 

Variant   Mean Standard  95% CI t (25) P 

Deviation 

Quality of Life 
(1-10) 

Nutrient    0.33 1.48 -0.27, 0.93  1.12 0.272 

  Placebo  -0.08 0.78 -0.39, 0.24 -0.50 0.621 

     t (23)  

Food variety score 
(1-30) 

Nutrient 
 

2.71 3.32   1.31, 4.11 4.00 0.001 

 Placebo  0.46 4.45 -1.42, 2.34 0.50 0.619 

Stools: 
Volume: lots=3, 
medium=2, small=1 

Nutrient: 
Volume/day 

-0.04 0.63 -0.31-0.23 -0.33 0.746 

 Placebo: 
Volume/day 

0.17 0.38  0.01-0.33  2.15 0.042 

Ease: hard=3, ok=2, 
easy=1 

Nutrient: 
Ease/day 

0.01 0.35 -0.14-0.15  0.11 0.912 

 Placebo: 
Ease/day 

  -0.01 0.18 -0.09-0.07 -0.29 0.777 

Frequency: 
No. of times/day 

Nutrient: 
Frequency/ 
day 

0.06 0.27 -0.06-0.17  1.02 0.321 

 Placebo:  
Frequency/ 
day 

0.04 0.22  -0.06-0.13  0.84 0.410 

Consistency: 
hard=4, medium=3, 
soft=2, runny=1 

Nutrient: 
Consistency/ 
day 

0.09 0.49 -0.12-0.29  0.88 0.388 

 

Placebo 
Consistency 

-0.11 0.57   0.36-0.13 -0.97 0.343 

5.2.12 Nutrition questionnaire on line 

The nutrition questionnaire unfortunately was only completed by about half the group (Table 5.18). 

This is why the no-answer rate was high. The selections of food in the questionnaire reflected what 

was commonly available in NZ. The breads and cereal group included 31 choices (Table 5.18). 

These included a wide range of risen and flat breads, a wide range of cereals including breakfast 

ones, gluten free, and grains.  Fruits included different varieties of berries, dried fruit, stone fruit, 

citrus, pip fruit, Kiwi fruit, tamarillos, figs, bananas, and melon. The vegetable range was extensive 

and allowed for the different cooking methods. For example, potatoes were listed separately as 

boiled, baked, fried, roasted or as chips. Avocado was included in the vegetable section. Mixed 

dishes included a range of meat, chicken, pasta, Indian and Thai dishes with vegetables. Snacks 

included cakes, biscuits, and a variety of crackers, muesli bars, donuts, muffins, scones and 
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pancakes. Drinks included a variety of juices, sodas, tea, coffee, water and alcoholic beverages. 

Alternative protein included tofu, dried beans, chickpeas and baked beans. 

Table 5.18 Responses to foods eaten (%) to the on-line nutrition questionnaire by healthy participants 

Food Response   %  
Control 
(n=11) 

  Food Response   % 
Control 
(n=11) 

Breads and   No difference  22.4   Fish No difference  14.7 
Cereals Do not eat  9.3   N=19, CD Do not eat  20.3 
N=31 Adverse  4.8   N=9, Controls Adverse  0.4 

 Beneficial  1.3    Beneficial  0.0 
  No answer  62.2     No answer  64.5 

Cake and No difference  29.2   Dairy Products No difference  20.5 
Biscuits Do not eat  3.1   and Do not eat  13.3 
N=12, CD Adverse  5.6   Eggs Adverse  3.0 
N=11, Control Beneficial  0   N=16, CD Beneficial  0.9 
  No answer  62.1   N=15, control No answer  62.3 

Fruit No difference  20.2   Mixed Dishes No difference  21.4 
N=26 Do not eat  7.8   N=14 Do not eat  9.6 

 Adverse  2.4    Adverse  5.9 
 Beneficial  7.6    Beneficial  1.0 

  No answer  62.0     No answer  62.1 

Vegetables No difference  19.7   Snacks No difference  25.9 
 Do not eat  9.2   N=8 Do not eat  9.1 

N=54 Adverse  3.4    Adverse  2.6 
 Beneficial  5.6    Beneficial  0.4 

  No answer  62.1     No answer   62.1 

Nuts and  No difference  26.4   Spreads No difference  26.9 
Seeds Do not eat  8.3   Sauces Do not eat  10.0 
N=15 Adverse  0.7   N=21 Adverse  0.7 

 Beneficial  2.5    Beneficial  0.3 
  No answer  62.1     No answer  62.1 

Herbs and No difference  25.7   Drinks No difference  17.2 
Spices Do not eat  5.0   N=15 Do not eat  14.9 
N=29 Adverse  0.4    Adverse  3.9 

 Beneficial  6.9    Beneficial  1.8 
  No answer  62.1     No answer  62.1 

Meats No difference  23.9   Alternative  No difference  7.9 
N=18 Do not eat  9.0   Protein Do not eat  8.8 

 Adverse  1.3   N=5 Adverse  3.3 
 Beneficial  0.2    Beneficial  0.8 

  No answer  65.5     No answer  79.2 

The range of ‘no difference’ varied between 7.9% (alternative protein) and 29.2% (cakes 

and biscuits). The range of ‘do not eat’ varied between 3.1% (cakes and biscuits) and 20.3% 

(fish). The range of adverse reactions varied between 0.4% (herbs and spices) and 5.9% 

(mixed dishes). The beneficial reactions were 0% for (cakes, biscuits and fish) and 7.6% 

(fruit). 
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5.3 Project Three: nutrient trial with Crohn’s disease  

The objective of Project Three was to assess the response of 30 adults with CD who have had their 

genotypes characterised (selected from the NuNZ data base) to the same nutrient supplement as in 

the first trial. The same study design was employed (double blinded random control trial) but over 

a longer time frame of 18 weeks. A different placebo was also used (a refined fish oil) instead of 

the MCT. This was because the Project Two results indicated the MCT placebo was not acting in a 

neutral way (902). The biomarkers measured were: Faecal calprotectin and CRP (for inflammation), 

blood lipids, serum concentrations of fatty acids, and vitamin D. Stool DNA was extracted and 

measured for microbiota changes. The comet assay was used to assess the stability of the DNA 

instead of measuring shifts in genetic expression through transcriptomics. Personal data was also 

collected from stool diaries, quality of life and nutrition questionnaires. 

The study population that engaged in the study (n=27), was aged between 20–65 years and living 

in the Auckland, NZ. They were recruited from the NuNZ database which had their genotypes 

identified and disease expression (CD) verified. These participants who consented to participate 

were randomised through a computer-generated table into group A who took the placebo first and 

Group B who took the nutrient supplement first (Table 5.19). Twenty-five completed the first phase 

and twenty-four completed the whole trial. Their demographics are listed in Table 5.20. Two people 

left the trial after their first sample collection (T1) for business and health issues respectively. The 

third person left the trial after T2 sample collection as they were also too busy. 

Table 5.19 Characteristics of randomised study population with Crohn’s disease 

  Group A Group B 

N 

Male 

14 

  5 

13 

  4 

Female   9   9 

Current Smoker   2   0 

Past smoker   3   5 

BMI 26.8 26.6 

Age –years 
(median) 48 47.5 

European 14 13 
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Table 5.20 Characteristics of participants with Crohn’s disease* 

Demographics 

  Number % 

Gender Male 7 28 

 Female 17 68 

Age of diagnosis 

 <17 (A1) 1 4 

 17–40 (A2) 22 92 

 >40 (A3) 1 4 

Family history   

 Yes 3 12 

 No 5 20 

 Missing 17 68 

Smoking status   

 Smoker 2 8 

 Ex-smoker 7 28 

  Non-smoker 16 64 

Phenotypes 

Disease location   

 OGD 0 0 

 Jejunal 1 4 

 Ileal 9 36 

 Colonic 7 28 

 Ileal-Colonic 6 24 

 Rectal 1 4 

 Anal 1 4 

Disease behaviour   

 Inflammatory  13 52 

 Stenotic 10 40 

 Fistulating 4 16 

 Peri-anal 4 16 

 Other 0 0 

Surgery                     None 9 36 

 Yes 17 68 

EIM/Other disorders 

 Joints 4 17 

 Skin 3 13 

  Eyes 0 0 

Infant History 

Breast fed  15 63 

Caesarean Section 1 4 

Abbreviation: OGD, Oesophagogastroduodenoscopy 

*Participants who completed the trial 
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5.3.1 Calprotectin analysis 

The statistical analysis of the results for the calprotectin scores (µg/g) is listed below (Table 5.21). 

One less sample was provided for the nutrient phase. There were no significant differences in 

calprotectin scores for participants when they took the nutrient supplement or the placebo. About 

50% of the participants had scores of less than 150µg/g indicating they were in the normal or 

clinically inactive phase. The others scores fluctuated through the trial with only one participant 

consistently rising through the 18 weeks with readings of 50, 497, 1043 and 5578µg/g through the 

consecutive time points. 

Table 5.21 Calprotectin score (µg/g) analysis of the nutrient and placebo interventions with Crohn’s disease 

participants (t-test) 

Variant   Mean 
Standard 
Deviation CI t (22) p 

Calprotectin Nutrient -14.32 369.56 -174.13, 145.49 -.186 0.854 

  Mean 
Standard 
Deviation CI  t (23) p 

 Placebo 301.56 1016.95 -127.86, 730.98   1.45 0.160 

5.3.2 C-reactive protein and fatty acid analysis  

The statistical analysis of the results for the CRP scores (mg/L) are listed below (Table 5.22) and 

showed no significant differences in CRP scores for when participants took the nutrient supplement 

and when they took the placebo. However, six of the fatty acids showed significant differences (Table 

5.22). Individual CRP results indicate that only three people were consistently over the normal range 

for CRP. They started the trial with 3.8, 4.7 and 6.2mg/L respectively and finished the trial on 4.6, 

6.5 and 8.0mg/L respectively (unpublished data). 

  



Chapter 5. Results 

137 

Table 5.22 C-reactive protein score (mg/L) and fatty acid analysis of the nutrient and placebo interventions 

with Crohn’s disease participants (t-test) 

Variant   Mean Standard 
Deviation 

CI t (23) p 

CRP Nutrient 
Placebo 

0.14 

1.03 
 

2.99 

5.56 
 

-1.10, 1.38 
-1.31, 3.38 

0.23 

0.37 
 

0.82 

0.37 
 

Myristic Acid (C14:0) Nutrient  -2.81 28.54 -14.86, 9.24 -0.48 0.63 

 Placebo   9.65 23.27 -0.18, 19.48  2.03 0.05 

Heptadecenoic Acid 
(C17:1) 

Nutrient   0.63   1.41   0.04, 1.23  2.20 0.04 

 Placebo   0.37   1.92 -0.44, 1.18  0.95 0.35 

Dihomo-gamma-
linolenic acid  

Nutrient -7.15 10.73 -11.68, -
2.62 

-3.26 0.003 

(C20:3 n6) Placebo   1.28 10.73 -3.26, 5.81  0.58 0.57 

EPA (C20:5) Nutrient 39.25 36.27 23.93, 54.56  5.30 2.20E-05 

 Placebo 19.38 17.48 12.00, 26.76  5.43 1.60E-05 

DPA (C22:5) Nutrient   3.37   5.73   0.95, 5.79  2.88 0.01 

 Placebo   2.73   4.53   0.81, 4.64  2.95 0.01 

DHA (C22:6) Nutrient 23.80 30.63 10.86, 36.73  3.81 9.10E-04 

 Placebo 10.90 17.14   3.67,  3.12 4.84E-03 

       

CRP and calprotectin levels and the variants of the rs12934922 SNP associated with BCMO1 gene 

were also analysed to see if there were any correlations. In the CD group over 18% had this SNP. 

No significant relationships were found. Only two people had the TT variant of the rs174583 SNP 

in the FADS2 gene so meaningful analysis associated with CRP and Calprotectin levels was not 

possible. Those people who had the TT variant of the rs174583 SNP in the FADS2 gene showed  a 

trend to  lower levels associated with C18:3 n3, α-Linolenic acid  20:4n – 6, arachidonic acid,  and 

20:5n − 3, EPA, (Appendix Table 12).  A larger sample size would reveal if these differences were 

significant. 

5.3.3 Microbiota analysis  

The results of the microbiota analysis for both the healthy group and those with CD are presented 

here. 

DNA was sent for sequencing from 199 samples and one ‘empty’ sample. All DNA samples passed 

the quality check. Five DNA samples failed to sequence (5/200 = 2.5%; well within the accepted 

rate of 4%).  The total sequences for analysis following quality procedures = 9,741,302. Faecal dry 

weight analysis showed significantly higher water content for CD individuals (Figure 5.10) 

indicating a shorter gut transit time than the healthy group. 
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Rarefaction curves (alpha-diversity) showed a good coverage of microbiota composition (Figure 

5.11). Comparison of study groups at a rarefaction level of 22,000 sequences per sample showed 

no significant difference in alpha diversity between intervention and time data points (Figure 

5.11A). Significance was, however, achieved when comparing health status (Figure 5.11B). 

 

Figure 5.10 Water content of faecal material. 

 

Figure 5.11 Rarefaction curves (alpha diversity – phylogenetic diversity metric) in healthy and Crohn’s disease 

participants 
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Rarefaction curves are generated from DNA sequences obtained from total faecal samples per 

subject (Figure 5.12). Panel A shows grouping of individual samples by intervention, time and 

health. Panel B shows grouping of individual samples by health status. 

 

Figure 5.12 Alpha diversity phylogenetic diversity) at a rarefaction level of 22,000 sequences per sample 

Data from the family level summary (most abundant eight families) is shown in Figure 5.13, with 

groupings for intervention/time/health and health only. Differences in the relative abundances of 

five bacterial families were observed between CD participants and the healthy ones (Figure 5.13). 
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Figure 5.13 Summary of microbiota family-level taxonomic groups. Samples grouped by 

intervention/time/participants with Crohn’s disease and healthy participants 

Beta-diversity (unweighted unifrac; kinds of bacteria and phylogenetic relationships) indicates a 

difference in community structure between healthy and CD participants (Figure 5.14). No obvious 

differences arise between intervention and/or time (start/stop) points. 
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Each point represents a sequenced sample. Yellow spheres = CD, blue spheres = healthy group. 

Figure 5.14 Principle coordinates plot of unweighted unifrac distances (beta diversity) 

A comparison of distances within health/intervention/time groupings shows that healthy individuals 

are more similar to each other at the start point of both the intervention and placebo trials (Figure 

5.15A). Regardless of intervention or time point, healthy individuals are significantly more similar 

to each other than are CD individuals. Individuals within each health status group are more similar 

to each other than to individuals from the other group (Figure 5.15B). 

 

Figure 5.15 Unweighted unifrac distances (average  95% CI).  
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Panel A shows distances within groups defined by intervention, time and health. Panel B shows 

distances within and between health status groups. 

5.3.4 Vitamin D analysis 

The statistical analysis of the results for the vitamin D scores (nmol/L) are listed below (Table 5.23). 

There were no significant differences in vitamin D scores for participants when they took the 

nutrient supplement or the placebo. All participants were ≥ 50nmol/L at T1 when the trial began 

and after the nutrient phase. The range at T1, the beginning of the trial, was 50-123nmol/L. The 

range at T4, the end of the trial was 33-80nmol/L. Two participants in the placebo phase were ≤ 

50nmol/L at the end of the trial (T4). This could imply that those on the nutrient supplement were 

able to maintain their vitamin D concentrations within the recommended range (50-150nmol/L) in 

NZ. Vitamin D levels, CRP and Calprotectin levels were also analysed with respect to the variants 

associated with the SNP rs10741657 in the group with CD (Project Three) for which we had DNA 

records (unpublished data). There were no significant differences found. 

Table 5.23 Vitamin D concentration (nmol/L) analysis of nutrient and placebo interventions in Crohn’s disease 

subjects (t-test) 

Variant   Mean Standard 
Deviation 

CI t (23) P 

Vitamin D Nutrient -0.29 9.23 -4.19, 3.61  -0.15 0.878 

 Placebo -2.21 9.92 -6.40, 1.98  1.98 0.287 

5.3.5 Lipid profile analysis 

Table 5.24 shows the p values for the lipid levels when participants were on the nutrient supplement 

and when they were on the placebo. There was a significant difference in HDL levels and the 

Chol/HDL-Chol ratio in those participants when they took nutrient supplement.  However, when 

the participants took the placebo capsule there were no significant differences to the lipid levels.  
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Table 5.24 Lipid profiles (mmol/L) analysis in nutrient and placebo arms in Crohn’s disease subjects (t-test) 

Variant   Mean 
Standard 
Deviation CI t (24) p 

HDL Nutrient 0.13 0.16 0.06, 0.20 4.06 0.001 

     t (23)  

 Placebo 0.02 0.27 -0.10, 0.13 0.30 0.765 

          t (24)  

Chol/HDL-Chol 
Ratio Nutrient -0.20 0.41 -0.37, -0.03 -2.38 0.026 

     t (23)  

 Placebo 0.12 0.35 -.03, 0.27 1.61 0.121 

LDL Nutrient 0.13 0.39 -0.04, 0.29 1.56 0.133 

     t (22)  

 Placebo 0.07 0.48 -0.14, 0.27 0.65 0.523 

          t (24)   

 Placebo 0.12 0.42 -0.06, 0.29 1.37 0.186 

5.3.6 Full blood count analysis 

The full blood count measure was used as a ‘safety check’ at the beginning and end of each phase 

of the trial i.e. at T1, T2, T3 and T4.  To measure whether those participating in the trial had been 

adversely affected by the two interventions, a paired t test was conducted on each blood test result 

between those on the nutrient supplement and those on the placebo. There were no significant 

differences between the two groups except for the Red Cell distribution width in the placebo group 

(Table 5.25). This test assesses the variation in red blood cell size.  

Table 5.25 Summary of p-values between nutrient and placebo group blood cell tests in Crohn’s disease 

subjects (t-test) 

 

Blood Test p (Nutrient supplement) p (Placebo) 

Mean cell haemoglobin (MCH) (pg) 0.802 0.539 

Basophils (E+9/L) 0.316 0.690 

Haemoglobin (g/L) 0.972 0.126 

Red cell distribution width (RDW) % 0.365 0.008 

Platelet Count (E+9/L) 0.578 0.995 

Immature granulocytes (E+9/L) 0.103 0.628 

White Cell Count (E+9/L) 0.611 0.548 

Neutrophils (E+9/L) 0.910 0.554 

Eosinophils (E+9/L) 0.295 0.225 

Monocytes (E+9/L) 0.548 0.765 

Lymphocytes (E+9/L) 0.481 0.954 
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5.3.7 Comet assay analysis 

The comet assay used to assess the stability of the DNA showed significant results for both the 

nutrient capsule and the placebo, but more so for the nutrient sample (Table 5.26). The results 

suggest that taking these both improved the genetic stability of the participants. 

