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Whoever wishes to investigate medicine properly should 

proceed thus: in the first place to consider the seasons of the 

year. ~ Hippocrates, the father of medicine (circa 400 B.C.). 
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ABSTRACT 
 
 
Gout is a common disease caused by immune response to monosodium urate (MSU) crystal 

deposition in articular or periarticular tissues and in the renal tract after chronic hyperuricemia 

(uric acid levels exceeding 7mg/dL). Gout generally progresses in three clinical stages: 

asymptomatic hyperuricemia (elevated serum urate levels but no evidence of gout), recurrent 

episodes of acute gout attacks with interspersed intercritical periods and chronic tophaceous 

gout (nodular masses of uric acid crystals). Epidemiological evidence have shown the 

prevalence of gout to be increasing in the New Zealand (NZ) population. In particular M!ori 

(13.9%) and Pacific Island (14.9%) people experience an earlier age of onset and higher 

frequency of multiple tophi and polyarticular gout. The significant increase of susceptibility 

to gout in M!ori and Pacific Island people in the 21st century has become a public health 

epidemic. Furthermore inpatients with gout often have a wide variety of co-morbidities 

including type II diabetes mellitus, congestive heart failure and metabolic syndrome.  

 

Vitamin D3 is a secosteroid (steroid molecule with a ‘broken’ ring) hormone and is produced 

in large quantities in humans upon exposure of skin to sunlight. However most populations 

are considered to be Vitamin D3 deficient through a combination of environmental, behavioral 

and genetic factors. Sufficient levels of Vitamin D3 were found to protect against a wide 

range of diseases including type II diabetes mellitus, cancers and cardiovascular problems. In 

recent genome wide studies, Vitamin D3 metabolic variants have found to be associated with 

immune–mediated diseases that are characterized by an imbalance in helper T-cell 

development. Therefore the aim of this study was to test for associations between Vitamin D3 

genetic variants with gout in the NZ case-control sample-sets (Caucasian, M!ori, East 

Polynesian and West Polynesian).  

 

Nine single nucleotide polymorphisms (SNPs) from 6 genes were successfully genotyped in 

the NZ gout cohorts. Case-control analysis was performed for each SNP to test for association 

of the genomic marker to gout in the NZ gout cohorts. Genotyping data obtained from the NZ 

gout Caucasian cohort was combined with the Framingham Heart Study (FHS) dataset to 

provide a more accurate estimate of the overall significance of the SNP to the disease. 

Although there was some evidence for association with several of the SNPs with gout in the 

M!ori and Eastern Polynesian case-control sample-sets, true association may be distorted by 
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the presence of population stratification within these cohorts.  The STRUCTURE and STRAT 

program was utilized to circumvent the presence of population stratification in this study. 

However, due to limited number of genomic markers available, population stratification still 

may not adequately control for the extent of Caucasian ancestry within the M!ori and 

Polynesian case-control sample-sets.   

 

The Vitamin D binding protein (VDBP) gene variants, rs7041 and rs4588, showed evidence 

for association and a trend towards association with gout in the NZ Caucasian case-control 

sample-set respectively (rs7041: p= 0.02, rs4588: p= 0.05). However both of these variants 

also conferred strong susceptibility to Vitamin D3 deficiency in the FHS dataset (rs7041: p= 

5.4x10-8, rs4588: p= 7.6x10-11). The VDBP gene variants were also tested for association 

with Rheumatoid arthritis (WTCCC sample-set), presence of tophus (NZ ‘suspected-tophus’ 

case-control sample-sets) and gender influences with gout presentation (NZ gout case-control 

sample-sets). These findings suggest that VDBP gene variants may protect an individual 

against the onset of acute gout. However people with these VDBP gene variants may 

paradoxically be at a greater risk of developing chronic gout via suppression of Tregulatory cell 

responses. 

 

A further aim of this study was to investigate VDBP gene variants, rs7041 and rs4588 with 

differences in Vitamin D supplementation and levels of serum 25(OH)D in a separate NZ 

supplementation sample-set. There was no evidence for differences in binding affinity of the 

VDBP gene variants with Vitamin D2 (rs7041: p= 0.412, rs4588: p= 0.202) and Vitamin D3 

(rs7041: p= 0.408, rs4588: p= 0.432) supplementation and serum 25(OH)D concentrations in 

the pre-assigned NZ supplement groups. 

 

These results suggest that the Vitamin D3 genetic variants may have a profound role in the 

development of gout. However to obtain any real meaningful etiological effect with gout, 

Vitamin D3 genetic variants must be genotyped in larger sample-sizes and stratified with 

increased number of genomic markers to account for Caucasian admixture.  
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CHAPTER ONE: INTRODUCTION 
 

1.1 General introduction to gout 

 

‘The victim goes to bed and sleeps in good health. About 2 o'clock in the morning, 

he is awakened by a severe pain in the great toe; more rarely in the heel, ankle or 

instep. This pain is like that of a dislocation, and yet the parts feel as if cold water 

were poured over them. Then follows chills and shiver and a little fever. The pain, 

which at first moderate, becomes more intense. With its intensity the chills and 

shivers increase. After a time this comes to a full height, accommodating itself to 

the bones and ligaments of the tarsus and metatarsus. Now it is a violent 

stretching and tearing of the ligaments-- now it is a gnawing pain and now a 

pressure and tightening. So exquisite and lively meanwhile is the feeling of the 

part affected, that it cannot bear the weight of bedclothes nor the jar of a person 

walking in the room’  (adapted from Thomas Sydenham, 1683). 

 

The first ever-documented case of a gout attack was recorded by the Egyptians in 2640 BC 

(Nuki and Simkin 2006). It was later referred to by Hippocrates in the fifth century BC as the 

‘unwalkable disease’ commonly observed among the rich (Nuki and Simkin 2006). 

Historically gout was perceived as a natural and unavoidable affliction of high breeding that 

correlated with a person’s level of intelligence and lifestyle choices (Nuki and Simkin 2006). 

Presently, gout is no longer confined to circles of affluent society. The significant increase of 

gout across all socio-economic groups highlights the emergence of gout as a common and 

prevalent disease in the Western society (Weaver 2008). Recent environmental changes could 

consequently change the penetrance of gout-causing variants, thus leading to the increased 

prevalence of gout (introduced in sections 1.8, 1.8.1, 1.8.2 and 1.8.3) (Richette and Bardin 

2010). The rapid acceleration of gout incidence has emphasised the need for a deeper 

understanding of the pathogenesis of gout. 
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1.2 Acute gout attack characterization 

 

An acute gout flare is characterized by an intense inflammatory response due to the 

precipitation and deposition of monosodium urate (MSU) crystals in the joints (Kim et al 

2003). Acute flares of gouty arthritis usually begin with one joint, most often the first 

metatarsophalangeal joint (podagra) (Richette and Bardin 2010). Clinical manifestations of 

acute gout are characterized by the sudden onset of pain, warmth, swelling, redness and 

limited range of motion (Kim et al 2003, Richette and Bardin 2010). Acute gout can occur in 

the presence or absence of precipitating factors. These include stress, trauma, dietary 

influences and various types of medications (Kim et al 2003). Left untreated, gout symptoms 

mostly subside within a few days, however some patients will have subsequent attacks that 

frequently last longer, affecting several joints and spreading towards the upper limbs 

(Richette and Bardin 2010). 

 

1.3 Chronic gout characterization 

 

 A typical gout attack consists of three phases: asymptomatic hyperuricemia, recurrent 

episodes of acute gout attacks with interspersed intercritical periods and chronic tophaceous 

gout (Doherty 2009). Approximately 10% of gout sufferers will never again experience a 

recurrent attack (Harris et al 1999). However, the frequency of subsequent acute attacks of 

gout increases over time with 60% of patients nursing a second attack within the first year 

(Harris et al 1999).   These episodic attacks of gout can lead to chronic gout distinguished by 

destructive polyarticular involvement with low-grade joint deformity and bone erosions due 

to tophi formation (Richette and Bardin 2010). Tophi are characterized by the accumulation 

of MSU crystals and immune cells in the joints or soft tissue (refer to Figure 1.3) (Doherty 

2009). The development of chronic gout is often debilitating with some individuals never 

experiencing complete freedom from ongoing pain. Furthermore, chronic gout patients will 

continue to suffer periodic attacks of gout flare. 
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Figure 1.3 A Cook Island man, presented with tophaceous gout (A). A three-dimensional reconstruction of the 
hands was generated with a volume rendering application on Philips CT workstation (B). Taken from Dalbeth et 
al (2007).  
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1.4 Uric acid: The underlying biochemical cause of gout 

 

Uric acid is routinely generated in the body as a result of endogenous and dietary purine 

metabolism (Doherty 2009, Richette and Bardin 2010). Its production is dependent on the 

balance between purine ingestion, de novo synthesis in cells, recycling and degradation of 

xanthine oxidase and rate of excretion (Doherty 2009). Uric acid is synthesised from purines 

by the enzyme xanthine oxidase via the purine metabolism pathway. In the majority of 

animals, uric acid is further degraded to the soluble allantoin by the urate oxidase (also known 

as uricase) enzyme (refer to section 1.4.2), thereby maintaining low levels of serum uric acid 

(Doherty 2009). 

 

1.4.1 Hyperuricemia 

 

The greatest predictor of gout risk and development is the concentration of uric acid in the 

serum (So 2008, Richette and Bardin 2010). Typically uric acid levels fall into the range of 

2.4-6.0mg/dL in women and 3.4-7.0mg/dL in men (Dincer et al 2002). Clinically significant 

hyperuricemia is diagnosed when serum uric acid levels exceed 7mg/dL (Doherty 2009). 

Under normal physiological conditions, uric acid (pKa 5.7) is distributed throughout the 

extracellular fluid as sodium urate with a low solubility limit (So 2008, Richette and Bardin 

2010). When urate concentrations exceed the saturation point, risk of MSU crystal formation 

and precipitation increases significantly (Richette and Bardin 2010). Only a minority (10%) 

of individuals with hyperuricemia ever develop gout, emphasising the importance of other 

critical factors involved in crystal formation (Doherty 2009). It has been estimated that 

approximately two-thirds of hyperuricemia patients will remain asymptomatic (Luk and 

Simkin 2005). Urate concentrations vary greatly amongst individuals, and although 

environmental factors are clearly associated in gout pathogenesis, genetic heritability 

accounts for 60% of variability in the Caucasian population (Richette and Bardin 2010).  

 

1.4.2 Loss of uricase 

 

Humans, apes and certain new world monkeys tend to have serum urate levels ranging from 

6-7mg/dL owing to the absence of uricase activity (Pillinger et al 2007). The loss of ability to 

produce uricase is due to a series of parallel mutations in the Miocene era around 10 to 22 
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million years ago (Pillinger et al 2007). This accounts for the large difference in serum uric 

acid levels observed in uricase sufficient mammals. 

 

The loss of uricase activity occurred repeatedly and by different mechanisms during the same 

era suggesting that increased serum uric acid concentrations may confer an evolutionary 

advantage (Pillinger et al 2007). One such theory was that uric acid is positively correlated 

with an increase in blood pressure (Watanabe et al 2002). During the Miocene period, our 

ancestors were limited to a vegetarian diet consisting mainly of fruits and grasses (Pillinger et 

al 2007). Consequently, as a result of this low-sodium diet, our ancestors may have entered 

into an era of hypotensive crisis (Watanabe et al 2002). The loss of uricase occurred mostly in 

primates spending a significant part of their times as bipeds, and therefore more heavily 

dependent upon higher blood pressure to maintain cerebral perfusion (Pillinger et al 2007).  

Other theories include uric acid serving as an important adjuvant in immune surveillance and 

apoptosis (refer to section 1.9.1) 

 

1.4.3 Renal association with serum uric acid and gout  

 

The gastrointestinal tract excretes a third and the kidney two thirds of the uric acid produced 

daily (Richette and Bardin, 2010). Impaired excretion of renal uric acid is the underlying 

mechanism involved in the expansion of the urate pool (Terkeltaub 2010). Removal and 

regulation of plasma uric acid levels are obtained by a four-component renal transport system 

involving glomerular filtration, reabsorption, secretion and postsecretory reabsorption 

(Cameron and Simmonds 1981, So 2008). Hyperuricemia is associated with renal dysfunction, 

but it is usually considered a marker, rather than a risk factor for gout progression. Variations 

in renal handling are responsible for hyperuricemia in approximately 90% of the individuals 

(Richette and Bardin, 2010, Terkeltaub 2010). The overproduction of urate and the renal 

hypoexcretion of uric acid can be considered major risk factors in determining the appearance 

of clinical gout (Terkeltaub 2010). Recent interest has particularly been focussed on genes 

regulating urate transport.  A number of kidney transporters are involved in regulation of uric 

acid introduced in section 1.11 (Richette and Bardin 2010). These include urate transporter 

protein 1 (URAT1) that is responsible for controlling reabsorption of uric acid from the renal 

tubules (So 2008). Other transporters include organic ion transporters and ATP dependent 

urate export transporters, all which function in direct urate secretion (So 2008). 
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1.5 Gout epidemiology 

 

Epidemiology has played an important role in improving our understanding of the outcomes 

of gout. The distribution and determinants of gout in human populations are based on two 

fundamental assumptions; (1) gout does not occur at random and (2) gout has causal and 

preventive factors that can be determined through systemic investigation of geographically 

and ethnically diverse populations (Gabriel and Michaud 2009). Therefore, epidemiological 

studies of gout attempt to describe the manner in which the disease appears in a population 

(prevalence, incidence, co-morbidity, geographic distributions and clinical characterisation) 

and the quantification of putative risk factors that influence gout occurrence (Gabriel and 

Michaud, 2009). However assessing the incidence of gout is difficult due to variation in 

methodology between studies (Gabriel and Michaud 2009). Furthermore, diagnosis of gout is 

complicated by the lack of a standard case definition, and dependence on the populations 

being studied. Nonetheless, recent reviews from Westernised countries have established that 

both the prevalence and incidence of gout has been steadily increasing over the decades (So 

2008, Doherty 2009, Gabriel and Michaud 2010).  

 

1.5.1 Epidemiological studies of gout  

 

In the United States of America (USA), the third National Health and Nutrition Examination 

Survey (NHANES III) estimated the incidence of gout to be 5.1 million between 1988 and 

1994 (Kramer and Curhan 2002). Data from a large unmanaged care database revealed that 

the unadjusted prevalence of gout increased from 2.9/1000 people from 1990 to 5.2/1000 

people in 1999 (Doherty 2009). The Rochester epidemiology study has reported an increase 

in gout incidence over a 20-year period (Saag and Choi 2006). 

 

1.5.2 Gout in New Zealand (NZ) 

 

The most recent study reporting the prevalence of gout in New Zealand (NZ) was performed 

by Klemp et al (1997) 19 years ago (the study was conducted in 1992 and published in 1997).  

The authors determined significant differences in gout prevalence in NZ M!ori (6.4%, 22/342 

individuals) compared to their European counterparts (2.9%, 9/315 individuals) (Klemp et al 

1997). Specifically, the prevalence of gout in NZ M!ori men (13.9%, 18/130 individuals) was 

considerably higher compared to European men (5.8%, 8/139 individuals) (Klemp et al 1997). 
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However the prevalence of gout has significantly increased in both NZ M!ori and European 

populations compared to previous epidemiological studies shown in Table 1.5.2 (Klemp et al 

1997).  

 

Table 1.5.2- Prevalence of gout in NZ across the NZ M!ori and European population ranging 
from 1956-1992 (adapted from Klemp et al 1997). This highlights two important findings from 
Klemp’s study: 1.) The increase in gout prevalence is apparent in both populations. 2.) There are 
significant differences in M!ori and European gout rates. 

 

M!ori European   

Men (%) Women (%) Men (%) Women (%) Year Reference 

18/219 (8.2) 4/243 (1.6) - - 1956 Lennane et al (1960) 

5/83 (6.0) 0/103 (0) 2/296 (0.7) 0/345 (0) 1958 Lennane et al (1960) 

5/110 (4.5) 2/102 (2) - - 1963 Rose and Prior (1963) 

38/366 (10.4) 7/381 (1.8) 4/202 (2.0) 0/230 (0) 1966 Prior and Rose (1966),  

34/388 (8.8) 3/378 (0.8) - - 1978 Brauer and Prior (1978) 

10/115 (8.0) - - - 1984 Gibson et al (1984) 

18/130 (13.9) 4/212 (1.9) 8/139 (5.8) 1/176 (0.6) 1992 Klemp et al (1997) 

 

The increased incidence and prevalence of gout and hyperuricemia is generally attributed to 

trends in lifestyle choices including dietary habits and frequent use of diuretics (Klemp et al 

1997).   

 

1.5.3 Gout in M!ori and Pacific Island people 

 

Historical evidence suggests that M!ori and Pacific Island populations were untroubled by 

gout or obesity during a time when these disorders were common in sections of Northern 

European populations (Lennane et al 1960. Rose 1975). However, the apparent increase of 

susceptibility to gout in M!ori and Pacific people in the 21st century has become a public 

health epidemic. 

 

The first comparative M!ori-European gout survey was carried out in 1957-1958 (Lennane et 

al 1960). A 1 in 12 random adult survey of urban Arawa (M!ori) and non-M!ori people of 

Rotorua was performed (Lennane et al 1960, Rose 1975). The majority of the M!ori 

population was considered ‘less pure and homogenous’ due to inter-marriages with European 

settlers (Lennane et al 1960).  Six percent of M!ori men as compared to 0.7% of non-M!ori 

men were diagnosed with gout (Table 1.5.2); however none of the women surveyed were 
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affected (Rose 1975).  All of the affected males had interval serum uric acid values above 8.0 

mg/dL (clinical hyperuricemic level 7.0 mg/dL) (Rose 1975). This early comparative study 

established an increased incidence of gout in M!ori (Lennane et al 1960, Rose 1975). 

However, data regarding serum uric acid distribution and gout co-morbidity with other 

common disorders (obesity, insulin resistance) was required to gain a clearer understanding of 

onset differences between the two populations (Rose 1975).   

 

Several gout and uric acid surveys were conducted during the 1960’s in which the main focus 

was to assess the cardiovascular status of various NZ population groups (Rose 1975). M!ori, 

in particular, were reported to have higher mortality rates from hypertension and degenerative 

cardiovascular disease (CVD) in comparison with Caucasian (Rose 1975, Brauer et al 1978). 

Prior’s team surveyed the cardiovascular, nutritional and metabolic status of the upland rural 

Tuhoe Urewera people of the Ruatahuna valley in 1962 and established that ‘working’ men 

under 50 and their wives diet consisted of meat with a high fat content (Prior et al 1962). 

Intermittent eating and a high level of alcohol consumption was also common among this 

M!ori group (Prior et al 1962, Rose 1975).  Obesity was frequently observed, particularly in 

women under the age of 50, who were also susceptible to hypertension and heart disease 

indicating a possible causal relationship (Prior et al 1962, Rose 1975). Approximately 5% of 

men and 1% of women surveyed in the total population exhibited gouty arthritis (Prior et al 

1962). They determined that the higher fat intake and alcohol consumption of the present day 

M!ori has been a major factor in the appearance of gout alongside epidemic obesity (Rose 

1975). 

 

The association of the obesity epidemic with cardiovascular problems, diabetes mellitus and 

gout highlights a concurrent occurrence within the M!ori population. Certain historical 

research reviewed ancestral M!ori diet and health describing early M!ori as “a lean race with 

a diet subsisting mainly of fish and roots” (Lenanne et al 1960). Obesity was not a problem in 

pre-westernised M!ori, and the development of gout seemed to coincide with the adoption of 

European lifestyle, dietary and drinking habits under affluent conditions (Lenanne et al 1960, 

Rose 1975).  

 

Obesity has a survival value corresponding to starvation and temperature (Loos and Bouchard 

2003).  It has been regarded that obesity has an underlying biological mechanism and may be 

considered as a vestigial adaptation, useful under extraordinary conditions. Rose et al (1975) 
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applied the ‘thrifty’ gene hypothesis, suggesting that the M!ori ancestors had a genetic 

constitution for obesity, thus a greater facility for the storage, mobilization and utilization of 

fat favoured during the critical phase of migration across the Pacific (Rose at al 1975). This 

genetic difference would provide greater resistance from starvation and cold climate exposure. 

The variations would remain neutral until affluent conditions presented it as disadvantageous 

traits favouring gout pathogenesis. It is known that alteration to urate metabolism occurs in 

association with changes in weight and it has been demonstrated that the process of obesity is 

reversible with the consequent reduction of gout (Choi 2010). 

 

Although obesity is associated with an increased prevalence of hyperuricemia in M!ori, a 

common finding of hyperuricemia among other Pacific Island people who are not obese 

suggest a different shared genetic predisposition (Gibson et al 1984). Genetic evidence has 

suggested that a polygenic variation in renal handling (SLC2A9, ABCG2) among M!ori and 

Pacific Island people contributes to risk of gout (Hollis-Moffatt et al 2009, Phipps-Green et al 

2010). This genetic difference could explain why M!ori and Pacific Island people have a 

tendency to accumulate serum uric acid, which is compounded by their inclination to obesity. 

 

1.5.4 Whakamaa (stigmatization and shame) 

 

The prevalence of gout could be under-represented, in particular within M!ori population, due 

to stigmatization and shame (Winnard et al 2008). Stereotypes and stigma have been noted to 

be inherent in M!ori communities (Winnard et al 2008). This suggests that stigmatization can 

cause additional burden and negative social attitude towards gout, which reduces a sufferers’ 

quality of life. In particular, M!ori populations have a perceived vision that if an individual 

has gout then they had a whakamaa (shame) (Winnard et al 2008). Because gout is common 

within the M!ori community, sufferers tend to be stigmatized and shamed thereby concealing 

the nature of their illness to others (Sachdev 1990, Winnard et al 2008). Stigma can cause 

stress and create barriers to seek medical treatment. It also restricts opportunities for social 

support and public awareness (Sachdev 1990). Hyperuricemia and gout presents a problem of 

considerable public health importance in M!ori and Pacific communities and the occurrence 

of gout can be taken as an index of the effectiveness of health care delivery (Winnard et al 

2008). 
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1.6 Metabolic Syndrome 

 

Metabolic syndrome is a group of common metabolic disorders that describe modifiable risk 

factors, which are predictive of CVD (Puig and Martinez 2008). Metabolic syndrome is 

characterized by a clustering of central obesity, dyslipidaemia, hypertension, insulin 

resistance and glucose intolerance; all well documented risk factors for CVD (Eckel et al 

2005, Puig and Martinez 2008). The most accepted and unifying concept to describe the 

pathophysiology of the metabolic syndrome is obesity and insulin resistance (Eckel et al 2005, 

Cornier et al 2008). All other abnormalities are likely to be secondary in nature (Puig and 

Martinez 2008).  

 

1.6.1 Epidemiology studies of the metabolic syndrome 

 

The prevalence of metabolic syndrome is increasing to epidemic proportions globally. The 

NHANES III estimated that 24% of the adult population in the USA suffer from metabolic 

syndrome (NECP-ATP III criteria) (Puig and Martinez 2008). Several European cohorts have 

suggested that 23% of males and 12% of females have metabolic syndrome (World Health 

Organization (WHO) criteria) (Puig and Martinez 2008). Other European cohorts have placed 

the prevalence range from 13% to 33% (NECP-ATP III criteria) (Puig and Martinez 2008). 

Estimates of the prevalence of metabolic syndrome differ depending on the definition being 

used to categorize individuals (Cornier et al 2008). With respect to obesity, hypertension and 

dyslipidaemia criteria, the WHO and NCEP-ATPIII definitions are similar (Cornier et al 

2008). However the WHO criteria includes insulin resistance as a prerequisite, and in so 

doing creates a more restrictive definition (Cornier et al 2008). Several other guidelines have 

different definitions in determining metabolic syndrome thereby increasing or decreasing its 

selectiveness (Cornier et al 2008). Lifestyle habits and socioeconomic status appear to 

influence the prevalence of metabolic syndrome across gender, age and racial differences 

(Cornier et al 2008).  
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1.6.2 Metabolic Syndrome in the NZ population 

 

The abnormalities predictive of metabolic syndrome are commonly associated with M!ori and 

Pacific NZ population. The most recent epidemiological study recording the prevalence of 

metabolic syndrome in the NZ population was performed by Gentles et al (2007).  Using a 

cross-sectional survey of adults aged between 35-74 years they determined the prevalence of 

metabolic syndrome was 32% in M!ori, 39% in Pacific and 16% in the other sample-sets 

(Gentles et al 2007). M!ori and Pacific people had a 2-2.5 fold increased risk in developing 

metabolic syndrome compared to other ethnic groups (once adjusted for components that may 

influence CVD) (Gentles et al 2007). The authors proposed that disparities observed with  

metabolic syndrome in M!ori and Pacific people likely reflect the underlying ethnic 

differences in obesity (Gentles et al 2007).  

 

1.6.3 Hyperuricemia, gout and metabolic syndrome 

 

Gout has strong co-morbidity with several diseases including, type II diabetes, obesity and 

CVD. The recent increase in the prevalence and clinical complexity of gout may be due to 

hyperuricemia associated with metabolic syndrome (Rho et al 2005, Saag and Choi 2006 Puig 

and Martinez 2008, Doherty 2009, Riches et al 2009). Patients with metabolic syndrome had 

an average serum urate level 0.5-1.0mg/dL higher compared to controls (Puig and Martinez 

2008). Metabolic syndrome shows a graded increase with serum urate levels once adjusted for 

confounding factors such as age, gender, alcohol and diuretic use (Puig and Martinez 2008). 

A similar relationship was observed with patients who were diagnosed with gout. The 

prevalence of metabolic syndrome was two-fold greater in patients with gout (62.8%, 95% CI 

51.4%-89.9%) compared to individuals without gout (25.4%, 95%CI 23.5%-27.3%) (Puig 

and Martinez 2008).  Rho et al (2005) also reported an increase in prevalence of metabolic 

syndrome in patients with gout compared to the general population (Rho et al 2005). A cross 

sectional study conducted by Rathmann et al (1998) suggested that hyperuricemia is related to 

various components of metabolic syndrome (Rathmann et al 1998). Body mass index (BMI), 

fasting insulin and triglycerides were significantly higher whereas high density lipoproteins 

are lowered in individuals with hyperuricemia irrespective of gender (Rathmann et al 1998). 

Obesity and insulin resistance had the strongest correlation with serum urate levels among 

metabolic syndrome components (Rathmann et al 1998). This suggests that the relationship 
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between hyperuricemia and metabolic syndrome is a result from the co variation of adiposity 

and insulin levels.  

 

1.6.4 Hyperuricemia, gout and CVD 

 

Previous studies of the relationship between uric acid and CVD have been inconsistent. While 

some research shows an independent association between elevated serum uric acid in 

cardiovascular mortality, other studies suggest the association is due to confounding risk 

factors related to metabolic syndrome (Nieto et al 2000). Data obtained from the multiple risk 

factor intervention trial reported gout as an independent associative risk factor (26% increased 

risk) of acute myocardial infarction (Krishnan et al 2006). Furthermore, abnormalities of 

metabolic syndrome did not account for this association (Krishnan et al 2006). The Health 

Professionals Follow-Up study also investigated the potential associations between gout, the 

risk of mortality and myocardial infarction (Choi and Curhan 2007).  This was the first 

prospective study linking gout to all-cause mortality, cardiovascular death and fatal coronary 

heart disease (Choi and Curhan 2007). 

 

Several mechanisms have been postulated describing the conflicting results observed with 

serum urate levels and CVD. One such possibility is the role of uric acid as an antioxidant 

(Kutzing and Firestein 2008). Uric acid was suggested as a compensatory mechanism 

counteracting oxidative stress (Nieto et al 2000).  Uric acid concentrations may increase in an 

attempt to block lipid peroxidation suggesting elevation in uric acid concentration is a 

consequence of the disease rather than the cause (Nieto et al 2000). 

 

In contrast, studies showed that increased uric acid might contribute to the development of 

CVD by exerting a negative effect on the endothelium (Kutzing and Firestein 2008). De 

Scheerder et al (1991) reported that uric acid acts as a promoter of oxygenated low-density 

lipid proteins cholesterol and lipid peroxidation (De Scheerder et al 1991). This results in 

upregulation of platelet adhesiveness, which contributes to thrombus formation (Kutzing and 

Firestein 2008). This contributes to the development of atherosclerosis and increases the 

likelihood of CVD development.  

 

High uric acid levels have been shown to stimulate the release of free radicals (Kutzing and 

Firestein 2008). Free radicals have been shown to be involved with adhesion molecule 



! "#!

expression by inflammatory cells and adherence to the damaged endothelium (Kutzing and 

Firestein 2008). This results in endothelial injury ultimately increasing the risk of CVD. An 

elevation of uric acid is also related to an increase in C-reactive protein (CRP), which has 

been identified as an important predictor of myocardial infarction and stroke (Kutzing and 

Firestein 2007).  

 

A cause and effect relationship should not be inferred from these epidemiological and clinical 

studies. However, evidence indicates hyperuricemia is a consequence rather then the source 

regarding individuals with high risk of CVD (Kutzing and Firestein 2008, Puig and Martinez 

2008). Increased serum uric concentration could be an indication of other risk factors of CVD 

such as obesity, insulin resistance, hypertension and renal disease (Puig and Martinez 2008). 

Serum urate levels in patients with obesity, hypertension or diabetes may warrant 

consideration as a marker of inflammation, ischemia and oxidative stress in the cardiovascular 

system (Puig and Martinez 2008). 

 

1.7 Insulin resistance, hyperuricemia and gout 

 

The recognized co-morbidity of gout and diabetes mellitus is frequently observed.  The co-

existence of these two conditions is a matter of growing importance as a public health 

problem. Serum uric acid concentrations are strongly correlated with abdominal adiposity and 

are predictive of type II diabetes (Yoo et al 2009). However, there is controversy surrounding 

the exact mechanism in which this occurs. Conflicting data has argued whether insulin 

resistance restricts urinary clearance of uric acid or insulin stimulates the production of uric 

acid (Waring et al 2000, Yoo et al 2009). The most likely explanation concerning the 

relationship between insulin resistance and hyperuricemia is mediated through increased 

plasma triglyceride levels and lack of physical activity leading to overall obesity with central 

deposition of fat (Yoo et al 2009).  Insulin is also shown to have a physiological action on 

kidney renal tubules in reducing sodium and uric acid excretion (Waring et al 2000). 

Hyperuricemia may be a consequence of renal insulin activity (Waring et al 2000). Since 

insulin resistance is a frequent concomitant of gout, it is important to screen individuals for 

glucose intolerance and develop treatment procedures suited to their conditions (Yoo et al 

2009).  
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1.8 Environmental component associated with increased risk of gout onset 

 

Although hyperuricemia is the main factor that facilitates the precipitation of urate crystals 

within joints, other aspects contribute to the development of gout in susceptible individuals 

(So 2008). Some individuals are in a state of asymptomatic hyperuricemia, without ever 

experiencing a gout attack (Kim et al 2003). While in others, exposure to various 

environmental factors may trigger the onset of gout (So 2008). The reasons underlying a gout 

attack in certain people are still currently unknown. This section reviews common features 

attributed to the overall risk in developing gout (section 1.8.1, 1.8.2, 1.8.3 and 1.8.4). 

 

1.8.1 The role of age in gout 

 

The prevalence of gout increases in direct association with age. The increased longevity of 

populations in industrialized nations may contribute to a higher incidence of gout (Saag and 

Choi 2006, Doherty 2009). This is influenced by a decrease in renal function with advancing 

age and further complicated by medication commonly used by the elderly. Both metabolic 

syndrome and hypertension are significantly common in elderly patients (Saag and Choi 

2006). Moreover, the clinical manifestation of gout increases exponentially with the duration 

of hyperuricemia (Saag and Choi 2006). Therefore elderly patients presented with 

longstanding hyperuricemia are more likely to display clinical signs and symptoms of gouty 

arthritis. 

 

1.8.2 The role of gender in gout 

 

Gender is a prime risk factor in gout development. Although gout incidence has increased in 

both sexes, among a younger population (<65), men exhibit a fourfold greater prevalence than 

women (Saag and Choi 2006). However gout tends to equalize with advancing age most 

likely reflecting the loss of the uricosuric effect of oestrogen following menopause (Saag and 

Choi 2006, Doherty 2009). Testosterone is also known to increase the expression of URAT1, 

a key protein in urate reabsorption in the kidney, further implicating hormonal disparities as 

the cause of gender differences with gout (Li et al 2004).  
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1.8.3 The role of diet in gout 

 

Dietary purine intake is a significant contributor to serum uric acid levels. The intake of high 

purine foods is often sufficient to induce the onset of a gout attack in hyperuricemic 

individuals, making diet a major risk factor. Purine rich foods including: red meat, seafood, 

offal and beer have been positively correlated with increased serum urate levels (Saag and 

Choi 2006, Choi 2010). Interestingly, no increase in risk of gout was associated with the 

intake of high-purine vegetables such as legumes (Saag and Choi 2006, Choi 2010). This 

trend may be explained by variations in the amount of purine content in these vegetables and 

their immediate bioavailability for purine to uric acid metabolism (Choi et al 2004).   

 

The increased prevalence of gout internationally, has been correlated with the enhanced 

consumption of fructose, in particular soft drinks (Hak and Choi 2008). The introduction of 

the commercially produced high fructose corn syrup (HFCS) in 1967 has dramatically altered 

the incidence of abnormalities involved in metabolic syndrome including hyperuricemia (Hak 

and Choi 2008). Fructose (phosphorylated by fructokinase in hepatocytes) intake raises serum 

urate levels by up-regulating ATP degradation to AMP promoting purine metabolism (Hak 

and Choi 2008). Moreover, the associative properties of fructose with serum insulin levels, 

insulin resistance and obesity may indirectly increase serum urate levels and the overall risk 

to gout (Hak and Choi 2008).  Fructose consumption has also been shown to favour a positive 

energy balance, which may contribute to insulin resistance and adiposity (Hak and Choi 

2008).  

 

1.8.4 Genetic variation in gout 

 

Genetic variation also influences serum urate levels and overall risk with gout. These 

increased genetic risks are likely to be due to differences in renal handling of uric acid. A few 

of the transporters are described in section 1.11. 

 

1.9 Cellular response to gout inflammation 

 

Gout initiation is respondent to cells recognition to MSU crystals. This is capable of 

triggering an immune response provoking cytokine release that amplifies inflammatory 

reaction (So 2008). The nature of the response is dependent on cell types recognizing the 
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crystals and recruitment to the site of inflammation (Busso and So 2010). Local joint tissue 

factors may influence the topography and extent of crystal deposition (Busso and So 2010). 

Several cellular mediators along with their corresponding actions have been identified, 

including neutrophil influx, monocyte activation and macrophage stimulation in response to 

MSU crystal precipitation (Busso and So 2010, Martin and Harper 2010). However this 

section will specifically focus on the NALP3 inflammasome role (IL-1!) and specific 

cytokines involved in the initiation of a gout attack (refer to section 1.9.2). 

 

1.9.1 Uric acid role in immunity 

 

Several research groups have offered data, suggesting that uric acid plays an advantageous 

role in immunity (Becker 1993, Shi et al 2003). Studies have confirmed that uric acid 

functions in eliminating errant reactive oxygen species in the circulation (Becker, 1993). 

Whereas, other research has reported that an increased rate of uric acid production may 

initiate apoptosis (Shi et al 2003). Endogenous uric acid has been reported to possess adjuvant 

activity and is markedly increased in injured cells triggering apoptosis (Shi et al 2003).  
 

Uric acid may serve as a physiologically important danger signal that promotes immunity. 

Cells damaged by trauma or infection elicits an immune response to the pathogenic entity or 

the need to clean up cellular debris (Pillinger et al 2007). One possibility is that apoptosis 

initiates an active process of purine degradation thereby increasing the rate of urate 

production (Pillinger et al 2007). Therefore uric acid may be an ideal candidate to serve as a 

danger signal conferring a physiological advantage as an antioxidant or an immuno-stimulant. 

Interestingly, the minimum concentration of uric acid to serve as an adjuvant was greater then 

7.0mg/dL and must be in crystalline formation (Shi et al 2003, Pillinger et al 2007). The 

formation and precipitation of MSU crystals by purine degradation suggests an important role 

in immune surveillance and the generation of adaptive immunity (Shi et al 2003).  

 

1.9.2 The Inflammasome and gout 

 

MSU crystals act as adjuvantic molecule to trigger apoptosis in times of cellular stress and 

trauma (Martinon et al 2006, Petrilli and Matinon 2007, Pillinger et al 2007). The onset of 

gout inflammation may simply occur as a result of an overactive adjuvant reaction that 

stimulates and recruits macrophages in response to the presence of MSU crystals.  It has been 
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demonstrated that MSU crystals are capable of initiating interleukin 1! (IL-1!) release 

through the interaction of a multi-protein cytoplasmic complex called the inflammasome 

(Martinon et al 2006, Petrilli and Matinon 2007, So 2008 Martinon 2009). Increased IL-1! 

production was identified as an early proximal event of several autoinflammatory diseases 

including gout and rheumatoid arthritis (Martinon et al 2006, So 2008).  

 

The inflammasome is a molecular platform, which activates and recruits scaffolding proteins 

at sites of inflammation inducing the production of IL-1! (Martinon et al 2006, Petrilli and 

Matinon 2007, Martinon et al 2009).  It is composed of the intracellular pattern recognition 

receptor NACHT-LRR-PYD containing protein -3 (NALP3), the accessory adaptor protein 

ASC and procaspase-1 (Martinon et al 2006, Petrilli and Matinon 2007, Martinon et al 2009). 

Following activation by MSU crystals the PYD domain mediates recruitment and interaction 

with the ASC adapter through a homodimeric PYD-PYD complex (Martinon et al 2006, 

Petrilli and Matinon 2007). The ASC adapter contains an N terminal PYD and a C terminal 

CARD and is essential for inflammasome formation (Martinon et al 2006, Petrilli and 

Matinon 2007, Martinon et al 2009). The CARD domain recruits and binds pro-caspase-1, 

leading to autocatalytic processing and activation of IL-1! (Martinon et al 2006, Petrilli and 

Matinon 2007, Martinon et al 2009). The NALP3 inflammasome has emerged to be 

fundamental for microbial detection and is proficient in sensing stress or cytotoxic signals 

(Martinon et al 2006).  

 

The regulation and production of IL-1! is dependent on caspase-1 active cleavage of its 

precursor molecule pro-IL-1! (So 2008). Interleukin-1! is involved in many biological 

processes including: lymphocyte activation, lymphocyte proliferation and adhesion molecule 

expression (Petrilli and Matinon 2007). As a mediator of immune and inflammatory responses, 

IL-1! induces the expression of cyclooxygenase 2, acute phase proteins and numerous 

protease inhibitors (Petrilli and Matinon 2007). Other interleukins that are cleaved by 

caspase-1 include IL-18 and IL-33 both of which are commonly over-expressed in gouty 

arthritis (Martinon et al 2006). 
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Figure 1.9.1. Schematic diagram depicting the production of interleukin 1! in response to monosodium urate 
crystals (MSU). MSU triggers the activation of NOD2 and the assembly of the NALP3 inflammasome which 
comprises of the ASC, CARD8 and NALP3 scaffolding proteins. NOD2 activates the transcription factor NFkB 
resulting in transcription of genes encoding pro-caspase 1 and pro-IL-1!.  The inflammasome converts pro-
caspase 1 to caspase 1, which leads to cleavage of pro-IL-1B and secretion of mature IL-1B. Taken from Roberts 
et al (2010).  
 

1.9.3 Tumor Necrosis Factor ! (TNF!) and Interleukin-6 (IL-6) 

 

Besides IL-1!, both interleukin-6 (IL-6) and tumor necrosis factor-alpha (TNF") are shown 

to interact with undifferentiated phagocytes and trigger an acute phase reaction in response to 

MSU crystals in vitro and gouty tissue in vivo (Busso and So 2010). TNF" has been 

implicated in neutrophil adhesion to the endothelium, influx and amplification resulting in 

neutrophilic synovitis (Yagnik et al 2000). Although there is clear evidence that TNF" is 

upregulated at sites of inflammation, a direct causal role in gout development has not been 

elucidated (Busso and So 2010).  Unpublished data indicates that inhibition of TNF" with 

TNF-antibodies does not obstruct neutrophil influx in a peritonitis mouse model (Busso and 

So 2010). However anecdotal reports of chronic gout sufferers have shown improved health 
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with anti-TNF! therapy (Busso and So 2010). One possible mechanism correlating TNF! 

activity and gout onset may be due to the partial mediation enforced by IL-1" activation 

(Martinon et al 2006). Functional assays resulted in slow secretion of TNF! and were 

preceded by the release of IL-1" (Martinon et al 2006). Mouse models revealed that 

inhibition of mature IL-1" restricts TNF! secretion when induced by MSU crystals (Martinon 

et al 2006).  

 

Interleukin 6 (IL-6) is known to amplify inflammation by regulating the active phase reaction 

of gout (Busso and So 2010). It governs the maturation of lymphocytes and production of 

leucocytes (Cicuttini et al 1995). Raised IL-6 serum levels have been observed in patients 

with polyarticular gout (Cicuttini et al 1995).  Although the exact mechanism has not yet been 

determined, it is known that IL-1" induces the production of IL-6 in a variety of cells 

(Martinon et al 2006). The increased assembly of IL-1" in response to MSU crystals may 

stimulate elevated production of IL-6. 

