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ABSTRACT 

Global obesity is linked to chronic diseases including hypercholesterolemia, a 

cardiovascular disease risk factor, thus weight reduction in obesity is a key priority for 

combatting obesity. The cholesterol transporters ABCG5, ABCG8 and NPC1L1 mediate 

cholesterol trafficking across the intestinal wall, thus are important in regulating 

cholesterol metabolism and circulating levels. The objective of this study was to examine 

if single nucleotide polymorphisms (SNP) of cholesterol transporters ABCG5, ABCG8 

and NPC1L1 are associated with changes in cholesterol synthesis and absorption and 

lipid parameters (LP) subsequent to weight loss (WtL) in overweight individuals. Eighty-

nine individuals from two WtL trials (Trial A (n = 54) and Trial B (n = 35)) completed a 

20-wk WtL period. After 10% WtL, lipid parameters excluding LDL-C were improved in 

Trial A, while all lipid parameters were ameliorated after 12% of WtL when Trial A and 

B were combined. Post-WtL, cholesterol synthesis (CS) was reduced; however, 

cholesterol absorption was not changed in either Trial A or the combined trials. 

Polymorphisms in ABCG8 V632A were associated with changes in TC and TG levels 

after WtL in both trial A and the combined data. SNPs in ABCG5 Q604E, ABCG8 

T400K, were associated with changes in CS because of WtL in Trial A; however, the 

association is no longer seen in combined analysis. In conclusion, cardio-protective 

changes in LP due to weight loss were mediated by reductions in CS. Additionally, 

polymorphisms in ABCG8 were associated with amelioration in LP after WtL. Thus, the 

benefits in CVD risk subsequent to weight loss vary across individuals due to genetic 

factors associated with cholesterol trafficking. 
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CHAPTER 1 

INTRODUCTION 

In 2008, the World Health Organization (WHO) estimated that 1.46 billion adults (age 

20+) were overweight, while 500 million adults were obese (Finucane et al., 2011). 

Consistent with WHO statistics, the 2004 Canadian Community Health survey indicated 

that nearly a quarter (23.1 %) or 5.5 million of Canadians aged 18 years or older are 

obese while another 8.6 million (36.1 %) are overweight; thus, 59.1 % of Canadians aged 

18 years or older are overweight and obese (Tjepkema, 2006). A quarter century ago 

(1978/1979), 49.2 % of the Canadian population was considered overweight or obese; 

since this time, the prevalence of overweight and obesity has risen an additional 20 % 

(Tjepkema, 2006). If the current trend continues, the WHO projects that in 2015, 2.5 

billion adults will be overweight and more than 700 million will be clinically obese. The 

necessity to avert this upward trend is urgent because clinical diagnoses of overweight 

and obesity are followed by a number of health consequences. The prevalence of 

cardiovascular disease (CVD), hypertension, type 2 diabetes and kidney disease increases 

with obesity (Flegal et al., 2007; Field et al., 2001; Prospective Studies Collaboration et 

al., 2009). Newgard and coworkers (Newgard et al., 2009) found a significantly elevated 

risk of CVD indicated by higher level of low density lipoprotein cholesterol (LDL-C), 

triglycerides (TG) and lower level of high density lipoprotein cholesterol (HDL-C), in 73 

obese compared with 67 lean individuals (Newgard et al., 2009). Since obesity increases 

the risk of chronic diseases and morbidity, this rising obesity prevalence will need to be 

reduced.
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Negative energy balance, occurring when energy expenditure exceeds energy intake for a 

defined period, is required to reduce body weight (Catenacci & Wyatt, 2007), hence 

reduce obesity. Physical activity combined with dietary changes increases the likelihood 

of successful weight loss (Goldberg & King, 2007) and is suggested as being the best 

strategy to combat obesity (Donnelly & Smith, 2005). Additionally, supervised structured 

weight loss programs have been proven to be more effective than self monitored weight 

loss (Andersen et al., 1999; Evans et al., 1999; Janssen et al., 2002; Jeffery et al., 2003; 

Miller et al., 2002; Volek et al., 2002) 

 

An important aim of weight loss is to lose fat mass (FM) while maintaining fat free mass 

(FFM), in order to maintain an obese individual’s metabolic and physical capacities 

(Verdich et al., 2011). Body composition is a vital measure in determining health benefits 

consequent of weight loss (Santosa et al., 2007a). Beneficial alterations in lipid levels 

were attributed to a decrease in body fat percentages as shown in previous trials (Frige' et 

al., 2009; Ross & Janiszewski, 2008). Since excess adipose tissue contribute to 

cardiovascular disease risk (Allende-Vigo, 2010a), then obesity therapies including 

weight loss should be focusing on fat mass reduction (Allende-Vigo, 2010b). 

 

The mechanism of cardio-protective changes from weight loss remains unclear. The level 

of cholesterol in the body is maintained by its absorption, synthesis and fecal excretion. 

Research has found that the rate of cholesterol synthesis is synonymous with weight loss 

(Santosa et al., 2007b; Di Buono et al., 1999; Raeini-Sarjaz et al., 2001).  However, 
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cholesterol absorption, which was observed to have a reciprocal relation with synthesis, 

(Gylling & Miettinen, 2002; Miettinen et al., 2003) did not change post weight loss 

(Santosa et al., 2007a) and thus needs to be explored further.  

 

The ATP binding cassette G5 (ABCG5) and ABCG8, located in intestinal brush border 

membrane, are responsible for the excretion of cholesterol and plant sterols (PS) both 

from hepatocytes and enterocytes (Klett et al., 2004). Additionally, Neiman Pick Cell 

1L1 (NPC1L1) is a protein which facilitates the intestinal and hepatic absorption of 

cholesterol (Altmann et al., 2004). Polymorphism in these transporters might be a 

detrimental factor affecting cholesterol biosynthesis and absorption. In 2007, Santosa et 

al. showed that in 35 hypercholesterolemic women, post weight reduction cholesterol 

metabolism was altered. Interestingly, these changes involved single nucleotide 

polymorphisms in ABCG5 and ABCG8 cholesterol transporters (Santosa et al., 2007b). 

Therefore, the effect of weight loss in both males and females on cholesterol metabolism 

and the SNPs of these transporters need to be analyzed further. 
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1.1. Study Objective 

• To evaluate the mechanisms related to cholesterol trafficking that underlie alterations 

in circulating lipoprotein profile due to weight loss and changes in body composition 

in overweight individuals. 

• To examine if changes in cholesterol metabolism, due to weight loss in overweight 

individuals, are associated with genotypic traits of key cholesterol transporters 

ABCG5/G8 and NPC1L1. 