Table 5.26 Comet assay for DNA stability by tail break length (μm) analysis of the nutrient and placebo arms 

in Crohn’s disease subjects (t-test) 

Variant   Mean 
Standard 
Deviation 

CI t (23) p 

Comet Assay Nutrient -0.7047 0.82 -1.05, -0.36 -4.22 0.0003 
 Placebo -0.7264 1.02 -1.16, -0.30 -3.49 0.0020 

5.3.8 Questionnaire analysis 

Quality of life score ((QoL) 

There were no significant differences in the QoL and IBD QoL scores collected at each time point 

(T1, T2, T3, T4), for participants on the nutrient supplement or the placebo, (Table 5.27) with 

statistical analysis using a paired sample t test. 

Food variety score (FVS)  

The six FVS’s of each participant for each phase of the trial were summed and averaged.  Then the 

scores were statistically analysed using a paired sample t test. There was a significant difference in 

the scores for food variety for participants when they were on the nutrient supplement compared to 

the washout period (p=0.018) and on the placebo compared to the washout period (p=0.02) (Table 

5.27). The scores were then analysed for each comparing the first and last week of each phase. For 

the nutrient supplement, there was a significant difference (p=0.0168) but not with the control 

(p=0.6696). When the scores for the last week of the nutrient supplement were compared with those 

of the first week of the control - i.e. the washout period – there was a significant decrease in the 

food variety scores (p=0.0086).   
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Table 5.27 Quality of life questionnaires food variety scores and weight analysis of the nutrient and placebo 

arms of Crohn's disease subjects (t-test) 

Variant   Mean 
Standard   
Deviation 

95% CI t (23) P 

Quality of 
Life (1-10) 

Nutrient 0.17 1.64 -0.53, 0.86 0.5 0.623 

 Placebo 0.17 1.32 -0.39, 0.72 0.62 0.541 

IBD-QoL  

(1-7) 
Nutrient -0.06 0.53 -0.29, 0.16 -0.58 0.567 

 Placebo 0.2 0.6 -0.06, 0.45 1.6 0.124 

Food 
Variety 
Score 

Nutrient/Placebo 1.07 6.5 -1.68, 3.81 0.8 0.43 

(1-30) Nutrient/Washout -1.95 3.74 -3.53, -.37 -2.55 0.018 

 Placebo/Washout -3.02 4.11 -4.75, 1.28 -3.6 0.002 

Weight Placebo 0.29 2.68 0.84, 1.42 0.5 0.600 

     t(24)  

  Nutrient 0.56 0.99 0.15, 0.97 2.8   0.009 

Weight 

Weight was analysed to see if there were any changes (Table 5.27). There were no significant    

changes in weight while people were on the placebo (p=0.600). However, there was a significant 

increase in weight when people took the nutrient supplement (p=0.009). Diet is known to have an 

effect on the function of the epithelium, the mucosa of the immune system and the microbiota 

(1142). The combination of nutrients in the nutrient supplement may have improved the absorption 

of nutrients and thus weight was gained. This needs to be further investigated. 

Stool Questionnaire 

The stools of participants were analysed for the three phases of the trial: while on the nutrient 

supplement, the washout period and while they were on the placebo.  The participants were asked 

to keep daily records during each phase for volume (lots=3, medium=2, small=1), ease (hard=3, 

ok=2, easy=1) Frequency (No. of times/day), consistency (hard=4, medium=3, soft=2, runny=1) 

and to record any pain (0-4, 0=no pain, 4=a lot of pain) and bloating (0-4, 0=no bloating, 4=a lot of 

bloating) on these days on number scales. These numbers were summed and averaged for each 

person for each phase. There were no significant differences, using a paired sample t test between 

participants while on the nutrient sample compared to being on the placebo or to the washout period 

(Table 5.28). There were also no significant differences between the placebo and washout period 

(data not shown). 
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Table 5.28 Stool diary analysis of nutrient and placebo interventions with Crohn’s disease subjects (t-test) 

Variant                        Stool Mean 
Standard 
Deviation CI t (23) p 

Nutrient/Placebo:     Volume/day -0.01 0.39 -0.18, 0.15 -0.16 0.875 

Nutrient/Washout:   Volume/day -0.01 0.35 -0.16, 0.13 -0.18 0.861 

Nutrient/Placebo:     Ease/day  0.08 0.43 -0.10, 0.26  0.89 0.381 

Nutrient/Washout:   Ease/day  0.11 0.34 -0.04, 0.25  1.56 0.132 

Nutrient/Placebo:     Frequency/day -0.11 0.96 -0.52, 0.29 -0.57 0.572 

Nutrient/Washout:   Frequency/day -0.19 1.16 -0.68, 0.30 -0.79 0.435 

Nutrient/Placebo      Consistency/day  0.09 0.83 -0.26, 0.44  0.52 0.609 

Nutrient/Washout:   Consistency/day  0.12 0.67 -0.17, 0.41  0.84* 0.407 

Nutrient/Placebo:     Pain/day -0.03 1.15 -0.53, 0.47 -0.13 0.900 

Nutrient/Washout:   Pain/day -0.21 1.05 -0.66, 0.25 -0.95 0.352 

Nutrient/Placebo:     Bloating/day  0.22 1.13 -0.27, 0.71  0.92 0.368 

Nutrient/Washout:   Bloating/day  0.23 0.90 -0.16, 0.62  1.20* 0.242 

*One participant did not give details so = t (22) 

When these stool diaries were analysed there were no significant differences in any of the categories 

(Table 5.28) between the nutrient and placebo or between the nutrient supplement and the washout 

period. The stool questionnaire was also analysed to see if there were any significant changes 

between week one at the beginning of the intervention and week 6, the last week of the intervention 

for both the nutrient supplement and the placebo groups. The analysis found, for frequency, ease, 

volume, consistency, abdominal pain and bloating, that there were no significant differences for 

participants for any of these factors, when taking the nutrient supplement or the placebo.  

5.3.9 Nutrition questionnaire on line 

Twenty-two people completed this questionnaire on line (Table 5.29, Figure 5.15). This 

questionnaire was substantially similar to the one administered on line to the participants in Project 

Two (the healthy group) and described in section 5.2.10. With Project Three food group choices 

were the same as those for Project Two (Table 5.18) except for three groups. The cake and biscuit 

section (N=12) and dairy section (N=16) each included one more choice. For cakes and biscuits this 

was croissants. In the dairy section, soft cheese was added. In the fish group, more choices were 

added with respect to fresh fish e.g. smoked, fish cakes, fish fingers, fried, salmon, tuna and eel. 

There were also extra tinned options for salmon and tuna.  
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Table 5.29 Responses to food eaten (%) to the on-line nutrition questionnaire by Crohn’s disease and control 

(healthy) subjects  

Food  Response  % CD 
(n=22) 

% 
Control 
(n=11) 

  Food Response  % CD 
(n=22) 

% 
Control 
(n=11) 

Breads and    No difference 52.5 22.4   Fish No difference 40.3 14.7 

Cereals  Do not eat 33.5 9.3   N=19, CD Do not eat 41.6 20.3 

N=31 
 

Adverse 9.1 4.8   
N=9, 
Controls 

Adverse 10.5 0.4 

  Beneficial 4.9 1.3    Beneficial 7.1 0.0 

   No answer 0.0 62.2     No answer 0.5 64.5 

Cake and 
 

No difference 63 29.2   
Dairy 
Products 

No difference 43.3 20.5 

Biscuits  Do not eat 13 3.1   and Do not eat 31.5 13.3 

N=12, CD  Adverse 21 5.6   Eggs Adverse 16.6 3.0 

N=11, 
Control 

 
Beneficial 3 0   N=16, CD Beneficial 6.8 0.9 

  
 

No answer 0 62.1   
N=15, 
control 

No answer 1.8 62.3 

Fruit 
 

No difference 65.2 20.2   
Mixed 
Dishes 

No difference 46.3 21.4 

N=31  Do not eat 22.2 7.8   N=14 Do not eat 17.6 9.6 

  Adverse 8.1 2.4    Adverse 31.6 5.9 

  Beneficial 4.5 7.6    Beneficial 4.6 1.0 

   No answer 0.0 62.0     No answer 0.0 62.1 

Vegetables  No difference 59.3 19.7   Snacks No difference 53.1 25.9 

  Do not eat 26.0 9.2   N=8 Do not eat 21.9 9.1 

N=54  Adverse 9.2 3.4    Adverse 23.8 2.6 

  Beneficial 5.6 5.6    Beneficial 1.25 0.4 

   No answer 0.0 62.1     No answer   62.1 

Nuts and   No difference 60.8 26.4   Spreads No difference 64.3 26.9 

Seeds  Do not eat 28.0 8.3   Sauces Do not eat 25.9 10.0 

N=15  Adverse 7.3 0.7   N=21 Adverse 7.3 0.7 

  Beneficial 4.0 2.5    Beneficial 2.5 0.3 

   No answer 0.0 62.1     No answer 0.0 62.1 

Herbs and  No difference 76.2 25.7   Drinks No difference 42.7 17.2 

Spices  Do not eat 18.4 5.0   N=15 Do not eat 34.3 14.9 

N=29  Adverse 4.5 0.4    Adverse 22.7 3.9 

  Beneficial 0.9 6.9    Beneficial 0.3 1.8 

   No answer 0.0 62.1     No answer 0 62.1 

Meats  No difference 68.3 23.9   Alternative  No difference 38.7 7.9 

N=18  Do not eat 12.3 9.0   Protein Do not eat 50 8.8 

  Adverse 17.1 1.3   N=5 Adverse 8.75 3.3 

  Beneficial 1.8 0.2    Beneficial 2.5 0.8 

   No answer 0.5 65.5     No answer 0 79.2 
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The range of tolerance (Figure 5.15) as illustrated by ‘no difference’ varied between 3.8% 

(alternative protein) and 76.2% (herbs and spices). The range of ‘do not eat’ varied between 12.3% 

(some types of meat) and 50% (alternate protein). The range of adverse reactions varied between 

4.5% (herbs and spices) and 31.6% (mixed dishes). The beneficial reactions ranged between 0.9% 

for (herbs and spices) and 7.1% (fish). For participants in both projects mixed dishes appear to elicit 

the highest adverse responses with about a third of the CD group being affected and about 6% of 

the healthy participants. The CD group also found fish to be beneficial (about 7%) whereas the 

normal healthy group fish was not. However, healthy participants found fruit was (about 8%). 

Interestingly both groups had similar beneficial effects from vegetables (about 6%). 

 

Figure 5.16 Percentage of Crohn’s disease participants’ food group tolerance  

                            N=number of different types of food in each food group 
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Chapter 6. Discussion 

6.1 Genetic-nutrient influences on Crohn’s disease 

The first objective of this study was to identify, in people with CD in NZ, (compared to a control 

group of healthy people) the prevalence of variants of genes associated with: poor absorption of 

betacarotene (in the BCMO1 gene); low vitamin D concentrations (in the genes GC, NADSYN1, 

CYP24A1, CYP2R1); omega-three and-six fatty acid uptake (in the genes FADS1, FADS2);  total 

and LDL levels of cholesterol (in PPARA); cardiovascular risk and CD activity (in PPARG); 

colorectal adenoma (in XRCC1), and inflammation (in SCD1).  

This section discusses the results of Project One in which the prevalence of variants of these genes, 

was identified through Sequenom MassARRAY analysis.  As explained in the methodology section 

(chapter four) the populations selected were NZ-based. These genes and their significance to IBD 

were examined in chapter one. This discussion relates the findings of this Sequenom MassARRAY 

analysis to other studies in the literature and considers the implications these gene variants may 

have for people with CD in particular. The last part of this section also includes a perspective on 

the transcriptomics (RNA transcripts) results from Project Two on the healthy population, and the 

results of Project Three of the comet assay on the stability of the DNA with the CD population, as 

these were both genetic analyses. 

6.1.1 Variants of the BCMO1 gene and their influence on betacarotene levels 

In the first project, the Sequenom MassARRAY analysis revealed that the two SNPs rs12934922 

and rs750131 from the BCMO1 gene, associated with poor conversion of beta carotene to retinol 

(vitamin A), had variant allele frequencies of 43.2 and 24.3% respectively in the CD group and 42.8 

and 20.8% respectively in the control group. These results were very similar to those reported by 

Leung et al. in their study on healthy female volunteers which showed the proportions 42% and 

24% respectively for rs12934922 and rs7501331 (135). 

Although both the control and CD groups had similar proportions of variant alleles, the implications 

are greater for people with CD who are already known to have low vitamin A and beta-carotene 

intakes (66, 67, 555). Hartman et al. reported that fifty-seven percent of children and adolescents 

with IBD had intakes of vitamin A that were < 80% of RDA (555). This is much higher than the 

estimated prevalence of inadequate intake of vitamin A (retinal equivalents) of 17.25%, in healthy 

15-18-year-old males and females (NZ Adult Nutrition Survey, 2008-2009) (136). The results of 

the Sequenom MassARRAY analysis which demonstrate that a significant proportion of people 

with CD have a reduced ability to absorb betacarotene suggests that more attention should be paid 
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to people with CD to ensure their vitamin A and betacarotene intake is adequate. Although we did 

not have the levels of betacarotene for the CD group (Project Three) an analysis was done with CRP 

and calprotectin levels and the variants of the rs12934922 SNP associated with BCMO1 gene in this 

group. No significant relationships were found. 

Vitamin A (a general term encompassing retinol and pro-vitamin A carotenoids-the main one being 

betacarotene) has a number of key roles in growth, reproduction and maintenance of normal 

functioning of the body. Vitamin A achieves these effects through its role in cell growth, 

differentiation and communication. It is essential for vision as a constituent of rhodopsin, the light-

absorbing protein in the retina, as well as by maintaining the cornea and epithelia and mucous 

membranes of the eye. It is particularly important in maintaining epithelial tissues throughout the 

body, the integrity of the skin and the immune system (903-905). 

The pathology of CD is characterised by inflammation of epithelial tissues, oral disease, growth 

failure, conditions of the eye e.g. uveitis and episcleritis and skin conditions e.g. pyoderma 

gangrenosum and erythema nodosum. With CD, inflammation of the bowel, diarrhoea, abscesses 

and fistulas can also interfere with the absorption of retinol and carotenoids and this compounds the 

effects of low intakes. Infection that engages the innate immune system can also depress serum 

retinal levels and if vitamin A levels are low this also impairs the function of neutrophils, natural 

killer cells and macrophages, and normal regeneration of mucosal membranes damaged by 

infection. Low vitamin A intakes also lower adaptive immune responses by Th1 and Th2 

lymphocytes (138). Diarrhoea associated with infection has also been associated with increased 

secretion of retinol in the urine (906, 907). These could all be exacerbated by low vitamin A levels 

and infections. This reinforces the significance of BCMO1 gene variants for the development of CD 

manifestations. If people with CD possess in addition variants of the BCMO1 gene associated with 

poor absorption, their risk of detrimental effects from low vitamin A levels is further increased (908, 

909).  

However, the metabolism of vitamin A in people with CD is modulated not only by minor variants 

of the BCMO1 gene. Sanders et al. compared the effects of retinoic acid on macrophage function in 

colonic tissue from healthy people and those with CD. They found that retinaldehyde 

dehydrogenase activity in the cells was elevated in those with CD, and blocking all-trans retinoic 

acid receptor signalling during the differentiation of monocytes into macrophages in the CD cells, 

reduced the tumour necrosis factor (TNF)-alpha producing inflammatory macrophages in the CD 

cells (910). However, the participants in Sanders et al. study may have had a genotype which 

influenced their results. In a study by Fransén et al. on the cytochrome P450 family 26 subfamily B 
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member 1 (CYP26B1) gene involved in the degradation of retinoic acid, homozygous carriers of the 

major allele T (SNP rs2241057) had an increased catabolism of retinoic acid which was thought to 

elevate the risk of developing of CD (911).  This illustrates the importance of knowing the genetic 

background of people with CD, particularly with respect to the variants of BCMO1 and CYP26B1 

genes, before appropriate clinical decision-making can be made, especially with respect to nutrition 

advice relating to vitamin A intakes.   

6.1.2 Variants of genes GC, CYP24A1, CYP2R1 and DHCR7/NADSYN1 and their influence 

on vitamin D levels 

Vitamin D concentrations are also becoming particularly relevant in inflammatory disorders such 

as CD, as deficiencies of vitamin D plays a significant role in anomalous gene interactions, a critical 

factor in IBD (650, 912-914) as discussed in more detail in chapter one. 

GC variants and vitamin D 

In the Sequenom MassARRAY analysis conducted in Project One, the minor variant frequencies of 

the SNPs rs2282679, rs4588, and rs1155563 of the GC gene were explored and found to be similar 

in the CD and control groups. For carriers of rs2282679C, the homozygous CC variant, associated 

with lower vitamin D concentrations, was present in 11.99 and 9.91% in the CD and control group 

respectively. For carriers of the SNP rs4588A, the homozygous AA risk variant was present at 12.47 

and 10.16% in the CD and control group respectively. For carriers of the SNP rs1155563C, the 

homozygous CC risk variant was present in 13.04 and 10.49% in the CD and control group 

respectively. This implies that 11.99-13.04% of the CD group were at risk of lower vitamin D levels 

with these GC gene variants, which was a slightly higher percentage than that of the control group 

(9.91-10.49%). This risk would be compounded by the possession of two or three risk variants 

The gene GC encodes the vitamin D binding protein (VDBP) which is mostly synthesised by 

hepatocytes. VDBP is the main transport protein of vitamin D and its metabolites and is important 

for maintenance of the vitamin D levels in the plasma. VDBP levels are not subject to seasonal 

variations but do have a diurnal rhythm (148, 149). Malnutrition may also lower its concentration 

(45, 84, 149, 915).   

VDBP has other significant functions such as fatty acid transport, the activation of macrophages 

and the actin scavenging system. Actin is released from cells upon injury, and VDBP binds actin to 

clear it from the circulation, thus preventing actin’s harmful effects on blood vessels (915). Low 

levels of VDBP are also an indicator of sepsis and organ failure following acute tissue injury (916). 

Constans et al. noted that the presence of GC la+ protein in patients with cirrhosis of the liver was 
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associated with a poor outcome. They suggested that the presence of this protein in sera may be a 

result of an aberration in the glycosylation of VDBP (26).  

Of the people with CD, 11.99-13.04% have this GC variant associated with low vitamin D levels, 

and the low VDBP levels may be associated with less effective fatty acid transport, macrophage 

activation and actin scavenging systems. This would impact on the outcomes of their CD and 

treatment. This gene variant may also explain why those who had low levels of 25-OH-D3 (2-7 pg/l) 

did not show any change in VDBP with oral vitamin D3 supplementation (917). 

CYP24A1 variants and vitamin D  

In the Sequenom MassARRAY analysis of the CYP24A1 gene, the SNP rs16999131 frequencies of 

the minor variant CC in the CD and control groups were both zero and, for the CG variant they 

were zero for the CD group in 0.31% in the control group. The genotype GG was present 100% in 

the CD group and 99.29% in the control group. These results for the rs16999131 variant indicate 

that the control group (CG=0.31%) was at a slightly higher risk than the CD group (CG =0%) for 

distal colon cancer with neither group having the CC variant. 