 

1.10 Current gout treatments 

 

Early appropriate therapy of gout involves the simultaneous processes of minimizing the 

duration of the attack, treating the manifestation of disease and reducing the body’s burden of 

urate (Sundy 2010). It is important to distinguish between treatment of acute gout attacks and 

management of the underlying metabolic defect. Most treatments include: colchicine, 

nonsteroidal anti-inflammatory drugs and corticosteroids to treat acute attacks, which seem to 

be effective at full dose (Keith et al 2007).  However to manage the underlying hyperuricemia, 

lowering serum urate levels with consideration given to patients lifestyle factors and 

comorbidities must be considered (Keith et al 2007).  

 

1.10.1 Uricostatic drugs 

 

Allopurinol is a commonly prescribed uricostatic drug that is converted in the liver to the 

active metabolite oxypurinol (Stamp et al 2000). Oxypurinol lowers hyperuricemia or serum 

urate through inhibition of xanthine oxidase activity (Stamp et al 2000, Keith et al 2007). 

Although allopurinol is the most commonly utilized agent for gout sufferers, 90% of patients 

have impaired renal function leading to the under-excretion of uric acid (Stamp et al 2000, 
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Keith et al 2007, Sundy 2010). Therefore allopurinol does not reduce the body’s burden or 

excessive urate levels. Typical dosage ranges from 50mg to 600mg daily with patients that 

have normal kidney function (Stamp et al 2000, Keith et al 2007, Sundy 2010). However, 

patients treated with allopurinol at a dose of 300mg/day rarely achieved therapeutic levels 

(Sundy 2010). This reinforces suggestions that a proportion of gout patients, receiving 

allopurinol treatment, have little hope of resolving gout (Sundy 2010). Patients with reduced 

renal function should limit their dose due to a heightened risk of the toxic effects of 

oxypurinol, which has been associated with the rare hypersensitivity syndrome (Stamp et al 

2000, Keith et al 2007).  

 

Febuxostat is another novel xanthine oxidase inhibitor approved for the management of gout 

(Keith et al 2007, Sundy 2010). Approved doses ranging from 80mg to 120mg daily have 

been shown to be more effective then 300mg of allopurinol per day (Sundy et al 2010). 

Patients with chronic kidney disease also showed an increased response with Febuxostat 

compared to allopurinol as the drug is metabolized in the liver (Keith et al 2007).  Sustained 

reduction of serum urate levels at 6mg/dL was observed with patients on Febuxostat (Sundy 

2010). Accordingly, in uncomplicated patients allopurinol remains the first choice therapy 

primarily because of lower cost. However Febuoxstat is a reasonable alternative for patients 

who are intolerant to allopurinol (Keith et al 2007, Sundy et al 2010). 

 

1.10.2 Uricosuric drugs 

 

The uricosuric agents probenecid and benzbromarone are ideal antihyperuricemic drugs in 

young gout patients with normal kidney function but who are under excretors of uric acid 

(Keith et al 2007).  Uricosuric agents accomplish their effect by increasing renal secretion of 

uric acid in the kidneys and are commonly prescribed to chronic gout sufferers (Keith el al 

2007). Probenecid prevents the reabsorption of uric acid by competitive inhibition of the OAT 

urate transporter protein in the proximal tubules of the kidneys (Sweet et al 2003). 

Benzbromarone inhibits URAT1 and SLC2A9 mediated reabsorption of uric acid in tubules 

(Enomoto et al 2002). Uricosuric agents are more commonly used in conjunction with 

xanthine oxidase inhibitors due to their associated clinical benefit of accelerating the time of 

tophus resolution (Sundy 2010). 
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1.10.3 Education and lifestyle modifications 

 

One key feature that results in the mismanagement of gout is patient education. A key role of 

the physician should be informing patients about the disease, its curable nature, targets and 

practicalities of drug therapy and the importance of lifestyle and dietary factors (Schumacher 

and Chen 2008). Effective patient education may improve adherence and promote treatment 

success. Furthermore lifestyle modifications aiding treatment and prevention of gout are 

expected to have a greater influence on patients (Schumacher and Chen 2008, Choi 2010). 

These modifications not only target hyperuricemia, but address co-existing abnormalities such 

as insulin resistance, obesity and hypertension involved in metabolic syndrome (Choi 2010). 

In particular weight control, reduced consumption of red meat, limitation of alcohol intake 

and daily exercise are important modifications for patients with gout or hyperuricemia (Choi 

2010). Low-fat dairy products and Vitamin C supplementation have been inversely associated 

with serum uric acid levels and a subsequent reduction in overall gout risk (Choi 2010). 

Regular consumption of coffee has also been associated with lower serum uric acid levels 

(Choi 2010). Caffeine, being a xanthine molecule (similar in structure), exerts a protective 

effect through xanthine oxidase inhibition (Choi 2010). These classical dietary modifications 

were suggested as a means to lower uric acid levels, however their incapability, complexity 

and overall low effectiveness led to poor adherence. A more practical approach has shifted 

towards the importance of weight management. There is potential in reducing gout incidence 

and obesity by the use of environmental engineering based on population screening, 

modulation of diet and education (Choi 2010).  

 

1.11 Genetic factors influencing gout treatment 

 

Gout normally arises from an interaction between genetic, and environmental risk factors. 

Comparative to many autoimmune diseases, the genetic variations involved in the 

development and progression of gout are likely to have a modest effect. However collectively 

they may achieve profound susceptibility to or protection from gout. This section reviews 

several candidate genes that have been significantly associated with gout, with particular 

emphasis on M!ori and Pacific Island populations. 
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Table 1.11 Polymorphisms on urate transporters associated with hyperuricemia and/or gout from various studies. 1 Cooperative Health 
Research in the Region Augsburg, 2 Study of Health in Pomerania, 3 Salzburg Atherosclerosis Prevention Program in Subjects at High 
Individual risk, 4 Atherosclerosis Risk in Communities 

Gene Ethnicity Study results Association Year Reference 

SLC22A12 

Japanese G774A mutation lowers serum uric 
acid level 

Hypouricemia 2005 
Taniguchi et al 

(2005) 

German C426T reduced urate clearance Hyperuricemia 2006 
Graessler et al 

(2006) 

Japanese rs893006 (exon 4) reduced urate 
clearance 

Hyperuricemia 2006 Shima et al (2006) 

Mexican Five novel mutations located within 
exons 4 and 5.  

Hyperuricemia/Gout 2007 
Vazquez-Mellado 

et al (2007) 

SLC2A9 

KORA1, SHIP2 (Germans) 
SAPHIR3 (Austrians) 

Range of SNPs in introns 4 and 6 
showed strongest correlation with 

serum urate levels 
Hyperuricemia 2007 Doring et al (2008) 

Croatian, UK, German 7SNPs associated with SUA across all 
populations Hyperuricemia 2007 Vitart et al (2008) 

Framingham and Rotterdam rs16890979 associated with serum 
urate levels across both study groups Hyperuricemia 2008 Dehghan et al 

(2008) 

NZ Caucasian/ NZ 
M!ori/Pacific Island 

rs16890979, rs11942223 and 
rs5028843 associated with gout in all 

sample-sets 
Hyperuricemia/Gout 2009 Hollis-Moffatt et al 

(2009) 

ABCG2 

Framingham/Rotterdam/ARIC 
study   

 2008 Dehghan et al 
(2008) 

ARIC4 study (Black and White 
individuals) 

Q141K polymorphism associated with 
reduction in urate transport ability Hyperuricemia/Gout 2009 Woodward et al 

(2009) 

NZ Caucasian/ NZ 
M!ori/Pacific Island   2010 Phipps-Green et al 

(2010) 

Japanese   2010 Yamagishi et al 
(2010) 
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1.11.1 Urate transporter 1 (URAT1) 

  

The SLC22A12 gene (solute carrier family 22 (organic anion/cation transporter) member 12), 

located on chromosome 11q13, encodes for urate transporter protein 1 (URAT1) (Riches et al 

2009). Urate transporter protein 1 is a urate-anion exchanger localized on the apical side of 

the renal proximal tubule cells (Taniguchi and Kamatani 2008). Originally, it was suggested 

that URAT1 expression was specifically restricted to the kidneys (Taniguchi and Kamatani 

2008), however the discovery of URAT1 expression in the smooth muscle cells of the aorta 

may discern a role of URAT1 in CVD (Price et al 2006). Functional studies have implicated 

URAT1 with the reabsorption of urate from the glomerular filtrate, which may be a major 

mechanism in regulating blood urate levels (Reginato and Olsen 2007). URAT1 does not 

have a wide variety of substrates that it can act upon suggesting a specific pathway for the 

reabsorption of urate. The specificity and sensitivity of the protein provides an ideal target for 

drug interaction used for treatment of hyperuricemia and gout (Enomoto and Endou 2005) 

Specific polymorphisms in the SLC22A12 gene have been associated with impaired fractional 

urate excretion and raised serum urate concentrations in specific populations (see Table 1.11) 

(Graessler et al 2006,Vazquez-Mellado et al 2007). However loss-of-function mutations in 

the URAT1 gene have also been associated with idiopathic renal hypouricaemia 

(manifestation of low levels of uric acid) in the Japanese population (Taniguchi et al 2005, 

Reginato and Olsen 2007).  

  

1.11.2 Solute carrier family 2, facilitated glucose transporter member 9 (SLC2A9) gene 

 

SLC2A9 (solute carrier family 2) or GLUT9 (facilitated glucose transporter member 9) gene, 

located on chromosome 4p15.3-16, encodes a facilitative sugar transporter protein. It has been 

shown that alternative splicing of SLC2A9 results in two presumptive different proteins 

(Augustin et al 2004). The SLC2A9 (long isoform) is expressed in the kidneys, trafficked 

predominantly in basolateral membranes of proximal renal tubular cells (Augustin et al 2004, 

Le et al 2008, Choi et al 2010). The short isoform (SLC2A9!) is exclusively localized to the 

apical membrane of the kidneys (Le et a 2008). SLC2A9 is also expressed in chondrocytes 

from human cartilage, which are prominent sites for urate deposition in gout (Vitart et al 2008, 

Le et al 2008, Riches et al 2009). Parallel analysis of URAT1 and SLC2A9 transporters 

revealed increased uptake of urate by SLC2A9! than that of URAT1 (Vitart et al 2008). 
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SLC2A9 lacks features of a high affinity glucose transporter, suggesting the presence of 

alternative substrates (Doring et al 2008). A potential substrate is fructose, as SLC2A9 has 

conserved structural similarity with other fructose transporters including GLUT5 and 

GLUT11 (Augustin et al 2004). Data suggests that there is a causal relationship between 

fructose intake, serum uric acid and gout onset (refer to section 1.8.3) (Hak and Choi 2008). 

The rapid uptake and metabolism of fructose to lactate in SLC2A9 expressing cells may 

stimulate urate transport and promote hyperuricemia. 

 

Association studies have reported genetic variants of SLC2A9 that were strongly associated 

with impaired fractional excretion of uric acid (FEUA) in independent populations (Doring et 

al 2008, Vitart et al 2008, Dehghan et al 2008, Hollis-Moffatt et al 2009). Diminished FEUA 

is the main risk factor for hyperuricemia and is present in the majority of patients who have 

gout (Vitart et al 2008). It was also determined that SLC2A9 exhibited strong specific gender 

by gene interaction contributing to the heritable basis of hyperuricemia (Doring et al 2008 

Vitart et al 2008). The alleles of SLC2A9 are potentially responsible for 5.3-6% of serum uric 

acid variance in women and 1.2-1.7% in men (Vitart et al 2008, Le et al 2008).  

 

Hollis-Moffatt et al (2009) reported significant association with 3 SNPs (rs16890979, 

rs11942223 and rs5028843) in the SLC2A9 gene with gout in the NZ Caucasian, M!ori and 

Pacific Island populations (refer to Table 1.11) (Hollis-Moffatt et al 2009). Previous reports 

have stated the SNP rs16890979 is in strong linkage disequilibrium (LD) with intronic SNPs 

in the SLC2A9 gene (Riches et al 2009). It is commonly observed that coding SNPs have 

shown less association with urate levels then intronic or promoter SNPs. This gives rise to the 

possibility that coding SNPs are likely to be in LD with causal variations in promoter or 

enhancer sequences that predispose to gout by altering gene expression levels (Dehghan et al 

2008, Riches et al 2009). The presence of both rs16890979 alleles on susceptibility and 

protective haplotypes in the M!ori and Pacific Island sample-set reinforces that this coding 

SNP may not be the sole etiologic factor influencing gout (Hollis-Moffatt et al 2009). 

 

1.11.3 ATP-binding cassette sub-family G member 2 (ABCG2) 

 

ABCG2 (ATP-binding cassette sub-family G member 2), located on chromosome 4, encodes 

the unidirectional secretory urate transporter of the ATP-binding cassette (ABC) family 

(Dehghan et al 2008, Phipps-Green et al 2010). ABCG2 is expressed in the apical membrane 
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of human kidney proximal tube cell, and transports purine nucleoside analogous to the 

molecular structure of uric acid (Dehghan et al 2008, Choi et al 2010). Polymorphisms in the 

ABCG2 gene are significantly associated with serum urate levels and increase prevalence of 

gout across ethnically diverse populations (Dehghan et al 2008, Woodward et al 2009, 

Phipps-Green et al 2010, Yamagishi et al 2010). In particular the missense rs2231142 

(Q141K) was frequently identified as the causal candidate variant associated with a reduction 

in transport capacity resulting in elevated serum uric acid concentration (refer to Table 1.11) 

(Dehghan et al 2008, Woodward et al 2009, Phipps-Green et al 2010, Yamagishi et al 2010). 

Dehghan et al (2008) also reported gene by gender interactions with higher serum uric acid 

concentrations commonly associated with males (Dehghan et al 2008). 

 

Phipps-Green et al (2010) reported significant association with the rs2231142 with gout in the 

NZ Caucasian and Pacific Island populations consistent with the Framingham Heart Study 

(FHS) and ARIC dataset (Phipps-Green et al 2010). Notably no evidence of association was 

observed in the M!ori sample-set. This may reflect the low power in the study to detect locus 

of weak effect (Phipps-Green et al 2010). The rs2231142 risk allele (T) is likely to reduce 

urate transport efficacy by 53% compared to the normal functional transporter (Woodward et 

al 2009). 

 

1.11.4 Other possible genes involved in gout 

 

Eight additional genes have also been implicated in contributing to gout development (Table 

1.11.4). These are currently awaiting confirmation. 
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Table 1.11.4 Eight other genes possibly associated with gout. These genes, however are still 
awaiting confirmation (Adapted from Kolz et al (2009) and Yang et al (2010)). 

 
Gene Proposed Function Reference 

 

PDZK1 

 

 

GCKR 

 

 

LRRC16A 

 

 

SLC17A1 

 

 

SLC16A9 

 

 

SLC22A11 

 

 

R3HDM2-INHBC 

region 

 

 

 

RREB1 

 

Regulates serum urate levels 

 

 

Variants may be associated with hyperuricaemia by 

initiating insulin resistance 

 

Variant associated with differences in SUA concentrations 

but any direct relationship remains unclear. 

 

Mediates tubular urate secretion in human kidney. 

 

 

Proton-linked monocarboxylate transporter involved in the 

urate metabolic process. 

 

Serves as an organic anion-dicarboxylate exchanger, which 

mediates urate transport. 

 

Member of the transforming growth factor ! superfamily. 

Gene variant associated with differences in SUA levels but 

biological mechanism underlying association remains 

unknown. 

 

Zinc finger transcription factor, which regulates the 

androgen receptor and calcitonin gene. Gene variant 

associated with differences in SUA levels but biological 

mechanism underlying association remains unknown. 

 

 

 

Kolz et al 

2009 

 

Kolz et al 

2009 

 

Stark et al 

2009 

 

Iharada et 

al 2010 

 

Kolz et al 

2009 

 

Kolz et al 

2009 

 

Yang et al 

2010 

 

 

 

Yang et al 

2010 

 

Vitamin D3 has been shown to be protective against development of autoimmune disease 

conditions (e.g. type II diabetes mellitus, multiple sclerosis) (see Vitamin D3 section). The 

aim of this study is to examine the role of Vitamin D3 may play in the development of gout at 

a genetic level.   
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1.12 General introduction to Vitamin D3 

 

There is a growing awareness that Vitamin D3 sufficiency is required for optimal health. 

During the 1800’s, it was well established that geographical differences and variations in 

sunlight accounted for increased incidence of rickets (Carpenter and Zhao 1999, Mohr 2009). 

In recent years, a spectrum of common non-musculoskeletal conditions such as cancer, 

metabolic syndrome, various infectious and autoimmune disorders have also been correlated 

with deficiencies in Vitamin D3 (Pearce and Cheetham 2010). Despite these findings 

subclinical deficiency of Vitamin D3 remains common, particularly in temperate climates 

(Holick 2007).  

 

1.13 Vitamin D3 biosynthesis 

 

The generation of active Vitamin D3 is a multi-step process that encompasses several 

biochemical reactions over a range of tissues (refer to Figure 1.13) (Dixon and Mason 2009). 

In humans, the immediate precursor in Vitamin D3 biosynthesis is 7-dehydrocholesterol, 

which is produced in large quantities in the skin (Holick 2004). Upon exposure of the skin to 

sunlight (ultraviolet B rays, 290-315nm), 7-dehydrocholesterol undergoes a structural 

rearrangement in the 9-10 di-carbon bonds to form thermolabile pre-Vitamin D3, a 

biologically inactive precursor to active Vitamin D3 (Dixon and Mason 2009).  

 

Pre-Vitamin D3 is selectively transported to target tissues for metabolism by the Vitamin D 

binding protein (VDBP) (Dixon and Mason 2009). It undergoes two sequential enzymatic 

alterations involving the affixation of hydroxyl groups by cytochrome P450 enzymes 

(CYP450) (Dixon and Mason 2009). The first hydroxylation phase occurs in the liver in 

which pre-Vitamin D3 is catalyzed by the 25-hydroxylase enzyme to produce 25-

hydroxyvitamin D3 (25(OH)D3), the major circulating Vitamin D3 metabolite (Dixon and 

Mason 2009). Twenty five-hydroxyvitamin D3 is further hydroxylated by the rate limiting 

renal 1!-hydroxylase enzyme to produce the biologically active metabolite 1,25(OH)2D3 

(Dixon and Mason 2009). The production of 1,25(OH)2D3 is stimulated by low levels of 

phosphate, calcium and Vitamin D3 or the presence of high levels of parathyroid hormone 

(PTH) (refer to section 1.15) (Kanis 1982). Various other hormones are thought to influence 

1,25(OH)2D3 production including prolactin, insulin, oestrogen and growth hormone (Kanis 

1982). It is unclear however, whether these hormones directly stimulate 1!-hydroxylase 
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expression or these changes are a result of variations in calcium/phosphate concentrations in 

the kidneys (Kanis 1982).  

 

Catabolic inactivation and cleavage of 1,25(OH)2D3 is achieved by the mitochondrial 

cytochrome P450 enzyme, 25-hydroxyvitamin D3 24-hydroxylase (CYP24A1) (Prosser and 

Jones 2004). CYP24A1 catalyzes a series of hydroxylation/oxidation reactions that results in 

the release of calcitrioc acid and 1!,25-(OH)2-26,23 lactone into bile respectively (Prosser 

and Jones 2004). CYP24A1 expression is thought to be a negative regulator of hormonal 

signals in target cells, when the transcriptional effect of 1,25(OH)2D3 needs to be disabled 

(Prosser and Jones 2004).  
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Figure 1.13 Schematic diagram representing the cutaneous production, regulation and degradation of Vitamin 
D3. Upon skin exposure to sunlight (UV), 7-dehydrocholesterol is converted into previtamin D3. Dietary Vitamin 
D or previtamin D3 enters circulation (selective transport by VDBP) and undergoes sequential hydroxylation in 
the liver (25-hydroxylase) and kidneys (1!-hydroxylase) respectively. Vitamin D3 induces its own degradation 
by enhancing the expression of D-24-hydroxylase . Taken from Holick (2007). 
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1.14 Vitamin D3 toxicity 

 

Endogenous synthesis of pre-Vitamin D3 and Vitamin D3 in response to UVB exposure has 

innate control mechanisms to regulate for Vitamin D3 intoxication (Holick 2004). Excessive 

exposure to UVB radiation results in the conversion of pre-vitamin D3 to biologically inactive 

lumesterol or tachysterol, reducing the amount of vitamin D3 produced (Hollis 2005). 

Furthermore ample sunlight also results in the photodegradation of vitamin D3 into inert 

photoproducts (Holick 2007). As a consequence, it is not biologically plausible to produce an 

excess of Vitamin D3. Rather, most populations are considered to be Vitamin D3 deficient 

through a combination of environmental and behavioral factors (refer to section1.17).  

 

1.15 Parathyroid hormone 

 

Parathyroid hormone (PTH) regulates serum calcium and phosphate concentrations 

(Steingrimsdottir et al 2005). Low serum levels of 25(OH)D3 is associated with an increase in 

PTH indicative of decreased calcium homeostasis (Steingrimsdottir et al 2005). PTH 

maintains serum calcium levels by promoting tubular reabsorption of calcium by an indirect 

mechanism via the kidneys (Murray et al 2005). By activating 1-!hydroxylase expression in 

the kidney, PTH stimulates the conversion of 25(OH)D3 to 1,25(OH)2D3, the latter of which 

further increases gastrointestinal calcium absorption (Murray et al 2005).  PTH also inhibits 

24-hydroxylase which inactivates 1,25(OH)2D3, a capacity important for maintaining calcium 

homeostasis in vitamin D3 deficient states (Murray et al 2005). Vitamin D3 prevents the 

synthesis and secretion of the parathyroid hormone by suppressing the Vitamin D responsive 

element (VDRE) in the parathyroid gene (Bikle 2009). Furthermore Vitamin D3 increases the 

expression of calcium sensing channels thereby de-sensitizing the parathyroid gland (Bikle 

2009). The unique ability of the parathyroid gland to synthesize 1,25(OH)2D3 independently 

may explain the reciprocal relationship observed between circulating 25(OH)D3 metabolite 

and PTH (Bikle 2009).  
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1.16 Vitamin D Receptor (VDR) mediated responses 
 

Vitamin D3 acts intracellularly via ligand binding to the nuclear Vitamin D receptor (VDR). 

The ligand bound complex functions to regulate gene expression through heterodimerization 

with the retinoid X receptor (RXR) and the recruitment of co-repressors and co-activator 

proteins (Campbell et al 2010). Genomic responses are initiated by cognate interaction of the 

transactivation complex to VDRE in the promoter regions of target genes either to enhance or 

repress transcription (Dixon and Mason 2009, Campbell et al 2010). An alternative rapid 

response pathway has been suggested to account for the non-genomic VDR actions of 

Vitamin D3 (Norman et al 2001). Vitamin D3 is demonstrated to comprise structural 

flexibility, which enables it to generate a variety of ligand shapes for available receptors 

(Dixon and Mason 2009). This may activate biological reactions (second messenger 

signaling) of the rapid response pathway lasting within seconds to minutes (Norman et al 

2001).  

 

1.17 Environmental and genetic factors influencing Vitamin D3 levels 

 

It is well recognized that a number of variables influence the photosynthesis and 

bioavailability of Vitamin D3 and contribute to risk of impaired Vitamin D3 status (Tsiaras 

and Weinstock 2011).  These factors can be sub-divided into 4 broad classifications:  

• Atmospheric conditions (refer to section 1.17.1) 

• Endogenous features of the individual (refer to section 1.17.2) 

• Personal and social behaviour  (refer to section 1.17.3) 

• Genetic variation (refer to section 1.17.4 and 1.26) (Holick 1995, Kimlin 2008, 

Mithal 2009).  

 

1.17.1 The Ultraviolet (UV) radiation paradigm  

 

The most important regulator of cutaneous Vitamin D3 production are the seasons (sunlight 

exposure), which is shown to be significantly associated with variations in 25(OH)D3 levels 

(Kimlin 2008). As the pattern and duration of the seasons are inherently linked to 

geographical location, latitude also plays an important role in determining Vitamin D3 status 

(Kimlin 2008). Both seasonality and latitude deviations reflect the change of the solar zenith 

angle due to earth’s orbit around the sun (Kimlin 2008). At smaller zenith angles (lower 
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latitudes and during summer months) UV radiation has less distance to travel through the 

earth’s atmosphere thereby increasing the potential for Vitamin D3 synthesis (Kimlin 2008). 

In addition to the seasons and latitude other atmospheric conditions, including diurnal cloud 

coverage, urbanization, ozone (stratospheric and trophospheric) and surface albedo 

(reflectivity) may unevenly distribute UV fluxes resulting in differences in 25(OH)D3 

concentrations (Kimlin 2008).  

 

1.17.2 Non-modifiable risk factors that influence Vitamin D3 synthesis.  

 

Individual host factors such as skin pigmentation and age are commonly associated with 

reduced Vitamin D3 levels (Holick 1995, Yuen and Jablonski 2010). This decline is partially 

mediated by the decreased capacity of the epidermis to photosynthesise previtamin D3 due to, 

a marked reduction of 7-dehydrocholesterol (increasing age) and increased absorption of UV 

radiation by melanin (variations in skin colour) (Holick 1995, Yuen and Jabolinski 2010).   

 

1.17.3 Modifiable risk factors that influence Vitamin D3 synthesis 

 

Prior to interacting with 7-dehydrocholesterol, levels of UVB radiation are further attenuated 

by differences in personal and social behaviour of the individual. Local surroundings 

(migration, urbanization), cultural practices, physical activity, clothing and diet are all 

important factors influencing total Vitamin D3 status (Webb 2006).  

 

1.17.4 Genetic risk factors that influence Vitamin D3 synthesis 
 

High heritability (53%) suggests that genetic variants may contribute to the prevalence of low 

Vitamin D3 levels (Wang et al 2010). Polymorphic variants in Vitamin D3 metabolic genes 

may mediate the effectiveness of vitamin D3 action and are susceptibility candidates for a 

variety of diseases including gout. Several polymorphisms of Vitamin D3 metabolic genes are 

described in section 1.26. 
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Figure 1.17. A Venn diagram depicting the inter-relationship and co-dependence of factors influencing Vitamin 
D3 synthesis. The main features influencing Vitamin D3 production include UV radiation, innate host factors of 
the individual, modifiable characteristics and genetic variants.  
 

1.18 Biomarker of Vitamin D3 status  

 

Although 1,25(OH)2D3 is the active product of Vitamin D3 metabolism, Vitamin D3 status is 

frequently measured in terms of total circulating 25(OH)D3 concentrations (Steingrimsdottir 

et al 2005). This is due to the widespread presence of the 1!-hydroxylase enzyme and the 

constituent intracellular production of 1,25(OH)2D3 resulting in cell-specific effects (Mithal et 

al 2009). Furthermore 1,25(OH)2D3 is subject to tight regulation by various hormones (refer 

to section 1.13 and 1.15) affecting calcium homeostasis. Thus the measurement of serum 

25(OH)D3 is the most clinically useful quantification of Vitamin D3 status. Standard 

definitions of Vitamin D3 status typically used in epidemiology studies (unless specified) are:  

• 25(OH)D3 concentration < 50 nmol/L (20 ng/mL)- indicator of Vitamin D3 deficiency 

Atmospheric conditions: 
• Season 
• Latitude 
• Ozone 
• Cloud cover!

Endogenous features of the 
individual: 

• Skin 
• Age 

Vitamin D 
gene variants 

Modifiable 
characteristics 
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• 25(OH)D3 concentration 51-74 nmol/L (21-29 ng/mL)- indicator of Vitamin D3 

insufficiency 

• 25(OH)D3 75 nmol/L (30 ng/mL)- indicator of Vitamin D3 sufficiency (Holick 2007). 

 

1.19 Vitamin D3 deficiency  

 

Vitamin D3 inadequacy constitutes a largely unrecognized epidemic in many populations 

(Holick 2007). Recent epidemiological evidence has demonstrated an increased prevalence of 

hypovitaminosis D3 among Asian (Arya et al 2004), Middle Eastern (Lips 2007), European 

(Lips 2007) and American (Looker et al 2008) populations. There are significant racial 

differences in Vitamin D3 status underlying variances in sun exposure due to geographical 

location and skin colour. Furthermore the increasing incidence of obesity (commonly 

associated with a lethargic lifestyle), air pollution and behavioural/cultural practices have 

been found to contribute to the overall poor Vitamin D3 status observed in most populations 

(Holick 1995, Wortsman et al 2000, Mithal et al 2009).  

 

1.20 Vitamin D3 epidemiology in NZ 

 

Epidemiological surveys found that the NZ population has unhealthily poor Vitamin D3 status 

(Rockell et al 2006, Livesey et al 2007). In particular the NZ M!ori and Polynesian people 

exhibit a greater incidence of Vitamin D3 deficiency than the Caucasian population due to 

variations in their skin colour (Rockell et al 2006). Furthermore NZ geographical location 

(latitude 35-47˚ S), frequent use of sunscreen and lack of physical activity, concomitant with 

obesity, all contribute to the poor Vitamin D3 status observed in the NZ population (Rockell 

et al 2006). The rising prevalence of Vitamin D3 deficiency in NZ has been correlated with an 

increased risk of secondary complications including osteoporosis, multiple sclerosis, type I 

diabetes and certain type of cancers (Rockell et al 2006).  

 

In a survey of New Zealanders aged 15 years and older (using participants from the annual 

1997 Health survey), Rockell et al (2006) demonstrated 3% of the NZ population were 

considered to have severe deficiency (<18 nmol/L) and 48% insufficiency (<50nmol/L) 

(Rockell et al 2006). Furthermore there were differences in mean serum 25(OH)D3 

concentrations once stratified for ethnicity with the Pacific Island people exhibiting greater 

incidence for lower Vitamin D3 levels (37 (33-42) nmol/L), compared to the M!ori (42 (38-
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46) nmol/L) and NZ Europeans and Others (51 (49-53) nmol/L) populations (Rockell et al 

2006). 

 

Seasonal variation was found to be responsible for the large differences in serum 25(OH)D3 

among ethnicities suggesting UV exposure is critical of Vitamin D3 status (Rockell et al 

2006). Latitude accounted for a 6nmol/L difference between women living in the South Island 

compared to the North Island (Rockell et al 2006). Increasing age was also found to result in 

a decreased level of 25(OH)D3 in women but not in men, possibly reflecting hormonal 

differences, or dissimilarities in physical activities between genders  (Rockell et al 2006). 

 

1.21 Roles of Vitamin D3 

 

The expression of the VDR in different cell-lines suggests that Vitamin D3 has pleiotropic 

non-calcemaic functions (DeLuca 2004).  It has been well established that the principal role 

of Vitamin D3 is to maintain calcium/phosphorous homeostasis (regulation of intestinal 

calcium absorption) (Haussler et al 1998). Increased concentrations of Vitamin D3 have been 

demonstrated to have an immediate effect on the rate of Ca2+ transcellular transport in the 

epithelial cells of the small intestine. This up-regulation is modulated by the VDR content in 

the cell and results in increased transcription of the influx/efflux channel proteins and 

calbindins (DeLuca 2004). Vitamin D3/VDR ligand-induced transcription factor expression 

however, is also involved in other metabolic pathways including proliferation, differentiation 

and apoptosis of various tissues (Table 1.21). Although the functions of Vitamin D3 are 

diverse, this thesis will specifically review Vitamin D3 role as an immuno-modulator, which 

is relevant to gout.  
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Table 1.21 The non-classical action of Vitamin D3 in various metabolic systems.  

 

Organ system Target tissue/cell Specific effects Reference 

Central nervous 

system 
Neurons and glial cells 

Production of Nerve Growth Factor (NGF) 

Up regulation of neurotrophin 3 (NT3) 

Up regulation of glial cell line-derived 

neurotrophic factor (GDNF) 

Down regulation of neurotrophin 4 (NT4) 

Garcion et al 

2002 

Epithelium 

Keratinocyte Differentiation 
Xie et al 

2006 

Female reproductive 

tract/Ovary 

Fertility 

Oestrogen 

Follicular development 

Uterine development 

(mediated by calcium phosphorus changes) 

Sun et al 

2010 

 

 

 

Mammary 

Cell-cycle regulation 

Differentiation 

Apoptosis 

Abnormal mammary ductal morphology 

 

 

Zinser and 

Welsh 2004 

Prostate Inhibits proliferation and differentiation 
Ahn et al 

2009 

Lung Surfactant 
Sutherland et 

al 2010 

Endocrine 

Thyrotrope Interaction with Thyroid hormone receptors 

Kerr et al 

2005 

 

Thyroid Decreased thyrotropin (TSH) action 
Smith et al 

1989 

Pancreatic ! cell Insulin secretion 
Alvarez and 

Ashraf 2010 

Muscle Heart 

Protects from cardiac hypertrophy 

Supress systemic activation of rennin-

angiotensin system 

Decreased ANP production 

Pilz et al 

2008 

Adipose Adipocyte 
Decrease PPAR" activation 

repression of the C/EBP-! expression 
Wood 2008 

Other systems Cancer 

Decreased cell growth (c-fos, c-myc), 
differentiationp21,  

(p27, Mad-1) and apoptosis (decreased Bcl-
2) 

Garland et al 

2006 
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1.22 Vitamin D3 role as an imunno-modulator 
 
 

Cells involved in innate and adaptive immune responses express the VDR and can both 

produce and respond to 1,25(OH)2D3 independently from the classical complement pathway 

(Adorini and Penna 2008). The net effect of Vitamin D3 in the immune system is an 

enhancement of innate immunity coupled with multifaceted regulation of the adaptive arm 

(Adorini and Penna 2008). Furthermore the 1!-hydroxylase enzyme is expressed in both 

macrophages and activated dendritic cells (DC), where Vitamin D3 can be produced locally 

resulting in paracrine effects (Guillot et al 2010).  

 

1.22.1 Vitamin D3 role in the innate immune system  

 

Vitamin D/VDR liganded complex markedly modulates the phenotype and function of 

antigen presenting cells (APC) in the innate immune system. Vitamin D3 arrests the 

differentiation and maturation of DC’s maintaining them in an immature state (Guillot et al 

2010). This induces the tolerogenic properties of DC’s that favour the stimulation of 

regulatory rather then effector T cells (Adorini and Penna 2008, Guillot et al 2010).  

Treatment of DC’s with Vitamin D3 has shown downregulated expression of co-stimulatory 

molecules (CD40, CD80 and CD86), involved in signaling T-cell activation (Adorini and 

Penna 2008, Guillot et al 2010). Furthermore VDR ligands have been shown to markedly 

decrease interleukin-12 (IL-12) and increase interleukin-10 (IL-10) production resulting in 

inhibition of T-cell activation (Adorini and Penna 2008, Guillot et al 2010). The near 

abrogation of IL-12 and strongly enhanced IL-10 production highlights the important 

functional effects Vitamin D3 has on the induction of DC’s with tolerogenic properties.  

 

Although the role of Vitamin D3 in the innate immune system is primarily inhibitory, 

cholecalciferol has been shown to promote monocyte-to-macrophage differentiation resulting 

in increased levels of IL-1 and bacterial peptide cathelicidin (Moro et al 2008). Furthermore 

Vitamin D3 action induces the expression of membrane markers, enzymes and free oxygen 

radicals thereby enhancing chemotaxis and phagocytosis in the innate immune system  

(Guillot et al 2010). 
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1.22.2 Vitamin D3 role in the adaptive immune system  

 

Vitamin D3 exerts direct effects on T and B cells and modifies their responsiveness to 

activation, thereby playing a key role in the adaptive immune system (Guillot et al 2010). The 

effect of Vitamin D3 on T cells is twofold: 

• Downregulation of CD40, CD80 and CD86 in APC’s resulting in diminished 

supplementary T cell activation (refer to section 1.22.1) 

• Direct inhibition of antigen-induced T-cell proliferation and cytokine production (see 

below). 

 

CD4+ T cells have Th cell function and include two major functional subsets, Th-1 and Th-2 

(Hamza et al 2010). Th-1, characterized by secretion of pro-inflammatory cytokines (IFN-! 

and IL-2), promotes cell-mediated immunity to eradicate intracellular pathogens (Hamza et al 

2010). Whereas Th-2 selectively generates interleukin-4 (IL-4) and interleukin-5 (IL-5), 

which are involved in the development of humoral immunity (Hamza et al 2010). 

Experimental studies have shown that Vitamin D3 is able to skew the T cell compartment into 

a more anti-inflammatory and regulated state via the inhibition of Th-1 cells and promotion of 

Th-2 cells (Guillot et al 2010). Several key Th-1 specific cytokines including IL-2 and IFN-! 

are direct targets for Vitamin D3.  Both IL-2 and IFN-! production are inhibited by Vitamin 

D3 actions via negative binding of the VDR/RXR complex to VDRE in the subsequent gene 

promoters (Moro et al 2008). However the role of Vitamin D3 in Th-2 cell-mediated 

responses have been uncertain.  Several studies have reported conflicting results regarding 

Vitamin D3 capacity to upregulate IL-4 production in Th-2 cells (Staeva-Vieira et al 2002, 

Mus et al 2010).  However, Vitamin D3 direct inhibition of Th-1 cells by downregulating IL-

12 production may favour a Th-2 response thereby promoting anti-inflammatory properties 

(Guillot et al 2010). This could contribute to the beneficial effect of VDR ligands in the 

treatment of autoimmune disease (Guillot et al 2010). 

 

Vitamin D3 also inhibits the production of interleukin 17 (IL-17) by Th17 cells (a subclass of 

Th-1 cells), a cytokine well implicated in models of organ-specific autoimmunity (Moro et al 

2008). The presence of IL-17 results in the increased secretion of IL-6, interleukin 8 (IL-8), 

TNF", and recruitment of monocytes and neutrophils, all characteristics that are a hallmark of 

a typical gout attack (Nogueira et al 2010). Notably, IL-17 differentiation is stimulated by IL-
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1! and sustained by IL-23, IL-6 and IL-12 cytokines (Nogueira et al 2010). The repression of 

the Th-17 response by Vitamin D3 is thought to be via the inhibition of IL-6 and IL-23 

cytokines (Moro et al 2008).  

 

Vitamin D3 directly affects B-cell activity by inducing apoptosis, inhibition of memory B-cell 

proliferation, plasma cell differentiation and immunoglobulin secretion (Guillot et al 2010).  

 

1.23 Vitamin D3 role in insulin sensitivity 
 

Aberrations in insulin sensitivity and progressive !-cell secretory defects are critical to the 

development of glucose intolerance and type II diabetes (Osei et al 1997). It is thought that 

both a genetic (polymorphic variants) and environmental (level of sun exposure) influence of 

Vitamin D3 metabolism may contribute to the basis of this dysfunction (Tai et al 2008).  

 

Hypovitaminosis D has been suspected to be an enduring risk factor for glucose intolerance 

(Chiu et al 2004, Forouhi et al 2008). Several studies have reported that increased levels of 

serum (25OH)D3 are significantly associated with improved insulin sensitivity (Tai et al 

2008). In NZ, a cross sectional comparison of patients with impaired glucose tolerance or 

type II diabetes showed lower serum (25OH)D3 concentrations than their matched controls 

(healthy individuals) (Scragg et al 1995b). Although the mean difference was only 7nmol/L, 

it was statistically significant (p= 0.0016) indicating Vitamin D3 having an important role in 

glucose tolerance and type II diabetes prevention (Scragg et al 1995b).  

 

Epidemiological evidence has also identified a number of common features shared between 

type II diabetes and Vitamin D3 deficiency, including ethnicity, increased central adiposity 

and physical inactivity (Alvarez and Ashraf 2010). Seasonal variations in glucose and insulin 

concentrations have also been reported, which may correlate to differences in Vitamin D3 

levels (de Souza and Meier 1987, Alvarez and Ashraf 2010).  

 

Although the exact role of Vitamin D in regulating insulin sensitivity has not been elucidated, 

several possible mechanisms have been suggested. The hypothesis that Vitamin D3 may play 

a role in insulin sensitivity has been strengthened by the following observations:  

• Both the VDR and 1"-hydroxylase enzyme are expressed in pancreatic !-cells 

(Meerza et al 2010). 
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• The presence of a VDRE in the human insulin gene promoter (Meerza et al 2010).  

•  Vitamin D3 has the capacity to activate transcription of the human insulin receptor 

gene thus augmenting responsiveness for insulin-dependent glucose transport (Pittas 

et al 2007).  

 

Additionally significant increases in cystolic calcium levels as a consequence of Vitamin D3 

action stimulates insulin secretion by islet cells (Meerza et al 2010). Alterations in calcium 

flux may disrupt the balance of !- cell calcium pools resulting in deficient insulin release 

(Pittas et al 2007). Elevated intracellular calcium has been postulated as a critical factor in the 

mediation of insulin secretion and sensitivity (Alvarez and Ashraf 2010). Vitamin D3 

deficiency has a causal relationship on increased intracellular calcium through the 

amplification of PTH. PTH impairs post-receptor binding insulin action such as the 

dephosphorylation of glycogen synthase and of insulin glucose transporter (GLUT 4) 

(Alvarez and Ashraf 2010). Sustained elevations of intracellular calcium may desensitize 

target cells to detect calcium fluxes necessary for insulin action (Alvarez and Ashraf 2010, 

Meerza et al 2010). 

 

Type II diabetes is recognized as a systemic inflammatory disease associated with insulin 

resistance and !-cell failure (Meerza et al 2010). An increase in acute phase proteins, pro-

inflammatory cytokines and mediators of endothelial dysfunction have been reported in type 

II diabetes (Meerza et al 2010). A number of common markers of inflammation in type II 

diabetes have also been identified including TNF", IL-6 and CRP, all of which may interfere 

with insulin signaling  (Meerza et al 2010).  Vitamin D3 may improve insulin sensitivity and 

promote !-cell survival by directly modulating the generation and effects of pro-inflammatory 

cytokines whilst upregulating synthesis of the anti-inflammatory cytokines (refer to section 

1.22). 