 

1.2. Null Hypotheses 

• Changes in circulating lipoprotein profiles in overweight and obese individuals 

secondary to weight loss are not a result of shifts in cholesterol synthesis and/or 

absorption 

• Single nucleotide polymorphisms in ABCG5, ABCG8 and/or NPC1L1 do not explain 

the variability in response of cholesterol metabolism to intentional weight loss 
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CHAPTER 2 

LITERATURE REVIEW 

 

2.1. Introduction 

This literature review explores the impact of obesity on coronary heart disease (CHD); 

evaluates the effect of weight loss and subsequent alterations in body composition on 

blood lipid levels as risk factors of CVD; examines changes in cholesterol absorption and 

synthesis (CAS) due to weight loss; as well as analyzes the association of genotypic trait 

in ABCG5, ABCG8 and NPC1L1 cholesterol transporters on changes in CAS rates due to 

weight loss. 

 

2.2. Obesity and Cardiovascular risk 

Overweight and obesity are determined by body mass index (BMI). Based on the World 

Health Organization, BMI is calculated by dividing body weight (kg) with the square of 

height (m). BMI between 25 kg/m
2
 and 30 kg/m

2
 is categorized as overweight while BMI 

above 30 kg/m
2
 is classified as obese (Table 2.1). The greater the BMI of an individual, 

the higher the risk of developing health problems.  

 

Obesity exists as an independent risk factor for CVD (Klein et al., 2004).  Cardiovascular 

diseases as a category are comprised of CHD, myocardial infarction, angina pectoris, 

congestive heart failure, stroke, hypertension and atrial fibrillation.   
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Table 2.1. BMI Classification and Risk Level Developing Health Problem 

 BMI range (kg/m
2
) Risk of developing health problems 

Underweight  <18.5 Increased 

Normal weight 18.5 to 24.9 Least 

Overweight 25.0 to 29.9 Increased 

Obese Class I 30.0 to 34.9 High 

Obese Class II  35.0 to 39.9 Very high 

Obese Class III  ≥ 40.0 Extremely high 

According new Canadian guidelines, aligned with those of the World Health 

Organization 

BMI=weight (kg) / height (m)
2
 

 

A number of studies have investigated the relationship of obesity in CVD and 

development of CVD. The Framingham Heart Study was one of the first to show that 

high LDL-C levels, as well as low HDL-C levels, increases the mortality risk due to CHD 

(Castelli, 1988; Wilson et al., 1988). In the 2748 Framingham Heart Study participants 

after 12 years follow up, it was found that individuals with low levels of HDL-C were 

associated with increased mortality (Wilson et al., 1988). In a 44 year follow up, 

overweight individuals were associated with increased relative risk of hypertension and 

hypercholesterolemia (Wilson et al., 2002). In the Framingham offspring study of 1566 

men and 1679 women,  BMI was found to be significantly linearly associated with 

systolic blood pressure, glucose levels, total cholesterol (TC), VLDL and LDL-C 

cholesterol while inversely associated with HDL-C labels (Lamon-Fava et al., 1996). 
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Similarly, the International Day for the Evaluation of Abdominal Obesity (IDEA) study 

evaluated 168,000 primary care patients in 63 countries and identified 24 % of men and 

27 % of women as obese. The study investigators found strong correlations between BMI 

and waist circumference with the risk of CVD and diabetes (Balkau et al., 2007). All of 

the studies above support the notion that overweight and obesity adversely affect 

dyslipidemia as CVD risk factors. 

 

2.3. Weight Loss and Alterations in Body Composition on Lipid Levels 

Major health organizations, including WHO (1998) and Canadian obesity guidelines 

(2006), advised individuals with BMI > 25.0 kg/m
2
 to have a goal of 5 % to 10 % of 

weight loss within 6 months to achieve beneficial health outcomes, regardless of age and 

sex. Over the last 60 years, weight loss has been found to improve CVD risk factors 

including decreasing plasma cholesterol levels (Walker & Wier, 1951). From then many 

trials have studied the effects of weight loss on lipid parameters (Miller et al., 2005; 

Nordmann et al., 2006). A meta-analysis of 70 studies indicated that weight loss was 

associated with levels of plasma TC, LDL-C, VLDL and TG. These investigators also 

found that for every kilogram decrease in body weight TC, LDL-C and TG decreased by 

0.05 mmol/l, 0.02 mmol/l, and 0.015 mmol/l, respectively (Dattilo & Kris-Etherton, 

1992).  Another meta-analysis by Proobalan et al. found that for every 10 kg of weight 

loss a decline of 0.23 mmol/l of cholesterol was observed in obese individuals (Poobalan 

et al., 2004).  
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One disadvantage of using body weight to height square ratio (BMI) as an indicator of 

obesity is that this index does not provide information regarding the actual fat mass of 

individuals. Obese individuals have an elevated level of fat-free-mass (FFM) and fat-

mass (FM).  A review of PUBMED English publications between 1994 and 2010 found 

that fat or adipose tissue accumulation and dysfunction contributed to most 

cardiometabolic risk factors including insulin resistance, atherogenic dyslipidemia, 

inflammation and others (Allende-Vigo, 2010b). During weight loss, maintaining FFM 

while reducing FM is an important aim. Excessive loss of FFM is undesirable since it is 

responsible for maintaining resting metabolic rate, regulating body temperature, 

preserving skeletal integrity and maintaining function and quality of life (Marks & Rippe, 

1996). A systematic review of 26 cohorts indicates that the proportion of FFM loss is 

influenced by the extent of caloric restriction and physical activity (Chaston et al., 2007). 

Thus, body composition assessment, to measure changes in FM and FFM, should be a 

standard measure to ensure safe weight loss outcome (Chaston et al., 2007).  

Additionally, even with minimal loss of body weight, changes in body shape or 

composition by increasing physical activity could improve cardio respiratory fitness 

(Ross & Janiszewski, 2008). In 2003, Okura et al. studied 90 obese women, divided to 

three groups: diet only, diet plus walking, and diet plus aerobic dance groups (Okura et 

al., 2003).  Diet and aerobic dance group has significantly greater reduction of LDL-C 

compared with the other two groups (Okura et al., 2003). A recent trial also has shown 

that reductions of cholesterol and TG proportionally correlate with decreases in FM but 

not FFM (Frige' et al., 2009). 
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An excess in visceral adipose tissue or abdominal fat, also known as central obesity, 

explains mortality and morbidity risk beyond BMI in the IDEA study which analyzed 

91,246 ambulatory patients in 27 European countries (Fox et al., 2009). Another study by 

Lapidus et al. showed that women with the highest waist to hip ratio have an increased 

mortality risk from CVD (Lapidus et al., 1984).  

 

Therefore, the importance of body composition measurement after weight loss is to 

ensure a safe weight loss outcome and to serve as an independent factor associated with 

CVD risk.  