Jacobs et al. studied the polymorphisms of CYP24A1 and CYP27B1 and how they regulated vitamin 

D metabolism in colon cancer cells. Four variant SNPs in CYP24A1, which included rs16999131 

(T248R) analysed in our Sequenom MassARRAY study, were associated with decreased 24-

hydroxylase enzyme activity (918). The degree of exposure of tumours to vitamin D affects their 

growth, and consequently these SNPs may modify effects on tumours. The CYP24A1 SNP 

rs16999131 for example was associated with a reduced activity of 57% (p<0.05) compared to the 

wildtype (WT). This means it was less efficient at degrading the active form of vitamin D 

(1,25(OH)2D3) and this would lead to longer exposure of tissues to vitamin D. In the study by Dong 

et al. (in which CYP24A1 was re-sequenced from 32 Caucasians) one variant of CYP24A1 (IVS4-

66T>G) was associated significantly with the risk of colon cancer and three variants of CYP24A1 

were associated with risk of distal colon cancer. These variants included rs16999131 with the 

variant 4125 bp 3’ of STPC>G (OR; GG vs CC=1.44; 95% CI (1.00-2.05) in whites only (919). 

People with IBD for more than ten years are at increased risk of bowel cancer so vitamin D intakes 

for people with CD could affect their risk level (920). However, different studies on vitamin D 

intakes and the association with colorectal cancer produce divergent results. This may arise not only 

from the different gene variants involved in the metabolism of vitamin D, but also from the varying 

methodologies of these studies. For example, the level of exposure to vitamin D may be too low 
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with less than 400 IU/day ingested, or the source of ultraviolet-B exposure from the sun insufficient 

(921, 922).  

It would be interesting to explore the percentage of other variants of CYP24A1 linked with colon 

cancer by Dong et al. to see if the NZ population is at increased risk of developing colon cancer 

because of these variants. This would also show whether these variants contribute to NZ having the 

highest world bowel cancer rate (919). 

CYP2R1 variants and vitamin D  

The CYP2R1 enzyme, as discussed in chapter one, converts vitamin D into active ligands for VDR 

binding. SNP variants and mutations of the CYP2R1 gene have been associated with lower 

25(OH)D3 synthesis (45, 923-925). In the Sequenom MassARRAY analysis, the minor variant of 

the SNP rs10741657 (AA) was present at 16.0 and 17.05% of the CD and control groups 

respectively; the AG variant at 45.56 and 45.27% of the CD and control groups respectively and 

the GG variant at 38.37 and 37.21% respectively. The GG variant is the one that has been associated 

with lower vitamin D levels in a number of studies. The Ramos–Lopez et al. investigation of 

susceptibility to type 1 diabetes (T1D) and vitamin D levels in German families (n=609) showed 

this relationship, and also that this polymorphism was more often passed onto offspring with TID 

(204). The effect of this variant has also been illustrated in the randomised control study (n=218) 

by Arabi et al. on four CYP2R1 variants on elderly overweight Lebanese (≥65 years and BMI ≥ 25 

kg/m2) (926). Their results (corrected for age, BMI and season) showed that only in females did 

variants exert a significant effect. For the minor AA variant of rs10741657 compared to the risk GG 

variant there was a mean difference of 5.9 ng/ml, in 25(OH)D3 levels (p = 0.05). In the study by 

Nissen et al. on common variants in CYP2R1 and GC genes in a Danish population (conducted in 

late summer) of the four SNPs studied, rs10741657 and rs10766197 had the highest association 

with serum 25(OH)D3 concentrations (927). This was particularly so for those who had both the 

GG variant for rs10741657 and the AA variant for rs10766197 in both adults and children (Adjusted 

Mean 67.9 (95% CI (56.0-88.2) p=0.0007). For the NZ population studied here, the GG variant was 

present in over a third of the CD and control groups for the rs10766197 SNP. This puts potentially 

a large number of people at risk of vitamin D deficiency in the NZ population. Vitamin D levels, 

CRP and calprotectin levels were analysed with respect to the variants associated with the SNP 

rs10741657 in the group with CD (Project Three) for which we had DNA records (unpublished 

data). There were no significant differences found. A bigger sample size and analysis would clarify 

if this was true for the NZ, CD population as a whole or just this group.  Further analysis is required 

to detect whether gender and season would also affect these results. 
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In another study on vitamin D intake by Engleman et al. (n=1204) from a European cohort, four 

SNPs from CYP2R1 (rs10500804, rs11023380, rs2060793 and rs11023374) were significantly 

associated with 25(OH)D3 concentrations only when blood was drawn in the summer (p ≤0.002). 

No association was found in the winter months. Analysis of these SNPs in a NZ population is 

required to detect whether this would be true of a NZ population. 

DHCR7/NADSYN1 variants and vitamin D  

The DHCR7/NADSYN1 locus encodes 7-dehydrocholesterol reductase. This enzyme catalyses the 

last step of cholesterol biosynthesis using 7-dehydrocholesterol as substrate and this compound is 

the precursor for cholecalciferol, the inactive form of vitamin D (25(OH)D3) (45). This Sequenom 

MassARRAY analysis of the DHCR7/NADSYN1 gene SNP variant rs3829251 showed similar 

proportions in the CD and control groups. The minor variant AA was 2.93 and 1.91% for the CD 

and control groups respectively, the AG variant was 24.50 and 28.40% respectively and the GG 

variant 72.57 and 69.69% respectively. This was also true for the SNP variants for rs12785878. The 

GG variant was 10.03 and 6.47% for the CD and control groups respectively, the GT variant was 

37.77 and 39.81% respectively and the TT variant 52.19 and 53.72% respectively.  

Variants of the two SNPs rs3829251 and rs12785878 analysed in the Sequenom MassARRAY have 

also been explored by Kühn et al. in their European sub-cohort study (n=2,132, 57.9% women) on 

the relationship between 25(OH)D3 concentrations and myocardial infarction and stroke (928). In 

this study, a significant association was found with these two SNPs and 25(OH)D3 levels. These 

findings had been season-adjusted and this result did not change when the results were adjusted for 

month of draw. They also looked at two GC gene SNPs (rs2282679 and rs1155563) also analysed 

in this Sequenom MassARRAY analysis and their relationship to 25(OH)D3 levels. The variance 

with these four SNPs combined ranged from 0.7% (rs3829251) to 3.0% (rs2282679) (928). No 

associations were found between these SNPs, 25(OH)D3 levels and myocardial infarction and 

stroke.  

In the British study by Cooper et al. on vitamin D-related gene variants in people with T1D and 

vitamin D deficiency, it was found that adolescents and children (n=720, white European) with T1D 

had much lower vitamin D levels than did the control group (n=2,610) (86). They also showed that 

the minor allele (G) of DHCR7/NADSYN1 SNP rs12785878 T>G was reliably linked with T1D [OR 

1.07 [95% CI 1.0-1.13]; p=6.8x10-3] suggesting that this SNP variant may contribute to the vitamin 

D deficiency found in T1D.   
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In this NZ Sequenom MassARRAY study, the minor variant for the DHCR7/NADSYN1 SNP 

rs12785878 is G. This may indicate that those in the NZ population carrying particularly the GG 

homozygous variant may be more at risk of vitamin D deficiency (10.03% in those with CD and 

6.47% of the general population) especially if they have insufficient sun exposure.  

These Sequenom MassARRAY analysis results for variants for the four vitamin D-related genes 

demonstrate again the importance of knowing the genetic background of people with CD, before 

appropriate clinical decision-making can be made. Care is needed, especially with respect to 

nutrition advice relating to vitamin D intakes and the impact on an individual’s risk of developing 

colorectal cancer.   

6.1.3 Variants of genes FAD1, FAD2, PPARA, PPARG XRCC1, SCD and CRP and poly-

unsaturated fatty acids 

Variants of genes FAD1, FAD2 variants 

As discussed in chapter one, the fatty acid desaturase (FADS) genes cluster consists of three genes 

FADS1, FADS2 and FADS3 (45). In this Sequenom MassARRAY analysis, the variants of the SNPs 

rs174556, rs174570, rs2072114, rs174583, rs174589 from the FADS1 and FADS2 genes were 

analysed. This analysis was undertaken because in individuals the minor variants of these SNPs 

were associated with enhanced levels of 18:2n− 6 (Linoleic acid), 20:2n – 6 (eicosadienoic acid), 

20:3n – 6 (dihomo-gamma-linolenic acid), and 18:3n – 3 (alpha-linolenic acid) and decreased levels 

of 18:3n – 6 (gamma-linolenic acid), 20:4n – 6 (arachidonic acid), 22:4n – 6 (adrenic acid), 20:5n 

– 3 (EPA), and 22:5n – 3 (DPA) in the study of Schaeffer et al. based on mainly Caucasian adults 

(n=727) living in Germany. This Sequenom MassARRAY analysis would show whether a NZ 

Caucasian population had similar results.  

Comparing the results of the SNPs of the German and NZ studies, the minor TT variant of the SNP 

rs174556 was 8, 12.71 and 13.44% respectively for the German vs CD vs control percentages; for 

the minor variant TT of the SNP rs174570 was 2, 1.92, and 2.5% respectively; for the minor variant 

GG of the SNP rs2072114, 2, 2.88 and 2.34% respectively; for the minor variant TT of the SNP 

rs174583, 13, 15.55 and 15.76% respectively; and for the minor variant CC of the SNP rs174589, 

3, 6.00 and 6.07% respectively (231). Comparison of the minor variants from the German studies 

and our study suggest that the NZ CD and control groups had higher percentages of variants for two 

SNPs (rs174556 and SNP rs174589) and similar percentages for the other SNPS. 

In the study by Schaeffer et al. it was observed that the three PUFAs for which altered 

concentrations were associated with possession of these minor homozygous alleles (arachidonic 
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acid, EPA and dihomo-gamma-linolenic acid) all had effects on inflammatory pathways and all 

three served as substrates for prostaglandin-endoperoxide synthase 1 (PTGS1; also known as COX-

1) and prostaglandin-endoperoxide synthase 2 (PTGS2; also known as COX-2). These two genes 

are also associated with inflammatory processes (45). The lower levels of particularly arachidonic 

acid and increased levels of dihomo-gamma-linolenic acid associated with these minor variants 

would reduce the production of pro-inflammatory mediators – a benefit to those with these variants, 

particularly those with CD. The association of these minor variants with decreased LDL and total 

cholesterol concentrations, cardiac risk factors and inflammation has been confirmed by a number 

of subsequent studies (929-933). 

Since the systematic review, discussed earlier on L-C PUFA-ω-3 with respect to IBD by Cabré et 

al. (2012), Smith et al. (2015) have performed a meta-analysis of nine studies (n=11,668) on 

associations between circulating fatty acids and genetic variants (934). This included variants from 

the FADS1 gene. Their analysis added support to the growing consensus that carriers of particular 

variants in the FADS1 gene have a reduced ability to synthesise L-C PUFA-ω-3 and this may reflect 

conversion of fatty acid precursors to other products. For example, variants of FADS1 can alter 

ALA to EPA conversion.  People with these FAD1 and FAD2 variants would have lower levels of 

EPA, DPA and DHA for each gram/day greater intake of ALA. Lower levels of EPA and DHA did 

not occur when people ingested  1 g of EPA and DHA combined. This higher fatty acid intake of 

EPA and DHA combined was associated with increased levels of EPA, and DHA- 0.333 (95% CI 

[0.298, 0.369] and DHA of 1.49 (95% CI [1.395, 1.586]; both p < 0.001.  

Smith et al. also observed that the measurement used for the analysis of circulating fatty acids 

derived from plasma or erythrocyte membranes may modify the results garnered with respect to 

gene-diet interactions (934). They recommended that this be taken into account when comparisons 

are made between studies, such as meta-analyses, as differences in methods contribute to the 

heterogeneity of results and this could be a barrier to discerning fatty acid circulation levels and the 

influence of genetic variants on them. 

Takkunen et al. have further explored the influence of FAD1 and FAD2 variants in their study on 

gene-diet interactions with the FASD1 variant rs174550 and marine PUFAs in Finnish men (935). 

This SNP was chosen because of its linkage disequilibrium with several other SNPs (including 

rs174556 used in this project) in the HapMap CEU population (231). Those men carrying the minor 

variants of FASD1 had a significant interaction between marine PUFA intake and EPA (measured 

in erythrocyte membranes) p=0.0026 with n=732.  
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O’Neill and Minihane (2016) have also reviewed the influence of variants in the FADS1 and FADS2 

genes on fatty acid status and the influence this has on chronic diseases influenced by diet with 

particular reference to cardiovascular health (936). This influence is of particular relevance for the 

population who do not eat fish at the recommended level (2 portions a week – one being of fatty 

fish), nor consume a supplement containing EPA/DHA. The estimated intakes for these people of 

<50 mg/day of EPA/DHA are far below the recommended UK guidelines of ≥450mg/day which 

would confer more cardiovascular and anti-inflammatory benefits (937). This group is dependent 

on EPA and DHA sourced from the body’s ability to synthesise EPA and DHA from αLNA.  

People with these variants in the FADS1 and FADS2 genes, especially those with CD (up to 15.6% 

of people with CD in our sample), should avoid vegetarian food sources of ALA e.g. flaxseed, and 

rapeseed spreads and oils where possible. This is because for each gram/day of greater intake of 

ALA they lower their levels of EPA, DPA and DHA. Having increased intakes of ALA would 

decrease the effects of these variants and their association with decreased LDL and total cholesterol 

concentrations, cardiac risk factors and inflammation. The recommendation would be to choose fish 

sources of EPA, DHA and DPA to enhance the anti-inflammatory benefits derived from the 

ingestion of L-C PUFA-ω-3.  

PPARA, PPARG and XRCC1 variants and polyunsaturated fatty acids  

In this Sequenom MassARRAY study, the variants for the SNP rs14253728 (which is also in 

moderate linkage disequilibrium with PPARA L162V, r2=0.18) were analysed (239). The frequency 

of the homozygous AA variant was 6.24 and 5.43% for the CD and control group respectively, for 

the AG variant, 37.17 and 36.28% respectively, and for the GG variant, 56.59 and 58.29% 

respectively.  

People with the homozygous allele GG of PPARA had significantly lower plasma levels of TG and 

apoC111 than those with the minor variant A, after correcting for gender, BMI, age, ethnicity and 

ethnicity-genotype interactions (chapter one). The minor variant AA has been associated also with 

a more effective reduction in cholesterol for those taking simvastatin (239, 240). This was 

associated with its effects on the enzyme activity of CYP3A4.  

Current research on the effects of statins on IBD has associated statin use with reduced colorectal 

cancer in people with IBD. In a case control study in Israel (n=1921 matched pairs of CRC cases 

and controls), long-standing statin use was associated with a reduced risk of both IBD-associated 

CRC (odds ratio [OR] = 0.07; 95% CI, 0.01-0.78) and non-IBD CRC (OR = 0.49; 95% CI, 0.39-

0.62) (938). Statins have also been connected with reduced steroid use in the USA (18% reduction) 
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in people with IBD (n=1,986 statin-exposed and n=9,871 control) but this was with those with UC 

but not CD (939). Ungaro et al. in their large retrospective matched case–control study (n= 9,617 

with IBD and n=46,665 for controls) found that statin exposure was linked also with a significantly 

decreased risk of CD (0.64, 95% CI 0.59–0.71) (940). Statins lower inflammatory markers such as 

CRP and avert cardiovascular disease (941). People with CD with the minor AA variant of 

rs14253728 maybe a subgroup most able to respond to statin use through its effects on the enzyme 

activity of CYP3A4. 

In the PPARG gene SNP rs1801282 (also known as Pro12Ala), a high intake of saturated and 

monounsaturated fat has been associated with a more active CD in wild type carriers (942).  People 

with a higher ratio of -6/-3 PUFA intake had a significantly higher disease activity i.e. fat intake 

interacted with this SNP (235). In our Sequenom MassARRAY analysis, the frequencies of the 

homozygous CC variant of the SNP rs1801282 were 74.34 and 77.41% for the CD and control 

groups respectively; for the GC variant, 24.46 and 21.65% respectively; and for the GG variant, 

1.20 and 0.93% respectively. This compares with the study by Ferreira et al. on fat intake in 

European subjects (n=99 with CD and n=116 controls) of CC, 82.2 and 74% for those with CD and 

controls respectively; GC, 16.7 and 15% respectively; and for the GG variant, 1.1 and 1% 

respectively. This would suggest that for the majority of people with CD in NZ a low saturated and 

monounsaturated fat diet be recommended to reduce the incidence of active CD.  

Interestingly, a recent meta-analysis on populations from the USA and Denmark by Nagao et al. 

investigated the association of this SNP with nonsteroidal anti-inflammatory drugs (NSAIDs) use 

and the risk of cancer (943). They found with all variants of rs1801282 that there was a significantly 

lower cancer risk with NSAID use. When the results were stratified by type of cancer, those with 

the minor G allele had significantly reduced colon cancer risk when they consumed NSAIDs 

(OR=0.73, 95% CI=0.57–0.93). Those with the major CC variant had a significantly reduced risk 

of cancers other than colon cancer when they consumed NSAIDs (OR=0.79, 95% CI=0.69–0.91). 

The effect of the G allele of this SNP was also reported in the meta-analysis by Mao et al. to have 

a moderate effect on lowering the risk of breast cancer (n= 2,279 with breast cancer and n=2,360 

control) (944). Inflammation is a hallmark of cancer and the transcription factor NF-κB has a major 

role in inflammation (945-947).  NSAIDs reduce its activation so this may be why NSAID use is 

associated with the reduction of cancer risk variants of rs1801282 (948-950). In CD, there is a strong 

association with cancer and inflammation which is thought to develop as a result of the disease 

rather than be of a genetic source (507, 951-953). However, in the large adult European prospective 

cohort study (n= 35,780) on the effect of aspirin use on the aetiology of IBD (Chan et al., 2013), it 
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was noted that aspirin taken regularly was associated with the risk of developing CD (OR = 6.14, 

95% CI = 1.76–21.35) (954). There was also an interaction between smoking and aspirin. Smoking 

was associated with a protective effect in people with CD who were taking aspirin. Unfortunately, 

no genetic data were analysed in this study to discern if variants in genes like PPARG had any 

impact. 

A number of other meta-analyses and studies have explored the PPARG gene and its variants with 

respect to chronic diseases, such as susceptibility to hypertension, type 2 diabetes (T2D) risk, 

obesity index in those with T2D and psoriatic arthritis (955-959).  More study on PPARG variants 

with respect to CD in NZ and disease behaviour, drug and surgical interventions and smoking habits 

may shed light on their impacts. 

The variants of the gene XRCC1 have been studied with respect to an increased risk of a  range of 

cancers (lung, thyroid, breast, colorectal, basal cell and squamous cancer), and the effects of fatty 

acid intake and sun exposure with respect to colorectal adenoma and basal and squamous skin 

cancers  (45, 243, 245-247, 250-253, 256, 257, 960, 961) (chapter one). In our study, the variants 

of the rs25487 SNP were identified. The homozygous AA variant was present at frequencies of 

11.72 and 12.85% in the CD and control groups respectively; the AG variant was present at 51.44 

and 46.87% respectively; and the GG variant at 36.84 and 40.28% respectively. The frequency of 

the AA variant implies that about one in ten people in the NZ population have an increased risk of 

thyroid cancer, basal cell and squamous cancer, and colorectal adenoma if their monounsaturated 

and polyunsaturated fat intake was high. Those people with CD and this AA variant would be worth 

monitoring for risk of these cancers. 