 

1.24 Low Vitamin D3 levels may be a clinical factor in metabolic syndrome  

 

Insulin resistance heralds the potential development not only of type II diabetes, but also 

cardiovascular disease, dyslipidemia, hypertension and a cluster of other metabolic 

abnormalities (Ferrannini 2006). A connection between genetic susceptibility for type II 

diabetes, insulin resistance and Vitamin D3 has prompted several studies into a possible role 
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for cholecalciferol in metabolic syndrome. Ford et al (2005) examined the nature and strength 

of the association between serum vitamin D3 concentrations and metabolic syndrome in a 

large representative sample of the U.S population (Ford et al 2005). After multiple 

adjustments for survey design, Ford et al (2005) reported lower mean concentration of 

25(OH)D (67.1nmol/L) amongst metabolic syndrome sufferers in comparison to healthy 

individuals (75.9nmol/L) (p =0.01) (Ford et al 2005). It was postulated that this observed 

inverse association between serum Vitamin D3 concentrations and metabolic syndrome may 

be attributed to insulin resistance and obesity (Ford et al 2005). One key limitation of the 

study by Ford et al (2005) was the exclusion of PTH measurement in the survey design (Ford 

et al 2005).  The close interrelationships between Vitamin D3 concentrations, PTH, calcium 

and phosphate levels may mediate glucose homeostasis with the consequent prevention of 

metabolic syndrome (Ford et al 2005).   

 

Hjelmesœth et al (2009) reported that PTH was a predictor of metabolic syndrome in a series 

of morbidly obese men and women (Hjelmesœth et al 2009). Independent analysis of serum 

Vitamin D3 levels across this sample-set set showed no evidence for association with 

metabolic syndrome (Hjelmesœth et al 2009). It is possible that high PTH levels are the 

primary determinant of metabolic syndrome with low Vitamin D3 being a consequent of its 

effect. PTH is significantly associated with obesity, increasing age, reduced calcium and/or 

Vitamin D3 intake (Hjelmesœth et al 2009). These properties are considered precursors for 

increased risk of insulin resistance, which is the key abnormality in metabolic syndrome.  

 

1.25 The genetics of Vitamin D3 metabolism 

 

Although environmental factors account for significant variations in Vitamin D3 

concentrations (refer to section 1.17), genetic variants also contribute to functional 

differences in production. This section will review specific genes and their common 

polymorphic variants associated with differences in Vitamin D3 metabolism.  
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1.25.1 The Vitamin D receptor (VDR) gene 

 

The VDR gene, located on chromosome 12q12-q14, is a member of the nuclear receptor 

superfamily with high structural and ligand-binding homology across various species 

(Campbell et al 2010). Sequence comparison of the VDR has identified key residual features 

involved in various functions including DNA binding, receptor dimerization, gene 

transcription and cofactor activation (Slattery et al 2007). Polymorphic variants in the VDR 

gene have been shown to impede receptor expression, effectively suppressing intracellular 

Vitamin D3 responses (refer to section 1.25.1.1) (Campbell et al 2010). 

 

1.25.1.1 Rs2228570 (FokI) polymorphism 

 

The non-synonymous rs2228570 (FokI G/A transition) polymorphism is located in 

translational initiation codon of the VDR gene (Lurie et al 2011). The VDR-rs2228570 

variant displays a unique property of being an independent genetic marker since it is not in 

LD with other polymorphisms in the VDR gene (Uitterlinden et al 2004). The presence of the 

VDR-rs2228570-C allele (F) creates a 3 amino acid (424 aa) truncated VDR variant, which 

appears to possess increased (1.7 fold) trans-activation activity with VDRE in target genes 

(Uitterlinden et al 2004).  

 

1.25.1.2 Rs11568820 (Cdx2) polymorphism  

 

The rs11568820 (Cdx2 C/T transition) is located in exon 1e promoter region of the VDR gene 

(Uitterlinden et al 2004). The caudal-related homeodomain transcription factor (Cdx2) 

modulates specific transcription of VDR gene expression altering calcium absorption in the 

small intestine (Mocellin and Nitti 2008, McCullough et al 2009).  The G allele has been 

demonstrated to decrease Cdx2 binding affinity thereby influencing overall transcriptional 

activity (Arai et al 2001). Decreased VDR expression in the intestine diminishes transcription 

of calcium transport channels (Uitterlinden et al 2004). Rs11568820 (GG genotype) had 

reduced promoter function then that of the Cdx2 AA genotype and was significantly 

associated with decreased bone mass density (Arai et al 2001). 
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1.25.1.3 Rs1544410 (BsmI), rs731236 (TaqI), rs7975232 (ApaI) polymorphisms 

 

The synonymous rs1544410 (Bsm I G/A transition, intron 8), rs7975232 (Apa I C/A transition, 

intron 8) and the rs731236 (Taq1 T/C transition, exon 9) polymorphisms are located in the 3'-

untranslated region of the VDR gene (Obara et al 2007). These polymorphisms are unlikely to 

affect VDR function, as they do not alter amino acid sequence. Instead the 3’ VDR gene 

variants are known to influence mRNA stability or translational activity due to the 

polymorphisms being in LD with a poly(A) microsatellite repeat also located in 3’UTR 

(Obara et al 2007). Differences in VDR mRNA expression level and stability have also been 

identified between 3! VDR haplotypes, which contributed to increased osteoporotic fractures 

as a result of low bone density (Morrison et al 1994, Obara et al 2007). Morrison et al (1994) 

reported that the BAt (Bsm I –G, Apa I -C, Taq1-C) allele had 140% enhanced receptor 

activity than the baT allele resulting in individual variation in VDR expression (Morrison et 

al 1994). 

 

1.25.2 Cytochrome P450, family 27, subfamily B, polypeptide1 (CYP27B1) gene 

 

The cytochrome P450, family 27, subfamily B, polypeptide 1 (CYP27B1) gene is located in 

chromosome 12q.13.1-13.3 and encodes for the Vitamin D3 1"-hydroxylase enzyme (Bailey 

et al 2007). The 1"-hydroxylase enzyme is responsible for the conversion 25(OH)D3 into 

1,25(OH)2D3 (refer to section 1.13) (Lauter and Arnold 2009).  Although the primary site of 

CYP27B1 expression is present in the renal proximal tubules; 1"-hydroxylase enzyme was 

also found in extrarenal tissues including the parathyroid gland, pancreas and immune cells 

(Lauter and Arnold 2009).  The renal CYP27B1 activity is inversely correlated with calcium 

states. Serum levels of Vitamin D3 are controlled by negative feedback systems, which 

reduces expression of 1"-hydroxylase in response to high local levels of Vitamin D3 (Jones et 

al 1998).  

 

1.25.2.1 Rs4646536 polymorphism 

 

The non-functional rs4646536 (A/G transition) polymorphism is located in intron 6 of the 

CYP27B1 gene (Bailey et al 2007). Although, intronic rs4646536 has been found to be in 

strong LD with rs10877012, a gene variant located in the promoter region of the CYP27B1 

gene (Clifton-Bligh et al 2011). The presence of the CYP27B1-rs4646536 gene variant (or 
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another marker in strong LD) may diminish 1!-hydroxylase activity thus reducing the 

efficiency of 25(OH)D3 hydroxylation into 1,25(OH)2D3 (Bailey et al 2007).  

 

1.25.3 Cytochrome P450, family 2, subfamily R, polypeptide 1 (CYP2R1) gene 

 

The hepatic 25-hydroxylase enzyme is responsible for the conversion of pre Vitamin D3 to 

25(OH)D3 (Cheng et al 2004). However the nature of the physiologically relevant 25-

hydroxylase enzyme has remained elusive, because 6 different CYP genes (CYP2C11, 

CYP2D25, CYP3A4, CYP2J1, CYP27A1 and CYP2R1) have all been shown to catalyze the 

same reaction in vitro (Cheng et al 2004, Strushkevich et al 2008). The cytochrome P450, 

family 2, subfamily R, polypeptide 1 (CYP2R1) gene, was of considerable interest because a 

loss-of-function mutation failed to compensate for normal 25-hydroxylase activity from the 

other CYP genes (Cheng et al 2004). Furthermore the CYP2R1 gene is highly conserved 

among species and equally active in the hydroxylation of both Vitamin D2 and Vitamin D3 

supplements suggesting the CYP2R1 gene is crucial in the first step of Vitamin D3 

metabolism. (Cheng et al 2004).  

 

1.25.3.1 Rs10741657 polymorphism 

 

The rs10741657 (G/A transition) is located in the promoter region of the CYP2R1 gene (Bu et 

al 2010). Genetic evidence have shown that variants of the CYP2R1 gene including 

rs10741657 are associated with serum 25(OH)D3 variations (Bu et al 2010). The presence of 

the rs10741657-G variant could alter 25-hydroxylase activity via decreased transcription rate, 

subsequently resulting in a relative lack of 25(OH)D3 production (Ramos-Lopez et al 2007).  

 

1.25.4 Vitamin D binding protein (VDBP) gene 

 

The human VDBP gene (formerly known as Group-specific component (Gc) of serum 

globulin) is located in chromosome 4q.12-q13 and encodes the plasma protein (52-59kDa) 

responsible for the binding and transport of Vitamin D3 and its metabolites to target cells 

(Speeckaert et al 2006, Wang et al 2010). The VDBP is secreted from hepatocytes as a 

polymorphic glycoprotein that constitutes one of the most abundant serum proteins (232-

464µg/ml) (Hiroki et al 2006). Despite its main function in the mobilization of Vitamin D3 

metabolites, VDBP has been found to modulate certain immune and inflammatory responses 
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including chemotaxis, actin scavenging and macrophage activation (DiMartino and Kew 

1999) 

 

1.25.4.1 Rs7041 and rs4588  polymorphisms 

 

The non-synonymous rs7041 (A/C transition asparticè glutamic acid) and rs4588 (G/T 

transition threonineè lysine) polymorphisms are located in exon 11 of the VDBP gene 

(Speeckaert et al 2006). Differences in coding of amino acids of the VDBP gene variants 

(rs7041-A and rs4588-T) were found to either directly affect the concentration of VDBP or its 

affinity for Vitamin D3 metabolites thus influencing 25(OH)D3 availability (Sinotte et al 

2009). Furthermore, both rs7041 and rs4588 exhibit differences in binding properties among 

themselves. The rs7041 variant is significantly associated with higher levels of serum 

25(OH)D3 and increased affinity to Vitamin D3 metabolites compared to rs4588 variant 

(Abbas et al 2008).    

 

1.25.5 Other genes involved in Vitamin D3 metabolism 

 

For a list of genes involved in either direct metabolism of Vitamin D3 or secondarily 

associated with Vitamin D3 transcription, refer to Table 1.25.  
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Table 1.25 A list of genes involved in either Vitamin D3 metabolism or the activation of Vitamin D3 
transcriptional effects. All gene information and their functions were obtained from GeneCards® 
(www.genecards.org).  

 

Gene Function 

VDBP (also known as Gc) 
 Binds Vitamin D prehormone and its plasma 

metabolites and transports them to target tissues 

CYP24A1 
Initiates the degradation of 1,25 dihydroxyvitamin D3 

by hydroxylation of the side chain 

CYP27B1 

Hydroxylates 25-hydroxyvitamin D3 at the alpha 

position to give rise 1! 25-dihydroxyvitaminD3 (active 

form of Vitamin D) 

CYP27A1 
Hydoxylates prehormone Vitamin D3 to 25(OH)D3 

(major circulating Vitamin D metabolite) 

Vitamin D receptor (VDR) 
Encodes for the nuclear hormone receptor for the active 

form of Vitamin D 

RXRA 

Encodes a member of the retinoid X receptors (nuclear 

receptors) that mediated biological effects by 

heterodimerization with VDR 

RXRB 

Encodes a member of the retinoid X receptors which 

form homodimers with VDR increasing DNA binding 

and transcriptional function on their respective 

responsive elements 

PPAR 

Encodes members of peroxisome proliferator-activated 

receptor subfamily of nuclear receptors. 

Heterodimerizes with RXRs and regulate transcription 

of VDR 

NCOA1 

Encodes nuclear receptor co-activator. Acts as a 

transcriptional co-activator for steroid and nuclear 

hormone receptors 

NCOA2 

Encodes nuclear receptor co-activators. Acts as a 

transcriptional co-activator for steroid and nuclear 

hormone receptors. Required with NCOA1 To control 

energy balance 

NCOA3 

Nuclear receptor co-activator that interacts with nuclear 

hormone receptors to enhance transcriptional activator 

functions 

SMAD3 

Encodes proteins that are signal transducers and 

transcriptional modulators that mediate multiple 

signalling pathways 
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1.26 Present project objectives 

 

To date, no studies have investigated the possible association between Vitamin D3 genetic 

variants with the development of gout. However epidemiological evidence has shown 

anomalies between the onset of acute gout and sun exposure (Schlesinger et al 1998, 

Gallerani et al 1999).  Most studies have found that the occurrence of gout attacks exhibit a 

circannual distribution with increased risk within the spring season (Schlesinger et al 1998, 

Gallerani et al 1999).  Furthermore seasonal variations were found in the immune system, 

with the absolute number of neutrophils at it’s highest during spring (Schlesinger et al 2005). 

The seasonal elevation of neutrophils may be an important predisposing factor towards gout 

attacks. These observations potentially suggest that Vitamin D3 may trigger a gout attack, as 

Vitamin D3 levels would be higher during the spring months due to increased sun exposure 

(refer to section 1.17.1).   

 

However a study performed by Takahashi et al (1998) demonstrated that serum Vitamin D3 

was significantly lower in patients with gout compared to the healthy control group 

(38.4±11.9 vs. 44.4±11.0pg/mL, p<0.05) (Takahashi et al 1998).  They also found that there 

was a negative correlation between serum uric acid concentrations and Vitamin D3, thereby 

suggesting that uric acid may directly inhibit 1!-hydroxylase activity with an increase in gout 

risk as a consequence (Takahashi et al 1998).  Taken together, this implies that a combination 

of both genetic and environmental factors may underlie the differences in serum Vitamin D3 

and gout risk.  

 

The aim of this project was to establish novel associations between Vitamin D3 with gout. 

Polymorphisms within the Vitamin D3 metabolic genes will be investigated by genotyping the 

NZ Caucasian, M"ori, East Polynesian and West Polynesian case-control sample-sets to 

identify potential association with gout (based on ancestry). A further aim of this project was 

to investigate VDBP gene variants effects on different Vitamin D supplements (Vitamin D2 

and Vitamin D3) and its influence on total serum 25(OH)D3 concentrations in a separate NZ 

supplementation sample-set. 
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CHAPTER TWO: MATERIALS AND METHODOLOGY 
 

2.1 Materials and Reagents 

 

2.1.1 Buffers and solutions 

 
1x TE buffer 
 
1.0 M TRIS (pH 7.5) 
0.5 M EDTA (pH8.0) 
Made up to 0.1L with distilled water 
 
 
10x TBE buffer 
 
890 mM TRIS 
890 mM Boric acid 
20 mM EDTA 
pH ~8.3 
Made up to 2L with distilled water 
 
 
6x loading buffer for agarose gel electrophoresis 
 
0.25% bromophenol blue 
40% sucrose 
 
 
3M/L Sodium acetate (pH 5.2) 
 
Na.Acetate.3H2O 
Glacial acetic acid 
Made up to 100mL with distilled water 
 
 
RBC lysis buffer 
 
9 parts 0.16 M NH4Cl (pH 7.4) 
1 part 0.16 M Tris (pH 7.65) 
Stored separately and made up as required.
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2.1.2 Enzyme Buffers 
 

All enzyme buffers were stored at 4°C unless otherwise stated. 
 
1x NEBuffer 1 
 
10 mM Bis Tris Propane-HCl 
10 mM MgCl2 
1 mM DDT 
Made up to 1.5mL with distilled water 
pH ~7.0 
 
1x NEBuffer 2 
 
50 mM NaCl 
10 mM Tris-HCl 
10 mM MgCl2 
1 mM DDT 
Made up to 1.5mL with distilled water 
pH ~7.9 
 
1x NEBuffer 3 
 
100 mM NaCl 
50 mM Tris-HCl 
10 mM MgCl2 
1 mM DDT 
Made up to 1.5mL with distilled water 
pH ~7.0 
 
1x NEBuffer 4 
 
50 mM potassium acetate 
20 mM Tris-acetate 
10 mM Mg-acetate 
1 mM DDT 
Made up to 1.5mL with distilled water 
pH ~7.9 
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2.1.3 Restriction enzymes 

 

Restriction enzymes were used at 10,000U/ml as recommended by the manufacturer, New 

England Biolabs®, Inc. Each unit (U) is defined as the amount of enzyme required to digest 

1µL of DNA in one hour in a total reaction volume of 50 µL. Incubation temperature varied 

with each enzyme. The list of single nucleotide polymorphisms (SNPs) and their 

corresponding enzymes are listed in Table 2.1.3  

 
Table 2.1.3 Restriction enzymes utilised in this study and their working conditions. A=adenosine, 
T=Thymine, C=Cytosine, G=Guanine and W= A or T. 1 Bovine serum albumin 

 

SNP Enzyme Restriction site 
Buffer for 

100% activity 

Activation 

temperature 

(°C) 

1 BSA 

required 

rs1801282 HhaI 
5’…GCG^C…3’ 

3…’C^GCG…5’ 
NEB4 37 Yes 

rs4588 StyI 
5’…C^CWWGG…3’ 

3’…GGWWC^C…5’ 
NEB3 37 Yes 

rs7041 HaeIII 
5’…GG^CC…3’ 

3’…CC^GG…5’ 
NEB2 or 4 37 No 

rs10741657 TaqI 
5’…T^CGA…3’ 

3’…AGC^T…5’ 
NEB3 or 4 65 Yes 

rs8181644 HindIII 
5’…A^AGCTT…3’ 

3’…TTCGA^A…5’ 
NEB2 37 No 

rs7975232 ApaI 
5’…GGGCC^C…3’ 

3’…C^CCGGG…5’ 
NEB1, 2 or 4 37 Yes 

rs2228570 BtsCI 
5’…GGA^TG…3’ 

3’…GT^AGG…5’ 
NEB2 or 4 50 No 
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2.2 Study Participants 

 

2.2.1New Zealand (NZ) gout study participants 

 

Healthy control individuals and gout patients were invited to participate in this case-control 

study. Patients were recruited from hospital rheumatology outpatient clinics in NZ cities of 

Auckland, Wellington and Christchurch. Healthy individuals were recruited nationwide, 

primarily from the Auckland and Otago regions. Healthy individuals had no history of self-

reported arthritis and were older than 17 years of age. All patients had a diagnosis of gout 

confirmed by a rheumatologist and met American College of Rheumatology (ACR) 

preliminary diagnostic criteria for acute gout (Wallace et al 1977). An additional comparison 

group of M!ori and Pacific Island rheumatoid arthritis patients was included as substitute gout 

controls. The presentation of gout and rheumatoid arthritis aetiology rarely co-exist in the 

same patient (Kuo et al 2008). Therefore rheumatoid arthritis samples were valid to use in 

this study as viable gout controls. All participants had a confirmed diagnosis of rheumatoid 

arthritis by a rheumatologist and were diagnosed according to the 1987 criteria for rheumatoid 

arthritis (Silman et al 1988). Deoxyribose nucleic acid (DNA) was extracted from the donated 

blood to compare the frequency of chosen genetic variants between the case and control 

groups (refer to section 2.2.1). Ancestry was self-reported and is based on information 

regarding the origin of the individual’s grandparents. All participants in this study were of 

Caucasian, M!ori or Pacific Island descent and were grouped accordingly (refer to section 

2.2.1).  
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Table 2.2.1 Number of cases and controls for NZ Caucasian, M!ori, East Polynesian and 
West Polynesian sample-sets used in association analysis.  1. There is a significant overlap 
between the M!ori and East Polynesian populations. All individuals of M!ori descent are 
considered Eastern Polynesians and were subsequently added into the association analysis 
(Phipps-Green et al 2010). However, of the 110 M!ori cases and 284 M!ori controls, 8 
and 18 M!ori individuals had Eastern Polynesian ancestry respectively. 2. Current 
evidence suggests there are significant genetic differences between the East and West 
Polynesian people (Kayser et al 2006, Phipps-Green et al 2010). Therefore, the 
Polynesian population were separated into two distinct subgroups (East and West) and 
analysed independently. 

 

Ancestry Case # Control # 

NZ Caucasian 214 505 

NZ M!ori1. 110 284 

East Polynesian (NZ M!ori, New 

Zealand Cook Islanders) 
133 284 

West Polynesian 2. (Tongan, 

Samoan, Niuean Tuvaluan) 
129 86 

 

The recruitment of patients and controls were approved by the New Zealand Multi-region 

Ethics committee (MEC/105/10/130) and by the Lower South Ethics committee 

(OTA/99/11/098) respectively. Informed consent was obtained from all volunteers that 

participated in this research.  

 

2.2.2 Framingham Heart study (FHS) 
 

Genotyping data obtained from the NZ gout cohort was combined with the Framingham Heart 

Study (FHS). The FHS was founded in 1948 in Boston, Massachusetts and has become a 

global standard for cardiovascular epidemiology (Jaquish 2007). It is a longitudinal 

comprehensively characterized study (comprised of the Caucasian population), which 

encompasses several cohorts shown in Table 2.2.2. Several factors have been significantly 

associated with increased cardiovascular risk including smoking and high cholesterol that are 

now the basis of treatment and prevention (Jaquish 2007). The FHS cohorts are without 

disease-based ascertainment indicating various phenotypes can be investigated (Jaquish 2007). 

Vitamin D3 polymorphisms were examined with defined characteristics of gout such as 

hyperuricemia and super hyperuricemia (refer to 2.6.6).  
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Table 2.2.2 The various cohorts implemented into FHS over the years. The Offspring cohort and 
the third generation cohort were utilized in this study to check for correspondence of results.  

 
Cohort Year 

Offspring Cohort 

Omni Cohort 

Third Generation Cohort 

New Offspring Spouse Cohort 

Second Generation Omni Cohort 

1971 

1991 

2002 

2003 

2003 

 

2.2.3 Vitamin D supplementation study participants 

 

Healthy individuals between the ages of 18 to 50 years and a body mass index (BMI) less 

then 27 were invited to participate in a Vitamin D supplementation study (Lisa Houghton, 

Department of Human Nutrition, University of Otago). Individuals considering participating 

were advised not to leave NZ between March and August, where sun exposure will affect 

their Vitamin D status. Furthermore individuals who suffer, or receive medication that might 

affect Vitamin D metabolism were not recruited to partake in this study.  

These include: 

• Individuals with chronic liver or kidney disease 

• Drugs including anticonvulsants, glucocorticoids and barbituates 

• Individuals suffering from chronic diseases such as Crohns disease, Ulcerative colitis, 

Diabetes and CVD. 

 

A total of 95 individuals were randomly assigned to either 1000IU of Vitamin D3, 1000IU of 

Vitamin D2 or 1000IU placebo (calcium carbonate). Personal information including age, 

education level, ethnicity, weight and height was recorded to describe overall characteristics 

of the study population. Over the study period, participants were instructed to maintain 

regular diet and to avoid intake of supplements containing Vitamin D2 and/or Vitamin D3. 

Four ml of blood (5 in total) was draw in each clinical visit (monthly) and tested for D2 and 

D3 levels. One blood sample was used to extract DNA (refer to section 2.3.1) for genetic 

analysis. The recruitment of patients and controls was approved by the University of Otago 

Human Ethics Committee. Informed consent was obtained from all volunteers that 

participated in this research.  
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2.2.4 Assigning individuals into supplement groups (Vitamin D2, Vitamin D3, placebo). 

 

The Vitamin D supplementation randomised trial was designed to assess differences in 

Vitamin D2 and Vitamin D3 supplementation with total Vitamin D status over a 6 month 

period. Here however, the Vitamin D binding protein (VDBP) gene variants rs7041 and 

rs4588 was investigated with supplementation differences using the NZ supplementation 

sample-set. Since the study was blinded the actual supplementation group for each individual 

was unknown. Each individual supplementation type was estimated by measuring the 

differences (final vs. initial) in Vitamin D2 and Vitamin D3 levels over the 6 month period and 

grouped accordingly:  

 

• Individuals that showed a graded increase in Vitamin D2 levels over the 6 month 

period were assigned group 1 (Vitamin D2 supplementation) (Figure 2.2.4A) 

 

• Individuals that showed no differences in Vitamin D2 levels and decreased Vitamin D3 

levels across the 6 month period were assigned group 2 (placebo) 

 

• Individuals that showed constant or increased Vitamin D3 levels over the 6 month 

period were assigned group 3 (Vitamin D3 supplementation) (Figure 2.2.4B) 
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Figure 2.2.4A Vitamin D2 concentrations (nmol/L) of individuals administered with Vitamin D2 supplements 
across a 6 month period  (initial vs. final) 
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Figure 2.2.4B Vitamin D3 concentrations (nmol/L) of individuals administered with Vitamin D3 supplements 
across a 6month period  (initial vs. final) 
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2.3 Sample preparation 

 

2.3.1 DNA extraction 

 

Genomic DNA was extracted from whole blood by technical staff in the Merriman 

Laboratory in the Department of Biochemistry, University of Otago. Ten millilitres of whole 

blood was transferred into 50ml falcon tubes and mixed with 30ml of red blood cell (RBC) 

lysis buffer (refer to 2.1.1). These tubes were then centrifuged at 2500rpm for 15min. The 

supernatant was discarded and the pellet was re-suspended in 20ml of RBC buffer. These 

tubes were centrifuged at 2500rpm for 15min.  The supernatant was discarded and 3.5ml of 

6M guanadinium hydrochloride was added to the pellet and completely suspended by 

vortexing. Two hundred and fifty microlitres of 7.5M ammonium acetate, 50µL of 10mg mL-1 

proteinase K and 250µL of 20% sodium sarcosyl was added to the tube and mixed 

immediately.  The sample was then incubated at 37°C for 16 hours.  The sample was then 

transferred into 15ml falcon tubes and 2ml of chilled carbon tetrachloride added. The sample 

was mixed immediately and was incubated for 1min at room temperature before 

centrifugation at 2500rpm for 3min. The upper phase of the sample was collected and 10ml of 

cold absolute ethanol (stored at -20°C) was added. The sample was mixed by inversion to 

precipitate out the DNA followed by centrifugation at 3000rpm for 15min.  The supernatant 

was discarded and the DNA pellet was washed twice with 4ml of 70% ethanol (stored at room 

temperature) and centrifuged at 3000rpm for 5min after each wash. After the final wash, the 

supernatant was removed and the pellet left to air-dry.  Once the DNA pellet was dry it was 

resuspended in 200µl TE buffer (pH 7.5) and stored at -20°C. The concentration of DNA was 

determined by optical densitometry at 260nm. The resuspended DNA was warmed in a 55°C 

water bath for 2 hours. A 1 in 5 dilution was performed with TE buffer. If the DNA was 

viscous while pipetting, a 1 in 9 dilution was subsequently performed. Two microlitres of 

diluted DNA was measured in duplicate, in which the readings should be within 10% of each 

other. DNA samples were kept at a stock concentration of 200ng ml-1. If the initial DNA 

concentration was below 200 ng mL-1, the solution was diluted to 40 ng mL-1 with TE buffer. 

The DNA stock solutions were further diluted to 8ng mL-1 working solutions with TE buffer 

and allocated to 96 (8x12 format) well storage plates for genotyping analysis.  
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2.3.2 Sample preparation for Vitamin D measurement (Vitamin D supplementation study) 

 

One hundred microlitres of patient’s sera were pipetted into disposable borosilicate tubes. To 

each sample 75µl of 60nmol/L internal standard (IS) in methanol-propanol (80:20 ratio 

volume) solution was added. The IS/methanol-propanol solution acts as a protein-

precipitating agent. The samples were vortex-mixed for 10sec. Five hundred microlitres of 

hexane was added to each sample to extract 25(OH)D2 and 25(OH)D3 metabolites and the IS. 

The samples were re-vortexed for 10sec and centrifuged for 15min at 1600g. Four hundred 

microlitres of each hexane layer was transferred to a sterile autosampler vial. The solvent was 

evaporated to dryness under a stream of nitrogen heating block at 75°C. The residual 

precipitate was reconstituted in 300µl of methanol-water (70:30 ratio). Vials were sealed, 

vortex-mixed and assayed by liquid chromatography-mass spectrometry/mass spectrometry 

(LC-MS/MS). 

 

The high-performance liquid chromatography with tandem mass spectrometric detection 

technique is used for efficient extraction of analytes and chromatographic separations from 

biological samples (Matuszewski et al 1998). Chromatographic separation was performed 

with a HPLC reversed phase column (BDS C8; 50 x 2.1mm (i.d); 3µm particle size) 

equilibrated at 20 ± 0.1°C. 25(OH)D concentrations were determined by analysing standards 

of 50µL extract injected directly in the mobile phase and comparing response peak areas to IS. 

Two eluants were used in the mobile phase: 

(A) Methanol 

(B) 0.5ml/L formic acid in water 

A methanol gradient was used to elute the analytes from the column. The composition of the 

mobile phase was 70% (A): 30% (B) for 3min, which retained 25-hydroxy metabolites on the 

column. The concentration of eluant A was increased to 95% over 1min and held constant for 

1min. The mobile phase was returned to its original concentration over 1min and the column 

re-equilibrated for an additional 2 min. The total run time per sample was 8min. Comparative 

analysis of total 25(OH)D was performed in batch mode by radioimmunoassay (RIA) after 

acetonitrile precipitation according to the manufacturer’s recommendations.  
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2.4 Single Nucleotide Polymorphism (SNP) selection and design 

 

2.4.1 SNP selection 

 

Single nucleotide polymorphisms (SNPs) are defined as a DNA sequence variation that 

involves a base change in the genome of members in the same species. An extensive literature 

search was performed to identify potential Vitamin D3 metabolic gene variants that have been 

previously implicated in an array of diseases. Data on 9 SNPS in 6 genes were accessed from 

Ensembl (http://www.ensembl.org/index.html), a comprehensive information system 

featuring an integrated set of genome annotation, databases, selected model organisms and 

disease vector genomes. Information regarding genotypes and allele frequencies in Caucasian 

ancestry was obtained using population genetics data in Ensembl. For M!ori and Pacific 

Island lineage, proportion of SNP variation and genotype information was estimated using 

data from the Han Chinese population. It is generally accepted that the expansion of Oceanic 

population would have originated from continental East Asia (Underhill et al 2001, Phipps-

Green et al 2010).  Therefore SNP variations in M!ori, East and West Polynesian populations 

would likely have a similar representation with Chinese HapMap data. Vitamin D3 gene 

variants used in this research are shown in Table 2.4.1. 
 
Table 2.4.1 List of Vitamin D3 metabolic gene variants analysed in this project. 

 
SNP Gene Location Variant 

rs1801282 

rs4588 

rs7041 

rs10741657 

rs7975232 

rs2228570 

rs11568820 

rs12312282 

rs8181644 

PPAR!  

Gc (VDBP) 

Gc (VDBP) 

CYP2R1 

VDR 

VDR 

VDR 

TEAD4 

Intronic marker used for CYP27B1 

3p25.2 

4q13.3 

4q13.3 

11p15.2 

12q13.11 

12q13.11 

12q13.11 

12p13.33 

12q14.1 

C/G 

G/T 

A/C 

A/G 

C/A 

A/G 

C/T 

T/C 

T/C 
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2.4.2 Haploview 

 

Haploview 4.2 software was utilized to produce linkage disequilibrium (LD) plots for gene 

variants using information obtained from the international HapMap project- phase I, II and III 

(http://www.hapmap.org/index.html.en). LD refers to non-random association of alleles at 

different loci. The pairwise LD for polymorphisms across each gene was measured by the 

absolute r2 values using the Haploview program version 4.2 (refer to Figure 2.4.2). R2 

measures the correlation between polymorphisms. Markers having a r2 value of 1 with other 

nucleotides in the gene are considered to be in complete disequilibrium. In contrast markers 

having a r2 of 0 are thought to be in complete equilibrium. LD between SNPs for the M!ori 

East Polynesian and West Polynesian populations was estimated by structure and frequencies 

of Chinese haplotype data (refer to section 2.4.1). If two gene variants were in complete LD, 

only one was selected for analysis. However, if a polymorphism chosen for analysis failed in 

genotyping assays, or primer designs an alternative surrogate variant in complete LD was 

selected.  

 

LD pattern arise across the genome with regions of high LD interspersed by regions of low 

LD. These high LD regions are termed haplotypes. A haplotype block is a combination of 

alleles (for different genes) that are located in close proximity on the same chromosome that 

tend to be inherited together. Haploview version 4.2 provides a visual representation of 

haplotype blocks and the levels of LD within a gene region.  
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Figure 2.4.2 Haploview image of VDBP gene (Chromosome 4) variants in the Chinese population. For this 
project rs7041 (circled in red) and rs4588 (circled in green) were genotyped. From this haplotype, it was 
confirmed that these two SNP are not in LD in the Chinese population with an r2 value of 0.18 (circled in blue). 
Therefore these two SNPs can be analysed independently to identify variant effects with gout onset. 
 
 
2.4.3 SNP primer design 

 

SNP variations were developed into bi-allelic markers by designing restriction fragment 

length polymorphisms (RFLPs). There are two main types of SNP genetic markers; variants 

that contain a ‘natural’ RFLP cut site and those in which one nucleotide in one primer was 

changed to ‘force’ a new recognition site. New England BioLabs (NEB) cutter version 2.0 

(http://tools.neb.com/NEBcutter2/) was used to detect the presence of naturally occurring 

restriction sites in short DNA polymorphic sequences. Restriction fragment length markers 

are constructed on the basis, that the enzyme can distinguish one of the variants. Customized 

gene primers were designed to flank the polymorphic region and were amplified using 

Polymerase Chain Reaction (PCR) (refer to section 2.5.1). This was followed by digest of 

PCR products by a restriction enzyme specific for one of the variants (refer to section 2.1.3). 

If a polymorphism was not located within a natural recognition site, a forced change in the 
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genetic region was created (refer to Figure 2.4.3). An extended oligonucleotide primer 

situated immediately adjacent to the SNP was designed to create an alternative restriction 

recognition site in the amplified PCR product. The second primer is designed approximately 

100-180bp away in the opposite direction of the forced primer. These primers were 

approximately 30 base pairs (bp) in length and have a high annealing temperature ensuring 

that mismatched nucleotides were tolerated in the annealing phase of PCR. 

 

1. Use a forced cut-site if no natural one is possible 

 

                         ACTTTAGCAGGC{A/G}AGGGCT 
The CYP2R1 gene variant rs10741657 has an A/G polymorphic site where no natural restriction 

enzyme recognizes either one of the bases. A force primer was therefore created to allow for the 

recognition of the Taq-I restriction enzyme. 

 

Forward forced cut-site for Taq-I (T^CGA) 

A allele 

ACTTTAGCAGGCAAGGGCT 

G Allele 

ACTTTAGCAGGCGAGGGCT 

      
Change G (blue) to T (green) to allow Taq-I enzyme (recognition sequence T^CGA) to cleave 

DNA at this position if correct SNP allele is present 

 

ACTTTAGCAGTCAAGGGCT ACTTTAGCAGTCGAGGGCT  

1B. Design a forward primer which includes the bp being modified on the end 

 

ACTTTAGCAGTCAAGGGCT 

 

(NO-CUT) 

 

ACTTTAGCAAGTCGAGGGCT 

 

(Taq-I CUT) 
 
Figure 2.4.3 An example of a forced primer. There were no natural cut sites for the CYP2R1 gene variant 
rs10741657 (A/G). The G (blue) nucleotide (2 bases to the right of the polymorphism) was forced into a T 
nucleotide (green). During PCR amplification, the forced primer is incorporated into the PCR product, creating a 
Taq!I restriction site (T^CGA) (red) to enable the identification of the G allele. 
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All primers were designed using the oligocalculator software 

(http://www.basic.northwestern.edu/biotools/oligocalc.html) with the following 

specifications: 

 

• < 50% GC content 

• 50°C-65°C degrees annealing temperature 

• 20-35 bp in length. 

 

Unique forward (3’-5’) and reverse (5’-3’) oligonucleotide primers were created on the 

coding and template strands respectively, to flank a region of interest. Primers were also 

tested for their binding location by performing a nucleotide-nucleotide BLAST 

(http://blast.ncbi.nlm.nih.gov/Blast.cgi) search to ensure that each primer had strong sequence 

homology only to the desired chromosomal region. Primers were purchased from Sigma®.  

Stock solutions of 500ng µl-1 were kept in -20°C freezer. PCR primers were diluted to 50ng 

µl-1 working concentrations. 
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2.5 General Experimental Methods 

 

2.5.1 Polymerase Chain Reaction (PCR) amplification 

 

The concentration of the template DNA used was 8ng/µl. Polymerase chain reactions were 

performed using 4titude® thin-walled 200µl reaction tubes in 96-well plate format (8x12). All 

PCR reactions had an overlay of mineral oil (Sigma®) (50µl) to prevent evaporation. Volume 

and concentrations of reagents used in mastermix are shown in Table 2.5.1A 

 
Table 2.5.1A The PCR master mix cocktail reaction.  The master mix contains all reagents 
excluding template DNA. Five microlitres of 8ng/µl DNA was added to each well followed by 
10µl of PCR cocktail.  

 

Reagent Stock Concentration Volume (µl) Final Concentration 

PCR buffer 10x 1.50 1x 

dNTPs 4 mmol L-1 0.75 0.2 mmol L-1 

ddH2O To complete volume 

Forward Primer 50 mmol L-1 0.75 2.5 mmol L-1 

Reverse Primer 50 mmol L-1 0.75 2.5 mmol L-1 

Taq Polymerase 1 unit µL-1 0.50 0.033 unit µL-1 

MgCl2 50 mmol L-1 0.60-1.50 2-5 mmol L 

Template DNA 8ng µL 5.00  

 

The PCR technique involves several defined temperature sensitive steps, repeated in 35 cycles, 

to enable the amplification of a specific region of genomic-DNA.  All PCR procedures for 

this research were performed using automated Mastercycler® PCR thermocyclers obtained 

from Eppendorf®. Temperature sensitive steps involved in the PCR to amplify specific 

regions of genomic DNA are shown in Table 2.5.1B. 
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Table 2.5.1B Thermocycler parameter requirements for PCR amplification. The annealing 
temperature is adjusted for each set of primer. Optimal annealing temperature was determined by 
magnesium titration across a temperature gradient. 

 

Temperature (°C) Program Time (minutes) Number of Cycles 

94 denaturing 5 1 

94 denaturing 0.5 

35 50-65 annealing 0.5 

 

72 
extension 0.5 

72 extension 5 1 

 

PCR conditions were optimised for each set of primers using various concentrations of 

magnesium chloride (2-5mM) across a temperature gradient ranging from 50°C-65°C 

(increasing in 1.25°C increments) as shown in Table 2.5.1C. Markers were successfully 

optimised if they generated a single discrete band on a 3.5% agarose gel (Seakem®) and were 

visualised under ultra-violet light. 



! ""!

Table 2.5.1C Magnesium titration cocktail reaction in four different concentrations 

 

Reagent 2 mM MgCl2 3 mM MgCl2 4 mM MgCl2 5 mM MgCl2 

PCR buffer 1.50 1.50 1.50 1.50 

dNTPs 0.75 0.75 0.75 0.75 

Forward primer 0.75 0.75 0.75 0.75 

Reverse primer 0.75 0.75 0.75 0.75 

ddH2O 5.15 4.85 4.55 4.25 

Taq Polymerase 0.50 0.50 0.50 0.50 

MgCl2 0.60 0.90 1.20 1.50 

Template DNA 5.00 5.00 5.00 5.00 

Total Volume 15 15 15 15 

 

2.5.2 Restriction digest 

 

Restriction digests were conducted in the same 4titude® 96 well-plate used for PCR 

amplification. Fifteen microlitres of amplified product were digested with 10µL of restriction 

digest cocktail containing the corresponding restriction enzyme buffer (NEB#1-4) (refer to 

section 2.1.3), the specific restriction enzyme and deionised sterile water (ddH2O). 

Restriction digest reactions were incubated for approximately 2 hours at the temperature 

specified by the manufacturer (New England Biolabs®, Inc) for each different restriction 

enzyme. This is accomplished by using Mastercycler® Eppendorf PCR thermocyclers. 

Particular enzymes require the addition of bovine serum albumin (BSA) during incubation, 

which prevents adhesion of the enzyme to the reaction tube and pipette tip surfaces (refer to 

section 2.1.3). BSA also enhances the digestion process by providing additional protein, 

which stabilizes the restriction enzyme thus increasing its activity. Specific restriction enzyme 

details and the corresponding incubation conditions can be found in Table 2.1.3 and Table 
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2.5.2. Restriction digest of the amplified PCR product creates a digest pattern for each 

genotype, which can be resolved on a 3.5% w/v agarose gel using electrophoresis.  

 
Table 2.5.2 Reaction digest mastermix per reaction. * When using BSA for 
specific reactions, the volume of ddH2O is adjusted accordingly to make the final 
volume 10µL 

 

Reagent Volume (µL) 

Enzyme NEB buffer (specific for enzyme) (10x) 

 
2.5 

Restriction Enzyme (10,000 U) 

 
0.15 

ddH2O 

 
7.35 (7.15) 

BSA* 

 
0.25 

Total 
 10 

 

120 well 3.5% (w/v) agarose gels (Seakem®) were created using 5.25g of agarose dissolved 

in 150ml of 1xTBE buffer containing 5mg/mL of ethidium bromide. To every 15µl of PCR 

product 2µl of 6x loading dye (0.25% bromophenol blue in 40% sucrose) for agarose gel 

electrophoresis was added. Gels were run using 150 volts for approximately 50 minutes. 