 

2.4. Effects of Weight Loss on Cholesterol Metabolism 

The level of whole body pool cholesterol in vivo is maintained by the summation of 

cholesterol absorption, synthesis and excretion. In vivo TC pool sizes are comprised of 

endogenously and exogenously sourced cholesterol (Dietschy & Siperstein, 1967; Spady 

& Dietschy, 1983). Human body, hepatic or extra-hepatic/peripheral tissues synthesize 

about 50 - 60 % of endogenous cholesterol daily, whereas about 35 % to 70 % is 

absorbed from dietary cholesterol in the intestine (Calpe-Berdiel et al., 2009). In healthy 

adults, 50 % to 60 % of cholesterol and less than 5 % of non-cholesterol sterols, including 

PS as well as precursors of cholesterol, are absorbed via the intestine daily (Calpe-Berdiel 

et al., 2009; Patel & Thompson, 2006).  
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Some non-cholesterol sterols have been used as surrogate markers of cholesterol 

synthesis and absorption (Miettinen et al., 1990; Gylling & Miettinen, 1988). The ratio of 

desmosterol and lathosterol, both precursors of cholesterol in its biosynthesis pathway, to 

cholesterol has been used quite extensively as an indirect marker of cholesterol synthesis 

(Kempen et al., 1988; Pfohl et al., 1999). Likewise, the ratio of PSs, that is, sterols 

originated from plant based materials including campesterol and β-sitosterol, to 

cholesterol, has been used as a surrogate marker of cholesterol absorption (Miettinen et 

al., 1990). This ratio method of measuring CAS has been widely used due to its 

inexpensiveness and efficiency for use in large population based studies, compared with 

direct methods including the stable isotopes ratio method (Santosa et al., 2007b). 

 

A comparison of 74 metabolic syndrome (MS) participants with their sex and age-

matched controls, showed that participants with MS possessed elevated cholesterol 

synthesis surrogate markers ratios, including desmosterol, lathosterol and squalene ratio 

to cholesterol compared with a control group (Gylling et al., 2007). Moreover, the MS 

group had lower absorption marker ratios than their controls (Gylling et al., 2007). The 

above results indicate that higher synthesis and lower absorption might be associated with 

higher CVD risk in individuals, and weight loss might ameliorate any perturbations in 

cholesterol metabolism. 

 

Limited studies have analyzed the effects of weight loss and cholesterol kinetics. One of 

the first studies which demonstrated the relationship between weight loss and cholesterol 

biosynthesis was conducted by Di Buono et al (1999). After 6.8 ± 2.6% weight reduction 
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within a six month period in six mild-hypercholesterolemic-obese men, cholesterol 

fractional synthesis rates were  reduced significantly from 8.42 ± 3.90%/d to 3.04 ± 

1.90%/d , while the absolute synthesis rates were decreased from 1.66 ± 0.84 g/(kg.d) to 

0.59 ± 0.38 g/(kg.d) (Di Buono et al., 1999) . Moreover, Raeini-Sarjaz et al. also obtained 

the same conclusion in a weight loss group prescribed low energy diets and low energy-

low fat diets, resulting in FSR decreases of 27.7 % and 25.5 %, respectively (Raeini-

Sarjaz et al., 2001). Another study by Santosa et al demonstrated similar results in 35 

hypercholesterolemic women, where the fractional synthesis rate of cholesterol was 

decreased by 3.86 % after 14.5 % weight loss over a 20 week period, although cholesterol 

absorption rate was not changed (Santosa et al., 2007a). 

 

Conversely, a trial by Griffin et al. (1998) and Simonen et al. (2000) observed no 

significant change in cholesterol synthesis after weight loss. However, the latter trial 

observed an increase in cholesterol absorption from both dual isotopes ratio methods 29.5 

% to 37.6 %, as well as serum PS ratio to cholesterol (campesterol from 162 ± 14 × 10
2 

mmol/mol cholesterol to 197 ± 14 × 10
2
mmol/mol cholesterol and β-sitosterol from 87 ± 

5 × 10
2 

mmol/mol cholesterol to 103 ± 8 × 10
2 

mmol/mol cholesterol) in 16 type 2 

diabetic participants undergoing 3 months of weight loss followed by 21 months of a 

weight maintenance diet resulting in 6 ± 1 kg of weight loss (Simonen et al., 2000).  

 

Another trial by the same group, observed 10 obese-type 2 diabetic patients consuming a 

very-low-energy-free of cholesterol, cholestanol and PS diet for 3 months. The 

intervention significantly reduced body weight by 15.5 ± 1.7 kg compared with patients’ 
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initial body weights (Simonen et al., 2002). The desmosterol and lathosterol to 

cholesterol ratios were decreased by 20 % indicating suppression of cholesterol synthesis, 

while PS ratio to cholesterol tended to decrease, but not significantly (Simonen et al., 

2002).  

 

Wilund et al. examined the effect of endurance exercise on surrogate markers of CAS 

(Wilund et al., 2009). After 6 months of endurance exercise training, 65 sedentary 

participants with at least one metabolic syndrome risk factor, increased their PS levels by 

10 % even with no change in lathosterol level (Wilund et al., 2009). This finding 

indicated that the alteration of cholesterol absorption rate is observable, even without a 

change in cholesterol synthesis.  

 

Although results are inconclusive, the majority of these trials observed a decline in 

cholesterol synthesis. However, the absorption of cholesterol, which was observed to 

have a reciprocal relation with synthesis (Gylling & Miettinen, 2002; Miettinen et al., 

2003), did not change post weight loss (Santosa et al., 2007b). Thus, the shift in CAS, 

post weight loss, still needs to be explored. Moreover, the majority of trials have only 

focussed on diet-induced weight loss in obese individuals and had small numbers of 

participants. Also, a combination effect of diet and endurance exercise, to induce weight 

loss and subsequent changes in body composition, was examined only in women. 

Therefore, the effects of weight loss on CAS, in overweight and obese healthy men and 

women, needs to be explored further. 
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2.5. The Effect of Genetic Polymorphisms in Cholesterol Transporters on     

Cholesterol Metabolism 

Through the rare human genetic disorder termed β-sitosterolemia and via studies that 

examine  the effect of ezetimibe, a cholesterol absorbent blocker, three key proteins, ATP 

binding cassette subfamily G5 (ABCG5), G8 and Neiman Pick C1-like 1 (NPC1L1) were 

discovered (Altmann et al., 2004; Berge et al., 2000; Lee et al., 2001). A genetic 

mutation in ABCG5 and ABCG8 results in β-sitosterolemia, a disease where patients 

have abnormal elevated levels of PS in their body, similar to hypercholesterolaemia 

without the high cholesterol observed which results in premature coronary artery disease 

(Salen et al., 2002). In β-sitosterolemic patients, cholesterol absorption is increased while 

cholesterol removal is delayed because of mutations in cholesterol transporter ABCG5 

and ABCG8 which are responsible for cholesterol efflux into the intestine or biliary 

secretion in faecal excretion (Salen et al., 2002; Kidambi & Patel, 2008). NPC1L1 is a 

cholesterol transporter which is primarily found in the intestinal brush border membrane 

as well as in hepatocytes (Altmann et al., 2004; Deluis et al., 2010). NPC1L1 is 

responsible for absorbing cholesterol by transporting cholesterol into the enterocyte or 

hepatocyte (Altmann et al., 2004; Davis & Altmann, 2009; Betters & Yu, 2010). A 

summary concerning the mechanism of ABCG5/ABCG8 and NPC1L1 action in 

regulating cholesterol and PS trafficking across intestinal and hepatic membrane can be 

seen in Figure 2.1. 
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Figure 2.1 In vivo model of ABCG8, ABCG5 and NPC1L1 in regulating cholesterol and 

PS (Adapted from Kidambi & Patel, 2008). 