Variants of SCD and CRP and fatty acids 

In the Sequenom MassARRAY analysis, the SNP rs2060792 from the Stearoyl-CoA Desaturase 

(SCD1) gene was analysed. The AA homozygous variant was present in 43.75 and 46.41% of the 

CD and control groups respectively; the AG variant was present in 46.88 and 44.12% respectively; 

and the homozygous GG variant was present at 9.38 and 9.47% respectively.  

The SCD gene is crucial in lipid metabolism (45) (chapter one).  The SCD protein is a rate limiting 

enzyme involved in the synthesis of mainly palmitoleic and oleic acids (258). High levels of SCD 

expression have been associated with breast cancer and obesity in humans (259, 260). The SNP 

rs2060792 in the SCD gene has been shown to modulate the levels of fatty acids and inflammation 

as measured by the abundance of CRP (261). Stryjecki et al. showed that the G allele of the SNP 

rs2060792, compared to the AA variant in European females, was associated with lower plasma 
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CRP and palmitic acid levels, and that there was an inverse relationship between CRP and stearic 

acid in younger women aged 20-29 years (261).  

The results of this analysis indicate that about 9% of people with CD have the GG variant. To 

counter inflammation these people would be advised to keep palmitic fatty acid intake low and 

those with the AA variant (about 40%) would be advised to keep their stearic acid intake low. 

Palmitic acid is found mainly in palm oil with smaller amounts in dairy and meat products. 

Examples of foods that contain palm oil are snack (including chocolate) and fried foods, processed 

meats, margarine, ice-cream and foods containing pastry. Stearic acid is sourced from mainly 

animal fat (962-964). 

This concludes the discussion with respect to the nutrients betacarotene, vitamin D and PUFAs and 

the results of the Sequenom MassARRAY analysis on gene variants in the NZ populations of people 

with CD compared to the control group. Particular variants of the genes involved with the nutrients 

betacarotene, vitamin D and PUFAs can affect the metabolic states of with CD. This means that if 

these variants of SNPS were identified in individuals with CD, they would be able to avail 

themselves of more tailored and appropriate nutrition information to help manage their condition 

more effectively.  It also shows the need to continue identifying more variants of genes that can 

maximise the benefits of nutrition for those with CD. 

6.1.4 Transcriptomics 

The transcriptomics analysis completed for Project Two with healthy people showed no significant 

changes in genes being differentially expressed after the multiple testing corrections were applied. 

The gene, Fc Fragment of IgG Receptor IIIb (FCGR3B), also known as CD16b, was significantly 

upregulated by the nutrient supplement before multiple testing was applied. This is a low affinity 

receptor for the Fc portion of IgG antibodies. It has a role in the activation of natural killer cells for 

antibody-dependent cell-mediated cytotoxicity, a mechanism of cell-mediated immune response.  

6.1.5 Comet assay analysis 

In Project Three the comet assay (also known as single-cell gel electrophoresis) was used to assess 

the damage to the DNA. This assay was used in place of a transcriptomics analysis which was 

completed in Project Two. In the comet assay, a small sample of blood is embedded in agarose so 

that the DNA in the cell is immobilized. Lysis solution and electrophoresis remove the membranes, 

cytoplasm and nucleoplasm, leaving the nucleoid. The nucleoid material is then unwound using 

ethidium bromide and the DNA loops expand out to form a halo. This extension helps identify the 

amount of damage (965). The results of the comet assay showed that after six weeks of the nutrient 
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supplementation used in the trial, there were significantly decreased numbers of strand breaks when 

the participants took the nutrient capsule and the placebo, with more significant results for the 

nutrient sample (Table 5.24). These results suggest that taking the nutrient supplement and the 

refined fish oil improved the genetic stability of leukocytes obtained from the participants. 

In the study by Pereira et al. DNA damage was measured using the comet assay in a European IBD 

population (n=344, n=221 with CD), and compared to a normal healthy population (n=294) (966). 

Their results showed that there was significantly greater DNA damage in individuals with IBD. It 

was suggested that inflammatory and stricturing behaviour in CD and the number of flares/year 

were risk factors linked to DNA damage. Our results suggest that nutrient supplement used in this 

trial would be useful in suppressing this damage. 

However, the comet assay has some limitations. As explained by Olive and Banáth, if there is 

extensive heterogeneity in the extent of DNA damage in the population being checked, a sample 

size of 50 comets/slide (the normal number assessed) may be insufficient to generate statistically 

significant data (967). Interpretation of the consequences of the DNA damage can also be 

challenging as there is no simple relationship between the amount of DNA damage and the chemical 

that the cells have been exposed to (967). A larger sample size and a longer period of exposure to 

the nutrient supplement and placebo would help elucidate this. 

6.2 Environmental influences on Crohn’s disease 

In this section, the results pertaining to the environmental influences (except for nutrition, discussed 

in section 6.3) from Projects Two and three will be discussed. Projects two and three were both 

randomised, placebo-controlled cross-over trials with ‘healthy’ people who were unaffected by 

gastrointestinal disorders in Project Two and people with CD in Project Three. Both groups of 

participants were based in Auckland. The CD participants were also on the NuNZ database (654). 

The selection process for participants in these trials was described in chapter four. 

The effects of the nutrient supplement on gastrointestinal physiology were measured in the two 

projects by four indices. These were CRP and faecal calprotectin (measures of inflammation), stool 

diaries (a measure of gastrointestinal output) and microbiota (a measure of the balance between pro- 

and anti-inflammatory microbiota species). Methods of measurement are described in chapter four.  

6.2.1 C-reactive protein 

CRP is produced in the liver and blood concentrations are used as an indicator of inflammation in 

the body. It is an acute phase reactant and rising levels are used regularly as an indicator of 
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inflammatory conditions such as infections, atherosclerosis, heart disease and rheumatoid arthritis 

(968, 969) . 

When the data for the CRP levels were analysed in Project Two for healthy people the GLMM 

analysis showed that the nutrient supplement significantly reduced the CRP levels compared to the  

MCT-8+10 triglycerides placebo capsule (Table 5.4 and Figure 5.1). However, the other methods 

of statistical analysis (parametric, non-parametric and ANOVA as shown in Table 5.4) did not 

confirm this. When the data at every time point were checked for normality through the Shapiro test 

this showed that CRP values were not normally distributed. This would explain the disparity 

between the results of the different statistical analyses. When the CRP levels were analysed for 

people with CD in Project Three there were also no significant differences. Individual results 

showed two people were consistently over the normal range for CRP in Project Two (CRP=10-17 

mg/L) and three people with CD in Project Three (CRP=4.0-8.0 mg/L). From these results, it would 

appear that the nutrient supplement was not having any significant effects with respect to 

inflammation as measured by CRP, and that most people had CRP levels that indicated they were 

in a non-inflammatory state.   

6.2.2 Faecal calprotectin 

Calprotectin is a key protein found in the intracellular fluid of inflammatory cells and can be 

measured in the faeces as an indicator of the migration of neutrophils through the bowel wall to the 

faecal material (970). Faecal calprotectin scores for adults have been developed and in the meta-

analysis by Røseth et al. compared to endoscopy results they show a sensitivity of 0.93 (0.85 to 

0.97) and specificity 0.96 (0.79 to 0.99) (971).  

In this study, there were no significant differences in calprotectin scores for participants when they 

took the nutrient supplement or the placebo in either groups. In the CD group, fifty percent of the 

participants had calprotectin scores in the normal or clinically inactive range. [Scores for 

calprotectin are: normal, <100μg/g; clinically inactive, <150μg/g; mild, 150–219μg/g; moderate, 

220–450μg/g; and severe, >450μg/g (970)]. The other participants fluctuated in their scores through 

the trial. This reflects the cycle of inflammation that people with CD can experience. Only one 

participant consistently rose from the normal range at the start to the severe range by the end of the 

trial. It was observed that for this participant their QoL score for the numeric scale (from 1-10) was 

seven at both the start and the finish of the trial. However, with their IBDQoL score (also out of 10) 

the average for the ten questions decreased from six at the start, to 4.7 at the finish, which parallels 

their calprotectin score. A longer trial, with more participants would indicate whether this was a 

result of a CD flare or a reaction to the supplement and or control.  
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6.2.3 Stool diaries 

The stools of participants were analysed for the three phases of the trial: while on the nutrient 

supplement, the washout period and while they were on the placebo. Each bowel movement was 

checked and scored daily with a numerical scoring system for consistency, ease, volume and 

frequency as has been previously described by Rush et al. (873). The purpose of this questionnaire 

was to monitor any changes in the stools with respect to the supplement or placebo intake.  

For the healthy group, there was only one significant difference (Table 5.16) with an increased 

volume for stool output when the placebo was compared to the washout period. The stool diaries 

for the CD group also included numerical scoring for abdominal pain and bloating. When these 

stool diaries were analysed for the CD group there were no significant differences (Table 5.26) for 

frequency, ease, volume, consistency, abdominal pain and bloating. 

It would appear from this analysis that the nutrient supplement did not make any differences to 

bowel habits for either group. It is interesting that the MCT placebo in the healthy group increased 

the stool volume. This compares with the study by Haderslev et al. on people with intestinal 

resections given a matched MCT or long chain triglycerides diet. They found the participants on 

the MCT diet also showed a significantly increased faecal volume and this they stated was 

associated with improved fat absorption with MCT consumption (972).  

6.2.4 Microbiota 

The analysis of the microbiota from the two nutrient trials showed there were no significant 

differences in alpha diversity i.e. no difference in the types of sequences per sample) nor beta 

diversity (unweighted unifrac, kinds of bacteria and phylogenetic relationships) after taking either 

the nutrient sample or the placebo.  

The microbiota of healthy individuals compared to the CD individuals were also significantly more 

similar to each other irrespective of the intervention or time point. It was also observed when 

comparing the two groups of healthy and CD participants there was a significantly greater relative 

abundance in CD participants of the two bacterial families of Lachnospiraceae and 

Streptococcaceae and a significantly lower relative abundance of the three bacterial families of 

Ruminococcaceae, Peptostreptococcaceae, and Verrucomicrobiaceae. There were no significant 

differences in the abundance of Bifidobacteriaceae, Erysipeiotrichaceae and Bacteroidaceae 

between the healthy and CD groups. These three are associated with remission in CD. A larger trial 

over a longer period with this the nutrient supplement would show whether is sustained. 
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6.2.5 Perinatal and childhood factors 

These factors as discussed in chapter two encompass a number of situations relating to childhood 

that may influence the child’s response to pathogens. These include infections, antibiotic use, and 

exposure to a wide range of bacteria through pets, use of community swimming pools, the use of 

carpet in the home, and sand pit use. These particular areas were not explored in this study as the 

CD group selected were also participants in the NZ case control study on CD which was reviewed 

in chapter two with respect to these factors (427). 

6.2.6 Lifestyle practices 

The role of stress was not explored in the NZ case control study on CD and so two questionnaires 

were included in this study to measure the QoL of participants. There were no significant differences 

in the QoL scores for participants on the nutrient supplement relative to placebo in either Project 

Two (Table 5.16) or Project Three (Table 5.24). There were also no significant differences for 

people in Project Three as measured by the IBD QoL questionnaire when they were on the nutrient 

supplement or placebo. Individual questions on pain, depression, gas, bathroom use and fatigue 

were also analysed to discern if there were any differences between the first week and sixth week 

of being on the nutrient supplement or the placebo and no significant differences were found 

(unpublished data). A comparison of the two QoL questionnaires shows that the means of the QoL 

score were higher (7.3-7.5) than the means of the IBD QoL (5.3-5.4) (unpublished data). These 

questionnaires were completed in the presence of the interviewer and this may have influenced the 

results. However, these results indicate that there was no loss of QoL during the twelve weeks of 

Project Two or the eighteen weeks of Project Three.  

The first QoL scale is a Likert scale (also known as a numeric rating scale (NRS)) which uses the 

number scale 1-10. This scale was used by Surti et al., who compared six scales for assessing health 

status in CD patients (871). The scales they compared were: CD activity index (CDAI), Harvey-

Bradshaw index (HBI), inflammatory bowel disease questionnaire (IBDQ), NRS, CRP and 

calprotectin. They found that the patient-reported NRS showed good correlation with CDAI, IBDQ 

and HBI in patients with CD but not with CRP or calprotectin. The second QoL score was used 

only with the CD group in Project Three. This was the IBD QoL score, designed for community 

physicians managing IBD and validated by Irvine et al. against the Health-related quality of life 

(HRQOL) and the IBDQ (874).  
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The use of these two scales QoL and IBDQoL in a clinical situation, especially with respect to CD, 

would depend on the time available. The QoL does give a quicker indicator but the IBDQoL gives 

more information especially with respect to pain, depression, gas, bathroom use and fatigue. 

6.3 Nutritional influences on Crohn’s disease  

In this section, the nutrition results pertaining to Project Two and Three will be discussed.  

In Project Two, the trial was conducted over twelve weeks and participants had a four-week 

exposure to either the nutrient supplement (which contained omega – 3 fish oil, vitamin D, co-

enzyme Q10, zeaxanthin, leutin and astaxanthin) or a placebo with a four-week washout period in 

between. The placebo consisted of a MCT-containing capsule. Thirty participants started the trial 

and 27 completed it.  The results from the first trial suggested that the placebo was having an effect 

and that the washout period was insufficient (902) so a different placebo and a longer washout 

period were instigated for the next trial for people with CD - the third project. This trial was 

conducted over eighteen weeks and participants had a six-week exposure to either the nutrient 

supplement (the same one as was used in Project Two) or placebo with a six-week washout in 

between. The decision to extend each phase of the trial to six weeks was based on a further review 

of the literature (8, 973-976). The placebo used here was a purified fish oil without any other 

nutrients added. Twenty-seven participants started the trial and 24 completed it. 

In Project Two with healthy people a number of nutrients was analysed: omega three fatty acids, 

vitamin D, CoQ10 (ubiquinone), carotenoids and lipids. A food variety questionnaire and online 

nutrition questionnaire were completed. In Project Three with people with CD, omega three fatty 

acids, vitamin D, and lipids were analysed and a food variety questionnaire and online nutrition 

questionnaire completed. 

As these projects were conducted to discern any differences in response between a healthy 

population and those with CD to the nutrient supplement the following discussion will compare 

results with the particular nutrients analysed and then consider the answers to the two nutrient 

questionnaires, and the significance of any differences.  

6.3.1 Omega three fatty acids 

To detect the levels of plasma lipids, samples were analysed using the lipid profiling fatty acid 

methyl esters (FAMES) analysis. The method uses gas chromatography where esterification of 

lipids and injection, separation, identification and quantitation of the esters occurs (879). This 

measure is based on the changes in metabolites produced with the ingestion of the nutrient 
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supplement or the placebo. It is used to determine the extent to which the lipids ingested are utilised. 

Increasing the intake of lipids does not always equate to utilisation and uptake.  

In Project Two with healthy people there was a significant difference in the following five fatty acid 

levels: myristoleic acid (C14:1), palmitoleic acid (C16:1), EPA (C20:5), DHA (C22:6) and DPA 

(C22:5). In Project Three there was a significant difference in six fatty acid levels: myristic acid 

(C14:0), heptadecenoic acid (C17:1), dihomo-gamma-linolenic acid (C20:3 n6) and also EPA, 

DHA and DPA. The implications of these results will be discussed individually for each of these 

fatty acids. 

Myristic acid (C14:0) 

In Project Three, there was a significant increase (p<0.5) in myristic acid levels in those who took 

the placebo – the refined fish oil. This acid (also known as tetradecanoic acid) is a long chain 

saturated fatty acid found in most animal and vegetable fats. Examples include butter, cheeses, 

meat, eggs, milk, fish, shell-fish and fish oil. Plant sources include palm kernel and coconut oil, 

nutmeg, iris rhizomes and corn. Myristic acid is used to make soap and cosmetics because it is 

easily absorbed through the skin (977-979). Few studies have been conducted on the effect of 

myristic acid in humans. In the study by Zock et al. (n=59) healthy people were fed for three weeks, 

in random order, with diets with increased (10% of total energy) palmitic, oleic or myristic acid 

(980). Myristic acid was observed to increase both LDL cholesterol and apolipoprotein B (apoB) 

and decreased the HDL: LDL ratio. In another small study (double blind, random, controlled cross 

over) by Sundram et al., 17 healthy male residential volunteers were fed a diet for four weeks with 

either an increased palmitic acid or with a combination of increased lauric and myristic acids (5% 

of energy) (981). In this diet, all the other fatty acids were kept at a constant level. They found the 

combination of lauric and myristic acids produced a higher serum cholesterol concentration 

compared to the diet with increased palmitic acid which produced a 9% decline in total cholesterol 

(p<0.005). There were no significant changes in this fatty acid in Project Two with healthy people. 

This would suggest that the nutrient supplement was preferable for people with CD compared to a 

refined fish oil. 

Myristoleic acid (C14:1) 

In Project Two, myristoleic acid levels showed a significant increase in those who took the placebo 

first. Myristoleic acid is not commonly found in human tissues. Food sources are whale blubber, 

eel, Antarctic whale, and reptilian turtle milk fats (982). There have been few studies specifically 

relating to this fatty acid. In one by Iguchi et al. (983) on cell viability of human prostatic LNCaP 

cells in an in vitro model, myristoleic acid, as part of the extract of Serenoa repens, induced mixed 
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cell death with apoptosis and necrosis. In another study by Sczaniecka et al. (984) on specific dietary 

fatty acid intake (identified through a food frequency questionnaire with postmenopausal women), 

myristoleic acid intake was associated with increased breast cancer risk. So, an increase in this fatty 

acid would not be helpful for women.  

In Project Three, in which the nutrient supplement and the placebo with refined fish oil were trialled 

on with people with CD, there were no significant changes to the levels of myristoleic acid which 

would suggest this result from Project Two was an effect of the MCT placebo. 

Palmitoleic acid (C16:1)  

In Project Two, palmitoleic acid when analysed by GLMM and ANOVA, showed a significantly 

decreased level for healthy participants taking the nutrient supplement. Dietary sources of 

palmitoleic acid, a monounsaturated fatty acid, are animal, vegetable or marine oils. Palmitoleic 

acid is found in all human tissues but particularly in adipose tissue and the liver. In mouse studies, 

it has been shown to inhibit the destruction of beta cells in the pancreas and lower inflammation 

and increase insulin sensitivity (985, 986). In humans, circulating palmitoleic acid concentrations 

correlate positively with insulin sensitivity, independent of adiposity, age and gender (987).  

Palmitoleic acid has an effect on inflammatory and metabolic pathways. When palmitoleic acid was 

used to treat differentiated pre-adipocytes in a study on fatty acid regulation of adipocyte gene 

expression, it suppressed inflammatory pathways (988). In the study by Zhang et al. (989) on fatty 

acid distribution and colorectal cancer prognosis in 35 subjects, the abundance of palmitoleic acid 

was found to be significantly lower in colorectal cancerous tissue, compared to adjacent normal 

tissue. However, in the E3N-EPIC study conducted over seven years among 19,934 women, an 

increased risk of breast cancer was associated with increasing serum levels of palmitoleic acid and 

elaidic acid (990). This would imply the nutrient supplement in this study which showed a 

significantly decreased level of this fatty acid in healthy participants could be of benefit to women. 