Visualisation of PCR products on a 3.5% agarose gel (Seakem®) was achieved by the 

addition of ethidium bromide to the gel, which binds to DNA and fluoresces under ultra-violet 

light (refer to Figure 2.5.2). The Bio-Rad Gel-doc viewing system and Quantity One® 

version 4.6 software was used to visualise the genotypes obtained from the PCR-RFLP. 
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A    B                            C                                                        D                       E  

 
 
Figure 2.5.2 Gel picture of a PCR-RFLP assay of the VDBP-rs7041 gene variant. This assay has been resolved 
on a 3.5% agarose gel and visualised under ultra-violet light. Twenty four samples are shown, separated into 3 
rows of 8. Each individual genotype is determined by migration of the bands. A is the marker ladder to confirm 
digestion ascertained the correct size bands. Sample B is homozygous for allele 2 (no digestion by enzyme). 
Sample C is heterozygous for allele 1 and allele 2. Sample D is homozygous for allele 1 (both alleles contained 
the variant digested by the enzyme. Sample E has failed 
 

2.5.3 TaqMan® SNP genotyping assays 

 

When PCR-RFLP assay design proves difficult or fails repeatedly, TaqMan® pre-designed 

SNP genotyping assays were used. This method provides greater flexibility when designing 

assays for difficult or variable sequences. TaqMan® pre-designed assays are highly sensitive 

and specific so precise genotyping can be attained for a polymorphism without difficulties 

associated with PCR-RFLP. However Taqman was not routinely used due to expense. The 

Lightcycler® 480 version 15 (Roche Applied Science, Indianapolis, USA) machine was 

utilized for the TaqMan® pre-designed SNP genotyping assays. The TaqMan® pre-designed 

SNP genotyping assays are manufactured, optimised and functionally tested with an allelic 

discrimination test by Applied Biosystems prior to ordering. All assays are designed to 

perform under universal reaction conditions (Applied Biosystems, 2006).  

 

Allelic discrimination is achieved using the TaqMan® SNP genotyping assays by selective 

annealing of fluorescent probes complementary to the target sequence (refer to Figure 2.5.3). 

The assay design incorporates a minor groove binder moiety (MGB) attached to the non 

fluorescent quencher at the 3’ end of the probe. A 6-carboxy-fluorescein (FAM) reporter dye 

is affixed on the 5’ end of the probe (Osgood-McWeeney et al 2000). The MGB molecule 

binds to the minor groove of the DNA helix enhancing the stability of the MGB-probe and 

DNA template complex. This feature increases the melting temperature without altering the 

probe length. This method allows for accurate allelic discrimination and the increased 

stability allows the use of probes as short as 13 bases. The close proximity of the reporter dye 
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to the quencher results in suppression of the reporter fluorescence. During replication, allele 

detection is achieved via exonuclease cleavage of the 5’ end releasing the FAM dye 

generating an assay signal. The increase in fluorescence signal occurs only if the target 

sequence is complementary to the probe and is therefore displaced during PCR. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.5.3A Schematic representation of TaqMan process. The probe binds to the gene region of interest 
because there is no mismatch. The exonuclease activity of DNA polymerase removes the FAM reporter from the 
quencher during PCR amplification. The diagram is reproduced from 
http://www.dkfz.de/gpcf/lightcycler480.html.
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The concentration of the template DNA used in these assays was 8ng µL-1. Reactions were 

conducted in Applied Biosystems ABI Prism 384-well clear optical thermal cycling plates 

sealed with Applied Biosystems ABI Prism Optical Adhesive Covers to prevent evaporation 

during the absolute quantification and allelic discrimination steps. Two microlitres of sample 

DNA was added to each well, vortexed and left to dry at room temperature over 3 days. 

Reactions contained 2.73µl 2x master mix, 0.07µl 40x SNP assay mix and 2.2µl sterile 

deionised water per sample (Table 2.5.3A). Before amplification, reactions were stored at 

4°C in the dark until they could be run in the Lightcycler® 480 version 15 (Roche Applied 

Science, Indianapolis, USA). 
 

Table 2.5.3A TaqMan SNP genotyping cocktail reaction 

 

Reagent Volume per reaction (µL) 

2x TaqMan Universal PCR Master Mix 2.73 

40xSNP probe 0.07 

ddH2O 0.20 

Total 2.00 

 

Standard amplification conditions for absolute quantification is listed in Table 2.5.3B 

 

Table 2.5.3B Standard thermal cycle conditions for TaqMan absolute quantification 

 

Programe Temperature (°C) Time (minutes) Number of cycles 

Pre-incubation 50 2 1 

Activation 95 15 1 

Cycling 95 0.25 40 

Mini melt 60 1 1 

Cooling down - 0.5 1 
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Allelic discrimination analysis was performed using Lightcycler® 480 software (refer to 

Figure 2.5.3B). Each plate being analysed was created into a subset accordingly in the subset 

editor. The analysis type is changed to endpoint genotyping and each subset was selected and 

analysed separately. MINIMELT was selected in the program cycling option and colour 

compensation was initiated. The samples were arranged into the correct order by toggling the 

POSITION button on the table at the bottom left hand corner. The results were collated and 

tabulated into Microsoft Excel haplopeds. 

 

 
Figure 2.5.3B The results of one run of the rs11568820 assay across the Aotearoa (ATO2) sample (M!ori 
Control) box is shown above. Each dot represents an individual’s genotype and there are 4 different clusters 
(numbered 1-4). Individuals that are homozygous for allele 2 (represented by the green triangle) are clustered in 
the top left hand side of the graph.  Individuals that are heterozygous for both alleles (represented by the red 
dots) are towards the middle of the graph. Individuals that are homozygous for allele 1 (represented by the blue 
dots) are clustered towards the bottom right hand corner of the graph. Failed samples are represented by a pink 
dot. Negative controls are represented by a grey dot. To identify which clusters represent the ancestral allele, the 
population genetics of the particular SNP was obtained from HapMap and the proportion of SNP genotype was 
used as a reference. 
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2.6 Statistical analyses 

 

2.6.1 Association analysis SHEsis 

 

Genotyping results were tabulated using Microsoft excel. Samples that failed during the initial 

screening assays were repeated to ensure genotyping completeness. Any new genotypes that 

were successfully assayed were added to the tabulated data. Genotyping data were checked 

against the corresponding agarose gel to ensure that incorrect entries were not added into the 

table. Gel photos were also checked for partial digestion. The presence of partial digestion 

can cause samples to deviate from Hardy-Weinberg equilibrium (HWE), as false positives 

would be recorded (heterozygotes mistaken for homozygotes and vice versa). 

 

Case-control association tests and haplotype analyses were performed using the SHEsis 

software (http://analysis.bio-x.cn/myAnalysis.php) (Shi and He 2005). This software allows 

for allele frequencies for ethnically matched cases and controls to be directly compared for 

each genomic marker. For all polymorphisms examined, the Pearson’s P test was used both to 

assess for deviations from HWE and to compare differences in the minor allele frequency 

(MAF) distributions between cases and controls. Evidence for departure from Hardy-

Weinberg proportions, provided genotyping was robust, indicates possible selection, 

population mixing or non-random mating and its detection is the first step in study of 

population structure. A 96 well-plate was considered to be in HWE if Pearson’s P value was 

above 0.05 (p>0.05). However minor deviations from HWE were tolerated. The strength of 

the association was evaluated by the odds ratio (OR) with 95% confidence intervals (CI). 

Statistical significance was measured by the likelihood ratio test with P values less then 0.05 

(p<0.05) being considered as significant. SHEsis was also used to determine haplotype 

frequencies and to test for the association of haplotypes with disease. 
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2.6.2 Meta analysis  

 

Meta-analysis is designed to amalgamate and correlate previous quantitative results across 

independent studies. By combining results from multiple studies, a more accurate 

representation of the population relationship is provided by individual study estimators. Meta-

analyses were performed using STATA 8.0 software to combine genetic data from: 

 

1.) The FHS (gout interrelatedness removed) and the NZ Caucasian gout case-control 

sample-set 

2.) East Polynesian and West Polynesian case-control sample-sets.  

 

This provides a more precise estimate of how the studied variant affects disease onset. The 

population studied must be comparable; therefore the analysis was performed with Caucasian 

and Polynesian sample-sets independently. 

 

 A tab delimited text file was created to summarize allele frequencies according to the 

example shown in Table 2.6.2.  

 
Table 2.6.2 Example of STATA input file layout of the VDR-rs11568820 gene variant required for meta-

analysis 

Trial number Trial name year case1 control1 case0 control0 

1 Framingham 2008 26 2742 108 9412 

2 NZ gout 2009 102 215 320 783 
 

 

In this file: case 1 is the frequency of minor allele in cases and case 0 is the frequency of 

major allele in controls.  The text file was imported into STATA 8.0 by selecting the ASCII 

data created by a spreadsheet option. The data was located and identified by typing ‘describe’ 

in the command window. The pooled results of the FHS and the NZ gout study was obtained 

by typing the following in the command window: 

 

metan case1 control1 case0 control0, or label(namevar=trialnam) 
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The combined results from both studies generated the effect of a particular SNP in the 

Caucasian population. Results included the combined Mantel-Haenszel (fixed effect model) 

OR, Pearson’s p value and a meta-analysis plot graph delineating OR of the different sample 

sets. The Breslow-Day (B-D) test in STATA 8.0 was used to test for heterogeneity of OR 

between the two studies. A B-D p value < 0.05 indicates a significant level of heterogeneity 

attributed to genetic differences between the sample sets. If heterogeneity was present, a 

random effects model was produced to account for population differences. This was achieved 

by typing the following in the command window: 

 

metan case1 control1 case0 control0, or random label(namevar=trialnam) 

 

Sampling error is a common occurrence in meta-analysis and refers to the random variation in 

study results due to sample size. Smaller sample sets tend to vary widely from the true 

relationship within the population. STATA 8.0 metan weights the combined study effect by 

adjusting the sample sizes accordingly, resulting in a more accurate approximation to the 

relationship within the population (Viechtbauer 2010). 

 

2.6.3 STRUCTURE 

 

The case-control test for association is an important tool for mapping complex-trait genes 

(Pritchard and Donnelly 2001). However population structure can invalidate this approach 

leading to apparent associations at markers that are unlinked to disease loci. This event may 

occur because both disease and allele frequencies can differ among admixed populations 

(Pritchard and Donnelly 2001). The use of self-reported ethnic data do not adequately reflect 

the underlying population structure as admixture may include individuals that differ widely in 

the proportion of their ancestry (Pritchard and Donnelly 2001). To account for admixture 

within the M!ori and Polynesian populations, the STRUCTURE software programme was 

utilized to test unlinked genome-wide markers to estimate allele frequencies in each 

subpopulation. All markers used to detect population stratification were chosen from 

throughout the genome with particular attention paid to exclude any markers within known 

regions of association with gout. Each subpopulation is characterized by a set of allele 

frequencies at each marker locus.  Twenty-six SNPs were used as stratification markers for 

the M!ori cohort and 24 SNPs were used as stratification markers for the East and West 

Polynesian cohorts (for full list of markers used in stratification analysis refer to Phipps-
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Green et al 2010). All population stratification markers were obtained using PCR-RFLP or 

TaqMan assays performed by other members of the Merriman Laboratory, Department of 

Biochemistry, University of Otago. 

 

2.6.4 Detection of population stratification using STRUCTURE software  

 

The STRUCTURE software was designed to account for admixture within a population by 

estimating simulated p values under the assumption of no population structure (Pritchard and 

Rosenberg 1999). It is supposed that all markers are chosen at random from throughout the 

genome; therefore it is unlikely they are in LD to each other and the disease loci. The null 

hypothesis states that if the allele frequencies at each loci are in the presence of population 

stratification then there is dependence with both phenotype and subpopulation (Pritchard and 

Rosenberg 1999, Prichard 2000). 

 

 The STRUCTURE software can be utilised to test for the presence and extent of population 

stratification using genotype data from a set of unlinked markers. This was the method of 

choice for analyses in this thesis to determine the presence of population stratification in the 

M!ori and Polynesian gout case-control sample-sets. In order to perform STRUCTURE and 

STRAT, the complete genotyping of the M!ori and Polynesian cases and controls in 

conjunction with the internal NZ Caucasian controls must be acquired. This information is 

placed into the master structure file in the correct orientation. Each individual’s information is 

contained in one row of the input file (refer to Figure 2.6.4A). Population were grouped on 

the basis of ancestry; for example, samples were filtered for M!ori ancestry. This selection 

includes any samples with mixed M!ori ancestry and excludes failed genotyping samples, 

blanks and non-consenting samples. Internal Caucasian controls were included to identify the 

extent of admixture that influences genetic variants in the M!ori population. Columns 

included created a unique identification input file consisting of: ID#, population, affection and 

the SNP genotyping data of the genomic control markers and test SNP.   
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Figure 2.6.4A An example of a structure input file. Each individual’s information is contained in one row of the 
input file. The above example shows the unique identification code for each individual.  Column one contains 
the sample ID for each individual. Column 2 contains the self-reported ethnicity based on their grandparents’ 
origins (1= Caucasian, 2= M!ori). The individual’s affection status is represented in column 3 (1= control, 2= 
case).  Column 4 and onwards depict genotype data for each unlinked genome-wide marker. This takes up 2 
columns i.e. individual G5037 is homozygous (2,2) for allele 2 for the AIRErs2075876 marker. -9 indicates 
missing genotype data. 

There are several parameters to consider before running the structure programme on the input 

file. These parameters are included in mainparams structure associated file. K is defined as 

the number of population clusters. In mainparams values of MAXPOPS(K) to run structure 

are set so as to obtain a corresponding output result of ‘Mean value of Ln likelihood’ 

(Pritchard et al 2000). Selection of K is based on comparing penalized log likelihoods over 

independent runs with differing number of clusters. The value of Pr(X/K) closest to 1 

indicates the best estimate of K for a particular cohort (Pritchard and Rosenberg 1999, 

Pritchard et al 2000). In this project MAXPOPS was selected as 2.  

 

DEFINE NUMINDS is the number of individuals being analysed in the structure run. The 

number of individuals must be adjusted accordingly depending on the population being 

stratified. This number can be changed in the mainparams file. There are 395 individuals of 

the M!ori descent, 418 individuals of East Polynesian descent, 215 individuals of West 

Polynesian descent and 505 internal Caucasian controls (refer to Figure 2.6.4B).  

 

DEFINE NUMLOCI is the number of loci in the data file. Currently there are 26 STRAT 

markers for M!ori population and 24 for the East and West Polynesian populations. The total 

number of SNPs used as markers includes the test SNP (refer to Figure 2.6.4B). 
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Another issue to consider before running STRUCTURE is the length of the burn-in period 

and run length of simulation before accurate parameter estimates are obtained. Pritchard and 

Wen (2003) suggests that a burn in period of between 10,000 and 100,000 cycles will provide 

good estimates of parameter value, however accurate estimation requires quite long runs of 

1,000,000 (Pritchard and Wen 2003). For analyses in this project, a burn-in period of 30,000 

cycles and a run length of 1,000,000 cycles were chosen for all simulations.  
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Figure 2.6.4B Spreadsheet input data file for the M!ori (rs12312882) case-control sample-set prior to running 
structure. #define INFILE is the data file that was created prior to running structure. #define OUTFILE is the 
output file then run through STRAT. #define NUMINDS are the number of individuals being analysed for 
stratification and #define NUMLOCI are the number of STRAT markers and test marker being used to detect 
admixture within a population. 
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2.6.5 STRAT 

 

The STRAT programme is used to test for association with disease at each locus conditional 

on the ancestry of the individuals in the sample, as estimated by the STRUCTURE 

programme (Pritchard 2000). STRAT implements association tests in structured populations 

and are based on the assumption that cases and controls are unrelated and can originate from 

one or more sub-population (Pritchard 2000). Statistically valid test of associations are 

applied by STRAT between the markers of interest and the case-control phenotype. Whilst 

running STRUCTURE, PRINTQHAT was set to 1 in the extraparam file. This informs the 

program to produce an OUTFILE_q file that contains the probabilities of estimated ancestries 

of each individual for each defined sub-population (Pritchard 2000). OUTFILE_q is required 

to run STRAT and uses this information obtained during STRUCTURE simulations. STRAT 

also requires the original input file containing the individual sample and corresponding 

ethnicity, phenotype and genotype information. STRATparams is a file associated with 

STRAT and contains a number of parameters that need to be set prior to running this 

programme (Pritchard 2000). The authors of the programme state that the default values for 

all settings (shown below) are acceptable to start with, except for NUMPHENS, which is 

adjusted according to the number of phenotypes expressed in the cohort. 

 

• NUMSIMSTATS:  This is the number of simulated test statistics per locus.  The p 

value is estimated as a fraction of simulated test statistics that exceed the observed 

value (Pritchard 2000). Therefore larger values of NUMSIMSTATS give rise to more 

accurate estimates of the p value, but subsequently slow down the program. 

 

• NUMPHENS: Number of different phenotypes in the data file (Pritchard 2000) 

 

• POOLFREQ:  This parameter allows the elimination of rare alleles that have fewer 

than POOLFREQ copies in the entire sample (Pritchard 2000). Any alleles with fewer 

than POOLFREQ copies are pooled together. If the pooled group still has fewer 

copies then the total POOLFREQ copies, it is then combined with next lowest group 

of alleles (Pritchard 2000). If POOLFREQ is set to 0, this prevents any pooling of 

alleles. 
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• LOCUSxONLY:  This runs the test of association on one locus only. This might 

obtain more accurate p-values (with large values of NUMSIMSTATS) for loci that 

appear to be significant (Pritchard 2000). All loci are tested for association if this is set 

to 0. 

 

• EMERROR:  The allele frequencies are estimated using an EM algorithm (Pritchard 

2000). This algorithm is run successively until allele frequencies near convergence 

(Pritchard 2000). A value close to 0 is ideal however the program is fairly strenuous. 

 

Once the STRAT program is run to completion, it produces an OUTFILE-P file shown in 

Figure 2.6.5.  

 

1               2                     3           4                         5                             6 

17:   chisq= 0.057    1 df;   TS = 0.05,   p = 9.37000e-01    19PGDSrs205960 

18:   chisq= 0.572    1 df;   TS = 0.17,   p = 7.29000e-01    20PsuedoYrs412 

19:   chisq= 4.865    1 df;   TS = 2.35,   p = 8.40000e-02    21CD59rs831628 

20:   chisq= 2.120    1 df;   TS = 0.86,   p = 2.93000e-01    22GFPT2rs7725 

21:   chisq= 0.063    1 df;   TS = 0.00,   p = 9.69000e-01    23upstALDOBrs5 

22:   chisq= 6.453    1 df;   TS = 1.30,   p = 3.00000e-01    24ALDOBrs19294 

23:   chisq= 0.353    1 df;   TS = 0.11,   p = 7.96000e-01    25UMODrs129177 

24:   chisq= 0.894    1 df;   TS = 0.89,   p = 3.65000e-01    rs12312282 

 
 
Figure 2.6.5 An example of STRAT output file the M!ori (rs12312282) case-control sample-set. Column 1 
shows the marker number. Column 2 indicates the chi square value without population stratification. Column 3 
shows the degrees of freedom. Column 4 shows the value of STRAT test statistic. Column 5 indicates the 
STRAT p value for the particular marker and the final column shows the marker being analysed. A p <0.05 is 
considered statistically significant.  
 

 
 
 
 
 
 
 
 
 
 



! "#!

2.6.6 BC|SNPmax 

 

BC|SNPmax (provided by Biocomputing Platforms Ltd at http://www.bcplatforms.com/) is a 

data management system, which stores high-density SNP genotypic data with phenotypes, 

maps and pedigrees. It provides secure but effective access to genotyping data from SNPs 

identified from the FHS and greatly facilitates genetic analysis with automated input file 

generation for analytical purposes. Genotyping information for Vitamin D3 metabolism gene 

variants were obtained from FramighamSHARE file from PubMed and was imputed (refer to 

section 2.6.6) in the BC|SNPmax programme.  

 

The FHS cohort was separated into four different affection statuses for this thesis: 

 

• Framingham (gout interrelatedness removed) (combined Offspring cohort and Third 

Generation Cohort). 

• Framingham hyperuricemia (Third Generation Cohort. Cases - n > 0.4012nmol/L) 

• Framingham super hyperuricemia (Third Generation Cohort. Cases – n > 0.5mmol/L) 

• Framingham Vitamin D3 deficiency (Third Generation Cohort. Cases – n > 50nmol/L) 

 

2.6.6.1 Access to the FraminghamSHARE files 

 

Phenotype information was obtained from NCBI Framingham SHARE. Permission to the 

FHS data was authorized by Associate Professor Tony Merriman, Department of 

Biochemistry, University of Otago, through personal application for FHS control access data 

(http://www.ncbi.nlm.nih.gov/sites/entrez?db=gap).  All affection statuses were provided as 

raw data files, containing the individual’s phenotype information for the specific gene variant 

being analysed in FHS.  This new information was subsequently recorded in a tabulated 

format using Microsoft excel. All columns were removed leaving only the unique patient ID# 

and AFFSTAT (affection status). Controls and cases dichotomized respectively under the 

AFFSTAT column. Under the Affection tab in BC|SNPmax the modified information was 

uploaded into a new affection status under FHS. PLINK case-control analysis can now be 

used to determine if a particular Vitamin D3 gene variant is associated with any of the 

affection status in the FHS (refer to section 2.6.6.2). In addition to the 4 affection status 
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described in section 2.6.6 inflammatory biomarker data, from the FHS, were also uploaded 

into BC|SNPmax (Table 2.6.6.1).  

 
Table 2.6.6.1 Inflammatory biomarkers chosen for further investigation using the FHS dataset.  

Pro-inflammatory markers 
 Controls (1) Cases (2) 

Interleukin 18 (IL-18) 
 <200 (pg/ml) >400 (pg/ml) 

Interleukin 6 (IL-6) 
 <2 (pg/ml) >7 (pg/ml) 

C-reactive protein (CRP) 
 <2 (mg/L) >10 (mg/L) 

Tumor Necrosis Factor Receptor II 
(TNFRII) 

 
<2000 (pg/ml) >3000 (pg/ml) 

Tumor Necrosis Factor ! (TNF!) 
 <1 (pg/ml) >3 (pg/ml) 

Monocyte chemoattractant protein 
I (MCPI) 

 
<200 (pg/ml) >500 (pg/ml) 

 
 
2.6.6.2 Association analysis using the FHS dataset using BC|SNPmax (PLINK version 1). 

 

Associations of the Vitamin D3 gene variants using the FHS affection subsets (as explained in 

section 2.6.6 and 2.6.6.1) were assessed using PLINK. PLINK version 1 was integrated into 

BC|SNPmax database to facilitate the analysis of whole-genome data (Purcell 2007). This 

performs a standard association test for quantitative outcomes from the FHS data allowing for 

covariates and haplotypic examinations (Purcell et al 2007). The PLINK case-control allelic 

test was regularly used to upload genotype frequencies for a particular Vitamin D3 gene 

variant from the FHS study and to compare the direction of association with the NZ 

Caucasian gout case-control sample-set.  

 

Under the genotypes tab, the FHS folder was selected. The particular FHS imputed genotypes 

folder (FHS imputed genotypes CHR 1-10, FHS imputed genotypes CHR 11-22) was 

determined based on the chromosome in which the Vitamin D3 gene variant resides. Under 

analysis archive, the GWAS folder was selected where the PLINK case–control analysis 

association option is available. The following variables were entered; run title, affection status 

folder (FHS), dataset and marker map information. Data, with MAF greater than 0.01, 
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maximum MAF less than 0.5, missing genotype rate less than 1 and HWE from controls over 

0.001 were included. The basic allele test option was chosen resulting in the Pearson P value 

and OR with 95% CI between the two populations. A p<0.05 is considered statistically 

significant.  

 

In addition to the standard case/control allelic test, PLINK offers a Cochran-Armitage trend 

test to examine proportion of genotypes across a single gene variant in the FHS data (Purcell 

et al 2007). The process is similar to the PLINK case control analysis, however the Cochran-

Armitage trend test option was selected. 

 

2.6.6.3 Haplotype analysis using BC|SNPmax 

 

The haplotype association test was performed by PLINK to determine haplotype structure for 

selected Vitamin D3 gene variants in the FHS. PLINK also provides estimates on LD scores 

for polymorphisms based on genotyping information (Purcell et al 2007). PLINK haplotypic 

association was selected and the following variables are entered into the input file: run title, 

affection status folder (FHS), dataset and marker map information (listing only the SNPs 

being investigated for the haplotype analysis). Sliding windows was used to specify the 

particular haplotype test. This information was utilized to provide a comparison with the 

haplotype analysis results for the genotyping in the NZ Caucasian gout case-control sample-

sets (refer to section 2.5.1).  

 

2.6.6.4 Imputation of unknown gene variants 

 

The imputation-based approach, using the software IMPUTE version 1 (integrated into 

BC|SNPmax), provides a framework for testing untyped variants for association with 

phenotypes in the FHS dataset (Guan and Stephens 2008). This method utilizes information 

on multi-marker LD patterns from publicly available database to indirectly infer allelic and 

genotypic frequencies for the untyped SNP being investigated (Guan and Stephens 2008). The 

Centre de'Etude du Polymorphism Humain (CEPH) HapMap panel of densely genotyped 

individuals was used as a reference to predict (impute) genotypes at untyped SNPs in the FHS 

sample-set. This assumes the cohorts are all sampled from Caucasian population therefore LD 

structure and haplotype distributions of target gene variants are similar. 
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2.6.6.5 GWAS of Vitamin D3 gene variants using BC|SNPmax 

 

PLINK association analysis offers a means to perform a genome wide analysis for genetic 

variants that were associated with Vitamin D3 deficiency in the FHS. The FHS folder and the 

Vitamin D3 deficiency affection status dataset were selected (Folder: dbSNP, folder: 

<otago1> NCBI dbSNPBuild130 (May 2009,hg 36.3)). PLINK uploads quantitative 

information for all variants analysed in the FHS in relation with Vitamin D3 deficiency. This 

file was transferred and tabulated into Microsoft excel.  The data was filtered and scanned to 

identify potential polymorphisms associated with Vitamin D3 deficiency. These variants were 

subsequently run in PLINK case-control analysis to identify prospective association with the 

gout (interrelatedness removed) affection dataset. If significantly associated in FHS the 

particular gene variant was selected for further investigation in the NZ case-control sample-

sets.  

 

2.6.7 Logistic regression analysis 

 

STATA 8.0 software was used to compare logistic regression models when stratifying for 

presence of self-reported tophi and gender influences in the NZ sample-sets. Logistic 

regression tests for statistical interaction between an outcome variable to a reference genotype. 

This will detect a change in genotype proportions between the NZ case-control sample-set 

and predicts quantitative measurements on allele frequencies that influences disease 

susceptibility. 
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2.6.7.1 Logistic regression input file for detecting allele risk, presence of tophus and gender 

influences 

 

The sub-classification for affection status, presence of self-reported tophus, gender 

information and genotypes are shown in Table 2.6.7.1A.  

 
Table 2.6.7.1A The sub-classification for affection (gout) status, presence of tophus, gender and genotype. 
Cases or controls that showed an absence of any essential information required for investigation were excluded 
from this analysis. Each sub-classification was matched to the individual accordingly.  
 

Affection (gout) status 
Suspected-tophi-

formation 
Gender Genotype 

Controls 0 Yes 0 Male 0 
blank . 

1,1 0 

Cases 1 No 1 Female 1 
1,2 1 

2,2 2 

 

Each individual in the NZ case-control sample-sets was matched with their specific sub-

classification criteria (refer to Table 2.6.7.1B). This information was filtered according to 

their self-reported ancestry (Caucasian, M!ori, East Polynesian and West Polynesian) and 

imported into STATA 8.0. 
 
Table 2.6.7.1B An input file containing the essential information used in logistic regression analysis using 
STATA 8.0.   
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Genotype - gout interactions were analysed in 3 different models: 

 

• Per additional risk allele of investigated Vitamin D3 variants with gout (2.6.7.2) 

• Presence of tophus (cases with suspected tophi only versus controls) (2.6.7.3) 

• Gender influence with gout affection status (gout cases and controls) (2.6.7.4) 

 

2.6.7.2 Assessing strength of relationship between per additional risk allele with gout 

 

Intercooled STATATM 8.0 was used to assess the strength for each additional risk allele of 

Vitamin D3 gene variants with gout (compared to the reference) in the NZ case-control 

sample-sets. Each Vitamin D3 gene variant was treated as a categorical variable using the 

major homozygous genotype (0) as the reference. Proportional differences between the 

heterozygote (1) and the minor homozygote (2) genotype clusters with gout aetiology were 

evaluated by direct comparison to the reference genotype. 

 

2.6.7.3 ‘Suspected-tophus’ by genotype interaction 

 

The logistic regression model was used to detect association in Vitamin D3 gene variant 

genotype distribution with the presence of self-reported tophus in the NZ ‘suspected- tophus’ 

case-control sample-sets. Intercooled STATATM 8.0 was used to calculate the likely model of 

interaction for investigated SNPs.  

 

2.6.7.4 Gender by genotype interaction 

 

Possession of a particular polymorphism was assumed to be an inherent attribute that could be 

confounded by gender. Given that gout is considered a gender-specific disease 

(predominantly male) (refer to section 1.8.2) and the healthy control subjects were used for 

other association studies it was impractical to gender match individuals between cases and 

controls. A logistic regression analysis was performed to determine the association in Vitamin 

D3 gene variant genotype distribution with the occurrence of gout after controlling for gender.  
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Gender-specific predisposition to gout was modelled by the algorithm below:  

 
P(cases)=Risk= Genotype1 + Genotype2 + Gender (females) + Genotype1*Gender (females) 

+Genotype2*Gender (females) 

 

This models the expected risk of gout as a linear function for the relevant predictor variable 

(gender). In this example it estimates the risk based on the 3 assumptions: 

 

• An individual expressing a specific genotype (genotype 1 or genotype 2),  

• The probability the individual is female 

•  The compensatory risk factor that the individual is female and contains the specific 

genotype (regression coefficient). 

 

By constructing a regression model that incorporated the interaction term (gender by 

genotype), the relation of these factors to gout outcome was assessed. This describes if a 

gender (female) effect dictates genotypic distribution thus influencing gout development. A 

|P|>z value below 0.05 indicates significant interaction between gender and genotype.  

 

2.6.8 Statistical analysis of the Vitamin D supplementation study 

 

Crude and unadjusted associations of serum 25(OH)D3 concentrations by categorical VDBP 

genotypes (independent variable) using initial March (Vitamin D3) data were estimated using 

analysis of variance (one-way ANOVA). One-way ANOVA was used to assess VDBP 

genotypes  (independent variable) effect on dictating 25(OH)D3  levels in the NZ Vitamin D 

supplementation sample-set. The null hypothesis for ANOVA states that the mean 25(OH)D3 

levels (average of the dependent variable) were not influenced by VDBP genotypes. The one-

way ANOVA test produces an F-statistic ratio, which was used to calculate p-value. A p-

value below 0.05 was considered statistically significant, in which the null hypothesis can be 

rejected. 

 

The difference in 25(OH)D2 concentrations, Vitamin D2 supplementation and VDBP 

genotypes over the 6 month period were analysed using the Kruskal-Wallis test. The Kruskal-

Wallis is commonly utilized as a non-parametric alternative to ANOVA, where the 

measurement variable does not meet the normal distribution assumption. The Kruskal-Wallis 
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test is performed on ranked figures in which observed measurements are converted to ordinal 

ranks in the overall data.   

 

The difference in 25(OH)D3 concentrations, Vitamin D3 supplementation and VDBP 

genotypes over the 6 month period were analysed using linear regression models. The 

purpose of linear regression is to predict the value of the dependent variable based upon the 

effect of independent variables. Regression analysis was performed to determine the extent of 

linear relationship between differences in sera 25(OH)D3 concentrations (continuous 

measurement scale- dependent variable) and VDBP genotypes (categorical- independent 

variable) in the NZ supplementation sample-set. A P>[t] below 0.05 indicates VDBP 

genotypes were statistically significant in explaining variances in 25(OH)D3 concentrations in 

the NZ supplementation sample-set. 

 

All statistical analysis for the Vitamin D supplementation study was performed using 

STATA8.0. 
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CHAPTER THREE: RESULTS 
 

3.1 Testing vitamin D receptor (VDR) gene variants for association with gout in the NZ 

case-control sample sets 

 

The VDR is known to influence the pleiotropic biological actions of 1,25-dihydroxyvitamin 

D3 through its ability to modulate expression of target genes (refer to section 1.16). Here, 

three VDR variants were selected (rs11568820 (refer to section 3.1.1), rs2228570 (refer to 

section 3.1.2) and rs7975232 (refer to section 3.1.3)) for association testing with the NZ 

Caucasian, M!ori, East Polynesian and West Polynesian case-control sample-sets. 

 

A haploview representation of the VDR gene region (46520kb-46590kb) was generated using 

data from the HapMap genome browser and the Haploview software 4.2 (refer to section 

2.4.2). Pairwise analysis revealed an absence of LD between all 3 polymorphic variants in 

both Caucasian and Chinese populations (Current genetic evidence suggests that the M!ori 

and Polynesian populations, were derived from Taiwanese ancestors (refer to Phipps-Green 

et al 2010) (Figure 3.1A and 3.1B). Therefore each SNP within the VDR region may be 

analyzed independently with any association with gout due to its own effect. 
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Figure 3.1 LD structure of the VDR gene region indicating r2 scores between rs7975232, rs2228570 and 
rs11568820 in both Caucasian (A) and Chinese (B) population. White squares infer low or no LD. 

 
3.1.1 Testing the VDR gene variant rs11568820 (Cdx2) for association with gout in the NZ 

case-control sample set and FHS datasets (analyzed using TaqMan pre-designed SNP 

genotyping assay). 

 

The Cdx2 polymorphism (rs11568820 C/T substitution) is localized in the promoter region of 

the VDR gene in exon 1e (Arai et al 2001).  The Cdx2 polymorphism is a functional variant 

thought to influence intestinal-specific transcription of the VDR gene thus enhancing calcium 

absorption (refer to section 1.25.1.2) (Arai et al 2001).  

 

Takahashi et al (1998) reported that Vitamin D3 metabolism is suppressed in hyperuricemic 

individuals via the inhibition of 1-! hydroxylase activity by purine derivatives (Takahashi et 

al 1998). Therefore association testing of Vitamin D3 polymorphic variants (used in this 

project) was also performed with hyperuricemia (n > 0.4012nmol/L) and super hyperuricemia 

(n > 0.5mmol/L) case-control cohorts in the FHS.   

 

Allelic and genotype frequencies for the VDR-rs11568820 variant in the NZ Caucasian 

sample-set is presented in Table 3.1.1A. There was no evidence for association of 

rs11568820 in the NZ Caucasian sample-set with gout (p= 0.28, OR= 1.16 [0.87-1.52]). In 

addition, there was also no sign for association detected with any of the FHS affection status 
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data subsets (gout interrelatedness removed p= 0.40, OR= 0.83[0.54-1.28], hyperuricemia p= 

0.10, OR= 1.13[0.98-1.31], super hyperuricemia p= 0.12, OR= 1.30[0.93-1.83], Vitamin D3 

deficiency p= 0.98, OR= 1.00[0.83-1.21]). Because, the VDR-rs11568820 variant showed no 

evidence for association with Vitamin D3 deficiency in the FHS dataset, it can be implied that 

this variant does not directly influence production of vitamin D3. 

 
Table 3.1.1A Association analysis of the VDR-rs11568820 variant with gout in the NZ 
Caucasian case-control sample-set and FHS affection subsets (gout interrelatedness removed, 
hyperuricemia, super hyperuricemia and Vitamin D3 deficiency). 

 Genotype analysis T allele OR (95% CI) P 
Value 

Cohort CC CT TT    

Cau Cases 121 
(0.573) 

78 
(0.370) 

12 
(0.057) 

102 
(0.242) 1.16 (0.87-1.52) 0.28 

Cau Controls 307 
(0.615) 

169 
(0.339) 

23 
(0.046) 

215 
(0.215) 

FHS (Gout inter 
removed) Cases 

 

45 
(0.672) 

18 
(0.269) 

4  
(0.060) 

26 
(0.194) 0.83 (0.54-1.28) 0.40 

FHS (Gout inter 
removed) Controls 

2824 
(0.599) 

1657 
(0.352) 

231 
(0.049) 

2119 
(0.225) 

FHS (Hyper) Cases 323 
(0.560) 

221 
(0.383) 

33 
(0.057) 

287 
(0249) 1.13 (0.98-1.31) 0.10 

FHS (Hyper) Controls 1856 
(0.599) 

1079 
(0.348) 

163 
(0.053) 

1405 
(0.227) 

FHS (Super hyper) 
Cases 

 

43 
(0.500) 

38 
(0.442) 

5  
(0.058) 

48 
(0.279) 1.30 (0.93-1.83) 0.12 

FHS (Super hyper) 
Controls 

2160 
(0.596) 

1273 
(0.351) 

194 
(0.053) 

1661 
(0.229) 

FHS (Vit D def) Cases 209 
(0.606) 

113 
(0.326) 

23 
(0.067) 

159 
(0.230) 1.00 (0.83-1.21) 0.98 

FHS Controls 2025 
(0.592) 

1214 
(0.355) 

179 
(0.052) 

1572 
(0.230) 

 

Meta-analysis to combine the NZ Caucasian sample-set with the FHS (gout interrelatedness 

removed) dataset showed no evidence for association with gout (p= 0.67, OR= 1.05[0.84-

1.32]). The Breslow-Day (B-D) test indicated an absence of genetic heterogeneity between 

the combined sample sets (p= 0.189). 
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Figure 3.1.1A Meta-analysis of the NZ Caucasian case-control sample-set and the FHS (gout interrelatedness 
removed) dataset for the VDR gene variant rs11568820 (Cdx2). % Weight indicates the amount each dataset 
contributed to the overall data. 

 

Allelic and genotype frequencies for the VDR gene variant rs11568820 in the M!ori, East 

Polynesian and West Polynesian sample-sets are presented in Table 3.1.1B. Prior to 

controlling for population stratification, there was evidence for a trend towards association of 

the VDR-rs11568820 variant with gout in the M!ori (p= 0.05, OR= 1.37[1.00-1.88]) but not 

with the East Polynesian (p= 0.11, OR= 1.28[0.947-1.72]) and West Polynesian (p= 0.60, 

OR= 1.11[0.744-1.67]) sample-sets.  

 

The presence of admixture in the M!ori and Polynesian sample-sets may distort estimates of 

allele frequencies within the parental population. STRUCTURE and STRAT program tests for 

association between unlinked stratification markers in the M!ori, East Polynesian and West 

Polynesian sample-sets to eliminate mixed ancestry biases (refer to sections 2.6.3, 2.6.4 and 

2.6.5). There is a clear significant overlap between the M!ori and East Polynesian sample-sets 

(the M!ori population have similar genetic variants with the East Polynesian sub-

grouping). Results from STRAT analysis for the VDR gene variant rs11568820 are shown in 

Table 3.1.1.B. Loss for association was observed in the M!ori sample-set after accounting for 

the possible presence of stratification owing to admixture with Caucasian (M!ori: p= 0.05, 
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pSTRAT= 0.075). There was no evidence for association with gout in the East Polynesian and 

West Polynesian, sample-sets, after accounting for possible stratification. However, the VDR-

rs11568820 variant returned a STRAT P-value of 0.054 in the East population sample set, 

which is trending towards the pSTRAT<0.05 significance threshold. 

 
Table 3.1.1B Association analysis of the VDR-rs11568820 variant with gout in the M!ori, East 
Polynesian and West Polynesian case-control sample-sets.  

 Genotype analysis T allele OR (95% CI) P 
Value 

P-
STRAT 
Value 

Cohort CC CT TT     

M!ori Cases 28 
(0.257) 

60 
(0.550) 

21 
(0.193) 

102 
(0.468) 1.37(1.00-1.88) 0.05 0.075 M!ori 

Controls 
97 

(0.357) 
137 

(0.504) 
38 

(0.140) 
213 

(0.392) 

EP Cases 36 
(0.273) 

73 
(0.553) 

23 
(0.174) 

119 
(0.451) 1.28(0.95-1.72) 0.11 0.054 

EP Controls 98 
(0.360) 

135 
(0.496) 

39 
(0.143) 

213 
(0.392) 

WP Cases 18 
(0.142) 

57 
(0.449) 

52 
(0.409) 

161 
(0.634) 1.11(0.74-1.67) 0.60 0.78 

WP Controls 12 
(0.145) 

41 
(0.494) 

30 
(0.361) 

101 
(0.608) 

 

Meta-analysis to combine the East Polynesian and West Polynesian sample-sets showed no 

evidence for association of the VDR-rs11568820 variant with gout in the total Polynesian 

population (p= 0.11, OR= 1.22[0.96-1.54]). There was also no evidence of genetic 

heterogeneity between the East Polynesian and West Polynesian sample-sets (B-D, p= 0.597).  
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Figure 3.1.1B Meta-analysis of the East Polynesian and West Polynesian case-control sample-sets for the VDR 
gene variant rs11568820 (Cdx2). % Weight indicates the amount each dataset contributed to the overall data. 

 

3.1.2 Testing the VDR gene variant rs2228570 (FokI) for association with gout in the NZ 

case-control sample sets (analyzed using PCR/RFLP). 

 

The non-synonymous VDR gene variant rs2228570 (FokI) is the most extensively analyzed 

and replicated polymorphism researched in Vitamin D3 association studies. However there 

have been conflicting reports concerning the association of VDR-rs2228570 with many 

diseases including, cancers and immunodeficiency disorders. The rs2228570 (C/G) creates an 

alternative translation initiation site and modifies functional properties of the VDR activation 

(refer to section 1.25.1.1) (McGrath et al 2010).  