In the lumen of the small intestine, dietary cholesterol and biliary cholesterol are 

incorporated into micelles consisting of bile salts, phospholipids and sterols. These 

micelles are absorbed into the enterocyte, dependent on NPC1L1 activity. Free 

cholesterol is esterified to form cholesterol esters and packed into chylomicrons and 

secreted at the basolateral surface. Because of the high affinity of PS to ABCG8/ABCG5 

transporters, they are then transported back with small amount of cholesterol to enteric 

lumen. In the circulation, chylomicrons travel through the body and return the sterols to 

the liver via receptor-mediated uptake through the LDL receptor. In the hepatocyte, 

cholesterol can enter metabolic pathways and be re-secreted as VLDL, while cholesterol, 
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originated from both endogenous/synthesized and exogenous/absorbed, and PS are 

pumped into biliary circulation by ABCG5/ABCG8 and travel back to the intestine. A 

small quantity of cholesterol can be reabsorbed by NPC1L1 back to the hepatocyte from 

bile duct. (Kidambi & Patel, 2008) 

Genetic polymorphisms on ABCG5/ABCG8 have been shown to be associated with 

plasma cholesterol and non-cholesterol sterol levels (Hubacek et al., 2004; Weggemans 

et al., 2002; Berge et al., 2002; Chen et al., 2008), along with a number of cholesterol-

lowering mechanisms such as diet interventions (Weggemans et al., 2002; Herron et al., 

2006), diet and PA induced weight loss (Santosa et al., 2007b), PS supplementation 

(Zhao et al., 2008; Plat et al., 2005) and treatment with statin (Kajinami et al., 2004).  

 

The influence of SNPs of ABCG5/ABCG8 on movement of cholesterol kinetics due to 

weight loss was explored by Santosa et al. in 35 hypercholesterolemic women (Santosa et 

al., 2007b). After 20 weeks of weight loss, participants’ body weights were reduced by 

11.7 ± 2.5 kg. Those individuals with Q carriers in ABCG5 (Q604E) had a greater 

decline in cholesterol absorption and larger increases in cholesterol synthesis compared 

with 604E carriers (Santosa et al., 2007b). Moreover, in ABCG8, C54Y, participants with 

the C54 variant showed a smaller decline in cholesterol synthesis (Santosa et al., 2007b). 

Some of the limitations of this trial were that only women were studied and the sample 

size used was not sufficiently large for haplotype analysis to be conducted.  

 

A meta-analysis by Jakulj et al. (2010) showed no significant association between 5 SNPs 

(Q604E, D19H, Y54C, T400K and A632V) in ABCG5/8 and baseline indirect markers of 
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cholesterol metabolism in a group of 245 hypercholesterolemic individuals. 

Subsequently, these researchers evaluated 3,364 subjects from 16 studies, and found that 

individuals who carried the 632V allele showed correlations with lower LDL-C 

concentrations in contrast with homozygous 632A variants (p < 0.01), while other SNPs 

were not associated with lipid levels (Jakulj et al., 2010). Moreover, in D19H, the 

presence of the H allele was significantly associated with lower campesterol to TC ratio 

(n = 83), β-sitosterol/TC, and cholestanol/TC, and higher lathosterol/TC ratios compared 

with homozygous19D allele carriers (n = 591) (Jakulj et al., 2010). These results 

indicated that cholesterol absorption declined and cholesterol synthesis increased in 19H 

variants without discernable changes in lipid parameters. 

 

To date, no trials have investigated the relationship of weight loss and subsequent 

changes in cholesterol kinetics to genetic polymorphism in the NPC1L1. Nevertheless, 

genetic polymorphisms in NPC1L1 gene have been found to affect sterol absorption and 

plasma LDL-C levels (Cohen et al., 2006). Cohen and colleagues stratified 256 

individuals with highest and lowest campesterol to lathosterol ratios (high and low 

absorber) obtained from 1,043 European-Caucasians and 1,832 African-Americans (AA) 

from the Dallas Heart study subjects (Cohen et al., 2006). The majority of non-

synonymous (NS) sequence variants were found in AA, 19 NS were observed in low 

absorbers (n = 26) while 5 NS sequence were uniquely found in high absorbers (Cohen et 

al., 2006). Since the polymorphisms found have very low allele frequency (0.03 - 0.6 %), 

the findings were insufficient for meaningful statistical analysis at the individual level 

(Cohen et al., 2006). However, cumulatively AA, with at least one NS identified 66 
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women and 39 men, were significantly associated with reduction in campesterol to 

lathosterol ratios and plasma LDL-C concentration compared with AA individuals (926 

women and 674 men) who did not have these unique alleles (Cohen et al., 2006). 

 

Polymorphisms in NPC1L1 have been found to be associated with lower LDL-C levels in 

individuals undergoing ezetimibe treatment, although no such relationship was found 

before treatment was given (Hegele et al., 2005; Simon et al., 2005; Wang et al., 2005). 

After haplotype analysis in NPC1L1 SNPS, Hegele et al found significant association in 

the response of LDL-C to 12 weeks ezitimibe treatment in 101 dyslipidemic subjects 

(Hegele et al., 2005). Participants without common NPC1L1 haplotype 1735C-25342A-

27677T, had a significantly higher reduction in LDL-C with ezetimibe than participants 

with at least one copy of this haplotype (Hegele et al., 2005). Simon and colleagues, 

sequenced 376 healthy individuals and genotyped hypercholesterolemic patients from 

clinical trial cohorts, and found no association with baseline, but a significant association 

of the change in LDL-C levels in patients treated with ezetimibe (Simon et al., 2005). 

These findings demonstrate that genetic variability in NPC1L1 can lead to a better 

understanding of the inter-individual drug response.  

 

Several studies have been conducted to evaluate effects of SNPs in NPC1L1, ABCG8 

and ABCG5 on the cholesterol lowering efficacy of PS treatment. SNPs in NPC1L1, 

ABCG8 and ABCG5 have been found to effect changes in lipid parameters subsequent to 

2 g / d PS treatment in 82 hypercholesterolemic men divided into high vs. low basal 

plasma PS consuming spreads with PS or control (Zhao et al., 2008). In ABCG8, T400K, 
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the level of LDL-C in A allele carriers with high basal plasma PS was 3.9-fold lower than 

their counterparts with low basal plasma PS after PS treatment (Zhao et al., 2008). Zhao 

and colleagues also found that C allele carriers had higher plasma concentration of  

campesterol (12.2 ± 0.8 µmol/l vs. 9.7 ± 0.9 µmol/l), β-sitosterol (6.5 ± 0.4 µmol/l vs. 5.1 

± 0.5 µmol/l) and sum of campesterol and β-sitosterol (18.7 ± 1.2 µmol/l vs. 14.8 ± 1.4 

µmol/l) (Zhao et al., 2008).  Additionally, in subjects with the NPC1L1 872 C > G 

(L272L) and 3929 G > A (Y1291Y) substitutions, a 2.4-fold greater reduction in LDL-C 

was found in individuals with mutant alleles versus their wild type (Zhao et al., 2008). 