Genome-wide association studies have also investigated the association of common genetic 

variation in plasma phospholipid fatty acids on the de novo lipogenesis pathway. From these studies 

based on five population-based cohorts of 8,961 participants with European ancestry, FADS1 (fatty 

acid desaturase 1), and FADS2 (fatty acid desaturase 2) and HIF1AN (factor inhibiting hypoxia-

inducible factor-1) polymorphisms were associated with higher palmitoleic acid levels. PKD2L1 

(polycystic kidney disease 2 like 1) polymorphisms were associated with lower palmitoleic acid 

levels (991). Further analysis of the participant’s genome with respect to these variants would be 

another area to explore. There was no significant difference in this fatty acid in Project Three with 

people with CD. 
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Heptadecenoic acid (C17:1)  

In Project Three, the nutrient trial with those with CD, the FAMEs analysis revealed a significant 

increase in heptadecenoic acid in those who took the nutrient supplement (p<0.04). Heptadecenoic 

acid is a monounsaturated fatty acid not to be confused with heptadecanoic acid (17.0) which is a 

saturated fatty acid which is also known as margaric acid (992). Heptadecenoic acid has a number 

of isomers cis-8, cis-9 and cis-10. Heptadecenoic acid cis-10 appears to be the isomer present in 

varying amounts in marine fish species (993). However, in mammals the cis-9 isomer appears to be 

the main isomer identified in ruminant milk, and in intramuscular fat and plasma in humans (994, 

995). This fatty acid is an odd-chain fatty acid along with C15.0 (pentadecanoic acid), C17.0 and 

C23.0 (tricosanoic acid). These four are the only measurable odd chain fatty acids in humans, with 

low concentrations (<1%), with even chain fatty acids being the main constituents in plasma (996, 

997). 

The metabolism of odd chain fatty acid has been receiving increasing attention as studies have 

linked them to lower disease risk. Concentrations of the odd chain fatty acids (C15.0 and C17.0) 

were found to be significantly inversely associated with coronary heart disease (CHD) (OR 0.73, 

0.59-0.91, p<0.001) in the Norfolk Prospective study by Khaw et al. (n=2,424 with CHD and 

n=4,930 controls) (997). These results included adjustments made for ten factors which included 

age, gender, BMI, smoking, alcohol intake and other PUFA. In another study, a cohort group 

(n=12,132 type 2 diabetes, n=15,919 sub-cohort) selected from the European Prospective 

Investigation into Cancer and Nutrition (the EPIC-InterAct case-cohort study) also showed an 

inverse relationship with disease type with C15.0 (HR: 0·79 [95% CI: 0·73–0·85] and C17.0 (HR: 0·67 

[95% CI: 0·63–0·71]) p<0·0001. This study adjusted for a number of factors including age, gender, 

physical activity index, BMI, and smoking status (998).  

The sources of these odd chain fatty acids appear to be diet and endogenous metabolism (997, 999, 

1000). A number of studies on human diet have linked these fatty acids to the intake of dairy 

products and there have been suggestions that C15.0 could be a marker for the intake of milk fat 

(1001-1003). In ruminant research, heptadecenoic acid is found at different levels in the duodenum, 

plasma and milk, being highest in the latter (1000, 1004). This is thought to be because it can also 

be produced endogenously as a desaturation product of C17.0 through ∆9-desaturase activity in the 

udder (1004). Changes in animal forage could affect the rumen bacterial population and this could 

alter the ratios of fatty acids in the tissues (1005-1007). Higher ∆9-desaturase activity has been 

linked to higher blood glucose levels from higher proportions of ruminal propionate (258, 1000). 

Propionate is a product of microbial metabolism and human studies suggest that it can have an anti-

inflammatory effect by modifying immune cell function (1008-1011). In ruminant, studies the 
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addition of fish oil or marine algae to the feed led to a change in rumen fermentation and an increase 

in rumen propionate levels although this did not increase milk odd chain fatty acid concentrations. 

Propionate, butyrate and acetate production are key factors in the use of energy by humans and 

ruminants (1000).  

The FAMEs analysis for Project Three showed a significant increase in heptadecenoic acid in 

people with CD when they took the nutrient supplement. This increase could indicate a health 

benefit. As discussed earlier, higher levels of this odd chain fatty acid are associated with lower 

disease risk and anti-inflammatory effects through increased propionate levels. There was no 

significant difference in this fatty acid in Project Two with healthy people. This may reflect the 

different microbiota populations in people with CD to those without it. People with CD have more 

pro-inflammatory microbiota species and less diversity in their microbiota population when 

compared to healthy people (1012-1015). This supplement may increase the low levels of anti-

inflammatory bacteria associated with propionate production in people with CD and lower the 

negative impact of this disease on their gut health. 

Dihomo-gamma-linolenic acid (C20:3n6) 

In Project Three, the FAMEs analysis revealed a significant decrease in dihomo-gamma-linolenic 

acid (DGLA) in those who took the nutrient supplement (p<0.003) compared to those who took the 

control – a highly refined fish oil with no extra nutrients. Dihomo-gamma-linolenic acid (also 

known as eicosatrienoic acid) is an unsaturated omega 6 fatty acid and is found in very small 

amounts in animal products (1016, 1017). It is part of the -6 group of essential fatty acids. The 

other group of essential fatty acids being the omega-3 group (-3). An essential fatty acid means it 

must be ingested because it cannot be made by the body. The omega 6 group of essential fatty acids 

is required for: the structural integrity of cell membranes; the production of prostaglandins and 

leukotrienes; the control of water transport in structures like the skin and other membranes; and the 

metabolism of cholesterol (1018). 

DGLA is a metabolic product of gamma-linolenic acid (GLA), C18.3n-6. GLA is converted from 

linoleic acid (LA) which is commonly found in seeds and oils made from sunflower, soy and maize 

and is an essential fatty acid (1019).  DGLA acts as a substrate of prostaglandin-endoperoxide 

synthase 1 (PTGS1) (25).  DGLA can be further metabolised to arachidonic acid, C20.4n-6 (AA), 

which acts as a substrate for prostaglandin-endoperoxide synthase 1 and 2 (PTGS1 and -2) (45). 

DGLA can be converted to prostaglandin E1 (PGE1) which is associated with anti-inflammatory 

and anti-proliferative actions, so an increased level of DGLA would appear to a better outcome 

(1019-1021).  However, DGLA can be further metabolised to AA and the metabolites of AA can 
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act as pro-inflammatory mediators which would not be of benefit (1022-1026). It would appear 

though, from studies where dietary LA is increased above essential intakes, that the production of 

AA via LA is closely regulated and the conversion of LA to AA is only about 0.2%, and so 

increasing DGLA levels is unlikely to lead to pro-inflammatory metabolites being formed (1027, 

1028).  

In other human studies, diets have been supplemented with products containing high levels of GLA 

(such as primrose or borage oil) to bypass the LA conversion step to GLA. This is to take advantage 

of DLGA’s conversion to PGE1 and exploit PGE1’s anti-inflammatory and anti-proliferative 

actions. GLA is preferable to LA as a supplement because the delta 6 desaturase enzyme, which 

converts LA into GLA, works slowly, and it effectiveness can be reduced by aging, inflammatory 

disorders (such as cancer, diabetes and high cholesterol levels), alcohol and nutrient deficiencies 

(such as those of zinc or pyridoxine). The enzyme responsible for the elongation of DGLA from 

GLA has no such restrictions (1018, 1019, 1028).  In some studies when higher levels of GLA were 

given to humans, small rises in DGLA were detected and this led to rises in PGE1 concentrations 

(1029, 1030). However, when mice with dextran sulfate sodium (DSS)-induced colitis were fed 

borage oil or safflower oil as a control, there were no significant differences in DGLA levels in 

bowel triglycerides, although borage oil increased the GLA levels. There was also no impact on the 

severity of the colitis in these mice (1031). The other interesting observation is that when serum 

fatty acids were measured in men with incident CHD and controls (n=94, both groups) the 

concentrations DGLA in serum were higher in CHD cases than in controls (p<0.05) (1032). This 

was also observed in the EPIC-Norfolk Prospective study discussed earlier which included people 

with (n=2424 men and women) and without (n=4,930 controls) incident CHD, who were followed 

up over 13 years. DGLA levels were positively associated with CHD [OR 1.22, 95% Cl (1.08-1.32), 

p=0.002] (997). This was also observed in the ARIC study (n=3,591, Caucasians) who were 

followed up for almost 11 years (1033). These studies imply that higher levels of DGLA are 

associated with inflammation and taking a supplement which lowers DGLA may be appropriate. 

Omega-3 fatty acids are preferentially metabolised over omega 6 fatty acids which would explain 

why the levels of this fatty acid decrease with the ingestion of a predominately omega-3 supplement 

(1034, 1035). When the healthy group took this supplement over four weeks (Project Two) there 

was an insignificant downward trend in the concentration of this fatty acid (41.56 dropping to 38.8 

µg FA per ml, unpublished data) compared to the control group who were given a MCT placebo. 

When the CD group took the nutrient supplement for six weeks initial levels of 49.0 dropped to 

41.9 µg FA per ml by the end of the trial (unpublished data). So, this downward trend is not 

exclusive to those with CD and would suggest that the supplement worked this way in both groups. 
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These initial higher levels of DGLA in the CD group (Project Three) compared to the healthy group 

(Project Two) contrasts with that reported by Figler et al., for whom the values of DGLA in plasma 

sterol esters were significantly lower in Hungarian patients with CD compared to healthy controls 

(1036). In another study by Hiki et al. the DGLA concentrations in their normal control group 

(Japanese men aged 55 ±11 years) were 30.6 ±8.7 µg FA per ml (1037). 

From the studies presented it would appear that high levels of DGLA are not associated with anti-

inflammatory outcomes but rather the reverse. So, what does the lowering of DGLA signify? At 

this stage, the literature suggests that it could have a health benefit. A study in which longer term 

intakes of this supplement (e.g. 12 months) by people with CD should be conducted. Monitoring of 

fatty acid concentrations would show whether the lowering of DGLA levels continues and whether 

this is associated with positive or negative outcomes with respect to inflammation. A diet record to 

monitor essential fatty acid intake would also be warranted. 

Eicosapentaenoic acid (EPA) C20:5, docosahexaenoic acid (DHA) C22:6, and docosapentaenoic 

acid (DPA) C22:5. 

In the healthy and CD groups concentrations of EPA, DHA and DPA appear, through the different 

statistical analyses, to consistently significantly increase in those taking the nutrient supplement. 

This implies that this source of EPA, DHA and DPA could be a useful adjunct to other dietary 

sources of these fatty acids. The most common food sources of EPA and DHA are oily fish and fish 

oil (from the plankton they consume) and for babies, breastmilk. Other sources include seaweed 

and microalgae (1038). Food containing DPA includes fish, poultry and red meat (1039). DHA is a 

significant constituent of the brain, retina, skin, testicles and sperm in humans, and lower levels of 

DHA in brain tissue have been linked with severe depression and cognitive decline   (1040-1043). 

The human body derives EPA, DHA and DPA from alpha-linolenic acid but these fatty acids are 

taken up more easily ingested food that contains them. However, if people experience chronic 

conditions such as diabetes this can limit the metabolism of EPA and DHA (1044). Limited research 

on the metabolism of DPA in humans suggests that DPA may act as a source for EPA and DHA 

(1045, 1046). 

In animal models, diets enriched in EPA and DHA have shown positive effects for chronic 

conditions such as rheumatoid arthritis, IBD and asthma (624, 1047-1049). As a result of these and 

human studies, these fatty acids are being used in dietary supplements in arthritis (1050, 1051). 

EPA is also being used in medical conditions such as hypertriglyceridaemia. The USA Federal Drug 

Agency (FDA) has approved a fish oil capsule (Lovaza) for this purpose (1052, 1053). The severity 

and incidence of chronic diseases such as cancer and cardiovascular disease have also been less in 
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people whose diets have higher levels of EPA and DHA content (1054). These fatty acids lower 

inflammation through a number of mechanisms. For example, they influence leukocyte chemotaxis 

and the expression of leukocyte-endothelial adhesive interaction factors through the metabolites 

leukotrienes, prostaglandins, thromboxanes and resolvins; reduce the activity of pro-inflammatory 

genes; and activate anti-inflammatory transcription (217, 1054-1057). These fatty acids, particularly 

EPA, have been used for people with depression and schizophrenia to ameliorate their mental health 

conditions (1058-1060).  EPA has also been shown to suppress cachexia that is associated with 

cancer and chemotherapy (1061).  

In vitro models have shown that these fatty acids can also have an effect on the tight junctions which 

are associated with the gut wall. EPA and DHA change the lipid environment in the membrane 

micro-domains of tight junctions, preventing occludin (essential for tight junction stability and 

barrier function) and zonula occludens-1 (ZO-1) redistribution, and the distortion of tight junction 

morphology (1062). These fatty acids also reduced interferon-gamma (IFN-γ) and TNF-alpha 

induced transepithelial electrical loss of resistance (1063). Crohn’s disease is associated with 

defects in tight junctions so these fatty acids may help improve the barrier function of people with 

CD. In studies with cancer induced cachexia, which is thought to be associated with intestinal 

permeability and endotoxaemia, therapeutic interventions with EPA were associated with improved 

intestinal function and reduced inflammation (1064). 

EPA acid-derived resolvin E1 (RvE1) has been associated with prevention of bone loss and the 

induction of bone generation. In chemR23 transgenic (tg) mice overexpressing the RvE1 receptor 

(chemR23) on leukocytes, it was found that induced alveolar bone loss was lessened when 

compared with wild type mice (p<0.05 In vivo regeneration of parietal bone following a uniform 

craniotomy was also significantly enhanced by RvE21 in both wild type and chemR23 transgenic 

mice, (n=16 for each group) (1065). Kajarabille et al. noted that -3 PUFAs affect the receptor 

activator of nuclear factor 𝜅𝛽 (RANK). This receptor is located on the osteoclast and directs 

osteoclast formation which causes bone resorption (1066). 

Trebble et al. (2004) showed that the addition of fish-oil plus antioxidants was associated with 

higher EPA and DHA incorporation into PBMCs (peripheral blood mononuclear cells) (p<0.001) 

and lower concentration of arachidonic acid (p<0.006). There was also lower production of IFN-γ 

(p<0.012) and of prostaglandin E2 (PGE2) (p<0.047) (1067). However, a recent systematic review 

(2012) on omega-3 fatty acids and IBD could not make any recommendations. This was due to a 

number of confounding factors: the small numbers in some trials, the crossover design for trials 

testing for remission (which was thought to be inappropriate considering the relapsing nature of 
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IBD); the combinations of -3 PUFA with prebiotics and antioxidants; and the use of placebos like 

olive oil and MCT, both of which have shown anti-inflammatory properties (218). 

Jaudszus et al. (648) compared the suppressive and pro-resolving effects of EPA and DHA in human 

primary monocytes and T-helper cells. Assessment was made of the impact of high concentrations 

of these fatty acids on the viability of primary lymphocytes and monocytes over 24 hours. Both 

EPA and DHA reduced the percentage of cytokine-expressing T helper cells in a PPARγ receptor-

dependent, selective and dose-dependent manner. On activated T cells the cell surface marker CD69 

expression was not affected. EPA and DHA had no effect on TNF-α and interleukin (IL)-6 

concentrations, although IL-10 was increased. EPA and DHA were assimilated into the cells at the 

expense of arachidonic acid. There was also a decrease in thromboxane B (TXB)2 and leukotriene 

B (LTB)4 supernatants, and levels of TXB3 and LTB5 increased, independent of the activation 

(although in accord) with monocyte cyclooxygenase expression patterns. The addition of EPA and 

DHA also induced the production of mono and trihydroxy derivatives like resolvins that are 

potentially highly anti-inflammatory. From these results, the authors believed that EPA and DHA 

do not inhibit immune responses but promote pro-resolving ones (648). 

Omega-3 Index 

When the data for the Omega-3 Index were summarised, the results showed in Projects Two and 

Three a significant increase with both groups who took the nutrient supplement.  This index, 

instigated by Harris and Von Schacky (2004) was originally used as a risk factor for coronary heart 

disease (1068).  Since its original conception it has also been applied to cognitive impairment in the 

elderly, schizophrenia and depression (1069-1073). Several studies have been conducted on the 

effect of low levels of the Omega-3 Index and on -3 PUFAs especially in cardiovascular disease 

(1074-1079) but also on cancer and diabetes. Outcomes of these and other clinical trials have led 

health authorities like the American Heart Association, the Cancer Council of Australia and 

Diabetes Care to recommend consumption of oily fish at least twice a week (1080-1082). Others 

recommend daily supplementation for those people with coronary heart disease (1 gram) and those 

with hypertriglyceridaemia (4 grams) (1083). Despite the number of clinical trials studies reviewing 

omega-3 fatty acids, not all come to the same conclusion.  Studies like the OPERA study (n=1,516) 

and the ORIGIN trial (n=12,536) and another by The Risk and Prevention Study Collaborative 

Group on cardiac risk factors (n=12,513), failed to show any benefit (1079, 1084, 1085).  Calder, 

in his review of PUFAs, inflammatory processes and IBDs comments that the dose of fish oil used 

in animal models is much higher than the doses of fish oil provided to people with IBD in human 

trials and this may be why animal models showing significant anti-inflammatory effects are more 
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successful (1086). Mori (1087) also suggested that inadequate dosages could have contributed to 

the lack of efficacy. Limitation of these studies included the use of doses of omega-3 PUFAs lower 

than 800-900 mg/day, the presence of confounding comorbidities, medication interactions, and a 

high intake of omega-3 in people’s diets.  

However, in this study (chapter 5), these factors were accounted for in the study design. Also 

FAMEs analysis, which detects the extent to which an increase in the fatty acid intake is taken up 

and utilised, showed that fatty acid intake indeed occurred significantly for EPA and DHA. 

6.3.2 Vitamin D 

Responses to the vitamin D content of the nutrient supplement differed in the two projects. With 

the healthy group (Project Two) there were significant differences in serum vitamin D levels when 

participants took the nutrient supplement and when they took the control. When the nutrient 

supplement was taken, there was a significant increase in vitamin D serum concentrations 

(p<0.0036) over the four weeks of supplementation. The normal recommended range for serum 

vitamin D levels in NZ is 50-150 nmol/L. Vitamin D deficiency is defined as less than or equal to 

25 nmol/L.  Before the trial began, four (nearly 15%) of the participants were below the 

recommended range but no-one was deficient and when they entered the nutrient supplement phase 

of the trial they experienced a rise in their serum vitamin D levels with only one not reaching the 

recommended level. All the other participants (96.3%) at the end of their exposure to the nutrient 

supplement were in the recommended range for vitamin D. By comparison, over a quarter of adults 

who were participants in the NZ National Nutrition Survey 2008-2009 (n=4721, aged 15 years and 

over) had serum levels of vitamin D below the recommended range. The report on this survey noted 

that the deficiency started to rise in the month of March and peaked in the winter months of August, 

September and October (1088). Project Two with healthy people was conducted in the first half of 

the year from March to June 2014.  