 

The genotype and allelic distributions for the VDR gene variant rs2228570 (FokI) in the NZ 

Caucasian sample-set are shown in Table 3.1.2A. There was no evidence for association of 

the VDR-rs2228570 variant with gout in the NZ Caucasian sample set (p= 0.78, OR= 

0.97[0.76-1.22]). The FHS affection status subsets (gout (interrelatedness removed) 

hyperuricemia, super hyperuricemia Vitamin D3 deficiency) were unavailable for theVDR-

rs2228570 gene variant.  
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Imputation of known VDR gene variants in complete LD with rs2228570 using BC|SNPmax 

was performed to generate VDR-rs2228570 allelic frequencies in the FHS subsets (refer to 

section 2.6.6.4). However the VDR-rs2228570 variant was found to be in linkage equilibrium 

with all other known polymorphisms residing in the VDR gene. Therefore LD structure of the 

VDR gene region failed to obtain any reference polymorphisms for the VDR-rs2228570 

variant thus resulting in failed imputation.  

 
Table 3.1.2A Association analysis of theVDR-rs2228570 variant with gout in the NZ Caucasian 
case-control sample-set.   

 Genotype analysis A allele OR (95% CI) P 
Value 

Cohort GG AG AA    

Cau Cases 84 
(0.398) 

100 
(0.474) 

27 
(0.128) 

154 
(0.365) 0.97(0.76-1.22) 0.78 

Cau Controls 194 
(0.386) 

243 
(0.483) 

66 
(0.131) 

375 
(0.373) 

 

The allelic and genotype frequencies of the VDR-rs2228570 gene variant in the M!ori, East 

Polynesian and West Polynesian sample-sets are shown in Table 3.1.2B. The analysis showed 

no evidence for association of the VDR-rs2228570 variant with gout in the M!ori (p= 0.91, 

OR= 1.02[0.70-1.48]), East Polynesian (p= 0.83, OR= 0.96[0.67-1.37]) and West Polynesian 

(p= 0.71, OR= 1.10[0.68-1.77]) sample-sets prior to population stratification. Once 

accounting for Caucasian admixture, the VDR-rs2228570 gene variant retained no evidence 

for association with gout in the M!ori (p=0.87), East Polynesian (p= 0.97) and West 

Polynesian (p= 0.20) sample-sets. 
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Table 3.1.2B Association analysis of the VDR-rs2228570 variant with gout in the M!ori, East 
Polynesian and West Polynesian case-control sample-sets.  

 Genotype analysis A allele OR (95% CI) P 
Value 

P-
STRAT 
Value 

Cohort GG AG AA     

M!ori Cases 43 
(0.457) 

45 
(0.479) 

6 
(0.064) 

57 
(0.303) 1.02(0.70-1.48) 0.91 0.87 M!ori 

Controls 
113 

(0.523) 
77 

(0.356) 
26 

(0.120) 
129 

(0.299) 

EP Cases 52 
(0.477) 

51 
(0.468) 

6 
(0.058) 

63 
(0.289) 0.96(0.67-1.37) 0.83 0.97 

EP Controls 116 
(0.535) 

73 
(0.336) 

28 
(0.129) 

129 
(0.297) 

WP Cases 38 
(0.380) 

47 
(0.470) 

15 
(0.150) 

77 
(0.385) 1.10(0.68-1.77) 0.71 0.20 

WP Controls 40 
(0.364) 

22 
(0.400) 

9 
(0.164) 

40 
(0.364) 

 

Meta-analysis to combine the East Polynesian and West Polynesian sample-sets showed no 

evidence for association of the VDR-rs2228570 variant with gout in the total Polynesian 

sample-set (p= 0.96, OR= 1.01[0.76-1.34]). The B-D test showed no evidence for significant 

heterogeneity between the East Polynesian and West Polynesian sample-sets (p= 0.669). 

 

 
Figure 3.1.2 Meta-analysis of the East Polynesian and West Polynesian case-control sample-sets for the VDR 
gene variant rs2228570 (FokI). % Weight indicates the amount each dataset contributed to the overall data. 
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3.1.3 Testing the VDR gene variant rs7975232 (ApaI) for association with gout in the NZ 

case-control sample sets and FHS datasets (analyzed using PCR/RFLP). 

 

The non-functional rs7975232 variant (ApaI C/A) is located in intron 8 of the VDR gene 

(Obara et al 2007). The effects of VDR polymorphisms in the 3’ untranslated region (UTR) 

are unlikely to influence VDR function. However the VDR-rs7975232 variant was found to 

be in strong LD with the poly(A) microsatellite tail thus influencing messenger RNA 

(mRNA) stability or translational activity of the VDR gene (refer to section 1.25.1.3) 

(Uitterlinden et al 2004).  

 

The allelic and genotype frequencies for the VDR-rs7975232 variant in the NZ Caucasian 

sample-set is presented in Table 3.1.3A. Using single PCR/RFLP-based analysis, no evidence 

for association was found of the VDR-rs7975232 variant with gout in the NZ Caucasian 

sample-set (p= 0.89, OR= 0.98[0.78-1.24]). Additionally, the VDR-rs7975232 variant showed 

no evidence for association with any of the FHS affection subsets as shown in Table 3.1.3A. 

 

Table 3.1.3A Association analysis of the VDR-rs7975232 variant with gout in the NZ Caucasian 
case-control sample-set and FHS affection subsets (gout interrelatedness removed, hyperuricemia, 
super hyperuricemia, and Vitamin D3 deficiency). 

 Genotype analysis C allele OR (95% CI) P 
Value 

Cohort AA AC CC    

Cau Cases 71 
(0.348) 

84 
(0.412) 

49 
(0.240) 

182 
(0.446) 0.98(0.78-1.24) 0.89 

Cau Controls 157 
(0.312) 

239 
(0.476) 

107 
(0.213) 

453 
(0.451) 

FHS (Gout inter 
removed) Cases 

 

16 
(0.239) 

35 
(0.522) 

16 
(0239) 

67 
(0.500) 1.13(0.80-1.58) 0.50 

FHS (Gout inter 
removed) Controls 

1320 
(0.280) 

2350 
(0.499) 

1042 
(0.221) 

4434 
(0.471) 

FHS (Hyper) Cases 145 
(0.251) 

303 
(0.525) 

129 
(0.224) 

561 
(0.486) 1.1(0.97-1.25) 0.14 

FHS (Hyper) Controls 905 
(0.292) 

1521 
(0.491) 

672 
(0.217) 

2865 
(0.462) 

FHS (Super hyper) 
Cases 

14 
(0.163) 

55 
(0.640) 

17 
(0.198) 

89 
(0.517) 1.24(0.92-1.68) 0.16 FHS (Super hyper) 

Controls 
1049 

(0.289) 
1791 

(0.495) 
787 

(0.217) 
3365 

(0.464) 

FHS (Vit D def) Cases 102 
(0.296) 

174 
(0.504) 

69 
(0.200) 

312 
(0.452) 0.94(0.80-1.10) 0.45 

FHS Controls 967 
(0.283) 

1707 
(0.499) 

744 
(0.218) 

3195 
(0.467) 
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A meta-analysis of the VDR-rs7975232 variant was performed to combine the NZ Caucasian 

sample-set and the FHS (gout interrelatedness removed) subset to increase statistical power of 

the association study. No evidence for association of the VDR-rs7975232 variant with gout 

(p= 0.76) was detected within the combined sample-sets. There was also no evidence of 

genetic heterogeneity between the combined cohorts indicated by a B-D value of p= 0.472 

 

 
Figure 3.1.3A Meta-analysis of the NZ Caucasian case-control sample-set and FHS (gout interrelatedness 
removed) dataset for the VDR gene variant rs7975232 (ApaI). % Weight indicates the amount each dataset 
contributed to the overall data.  

 
 
The VDR-rs7975232 variant was also tested for association with gout in the M!ori, East 

Polynesian and West Polynesian sample-sets, shown in Table 3.1.3B. There was no evidence 

for association of the VDR-rs7975232 variant with gout in the M!ori (p= 0.14, OR= 

0.77[0.54-1.09]), East Polynesian (p= 0.40, OR= 0.87[0.62-1.20]) and West Polynesian (p= 

0.31, OR= 0.78[0.48-1.27]) sample-sets prior to population stratification. Results from the 

STRAT analysis for the VDR-rs7975232 are presented in Table 3.1.3B. The VDR-rs7975232 

did not return significant STRAT P-values, after accounting for Caucasian admixture in the 

M!ori (p= 0.34), East Polynesian (p= 0.58) and West Polynesian (p=0.60) sample-sets.  

 

!
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Table 3.1.3B Association analysis of the VDR-rs7975232 variant with gout in the M!ori, East 
Polynesian and West Polynesian case-control sample-sets.  

 Genotype analysis C allele OR (95% CI) P 
Value 

P-
STRAT 
Value 

Cohort AA AC CC     

M!ori Cases 39 
(0.429) 

34 
(0.374) 

18 
(0.198) 

70 
(0.385) 0.77(0.54-1.09) 0.14 0.34 M!ori 

Controls 
71 

(0.327) 
97 

(0.447) 
49 

(0.226) 
195 

(0.449) 

EP Cases 41 
(0.387) 

44 
(0.415) 

21 
(0.198) 

86 
(0.406) 0.87(0.62-1.20) 0.40 0.58 

EP Controls 73 
(0.333) 

99 
(0.452) 

47 
(0.215) 

193 
(0.441) 

WP Cases 48 
(0.522) 

24 
(0.261) 

20 
(0.217) 

64 
(0.348) 0.78(0.48-1.27) 0.31 0.60 

WP Controls 23 
(0.426) 

18 
(0.333) 

13 
(0.241) 

44 
(0.407) 

 

Meta-analysis to combine the East Polynesian and West Polynesian sample-sets showed no 

evidence for association of the VDR-rs7975232 variant with gout in the Polynesian 

population (p= 0.21, OR= 0.84[0.64-1.10]). The Breslow-Day (B-D) test also showed no 

evidence for genetic heterogeneity between the combined Polynesian sample sets (p= 0.710). 
 

 
Figure 3.1.3B Meta-analysis of the East Polynesian and West Polynesian case-control sample-sets for the VDR 
gene variant rs7975232 (ApaI). % Weight indicates the amount each dataset contributed to the overall data. 
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3.2 Testing the cytochrome p450, family 27, sub-family B, polypeptide 1 (CYP27B1) 

gene variant for association with gout in the NZ case-control sample sets 

 
1!-hydroxylase, encoded by the cytochrome p450, family 27, sub-family B, polypeptide 1 

(CYP27B1) gene is responsible for the generation of 1,25(OH)2D3 from the inactive Vitamin 

D3 precursor 25-hydroxycholecalciferol (25(OH)D3) (refer to section 1.25.2) (Bailey et al 

2007). The identification of the CYP27B1 gene in immune cells suggests that locally 

produced 1,25(OH)2D3 may contribute to the immune regulation of certain diseases (Guillot et 

al 2010). Here, one CYP27B1 gene variant was selected (rs4646536) (refer to section 3.2.1) 

for association testing with the NZ Caucasian, M!ori, East Polynesian and West Polynesian 

case-control sample-sets. 

 

3.2.1 Testing the CYP27B1 gene variant, rs4646536 for association with gout in the NZ case-

control sample sets and FHS datasets (analyzed using PCR/RFLP). 

 

The non-functional rs4646536 variant (A/G) is located in intron 6 of the CYP27B1 gene 

(Bailey et al 2007). The presence of the CYP27B1-rs4646536 gene variant (or another variant 

in complete LD) may reduce the level of biological 1!-hydroxylase resulting in decreased 

production of 1,25(OH)2D3 (refer to section 1.25.2.1) (Bailey et al 2007). 

 

Initially, primers were designed to flank the CYP27B1-rs4646536 variant (A/G) site. 

However primer optimization via PCR/RFLP failed to ascertain discrete bands to indicate 

ideal annealing temperature and MgCl2 concentration. This complication was most likely 

attributed to the formation of secondary structures due to a high G.C content  (64%) within 

the primer sequences. Another CYP27B1 gene variant in strong LD was chosen to represent 

CYP27B1-rs4646536. The CYP27B1-rs8181644 variant (T/C) was selected, as it was in 

complete LD with CYP27B1-rs4646536 (r2= 1.0) variant in both the Caucasian and Chinese 

reference HapMap haplotypes (Figure 3.2.1A). Primer optimization was successful and 

CYP27B1-rs8181644 genotypes were easily distinguishable for testing with gout in the NZ 

case-control sample-sets 
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Figure 3.2.1A LD structure of the CYP27B1 gene region indicating r2 scores between rs4646536, and 
rs8181644 in both (A) Caucasian and (B) Chinese population. Black squares indicate complete LD.  

 

The allelic and genotype frequencies for the CYP27B1-rs8181644 variant in the NZ 

Caucasian sample-set is presented in Table 3.2.1.A.  The CYP27B1-rs8181644 variant 

showed no evidence for association in both the NZ Caucasian case-control sample-set (p= 

0.23, OR= 0.87[0.69-1.10]) and the FHS gout affection subset (p= 0.66, OR= 0.92[0.63-

1.34]) (refer to Table 3.2.1A). There are significant discrepancies in the CYP27B1-

rs8181644 minor (C) allele frequencies between the NZ Caucasian results (cases= 0.366, 

controls= 0.399) and the FHS (gout interrelatedness removed) subset (cases= 0.297, controls= 

0.311). Examination of the Caucasian HapMap data confirmed the minor allele frequency 

(MAF= 0.389) to be in range with the NZ Caucasian result. Scatter-plot analysis of the 

CYP27B1-rs8181644 variant in the FHS sample-set revealed the polymorphism was MACH-

imputed using information from a SNP in complete LD (rs10877109). The CYP27B1-

rs10877109 raw genotype calling was distorted thus affecting imputation accuracy rates and 

minor allele distribution for the CYP27B1-rs8181644 (Figure 3.2.1B). Therefore FHS data 

for rs8181644 was considered unreliable.  
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Table 3.2.1A Association analysis of the CYP27B1-rs8181644 (surrogate marker for rs4646536) 
variant with gout in the NZ Caucasian case-control sample-set and the FHS (gout 
interrelatedness removed) subset. 

 Genotype analysis C allele OR (95% CI) P 
Value 

Cohort TT TC CC    

Cau Cases 84 
(0.396) 

101 
(0.476) 

27 
(0.127) 

155 
(0.366) 0.87(0.69-1.10) 0.23 

Cau Controls 187 
(0.374) 

228 
(0.455) 

86 
(0.172) 

400 
(0.399) 

FHS (Gout inter 
removed) Cases 

 

36 
(0.537) 

23 
(0.343) 

8 
(0.119) 

39 
(0.291) 0.92(0.63-1.34) 0.66 

FHS (Gout inter 
removed) Controls 

2239 
(0.475) 

2036 
(0.432) 

437 
(0.093) 

2910 
(0.309) 

 

 
Figure 3.2.1B Scatter-plot of CYP27B1-rs10877019 genotype calls (imputed data for CYP27B1-
rs8181644) 
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The allelic and genotype frequencies of the CYP27B1-rs8181644 gene variant in the M!ori, 

East Polynesian and West Polynesian sample-sets are shown in Table 3.2.1B. The CYP27B1-

rs8181644 variant demonstrated no evidence for association with gout in the M!ori (p= 0.18 

OR= 1.26[0.89-1.79], East Polynesian (p= 0.20, OR= 1.23[0.89-1.71] and West Polynesian 

(p= 0.53, OR= 1.18[0.70-1.97] case-control sample-sets. A trend towards association with 

gout susceptibility was detected in the M!ori (p= 0.075) sample-set but not with the East 

Polynesian (p=0.26) and West Polynesian (p= 0.54) sample-sets after accounting for possible 

stratification owing to Caucasian admixture.  

 
Table 3.2.1B Association analysis of the CYP27B1-rs8181644 variant with gout in the M!ori, 
East Polynesian and West Polynesian case-control sample-sets.  

 Genotype analysis C allele OR (95% CI) P 
Value 

P-
STRAT 
Value 

Cohort TT TC CC     

M!ori Cases 18 
(0.191) 

47 
(0.5) 

29 
(0.309) 

105 
(0.559) 1.26(0.89-1.79) 0.18 0.075 

M!ori Controls 58 
(0.269) 

100 
(0.463) 

58 
(0.269) 

216 
(0.500) 

EP Cases 23 
(0.211) 

51 
(0.468) 

35 
(0.321) 

121 
(0.555) 1.23(0.89-1.71) 0.20 0.26 

EP Controls 59 
(0.269) 

100 
(0.457) 

60 
(0.274) 

220 
(0.502) 

WP Cases 8 
(0.083) 

34 
(0.354) 

54 
(0.562) 

142 
(0.740) 1.18(0.70-1.97) 0.53 0.54 

WP Controls 5 
(0.086) 

24 
(0.414) 

29 
(0.500) 

82 
(0.707) 

 

Meta-analysis, to combine genotype data from the East Polynesian and West Polynesian 

sample-sets, showed no evidence for association of the CYP27B1-rs8181644 variant with 

gout in the Polynesian population (p= 0.16, OR= 1.22[0.93-1.61]). The B-D test for the 

CYP27B1-rs8181644 variant showed no evidence for genetic heterogeneity between the two 

sample-sets (p= 0.876).  
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Figure 3.2.1C Meta-analysis of the East Polynesian and West Polynesian case-control sample-sets for the 
CYP27B1 gene variant rs8181644. % Weight indicates the amount each dataset contributed to the overall data. 
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3.3 Testing the cytochrome p450, family 2, sub-family R, polypeptide 1 (CYP2R1) gene 

variant for association with gout in the NZ case-control sample sets 

 

The cytochrome p450, family 2, sub-family R, polypeptide 1 (CYP2R1) gene encodes for the 

hepatic Vitamin D3 25-hydroxylase enzyme (Cheng et al 2004). The CYP2R1 gene catalyzes 

the initial conversion reaction of precursor Vitamin D3 into the intermediate 25-

hydroxyvitamin D3 (major circulating form) (refer to section 1.25.3) (Ramos-Lopez et al 

2007). Here, one CYP2R1 gene variant was selected (rs10741657) for association testing 

with the NZ case-control sample-sets 

 

3.3.1 Testing the CYP2R1 gene variant rs10741657 for association with gout in the NZ case-

control sample sets and FHS datasets (analyzed using PCR/RFLP). 

 

The rs10741657 variant (A/G) is located in the promoter region of the CYP2R1 gene (Bu et 

al 2010). Polymorphic variation in the rate-limiting CYP2R1 gene could lead to functional 

changes in enzyme activity, resulting in reduced production of serum 25-hydroxyvitamin D3 

(refer to section 1.25.3.1) (Ramos-Lopez et al 2007). 

 

The allelic and genotype frequencies of the CYP2RI-rs10741657 gene variant in the NZ 

Caucasian case-control sample-set are shown in Table 3.3.1A.  No significant differences 

were observed in genotype and allele frequencies between the NZ Caucasian case-control 

groups for the CYP2RI-rs10741657 variant (p= 0.42, OR= 1.1[0.87-1.37]). Furthermore there 

was no evidence for association of the CYP2RI-rs10741657 variant with any of the FHS 

affection subsets (gout interrelatedness removed, hyperuricemia, super hyperuricemia and 

Vitamin D3 deficiency) (Table 3.3.1A). 
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Table 3.3.1A Association analysis of the CYP2R1-rs10741657 variant with gout in the NZ 
Caucasian case-control sample-set and FHS affection subsets (gout interrelatedness removed, 
hyperuricemia, super hyperuricemia and Vitamin D3 deficiency). 

 Genotype analysis A allele OR (95% CI) P 
Value 

Cohort GG AG AA    

Cau Cases 64 
(0.300) 

104 
(0.488) 

45 
(0.211) 

194 
(0.455) 1.1(0.87-1.37) 0.42 

Cau Controls 159 
(0.317) 

253 
(0.503) 

91 
(0.181) 

435 
(0.432) 

FHS (Gout inter 
removed) Cases 

 

30 
(0.448) 

27 
(0.403) 

10 
(0.149) 

47 
(0.351) 0.80(0.56-1.15) 0.23 

FHS (Gout inter 
removed) Controls 

1704 
(0.362) 

2224 
(0.472) 

784 
(0.166) 

3792 
(0.402) 

FHS (Hyper) Cases 216 
(0.374) 

266 
(0.461) 

95 
(0.16) 

456 
(0.395) 0.96(0.84-1.10) 0.53 

FHS (Hyper) Controls 1110 
(0.358) 

1467 
(0.474) 

521 
(0.168) 

2509 
(0.405) 

FHS (Super hyper) 
Cases 

24 
(0.279) 

46 
(0.534) 

16 
(0.186) 

78 
(0.453) 1.24(0.91-1.68) 0.17 FHS (Super hyper) 

Controls 
1320 

(0.364) 
1700 

(0.469) 
607 

(0.167) 
2914 

(0.402) 

FHS (Vit D def) Cases 113 
(0.328) 

170 
(0.493) 

62 
(0.180) 

294 
(0.426) 1.11(0.94-1.30) 0.21 

FHS Controls 1245 
(0.364) 

1601 
(0.468) 

572 
(0.167) 

2745 
(0.402) 

 

A meta-analysis was performed to coalesce the NZ Caucasian and the FHS (gout 

interrelatedness removed) sample-sets for the CYP2R1-rs10741657 gene variant. The 

combined datasets demonstrated no evidence for association with gout (p= 1.00, OR= 

1.00[0.83-1.21]). There was also no significant genetic differences between the NZ Caucasian 

sample-set and the FHS dataset indicated by a B-D value of p= 0.147   
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Figure 3.3.1A Meta-analysis of the NZ Caucasian case-control sample-set and FHS (gout interrelatedness 
removed) dataset for the CYP2R1 gene variant rs10741657. % Weight indicates the amount each dataset 
contributed to the overall data.  

 

The genotype and allelic distributions of the CYP2R1-rs10741657 gene variant in the M!ori, 

East Polynesian and West Polynesian sample-sets are presented in Table 3.3.1.B.  There was 

evidence for a minor association of the CYP2R1-rs10741657 variant with gout susceptibility 

in the overlapping M!ori (p= 0.009, OR= 1.60[1.12-2.24]) and East Polynesian (p= 0.015, 

OR= 1.50[1.08-2.08]) but not with the West Polynesian (p= 0.80, OR= 1.07[0.66-1.72]) 

sample-sets (preceding population stratification). Association of the CYP2R1-rs10741657 

variant in the M!ori (p= 0.019) and East Polynesian (p= 0.04) sample-sets was also evident 

after accounting for population stratification (Caucasian admixture).  
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Table 3.3.1B Association analysis of the CYP2R1-rs10741657 variant with gout in the M!ori, East Polynesian 
and West Polynesian case-control sample-sets.  

 Genotype analysis A allele OR (95% CI) P 
Value 

P-
STRAT 
Value 

Cohort GG AG AA     

M!ori Cases 21 
(0.223) 

37 
(0.394) 

36 
(0.383) 

109 
(0.580) 1.60(1.12-2.24) 0.009 0.019 M!ori 

Controls 
63 

(0.292) 
105 

(0.486) 
48 

(0.222) 
201 

(0.465) 

EP Cases 26 
(0.239) 

42 
(0.385) 

41 
(0.376) 

124 
(0.569) 1.50(1.08-2.08) 0.015 0.04 

EP Controls 61 
(0.280) 

110 
(0.505) 

47 
(0.216) 

204 
(0.468) 

WP Cases 34 
(0.351) 

49 
(0.505) 

14 
(0.144) 

77 
(0.397) 1.07(0.66-1.72) 0.80 0.66 

WP Controls 22 
(0.400) 

24 
(0.436) 

9 
(0.164) 

42 
(0.382) 

 

Meta-analysis of the CYP2R1-rs10741657 variant showed evidence for nominal association 

with gout in the combined East Polynesian and West Polynesian sample-sets (p= 0.031, OR= 

1.35[1.03-1.76]). There was no evidence for genetic heterogeneity between the Polynesian 

populations indicated by a B-D value of (p= 0.249).  

 

 
Figure 3.3.1B Meta-analysis of the East Polynesian and West Polynesian case-control sample-sets for the 
CYP2R1 gene variant rs10741657. % Weight indicates the amount each dataset contributed to the overall data. 
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3.4 Testing the peroxisome proliferator-activated receptor gamma (PPAR!) gene 

variant for association with gout in the NZ case-control sample sets 

 

Obesity is recognized as a clinical risk factor for the development of gout. Obesity is 

characterized by increased adipose tissue mass from the dysregulation of adipogenesis 

process (Wood 2007). Expression of the peroxisome proliferator-activated receptor gamma 

(PPAR!) gene is an early pivotal event in the differentiation of adipocytes (Celi and Shuldiner 

2002). Vitamin D3 has been found to prevent adipogenesis through the inhibition of the 

PPAR! gene (Wood 2007). Here, one PPAR! gene variant was selected (rs1801282) for 

association testing with the NZ case-control sample-sets.  

 

3.4.1 Testing the PPAR! gene variant rs1801282 for association with gout in the NZ case-

control sample sets and FHS datasets (analyzed using PCR/RFLP). 

 

The non-synonymous rs1801282 variant (C/G, Pro12Ala) is located in the PPAR!-specific 

exon B of the PPAR! gene (Mossner et al 2007).  Previous studies have shown the PPAR!-

rs1801282 gene variant to be associated with metabolic syndrome and type II diabetes 

through effects on insulin sensitivity (Tellechea et al 2009). 

 

The allelic and genotype frequencies for the PPAR!-rs1801282 variant in the NZ Caucasian 

sample set is presented in Table 3.4.1A. There was no evidence for association of the PPAR!-

rs1801282 variant with gout in the NZ Caucasian sample-set (p= 0.13, OR= 0.72[0.47-1.10]). 

There was also no evidence for association of the PPAR!-rs1801282 variant with any of the 

FHS affection status subsets as shown in Table 3.4.1A.  
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Table 3.4.1A Association analysis of the PPAR!-rs1801282 variant with gout in the NZ 
Caucasian case-control sample-set and FHS affection subsets (gout interrelatedness removed, 
hyperuricemia, super hyperuricemia and Vitamin D3 deficiency). 

 Genotype analysis G allele OR (95% CI) P 
Value 

Cohort CC CG GG    

Cau Cases 182 
(0.863) 

28 
(0.133) 

1 
(0.005) 

30 
(0.071) 0.72(0.47-1.10) 0.13 

Cau Controls 462 
(0.816) 

100 
(0.177) 

4 
(0.007) 

108 
(0.095) 

FHS (Gout inter 
removed) Cases 

 

54 
(0.801) 

13 
(0.194) 

0 
(0.000) 

13 
(0.097) 0.84(0.47-1.50) 0.56 

FHS (Gout inter 
removed) Controls 

3706 
(0.787) 

948 
(0.201) 

58 
(0.012) 

1064 
(0.113) 

FHS (Hyper) Cases 458 
(0.793) 

113 
(0.195) 

6 
(0.010) 

125 
(0.108) 0.90(0.73-1.10) 0.30 

FHS (Hyper) Controls 2396 
(0.773) 

667 
(0.215) 

35 
(0.011) 

737 
(0.118) 

FHS (Super hyper) 
Cases 

7171 
(0.826) 

15 
(0.174) 

0 
(0.000) 

15 
(0.087) 0.71(0.42-1.22) 0.21 FHS (Super hyper) 

Controls 
2813 

(0.776) 
772 

(0.213) 
42 

(0.012) 
856 

(0.118) 

FHS (Vit D def) Cases 271 
(0.786) 

71 
(0.206) 

3 
(0.0087) 

77 
(0.112) 0.94(0.74-1.21) 0.65 

FHS Controls 2654 
(0.776) 

725 
(0.212) 

39 
(0.011) 

803 
(0.118) 

 

In a fixed effect meta-analysis of the NZ Caucasian sample-set and the FHS (gout 

interrelatedness removed) affection subset, there was no evidence for association of the 

PPAR!-rs1801282 variant with gout (p= 0.12, OR= 0.76[0.54-1.08]). The B-D test also 

showed no evidence for genetic heterogeneity between the NZ Caucasian and the FHS (gout 

interrelatedness removed) sample-sets (p=0.677).  
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Figure 3.4.1A Meta-analysis of the NZ Caucasian case-control sample-set and the FHS (gout interrelatedness 
removed) dataset for the PPAR! gene variant rs1801282. % Weight indicates the amount each dataset 
contributed to the overall data.  

 

The distribution of allelic and genotype frequencies for the PPAR!-rs1801282 gene variant in 

the case-control M!ori, East Polynesian and West Polynesian sample-sets are shown in Table 

3.4.1B. There was no evidence for association of the PPAR!-rs1801282 variant with gout in 

the M!ori (p= 0.94, OR= 1.02[0.59-1.75]), East Polynesian (p= 0.29, OR= 0.96[0.59-1.50]) 

and West Polynesian (p= 0.88, OR= 0.85[0.31-2.30]) sample-sets prior to population 

stratification. There was also no evidence for association with gout of the PPAR!-rs1801282 

gene variant in the M!ori (p= 0.92), East Polynesian (p= 0.29) and West Polynesian (p= 

0.88) sample-sets, once accounting for the presence of Caucasian admixture.  

 
 

 

 

 

 

!
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Table 3.4.1B Association analysis of the PPAR!-rs1801282 variant with gout in the M!ori, 
East Polynesian and West Polynesian case-control sample-sets.  

 Genotype analysis G allele OR (95% CI) P 
Value 

P-
STRAT 
Value 

Cohort CC GC GG     

M!ori Cases 81 
(0.818) 

16 
(0.162) 

2 
(0.020) 

20 
(0.101) 1.02(0.59-1.75) 0.94 0.92 

M!ori Controls 209 
(0.813) 

45 
(0.175) 

3 
(0.012) 

51 
(0.099) 

EP Cases 106 
(0.815) 

22 
(0.169) 

2 
(0.015) 

26 
(0.100) 0.97(0.59-1.58) 0.89 0.29 

EP Controls 223 
(0.805) 

51 
(0.184) 

3 
(0.011) 

57 
(0.103) 

WP Cases 119 
(0.937) 

7 
(0.055) 

1 
(0.008) 

9 
(0.035) 0.84(0.31-2.31) 0.75 0.88 

WP Controls 77 
(0.917) 

7 
(0.083) 

0 
(0.000) 

7 
(0.041) 

 

Meta-analysis of the PPAR!-rs1801282 variant, to combine the East Polynesian and West 

Polynesian sample-sets, demonstrated no evidence for association with gout in the total 

Polynesian population (p= 0.80, OR= 0.94[0.61-1.47). A B-D value of (p= 0.811) indicates 

no significant genetic differences between the East Polynesian and West Polynesian sample-

sets.  

 

 
Figure 3.4.1B Meta-analysis of the East Polynesian and West Polynesian case-control sample-sets for the 
PPAR! gene variant rs1801282. % Weight indicates the amount each dataset contributed to the overall data. 
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3.5 Genome wide scan of the FHS gout (interrelatedness removed) dataset to detect 

polymorphic variants associated with Vitamin D3 deficiency and gout. 

 

A two-stage exploratory genome wide scan was conducted, using PLINK association test, to 

identify genetic variants associated with Vitamin D3 deficiency from the FHS sample-set 

(excluding rs7041 and rs4588) (refer to section 2.6.6.5). These variants were then prioritized 

and tested against the gout (interrelatedness removed) affection subset using PLINK case-

control analysis integrated in BC|SNPmax. All the SNPs presented below in Table 3.5 

showed no evidence for association with gout in the FHS, with the exception of rs12312282 

(p= 0.026, OR= 0.50[0.27-0.93]). The TEAD4-rs12312282 gene variant was subjected to 

further analysis with the NZ gout case-control sample sets.  

 
Table 3.5 Genome Wide Scan of SNPs  (chr1-22) associated with Vitamin D3 deficiency in the 
FHS. Rs12312282 (in bold) is shown to be associated with both Vitamin D3 deficiency and gout 
(refer to Table 3.6.1A) in the FHS. 

Gene Chr Marker Allele 

1 

Allele 

2 

Cases 

frequency 

Controls 

frequency 

P-value OR 

(95%CI) 

VDBP 4 RS2298850 C G 0.3623 0.2538 7.05E-10 1.67 
(1.41-1.97) 

VDBP 4 RS1155563 C T 0.3928 0.2776 1.99E-10 1.68 
(1.43-1.98) 

SUPTH3 6 RS12525009 T C 0.3377 0.4317 1.90E-06 0.67 
(0.57-0.79) 

SUPTH3 6 RS10948185 T C 0.3377 0.4315 1.97E-06 0.67 
(0.57-0.79) 

SUPTH3 6 RS10948192 A G 0.3377 0.4323 1.65E-06 0.67 
(0.57-0.79) 

TEAD4 12 RS12312282 C T 0.2116 0.1475 8.33E-06 1.56 
(1.28-1.89) 

Unknown 13 RS7335014 C T 0.1739 0.115 5.79E-06 1.62 
(1.31-2.00) 

Unknown 13 RS4572252 A G 0.1739 0.1153 6.57E-06 1.62 
(1.31-1.99) 

Unknown 14 RS8021159 T C 0.1435 0.0892 3.34E-06 1.71 
(1.36-2.15) 
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3.6 Testing the TEA domain family member 4 (TEAD4) gene variant for association 

with gout in the NZ case-control sample sets 

 

The TEA domain family member 4 (TEAD4) is a transcriptional enhancer factor, essential for 

trophectoderm (TE) development and caudal homeobox factor-2 (Cdx2) expression prior to 

the blastocyst stage (Nishioka et al 2009). The relationship between Vitamin D3 metabolism 

and TEAD4 expression has not been previously reported, but any potential role it may have 

could be mediated by the Cdx2 transcription factor. 

 

3.6.1 Testing the TEAD4 gene variant rs12312282 for association with gout in the NZ case-

control sample sets (analyzed using TaqMan pre-designed SNP genotyping assay). 

 

The TEAD4 gene variant, rs12312282, has not been investigated in any association studies to 

date. No known information regarding TEAD4-rs12312282 function has been reported. 

 

The allelic and genotype frequencies for the TEAD4-rs12312282 variant in the NZ Caucasian 

sample-set is presented in Table 3.6.1A. There was no evidence for association of the 

TEAD4-rs12312282 variant with gout in the NZ Caucasian sample-set (p= 0.27, OR= 

1.19[0.87-1.61]
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Table 3.6.1A Association analysis of the TEAD4-rs12312282 variant with gout in the NZ 
Caucasian case-control sample-set and FHS affection subsets (gout interrelatedness 
removed, hyperuricemia, super hyperuricemia and Vitamin D3 deficiency). 

 Genotype analysis C allele OR (95% CI) P Value 
Cohort TT TC CC    

Cau Cases 138 
(0.657) 

70 
(0.333) 

2 
(0.010) 

74 
(0.176) 1.19(0.87-1.61) 0.27 

Cau Controls 357 
(0.721) 

125 
(0.253) 

13 
(0.026) 

151 
(0.153) 

FHS (Gout inter 
removed) Cases 

 

56 
(0.836) 

11 
(0.164) 

0 
(0.000) 

11 
(0.082) 0.50(0.27-0.93) 0.026 

FHS (Gout inter 
removed) Controls 

3395 
(0.721) 

1210 
(0.257) 

107 
(0.023) 

1424 
(0.151) 

FHS (Hyper) Cases 406 
(0.704) 

157 
(0.272) 

14 
(0.024) 

185 
(0.160) 1.08(0.91-1.28) 0.41 

FHS (Hyper) Controls 2234 
(0.721) 

794 
(0.256) 

70 
(0.023) 

934 
((0.151) 

FHS (Super hyper) 
Cases 

60 
(0.698) 

26 
(0.302) 

0 
(0.000) 

26 
(0.151) 0.98(0.64-1.50) 0.93 FHS (Super hyper) 

Controls 
2600 

(0.717) 
940 

(0.259) 
87 

(0.024) 
1114 

(0.154) 

FHS (Vit D def) Cases 215 
(0.623) 

114 
(0.330) 

16 
(0.046) 

146 
(0.212) 1.55(1.28-1.89) 8.33x10-6 

FHS (Vit D def) 
Controls 

2482 
(0.726) 

864 
(0.253) 

72 
(0.021) 

1008 
(0.148) 

 

A fixed-effect meta-analysis of the TEAD4-rs12312282 variant in the NZ Caucasian and FHS 

(interrelatedness removed) gout subset, showed the presence of genetic heterogeneity 

indicating differences in sampling populations (B-D p= 0.014). A random-effect meta-

analysis was subsequently performed to account for genetic heterogeneity within these 

sample-sets. The random-effect meta-analysis showed no evidence for association with gout 

in the combined Caucasian sample-set (p= 0.62, OR= 0.81[0.35-1.88]).  
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Figure 3.6.1A Meta-analysis of the NZ Caucasian case-control sample-set and the FHS (gout interrelatedness 
removed) dataset for the TEAD4 gene variantrs12312282. % Weight indicates the amount each dataset 
contributed to the overall data.  

 

The distribution of alleles and genotypes for the TEAD4-rs12312282 variant in the M!ori, 

East Polynesian and West Polynesian sample-sets are shown in Table 3.5.2B. No evidence 

for association with gout was detected in the M!ori (p= 0.99, OR= 1.00[0.71-1.41]), East 

Polynesian (p= 0.24, OR= 1.21[0.88-1.65]) and West Polynesian (p= 0.34, OR= 1.21[0.82-

1.78]) sample-sets. STRAT-P (population stratification) values are presented in Table 3.5.2B; 

there was no evidence for association with gout of the TEAD4-rs12312282 gene variant in the 

M!ori (p= 0.70), East Polynesian (p=0.37) and West Polynesian (p=0.34), once accounting 

for population stratification. 
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Table 3.6.1B Association analysis of the TEAD4-rs12312282 variant with gout in the 
M!ori, East Polynesian and West Polynesian case-control sample-sets.  

 Genotype analysis C allele OR (95% CI) P 
Value 

P-
STRAT 
Value 

Cohort TT TC CC     

M!ori Cases 51 
(0.481) 

46 
(0.434) 

9 
(0.085) 

64 
(0.302) 1.00(0.71-1.41) 0.99 0.70 

M!ori Controls 134 
(0.482) 

120 
(0.432) 

24 
(0.086) 

168 
(0.302) 

EP Cases 56 
(0.434) 

55 
(0.426) 

18 
(0.140) 

91 
(0.353) 1.21(0.88-1.65) 0.24 0.37 

EP Controls 130 
(0.468) 

123 
(0.442) 

25 
(0.090) 

173 
(0.311) 

WP Cases 28 
(0.219) 

60 
(0.469) 

40 
(0.312) 

140 
(0.547) 1.21(0.82-1.78) 0.34 0.34 

WP Controls 21 
(0.250) 

42 
(0.500) 

21 
(0.250) 

84 
(0.500) 

 

Meta-analysis, to combine genotype data from the East Polynesian and West Polynesian 

sample-sets, showed no evidence for association of the TEAD4-rs12312282 variant with gout 

in the Polynesian population (p= 1.00, OR= 1.21[0.95-1.54]). The TEAD4-rs12312282 

variant also showed no evidence for heterogeneity between the East Polynesian and West 

Polynesian sample-sets (p= 0.131).  

 

 
Figure 3.6.1B Meta-analysis of the East Polynesian and West Polynesian case-control sample-sets for the 
TEAD4 gene variant rs12312282. % Weight indicates the amount each dataset contributed to the overall data. 
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3.7 Testing the Vitamin D binding protein (VDBP) gene variants for association with 

gout in the NZ case-control sample sets 

 

The Vitamin D binding protein (also known as group-specific component globulin (Gc-

globulin)) gene encodes the major plasma carrier protein of Vitamin D3 and its metabolites 

(Speeckaert et al 2006). Furthermore, the VDBP gene regulates immunomodulatory 

responses independent of Vitamin D3 carriage, which may influence disease pathogenesis 

(Chishimba et al 2010). Here, two VDBP gene variants were selected (rs7041 and rs4588) for 

association testing with the NZ case-control sample-sets. 

 

3.7.1 Testing the VDBP gene variant rs7041 for association with gout in the NZ case-control 

sample sets and FHS datasets (analyzed using PCR/RFLP). 

 

The non-synonymous rs7041 variant (A/C (glutamic acid for aspartic acid at position 416)) 

variant is located in exon 11 of the VDBP gene (Chishimba et al 2010). The VDBP-rs7041 

gene variant affects the differential binding affinity for Vitamin D3 metabolites, resulting in 

low mean serum Vitamin D3 concentrations (Sinotte et al 2009).  

 

The allelic and genotype frequencies for the VDBP-rs7041 variant in the NZ Caucasian 

sample-set is shown in Table 3.7.1A. There was evidence for a nominal protective 

association of the VDBP-rs7041 minor variant (A allele) with gout in the NZ Caucasian (p= 

0.02, OR= 0.77[0.61-0.97]) but not with the FHS gout (interrelatedness removed), sample-set 

(p= 0.72, OR= 0.93[0.66-1.33]). Notably the VDBP-rs7041-A variant showed strong evidence 

for association with Vitamin D3 deficiency susceptibility (p= 5.1x10-8, OR= 1.54[1.32-1.81] 

in the FHS subset, but this outcome was in the opposite direction to the NZ Caucasian gout 

association.  