Moreover, Rudkowska et al. (2008) found no common SNPs in ABCG5/8 and NPC1L1 

in the top 3 PS responders as well as 3 subjects who did not respond to PS treatment, 

although they found one patient carrying a rare SNP in NPC1L1who did not respond to 

PS treatment (Rudkowska et al., 2008).  

 

Variability in NPC1L1 is also associated with basal circulating cholesterol levels (Maeda 

et al., 2010; Chen et al., 2009; Polisecki et al., 2010). A study of 42 Japanese volunteers 

found an SNP in NPC1l1 (1732 C/G) affecting basal serum campesterol level in 

homozygous G/G to be significantly higher than C carriers, indicating higher absorption 

rate in G allele compared to C allele carriers. Nevertheless, no significant differences in 

basal cholesterol synthesis surrogate markers, or lathosterol levels, were found (Maeda et 

al., 2010). Moreover, another SNP in NPC1l1 (762 T > C) was shown to affect the lipid 

profiles and promoter activity of 762 T <C in 50 Chinese individuals (Chen et al., 2009). 

Individuals with the -762C allele were shown to have significantly higher serum TC and 

LDL-C levels than those with the T allele (Chen et al., 2009). Furthermore, four SNPs of 
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NPC1L1 (-18 A > C, L272L, V1296V, and U3_28650 A > G, minor allele frequencies 

0.15 - 0.33) were genotyped in 5,804 elderly people from the PROSPER study, 

randomized to pravastatin or a control treatment (Polisecki et al., 2010). These four SNPs 

were responsible for the variability in LDL-C levels at baseline, while one SNP (-133 A > 

G) was associated with a LDL-C lowering effect from statins (Polisecki et al., 2010).  

 

2.6. Summary and Conclusions 

In summary, to our knowledge, there is only one study by Santosa et al. (Santosa et al., 

2007b) that has examined the relationship between the genetic polymorphism in 

ABCG5/ABCG8 and weight loss. This lack of information highlights the importance of 

studying this association further.  Furthermore, many trials have studied the association 

between cholesterol and SNPs in NPC1L1; however, an absence exists of any trials 

investigating the effect of NPC1L1 polymorphism on changes in cholesterol metabolism 

consequent to weight loss. Therefore, the influence of weight loss and subsequent 

changes in body composition on lipid profile, cholesterol kinetics, ABCG5/ABCG8 and 

NPC1L1phenotype traits in obese and overweight individuals, needs to be explored 

further.  
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3.1 Abstract 

Background: The global increase in obesity leads to development of chronic disorders 

including hypercholesterolemia. The ABCG5 and ABCG8 transporters mediate intestinal 

and hepatic excretion of cholesterol and plant sterols (PS), while the NPC1L1 transporter 

facilitates intestinal and hepatic influx of cholesterol and PS.  Objective: The objective 

of this study was to examine if single nucleotide polymorphisms (SNP) of ABCG5, 

ABCG8 and NPC1L1 were associated with changes in cholesterol absorption and 

synthesis (CAS) subsequent to weight loss in overweight and obese individuals. 

Methods: Fifty-four healthy males and females (age, 49.5 ± 1.7 yr; BMI, 32.5 ± 0.5 

kg/m
2
) completed a 21 wk weight loss intervention study. Weight reduction was achieved 

by one wk of stabilization followed by 20 wk of self-directed caloric restriction and 

imposition of a physical activity program. Ratios of non-cholesterol sterols to total 

cholesterol (TC) measured using gas-liquid chromatography were used to estimate CAS. 

SNPs were determined using TaQMan genotyping assay. Results and Discussion: After 

weight reduction of 10.5 % (9.36 ± 0.57 kg, p < 0.0001), desmosterol and lathosterol to 

cholesterol ratios were reduced (p < 0.001) by -0.09 ± 0.02 µmol/mmol (11.0%) and        

-0.21 ± 0.03 µmol/mmol (14.6%), respectively.  However, campesterol/TC and β-

sitosterol/TC ratios were not altered. The ABCG8 V632A SNP was associated with 

changes in serum TC and triglyceride levels after weight loss. Homozygous C/C carriers 

in V632A showed a greater reduction (p < 0 .05) in TC (-0.41 ± 0.10 mmol/l) and TG     

(-0.59 ± 0.10mmol/l) compared with changes in TC (-0.03 ± 0.14mmol/l) and TG (-0.20 

± 0.11mmol/l) in heterozygous C/T carriers across the weight loss period. In ABCG8 

Q604E, the homozygous G/G was associated with greater (p < 0.05) declines in 
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desmosterol/TC ratio than either heterozygous C/G or the combination of C/C and C/G.  

In ABCG8 T400K, the lathosterol/TC ratio in participants carrying homozygous A/A     

(-0.57 ± 0.05 µmol/mmol) showed smaller (p < 0.05) decreases compared to homozygous 

C/C (-0.19 ± 0.04 µmol/mmol) carriers. The present study is the first to demonstrate that 

changes in TC and triglyceride levels post weight loss associate with polymorphisms at 

V632A in ABCG8. Conclusion: In conclusion, weight loss of 10 % initial body weight 

induced cardio-protective changes in blood lipids, potentially mediated by reduced 

cholesterol biosynthesis. Additionally, SNPs in ABCG5 and ABCG8 were responsible 

for inter-individual variation in the alteration of cholesterol synthesis post weight loss. 

(Supported by Canadian Institutes of Health Research). 

 

Keywords: weight loss, BMI, DEXA, body composition, fat mass, fat free mass, 

cholesterol absorption, cholesterol synthesis, HDL-C, LDL-C, TC, TG, SNP, ABCG5, 

ABCG8, NPC1L1. 
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3.2 Introduction 

The World Health Organization (WHO) estimated that 1.5 billion adults (age 20+) were 

overweight, while half a billion adults were obese in 2008 (Finucane et al., 2011). In 

1978 / 1979, 49.2 % of the Canadian population was overweight or obese. Twenty-five 

years later, the prevalence of overweight and obesity has risen an additional 20 % to 59.1 

% (Tjepkema, 2006).  If the current trend continues, the WHO projects that in 2015, 2.5 

billions adults will be overweight and more than 700 million clinically obese. Clinical 

diagnoses of overweight and obesity are followed by a number of health consequences. 