Participants taking the control MCT capsule showed a different outcome. There was a significant 

decrease in vitamin D levels (p<0.0001) for the group when the placebo was taken. Four participants 

were below the recommended level before starting on the control capsule but after four weeks of 

having the MCT capsule, nine were under the recommended level. Genetic variance may have been 

an influence and this would need to be explored with further analysis. There was also a decrease in 

sunlight time so by the end of the control period, sunlight exposure was less.  Unfortunately, records 

of exposure to sun were not kept in this project to see whether lower exposures over four weeks 

participation in the control part of the trial contributed to lower vitamin D concentrations. However, 
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even if these factors are taken into account, the data suggest that the MCT control significantly 

affected serum vitamin D levels.   

MCTs have a reduced chain length, which means that they are more rapidly absorbed and 

metabolised by the body. MCTs also have about ten percent less energy than long chain triglycerides 

(LCTs). These energy-enhancing aspects of MCTs are thought to be a result of not needing 

carnitine, as LCTs do, to cross the double membrane of the mitochondria. This feature of MCTs 

results in an excess of acetyl-coA, with consequent increased ketone production. This means that 

MCTs are ketogenic and, for this reason, have been used as the basis of a ketogenic diet (1089, 

1090). 

Long-term ketogenic diets increase the risk of bone fractures (despite the use of calcium 

supplements) (1091) and the formation of kidney stones, which suggests that bone metabolism is 

effected (1092). Hahn et al. (1093) observed that mineral metabolism was affected by ketogenic 

diets, with osteomalacia developing and decreased serum vitamin D levels. Another study (n=24) 

on equal numbers of healthy men and women compared two different lipid carriers for vitamin D3 

(peanut oil and a MCT). Vitamin D3 absorption was significantly higher with peanut oil than with 

MCTs in both fasting and non-fasting states (1094). For this reason, and because MCT appeared to 

also affect the fatty acid levels, MCT was not used as a control supplement in Project Three and a 

refined fish oil was used instead (902). 

In Project Three, with people with CD there were no significant differences in the levels of vitamin 

D when either the nutrient supplement (p=0.88) or the refined fish oil capsule (p=0.29) were taken. 

When participants began the phase of the trial when they received the nutrient supplement, two 

people were deficient (with 39 and 46nmol/L respectively; unpublished data) and both moved into 

the recommended range after six weeks of nutrient supplementation. In the control group, all 

participants started in the recommended range but two dropped below the recommended range by 

the end of six weeks exposure to the refined fish oil (33 and 49nmol/L respectively, unpublished 

data). This suggests that the nutrient supplement was able to maintain the recommended levels of 

vitamin D even though sunshine hours were decreasing. Of note, the group of participants with CD 

began with higher average levels of vitamin D (76.2nmol/L) than the group from Project Two who 

began with an average of 60.15nmol/L, even though both groups began their trials at the same time 

of the year. As there is no comparative data for the two groups with respect to exposure to sunshine 

hours, it is not possible to know if sunlight was a contributing factor to this difference between the 

groups.  
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The age range was also similar. In the healthy group the median ages were 49 and 50 years for the 

initial intervention and control group respectively, and of the CD group were 48 and 47.5 years 

respectively. As people age their ability to metabolise vitamin D from sunlight decreases. Aging 

has been reported to decrease the capacity of the skin to produce previtamin D3 by greater than two-

fold. Peak circulating concentrations of vitamin D in older subjects were approximately 30% of 

those in young adults (1095, 1096). In the healthy group, three people described their ethic group 

as Chinese, European Zimbabwean, and NZ Maori European, respectively. Skin colour affects the 

ability of the skin to absorb vitamin D. These participants may have had more melanin pigmentation 

in their skin which would decrease their capacity to absorb vitamin D from sunlight. In the healthy 

group, no measures were taken of skin pigmentation or burn time to make adjustments for this. 

There may also have been genetic variant differences with respect to the genes involved in vitamin 

D metabolism in the healthy group. This would have lowered the absorption of the vitamin D and 

decreased their measured vitamin D levels (211). From the results of Project Three, it appears that 

in this sample of people with CD, their vitamin D levels were well within the recommended range 

and there were no significant changes as the daylight hours diminished in either the nutrient 

supplement or control groups on refined fish oil. According to the Quality Assurance document, 

which detailed the formula of the refined fish oil capsules, these contained no vitamin D. 

Participants were also asked to refrain from taking vitamin D supplements a month before the trial 

began. Two participants were on multivitamin tablets and three were taking vitamin D. One was 

taking 400 international units a day and two were taking 1.25 mg/month. Sun exposure charts were 

completed by participants in Project Three. In the first six weeks of the trial the average exposure 

for each person was between 18-23 minutes /day and in the last six weeks of the trial the sun 

exposure was 18-20 minutes a day. This amount of sun exposure would be sufficient to maintain 

vitamin D in Auckland (1097). Nutrient supplementation probably contributed to the vitamin D 

levels being sustained. 

6.3.3 Lipids 

In Project Two with healthy subjects, there was a significant increase in HDL levels (p<0.011) and 

a decrease in the Chol/HDL ratio (p<0.006) in participants when they took nutrient supplement.  

However, when the participants took the control capsule of MCT, there were no significant 

differences to the lipid levels.  In Project Three, in which participants had CD, similar results were 

found. There was a significant increase in HDL levels (p<0.001) and a decrease in the Chol/HDL 

ratio (p<0.026) in participants when they took nutrient supplement.  However, when the participants 

took the control capsule of refined fish oil there were no significant differences to the lipid levels.  
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HDL cholesterol (direct), was a correlate (p <0.05) of plasma 25(OH)3D in men in the cross-

sectional Framingham Offspring Study (154). So, increasing vitamin D levels with the intake of the 

nutrient supplement could have contributed to this result. The omega-3 fatty acids have long been 

associated with protection of the cardiovascular system (1098). Their most well-known effect is to 

lower triglyceride concentrations in a dose related manner. Doses of 2-4g of omega-3 fatty acids 

lower triglycerides by about 30% (1099-1105).  In Projects Two and Three, there were no 

significant changes in triglyceride levels for those who took the nutrient supplement or the control.  

The nutrient supplement contains >500mg of omega-3 fatty acids per capsule. So even with taking 

two capsules this would still be less than 2g and so probably an insufficient amount to have an effect 

on triglyceride levels. In reviews on the effects of omega-3 fatty acid effects on HDL, the evidence 

is less clear cut. In one review of 72 placebo controlled trials where at least 7g of omega-3 fatty 

acids were ingested daily, there was a significant increase of 3% in HDL cholesterol (1099). 

However, a meta-analysis of the effects of fish oil supplementation on hyperlipidaemia (n=15,106) 

reported only a minor increase in HDL (1104). These differences in results could be attributed to 

the source and quality of fish oils used (1106). The producers of the nutrient supplement used for 

this study source their ingredients from suppliers with quality standards to avoid these issues.  

The lipid profiles of people with CD show distinct abnormalities when compared with normal 

populations (1107-1109). In the study by Shekhar et al. on people with IBD (n= 393) there was a 

difference between genders. HDL cholesterol levels were significantly reduced in males and 

females, LDL cholesterol levels were significantly increased in both genders but triglyceride levels 

in women were significantly lower and in men they were significantly higher. These participants 

with IBD were compared with normal populations with similar mean age and body mass index from 

the National Health and Nutrition Examination Survey (NHANES) 2005-2006 population database 

(1108).  

It appears from these two smaller trials conducted here in NZ that the nutrient supplement was 

having a positive effect with respect to lipid profiles for both healthy populations and those with 

CD. 

6.3.4 Lipid peroxidation  

Lipid peroxidation, the oxidative degradation of lipids, can lead to cell damage. In Project Two 

these levels were measured. In this group of healthy participants there were no significant 

differences in levels of lipid peroxidation in the participants taking the supplement or the control. 

This measure was not studied in Project Three in people with CD. 
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6.3.5 Co-enzyme Q10 (ubiquinone) 

Measurement of serum levels of Co-enzyme Q10 (CoQ10) was conducted only in Project Two on 

healthy people. This measure was used to ascertain the participants’ dietary compliance. Decoding 

confirmed that participants who took the nutrient supplement had a significant increase in their 

CoQ10 levels. There was no significant difference in CoQ10 levels when the participants were on 

the control capsule of MCT. Each nutrient capsule contains 50mg of CoQ10 which means that 

participants taking the nutrient supplement received 100mg/day. High doses are 3600mg/day and 

at these levels gastrointestinal intestinal symptoms have been reported. Taking up to 1200mg/day 

in humans is considered safe (1110). Decreased CoQ10 levels in serum as well as a decrease of the 

CoQ10H2/CoQ10 ratio have been reported in diseases associated with oxidative stress (1111, 1112).  

In human serum and biological tissues more than 90% of the CoQ10 content exists in the reduced 

form ubiquinol-10 (CoQ10H2) which is a powerful lipid-soluble anti-oxidant (880, 1113, 1114). 

CoQ10 is important in mitochondrial electron transport, enabling production of high-energy 

phosphates, which are essential for cellular functions and muscle contraction (1110, 1115). 

CoQ10’s role here and its antioxidant activity have been described as helpful in diverse conditions 

such as diabetes (1116-1118), myocardial infarction and heart failure (1119-1121) and  neurological 

orders including depression (1122-1124). These physiological activities of CoQ10 imply benefit for 

people with IBD. Some preliminary work has been done with CoQ10 and a mouse colitis model 

(1125). Here CoQ10 was administered at 200 mg/kg/d. Haemoccult and loose stools were modestly 

but significantly reduced in the prevention and treatment arms of the study. However, benefit was 

not supported by histological evaluation, which showed increases in ulceration and dysplasia of the 

colon, possibly a result of the high doses of CoQ10 given for a mouse model.  

6.3.6 Carotenoids  

Over 600 carotenoids have been identified (142). The three carotenoids that were analysed in in 

Project Two were lutein, betacarotene and lycopene. The nutrient supplement contains three 

carotenoids astaxanthin (500 µg), lutein (3 mg) and zeaxanthin (0.82 mg). In Project Two lutein 

levels significantly increased in those who took the nutrient supplement (p<9.59E-07) but not while 

taking the control supplement (p<0.238). Carotenoid levels were not measured in Project Three. 

Lutein, like astaxanthin and zeaxanthin which were in the nutrient supplement is a xanthophyll. It 

is only manufactured by plants, particularly green leafy vegetables (e.g. kale, turnip greens and 

spinach) and flowers like marigold and nasturtium. It is also found in hen egg yolks either from 

their exposure to appropriate green foods or supplementation. Lutein is extracted from the petals of 
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nasturtiums for food supplements. Unlike other carotenoids such as betacarotene, lutein, astaxanthin 

and zeaxanthin are not converted to vitamin A in the human body, so have no retinoid activity (142). 

Both lutein and astaxanthin are found in the retina of the eye and at particularly high concentrations 

in the macula. Here they absorb blue light. Their role here is protective. By absorbing blue light the 

underlying structures are less exposed to oxidative damage from light which is thought to play a 

role in macular degeneration (1126). Macular degeneration has been associated with lack of macula 

pigmentation and associated night blindness (1127-1129).  Two recent studies, one over six years, 

the other for five years showed that lutein and zeaxanthin could contribute to reducing the 

progression of macular degeneration, particularly if the participants diets had low levels of these 

(1129, 1130). In another small study (a two-year double-blind, placebo-controlled pilot study) on 

people with age-related cataracts, visual function was shown to improve with those who received 

lutein supplements (1131). Participants taking the nutrient supplement in Project Two on healthy 

people showed a significant increase in lutein so this would hopefully contribute to eye health in 

participants and to those with CD in Project Three. 

Betacarotene was not part of the nutrient supplement. However, healthy participants taking the 

nutrient supplement showed a significant decrease in the levels of their betacarotene. High doses of 

betacarotene have been associated with a higher risk of lung cancers in smokers (1132, 1133). So, 

reduction in betacarotene levels may be appropriate especially if there is a smoking history.  

There were no significant changes to the lycopene levels in healthy participants when they took the 

nutrient supplement or control capsule of MCT. Lycopene is a carotene (without vitamin A activity) 

with bright red pigmentation. It is found in some red vegetables and fruit e.g. tomatoes, watermelons 

and red carrots as well as brown beans and parsley. It contributes to the biosynthesis of many 

carotenoids (1134, 1135).  

Carotenoid levels were not measured in Project Three. However, two studies have looked at the 

carotenoid levels of people with CD. Drai et al. analysed the plasma carotenoid in people with CD 

(n=20) and compared this with a control group from a normal population (n=21). In people with 

CD, all carotenoids were at significantly lower concentrations, and these individuals experienced 

altered intestinal absorption which was mainly independent of their oral intake (1136). Rumi et al. 

found in people with CD (n=28) that the serum concentrations of five carotenoids (β-carotene, 

zeaxanthin, lutein, α-, β-cryptoxanthin) were at significantly lower concentrations than in healthy 

controls (n=23). As no vitamin intake information was collected they were unable to attribute this 

to poor oral intakes, malabsorption or a greater requirement for these nutrients (1137). It would 

have been interesting to measure what the initial serum levels of carotenoids were in those with CD 
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participating in Project Three and to see if these levels would have changed with nutrient 

supplementation. 

6.3.7 Food variety scores  

Food variety scores (FVS) are a simple count of food groups or items and they have been shown to 

correlate positively with three day dietary records for the measurement of nutritional adequacy 

(1138, 1139). These scores are also a much simpler, less time consuming and cheaper method to 

use than dietary records (872).   

A comparison of the scores of healthy people (Project Two) and those with CD (Project Three) 

suggests that more of the former group enjoyed more adequate nutrition, which improved during 

the time they took the nutrient supplement. Most people were in the good (25-29) or very good 

(>30) range, with the lowest scoring being 19, the ‘poor’ range. About 10% scored in this range at 

the beginning of trial. However, in Project Three, about 17% were in the poor range (10-20) at the 

beginning of the trial and one participant regularly scored 10 or less (the very poor range) through 

the whole trial. These results confirm what has been published, and discussed in chapter three, that 

people with CD are more likely to be malnourished and this contributes to their ill health (66, 67, 

551-554). When it came to food group exclusions, only three people in the healthy group regularly 

excluded food groups, which were fermented foods (e.g. miso, soy sauce, vinegar, beer, fermented 

cheeses and yoghurt) (n=2), nuts and seeds (n=1) and legumes and pulses (n=1). In the CD groups 

only two people regularly excluded food groups and they were similar to the healthy groups with 

fermented foods (n=2) and nuts and seeds (n=1). Interestingly, the group with CD had less food 

group exclusions than the healthy group. 

From this study, it appears that nutrient supplementation improves people’s FVS. When participants 

were on the nutrient supplement in Projects Two and Three, there was a significant increase in the 

average scores (p=0.0006 and p=0.0180 respectively) whilst on the nutrient phase compared to the 

washout phase. However, for the healthy group, when the average scores for the control period were 

compared with those for the washout period, there was no significant difference (p=0.6188), 

whereas with the CD group there was a significant increase (p=0.0015). This may reflect the 

different content of the capsule used in the control groups with the healthy group having MCT and 

the CD group having a refined fish oil. 

When the data were analysed for difference between the first and last week on the nutrient 

supplement, for both projects there was a significant increase in the FVS (p=0.0006 and p=0.0168 

respectively) but not with either of the control groups for each project (p=0.6180 and p=0.6696 
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respectively). When the scores for the last week of nutrient supplement were compared with those 

of the first week of the control (the washout period), there was also no significant difference in the 

FVS for people in the healthy group (Project Two), but there was a significant decrease in people 

with CD (Project Three) (p=0.0168).  These results indicate that the nutrient supplement was 

affecting people’s eating habits by increasing the variety of food being consumed.  

Diversity in the diet is a major factor for high quality nutrition. As dietary factors are associated 

with increased risk of chronic diseases and under-nutrition, local and international dietary 

guidelines recommend increasing food variety to improve the diversity of the diet. The scoring 

range in the FVS has five categories (ranging from very good to very poor) and this scoring was on 

the sheet available to the participant (872). Increased diversity would be particularly of benefit to 

people with CD. It is interesting that in Project Three the nutrient supplement and the fish oil control 

when compared to the washout period both increased the average FVSs in the participants with CD. 

Both omega-3 fatty acids and vitamin D (with calcium) have been reported to improve appetite 

(1140, 1141). In the study of a colitis model on rats by Camuesco et al. they found the supplement 

containing a combination of fish oil, olive oil and CoQ10 had an anti-inflammatory effect whereas 

the individual components did not (219). The combination of fish oil, CoQ10 and vitamin D in the 

nutrient in this study may have also had an anti-inflammatory effect which enabled people to eat a 

greater variety of food. 

6.3.8 Weight 

There were no significant weight changes when healthy people took the nutrient supplement or the 

MCT placebo in the trial with healthy people. However, there was a significant weight gain when 

people who had CD who took the nutrient supplement (p=0.009), although not when they took the 

placebo. Diet is known to have an effect on the function of the epithelium, the mucosa of the 

immune system, and the microbiota (1142). The combination of the nutrients in the nutrient 

supplement may have improved absorption of nutrients and thus weight was gained. This needs to 

be further investigated. 

6.3.9 Nutrition questionnaire on-line 

The on-line questionnaires had different response rates in the two projects. In Project Two with 

healthy participants only about half completed responses to the on-line questionnaire. It is hard to 

draw any inferences from such limited data so this discussion will mainly concern those in Project 

Three with CD. It is heartening to see as illustrated in Table 5.27 and Figure 5.11 that the food 

groups of breads and cereals, fruit, vegetables, meats, herbs and spices made no difference to the 
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signs and symptoms of the majority (>52%) of people with CD. With breads and cereals only 9% 

had an adverse effect. This is lower than the study by Triggs et al. which used a very similar 

questionnaire also on a NZ population (n=446) with a median of 14.8 and 22% respectively for 

breakfast cereals and bread for adverse responses. These differences could reflect their 

questionnaire, which had a smaller range of examples (15 compared to 31 in this study) and a lower 

completion rate (11-66% not responding to the different categories as opposed to 100% completion 

rate in this study) (654).  If gluten intolerance contributed to this adverse effect then this would 

appear to affect less than 10% of this study’s group.  If food groups are extended to include cakes, 

biscuits and snack food which often contain cereals, the adverse effect rose to about 21%. Gluten 

intolerance is an intolerance to the protein gluten commonly found in wheat and other grains. It is 

estimated that 1 in 300 New Zealanders is affected, which is about 0.3% (1143). The results of this 

study suggest gluten intolerance is higher in people with CD but still infrequent. People were 

questioned if they had any identified allergies. Only one had been tested for gluten intolerance but 

the test was negative. Another commented they always felt better when they didn’t eat white bread. 

When it came to dairy products and eggs, the adverse effect was higher at about 17%, closer to that 

reported by Triggs et al. at a median frequency of 18.8% (654). Their dairy and egg examples 

numbered 11 compared to 16 in this study.  If adverse effects from this study included the cakes, 

biscuits and snack food as they often contain these products adverse effects rise to about 21%. The 

sensitivity to dairy foods in people with IBD is estimated to be about 10-20% (667-669). So, this 

figure is reflected in this group too. Unfortunately, there are no clinical test results to confirm this 

sensitivity in the CD group in this study.  