 

Vitamin D3 acts as a selective immune-suppressant, with the ability to prevent or markedly 

reduce models of autoimmune diseases. It was hypothesized that Vitamin D3, through the 

effects of VDBP, may alter immunogenic responses thus easing inflammation in gout 

sufferers. Therefore VDBP gene variants were tested in the FHS against various 

immunological affection subsets (Table 3.7.1A). There was evidence for a minor protective 

association of the VDBP-rs7041 (A) minor variant with TNF! (p= 0.04, OR= 0.70[0.50-
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0.99]) affection subset but not with any of the other inflammatory affection marker subsets in 

the FHS (Table 3.7.1A). 

 
Table 3.7.1A Association analysis of the VDBP-rs7041 variant with gout in the NZ Caucasian 
case-control sample-set and FHS affection subsets (gout interrelatedness removed, 
hyperuricemia, super hyperuricemia, Vitamin D3 deficiency, Interleukin-18, Interleukin-6, 
Tumor Necrosis Factor alpha, C-reactive protein, Tumor Necrosis Factor Receptor II and 
Monocyte chemoattractant protein 1). 

 Genotype analysis A allele OR (95% CI) P Value 
Cohort CC AC AA    

Cau Cases 76 
(0.357) 

99 
(0.465) 

38 
(0.178) 

175 
(0.411) 0.77(0.61-0.97) 0.02 

Cau Controls 143 
(0.287) 

237 
(0.475) 

119 
(0.239) 

475 
(0.476) 

FHS (Gout inter 
removed) Cases 

 

21 
(0.313) 

35 
(0.522) 

11 
(0.164) 

57 
(0.425) 0.93(0.66-1.33) 0.72 

FHS (Gout inter 
removed) Controls 

1493 
(0.317) 

2282 
(0.484) 

937 
(0.2) 

4156 
(0.441) 

FHS (Hyper) Cases 189 
(0.328) 

275 
(0.477) 

113 
(0.196) 

501 
(0.434) 1.02(0.9-1.16) 0.72 

FHS (Hyper) Controls 1014 
(0.327) 

1513 
(0.488) 

571 
(0.184) 

2655 
(0.429) 

FHS (Super hyper) 
Cases 

28 
(0.326) 

39 
(0.453) 

19 
(0.221) 

77 
(0.448) 1.08(0.80-1.46) 0.62 FHS (Super hyper) 

Controls 
1187 

(0.327) 
1768 

(0.487) 
672 

(0.185) 
3112 

(0.429) 

FHS (Vit D def) Cases 81 
(0.235) 

164 
(0.475) 

100 
(0.290) 

364 
(0.528) 1.54(1.32-1.81) 5.14x10-08 FHS (Vit D def) 

Controls 
1150 

(0.336) 
1666 

(0.487) 
602 

(0.176) 
2870 

(0.420) 

FHS IL18 Cases 70 
(0.323) 

98 
(0.451) 

49 
(0.226) 

196 
(0.452) 1.02(0.82-1.23) 0.87 

FHS IL18 Controls 250 
(0.297) 

431 
(0.512) 

161 
(0.191) 

753 
(0.448) 

FHS IL6 Cases 92 
(0.3010) 

161 
(0.526) 

53 
(0.173) 

267 
(0.436) 1.04(0.88-1.23) 0.62 

FHS IL6 Controls 
1184 

(0.332) 
1729 

(0.485) 
655 

(0.184) 
3039 

(0.423) 

FHS TNF! Cases 
28 

(0.354) 
43 

(0.544) 
8 

(0.101) 
59 

(0.373) 0.70(0.5-0.99) 0.04 

FHS TNF! Controls 
190 

(0.307) 
288 

(0.466) 
140 

(0.227) 
568 

(0.460) 

FHS CRP Cases 
131 

(0.336) 
181 

(0.464) 
78 

(0.200) 
337 

(0.432) 0.97(0.83-1.13) 0.67 

FHS CRP Controls 
810 

(0.313) 
1280 

(0.494) 
500 

(0.193) 
2280 
(0.44) 

FHS TNFRII Cases 
35 

(0.172) 
52 

(0.406) 
68 

(0.335) 
170 

(0.419) 0.89(0.72-1.11) 0.33 

FHS TNFRII Controls 
261 

(0.206) 
107 

(0.493) 
397 

(0.314) 
1130 

(0.446) 

FHS MCP1 Cases 
25 

(0.195) 
52 

(0.406) 
51 

(0.398) 
102 

(0.398) 0.93(0.66-1.33) 0.72 

FHS MCP1 Controls 
37 

(0.171) 
107 

(0.493) 
73 

(0.336) 
181 

(0.417) 
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A meta-analysis of the VDBP-rs7041 variant was performed to combine the NZ Caucasian 

sample-set with the FHS (gout interrelatedness removed) affection subset. Evidence was 

found for a marginal protective effect of the VDBP-rs7041 variant with gout in the combined 

Caucasian sample-set (p= 0.038, OR= 0.82[0.67-0.99]). The B-D test demonstrated no 

evidence for genetic heterogeneity (p= 0.342) between the two sample-sets.  

 

 
Figure 3.7.1A Meta-analysis of the NZ Caucasian case-control sample-set and the FHS (gout interrelatedness 
removed) dataset for the VDBP gene variant rs7041. % Weight indicates the amount each dataset contributed to 
the overall data.  

 

The distribution of alleles and genotype frequencies for the VDBP-rs7041 in the M!ori, East 

Polynesian and West Polynesian sample-sets are shown in Table 3.7.1B. Prior to population 

stratification, the VDBP-rs7041 variant demonstrated no evidence for association with gout in 

the M!ori (p= 0.41, OR= 1.05[0.76-1.45]), East Polynesian (p= 0.58, OR= 1.09[0.80-1.48]) 

and West Polynesian (p= 0.37, OR= 1.22[0.79-1.89]) sample-sets. There was also no 

suggestion for association of the VDBP-rs7041 variant with gout in the M!ori (p= 0.78), East 

Polynesian (p= 0.78) and West Polynesian (p= 0.63) sample-sets after accounting for the 

possible presence of stratification owing to admixture with Caucasian. 
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Table 3.7.1B Association analysis of theVDBP-rs7041 variant with gout in the M!ori, East 
Polynesian and West Polynesian case-control sample-sets.  

 Genotype analysis A allele OR (95% CI) P 
Value 

P-
STRAT 
Value 

Cohort CC AC AA     

M!ori Cases 12 
(0.112) 

56 
(0.523) 

39 
(0.364) 

134 
(0.626) 1.05(0.76-1.45) 0.41 0.78 

M!ori Controls 43 
(0.155) 

127 
(0.458) 

107 
(0.386) 

341 
(0.616) 

EP Cases 14 
(0.108) 

68 
(0.523) 

48 
(0.369) 

164 
(0.631) 1.09(0.80-1.48) 0.58 0.78 

EP Controls 44 
(0.159) 

127 
(0.460) 

105 
(0.380) 

337 
(0.611) 

WP Cases 8 
(0.063) 

50 
(0.397) 

68 
(0.540) 

186 
(0.738) 1.22(0.79-1.89) 0.37 0.63 

WP Controls 9 
(0.111) 

31 
(0.383) 

41 
(0.506) 

113 
(0.698) 

 

A fixed-effect meta-analysis to combine the East Polynesian and West Polynesian sample-sets 

showed no evidence for VDBP-rs7041 variant effect with gout in the total Polynesian 

population (p= 0.36, OR= 1.13[0.88-1.45]). Meta-analysis also demonstrated no evidence for 

genetic heterogeneity in the East and West Polynesian sampling populations (B-D p-value = 

0.674).  

 

 
Figure 3.7.1B Meta-analysis of the East Polynesian and West Polynesian case-control sample-sets for the VDBP 
gene variant rs7041. % Weight indicates the amount each dataset contributed to the overall data. 
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Logistic regression analysis was performed to explore the association between VDBP-rs7041 

genotypes and gout risk. The VDBP-rs7041-AA genotype showed evidence for a protective 

association (compared to the reference VDBP-rs7041-CC genotype) with gout in the NZ 

Caucasian sample-set (p= 0.03, OR= 0.60[0.38-0.95]). There was no evidence for association 

of the VDBP-rs7041 genotypes with gout in all other NZ case-control sample-sets as shown 

in Table 3.7.1 C (B), (C), (D). 
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Table 3.7.1C Logistic regression analysis of gout occurrence with the VDBP-rs7041 
genotypes in the (A) NZ Caucasian, (B) M!ori, (C) East Polynesian and (D) West 
Polynesian case-control sample-sets. 

 
(A) 

Affection 

(Caucasian) 

Genotype 

frequency 

Logistic OR  

(95% CI) 
Logistic P value Standard error 

Genotype (CC) Cases (0.357) 1 - - 
Controls (0.287) 

Genotype (CA) Cases (0.465) 0.78(0.54-1.12) 0.187 0.145 
Controls (0.475) 

Genotype (AA) Case (0.178) 0.60(0.38-0.95) 0.03 0.140 
Controls (0.239) 

 

(B) 
Affection 

(M!ori) 

Genotype 

frequency 

Logistic OR  

(95% CI) 
Logistic P value Standard error 

Genotype (CC) Cases (0.112) 1 - - 
Controls (0.155) 

Genotype (CA) Cases (0.523) 1.38(0.77-3.22) 0.209 0.575 
Controls (0.458) 

Genotype (AA) Case (0.364) 1.33(0.64-2.30) 0.436 0.503 
Controls (0.386) 

 

(C) 
Affection 

(EP) 

Genotype 

frequency 

Logistic OR  

(95% CI) 
Logistic P value Standard error 

Genotype (CC) Cases (0.108) 1 - - 
Controls (0.159) 

Genotype (CA) Cases (0.523) 1.68(0.86-3.29) 0.128 0.575 
Controls (0.460) 

Genotype (AA) Case (0.369) 1.47(0.74-2.93) 0.277 0.517 
Controls (0.380) 

 

(D) 
Affection 

(WP) 

Genotype 

frequency 

Logistic OR  

(95% CI) 
Logistic P value Standard error 

Genotype (CC) Cases (0.063) 1 - - 
Controls (0.111) 

Genotype (CA) Cases (0.397) 1.81(0.63-5.20) 0.267 0.970 
Controls (0.383) 

Genotype (AA) Case (0.540) 1.84(0.66-5.14) 0.246 0.960 
Controls (0.506) 
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3.7.2 Testing the VDBP gene variant rs4588 for association with gout in the NZ case-control 

sample sets and FHS datasets (analyzed using PCR/RFLP). 

 

The non-synonymous rs4588 variant (G/T (threonine for lysine at position 420)) is located in 

exon 11 of the VDBP gene (Chishimba et al 2010). Consistent with the rs7041 variant in the 

VDBP gene, rs4588 is associated with differences in serum Vitamin D3 concentrations and 

differential binding affinity for Vitamin D3 metabolites (Sinotte et al 2009).  

 

The allelic and genotype frequencies for the VDBP-rs4588 variant in the NZ Caucasian 

sample-set is presented in Table 3.7.2A. There was evidence for a trend towards protective 

association of the VDBP-rs4588 variant (T allele) with gout in the NZ Caucasian sample-set 

(p= 0.05, OR= 0.77[0.59-1.00]). The FHS affection status subsets (gout (interrelatedness 

removed), hyperuricemia, super hyperuricemia and Vitamin D3 deficiency) were unavailable 

for the VDBP-rs4588 gene variant (no direct genotyping of this variant in the FHS). A 

polymorphism comprising of complete LD with the VDBP-rs4588 variant was selected as an 

alternative surrogate marker for FHS analysis. The VDBP-rs2282679 (T/G) variant was found 

to be in complete LD with VDBP-rs4588 in both Caucasian and Chinese reference haplotypes 

(the T allele of rs2282679 is equivalent to the G allele of rs4588 and vice versa). There was 

no evidence for association of the VDBP-rs2282679 variant with the gout (interrelatedness 

removed) subset in the FHS (FHS gout (interrelatedness removed), (p= 0.53, OR= 1.13[0.78-

1.63]). However the VDBP-rs2282679 variant demonstrated strong association with Vitamin 

D3 deficiency susceptibility in the FHS (p= 7.59x10-11, OR= 1.71[1.45-2.00]), similar to the 

pattern observed with the VDBP-rs7041 variant. Therefore the VDBP-rs2282679 variant 

effect was subsequently investigated against various inflammatory affection subsets in the 

FHS. There was evidence for a trend towards protective association of the VDBP-rs2282679 

variant with tumor necrosis factor receptor II expression (TNFRII) affection subset in the 

FHS (p= 0.05, OR= 0.78[0.62-1.00]).  

 

 

 

 

 

 



! "#$!

Table 3.7.2A Association analysis of the VDBP-rs4588 variant with gout in the NZ 
Caucasian case-control sample-set and FHS affection subsets (gout interrelatedness removed, 
hyperuricemia, super hyperuricemia, Vitamin D3 deficiency, Interleukin-18, Interleukin-6, 
Tumor Necrosis Factor alpha, C-reactive protein, Tumor Necrosis Factor Receptor II and 
Monocyte chemoattractant protein 1). 1VDBP-rs2282679 was used as a surrogate marker for 
VDBP-rs4588 variant in the FHS. 

Rs4588 Genotype analysis T allele OR (95% CI) P Value 
Cohort GG GT TT    

Cau Cases 113 
(0.543) 

87 
(0.418) 

8 
(0.038) 

103 
(0.248) 0.77(0.59-1.00) 0.05 

Cau Controls 241 
(0.481) 

221 
(0.439) 

40 
(0.080) 

301 
(0.300) 

 

Rs22826791 Genotype analysis G allele OR (95% CI) P Value 
Cohort TT TG GG    

FHS (Gout inter 
removed) Cases 

 

30 
(0.429) 

32 
(0.457) 

5 
(0.071) 

42 
(0.313) 1.13(0.78-1.63) 0.53 

FHS (Gout inter 
removed) Controls 

2374 
(0.504) 

1958 
(0.416) 

380 
(0.081) 

2718 
(0.288) 

FHS (Hyper) Cases 284 
(0.492) 

245 
(0.424) 

48 
(0.08) 

341 
(0.30) 1.11(0.96-1.27) 0.15 

FHS (Hyper) Controls 1627 
(0.525) 

1239 
(0.400) 

232 
(0.07) 

1703 
(0.27) 

FHS (Super hyper) 
Cases 

43 
(0.5) 

35 
(0.401) 

8 
(0.093) 

51 
(0.297) 1.10(0.79-1.53) 0.59 FHS (Super hyper) 

Controls 
1888 

(0.521) 
1462 

(0.403) 
277 

(0.076) 
2016 

(0.278) 

FHS (Vit D def) Cases 136 
(0.394) 

153 
(0.443) 

56 
(0.162) 

265 
(0.384) 1.71(1.45-2.00) 7.6x10-11 FHS (Vit D def) 

Controls 
1822 

(0.533) 
1363 

(0.400) 
233 

(0.07) 
1829 

(0.268) 

FHS IL18 Cases 107 
(0.493) 

93 
(0.429) 

17 
(0.078) 

107 
(0.493) 1.00(0.79-1.26) 0.97 

FHS IL18 Controls 411 
(0.488) 

368 
(0.437) 

63 
(0.075) 

411 
(0.488) 

FHS IL6 Cases 157 
(0.513) 

129 
(0.422) 

20 
(0.065) 

169 
(0.276) 1.00(0.83-1.20) 0.97 

FHS IL6 Controls 
1857 
(0.52) 

1446 
(0.405) 

265 
(0.074) 

1976 
(0.277) 

FHS TNF! Cases 
41 

(0.519) 
36 

(0.456) 
2 

(0.025) 
40 

(0.253) 0.76(0.52-1.12) 0.16 

FHS TNF! Controls 
298 

(0.482) 
260 

(0.421) 
60 

(0.097) 
380 

(0.307) 

FHS CRP Cases 
208 

(0.533) 
149 

(0.382) 
33 

(0.085) 
215 

(0.276) 0.95(0.80-1.12) 0.52 

FHS CRP Controls 
1311 

(0.506) 
1073 

(0.414) 
206 

(0.080) 
1485 

(0.287) 

FHS TNFRII Cases 
111 

(0.547) 
85 

(0.419) 
7 

(0.034) 
99 

(0.244) 0.78(0.62-1.00) 0.05 

FHS TNFRII Controls 
634 

(0.501) 
526 

(0.415) 
106 

(0.084) 
738 

(0.292) 

FHS MCP1 Cases 
68 

(0.531) 
48 

(0.375) 
12 

(0.094) 
72 

(0.281) 1.07(0.76-1.52) 0.69 

FHS MCP1 Controls 
115 

(0.530) 
88 

(0.406) 
14 

(0.065) 
116 

(0.267) 
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A fixed-effect meta-analysis of the VDBP-rs4588 variant was conducted with the NZ 

Caucasian and the FHS (gout interrelatedness removed) sample-sets. There was no evidence 

for association of the VDBP-rs4588 variant with gout in the combined Caucasian sample-set 

(p= 0.20, OR= 0.87[0.70-1.08]). There was also no evidence of genetic heterogeneity 

between the combined cohorts indicated by a B-D value of p= 0.096 

 

 
Figure 3.7.2A Meta-analysis of the NZ Caucasian case-control sample-set and the FHS (gout interrelatedness 
removed) dataset for the VDBP gene variant rs4588. % Weight indicates the amount each dataset contributed to 
the overall data.  

 

The allele and genotype frequencies for the VDBP-rs4588 variant in the M!ori, East 

Polynesian and West Polynesian sample-sets are presented in Table 3.7.2B. There was no 

evidence for association of the VDBP-rs4588 variant with gout in the M!ori (p= 0.66, OR 

0.92[0.65-1.31]), East Polynesian (p= 0.29, OR= 0.84[0.60-1.16]) and West Polynesian (p= 

0.68, OR= 0.91[0.59-1.41]) sample-sets. No association in the M!ori (p= 0.43), East 

Polynesian (p= 0.37) and West Polynesian (p= 0.94) were also evident after accounting for 

the possible presence of stratification owing to admixture with Caucasian. 
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Table 3.7.2B Association analysis of the VDBP-rs4588 variant with gout in the M!ori, East 
Polynesian and West Polynesian case-control sample-sets.  

 Genotype analysis T allele OR (95% CI) P 
Value 

P-
STRAT 
Value 

Cohort GG GT TT     

M!ori Cases 57 
(0.533) 

38 
(0.355) 

12 
(0.112) 

62 
(0.290) 0.92(0.65-1.31) 0.66 0.43 

M!ori Controls 129 
(0.467) 

125 
(0.453) 

22 
(0.080) 

169 
(0.306) 

EP Cases 73 
(0.562) 

45 
(0.346) 

12 
(0.092) 

69 
(0.265) 0.84(0.60-1.16) 0.29 0.37 

EP Controls 130 
(0.460) 

127 
(0.458) 

20 
(0.072) 

167 
(0.301) 

WP Cases 65 
(0.516) 

52 
(0.413) 

9 
(0.071) 

70 
(0.278) 0.91(0.59-1.41) 0.68 0.94 

WP Controls 41 
(0.506) 

32 
(0.395) 

8 
(0.099) 

48 
(0.296) 

 

Meta-analysis of the VDBP-rs4588 variant in the combined East Polynesian and West 

Polynesian sample-sets showed no evidence for association with gout in the Polynesian 

population (p= 0.275, OR= 0.86[0.66-1.12]). There was also no evidence for genetic 

heterogeneity between the combined cohorts indicated by a B-D value of p= 0.754 

 

 
Figure 3.7.2B Meta-analysis of the East Polynesian and West Polynesian case-control sample-sets for the VDBP 
gene variant rs4588. % Weight indicates the amount each dataset contributed to the overall data 
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Logistic regression analysis was performed to explore the association between VDBP-rs4588 

genotypes and gout risk. The VDBP-rs4588-TT genotype showed evidence for a protective 

association (compared to the reference VDBP-rs4588-GG genotype) with gout in the NZ 

Caucasian sample-set (p= 0.036, OR= 0.43[0.19-0.94]).  There was also evidence for a trend 

towards association of the VDBP-rs4588-GT genotype with gout in the East Polynesian 

sample-set (p= 0.052, OR 0.64[0.41-1.00]). No other of the NZ case-control sample-sets 

showed evidence for VDBP-rs4588 genotypic association with gout (Figure 3.7.2C) 
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Table 3.7.2C Logistic regression analysis of gout occurrence with the VDBP-rs4588 
genotypes in the (A) NZ Caucasian, (B) M!ori, (C) East Polynesian and (D) West 
Polynesian case-control sample-sets. 

 
(A) 

Affection 

(Caucasian) 

Genotype 

frequency 

Logistic OR  

(95% CI) 
Logistic P value Standard error 

Genotype (GG) Cases (0.543) 1 - - 
Controls (0.481) 

Genotype (GT) Cases (0.418) 0.83(0.60-1.16) 0.279 0.141 
Controls (0.439) 

Genotype (TT) Case (0.038) 0.43(0.19-0.94) 0.036 0.173 
Controls (0.080) 

 

(B) 
Affection 

(M!ori) 

Genotype 

frequency 

Logistic OR  

(95% CI) 
Logistic P value Standard error 

Genotype (GG) Cases (0.533) 1 - - 
Controls (0.467) 

Genotype (GT) Cases (0.355) 0.71(0.44-1.14) 0.152 0.171 
Controls (0.453) 

Genotype (TT) Case (0.112) 1.20(0.57-2.66) 0.592 0.485 
Controls (0.080) 

 

(C) 
Affection 

(EP) 

Genotype 

frequency 

Logistic OR  

(95% CI) 
Logistic P value Standard error 

Genotype (GG) Cases (0.562) 1 - - 
Controls (0.460) 

Genotype (GT) Cases (0.346) 0.64(0.41-1.00) 0.052 0.146 
Controls (0.458) 

Genotype (TT) Case (0.092) 1.06(0.49-2.30) 0.866 0.420 
Controls (0.072) 

 

(D) 
Affection 

(WP) 

Genotype 

frequency 

Logistic OR  

(95% CI) 
Logistic P value Standard error 

Genotype (GG) Cases (0.516) 1 - - 
Controls (0.506) 

Genotype (GT) Cases (0.413) 1.04(0.58-1.88) 0.894 0.313 
Controls (0.395) 

Genotype (TT) Case (0.071) 0.72(0.26-2.01) 0.533 0.379 
Controls (0.099) 
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3.8 Haplotype analysis of the VDBP gene variants using the NZ gout case-control 

sample-sets. 

 

To further investigate the genetic association at the VDBP gene, 2-marker haplotypes were 

tested for association with gout in the NZ gout case-control sample-sets. The common 

haplotypes associated with each of the two VDBP variants analyzed for each sample-set 

(Caucasian, M!ori, East Polynesian and West Polynesian) are shown in Table 3.8. Haplotype 

association analysis estimates pairwise (r2) LD scores between the VDBP-rs4588 and VDBP-

rs7041 variants based on the genotyping information. The measured r2 values for the NZ 

Caucasian, M!ori, East Polynesian and West Polynesian sample-sets are 0.42, 0.35, 0.24 and 

0.12 respectively.  

 

Haplotype analysis revealed a rare (TC) haplotype, consistent in all the NZ gout case-control 

sample-sets. However Pearson’s p values were not acquired from SHEsis software as 

haplotype frequencies, in both cases and controls, were below 0.03. The T C haplotype was 

notable for not being present in the M!ori and East Polynesian cases (M!ori controls 

frequency, 0.005, East Polynesian controls frequency 0.005) and in the West Polynesian 

controls (West Polynesian cases frequency, 0.016).  

 

The presence of the VDBP minor alleles haplotype (TA) showed evidence for protective 

association with gout in the NZ Caucasian (p= 0.01, OR= 0.71[0.54-0.92]) but not with the 

M!ori (p= 0.81, OR= 0.96[0.68-1.36]), East Polynesian (p= 0.39, OR= 0.87[0.62-1.2]) and 

West Polynesian (p= 0.57, OR= 0.88[0.56-1.37]) sample-sets.  

 

The presence of the VDBP major alleles haplotype (GC) demonstrated evidence for a trend 

towards susceptible association with gout in the NZ Caucasian (p= 0.05, OR= 1.261[1.00-

1.59]) sample-set. There was no significant association of the GC haplotype with gout in the 

M!ori (p= 0.66, OR= 0.93[0.67-1.37]), East Polynesian (p= 0.48, OR= 0.90[0.66-1.20]) and 

West Polynesian (p= 0.18, OR= 0.74[0.47-1.1]) sample sets, probably owing to the high 

frequency of the VDBP-rs7041-A (protective) minor allele within these populations (refer to 

Table 3.7.1B) 
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No evidence was found for association of the (GA) haplotype with gout in the NZ Caucasian 

(p= 0.66, OR= 1.07[0.79-1.44]), M!ori (p= 0.49, OR= 1.12[0.80-1.58]), East Polynesian (p= 

0.12, OR= 1.28[0.94-1.75]) and West Polynesian (p= 0.08, OR= 1.43[0.95-2.15]) sample-sets.  
 

!
Table 3.8 Haplotype analysis for the two VDBP gene variants, rs4588 and rs7041 in the NZ 
gout case-control sample-sets.  

Ancestry Haplotype Case(freq) Control(freq) Chi2 Fisher's p p-value 
Odds Ratio 

[95%CI] SNPs 

  T C 
8.65 

(0.021) 
2.45 

(0.002) -  -  rs4588/rs7041 

Caucasian T A 
94.35 

(0.227) 
297.55 
(0.298) 6.496 0.01 0.01 

0.71 
[0.54~0.92] rs4588/rs7041 

 G C 
236.35 
(0.568) 

520.55 
(0.522) 3.825 0.05 0.05 

1.26 
[1.00~1.59] rs4588/rs7041 

 G A 
76.65 

(0.184) 
177.44 
(0.178) 0.192 0.66 0.66 

1.07 
[0.79~1.44] rs4588/rs7041 

 T C 
0.00 

(0.000) 
2.97 

(0.005) -  -  rs4588/rs7041 

M!ori T A 
63.00 

(0.294) 
164.04 
(0.302) 0.057 0.81 0.81 

0.96 
[0.68~1.37] rs4588/rs7041 

 G C 
79.00 

(0.369) 
209.03 
(0.384) 0.192 0.66 0.66 

0.92 
[0.67~1.29] rs4588/rs7041 

 G A 
72.00 

(0.336) 
167.97 
(0.309) 0.479 0.49 0.49 

1.12[0.80~1
.58] rs4588/rs7041 

 T C 
0.00 

(0.000) 
2.95 

(0.005) -  -  rs4588/rs7041 

EP T A 
70.00 

(0.269) 
161.05 
(0.297) 0.745 0.39 0.39 

0.87 
[0.62~1.20] rs4588/rs7041 

 G C 
95.00 

(0.365) 
211.05 
(0.389) 0.508 0.48 0.48 

0.90 
[0.66~1.21] rs4588/rs7041 

 G A 
95.00 

(0.365) 
166.95 
(0.308) 2.47 0.12 0.12 

1.28 
[0.94~1.75] rs4588/rs7041 

 T C 
3.94 

(0.016) 
0.00 

(0.000) -  -  rs4588/rs7041 

WP T A 
66.06 

(0.264) 
46.00 

(0.295) 0.33 0.57 0.57 
0.88 

[0.56~1.37] rs4588/rs7041 

 G C 
62.06 

(0.248) 
49.00 

(0.314) 1.83 0.18 0.18 
0.74 

[0.47~1.15] rs4588/rs7041 

  G A 
117.94 
(0.472) 

61.00 
(0.391) 3.01 0.08 0.08 

1.43 
[0.95~2.15] rs4588/rs7041 
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3.8.1 Haplotype analysis of the VDBP gene variants in the FHS (gout interrelatedness 

removed) dataset. 

 

Haplotype-based association analysis was performed for different combinations of the VDBP 

gene variants rs2282679 and rs7041 in the FHS (gout interrelatedness removed) sample-set. 

There was no evidence for association among any of the haplotypic VDBP combinations with 

gout in the FHS (gout interrelatedness removed) dataset (Table 3.8.1). The GA (equivalent to 

TA) and TA (equivalent to GA) VDBP haplotype combinations were found to be in the 

opposite direction compared to the NZ Caucasian gout sample-set.  

 
Table 3.8.1 Haplotype analysis for the two VDBP gene variants, rs2282679 and rs7041in the 
FHS (gout interrelatedness removed) dataset. 

Ancestry Haplotype Case(freq) Control(freq) Chi2 
Pearson's 

p 
Odds Ratio 

[95%CI] SNPS 

FHS 

Caucasian 

G C NA NA 2.08 0.35 - rs2282679/rs7041 

G A 0.313 0.280 0.721 0.40 
1.17 

[0.81-1.70] rs2282679/rs7041 

T C 0.575 0.566 0.046 0.83 
1.04 

[0.74-1.47] rs2282679/rs7041 

T A 0.112 0.154 1.82 0.18 
0.69 

[0.40-1.18] rs2282679/rs7041 
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3.9 Testing the VDBP gene variants rs7041 and rs4588 for association with Rheumatoid 

arthritis (RA) in the Wellcome Trust Case Control Consortium (WTCCC). 

 

The co-presentation of Rheumatoid arthritis (RA) and gout is extremely rare  (only 5 known 

cases) (Kuo et al 2008). Despite different etiologies, both RA and gout express common pro-

inflammatory mediators involved in their prolonged pathogenesis, including: IL-1!, TNF" 

and IL-6 (Roelofs et al 2008). The VDBP have shown to augment immune reactions in 

response to infection and stress. The VDBP gene variants rs7041 and rs4588 were examined 

in relation with RA across the Wellcome Trust Case-Control Consortium sample-set 

(WTCCC).  

 

The allelic and genotype frequencies for the VDBP gene variants rs7041 and rs4588 in the 

WTCCC sample-set is shown in Table 3.9A and Table3.9B respectively. The VDBP-rs7041 

variant demonstrated a strong evidence for association with RA susceptibility (p= 9.9x10-5, 

OR= 1.18[1.09-1.29]). Notably the direction of association is opposite to the NZ Caucasian 

gout association (p= 0.02, OR= 0.77[0.61-0.97]). There was no evidence for association of the 

VDBP-rs4588 variant with RA in the WTCCC sample-set (p= 0.35, OR= 0.96[0.86-1.05]) 

 
Table 3.9A Association analysis of VDBP-rs7041variant with RA in the WTCCC sample-set  

 Genotype analysis A allele OR (95% CI) P Value 
Cohort CC CA AA    

WTCCC Cases 591 
(0.318) 

919 
(0.495) 

348 
(0.187) 

1615 
(0.435) 1.18(1.09-1.29) 9.9x10-5 

WTCCC Controls 943 
(0.345) 

1427 
(0.522) 

363 
(0.133) 

2153 
(0.394) 

 

Table 3.9B Association analysis of VDBP-rs4588 variant with RA in the WTCCC sample-
set  

 Genotype analysis T allele OR (95% CI) P Value 
Cohort GG GT TT    

WTCCC Cases 931 
(0.501) 

790 
(0.425) 

137 
(0.074) 

1064 
(0.286) 0.96(0.86-1.05) 0.35 

WTCCC Controls 1465 
(0.499) 

1207 
(0.411) 

263 
(0.090) 

1733 
(0.295) 
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3.10 Geographical distribution (North Island vs. South Island) of the VDBP gene 

variants rs4588 and rs7041 in the NZ Caucasian case sample-set. 

 

The VDBP gene variants, rs7041 and rs4588 allelic distributions exhibit a geographical cline 

across all human populations, thus affecting Vitamin D3 status (Speeckaert et al 2006). The 

VDBP gene variants rs7041 and rs4588 were analyzed to determine allele frequencies with 

the NZ Caucasian gout case sample-set, once discriminated by geographical location (North 

Island vs. South Island). This was to identify any potential association with gout based on 

differences in allele frequencies influenced by the environment. The Caucasian gout case 

sample-set was chosen for this analysis, as the geographical distribution of this population is 

approximately equivalent. The M!ori, East Polynesian and West Polynesian participants 

mostly reside in Auckland city. Including them in this analysis would skew population 

frequencies in favor of the North Island sample-set, leading to biased associations. 

 

Allelic and genotype frequencies for the VDBP gene variants rs7041 and rs4588 in the NZ 

Caucasian case sample-set is presented in Table 3.10A and Table 3.10B respectively. There 

was no evidence for association of the VDBP gene variants rs7041 and rs4588 with gout once 

stratified for location (rs7041: p= 0.71, OR= 1.08[0.72-1.62], rs4588: p= 0.86, OR= 

1.04[0.65-1.67]). No geographical differences of the VDBP gene variants were observed in 

the NZ Caucasian case sample-set. 

 
Table 3.10A Association analysis of VDBP-rs7041 variant with gout in the NZ Caucasian 
gout cases sample-set once discriminated by location (North Island vs. South Island) 

 Genotype analysis A allele OR (95% CI) P 
Value 

Cohort CC CA AA    

Auckland 35 
(0.347) 

49 
(0.485) 

17 
(0.168) 

83 
(0.411) 1.08(0.72-1.62) 0.71 

Christchurch/Otago 31 
(0.337) 

43 
(0.467) 

18 
(0.196) 

79 
(0.429) 

 
Table 3.10B Association analysis of VDBP-rs4588 variant with gout in the NZ Caucasian 
gout cases sample-set once discriminated by location (North Island vs. South Island) 

 Genotype analysis A allele OR (95% CI) P 
Value 

Cohort GG GT TT    

Auckland 52 
(0.542) 

41 
(0.427) 

3 
(0.031) 

47 
(0.245) 1.04(0.65-1.67) 0.86 

Christchurch/Otago 48 
(0.527) 

40 
(0.440) 

3 
(0.033) 

46 
(0.253) 
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3.11 Testing the VDBP gene variants rs7041 and rs4588 for the presence of tophus in the 

NZ ‘suspected tophus’ case-control sample-sets. 

 

Chronic gouty inflammation appears to result in the continual aggregation of monosodium 

urate crystals (MSU) and immune cells, to form macroscopic nodules termed tophi (Perez-

Ruiz et al 2007). Subsequently the presence of gouty tophi may be used as a positive indicator 

for individuals suffering from chronic gout inflammation. The VDBP gene variants rs7041 

and rs4588 were further analyzed, based on the presence of tophus (refer to section 2.6.7.3) 

in the NZ ‘suspected tophus’ case-control sample-sets.  

 

3.11.1 Testing the VDBP gene variant rs7041, for the presence of tophus in the NZ ‘suspected 

tophus’ case-control sample-set (Logistic regression analysis).  

 

The genotype and allelic distributions for the VDBP-rs7041 variant in the NZ ‘suspected-

tophus’ case-control sample-sets are shown in Table 3.11.1A. There was no evidence of any 

significant differences in genotype distribution of the VDBP-rs7041 variant in all the NZ 

‘suspected-tophus’ case-control sample-sets (Table 3.11.1A). However, there was a trend 

towards a protective association of the VDBP-rs7041 variant with the presence of tophus only 

in the NZ Caucasian sample-set (p= 0.071, OR= 0.72[0.51-1.03]).  

 
Table 3.11.1A Association analysis of the VDBP-rs7041 variant with the presence of tophus in 
the NZ ‘suspected tophus’ case-control sample-sets. 

 Genotype analysis A allele OR (95% CI) Allelic 
P Value 

Genotypic 
P Value 

Cohort CC CA AA     

Cau Tophi 
Cases 

28 
(0.389) 

31 
(0.431) 

13 
(0.181) 

57 
(0.396) 0.72(0.51-1.03) 0.071 0.182 

Cau Controls 143 
(0.286) 

238 
(0.476) 

119 
(0.238) 

476 
(0.476) 

M!ori Tophi 
Cases 

6 
(0.136) 

22 
(0.500) 

16 
(0.364) 

54 
(0.613) 0.99(0.63-1.57) 0.97 0.869 M!ori 

Controls 
43 

(0.155) 
127 

(0.458) 
107 

(0.386) 
341 

(0.616) 
EP Tophi 
Cases 

6 
(0.109) 

29 
(0.527) 

20 
(0.364) 

69 
(0.627) 1.07(0.70-1.64) 0.74 0.537 

EP Controls 44 
(0.159) 

127 
(0.460) 

105 
(0.380) 

337 
(0.611) 

WP Tophi 
Cases 

5 
(0.071) 

27 
(0.386) 

38 
(0.543) 

103 
(0.736) 1.21(0.73-2.00) 0.46 0.692 

WP Controls 9 
(0.111) 

31 
(0.383) 

41 
(0.506) 

113 
(0.698) 
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In addition, ‘suspected-tophaceous’ associations with different genotypes of the VDBP-

rs7041 variant were explored (Table 3.11.1B). Using logistic regression analysis, there was 

no evidence for association of the rs7041 genotypes and the presence of tophus in the NZ 

Caucasian, M!ori, East Polynesian and West Polynesian case-control sample-sets (Table 

3.10.1B). 

 

Table 3.11.1B Logistic regression analysis of tophaceous occurrence with the VDBP-rs7041 
variant in the (A) NZ Caucasian, (B) M!ori, (C) East Polynesian and (D) West Polynesian 
‘suspected tophus’ case-control sample-sets. 

(A) 
Affection 

(Caucasian) 
Genotype frequency 

Logistic OR  

(95% CI) 
Logistic P value Standard error 

Genotype (CC) Cases (0.389) 1 - - 
Controls (0.286) 

Genotype (CA) Cases (0.431) 0.66(0.35-1.15) 0.147 0.187 
Controls (0.476) 

Genotype (AA) Case (0.181) 0.56(0.28-1.12) 0.103 0.200 
Controls (0238) 

(B) 
Affection 

(M!ori) 
Genotype frequency 

Logistic OR  

(95% CI) 
Logistic P value Standard error 

Genotype (CC) Cases (0.136) 1 - - 
Controls (0.155) 

Genotype (CA) Cases (0.500) 1.24(0.47-3.26) 0.661 0.612 
Controls (0.458) 

Genotype (AA) Cases (0.364) 1.07(0.39-2.92) 0.892 0.548 
Controls (0.386) 

(C) 
Affection 

(EP) 
Genotype frequency 

Logistic OR  

(95% CI) 
Logistic P value Standard error 

Genotype (CC) Cases (0.109) 1 - - 
Controls (0.159) 

Genotype (CA) Cases (0.527) 1.67(0.65-4.30) 0.284 0.806 
Controls (0.460) 

Genotype (AA) Cases (0.364) 1.40(0.53-3.71) 0.503 0.697 
Controls (0.380) 

(D) 
Affection 

(M!ori) 
Genotype frequency 

Logistic OR  

(95% CI) 
Logistic P value Standard error 

Genotype (CC) Cases (0.071) 1 - - 
Controls (0.111) 

Genotype (CA) Cases (0.386) 1.57(0.47-5.23) 0.466 0.967 
Controls (0.383) 

Genotype (AA) Cases (0.543) 1.67(0.51-5.42) 0.595 1.00 
Controls (0.506) 

 



! "#$!

3.11.2 Testing the VDBP gene variant rs4588 for the presence of tophus in the NZ ‘suspected-

tophus’ case-control sample-sets (Logistic regression analysis).  

 

The allelic and genotype frequencies for the VDBP-rs4588 variant in the NZ ‘suspected-

tophus’ case-control sample-sets are presented in Table 3.10.2A. There were significant 

differences in the VDBP-rs4588 genotype distribution in the NZ Caucasian ‘suspected-tophus’ 

sample-set (p= 0.046). There was also evidence for a trend towards a protective association of 

the VDBP-rs4588 variant with the presence of tophus in the NZ Caucasian sample-set (p= 

0.078, OR= 0.69[0.46-1.04]). However, case-control analysis of the M!ori (p= 0.84), East 

Polynesian (p= 0.51) and West Polynesian (p= 0.94) sample-sets showed no evidence for 

association of the VDBP-rs4588 variant with tophi presentation (Table 3.11.2A). 

 
Table 3.11.2A Association analysis of the VDBP-rs4588 variant with the presence of tophus in 
the NZ ‘suspected-tophus’ case-control sample-sets. 

 Genotype analysis G allele OR (95% CI) Allelic 
P Value 

Genotypic 
P Value 

Cohort GG GT TT     

Cau Tophi 
Cases 

45 
(0.625) 

21 
(0.292) 

6 
(0.083) 

33 
(0.229) 0.69(0.46-1.04) 0.078 0.046 

Cau Controls 242 
(0.478) 

224 
(0.443) 

40 
(0.079) 

304 
(0.300) 

M!ori Tophi 
Cases 

24 
(0.545) 

14 
(0.318) 

6 
(0.136) 

26 
(0.295) 0.95(0.58-1.56) 0.84 0.177 M!ori 

Controls 
129 

(0.467) 
125 

(0.452) 
22 

(0.080) 
169 

(0.306) 
EP Tophi 
Cases 

32 
(0.581) 

17 
(0.309) 

6 
(0.109) 

29 
(0.264) 0.86(0.54-1.36) 0.51 0.114 

EP Controls 130 
(0.469) 

127 
(0.458) 

20 
(0.072) 

167 
(0.301) 

WP Tophi 
Cases 

32 
(0.457) 

34 
(0.486) 

4 
(0.057) 

42 
(0.300) 1.02(0.62-1.67) 0.94 0.425 

WP Controls 41 
(0.506) 

32 
(0.395) 

8 
(0.099) 

48 
(0.296) 

 

Using a logistic regression model, there was evidence for a protective association of the 

VDBP-rs4588 (GT) genotype (compared to the VDBP-rs4588-GG reference genotype) with 

tophus presentation in the NZ Caucasian heterozygote cluster (p= 0.014, OR= 0.50[0.29-

0.87]). However, there was no evidence for association, of the VDBP-rs4588 genotypes and 

the presence of tophus in the M!ori, East Polynesian and West Polynesian ‘suspected-tophus’ 

case-control sample sets (Table 3.11.2B).  
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Table 3.11.2B Logistic regression analysis of tophaceous occurrence with the VDBP-rs4588 
variant in the (A) NZ Caucasian, (B) M!ori, (C) East Polynesian and (D) West Polynesian 
‘suspected-tophus’ case-control sample-sets. 