The prevalence of cardiovascular disease, hypertension, type-2 diabetes and kidney 

disease increases with obesity (Field et al., 2001; Flegal et al., 2007; Prospective Studies 

Collaboration et al., 2009).Thus, it is necessary to avert this upward obesity trend.  

 

Weight loss through dietary changes and an increase in physical activity is suggested to 

be the best recommendation to combat obesity (Donnelly & Smith, 2005). In order to 

maintain an obese individual’s metabolic and physical capacities, losing FM while 

maintaining FFM is an essential weight loss aim (Verdich et al., 2011). Beneficial 

alterations in lipid levels contribute to decrease body fat percentages as shown in 

previous trials (Janssen et al., 2002; Nieman et al., 2002).  

 

Cholesterol levels in the human body are maintained by the rate of cholesterol absorption, 

synthesis and fecal excretion. The rate of cholesterol synthesis was found to decrease 

after weight loss (Di Buono et al., 1999; Raeini-Sarjaz et al., 2001; Santosa et al., 2007a; 

Simonen et al., 2002). Conversely, cholesterol absorption, which was observed to have a 
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reciprocal relation with synthesis (Gylling & Miettinen, 2002; Miettinen et al., 2003) was 

not altered after weight loss (Santosa et al., 2007a). However, trials by Griffin et al. 

(1998) and Simonen et al. (2000) observed no significant changes in cholesterol synthesis 

after weight loss, although the latter trial observed an increase in cholesterol absorption.  

Most studies examining weight loss and CAS only employed diet-induced weight loss in 

obese individuals with a small number of subject participants, while a combination effect 

of diet and physical activity to induce weight loss was only examined in women. Thus, 

the effects of weight loss on CAS in healthy men and women in overweight and obese 

individuals need to be further explored. 

 

Three key proteins, ATP binding cassette subfamily G5 (ABCG5), G8 and Neiman Pick 

C1-like 1 (NPC1L1), are responsible for transporting cholesterol across the intestinal and 

hepatic membranes (Salen et al., 2002; Kidambi & Patel, 2008; Altmann et al., 2004; 

Deluis et al., 2010). ABCG5 and ABCG8 are responsible for cholesterol efflux into 

intestine or biliary secretion for faecal excretion (Salen et al., 2002; Kidambi & Patel, 

2008). NPC1L1 is responsible for absorbing cholesterol by transporting cholesterol into 

the enterocyte or hepatocyte (Altmann et al., 2004; Davis & Altmann, 2009; Betters & 

Yu, 2010). The SNPs of these three transporters might be essential in explaining inter-

individual variability response to change in CAS post weight loss. To date, only one 

study has analysed the influenced of SNPs of ABCG5/ABCG8 on the movement of 

cholesterol kinetics due to weight loss.  Santosa et al. explored this in 35 

hypercholesterolemic women (Santosa et al., 2007b). No previous intervention had 
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examined the association of SNPs in NPC1L1 and change in cholesterol metabolism after 

weight loss. 

 

Subsequently, the aims of the present study were to evaluate mechanisms underlying 

alterations in circulating lipoprotein profile due to weight loss and subsequent changes in 

body composition in overweight individuals, and to examine if changes in cholesterol 

metabolism due to weight loss in overweight and obese individuals are associated with 

genotypic traits of ABCG5/G8 and NPC1L1. 

 

3.3 Material and Methods 

Study Design 

Participant Characteristics 

Seventy-eight healthy males and non-pregnant non-lactating females meeting inclusion 

criteria of 18 - 70 years of age and BMI of 28 - 37 kg/m
2
 were recruited using posters, 

word of mouth and newspaper advertisements in and around Winnipeg, MB, Canada. 

Participants consuming stable dosage of thyroid and hypertension medication throughout 

the study duration were also included. As seen in the participant screening form in the 

Appendix 3, participants were non-smokers, non-diabetics and were excluded if they 

have anemia and/or had less than three mo or chronic use of oral hypolipidemic therapy, 

including consumption of  > 4 g/d of fish oil or probucol within the previous six mo; a 

history of chronic alcohol use > 2 drinks/d; systemic antibodies, corticosteroids, 

androgens or phenytoin use; myocardial infarction, coronary artery bypass or other major 

surgical procedures within last six mo; recent onset of angina, congestive heart failure, 
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inflammatory bowel disease, pancreatitis, diabetes and hypothyroidism; gastrointestinal, 

renal, pulmonary, hepatic or biliary disease within previous three mo; cancers or evidence 

of active lesions, chemotherapy or surgery in the past year; chronic use of fibre or 

stimulant laxatives greater than 2 doses/wk, or reported history of eating disorders or 

binging. 

 

A total of 54 participants completed the study, while two participants were requested to 

leave the program because of non-compliance issues. Some could not continue due to 

time (11), family emergency (four), health (three), and others (four). All participants gave 

their written informed consent at the beginning of the study; consent form used is 

attached in Appendix 1.  

 

Human Ethics Considerations  

The study protocol was approved by the University of Manitoba Biomedical Research 

Ethics Board, with ethics file number: B2007:198 (HS10435), under Dr. Peter J.H. Jones 

as the principal investigator. (See Appendix 2) 

 

Study Protocol 

The 21 wk longitudinal clinical trial was conducted from May – December 2008 at the 

Richardson Centre for Functional Food and Nutraceuticals, Winnipeg, MB, Canada. A 

one wk stabilization period was followed by 20 wks of weight loss. Body weight, height 

and other initial data collections including three day food records were gathered on the 

first day of stabilization period and participants were asked to keep their regular diet and 
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physical activity for the stabilization period. During the weight loss period, participants 

were weighed weekly during the first and last month, while biweekly weights were 

collected in between. If participants were having difficulties losing weight then they 

would be asked to come weekly until the weight loss goal was achieved. Two 

consecutive blood samples were collected by a registered nurse at the beginning (d 1 and 

2) and end (d 140 and 141) of the weight loss period. Some participants had a two wk 

extension from their 20 wk of weight loss due to difficulties in achieving weight loss 

goals and for them another two consecutive days (d 161 and d 162) of fasting blood 

samples were taken. Participants were asked to fast, and consume no food or drink except 

water, for 12 hr prior to every blood collection. In addition, at the beginning and end of 

weight loss period, whole body composition was measured by using dual energy x-ray 

absorptiometry (DEXA) to determine percent lean and fat mass.  