The two groups of food that were the least likely to be eaten by the CD participants were different 

types of fish products and alternative protein (tofu, dried beans, chickpeas and baked beans) at 

41.6% and 50% respectively.  However, adverse reactions were less than ten percent in both cases. 

Triggs et al. also reported a mean frequency for adverse effects for fish at less than 10% for the 

same number of 19 examples (654). Fish intolerance and allergy is well recognised in childhood 

being the third most frequent allergen after cow’s milk and egg in European children (1144-1146). 

There is less evidence implicating fish intolerance or allergy in CD. Untersmayr et al. observed that 

antacid medication plus fish consumption impeded the digestion of dietary proteins in their BALB/c 

mouse fish allergy model (1147). Perhaps sensitivity to fish of people with CD is exacerbated by 

their medication. Fish can also be a good source of creatine (1148). According to a recent study on 

mice by Turer et al. on the glycine amidinotransferase (GATM) gene involved in the metabolism of 

creatine, this nutrient is important for protecting against colitis and maintaining intestinal 

homeostasis (1149). Another source of creatine is meat (1148). Although there were a number of 
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people avoiding fish many people in this study were consuming meat (about 68%) with no 

difference to their CD and about 17% having adverse effects with some types of meat. It would be 

interesting to see how many people with CD who have adverse reactions to meat and fish have the 

variant of GATM associated with aberrant creatine metabolism. 

Adverse reactions to tofu, dried beans, chickpeas and baked beans in the general population is less 

well documented in the scientific literature but is part of the group of foods recommended to be 

excluded from the FODMAP (Fermentable Oligo-, Di- and Mono-saccharides, and Polyols) diet 

(129). These are foods are reported to be particularly high in fermentable oligo-, di- and mono-

saccharides, and polyol-type sugars. By limiting the intake of foods containing FODMAPs, such as 

legumes and lentils, proponents suggest that the signs and symptoms of CD will decrease (113, 

637). Trigg et al. reported that 40% of individuals had adverse effects which is very similar to this 

study (654). 

The results of the FVS and the online questionnaire suggest that many people with CD can sustain 

a varied and nutritious diet with whole food groups (fermented foods and nuts and seeds) avoided 

by only a few. The online questionnaire suggests that individual examples in each food group may 

be avoided at times. The study also suggests that the nutrient supplement increases the variety of 

food selected which would enhance their ability to be well nourished and manage their CD more 

effectively. 

This concludes the section of nutritional influences of nutritional supplementation on people with 

CD compared to a healthy group. With respect to the fatty acids, both groups showed the levels of 

EPA, DHA, and DPA to be significantly increased. The healthy group also showed significant 

differences in the levels of myristoleic acid and palmitoleic acid. In the CD group, there were also 

significant differences in myristic acid, heptadecenoic acid, and dihomo-gamma-linolenic acid. 

These responses appeared to be of benefit. Vitamin D supplementation significantly improved the 

vitamin D levels in the healthy group and probably contributed to the vitamin D levels being 

sustained in those who had CD. With respect to the influence of nutrient supplements on the lipid 

profiles there was a significant increase in HDL levels and decrease in the Chol/HDL ratio in both 

the healthy and CD groups. Co-enzyme Q10 serum levels and the carotenoid levels of lutein 

increased while taking the nutrient supplement with betacarotene levels decreasing in the healthy 

group. The FVS improved significantly while both groups took the nutrient supplement, which 

suggests that dietary diversity improved, a major factor for high quality nutrition. The online 

questionnaire responses suggest that the majority of people with CD ate a variety of foods from the 

major food groups. 
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6.3.10 Implications of this study for clinical practice  

The results of the genetic association study (Project One) indicate that a varying percentage of 

people are carrying variants associated with lower levels or poor absorption or negative interactions 

with key nutrients as reported in other European groups. However, because the sample size of the 

NZ clinical trial was small no clear nutrition guidelines for those with particular genotypes can be 

given. Those people with CD with the TT variant of the rs174583 SNP in the FADS2 gene showed 

lower levels associated with C18:3 n3, ALA; 20:4n – 6, arachidonic acid, and 20:5n − 3, EPA. This 

implies for those with the TT variant of the rs174583 SNP in the FADS2 gene that for each gram/day 

of greater intake of ALA their levels of EPA, DPA and DHA can be lowered. If this link can be 

substantiated with a larger NZ sample size the recommendation would be to increase their fish 

sources of EPA, DHA and DPA to enhance the anti-inflammatory benefits derived from the 

ingestion of L-C PUFA-ω-3 and to avoid vegetarian sources of ALA. 

With respect to the results of the nutrient trials (Project Two with healthy people and Project Three 

with people with CD) – in both groups there was a significant increase in HDL and significant 

decrease in the Chol/HDL ratio. This indicates the nutrient supplement was cardio protective. So 

where clinicians are concerned about their patients’ lipid results this nutrient supplement could be 

an appropriate recommendation. Where clinicians were concerned about people with CD and their 

low weight than  this nutrient supplement  could also be appropriate as the nutrient sample was 

associated with increasing food variety (in both healthy and CD groups) and  weight gain in those 

with CD. As the nutrient supplement was shown to increase significantly EPA, DHA & DPA levels 

this also indicates it is well absorbed and an appropriate source of these anti-inflammatory nutrients 

and helpful for people who do not regularly eat fatty fish.  

6.3.11 Strengths of the study 

This is the first  study in NZ which has  identified the percentages of gene variants in a NZ 

population (in healthy, n=649 and CD, n=443) associated with low absorption of betacarotene, low 

levels of vitamin D and fatty acid metabolism linked to diet, disease activity, colorectal adenoma 

risk and CRP levels in other European populations. Of note were those variants associated with low 

beta-carotene absorption (18% have the TT variant in the SNP rs12934922, in BCMO1), low 

vitamin D levels (39% have the GG variants in the SNP rs10741657 in CYP2R1) and negative fatty 

acid interactions (15.55% have the TT variant in the SNP rs174583 in FADS2).  Being able to 

identify the percentage of variants associated with low absorption or low levels or negative fatty 

acid interactions in individuals clarifies the direction of future research in a NZ population. A bigger 

sample size with associated nutrient measures from serum or plasma will determine relevant 
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variants which will enable clinical practitioners to be more precise in their nutrition advice to these 

people. Another strength of the study was that it showed that the nutrient supplement trialled also 

significantly increased HDL levels and significantly decreased the Chol/HDL ratio, in both healthy 

and CD groups. This would indicate that it is cardio protective. EPA, DHA and DPA levels in the 

serum were also significantly increased in both groups when they took the nutrient supplement 

which indicates it is well absorbed and an appropriate source of these anti-inflammatory nutrients. 

The nutrient supplement also reduced DNA damage in the CD group. The food variety scores were 

also significantly improved in both groups when they took the nutrient supplement. The latter is 

significant, particularly for those with CD, as nutrient deficiencies are associated with having CD. 

The study also showed that the MCT placebo had a detrimental effect on the levels of EPA, DHA, 

DPA and vitamin D in healthy people. This means people who are using MCT as part of their diet 

would need to ensure their vitamin D levels were maintained and their diet regularly contained food 

with these anti-inflammatory fatty acids.  

6.3.12 Limitations of the study 

The choice of a MCT as a placebo in the first trial with healthy people and insufficient length of 

each arm of this trial meant that there was a carryover effect in the second arm of the study for those 

on the nutrient supplement. The second trial was limited by the insufficient numbers recruited into 

the CD group which means that caution needs to be applied to interpretation of these trial results. 

The cross over design for the CD group may not be appropriate with people with CD because of the 

varying nature of their illness. Betacarotene levels were also not measured in the second trial. 

6.3.13 Implications for future research 

The findings of this study would benefit from the transcriptomic analysis of the stored peripheral 

blood mononuclear cells from the CD group as well as the metabolomics analysis of stored urine 

samples from both the healthy group and those with CD. This information would then inform the 

next 12 month study required with a larger study group of people with CD to allow more robust 

data to be collected to substantiate the value of this supplement. 
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Conclusion 

The results of the Sequenom MassARRAY analysis on gene variants in the NZ populations of 

people with CD compared to the control group show similar percentages of minor variants of the 

genes involved with the nutrients betacarotene, vitamin D and PUFAs. These variants have been 

identified in other studies in European individuals as being associated with low nutrient absorption 

or low levels of nutrients or adverse fatty acid metabolism. However, although these affect healthy 

people too, the impact of these is greater in those with CD as they have aberrant immune responses. 

This means that if these variants of SNPS which were identified in other studies in European 

individuals were linked to the nutrient status of NZ individuals they would be able to avail 

themselves of tailored and appropriate nutrition information to help manage their condition more 

effectively.  There is also a need to continue to identify a greater number of variants of genes that 

can maximise the benefits of nutrition for those with CD. 

The results of the nutrient supplement containing Omega-3 PUFA, betacarotene, and vitamin D on 

a healthy and CD groups through the two, RCT (double blinded and crossover) intervention trials 

show it was of benefit. There were no significant differences on gastrointestinal inflammation 

(measured by CRP and faecal calprotectin levels) between the healthy and CD participants when 

on the nutrient supplement or the placebo. With respect to faecal calprotectin, most healthy 

participants had scores in the normal range. In the CD group 50% were in the normal or clinically 

inactive range. The other CD participants fluctuated in their scores throughout the trial. This reflects 

the cycle of inflammation that people with CD can experience. A longer trial, with more participants 

would indicate whether CD faecal calprotectin scores would diminish over time.  

With respect to the stool analysis it would appear that the nutrient supplement did not exacerbate 

any measures of bowel output. There were no differences in measures of bowel habits for either 

group. This held true also for abdominal pain and bloating which was measured in the CD group. 

However, in the healthy group there was an increased volume for stool output with the MCT 

placebo. This would indicate that MCT is not appropriate as a nutrient for people with CD. The 

decreased levels of EPA, DHA, DPA and vitamin D in the healthy group when on the MCT placebo 

are also other indicators of this. With respect to the microbiota there were no significant differences 

in the abundance of Bifidobacteriaceae, Erysipeiotrichaceae and Bacteroidaceae between the 

healthy and CD groups. These three are associated with remission in CD. There was also no loss of 

QoL during the length of the nutrient trials of 12 weeks for the healthy group or 18 weeks for the 

CD group and there were no significant differences in the QoL scores for participants on the nutrient 

supplement relative to placebo in either the healthy or CD group.  
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The nutrient supplement trialled was also of benefit in both groups within a short time frame. With 

respect to the fatty acids, both groups showed the levels of EPA, DHA, and DPA to be significantly 

increased. Vitamin D supplementation significantly improved the vitamin D levels in the healthy 

group and probably contributed to the vitamin D levels being sustained in those who had CD 

through the diminishing daylight hours of winter as the trial progressed. With respect to the 

influence of nutrient supplements on the lipid profiles there was a significant increase in HDL levels 

and decrease in the Chol/HDL ratio in both the healthy and CD groups. The FVS improved 

significantly when both groups took the nutrient supplement, which suggests that dietary diversity 

improved, a major factor for high quality nutrition.  

A longer, larger, RCT (double blind with or without cross-over) with this nutrient supplement is 

indicated.  More participants, both healthy and those with CD using a highly refined fish oil placebo, 

over a 12-month period would allow more robust data to be collected to substantiate the value of 

this supplement. 
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Appendix of Supplementary Tables 

Table 1: Shapiro Test Analysis for Group A Log transformed 

 

Fatty Acids & CRP p T1 P T2 p  T3 p T4 

C14 0.06 0.34 0.41 0.28 

C14.1 0.00 0.00 0.00 0.00 

C15 0.22 0.99 0.83 0.09 

C16 0.49 0.62 0.57 0.94 

C16.1 0.84 0.21 0.10 0.23 

C17 0.05 0.89 0.82 0.03 

C17.1.C9 0.04 0.02 0.68 0.06 

C18 0.42 0.51 0.29 0.78 

C18.1.trans.11 0.12 0.37 0.21 0.25 

C18.1.cis.9 0.77 0.60 0.62 0.46 

C18.1.cis.11 0.42 0.66 0.74 0.54 

C18.2.n6 0.36 0.86 0.25 0.74 

C20.0 0.00 0.08 0.78 0.02 

C18.3.n3 0.14 0.52 0.54 0.34 

C20.1 0.97 0.26 0.00 0.43 

CLA 0.72 0.34 0.42 0.73 

C20.3.n6 0.00 0.19 0.03 0.15 

C20.4.n6 0.52 0.96 0.90 0.58 

C20.5 0.26 0.26 0.14 0.29 

C24 0.90 0.72 0.15 0.93 

C24.1 0.48 0.96 0.56 0.53 

C22.5 0.42 0.12 0.83 0.04 

C22.6 0.07 0.72 0.27 0.69 

Sum.Fatty.Acids 0.96 0.85 0.96 0.99 

CRP 0.00 0.00 0.00 0.00 
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Table 2: Shapiro Test Analysis for Group B Log transformed 

 

Fatty Acids & CRP p T1 p T2 p T3 p T4 

C14 0.01 0.00 0.12 0.00 

C14.1 0.03 0.00 0.07 0.00 

C15 0.38 0.65 0.55 0.06 

C16 0.01 0.01 0.08 0.00 

C16.1 0.00 0.00 0.00 0.00 

C17 0.13 0.08 0.06 0.00 

C17.1.C9 0.05 0.01 0.13 0.03 

C18 0.08 0.02 0.07 0.00 

C18.1.trans.11 0.26 0.00 0.46 0.00 

C18.1.cis.9 0.05 0.01 0.01 0.00 

C18.1.cis.11 0.00 0.01 0.00 0.00 

C18.2.n6 0.58 0.20 0.34 0.22 

C20.0 0.08 0.04 0.02 0.11 

C18.3.n3 0.32 0.31 0.04 0.00 

C20.1 0.70 0.16 0.16 0.50 

CLA 0.08 0.03 0.02 0.00 

C20.3.n6 0.78 0.13 0.26 0.59 

C20.4.n6 0.00 0.01 0.15 0.01 

C20.5 0.01 0.62 0.01 0.01 

C24 0.08 0.81 0.09 0.53 

C24.1 0.72 0.27 0.67 0.76 

C22.5 0.21 0.30 0.01 0.05 

C22.6 0.29 0.37 0.02 0.02 

Sum.Fatty.Acids 0.11 0.07 0.15 0.01 

CRP 0 0 0 0 
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Table 3: GLMM Analysis 

Fatty Acid Trial Mean (SD) Estimate (95% CI) p 

C14 Nutrient supplement -0.04 (0.26) -0.6 (-0.21 - 0.10) 0.47 
 Placebo  0.03 (0.38) reference  

C14.1 Nutrient supplement -0.01 (0.05) -0.04 (-0.07 - -0.01) 0.02 
 Placebo  0.03 (0.07) reference  

C15 Nutrient supplement -0.004 (0.03) -0.01 (-0.03 - 0.01) 0.22 

 Placebo  0.01 (0.04) reference  

C16 Nutrient supplement -0.51 (1.34) -0.37 (-1.04 - 0.29) 0.27 
 Placebo -0.23 (1.41) reference  

C16.1  Nutrient supplement -0.16 (0.32) -0.22 (-0.40 - -0.04) 0.02 
 Placebo  0.04 (0.35) reference  

C17 Nutrient supplement -0.002 (0.04) -0.01 (-0.03 - 0.01) 0.44 
 Placebo  0.004 (0.03) reference  

C17.1. C9 Nutrient supplement -0.02 (0.06) -0.02 (-0.05 - 0.01) 0.17 
 Placebo -0.01 (0.05) reference  

C18 Nutrient supplement  0.07 (0.49)  0.14 (-0.18 - 0.46) 0.39 
 Placebo -0.03 (0.64) reference  

C18.1 cis 9  Nutrient supplement -1.43 (2.28) -1.74 (-2.85 - -0.64) 0.00 
 Placebo  0.30 (1.56) reference  

C18.1 trans 11  Nutrient supplement -0.01 (0.10) -0.01 (-0.07 - 0.04) 0.61 
 Placebo 0.01 (0.09) reference  

C18.1 cis 11  Nutrient supplement -0.06 (0.16) -0.07 (-0.16 - 0.02) 0.11 
 Placebo  0.01 (0.17) reference  

C18.2 n6 Nutrient supplement -0.003 (2.21) -0.33 (-1.80 - 1.14) 0.65 
 Placebo  0.41 (3.02) reference  

C18.3 n3 Nutrient supplement -0.01 (0.14) -0.01 (-0.08 - 0.06) 0.72 
 Placebo  0.002 (0.10) reference  

C20.0 Nutrient supplement -0.06 (0.07) -0.04 (-0.08 - 0.00) 0.05 
 Placebo -0.02 (0.09) reference  

C20.1 Nutrient supplement -0.002 (0.05) -0.01 (-0.04 - 0.02) 0.46 
 Placebo  0.01 (0.05) reference  

CLA Nutrient supplement -0.02 (0.09) -0.01 (-0.06 - 0.03) 0.56 
 Placebo -0.01 (0.06) reference  

C20.3 n6 Nutrient supplement -0.12 (0.37) -0.13 (-0.30 - 0.05) 0.15 
 Placebo  0.02 (0.25) reference  

C20.4 n6 Nutrient supplement -0.14 (0.71) -0.002 (-0.61 - 0.61) 0.99 
 Placebo -0.17 (1.31) reference  

C20.5 Nutrient supplement  1.56 (0.78)  1.77 (1.43 - 2.11) 0.00 
 Placebo -0.17 (0.38) reference  

C.24 Nutrient supplement  0.01 (0.09)  0.01 (-0.04 - 0.05) 0.74 
 Placebo  0.004 (0.06) reference  

C24.1 Nutrient supplement -0.001 (0.14) -0.01 (-0.10 - 0.08) 0.80 
 Placebo  0.01 (0.16) reference  

C22.5 Nutrient supplement  0.15(0.09)  0.18 (0.13 - 0.24) 0.00 
 Placebo -0.04 (0.10) reference  

C22.6 Nutrient supplement  0.79 (0.42)   1.01 (0.73 - 1.29) 0.00 

  Placebo -0.24 (0.62) reference  

CRP Nutrient supplement -0.64 (1.52) -0.92 (-1.62 - -0.22) 0.01 

 Placebo  0.23(0.72) reference  
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Table 4: Non Parametric Treatment Analysis Hills and Armitage 

 

Fatty Acids & CRP Variance s.e. d.f. w p  C.I. 