(A) 
 

Affection 

(Caucasian) 
Genotype frequency 

Logistic OR  

(95% CI) 
Logistic P value Standard error 

Genotype (GG) Cases (0.625) 1 - - 
Controls (0.478) 

Genotype (GT) Cases (0.292) 0.50(0.29-0.87) 0.014 0.141 
Controls (0.443) 

Genotype (GG) Case (0.083) 0.80(0.32-2.01) 0.645 0.376 
Controls (0.079) 

(B) 
Affection 

(M!ori) 
Genotype frequency 

Logistic OR  

(95% CI) 
Logistic P value Standard error 

Genotype (GG) Cases (0.545) 1 - - 
Controls (0.467) 

Genotype (GT) Cases (0.318) 0.41(0.14-1.18) 0.099 0.222 
Controls (0.452) 

Genotype (GG) Cases (0.136) 0.68(0.25-1.86) 0.455 0.349 
Controls (0.080) 

(C) 
Affection 

(EP) 
Genotype frequency 

Logistic OR  

(95% CI) 
Logistic P value Standard error 

Genotype (GG) Cases (0.581) 1 - - 
Controls (0.469) 

Genotype (GT) Cases (0.309) 0.45(0.16-1.27) 0.13 0.237 
Controls (0.458) 

Genotype (GG) Cases (0.109) 0.82(0.31-2.21) 0.696 0.414 
Controls (0.072) 

(D) 
Affection 

(M!ori) 
Genotype frequency 

Logistic OR  

(95% CI) 
Logistic P value Standard error 

Genotype (GG) Cases (0.457) 1 - - 
Controls (0.506) 

Genotype (GT) Cases (0.486) 2.13(0.58-7.75) 0.253 1.4 
Controls (0.395) 

Genotype (GG) Cases (0.057) 1.56(0.43-5.65) 0.497 1.02 
Controls (0.099) 
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3.12 Testing the VDBP gene variants rs7041 and rs4588 for gender influences in gout 

presentation with the NZ gout case-control sample-sets. 

 

The incidence, complications and burdens of gout differ between men and women. For 

example, pre-menopausal women tend to be protected from the onset of gout due to the 

uricosuric effects of estrogen (Saag and Choi 2006). Subsequently, the effects of 

polymorphisms potentially playing (or acting as a marker for) a role in the pathogenesis of 

gout are often obscured by gender interactions (Saag and Choi 2006, Ordovas 2007). The 

presence of such interactions represents a departure from linear models that describe how 

polymorphisms may predict a phenotypic outcome. As a consequence, there is not an equal 

distribution of male to female cases in all the NZ gout sample-sets. 

 

3.12.1 Testing the VDBP gene variant rs7041 for a gender influence in gout presentation with 

the NZ gout case-control sample-sets (Logistic regression analysis).  

The allelic and genotype frequencies for the VDBP-rs7041 variant in the NZ gout gender-

adjusted case-control subsets are presented in Table 3.12.1A. There was no evidence for 

association of the VDBP-rs7041 variant with gout in the gender-adjusted NZ Caucasian 

(female: p= 0.51, male: p= 0.11), M!ori (female: p= 0.82, male: p= 0.21), East Polynesian 

(female: p= 0.26, male: p= 0.26) and West Polynesian (female: p= 0.33, male: p= 0.77) 

subsets.  
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Table 3.12.1A Association analysis of the VDBP-rs7041 variant with gout in the gender-
adjusted NZ gout case-control subsets. 

 Genotype analysis A allele OR  
(95% CI) 

Allelic 
P 

Value 

Genotypic 
P Value 

Cohort CC CA AA     

Cau Female Cases  10 
(0.333) 

14 
(0.467) 

6 
(0.200) 

26 
(0.433) 0.83 

(0.49-1.43) 0.51 0.78 
Cau Female Controls 88 

(0.304) 
126 

(0.436) 
75 

(0.260) 
276 

(0.478) 

Cau Male Cases  66 
(0.361) 

85 
(0.464) 

32 
(0.175) 

149 
(0.407) 0.79 

(0.60-1.05) 0.11 0.16 
Cau Male Controls 53 

(0.269) 
105 

(0.533) 
39 

(0.198) 
183 

(0.464) 

M!ori Female Cases  4 
(0.167) 

8 
(0.333) 

12 
(0.500) 

32 
(0.667) 1.08 

(0.55-2.12) 0.82 0.59 
M!ori Female Controls 11 

(0.126) 
39 

(0.448) 
37 

(0.425) 
113 

(0.649) 

M!ori Male Cases  8 
(0.095) 

48 
(0.571) 

28 
(0.333) 

104 
(0.619) 0.69 

(0.39-1.23) 0.21 0.38 
M!ori Male Controls 2 

(0.050) 
20 

(0.500) 
18 

(0.450) 
56 

(0.700) 

EP Female Cases  5 
(0.152) 

9 
(0.273) 

19 
(0.576) 

47 
(0.712) 1.33 

(0.71-2.46) 0.24 0.37 
EP Female Controls 11 

(0.128) 
38 

(0.442) 
37 

(0.430) 
112 

(0.651) 

EP Male Cases  9 
(0.092) 

59 
(0.602) 

30 
(0.306) 

119 
(0.607) 0.73 

(0.43-1.26) 0.26 0.38 
EP Male Controls 3 

(0.071) 
21 

(0.500) 
18 

(0.423) 
57 

(0.679) 

WP Female Cases  0 
(0.000) 

2 
(0.333) 

4 
(0.667) 

10 
(0.833) 2.22 

(0.43-11.76) 0.33 0.50 
WP Female Controls 4 

(0.190) 
5 

(0.238) 
12 

(0.571) 
29 

(0.690) 

WP Male Cases  8 
(0.067) 

48 
(0.403) 

63 
(0.529) 

174 
(0.731) 1.10 

(0.57-2.14) 0.77 0.62 
WP Male Controls 1 

(0.038) 
13 

(0.500) 
12 

(0.462) 
37 

(0.712) 
 

Adjusted logistic regression analysis was performed to verify for possible interaction between 

gout onset, VDBP-rs7041 genotypes (CC, CA, AA) and gender (females) in the NZ gout 

case-control sample-sets. There was no evidence for a significant interaction between the 

effects of the VDBP-rs7041 genotypes and gender with gout in the NZ Caucasian, M!ori and 

East Polynesian sample-sets (Table 3.12.1B). A gender-by-genotype analysis for the West 

Polynesian sample-set was not performed due to the low frequency of cases and controls in 

the female subset (Table 3.12.1A).  
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Table 3.12.1B Logistic regression gender-by-genotype interaction analysis of the VDBP-rs7041 
variant in the (A) NZ Caucasian, (B) M!ori and (C) East Polynesian gout case-control sample-
sets. 

(A) 
Affection 

(Caucasian) 

Genotype 

frequency 

Logistic OR  

(95% CI) 
Logistic P value Standard error 

Gender (F) x 

Genotype (CC) 
Cases (0.333) 

1 - - 
Controls (0.304) 

Gender (F) x  

Genotype (CA) 

Cases (0.467) 
1.50(0.57-3.98) 0.411 0.746 

Controls (0.436) 

Gender (F) x 

Genotype (AA) 

Cases (0.200) 
1.07(0.32-3.59) 0.915 0.660 

Controls (0.260) 

 

(B) 
Affection 

(M!ori) 

Genotype 

frequency 

Logistic OR  

(95% CI) 
Logistic P value Standard error 

Gender (F) x 

Genotype (CC) 
Cases (0.167) 

1 - - 
Controls (0.126) 

Gender (F) x  

Genotype (CA) 

Cases (0.333) 
0.94(0.11-7.96) 0.955 1.02 

Controls (0.448) 

Gender (F) x 

Genotype (AA) 

Cases (0.500) 
2.29(0.28-19.1) 0.442 2.48 

Controls (0.425) 

 

(C) 
Affection 

(EP) 

Genotype 

frequency 

Logistic OR  

(95% CI) 
Logistic P value Standard error 

Gender (F) x 

Genotype (CC) 
Cases (0.152) 

1 - - 
Controls (0.128) 

Gender (F) x  

Genotype (CA) 

Cases (0.273) 
0.56(0.08-3.71) 0.545 0.539 

Controls (0.442) 

Gender (F) x 

Genotype (AA) 

Cases (0.576) 
2.03(0.31-13.11) 0.455 1.93 

Controls (0.430) 
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3.12.2 Testing the VDBP gene variant rs4588 for a gender influence in gout presentation with 

the NZ gout case-control sample-sets (Logistic regression analysis).  

 

The allelic and genotype distributions for the VDBP-rs4588 variant in the gender-adjusted NZ 

gout case-control sample-sets are shown in Table 3.12.2A. There was no evidence for 

association of the VDBP-rs4588 variant with gout in the NZ Caucasian (female: p= 0.90), 

M!ori (female: p= 0.94, male: p= 0.98), East Polynesian (female: p= 0.63, male: p= 0.93) 

and West Polynesian (female: p = 0.30, male: p= 0.74) subsets once stratified for gender. 

However there was a trend towards a protective association of the VDBP-rs4588-T variant 

with gout in the male Caucasian subset (male: p= 0.06 OR= 0.73[0.53-1.01]) 
 

Table 3.12.2A Association analysis of the VDBP-rs4588 variant with gout in the gender-
adjusted NZ gout case-control subsets. 

 Genotype analysis T allele OR  
(95% CI) 

Allelic 
P 

Value 

Genotypic 
P Value 

Cohort GG TG TT     

Cau Female Cases  14 
(0.467) 

15 
(0.500) 

1 
(0.033) 

17 
(0.283) 0.96 

(0.53-1.72) 0.90 0.48 
Cau Female Controls 148 

(0.503) 
121 

(0.412) 
25 

(0.085) 
171 

(0.291) 

Cau Male Cases  99 
(0.556) 

72 
(0.404) 

7 
(0.039) 

86 
(0.242) 0.73 

(0.53-1.01) 0.06 0.14 
Cau Male Controls 91 

(0.460) 
94 

(0.475) 
13 

(0.066) 
120 

(0.303) 

M!ori Female Cases  13 
(0.542) 

7 
(0.292) 

4 
(0.167) 

15 
(0.313) 1.02 

(0.58-2.05) 0.94 0.081 M!ori Female 
Controls 

39 
(0.443) 

44 
(0.500) 

5 
(0.057) 

54 
(0.307) 

M!ori Male Cases  44 
(0.524) 

32 
(0.381) 

8 
(0.095) 

48 
(0.286) 1.00 

(0.56-1.82) 0.98 0.78 
M!ori Male Controls 22 

(0.550) 
13 

(0.325) 
5 

(0.125) 
23 

(0.286) 

EP Female Cases  15 
(0.456) 

14 
(0.424) 

4 
(0.121) 

22 
(0.333) 1.16 

(0.63-2.12) 0.63 0.38 
EP Female Controls 40 

(0.456) 
43 

(0.489) 
5 

(0.057) 
53 

(0.301) 

EP Males Cases  58 
(0.592) 

32 
(0.326) 

8 
(0.082) 

48 
(0.245) 0.97 

(0.54-1.76) 0.93 0.93 
EP Males Controls 24 

(0.571) 
15 

(0.357) 
3 

(0.071) 
21 

(0.250) 

WP Female Cases  4 
(0.800) 

0 
(0.000) 

1 
(0.200) 

2 
(0.200) 0.43 

(0.08-2.25) 0.30 0.22 
WP Female Controls 10 

(0.435) 
9 

(0.391) 
4 

(0.174) 
17 

(0.370) 

WP Male Cases  60 
(0.500) 

52 
(0.433) 

8 
(0.067) 

68 
(0.283) 1.13 

(0.56-2.25) 0.74 0.88 
WP Male Controls 13 

(0.520) 
11 

(0.440) 
1 

(0.040) 
13 

(0.260) 
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Gender-by-genotype testing for the VDBP-rs4588 variant in the NZ Caucasian, M!ori and 

East Polynesian sample-sets are shown in Table 3.12.2B (A), (B), (C) respectively. There 

was no evidence for a gender-by-genotype interaction of the VDBP-rs4588 variant with gout 

in all the NZ gout case-control sample-sets (Table 3.12.2B). Similarly to VDBP-rs7041, a 

gender-by-genotype analysis for the West Polynesian sample-set was not performed due to 

low frequency of cases and controls in the female subset.  
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Table 3.12.2B Logistic regression gender-by-genotype interaction analysis of the VDBP-rs4588 
variant in the (A) NZ Caucasian, (B) M!ori and (C) East Polynesian gout case-control sample-
sets. 

(A) 
Affection 

(Caucasian) 

Genotype 

frequency 

Logistic OR  

(95% CI) 
Logistic P value Standard error 

Gender (F) x 

Genotype (GG) 
Cases (0.467) 

1 - - 
Controls (0.503) 

Gender (F) x  

Genotype (GT) 

Cases (0.500) 
1.86(0.77-4.45) 0.163 0.820 

Controls (0.412) 

Gender (F) x 

Genotype (TT) 

Cases (0.033) 
0.85(0.087-8.39) 0.893 1.00 

Controls (0.085) 

 

(B) 
Affection 

(M!ori) 

Genotype 

frequency 

Logistic OR  

(95% CI) 
Logistic P value Standard error 

Gender (F) x 

Genotype (GG) 
Cases (0.542) 

1 - - 
Controls (0.443) 

Gender (F) x  

Genotype (GT) 

Cases (0.292) 
0.39(0.10-1.43) 0.155 0.259 

Controls (0.500) 

Gender (F) x 

Genotype (TT) 

Cases (0.167) 
3.00(0.44-20.2) 0.259 2.92 

Controls (0.057) 

 

(C) 
Affection 

(EP) 

Genotype 

frequency 

Logistic OR  

(95% CI) 
Logistic P value Standard error 

Gender (F) x 

Genotype (CC) 
Cases (0.456) 

1 - - 
Controls (0.456) 

Gender (F) x  

Genotype (CA) 

Cases (0.424) 
0.98(0.31-3.10) 0.977 0.576 

Controls (0.489) 

Gender (F) x 

Genotype (AA) 

Cases (0.121) 
1.92(0.26-14.5) 0.522 1.99 

Controls (0.057) 
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3.13 Testing the VDBP gene variants rs7041 and rs4588 for differences in circulating 

summer 25(OH)D3 concentrations in the NZ supplementation sample-set. 

 

The VDBP gene variants rs7041 and rs4588 generate functionally different proteins, both of 

which alter 25(OH)D3 concentrations by decreasing the binding affinity for Vitamin D3 

metabolites (Sinotte et al 2009). Here the effect of the Vitamin D3 gene variants, rs7041 and 

rs4588, with summer plasma 25(OH)D3 concentrations was assessed in a separate NZ 

supplementation sample-set.  

 

In the crude unadjusted models, there were no differences in circulating summer 25(OH)D3 

concentrations for persons with the VDBP gene variants rs7041 (ANOVA p= 0.29) and 

rs4588 (ANOVA p= 0.41). Graphically, however, the rare allele carriers of both VDBP 

variants (VDBP-rs7041-A, VDBP-rs4588-T) had lower baseline summer 25(OH)D3 

concentrations than did homozygotes or heterozygotes for the common allele (Figure 3.13A, 

3.13B).  In addition, the VDBP-rs4588-T allele was associated with a greater reduction in 

25(OH)D3 concentration, compared to the VDBP-rs7041-A variant in the NZ supplementation 

sample-set.  
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Figure 3.13A A box and whisker plot depicting the effect of VDBP-rs7041 genotypes (1= CC, 2= CA, 3= AA) 
with summer circulating 25(OH)D3 levels in the NZ supplementation sample-set.  

 

 
 

Figure 3.13B A box and whisker plot depicting the effect of VDBP-rs4588 genotypes (1= GG, 2= GT, 3= TT) 
with summer circulating 25(OH)D3 levels in the NZ supplementation sample-set.  
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3.14 Differences in supplemental Vitamin D2 and Vitamin D3 with the VDBP and serum 

25(OH)D3 concentrations. 

 

Supplemental Vitamin D is available in two distinct forms: Vitamin D2 (ergocalciferol), and 

Vitamin D3 (cholecalciferol) (Houghton and Vieth 2006). Despite both forms of Vitamin D 

supplements being offered to the public, Vitamin D3 has proven to be more potent compared 

to Vitamin D2 (Houghton and Vieth 2006). Differences in potency between both forms of 

Vitamin D are based on diminished binding of Vitamin D2 metabolites to VDBP in plasma 

(Houghton and Vieth 2006). A priori analysis was performed to determine whether the effects 

of D2 and D3 supplementation varied by VDBP gene variants rs7041 and rs4588.  

 

3.14.1 Testing the VDBP gene variant rs7041 and rs4588 effects with Vitamin D2 

supplementation and serum 25(OH)D2 concentration in the pre-assigned Vitamin D2 NZ 

supplementation sample-set. 

 

Changes in serum 25(OH)D2 levels after a 6 month intervention of daily D2 supplementation 

in the pre-assigned Vitamin D2 NZ supplementation sample-set, stratified according to 

VDBP-rs7041 and VDBP-rs4588 genotypes are shown in Figure 3.14.A and 3.14B 

respectively. There was no evidence for significant differences in circulating 25(OH)D2 levels 

pertaining to the pre-assigned D2 supplement group (refer to section 2.22) and the VDBP 

genotypes (rs7041: Kruskal Wallis test p= 0.41, rs4588: Kruskal Wallis test p= 0.20). This 

may be due to the low prevalence of the rare minor VDBP-rs7041-AA and VDBP-rs4588-TT 

genotypes in the NZ Vitamin D2 supplement sample-set. 
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!
Figure 3.14.1A - A histogram depicting VDBP gene variant rs7041 genotypic (1,1= CC, 1,2= CA, 1,3= AA) 
effect on the binding differences with Vitamin D2 supplementation and serum 25(OH)D2 concentrations in the 
pre-assigned Vitamin D2 NZ supplement group.  
 

 

 
 
Figure 3.14.1B - A histogram depicting VDBP gene variant rs4588 genotypic (1,1= GG, 1,2= GT, 1,3= TT) 
effect on the binding differences with Vitamin D2 supplementation and serum 25(OH)D2 concentrations in the 
pre-assigned Vitamin D2 NZ supplement group.  
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3.14.2 Testing the VDBP gene variant rs7041 and rs4588 effects with Vitamin D3 

supplementation and serum 25(OH)D3 concentration  in the pre-assigned NZ Vitamin D3 

supplementation sample-set. 

 

Changes in serum 25(OH)D3 levels after a 6 month intervention period for the pre-assigned 

NZ D3 supplement group, stratified according to VDBP-rs7041 and VDBP-rs4588 genotypes 

are shown in Figure 3.14.2A and 3.14.2B respectively. There was no evidence for differences 

in circulating 25(OH)D3 levels between the VDBP-rs7041 (p= 0.41) and VDBP-rs4588 (p= 

0.43) genotypes in the pre-assigned Vitamin D3 supplemental group (Figure 3.14.2A and 

Figure 3.14.2B). Graphically, however, there was suggestive evidence for differences in 

circulating 25(OH)D3 concentrations of the VDBP-rs7041-CC and VDBP-rs7041-AA 

genotypes. Although the mean remained constant, the data showed greater range in serum 

25(OH)D3 levels in individuals possessing the VDBP-rs7041-CC genotype compared to the 

VDBP-rs7041-AA genotype group. This observation however, cannot be deduced for the 

VDBP-rs4588 genotypes because of the very low prevalence (n=1) for the rare minor (TT) 

genotype. 
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Figure 3.14.2A - A box and whisker plot depicting VDBP gene variant rs7041 genotypic (1= CC, 2= CA, 3= 
AA) effect on the binding differences with Vitamin D3 supplementation and serum 25(OH)D2 concentrations in 
the pre-assigned Vitamin D3 NZ supplement group.  
 

 
 
Figure 3.14.2B - A box and whisker plot depicting VDBP gene variant rs4588 genotypic (1= GG, 2= GT, 3= 
TT) effect on the binding differences with Vitamin D3 supplementation and serum 25(OH)D2 concentrations in 
the pre-assigned Vitamin D3 NZ supplement group.  
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CHAPTER FOUR: DISCUSSION 
 

4.1 Association analysis of the VDR gene variants (rs11568820 (Cdx2), rs2228570 (FokI) 

and rs7975232 (ApaI) with gout in the NZ Caucasian, M!ori, East Polynesian and West 

Polynesian case-control sample-sets.  

 

The human VDR gene has been extensively sequenced in different populations and several 

hundred polymorphisms currently define its haplotype structure (San-Pedro et al 2005). In a 

comprehensive analysis of 3 common polymorphic variations within the VDR gene, no 

evidence for association was detected with gout in the NZ Caucasian and West Polynesian 

case-control sample-sets (rs11568820 (Cdx2) Caucasian: p= 0.28, West Polynesian: p= 0.78, 

rs2228570 (Fok1) Caucasian: p= 0.78, West Polynesian: p= 0.20 and rs7975232 (Apa1) 

Caucasian: p= 0.89, West Polynesian: p= 0.60). In contrast, analysis in the M!ori (p= 0.075) 

and East Polynesian (p= 0.054) case-control sample-sets showed evidence for a trend towards 

association of the VDR-rs11568820 T allele with increased predisposition to gout. However, 

the VDR rs2228570 and rs7975232 gene variants showed no evidence for association with 

gout in the M!ori (rs2228570: p= 0.87, rs7975232: p= 0.34) and East Polynesian 

(rs2228570: p= 0.97, rs7975232: p= 0.58) case-control sample-sets once stratified for 

Caucasian admixture. 

 

Meta-analyses of the VDR gene variants (rs11568820, rs7975232), with the NZ Caucasian 

case-control sample-set and the FHS (gout interrelatedness removed) dataset showed no 

evidence for association with gout (rs11568820: p= 0.67, rs7975232: p= 0.76). 

Unfortunately, genotypes were not obtained for the FHS VDR-rs2228570 variant (refer to 

section 3.2.3). Consequently meta-analysis of the FHS dataset with the NZ Caucasian case-

control sample-set was not performed. Meta-analyses combining the East Polynesian and 

West Polynesian case-control sample-sets showed no influence of the VDR gene variants in 

the total Polynesian population (rs11568820: p= 0.11, rs2228570: p= 0.96, rs7975232: p= 

0.21).  
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4.1.1 Functional role of rs11568820 (Cdx2) in the small intestine 

 

The VDR is preferentially expressed in the small intestine and has a key role in modifying 

calcium absorption (Arai et al 2001). The intestinal cis- element of the human VDR promoter 

interacts with the Cdx2 transcription factor altering gene expression and calcium transport 

responsiveness to cholecalciferol (Arai et al 2001). This interaction is mediated by the Cdx2 

(rs11568820) polymorphic site in the enhancer element (exon 1e) of the VDR gene (Arai et al 

2001). Functional studies have determined that rs11568820-C allele modifies the docking 

capacity of the Cdx2 transcription factor, reducing its activity relative to the T allele (Fang et 

al 2003).  

 

Several studies have investigated and reported a positive association with increased bone 

fracture risk and the VDR-Cdx2-G gene variant (equivalent to the C-allele)  (Arai et al 2001, 

Fang et al 2003). The rare GG homozygous (equivalent to CC) and AG heterozygous 

(equivalent to CT) genotypes, showed decreased binding affinity with the Cdx2 transcription 

factor (Fang et al 2003). It is hypothesized that the VDR gene Cdx2-A allele carriers would 

have higher intestinal calcium absorption because of efficient binding of Cdx2 transcription 

factor and elevated expression of calcium channel proteins (Fang et al 2003).  

 

4.1.2 The proposed hypothesis linking the rs11568820 (Cdx2) variant and the solute carrier 

family 15 member 1 (SLC15A1) transporter channel in the small intestine. 

 

The VDR-rs11568820 (Cdx2) variant has been shown to activate VDR gene transcription in 

the intestinal tract (Slattery et al 2007). The trending association of the VDR-rs11568820-T 

allele with gout observed in the M!ori and East Polynesian population may be a direct 

response to differential channel regulation in the small intestine.  

 

Several transport proteins are distributed and ubiquitously expressed in the small intestine, 

which are mediated by the actions of VDR. Transporters identified include: the organic anion 

transporter (OAT), multi-drug resistance protein (MRP) and proton coupled oligopeptide 

transporter (POT) gene families (Chow et al 2010). VDR arbitrates the expression of each of 

these transporter families independently, resulting in gene-specific functions within the small 

intestine and kidneys (Terada and Inui 2007, Chow et al 2010). The OAT gene family was 

found to regulate renal secretion and hepatic uptake of endogenous metabolites, including uric 
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acid (Terada and Inui 2007). The human MRP gene family acts as an ATP-dependent primary 

active transporter for conjugated glucuronide and sulfate substrates (Fan et al 2009). The POT 

gene class is responsible for the symport of small peptide molecules across biological 

membranes through an action potential gradient (Hu et al 2008).  

 

The H+/peptide coupled transporter 1  (PEPT-1, member of POT gene family) was chosen for 

further investigation (literature-based) here because of its nutritional importance in the 

absorption of di/tri peptide molecules from dietary sources and its direct interaction with the 

Cdx2 transcription factor (Terada and Inui 2007). PEPT-1 is encoded the by solute carrier 

family 15 member 1 (SLC15A1) gene and is expressed in a variety of tissues with different 

subcellular localization (Terada and Inui 2007). PEPT1 is most abundant in the small intestine 

and is restricted in the apical membrane of intestinal epithelial cells (Terada and Inui 2007). 

In addition SLC15A1 is classified as a high-capacity low affinity transporter and demonstrates 

broad substrate specificities ranging from different molecular size, polarity charge and 

conformation (Hu et al 2008).  

 

Serial deletion analysis of the human PEPT1 promoter demonstrated that the region of -172 to 

-35 was critical for basal transcriptional activity. Although it lacks a TATA- box, this highly 

GC-rich region is important for protein recruitment. The specificity protein 1 (Sp1) 

transcription factor recognizes and directly binds to a GC motif initiating transcription of the 

PEPT1 protein. However, the ubiquitous expression of Sp1 itself is not responsible for 

intestinal-specific expression of PEPT-1 gene: rather, Cdx2 in conjunction with Sp1 is 

required for the trans-activation of the PEPT-1 promoter (Shimakura et al 2006). 

 

The functional interaction between Cdx2 transcription factor and PEPT-1 activation may 

involve the non-genomic actions of the VDR in calcium absorption. Chow et al (2010) 

demonstrated an increase in PEPT-1 protein levels after treatment with Vitamin D3 in a time 

and dose dependent manner in rat intestine model via the presence of cAMP (which also 

mediates calcium channel activation)  (Chow et al 2010).  

 

It is plausible to speculate that the VDR-rs11568820-T allele could lead to increased re-

absorption efficiency for organic peptide compounds via up-regulation of PEPT-1 protein 

expression. Enhanced production of the PEPT-1 transporter may augment the degradation of 
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di/tri peptides into nitrogenous-based molecules, thereby increasing inputs into purine 

metabolic pathways and having a possible effect on serum uric acid concentrations and gout. 

 

4.1.3 Summary 

 

Although analysis of the VDR gene variants in the NZ case-control sample-sets demonstrated 

no evidence for association with gout, the possibility that these polymorphisms may have a 

clinical role, either in gout onset or protection cannot be overlooked. Differences in racial 

composition of the participants (M!ori, East Polynesian and West Polynesian) could have led 

to substantial heterogeneity in the study and attenuated the observed association between 

VDR gene variants and gout risk. In addition the small sample-sets used in this association 

study may also mask the weak effects of rs2228570 and/or rs7975232 gene variants may 

exert (refer to Table 4.9.1 (power calculations).  

 

4.2 Association analysis of the CYP27B1 gene variant rs8181644 (surrogate marker for 

rs4546536) in the NZ Caucasian, M!ori, East Polynesian and West Polynesian case-

control sample-sets. 

 

CYP27B1 encodes for the protein 1!-hydroxylase; the enzyme responsible for the conversion 

of 25(OH)D3 into 1!,25(OH)2D3 (Dixon and Mason 2009). Inflammatory cytokines induce 

the expression of CYP27B1 in macrophages independently from the classical Vitamin D3 

pathway (Sundqvist et al 2010). This results in the suppression of T(helper)1 type cytotoxic 

responses with the simultaneous induction of T(regulatory) cell secretion (refer to section 1.22) 

(Adorini and Penna 2008). The presence of the CYP27B1-rs4646536-T allele is associated 

with the reduction of active 1!-hydroxylase thus affecting transcriptional activity and the rate 

of final hydroxylation of 1!,25(OH)2D3 (Bailey et al 2007). The different regulation of 

hydroxylase would affect the local abundance of 1!,25(OH)2D3 and influence the 

microenvironment through antigen presenting, dendritic and regulatory immune cells (Lopez 

et al 2004). 

 

Analysis of the CYP27B1-rs8181644 variant (a surrogate marker for rs4646536) showed no 

evidence for association with gout in the NZ Caucasian (p= 0.23), East Polynesian (p= 0.26) 

and West Polynesian (p= 0.54) case-control sample-sets. However a trend towards 
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association with gout susceptibility was observed in the M!ori case-control sample-set (p= 

0.075) once population stratification was accounted for. However this result may be false due 

to the limited number of genomic stratification markers (n= 26) available to detect the extent 

of Caucasian ancestry (refer to section 4.9.5). Meta-analysis was not performed between the 

NZ Caucasian (cases= 0.366, controls= 0.399) case-control sample set and the FHS (gout 

interrelatedness removed) (cases= 0.297, controls= 0.311) dataset because of significant 

inconsistencies in the MAF (C allele) (refer to section 3.2.1). Differences in MAF may occur 

due to reduced sensitivity and specificity of low quality SNPs, which is speculated to be the 

case for the FHS gene variant rs10877019. This could lead to erroneous genotype scoring 

resulting in overlapping genotypic clusters and false-positive associations. Furthermore 

inferring missing or untyped polymorphic variants based on known SNP information, may 

have varying effects on imputation accuracy rates due to differences in LD level, marker 

density and size of reference haplotypes (Pei et al 2008). This also may contribute to the 

MAF differences observed for the CYP271B-rs8181644 variant in the NZ Caucasian, and 

FHS (gout interrelatedness removed) case-control sample-sets. Therefore the NZ Caucasian 

gout results may be a true actual representation of the CYP27B1-rs8181644 allele frequencies 

in the European population. Meta-analysis combining the East Polynesian and West 

Polynesian case-control sample-sets showed no evidence for association of the CYP27B1-

rs8181644 variant with gout in the Polynesian population (p= 0.16). 

 

4.2.1 The importance of the CYP27B1 gene variant, rs8181644 (surrogate marker for 

rs4646536), with gout and other autoimmune diseases. 

 

Although no association of rs8181644 was detected in any of the NZ gout case-control 

sample-sets, polymorphic variants within the CYP27B1 gene may still have significant 

importance in the development of gout. Several studies have reported the CYP27B1-

rs4646536 variant affects Vitamin D3 metabolism and is an etiological factor in predisposing 

to type I diabetes (Bailey et al 2007) and multiple sclerosis (Sundqvist et al 2010). 

Furthermore the CYP27B1-rs4646536 variant has also been implicated in Addison's disease, 

Hashimoto’s thyroiditis and Graves disease, although these results are awaiting confirmation 

(Lopez et al 2004). The involvement of rs4646536, or any marker in complete LD, in 

multiple autoimmune diseases suggests alteration in immune regulation is possible in the 

development of acute and/or chronic gout inflammation. Therefore, typing increased number 
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of polymorphic variants in the CYP27B1 gene may be required to capture true associations 

with gout in subsequent studies.  

 

4.2.2 Summary 

 

In conclusion the CYP27B1 gene variant rs8181644 showed no evidence for association with 

gout in the NZ case-control sample-sets. Additional studies of the association between 

CYP27B1 polymorphisms and gout outcomes are needed with larger sample-sizes and 

increased number of genomic markers for population stratification.  

 

4.3 Association analysis of the CYP2R1 gene variant rs10741657 in the NZ Caucasian, 

M!ori, East Polynesian and West Polynesian case-control sample-sets. 

 

The nature of the physiologically relevant Vitamin D3 25-hydroxylase has remained uncertain. 

Six different CYP enzymes have been shown to catalyze this reaction in vitro (Wang et al 

2010). Biological redundancy and compensation of 25-hydroxylation of Vitamin D3 is 

apparent and polymorphic variants are difficult to characterize (Wang et al 2010). The 

CYP2R1 gene was considered as a possible candidate because loss-of-function mutation 

failed to compensate for normal 25-hydroxylation activity from the other CYP enzymes 

(Wang et al 2010).  

 

Analysis of the CYP2R1 gene variant rs10741657 showed no evidence for association with 

gout in the NZ Caucasian (p= 0.42) and West Polynesian (p= 0.66) case-control sample-sets. 

However a significant susceptible association was found for the rs10741657-A minor allele 

with gout in the overlapping M!ori (p= 0.019) and East Polynesian (p= 0.04) case-control 

sample-sets. Meta-analysis of the CYP2R1 gene variant rs10741657 combining the NZ 

Caucasian case-control sample set and the FHS (gout interrelatedness removed) dataset 

showed no evidence for association with gout (p= 1.00). Meta-analysis integrating the East 

Polynesian and West Polynesian case-control sample-sets however, demonstrated some 

evidence for a susceptible association with gout in the Polynesian population  (p= 0.031, OR= 

1.35[1.03-1.76]). 
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4.3.1 Association of the CYP2R1 rs10741657 gene variant with other diseases.  

 

There have been several conflicting studies about a possible association between the CYP2R1- 

rs10741657-A allele with other diseases such as type I diabetes and asthma (clinic based) 

(Wjst et al 2006, Ramos-Lopez et al 2007). The rs10741657 variant is located in the promoter 

region of the CYP2R1 gene, and has been shown to change 25-hydroxylase activity causing a 

relative lack of 25(OH)D3 (Bu et al 2010). In the NZ gout case-control study the rs10741657-

A allele confers a susceptibility to gout in the M!ori and East Polynesian populations. In 

contrast, a number of studies have associated the rs10741657-G allele with reduced 

circulating levels of 25(OH)D3 and increased disease risk (Ramos-Lopez et al 2007, Bu et al 

2010, Wang et al 2010). Ramos-Lopez et al (2007) tested the association of the CYP2R1-

rs10741657 variant with differences in serum 25(OH)D3 levels in the German population 

from type I diabetes families (Ramos-Lopez et al 2007). The rs10741657-G allele has shown 

to be frequently associated with decreased levels of 25(OH)D3 and increased risk of type I 

diabetes in the German population (Ramos-Lopez et al 2007). In a recent genome wide study 

by Wang et al (2010), it was found that individuals possessing the CYP2R1- rs10741657-G 

allele have substantially low levels of Vitamin D3, bordering on insufficiency (Wang et al 

2010).  

 

4.3.2 Summary 

 

In summary the CYP2R1 gene variant rs10741657-A allele was found to be associated with 

gout susceptibility in the M!ori and East Polynesian case-control sample-sets. Many studies, 

however, have associated the CYP2R1-rs10741657-G allele with reduced production of 

Vitamin D3 and enhanced disease risk. Differences in population ancestry may account for 

different frequencies in CYP2R1 gene variants. Furthermore the apparent genetic redundancy 

of pre-Vitamin D3 hydroxylation to 25(OH)D3 may contribute to variation in rs10741657 

associations. Further genotyping in larger sample-sizes across all 6 CYP genes needs to be 

performed to characterize each gene’s role in Vitamin D3 metabolism. 
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4.4 Association of the PPAR!  rs1801282 gene variant in the NZ Caucasian, M!ori, East 

Polynesian and West Polynesian case-control sample-sets. 

 

Epidemiological evidence suggests that reducing obesity protects against the development of 

gout (Lenanne et al 1960). Vitamin D3 is shown to reduce obesity through negative regulation 

of the PPAR! gene (Wortsman et al 2000). The process of adipogenesis resulting in obesity 

requires a sequential series of gene expression events governed by PPAR! activation (Wood 

2007). As a consequence, the PPAR! gene variant rs1801282 was chosen for investigation in 

the NZ gout case-control sample-sets.  

 

Analysis of the PPAR! gene variant rs1801282 showed no evidence for association with gout 

in the NZ Caucasian (p= 0.13), M!ori (p= 0.92), East Polynesian (p= 0.29) and West 

Polynesian (p= 0.88) case-control sample-sets (once accounting for Caucasian admixture). 

Meta-analysis to combine the NZ Caucasian case-control sample-set and the FHS (gout inter-

relatedness removed p= 0.56) data demonstrated no evidence for association of the rs1801282 

variant with gout (p= 0.12). Similarly, meta-analysis to combine the East Polynesian and 

West Polynesian case-control sample-sets, also showed no evidence for association with gout 

(p= 0.80).  

 

4.4.1 Detection of association strength for the PPAR! rs1801282 gene variant in the NZ case-

control sample-sets 

 

The study of gene-environment interactions is challenging as polymorphic variants associated 

with gout may have a modest effect. Due to the low MAF observed in rs1801282, power 

calculations were performed. Using a significance level of p= 0.05, power calculations 

revealed the NZ case-control sample-set (excluding the West Polynesian sample-set) data had 

sufficient power to detect a strong level of association with gout. (ORestimate >2; detection rate 

Caucasian- 98%, M!ori- 79% East Polynesian- 89%). The low MAF in the NZ case-control 

sample-set for the PPAR! rs1801282 variant limited the power of this study to anything other 

then strong effects (refer to Table 4.9.1) Therefore these findings do not exclude the 

possibility that PPAR! rs1801282 variant may have a moderate to weak effect on the 

pathogenesis of gout.  
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4.4.2 The relationship between PPAR! and Vitamin D3 metabolism with respect to the 

adipogenesis process  

  

The exact role of Vitamin D3 in the process of obesity has not been elucidated. It has been 

postulated that Vitamin D3 plays a dual role in reducing obesity through the inhibition of 

certain protein complexes and decreasing PPAR! activity (Wood 2007). Liganded VDR 

inhibits adipogenesis by the repression of the C/EBP-" expression (Wood 2007). C/EBP-" is 

a CCAAT/enhancer-binding protein, which induces C/EBP-# and PPAR! expression. Once 

expressed, C/EBP-# and PPAR! enhance each other’s production and are necessary for 

terminal differentiation of pre-adipocytes into mature adipocytes (Wood 2007).  

 

The transcriptional activity of PPAR! and the VDR gene are both dependent on hetero-

dimerization with the retinoid X receptor (RXR). Based on this observation, Kong and Li 

(2006) found that sequestration of RXR with increased levels of VDR led to reduced 

transactivation of PPAR! and therefore decreased levels of adipogenesis (Kong and Li 2006). 

The PPAR!- rs1801282-G allele may cause a conformational change in the PPAR! protein 

resulting in reduced transcriptional activity and decreased hetero-dimerization with the RXR 

transcription factor (Mossner et al 2007). The ensuing availability of endogenous RXR may 

in turn be directed towards the VDR activation resulting in reduced adipogenesis via the 

partial inhibition of C/EBP-" expression. Therefore it is possible that the PPAR!-rs1801282-

G variant may have a protective role in preventing the onset of gout through the prevention of 

obesity. 

 

4.4.3 Summary 

 

In conclusion, the PPAR! rs1801282 gene variant showed no evidence for association with 

gout in the NZ case-control sample-sets. However, any clinical role it may play in the 

protection of gout onset could be secondary through it dysregulation of adipogenesis and 

increased VDR activation. The detection of gene-environment interactions requires further 

genotyping in large study populations and careful measurement of lifestyle and environmental 

exposures to allow for accurate estimates for variant effects. 
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4.5 Association analysis of the TEAD4 rs12312282 gene variant in the NZ Caucasian, 

M!ori, East Polynesian and West Polynesian case-control sample-sets. 

 

A two-stage genome wide exploratory scan was performed to identify gene variants 

associated with Vitamin D3 deficiency and gout from the FHS dataset (refer to section 

2.6.6.5).  Only the TEAD4 gene variant rs12312282 was found to be significantly associated 

with both gout (interrelatedness removed p= 0.03) and Vitamin D3 deficiency (p= 8.33 x 10-

06) affection statuses (refer to section 3.5). However the direction for association was opposite 

in the FHS: the TEAD4-rs12312282-C minor allele protects against gout but confers 

susceptibility to Vitamin D3 deficiency. As a possible link between Vitamin D3 metabolism 

and the development of gout, the TEAD4-rs12312282 variant was chosen for further 

investigation in the NZ gout case-control sample-sets. 

 

Analysis of the TEAD4-rs12312282 variant showed no evidence for association with gout in 

the NZ Caucasian (p= 0.27), M!ori (p= 0.70), East Polynesian (p= 0.37) and West 

Polynesian (p= 0.34) case-control sample sets. Meta-analysis to combine the NZ Caucasian 

case-control sample-set with the FHS dataset showed no evidence for association with gout 

(p= 0.61). Similarly meta-analysis to combine the East Polynesian and West Polynesian case-

control sample-sets also showed no evidence for association with gout in the Polynesian 

population (p=1.00). 

 

4.5.1 TEAD4 gene expression and VDR activation mediated by the Cdx2 transcription factor. 

 

A Vitamin D3 implication with TEAD4 gene expression has not been previously reported. 

TEAD4 is an early transcription factor required for specification and development of the 

trophectoderm lineage during mammalian growth (Nishioka et al 2008).  The only genetic 

evidence supporting a relationship between TEAD4 gene expression and Vitamin D3 

metabolism is their interaction with the Cdx2 transcription factor (Nishioka et al 2008).   