 

Weight Loss Protocol 

After one wk of stabilization, 20 wk of weight loss was undertaken. Participants’ baseline 

total energy expenditure (TEE) was calculated based on multiplication of resting 

metabolic rate (RMR) with 1.65 activity factor indicating moderate activity level. The 

RMR was calculated by Mifflin’s equation (Mifflin et al., 1990) using the participant’s 

gender, height, weight and age. Body weight, height and age used in the equation were 

taken from their first visit at stabilization period (d -7).  
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Mifflin-St Jeor equations for measuring RMR in men and women: 

(1) For men: RMR = (9.99 × weight (kg)) + (6.25 × height (cm)) - (4.92 × age) + 5  

(2) For women: RMR = (9.99 × weight (kg)) + (6.25 × height (cm)) - (4.92 × age) – 161 

(3) TEE = RMR × 1.65 (activity factor)  

  

The target weight loss of 0.75 kg/wk was monitored weekly resulting in 15 kg of weight 

loss over the 20 wk period. The minimum weight loss goal for participants was 0.5 kg/wk 

for a total of 10 kg of weight loss in 20 wk (see Appendix 8 for target weight loss’s visual 

aid given to participants). On the first day of the weight loss period (d 1), participants 

were given dietary guidelines with a reduction in energy intake by 500 kcal/d from 

calculated TEE. The physical activity requirements were introduced on day 8 of the 

weight loss period. Participants’ energy needs were also adjusted to their three day 

dietary records collected on their first visit (d -7). For some participants with very low 

initial energy intakes, another 100 kcal - 200 kcal was reduced from the prescribed 

dietary guidelines. 

 

Energy Restriction from Diet 

Group sessions were held at the beginning of the study to educate participants on dietary 

guidelines set by a registered dietician who trained investigators and clinical coordinators 

(see Appendix 4 and 6). Afterwards, individual dietary counselling was performed when 

required throughout the study. Participants were taught to use an exchange system which 

will provide 50 % of energy from carbohydrates, 20 % of energy from proteins and 30% 

of energy from fats.  To monitor compliance and understanding of dietary principles, 
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participants were asked to keep three day food records weekly (sample attached in 

Appendix 5).  Pamphlets quantifying amount of calories ingested into exercise as well as 

sample recipes and menus were given to participants (see Appendix 7 for examples). 

 

Energy Expenditure from Physical Activity 

Participants were given a list of suggested exercises including walking, running on a 

treadmill, jogging intervals and sets of flexibility/muscle building training.  A personal 

trainer demonstrated and taught proper exercise techniques and routines.  Exercise was 

done independently by participants. 

 

Depending on each participant’s ability to exercise, they were separated into four 

exercise groups which burned10 % (PA1), 20 % (PA2), 30 % (PA3) and 40 % (PA4) of 

the 750 kcal energy deficit through exercise with the remaining calories compensated by 

reductions in calories ingested. The four groups were able to exercise fully with access to 

sport equipments (PA4); able to exercise fully without access to equipments and/or 

exercise facilities (PA3); some limitations in ability to exercise with access to exercise 

facilities or having sport equipment (PA2); and some limitations in ability to exercise 

without access to any sport facilities or equipment (PA1).   

 

Energy burned through exercise was measured by the following equation: 

(4) Energy expenditure (Kcal)  = (METs × 3.5 × weight (kg)) / 200 × exercise 

duration (minutes) 
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With METS = metabolic equivalent of task; conventionally ‘1 MET’ is considered as the 

RMR obtained during quiet sitting. 

Participants were given a handout with METs values for different activities. 

 

Subject Compliance with the Study Protocol 

Compliance was monitored by weight changes at weekly weigh-ins, three day food 

records, daily exchange checklists, and using a weekly exercise journal (sample attached 

in Appendix 9). These materials were reviewed when participants failed to meet minimal 

weight loss weekly target required. Participants were encouraged through the use of 

visual graphs which included the plotted projected and actual body weight changes 

(attached in Appendix 8).  

 

 

Analytical Methods 

All analyses described were performed at the Richardson Centre for Functional Food and 

Nutraceuticals, University of Manitoba. Body weight was measured to the nearest 0.1 kg 

and height to the nearest 0.1 cm with participants wearing only light clothing. BMI 

(kg/m
2
) was calculated from weight and height recorded at the beginning and end of 

weight loss period.   

 

Blood Sample Separation 

Twelve hr fasting blood was drawn for two consecutive days at the beginning and at the 

end of the study (d 1, 2, 140 141 and for some d 161, 162). Collected blood was 

centrifuged using a Sorvall Legend RT refrigerated table top centrifuge equipped with 
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swing-out rotor 4 place (Thermo Electric Company, Inc, West Chester, Pennsylvania) at 

3000 rpm, 4 °C for 20 min to separate red blood cells (RBC) and plasma/serum. 

Separated plasma EDTA, plasma heparin, their respective RBC’s and buffy coats as well 

as serum were transferred to labelled cryovials and stored in -80 ºC for future use. 

 

Lipid Profile Analysis 

Serum lipid profile was obtained using enzymatic reaction on an auto-analyzer - 

VITROS
®
 350 chemistry system (Ortho-Clinical Diagnostics, Rochester, NY, USA). TC, 

TG, and HDL-C were measured directly by the auto-analyzer. LDL-C was measured 

indirectly using the Friedewald equation (Friedewald et al., 1972).  

(5) LDL-C = TC - (HDL-C + VLDL) 

(6) VLDL = TG / 2.2 or 0.456 × TG 

 

Body Composition Analysis 

The assessment of body composition and regional fat masses was carried out using whole 

body DEXA (GE Lunar BX-1 L-8743, General Electric Healthcare) at the RCFFN in 

order to obtain complete and accurate images of the full body composition. Before 

scanning, participants were asked to remove all metal and jewellery, and then instructed 

to lie down with open palms. Participants’ ankles were strapped together to hold them in 

rest position. Participants were to remain still during the scan. Daily calibration was 

performed to maintain the measurement quality. Each scan set was carried out by a 

trained technician for a period of 7 min.  Each set of images was integrated to yield three 

dimensional body compartment volume for tissues including lean mass, bone mass and 
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adipose mass across various regional sites, analyzed using Software - Encore 2005 (GE 

Healthcare).  

 

Cholesterol Absorption and Synthesis Determination 

The ratios of PSs (campesterol and β-sitosterol) to cholesterol were used as surrogate 

markers of cholesterol absorption while the ratios of cholesterol precursors (desmosterol 

and lathosterol) to cholesterol were utilized as indirect markers of cholesterol synthesis 

(Miettinen et al., 2003; Miettinen et al., 1990; Gylling et al., 2007;Miettinen, 1982). 

Plasma PSs and cholesterol precursors were extracted from 500 µl of plasma EDTA and 

then quantified by gas liquid chromatography-flamed ionization detector using a 

previously described method (Ntanios & Jones, 1998). Briefly, 100 µl [0.1 mg/ml] of 

internal standard 5-alpha-cholestane (Sigma-Aldrich Canada Ltd) was added to plasma 

samples which were then saponified with 8 ml of freshly prepared 0.5 M methanolic-

KOH. Sterols were extracted twice from the mixture with 4 ml of petroleum ether. 