C14 252.73 3.06 25 441.00 0.43 5.63,-6.98 

C14.1 10.90 0.64 25 515.00 0.04 0.68,-1.94 

C15 3.45 0.36 25 468.50 0.21 0.65,-0.83 

C16 14613.55 23.28 25 445.00 0.39 10.87,-85.02 

C16.1 577.98 4.63 25 494.00 0.10 2.74,-16.33 

C17 3.72 0.37 25 449.50 0.35 0.12,-1.41 

C17.1.C9 4.01 0.39 25 473.50 0.18 -0.04,-1.63 

C18 840.46 5.58 25 428.00 0.56 19.9,-3.1 

C18.1.trans.11 18.13 0.82 25 475.00 0.18 0.94,-2.44 

C18.1.cis.9 16338.82 24.62 25 541.50 0.01 -25.74,-127.14 

C18.1.cis.11 101.69 1.94 25 495.50 0.09 -0.84,-8.84 

C18.2.n6 19469.98 26.87 25 452.00 0.33 104.98,-5.71 

C20.0 12.84 0.69 25 492.00 0.10 -0.25,-3.09 

C18.3.n3 51.96 1.39 25 426.50 0.58 1,-4.71 

C20.1 3.20 0.34 25 515.00 0.04 0.01,-1.41 

CLA 14.92 0.74 25 455.00 0.31 0.51,-2.55 

C20.3.n6 139.13 2.27 25 616.00 0.00 -5.44,-14.8 

C20.4.n6 1634.51 7.79 25 434.50 0.49 11.32,-20.75 

C20.5 3070.28 10.67 25 20.00 0.00 30.66,-13.3 

C24 11.77 0.66 25 394.00 0.98 1.15,-1.57 

C24.1 41.73 1.24 25 416.50 0.69 2.74,-2.38 

C22.5 34.00 1.12 25 118.00 0.00 3.6,-1.03 

C22.6 1110.54 6.42 25 53.00 0.00 25.02,-1.41 

CRP 95.59 1.88 25 493.00 0.06 1.81,-5.95 
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Table 5: Non Parametric Period analysis Hills and Armitage 

 

Fatty Acids & CRP Variance s.e. d.f. w p  C.I. 

C14 252.73 3.06 25 447.00 0.37 5.23,-7.38 

C14.1 10.90 0.64 25 468.00 0.21 1.11,-1.51 

C15 3.45 0.36 25 402.50 0.86 0.96,-0.51 

C16 14613.55 23.28 25 432.00 0.51 47.81,-48.09 

C16.1 577.98 4.63 25 353.50 0.54 11.99,-7.08 

C17 3.72 0.37 25 362.00 0.63 1.68,0.15 

C17.1.C9 4.01 0.39 25 415.50 0.70 0.89,-0.7 

C18 840.46 5.58 25 407.00 0.81 9.38,-13.62 

C18.1.trans.11 18.13 0.82 25 404.00 0.84 1.93,-1.45 

C18.1.cis.9 16338.82 24.62 25 370.00 0.73 107.47,6.07 

C18.1.cis.11 101.69 1.94 25 332.50 0.34 7.4,-0.6 

C18.2.n6 19469.98 26.87 25 432.00 0.51 44.81,-65.87 

C20.0 12.84 0.69 25 355.00 0.55 2.21,-0.63 

C18.3.n3 51.96 1.39 25 356.50 0.57 4.62,-1.1 

C20.1 3.20 0.34 25 360.00 0.61 0.89,-0.53 

CLA 14.92 0.74 25 398.00 0.92 1.64,-1.43 

C20.3.n6 139.13 2.27 25 336.00 0.37 7.96,-1.4 

C20.4.n6 1634.51 7.79 25 435.50 0.48 9.25,-22.82 

C20.5 3070.28 10.67 25 369.50 0.72 21.97,-21.98 

C24 11.77 0.66 25 477.00 0.16 0.47,-2.25 

C24.1 41.73 1.24 25 442.00 0.41 0.58,-4.54 

C22.5 34.00 1.12 25 286.00 0.09 3.97,-0.65 

C22.6 1110.54 6.42 25 365.50 0.68 18.67,-7.77 

CRP 95.59 1.88 25 387.00 0.94 4.73,-3.02 
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Table 6: Anova analysis log transformed  

 

Fatty Acids & CRP Anova 
Treatment 

Anova 
Period 

Anova 
Treatment Sex 

Anova Period 
Sex 

t test 
Treatment 

t test 
Period 

C14 0.20 0.63 0.22 0.64 0.20 0.60 

C14.1 0.02 0.17 0.02 0.17 0.02 0.18 

C15 0.03 0.92 0.04 0.93 0.03 0.99 

C16 0.05 0.27 0.06 0.28 0.05 0.26 

C16.1 0.01 0.35 0.01 0.36 0.01 0.46 

C17 0.13 0.35 0.15 0.37 0.13 0.39 

C17.1.C9 0.14 0.40 0.14 0.41 0.13 0.39 

C18 0.35 0.43 0.36 0.44 0.35 0.41 

C18.1.cis.11 0.03 0.18 0.04 0.20 0.03 0.25 

C18.1.cis.9 0.00 0.94 0.00 0.94 0.00 0.97 

C18.1.trans.11 0.08 0.99 0.08 0.99 0.07 0.96 

C18.2.n6 0.13 0.37 0.14 0.38 0.12 0.35 

C18.3.n3 0.39 0.57 0.41 0.59 0.39 0.59 

C20.0 0.05 0.82 0.06 0.82 0.05 0.77 

C20.1 0.68 0.81 0.68 0.81 0.67 0.82 

C20.3.n6 0.19 0.37 0.19 0.37 0.18 0.35 

C20.4.n6 0.75 0.49 0.76 0.51 0.75 0.48 

C20.5 0.00 0.54 0.00 0.53 0.00 0.66 

C22.5 0.00 0.06 0.00 0.06 0.00 0.16 

C22.6 0.00 0.45 0.00 0.47 0.00 0.56 

C24 0.99 0.30 0.99 0.31 0.99 0.29 

C24.1 0.81 0.50 0.80 0.49 0.81 0.48 

CLA 0.25 0.87 0.24 0.86 0.24 0.90 

Omega3-Index 0.00 0.54 0.00 0.54 0.00 0.65 

Sum.Fatty.Acids 0.03 0.17 0.04 0.18 0.03 0.17 

CRP 0.19 0.67 0.20 0.67 0.18 0.64 
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Table 7: Interaction data Log Transformed Hills and Armitage  

Fatty Acids & 
CRP 

Mean Total 
Response   
Group      A 

SD          
Group     A 

s.e.     
Group     A 

Mean Total 
Response         
Group      B 

SD        
Group     B 

s.e.              
Group     B 

Mean    
Diff. 

s.e.   Total 
t       
Value 

d.f. p  

C14 0.25 0.17 0.04 0.25 0.12 0.03 0.01 0.06 0.11 27 0.46 

C14.1 0.52 0.38 0.10 0.26 0.32 0.09 0.26 0.14 1.89 27 0.03 

C15 0.13 0.05 0.01 0.14 0.07 0.02 0.02 0.02 0.77 27 0.22 

C16 0.10 0.06 0.02 0.08 0.06 0.02 0.02 0.02 0.65 27 0.26 

C16.1 0.18 0.09 0.02 0.16 0.13 0.03 0.02 0.04 0.41 27 0.34 

C17 0.10 0.04 0.01 0.12 0.05 0.01 0.02 0.02 1.06 27 0.15 

C17.1.C9 0.25 0.33 0.09 0.26 0.22 0.06 0.01 0.11 0.12 27 0.45 

C18 0.08 0.05 0.01 0.08 0.05 0.01 0.00 0.02 0.04 27 0.48 

C18.1.cis.11 0.09 0.05 0.01 0.12 0.06 0.02 0.03 0.02 1.39 27 0.09 

C18.1.cis.9 0.12 0.04 0.01 0.13 0.07 0.02 0.00 0.02 0.16 27 0.44 

C18.1.trans.11 0.23 0.15 0.04 0.35 0.28 0.08 0.11 0.09 1.28 27 0.10 

C18.2.n6 0.09 0.06 0.01 0.09 0.06 0.02 0.00 0.02 0.08 27 0.47 

C18.3.n3 0.17 0.09 0.02 0.17 0.09 0.03 0.00 0.03 0.01 27 0.49 

C20.0 0.25 0.14 0.04 0.18 0.08 0.02 0.08 0.04 1.84 27 0.04 

C20.1 0.16 0.16 0.04 0.26 0.22 0.06 0.10 0.07 1.33 27 0.10 

C20.3.n6 0.17 0.19 0.05 0.21 0.23 0.06 0.04 0.08 0.54 27 0.30 

C20.4.n6 0.09 0.06 0.02 0.09 0.07 0.02 0.00 0.02 0.12 27 0.45 

C20.5 0.52 0.15 0.04 0.50 0.25 0.07 0.01 0.08 0.18 27 0.43 

C22.5 0.16 0.09 0.02 0.14 0.08 0.02 0.02 0.03 0.65 27 0.26 

C22.6 0.21 0.10 0.03 0.20 0.08 0.02 0.01 0.04 0.41 27 0.34 

C24 0.22 0.14 0.04 0.18 0.14 0.04 0.04 0.05 0.69 27 0.25 

C24.1 0.26 0.13 0.03 0.24 0.13 0.04 0.02 0.05 0.36 27 0.36 

CLA 0.20 0.10 0.03 0.22 0.10 0.03 0.03 0.04 0.72 27 0.24 

Omega3-Index 0.32 0.12 0.03 0.32 0.13 0.04 0.01 0.05 0.17 27 0.43 

Sum.Fatty.Acids 0.09 0.07 0.02 0.08 0.03 0.01 0.01 0.02 0.68 27 0.25 

CRP 0.49 0.73 0.19 0.74 1.03 0.29 0.25 0.35 0.72 27 0.24 
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Table 8: Parametric Treatment Analysis Log Transformed (Hills and Armitage analysis) 

 

Fatty Acid Variance s.e. d.f. t  p  C.I. 

C14 0.04 0.04 25 -0.42 0.66 0.06,-0.1 

C14.1 0.26 0.10 25 -1.06 0.85 0.1,-0.31 

C15 0.01 0.02 25 -0.38 0.65 0.03,-0.04 

C16 0.00 0.01 25 -1.63 0.94 0.01,-0.04 

C16.1 0.02 0.02 25 -1.26 0.89 0.02,-0.08 

C17 0.01 0.01 25 -1.73 0.95 0,-0.05 

C17.1.cis10 0.05 0.04 25 -0.99 0.83 0.04,-0.13 

C18 0.00 0.01 25  1.42 0.08 0.04,-0.01 

C18.1.trans.11 0.04 0.04 25 -1.58 0.94 0.02,-0.14 

C18.1.cis.9 0.01 0.02 25 -3.07 1.00  -0.02,-0.08 

C18.1.cis.11 0.01 0.02 25 -2.24 0.98 0,-0.07 

C18.2.n6 0.01 0.01 25  1.61 0.06 0.05,-0.01 

C20.0 0.03 0.03 25 -1.74 0.95 0.01,-0.13 

C18.3.n3 0.02 0.02 25 -1.42 0.92 0.02,-0.08 

C20.1 0.06 0.05 25 -0.60 0.72 0.07,-0.13 

CLA 0.03 0.03 25 -1.31 0.90 0.02,-0.11 

C20.3.n6 0.05 0.04 25 -3.06 1.00  -0.04,-0.22 

C20.4.n6 0.01 0.02 25 -0.27 0.60 0.03,-0.04 

C20.5 0.27 0.10 25  1.26 0.11 0.33,-0.08 

C24 0.04 0.04 25 -0.24 0.59 0.07,-0.08 

C24.1 0.04 0.04 25  0.69 0.25 0.1,-0.05 

C22.5 0.02 0.03 25  1.59 0.06 0.1,-0.01 

C22.6 0.04 0.04 25  2.21 0.02 0.16,0.01 

Omega3-Index 0.09 0.06 25  2.03 0.03 0.24,0 

Sum.Fatty.Acids       0.01         0.02        25        -1.04         0.85        0.02,-0.05 

CRP 1.12 0.20 25 -0.99 0.83 0.22,-0.62 

s.e. = standard error   d.f. = chi square goodness-of-fit   p= significance   C.I. = confidence interval of the mean 
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Table 9: Parametric Period Analysis Log Transformed (Hills and Armitage analysis) 

 

Fatty Acids & CRP Variance s.e. d.f. t p C.I. 

C14 0.04 0.04 25 0.17 0.43 0.09,-0.07 

C14.1 0.26 0.10 25 -0.25 0.60 0.18,-0.23 

C15 0.01 0.02 25 0.67 0.26 0.05,-0.02 

C16 0.00 0.01 25 -0.48 0.68 0.02,-0.03 

C16.1 0.02 0.02 25 -0.11 0.54 0.05,-0.05 

C17 0.01 0.01 25 2.33 0.01 0.06,0 

C17.1.cis10 0.05 0.04 25 -1.26 0.89 0.03,-0.14 

C18 0.00 0.01 25 -0.54 0.70 0.02,-0.03 

C18.1.trans.11 0.04 0.04 25 0.56 0.29 0.1,-0.06 

C18.1.cis.9 0.01 0.02 25 1.45 0.08 0.06,-0.01 

C18.1.cis.11 0.01 0.02 25 1.32 0.10 0.06,-0.01 

C18.2.n6 0.01 0.01 25 -0.65 0.74 0.02,-0.04 

C20.0 0.03 0.03 25 0.01 0.49 0.07,-0.07 

C18.3.n3 0.02 0.02 25 1.03 0.16 0.07,-0.02 

C20.1 0.06 0.05 25 0.15 0.44 0.11,-0.09 

CLA 0.03 0.03 25 -0.60 0.72 0.05,-0.08 

C20.3.n6 0.05 0.04 25 0.47 0.32 0.11,-0.07 

C20.4.n6 0.01 0.02 25 -1.08 0.85 0.02,-0.05 

C20.5 0.27 0.10 25 -0.29 0.61 0.18,-0.24 

C24 0.04 0.04 25 -1.18 0.87 0.03,-0.12 

C24.1 0.04 0.04 25 -1.39 0.91 0.03,-0.13 

C22.5 0.02 0.03 25 1.15 0.13 0.09,-0.02 

C22.6 0.04 0.04 25 0.38 0.35 0.09,-0.06 

Sum.Fatty.Acids 0.01 0.02 25 -0.10 0.54 0.03,-0.03 

CRP 1.12 0.20 25 0.14 0.44 0.45,-0.39 
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Table 10: Washout period analysis Log Transformed Hills and Armitage  

 
Fatty Acids & 
CRP Variance s.e. d.f. t p  C.I. 

Sum.Fatty.Acids 0.01 0.02 26 -1.09 0.86 0.02,-0.07 

C14 0.10 0.06 26 -0.92 0.82 0.07,-0.18 

C14.1 0.44 0.13 26 -0.65 0.74 0.18,-0.34 

C15 0.03 0.03 26 -0.27 0.61 0.05,-0.07 

C16 0.01 0.02 26 -0.65 0.74 0.03,-0.06 

C16.1 0.04 0.04 26  0.07 0.47 0.08,-0.07 

C17 0.01 0.02 26  0.16 0.44 0.05,-0.04 

C17.1.C9 0.13 0.07 26  0.70 0.25 0.19,-0.09 

C18 0.01 0.02 26 -0.25 0.60 0.04,-0.05 

C18.1.trans.11 0.09 0.06 26 -0.74 0.77 0.07,-0.16 

C18.1.cis.9 0.01 0.02 26 -0.28 0.61 0.04,-0.05 

C18.1.cis.11 0.01 0.02 26  0.54 0.30 0.06,-0.03 

C18.2.n6 0.01 0.02 26 -0.76 0.77 0.03,-0.06 

C20.0 0.07 0.05 26 -0.37 0.64 0.08,-0.12 

C18.3.n3 0.04 0.04 26  0.54 0.30 0.1,-0.06 

C20.1 0.07 0.05 26  0.42 0.34 0.13,-0.08 

CLA 0.04 0.04 26 -0.18 0.57 0.07,-0.09 

C20.3.n6 0.05 0.04 26  1.33 0.10 0.15,-0.03 

C20.4.n6 0.02 0.02 26  0.31 0.38 0.06,-0.04 

C20.5 0.08 0.05 26  0.43 0.34 0.13,-0.08 

C24 0.04 0.04 26 -0.15 0.56 0.07,-0.08 

C24.1 0.07 0.05 26  0.63 0.27 0.13,-0.07 

C22.5 0.02 0.03 26  1.49 0.07 0.1,-0.02 

C22.6 0.03 0.03 26  0.81 0.21 0.09,-0.04 

Omega3_Index 0.04 0.04 26  0.65 0.26 0.1,-0.05 

CRP 0.90 0.18 26 -0.45 0.67 0.29,-0.45 
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Table 11: Washout Treatment analysis Log Transformed Hills and Armitage  

 

Fatty Acids & CRP Variance s.e. d.f. t p  C.I. 

Sum.Fatty.Acids 0.01 0.02 26 -2.19 0.98 0,-0.1 

C14 0.10 0.06 26 -0.58 0.72 0.09,-0.16 

       

C14.1 0.44 0.13 26 -1.08 0.86 0.12,-0.39 

C15 0.03 0.03 26 -1.77 0.96 0.01,-0.12 

C16 0.01 0.02 26 -0.86 0.80 0.03,-0.06 

C16.1 0.04 0.04 26 -1.02 0.84 0.04,-0.11 

C17 0.01 0.02 26 -2.00 0.97 0,-0.09 

C17.1.C9 0.13 0.07 26 -0.13 0.55 0.13,-0.15 

C18 0.01 0.02 26 -0.94 0.82 0.02,-0.06 

C18.1.trans.11 0.09 0.06 26 -0.52 0.70 0.09,-0.15 

C18.1.cis.9 0.01 0.02 26 -2.17 0.98 0,-0.09 

C18.1.cis.11 0.01 0.02 26 -1.44 0.92 0.01,-0.08 

C18.2.n6 0.01 0.02 26 -0.66 0.74 0.03,-0.06 

C20.0 0.07 0.05 26  0.02 0.49 0.1,-0.1 

C18.3.n3 0.04 0.04 26 -1.67 0.95 0.02,-0.14 

C20.1 0.07 0.05 26 -2.22 0.98 -0.01,-0.22 

CLA 0.04 0.04 26 -0.69 0.75 0.05,-0.11 

C20.3.n6 0.05 0.04 26 -0.20 0.58 0.08,-0.1 

C20.4.n6 0.02 0.02 26  1.43 0.08 0.08,-0.02 

C20.5 0.08 0.05 26  1.51 0.07 0.19,-0.03 

C24 0.04 0.04 26  2.35 0.01 0.16,0.01 

C24.1 0.07 0.05 26  1.48 0.08 0.17,-0.03 

C22.5 0.02 0.03 26  0.73 0.23 0.08,-0.04 

C22.6 0.03 0.03 26  1.98 0.03 0.13,0 

Omega3-Index 0.04 0.04 26  1.86 0.04 0.14,-0.01 

CRP 0.90 0.18 26 -1.08 0.86 0.18,-0.57 

 

 

 

 

 

 

 

Table 12: Fatty acid range (µg fatty acid per ml plasma) for variants of SNP rs174583 FADS2 

 

Variant 
FADS2 
rs174583 Fatty acid range (µg fatty acid per ml  plasma) 

  C18:2 n6    LA C18:3 n3 ALA 
20.3n-6 
DGLA 20:4n − 6 AA  

20:5n − 3, 
EPA 

22:5n – 3, 
DPA 

TT 544.8-642.1 9.2-9.7 36.3-52.0 92.2-115.4 17.9-18.8 10.7-16.0 

CT & CC 416.4-839.4 6.0-29.0 24.5-75.7 92.3-280.7 13.5-52.4 7.3-35.5 
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