TEAD4 is required for maintenance and up-regulation of Cdx2 expression (Nishioka et al 

2008). Consequently Cdx2 is known to activate VDR gene transcription by binding to the 

VDR-element in the small intestine (refer to section 4.1.1 and 4.1.2) (Yamamoto et al 1999). 

It may be hypothesized that polymorphic variations localized within the TEAD4 gene may 

contribute to gout development indirectly by down-regulating Cdx2 expression and restricting 

VDR activation.  
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Figure 4.5.1 Diagram depicting the relationship between TEAD4 gene expression and Vitamin D3- mediated 
actions. The Cdx2 transcription factor may be the determining aspect in any TEAD4/Vitamin D3 axis. 
 
 
4.5.2 Summary  

 

In summary, the TEAD4 gene variant showed no evidence for association with gout in the NZ 

case-control sample-sets. However, there was a significant association of the rs12312282 

variant with gout (protection) and Vitamin D3 deficiency (susceptibility) in the FHS dataset, 

although opposite in effect. No functional studies have been conducted investigating the 

relationship between TEAD4 gene expression and Vitamin D3 transcription. However, it 

appears the Cdx2 transcription factor may be a critical determinant in both TEAD4 and VDR 

regulation. Further analysis, with larger sample-sizes and increased genomic markers (for 

population stratification) needs to be performed to confirm rs12312282 role in the 

development of gout. Gene-gene interaction may also be performed to characterize the 

relationship between Cdx2 and TEAD4 in future studies.  
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4.6 Association analysis of the Vitamin D Binding Protein (VDBP) gene variants rs7041 

and rs4588 in the NZ Caucasian, M!ori, East Polynesian and West Polynesian case-

control sample-sets. 

 

The VDBP is the main systemic transporter of Vitamin D3 metabolites to various target 

organs. In recent association studies, two common polymorphic variants located in exon 11 of 

the VDBP gene (rs7041 and rs4588) have shown to correlate with differences in binding 

affinity for Vitamin D3 metabolites and enhanced disease risk including cancer, diabetes and 

chronic obstructive pulmonary disease (COPD) (Abbas et al 2008, Sinotte et al 2009, 

Janssens et al 2010). Subsequently these variants were subjected to association testing with 

the NZ case-control sample-sets.   

 

Analysis of the VDBP gene variants rs7041 and rs4588 showed evidence for a marginal 

association and a trend towards association with gout in the NZ Caucasian case-control 

sample-set respectively (rs7041: p= 0.02, rs4588: p= 0.05). Both VDBP gene variants 

rs7041-A (OR= 0.77[0.61-0.97]) and rs4588-T (OR= 0.77[0.59-1.00]) minor alleles conferred 

protection against gout. However, the direction of association was opposite in the FHS dataset, 

with the rs7041-A and rs4588-T minor alleles conferring a strong susceptible effect with 

Vitamin D3 deficiency (Note rs2282679 was used as a surrogate marker for rs4588 analysis in 

the FHS dataset, refer to section 3.6). Analysis of the rs7041 and rs4588 gene variants 

showed no evidence for association with gout in the M!ori (rs7041: p= 0.78, rs4588: p= 

0.43), East Polynesian (rs7041: p= 0.78, rs4588: p= 0.37) and West Polynesian (rs7041: p= 

0.63, rs4588: p= 0.94) case-control sample-sets once accounting for Caucasian admixture. 

Meta-analysis to combine the NZ Caucasian case-control sample-set and the FHS (gout 

interrelatedness removed) dataset showed evidence for a trend towards protective association 

with gout for the rs7041 (p= 0.038, OR= 0.82[0.67-0.99]) variant but not for rs4588 (p=0.20). 

Meta-analysis to combine the East Polynesian and West Polynesian case-control sample-sets 

showed no evidence for association of both VDBP gene variants with gout in the Polynesian 

population (rs7041:  p= 0.36, rs4588:  p= 0.28).  

 

The differing associations with gout and Vitamin D3 deficiency may indicate that the VDBP’s 

role in the development of gout: 

• May not specifically involve the Vitamin D3 metabolic process (independent gene 

effect) (refer to section 4.6.1.2 and 4.6.1.3)  
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• Or that Vitamin D3 itself may directly promote gout inflammatory reactions (refer to 

section 4.6.1) 

Although the major purpose of VDBP involves the binding, solubilization and mobilization of 

Vitamin D3 metabolites, the ubiquitous and critical expression of VDBP suggests multiple 

functions essential to human viability (Speeckaert et al 2006). As a consequence the VDBP 

gene variants rs7041 and rs4588 were tested for association with levels of common 

inflammatory biomarkers in the FHS dataset (refer to section 2.6.6.5).  The rs7041 and 

rs4588 gene variants showed evidence for a minor association with TNF! (rs7041: p= 0.04) 

and a trend towards association with TNFRII (rs4588: p= 0.05) respectively. The direction of 

association for both TNF! and TNFRII was consistent with the protective association 

observed in the Caucasian gout case-control sample-set. Both these inflammatory markers are 

upregulated during inflammation and are hallmarks of a typical gout attack (Moro et al 2008, 

Nogueira et al 2010). The protective association both these VDBP gene variants provide 

against a gout attack may be partially mediated by the reduction in common pro-inflammatory 

cytokines including TNF! and TNFRII. 

 

4.6.1 VDBP gene variant rs7041 protection against a gout attack  

 

The ancestral rs7041-A allele was found to be significantly associated with Vitamin D3 

deficiency and gout protection in the FHS dataset and NZ Caucasian case-control sample-set 

respectively. It is generally accepted that Vitamin D3 inhibits immunity by selectively 

suppressing the production of pro-inflammatory cytokines and favoring Tregulatory cell 

development (refer to section 1.22) (Guillot et al 2010). Recent evidence, however, have 

shown that Vitamin D3 specifically stimulates innate immune responses by enhancing 

chemotactic and phagocytotic activity of macrophages (Moro et al 2008). The rs7041-A 

variant may reduce the binding affinity for Vitamin D3 metabolites and/or decrease 

concentrations of the binding protein resulting in diminished production of plasma 25(OH)D3. 

This theoretically could protect genetically susceptible individuals from an acute gout attack- 

via the suppression of macrophage differentiation and phagocytosis. 
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4.6.1.1 VDBP role as a macrophage activating factor (maf): rs4588 VDBP gene variant 

protection against gout inflammation 

 

The protective effect offered by the VDBP-rs4588-T allele might reflect its ability to restrict 

macrophage activation in response to gout inflammation. VDBP was found to stimulate 

phagocytotic activity of macrophages during times of inflammation (Abbas et al 2008). The 

process involves sequential deglycosylation of sialic acid and galactose termini of the VDBP 

by membrane bound !-galactosidase and sialidase of activated B- and T- lymphocytes (Kisker 

et al 2003). The resultant molecule is an effective activator of macrophages and is termed 

DBP-maf (Vitamin D binding protein- macrophage activating factor) (Kisker et al 2003). 

Interestingly, compared with the normal and rs7041 variant of the VDBP gene, the 

conversion of rs4588 into a potent maf solely requires !-galactosidase activity (Abbas et al 

2008). It has been hypothesized that DBP-maf activates macrophages as the first step in an 

immune developmental process. The potential role DBP-maf has in the initiation and 

recruitment of macrophages to sites of inflammation may be an important factor in a gout 

attack.  

 

The rs4588-T variant may affect protein function, such that VDBP has diminished capacity to 

be converted to maf resulting in reduced macrophage expression (Yamamoto and Homma 

1991).  This effect is partially mediated by differences in glycosylation patterns of the VDBP 

rs4588 gene variant (Yamamoto and Homma 1991). Specifically the rs4588-T allele was 

found to be less than 10% active due to a significant structural change altering the 

deglycosylation process (Abbas et al 2008). The VDBP gene variant rs4588 could be of 

significant importance in terms of protection against gout inflammation. The reduced activity 

of DBP-maf may explain the observed 25(OH)D3-independent decrease in gout risk. 

 

4.6.1.2 VDBP role as a chemotaxis agent; rs4588 VDBP gene variant protection against gout 

inflammation 

 

The primary etiological factor governing gout inflammation is neutrophil influx into the 

synovial joint fluid (Cronstein and Terkeltaub 2006). The variation in genes with a function 

related to the chemotaxis of neutrophils may confer a risk for the development of gout. Other 

than being a potent activator of macrophage recruitment, VDBP enhances the chemotactic 

activity of complement factor 5a (C5a) and complement factor 5a des Arginine (C5a des-Arg) 
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signaling neutrophilic inflammation (an essential step within the sequence of events in a 

coordinated inflammatory response) (Kew et al 1988).  The VDBP gene variant rs4588-T 

allele may diminish the chemotactic effect of complement derived C5a and C5a des Arg. 

However it has been shown that there are no disparities between the VDBP isoforms in terms 

of their ability to induce neutrophilic chemotaxis (Schellenberg et al 1998). This observation 

still awaits confirmation.  

 

4.6.2 Haplotype analysis of the VDBP gene variants rs7041 and rs4588 with the NZ 

Caucasian, M!ori, East Polynesian and West Polynesian case-control sample-sets. 

 

A 2-marker haplotype analysis of the VDBP gene variants rs7041 and rs4588 was performed 

to test for association with gout in the NZ case-control sample-sets. Differences in the coding 

of amino acids in the VDBP gene variants rs7041 and rs4588 allows for the differentiation of 

4 major group-specific component (Gc) haplotypes (rs4588/rs7041): Gc1F (G/A), Gc1S 

(G/C), Gc2 (T/A), GcX (T/C). Linkage disequilibrium scores for the NZ Caucasian (r2= 0.42), 

M!ori (r2= 0.35), East Polynesian (r2= 0.24) and West Polynesian (r2= 0.12) case-control 

sample-sets were consistent with the reference Caucasian (r2= 0.55) and Chinese (r2= 0.10) 

structure generated from HapMap data.  

 

The VDBP Gc1S (G/C) haplotype showed evidence for a trend towards association with gout 

in the NZ Caucasian case-control sample-set (p= 0.05, OR= 1.26[1.00-1.59]). However the 

VDBP Gc1S (G/C) haplotype showed no evidence for association with gout in the FHS 

dataset (p= 0.83, OR= 1.04[0.74-1.47]) or with the M!ori (p= 0.66, OR= 0.92 [0.67-1.29]), 

East Polynesian (p= 0.48, OR= 0.90 [0.66-1.21]) and West Polynesian (p= 0.18, OR= 0.74 

[0.47~1.15]) case-control sample-sets.  

 

The VDBP Gc2 (T/A) haplotype inheritance conferred a protective association with gout in 

the NZ Caucasian case-control sample-set (p= 0.01, OR= 0.707[0.54-0.92]. However this 

result was inconsistent with the FHS in terms of significance and direction of association (p= 

0.40, OR= 1.17[0.81-1.69]). This event may be attributed to differences in the rs4588-T allele 

frequency in cases and controls in the NZ Caucasian sample-set and the FHS dataset. The Gc2 

haplotype showed no evidence for association with gout in the M!ori (p= 0.81, OR= 0.96 

[0.68-1.37]), East Polynesian (p= 0.39, OR= 0.87 [0.62-1.20]) and West Polynesian (p= 0.57, 

OR= 0.88[0.56-1.37]) case-control sample-sets.  
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The VDBP Gc1F (G/A) haplotype showed no evidence for association with gout in all NZ 

case-control sample-sets (refer to section 3.8). This observation may be due to the presence 

of a masking effect by the rs7041-A on the rs4588-G allele or vice versa. Furthermore the 

VDBP Gc1F (G/A) haplotype showed no evidence for association with gout in the FHS 

dataset (p= 0.40, OR= 1.17[0.81-1.70]). 

 

4.6.3 Association of the VDBP gene variants rs4588 and rs7041 with gout discriminated by 

geographical location (North Island versus South Island) in the NZ Caucasian case sample-

set. 

 

Analysis of the VDBP gene variants rs7041 and rs4588 showed no evidence for differential 

association with gout in the NZ Caucasian case sample-set once discriminated by location 

(North Island [Auckland region] vs. South Island [Canterbury and Otago region]). The 

latitudinal differences between the North Island (Auckland region) and South Island 

(Canterbury and Otago region) of NZ may not be significant enough to determine variances 

of rs7041 and rs4588 gene variants in the NZ Caucasian case sample-set. The small sample-

size available in this study may also not be sufficiently powered to detect weak effects of 

rs4588 and rs7041 gene variants with gout once stratified for location.  

 

4.6.3.1 The geographical differences and ethnic distribution of the VDBP gene variants in the 

world’s population.  

 

A marked variation in common VDBP sub-allele frequencies in various geographical regions 

correlate with differences in skin colour and intensity of sunlight (Kamboh and Ferrell 1986). 

The Gc1F (G/A) and Gc1S (G/C) allelic ratio exhibit a geographical cline across different 

populations (Speeckhaert et al 2006). The fairer skin population has been found to possess the 

Gc1S (G/C) allele at a relatively high frequency (50-60%) (Speeckhaert et al 2006).  In 

contrast, darker skinned individuals were shown to express the Gc1F (G/A) allele more 

regularly (Kamboh and Ferrell 1986, Speeckhaert et al 2006). The differences in VDBP gene 

variant frequencies in diverse populations may preferentially be selected according to ambient 

radiation exposure (Ponsonby et al 2008). Europeans residing in high latitude countries would 

require the most competent metabolic pathway to ensure efficient production of Vitamin D3 

due to limited sun exposure (Ponsonby et al 2008). It is hypothesized that evolutionary 

pressures in these regions would promote increased prevalence of the Gc1S (G/C) variant, 
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which would account for adept Vitamin D3 metabolism in the European population 

(Ponsonby et al 2008). 

 

4.6.4 Association of the VDBP gene variants rs4588 and rs7041 with Rheumatoid Arthritis in 

the Wellcome Trust Case Control Consortium (WTCCC) dataset. 

 

Rheumatoid Arthritis (RA) is a systemic autoimmune disease characterized by chronic 

inflammation of the synovial joints. During the development and onset of RA, aberrant 

activation of autoreactive T-cells, B-cells and macrophages within the intimal lining of the 

joint synovium promote inflammation and degradation of the joint (Firestein 2003). However 

there is a widely accepted lack of a coexistent relationship between gout and RA (Phipps-

Green et al 2010). Despite different etiologies, inflammation in gout and RA are mediated by 

the same pro-inflammatory cytokines: IL-1!, TNF" and IL-6 (Firestein 2003, Roelofs et al 

2008, Busso and So 2010). Subsequently, the role of the VDBP gene variants rs7041 and 

rs4588 in the development of the inflammatory cascade common to RA (Wellcome Trust 

Case Control Consortium (WTCCC)) and gout (NZ gout sample-set) was investigated.  

 

The analysis revealed evidence for association of the VDBP rs7041 gene variant with RA in 

the WTCCC (p= 9.90 x 10-05). The rs7041-A allele was found to confer a susceptibility to RA 

development in the WTCCC dataset. Interestingly a protective effect for the rs7041-A allele 

was observed in the NZ Caucasian gout case-control sample-set. I propose that VDBP gene 

variants may protect an individual against the onset of acute inflammatory disease via the 

suppression of macrophage activation and chemotaxis. However people with these VDBP 

gene variants may paradoxically be at a greater risk of developing autoimmunity and/or 

chronic inflammatory diseases via suppression of Tregulatory cells  (discussed further in section 

4.7).  
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4.6.5 Analysis of the VDBP gene variants rs7041 and rs4588 with the presence of tophus in 

the NZ Caucasian, M!ori, East Polynesian and West Polynesian ‘suspected tophus’ case-

control sample-sets.  

 

Gout is a metabolic disease that can present as acute or chronic arthritis (refer to section 1.2 

and 1.3).  Subcutaneous tophus development is typically a late clinical manifestation of 

chronic gout (Dhoble et al 2008). Tophaceous gout is characterized by the accumulation of 

MSU, protein matrix and inflammatory cells that have amassed in the joints or soft tissue (de 

Avila Fernandes et al 2011). Tophi appeared to continuously recruit monocytes/macrophages 

in the joints to sustain inflammation in individuals suffering from chronic gout (Cronstein and 

Terkeltaub 2006).  

 

Here, individuals from the NZ case-control sample-sets that have suspected tophi formation 

were used as an indication of chronic gout inflammation. The VDBP gene variants rs7041 

and rs4588 were tested for the presence of tophus in the NZ gout case-control sample-sets. 

However there are several factors that may limit the validity of this analysis including: 

• Early medical intervention in individuals with gout may lead to reduction in the 

frequency of tophi development. 

• Medical treatment may lead to dissolution of tophi 

• Chronic gout sufferers may never present tophi 

• Development of tophaceous deposits in the absence of gouty arthritis, although this 

event is very rare and unlikely to occur in the NZ gout case-control sample-sets 

(Dhoble et al 2008). 

• Lack of compliance may promote tophus formation 

 

Nevertheless individuals suffering from tophi in the NZ Caucasian, M!ori, East Polynesian 

and West Polynesian case-control sample-sets can be assumed to represent the extreme cases 

of chronic gout inflammation.  

 

Analysis of the VDBP gene variants rs7041 (p= 0.071) and rs4588 (p= 0.078) showed 

evidence for a trend towards protective association of the minor allele with the presence of 

tophus in the NZ Caucasian ‘suspected-tophus’ case-control sample-set. However, there was 

no evidence for association with tophi presentation in the M!ori (rs7041: p= 0.97, rs4588: p= 



! "#$!

0.84), East Polynesian (rs7041: p= 0.74, rs4588: p= 0.51) and West Polynesian (rs7041: p= 

0.46, rs4588: p= 0.94) ‘suspected-tophus’ case-control sample-sets. The VDBP gene variant 

rs7041 showed no evidence for a genotype-by-tophus interaction in the NZ ‘suspected tophus’ 

case-control sample-sets (refer to section 3.10). Regression analysis of the VDBP rs4588 

gene variant showed evidence for a significant shift of the minor allele (T) frequency in the 

heterozygote cluster (p= 0.014, OR= 0.50[0.29-0.87]) within the NZ Caucasian ‘suspected-

tophus’ sample-set. The presence of one rs4588-T minor allele confers a protective effect 

against suspected tophi formation in the NZ Caucasian sample-set. However the presence of 

both rs4588-T (p= 0.64) minor alleles (homozygous TT) does not offer protection against 

tophus formation. This implies a gene-environment and/or gene-gene interactions may 

mediate the formation of tophaceous gout in genetically susceptible individuals. Furthermore 

the low prevalence of rs4588 minor genotype in the NZ Caucasian ‘suspected-tophus’ 

sample-set may not be sufficient enough to detect protective interaction with tophus 

formation. The VDBP gene variant rs4588 demonstrated no evidence for genotype-by-tophus 

interaction in the M!ori, East Polynesian and West Polynesian ‘suspected-tophus’ case-

control sample-sets.  An association with severe gout (tophus presentation) is consistent with 

a genuine association of weak effect.  

 

4.6.6 Analysis of the VDBP gene variants rs7041 and rs4588 for gender influences with gout 

presentation in the NZ gout case-control sample-sets.  

 
 
The underlying effect of a polymorphism may be confounded by a gender influence on 

genotype distribution in association analysis (Ordovas 2007). Numerous genome-wide studies 

do not address gender issues when examining genetic determinants with disease susceptibility 

(Moore et al 2010). However recent studies have identified autosomal genetic variants that 

are differentially expressed in tissues dependent on gender of the individual (Moore et al 

2010). There is a significant over-representation of male to female cases in all population (NZ 

Caucasian, M!ori, East Polynesian and West Polynesian) case-control sample-sets within the 

NZ gout study. A gender-by-genotype interaction analysis was performed to investigate if 

VDBP gene variants rs7041 and rs4588 exhibit sexual-specific preference with gout. 

 

A logistic regression model showed no evidence for a gender-by-genotype interaction in the 

NZ Caucasian, M!ori, East Polynesian and West Polynesian case-control sample-sets with 
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VDBP gene variants rs4588 and rs7041. Gender-by-genotype interactions with gout should 

be interpreted carefully. If a gender-genotype interaction was found and supported by 

statistical evidence, it is questionable that an association truly exists. Genetic effects are 

subject to extensive multiple testing and are susceptible to diverse errors and biases (Yende et 

al 2006). Furthermore, polymorphic variants regulated by environmental factors, such as 

Vitamin D3 levels, may mask a true genetic effect (Yende et al 2006). Therefore, replication 

by additional independent studies is considered essential for strengthening the credibility of 

genetic effects.  

 

4.6.6.1 Estrogen may up-regulate the expression of Vitamin D3 in pre-menopausal women (a 

link between gender differences with gout development). 

 

The hormonal environment is known to vary significantly between genders (Silander et al 

2008). These hormones may differentially influence tissue-specific gene expression, thereby 

leading to gender susceptibility with gout development (Silander et al 2008). The low 

incidence of gout among pre-menopausal women has been speculated to be simply a 

reflection of degree and duration of oestrogen influence (Saag and Choi 2006). Estrogen is 

associated with reduced serum urate acid concentrations consequent to an increase in renal 

urate clearance (Hak et al 2010). Increased circulating levels of estrogen may alter the 

parathyroid-Vitamin D3 axis stimulating the production of cholecalciferol (Cheema et al 

1989).  A number of studies have positively associated estrogen therapy with increased 

calcium absorption mediated by Vitamin D3 metabolism in post-menopausal women 

(Gallagher et al 1980, Bikle et al 1991).  Furthermore the expression of the VDR gene in the 

ovaries suggests the relationship between estrogen and Vitamin D3 is mutually symbiotic 

(Kinuta et al 2000).  

 

4.6.7 Summary 

 

In summary the VDBP gene variants rs7041 and rs4588 showed evidence for a marginal 

association and a trend toward association with gout in the NZ Caucasian but not with the 

M!ori, East Polynesian and West Polynesian case-control sample-sets. The direction of 

association was opposite to the FHS, with the minor alleles conferring susceptibility to 

Vitamin D3 deficiency. The rs7041 variant was found to be significantly associated with RA 

susceptibility in the WTCCC cohort (opposite direction with the NZ Caucasian gout 
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association analysis). There was no evidence for differential association of both VDBP gene 

variants with gout once stratified for location in the NZ Caucasian cases. Both VDBP gene 

variants were found to trend towards association with the presence of tophus in the NZ 

Caucasian ‘suspected-tophus’ sample-set. Logistic regression analysis showed that the 

presence of one VDBP-rs4588-T allele conferred a protective effect against the formation of 

tophus. There was no evidence for gender-by-genotype interactions of the VDBP gene 

variants with gout in all the NZ case-control sample-sets. Replication of the VDBP gene 

variants with larger sample sizes needs to be performed to confirm any meaningful etiological 

effect with gout.  

 

4.7 Vitamin D3 may trigger the onset of acute gout in genetically susceptible individuals.  

 

Circumstantial evidence identified here suggests that Vitamin D3 may promote the onset of an 

acute gout attack in genetically susceptible individuals (refer to section 4.6.6.1). By contrast, 

much research has found that Vitamin D3 deficiency contributes to the pathogenesis of 

chronic inflammatory diseases (Peterlik and Cross 2005). Chronic gout development is 

different from the highly inflammatory, self-limited presentation of an acute gouty flare. 

During an acute gout attack, differentiated macrophages exert inflammatory effects in 

response to MSU prior to a neutrophil influx (Cronstein and Terkeltaub 2006). Phagocytosis 

of MSU by macrophages in the synovial lining of the joint further releases various pro-

inflammatory mediators locally. Vitamin D3 was shown to positively promote differentiation 

and chemotaxis of monocytes precursors into mature macrophages resulting in the induction 

of phagocytosis (Peterlik and Cross 2005). Therefore variants within the Vitamin D3 

metabolic pathway may protect genetically susceptible individuals from the onset of an acute 

gout flare.  

 

4.7.1 Vitamin D’s role in the induction of IL-8 expression in response to an acute gout attack 
 

Neutrophil-dependent inflammation is central to an acute gout flare. MSU crystals stimulate 

resident cells in the synovial lining to induce the generation of neutrophil chemotoxins 

including interleukin 8 (IL-8) (Cronstein and Terkeltaub 2006). Preliminary research has 

demonstrated that various Vitamin D3 concentrations (10-10, 10-9, 10-8) activated IL-8 but not 

IL-1! expression in the human acute monocytic leukemia (THP-1) cell line (see Figure 4.7.1) 

(Dalbeth pers comm. (Counties Manakau District Health Board (CMDHB) > Counties 
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Manukau DHB Rheumatology). In contrast other studies have reported conflicting results 

regarding Vitamin D3 role in up-regulating IL-8 production during the early phase of 

inflammation (Materacki et al 2008, Rostkowska-Nadolska et al 2010, Yusupov et al 2010). 

Additional testing may be required to determine the role Vitamin D3 has in the acute gout 

inflammatory process. 

 

4.8 Vitamin D supplementation study 

 

Supplemental Vitamin D is available in two distinct forms: ergocalciferol (Vitamin D2) and 

cholecalciferol (Vitamin D3) (Houghton and Vieth 2006). Physicians have frequently 

regarded these two forms as equivalent and interchangeable. However, with the acceptance of 

serum 25(OH)D3 concentrations as an appropriate predictor for Vitamin D status, it was 

found that Vitamin D3 was more potent in all primate species including humans (Houghton 

and Vieth 2006). Ergocalciferol is not considered nutritionally suitable as an effective 

supplement based on its decreased efficacy at raising serum 25(OH)D concentrations, 

diminished binding of D2 metabolites with plasma VDBP and shorter shelf life (Houghton 

and Vieth 2006). In collaboration with the Department of Human Nutrition, University of 

Otago, New Zealand, a small pilot Vitamin D supplementation study was conducted to 

identify differences in VDBP gene variants relative binding affinity in response to Vitamin D2 

and Vitamin D3 administration.  

 

4.8.1 Investigating VDBP gene variants, rs7041 and rs4588 with serum 25(OH)D3 

concentrations in the NZ supplementation sample-set. 

 

The analysis showed no evidence for minor VDBP gene variant alleles, rs7041-A (p= 0.41) 

and rs4588-T (p= 0.29), influencing March serum 25(OH)D3 concentrations in the NZ 

supplementation sample-set. Graphically however, the minor genotype for both VDBP 

variants (rs7041-AA, rs4588-TT) were associated with decreased serum 25(OH)D3 

concentrations in the NZ supplementation sample-set. Furthermore there was also differences 

in binding capacity among VDBP gene variants, with VDBP-rs4588 minor genotype 

correlated with lower 25(OH)D3 concentrations (compared to VDBP-rs7041).  

 

The non-synonymous VDBP gene variants generate two functionally different proteins, which 

may influence 25(OH)D3 concentrations, partially because of the lowering effect on VDBP 
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levels (Sinotte et al 2009).  On the basis of their glycosylation patterns, it was found that the 

minor VDBP genotypes were associated with decreased half-life and increased degradation 

rates subsequently resulting in reduced 25(OH)D3 concentrations (Lauridsen et al 2005). 

Furthermore, the VDBP gene variants, rs7041 and rs4588 can influence bioactive 25(OH)D3 

concentrations through: 

 

• Changes in the ratio of free to bound hormones 

• Differential binding affinity 

• Effects on levels of the VDBP/25(OH)D3 complex that can be internalized by 

receptor-mediated endocytosis and activate the VDR pathway (Sinotte et al 2009).  

 

4.8.2 Investigating VDBP gene variants with supplementation effect (Vitamin D2 and Vitamin 

D3) and 25(OH)D concentrations in the NZ supplementation sample-set.  

 

The analysis found no evidence for differences in binding affinity of the VDBP gene variants 

with Vitamin D2 (rs7041: p=0.412, rs4588: p= 0.202) and Vitamin D3 (rs7041: p= 0.408, 

rs4588: p= 0.432) supplementation and serum 25(OH)D concentrations in the pre-assigned 

NZ supplement groups. However, the non-significant interaction observed may be masked by 

inter-individual differences in sun exposure (Vitamin D3), diet (Vitamin D2) and/or the small 

sample-size available. Furthermore the low prevalence of the VDBP-rs7041-A and VDBP-

rs4588-T minor alleles may be a determining factor in contributing to the non-significant 

results found in this analysis.  

 

Despite showing no evidence for interaction between VDBP variants and supplement effect, 

Hollis et al (1984) and Armas (2004) found a disparate relationship between Vitamin D2 and 

Vitamin D3 supplementation, differences in binding affinity of the VDBP and serum 

25(OH)D3 concentrations (Hollis et al 1984, Armas et al 2004). Hollis et al (1984) 

demonstrated that ergocalciferol compounds had decreased efficacy with VDBP compared to 

cholecalciferol due to an extra methyl group attached to ergocalciferol side chain (Hollis et al 

2004). This difference may explain the lack of binding affinity for Vitamin D2 metabolites 

with VDBP, which results in shorter circulating half-life and increased clearance rate 

(Houghton and Vieth 2006).  However, no studies to date have investigated the relationship 

between the VDBP gene variants, its effect on Vitamin D2/D3 supplementation and total 

serum 25(OH)D3 concentrations. Whether genetic predisposition modifies response dietary 
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supplementation warrants further study, especially in view of the large interindividual 

differences that have been reported in response to treatment with identical doses of Vitamin 

D2 and Vitamin D3.  

 

4.8.3 Summary 

 

In conclusion, there was no evidence for specific VDBP gene variants being correlated with 

differences in 25(OH)D3 concentrations in the NZ supplement group. There were also no 

differences in binding affinity of the VDBP gene variants with different supplements and 

serum 25(OH)D concentrations in the pre-assigned NZ supplementation groups. Whether rare 

allele carriers of VDBP rs7041 and rs4588 variants could benefit more or less from 

supplementation, warrants additional attention. 

 

4.9 Limitations 

 

The potential of the genetic association analysis in studying human diseases is well 

recognized given its increased power for detecting common genetic variants conferring 

susceptibility to complex phenotypes. However in this thesis there are several limitations that 

need to be addressed. 

 

4.9.1 Sample-size 

 

Detecting association for Vitamin D3 metabolism gene variants in the NZ gout case-control 

sample-sets are based on small sized groups. Undersized sample-sets may lack sufficient 

power to identify true association with rare sequence variants (McGrath et al 2010). Therefore, 

any non-significant association of the Vitamin D3 metabolic gene variants observed in this 

study may reflect the small sample-size in each population subset (NZ Caucasian, M!ori, East 

Polynesian and West Polynesian). On-going recruitment of gout cases and controls will 

eventually increase the power of this study.  

 

Power calculations (using significance level of p <0,05) revealed that the NZ case-control 

sample-set had sufficient power to detect a strong level of association (ORestimate >2) with gout 

(the only exception being the West Polynesian sample-set for the PPAR" gene variant 

rs1801282). The low MAF and the limited sample-size in the NZ case-control sample-set for 
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several of the Vitamin D3 gene variants limited the power of this study to anything other then 

strong effects (refer to Table 4.9.1).  

 
Table 4.9.1 Power calculations of all 9 polymorphisms detecting weak (OR =1.2) 
moderate (OR=1.5) and strong (OR=2.0) variant effects in the NZ case control sample-
sets. 

 
 Power of Detection ORestimate 

1.2 1.5 2.0 

Rs11568820 
Cau 

M!ori 
EP 
WP 

 
25% 
20% 
22% 
14% 

 
85% 
70% 
76% 
48% 

 
100% 
99% 

100% 
89% 

Rs2228570 
Cau 

M!ori 
EP 
WP 

 
33% 
16% 
17% 
13% 

 
93% 
59% 
63% 
45% 

 
100% 
97% 
98% 
88% 

Rs7975232 
Cau 

M!ori 
EP 
WP 

 
34% 
18% 
19% 
11% 

 
93% 
63% 
68% 
39% 

 
100% 
97% 
98% 
81% 

Rs8181644 
Cau 

M!ori 
EP 
WP 

 
34% 
18% 
20% 
10% 

 
93% 
64% 
68% 
31% 

 
100% 
97% 
98% 
68% 

Rs10741657 
Cau 

M!ori 
EP 
WP 

 
35% 
18% 
19% 
11% 

 
94% 
64% 
68% 
40% 

 
100% 
97% 
98% 
82% 

Rs1801282 
Cau 

M!ori 
EP 
WP 

 
15% 
9% 

11% 
6% 

 
60% 
32% 
41% 
16% 

 
98% 
79% 
84% 
41% 

Rs12312282 
Cau 

M!ori 
EP 
WP 

 
20% 
18% 
20% 
15% 

 
75% 
66% 
73% 
53% 

 
100% 
99% 
99% 
93% 

Rs7041 
Cau 

M!ori 
EP 
WP 

 
35% 
20% 
22% 
12% 

 
94% 
67% 
73% 
42% 

 
100% 
98% 
99% 
82% 

Rs4588 
Cau 

M!ori 
EP 
WP 

 
30% 
18% 
20% 
13% 

 
91% 
66% 
72% 
48% 

 
100% 
99% 
99% 
91% 
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4.9.2 Meta-analysis  

 

Meta-analyses have been utilized to coalesce the NZ Caucasian case-control sample-set with 

the FHS (gout interrelatedness removed) dataset and the East Polynesian and West Polynesian 

sample-sets, to increase statistical power and variant effect estimates (refer to section 2.6.2). 

However there are additional concerns in combining independent studies together, including: 

consistency of genotyping, data collection, diagnostic differences (changing spectrum of gout 

makes diagnosis difficult) and other confounding factors (Rebbeck et al 2004). Publication 

biases and methodological problems may also be misinterpreted in meta-analyses (Rebbeck et 

al 2004).  

 

4.9.3 Validation of disease-associated genetic variants. 

 
A major goal in human genetics is to identify and characterize the role of common genetic 

variants with susceptibility to diseases prevalent in the human population (Rich and 

Concannon 2002). However the validity of association study results may be influenced by 

gene-environment and/or gene-gene interactions (Little et al 2002). All Vitamin D3 gene 

variants investigated in this thesis were in isolation, without accounting for its role in a 

biological system. This study found evidence for a protective association of the VDBP-rs7041 

variant and a trend towards protective association of the VDBP-rs4588 variant with gout in 

the NZ Caucasian case-control sample-set. However the FHS dataset showed both these 

VDBP gene variants were significantly associated with Vitamin D3 deficiency. It could be 

that the VDBP gene’s relationship in a biological system may differ according to specific 

tissue action, population and environmental factors (Thomas 2010). Therefore it is imperative 

to develop suitable systems to analyze complex interactions for gene variants with respect to 

the pathway being investigated (Rebbeck et al 2004). This will be useful for the clinical 

implementation of genetic factors with gout susceptibility and characterizing its actual 

function within a pathway.  
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4.9.4 Environmental exposure  

 

In genome-wide applications, association results considered real, require higher significance 

levels to account for possible environmental interactions (Thomas 2010). Most association 

studies assume that genotype is an independent variable from environmental exposure 

(Ponsonby et al 2008, Thomas 2010). However Vitamin D3 production is significantly 

regulated by various environmental conditions. Ponsonby et al (2008) indicated that the 

presence and strength of Vitamin D3 gene variants is correlated with differences in 

environmental settings and disease associations (Ponsonby et al 2008). Further research 

should stratify for environmental factors that may influence Vitamin D3 production including 

individual sun exposure and supplementation to identify independent variant effect. 

 

4.9.5 Multiple hypothesis testing  

 

In this study, the use of multiple SNPs was tested but there was no adjustment for multiple 

testing. It is important to account for the large number of genetic variants in order to 

adequately control for false discovery rates (Han et al 2009). However, conventional p-value 

based procedures are not successful in identifying ‘weak’ association from large-scale 

genome-wide data. The most commonly used method to correct for multiple hypothesis 

testing is the Bonferroni correction, which multiplies the p-values by the number of markers 

(assuming the markers are independent) (Han et al 2009). This approach however, leads to an 

overly conservative estimate of false positives, thus adversely affecting statistical power (Han 

et al 2009). Therefore multiple hypothesis testing was not performed in this thesis. Different 

correctional methods, which provide accurate power estimation and precise multiple testing 

adjustment at the analysis step needs to be designed, which can be used in future association 

studies.  

 

4.9.6 Population structure 

 

The inability to achieve replication among association studies may be due to characteristics of 

the study population (Rebbeck et al 2004).  An ideal association study requires the sample set 

to be comparable in terms of covariates such as gender, age and ethnicity. However in most 

analysis this is usually not feasible (Steiner et al 2010). One problem commonly raised and 

addressed is the presence of undetected population structure that can mimic the signal of 
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association, which may lead to missed, or false real effects (Marchini et al 2004). In terms of 

genetic diversity, Caucasians are least likely to cause problems in stratification and bias 

(Wang et al 2004). However the existence of Caucasian admixture within the M!ori and 

Polynesian populations may lead to misleading inferences from association studies (Pritchard 

and Donnelly 2001). Population genetic structures within these sub-groups demonstrate high 

genomic heterogeneity due to recent Caucasian inheritance, which may mask true effect 

Vitamin D3 gene variants in the M!ori and Polynesian populations. To circumvent for 

Caucasian ancestry, population stratification controlled by random unlinked markers across 

the genome is performed (Pritchard and Donnelly 2001).  If association is solely due to 

population structure, there should be similar associations among the random markers across 

the genome (Rebbeck et al 2004).  

 

As aforementioned, correcting population stratification uses information from unlinked 

random markers to determine the extent of admixture within a population (Pritchard and 

Donnelly 2001). A set of unlinked genome-wide markers was used to detect, measure the 

extent of and correct for the presence of population stratification in our M!ori, East 

Polynesian and West Polynesian sample-sets. However, how many markers is considered 

appropriate to correct for population structure. Twenty-six and 24 random markers across the 

human genome were allocated to the M!ori and Pacific population respectively to account for 

Caucasian inheritance. Typically, in association studies, loci quantity is important in 

adequately determining population structure. Marchini et al (2004) performed population 

stratification analysis discriminated based on the number of markers used. They concluded 

50-100 markers as small (L=50-100). It was deemed, when using a small number of loci, to 

estimate structure the result is often anticonservative (p value larger then the given 

distribution) which leads to false positives. Therefore in this NZ gout case-control study, it 

may be that the decreased availability of markers used could fail to detect real association for 

Vitamin D3 gene variants once stratified for Caucasian admixture.  
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4.10 Conclusion  

 

Nine Vitamin D3 gene variants have been tested for association with gout using the NZ gout 

case-control sample-sets (NZ Caucasian, M!ori, East Polynesian and West Polynesian).  

There was evidence for marginal associations or a trend towards association of Vitamin D3 

gene variants with gout in the NZ case control sample-sets as shown in Table 4.10. 

 
Table 4.10 Summary of the trending/significant associations of Vitamin D3 genetic variants with 

gout observed in this study 

Vitamin D gene variant Result 
Effect of minor 

allele 
Sample-set 

VDR-rs11568820 Trending towards association Susceptible M!ori and East Polynesian 

CYP27B1-rs8181644 Trending towards association Susceptible M!ori 

CYP2R1-rs10741657 Association  Susceptible M!ori and East Polynesian 

VDBP-rs7041 Association Protective Caucasian 

VDBP-rs4588 Trending towards association Protective Caucasian 

 

Although several Vitamin D3 gene variants did not show any association with gout in the NZ 

case-control sample-sets, it does not mean they have no meaningful etiological effect in gout 

pathogenesis. The small sample sizes available in here may mask the weak effects of Vitamin 

D3 gene variants may exert (refer to section 4.9.1). Furthermore, differences in racial 

composition of the M!ori, East Polynesian and West Polynesian sample-sets could have led to 

substantial heterogeneity in the analysis and skew observed results (refer to section 4.9.5). 

Replication of these Vitamin D3 gene variants needs to be performed with larger-sample size 

(refer to section 4.9.1) and increased number of genomic markers (refer to section 4.9.5) to 

account for Caucasian admixture.  

 

It has been well publicized the differences in binding affinity of Vitamin D2 and Vitamin D3 

supplements with VDBP. This study, however, did not show any differences in supplement 

effect with VDBP gene variants. This is due to the very small sample-size and the low 

prevalence of the rare minor genotypes in both VDBP gene variants. A larger supplement 
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study should be performed to not only examine the effects of VDBP but also other Vitamin 

D3 gene variants that may have an effect on Vitamin D levels after supplementation.  

 

The study of gene-environment interactions is challenging as Vitamin D3 gene variants 

associated with gout may have a modest effect. Stratifying for environmental factors that 

influence Vitamin D3 levels should be performed to estimate Vitamin D3 gene variant effect. 

Therefore recruitment questionnaires may have to be specifically designed to include 

information regarding: 

• Supplemental intake 

• Inter-individual sun exposure (although quantifying this would be difficult) 

• Religious/cultural beliefs (although this could be very personal) 

• Diet 

Alternatively directly measuring Vitamin D3 levels could be performed to quantify each 

individual’s Vitamin D3 concentration. 

 

Testing phenotypic association of individual SNPs across the genome has become the primary 

approach for identifying genes having common variants influencing complex diseases (Luo et 

al 2011). Despite enormous success of genome-wide studies, newly discovered loci only 

account for a small fraction of disease heritability. This indicates that individual common 

variations identified by genome-wide scans are unlikely to explain the majority of phenotypic 

variance on disease susceptibility (Luo et al 2011). One possibility of missing heritability is 

the contribution of rare or low frequency variants, which may have large effects on disease 

risk (Luo et al 2011). Next-generation sequencing has the potential to discover the entire 

spectrum of sequence variations in a sample of well-phenotyped individuals. Application of 

next-generation sequencing will provide a great opportunity to reveal missing heritability 

explained by rare genetic variants (Luo et al 2011). Future studies may use next-generation 

sequencing as an alternative analytic framework to investigate rare Vitamin D3 variants and 

their possible association with gout. 
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