Extracted sterols were derivatized with TMS reagent (pyridine:hexamethyldisilazan: 

trimethylchlorosilane 9:3:1) (Sylon
TM

 HTP, Sigma-Aldrich Canada Ltd) using a modified 

derivatization method seen in the Appendix 10. Samples were then evaporated under 

nitrogen (TECHNE sample concentrator) and re-suspended in hexane to be injected into a 

gas-liquid chromatography equipped with a flame ionization detector (6890N GC system, 

Agilent Technology) and separated on a 30-m SAC-5 capillary column with an internal 

diameter of 0.25 mm and film thickness of 0.25 µm (Supelco). After some method 

development, the flow rate of carrier gas (helium) was set to 1.0 ml/min. Samples were 

injected at 300 °C. The detector was set at 310 °C. The oven temperature remained at 50 
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°C for 1 min after injection, was increased to 245 °C at a rate of 45 °C/min, and then was 

kept constant for 4 min, after which it rose to 280 °C at a rate of 15 °C/min and was kept 

constant at 280 °C for 4 min. Thereafter, oven temperature was raised to 300 °C at a rate 

of 2 °C/min and held for 2 min, then raised to 315 °C at a rate of 45 °C/min and 

maintained for 5 min. The total run time was 33 min. Sterol concentrations were 

determined in duplicate by identifying the peak sizes and expressing them relative to an 

internal standard. Desmosterol, lathosterol, campesterol and β-sitosterol levels were 

identified using authentic standards (Sigma-Aldrich Canada Ltd). 

 

Single Nucleotide Polymorphism Determinations 

Single nucleotide polymorphisms were analyzed using the TaqMan SNP Genotyping 

method. Genomic DNA was extracted from white blood cells obtained from 200 μl 

EDTA buffy coat using QIAamp DNA blood mini kit (QIAGEN Inc., Valencia, Calif.) 

from the 54 participants. EDTA treated buffy coat was used because heparin has been 

shown to inhibit real time polymerase chain reaction (RT-PCR).   

 

SNPs in NPC1L1, ABCG5 and ABCG8 (as listed in the Table 3.1) were amplified by a 

Step One plus RT-PCR (Applied Biosystem, Foster City, California), using TaqMan
®
 

SNP Genotyping Assays (Applied Biosystem, Foster City, California). Half µl of 

TaqMan
®
 Genotyping assays and 4.5 µl of [2 ng/µl] of human DNA were mixed with 5 

µl of TaqMan
®
 GTXpress™ Master Mix (Applied Biosystem, Foster City, California) to 

yield a in 10 µl PCR reaction volume. Each reaction mixture was subjected to one 

holding stage to activate DNA polymerase at 95 °C for 20 sec, followed by 40 cycles 
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consisting of denaturing for 3 sec at 95 °C and annealing and elongation for 20 sec at 60 

°C. Each SNP determination was conducted using triplicate measurements as 

differentiated with Step One
TM

 Software v2.1 (Applied Biosystems).  

 

Table 3.1. Missense mutation of SNPs, reference SNP number, allele and amino acid 

mutation change. 

SNPs rs number 
Ref 

Allele 

mRNA Allele 

change 
Amino Acid Change 

ABCG5     

Q604E rs6720173 C/G CAA ⇒ GAA Q [Gln] ⇒ E [Glu] 

R50C rs6756629 A/G CGC ⇒ TGC R [Arg] ⇒ C [Cys] 

ABCG8     

Y54C rs4148211 A/G TAC⇒TGC Y [Tyr] ⇒ C [Cys] 

T400K rs4148217 A/C ACG ⇒ AAG T [Thr] ⇒ K [Lys] 

A632V rs6544718 C/T GTC ⇒ GCC V [Val] ⇒ A [Ala] 

NPC1L1     

A310S rs79803700 A/C GCC ⇒ TCC A [Ala] ⇒ S [Ser] 

I1206N rs52815063 A/T ATC ⇒ AAC I [Ile] ⇒ N [Asn] 

D1114H 

D1087H 
rs79519744 C/G GAC ⇒ CAC D [Asp] ⇒ H [His] 

 

Statistical Analysis 

Data are presented as mean ± standard error of means (SEMs). Paired student t-tests (2-

tailed) were conducted to test the significance of results comparing beginning to endpoint 

body weight, body composition, lipid parameters, as well as CAS surrogate markers. 

Moreover, analysis of variance (ANOVA) with post hoc Scheffe multiple comparisons 

was used to test the difference in cholesterol kinetics and lipid profiles changes within an 
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SNP. Homozygous variant groups with less than five individuals were automatically 

collapsed into the heterozygous group. A two-sample Student’s t-test was then applied to 

the regrouped data. Pairwise correlations between changes in CAS with LDL-C or TC 

were calculated using Pearson’s correlation. A p value < 0.05 was considered to be 

significant. All statistical analyses were performed using SPSS software for Windows 

version 17.0 (SPSS Inc, Chicago, IL).  

 

3.4 Results 

A total of 54 participants with average age of 49.5 ± 1.7 yr and initial BMI of 32.4 ± 0.5 

kg/m
2
 completed the 20 wk weight loss trial. Participants’ baseline concentrations of 

blood lipid profiles, non-cholesterol sterols and body compositions are listed in Table 

3.2.  

 

 

Changes in Body Composition Subsequent to Weight Loss 

The changes in individual’s body weights before and after the 20 wk weight loss period 

are described in Figure 3.1. As seen in Table 3.3, participants’ mean weights were 

reduced from 89.9 ± 1.9 kg to 80.5 ± 1.8 kg, resulting in a reduction (p < 0.001) of 9.4 ± 

0.6 kg or -10.5 ± 0.6 % after the 20 wk weight loss period.  Participants’ legs, trunk and 

total body fat declined significantly by -2.0 ± 0.3 kg, -5.0 ± 0.4 kg, -7.4 ± 0.5 kg, 

respectively.  
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Table 3.2. Baseline characteristics of weight loss study participants (n = 54). 

Baseline Characteristics Mean  ± SEM 

Age (yr) 49.5 ± 1.7 

Female (n (%)) 41(75.9) 

Initial weight (kg) 89.9 ± 1.9 

Height (m) 1.66 ± 0.01 

BMI (kg/m
2
) 32.4 ± 0.5 

Lipid profile (mmol/l)  

   Total cholesterol 5.53 ± 0.14 

   LDL-cholesterol 3.27 ± 0.12 

   HDL-cholesterol 1.82 ± 0.14 

   Triglycerides 1.43 ± 0.05 

Non-cholesterol sterols (µmol/mmol)  

   Desmosterol/TC 0.73 ± 0.04 

   Lathosterol/TC 1.23 ± 0.08 

   Campesterol/TC 1.45 ± 0.11 

   Beta-sitosterols/TC 0.88 ± 0.07 

Body composition  

   Fat tissue (kg) 37.9 ± 0.1 

   Fat tissue (%)  44.1 ± 0.8 

   Lean tissue (kg) 48.3 ± 1.4 

   Lean tissue (%) 55.9 ± 0.8 

Data are presented as means ± SEM.  

Abbreviations: BMI, body mass index; LDL, low density lipoprotein; HDL, high density 

lipoprotein cholesterol; TC, total cholesterol. 

 

Also, the total percentage of fat in the legs and trunk declined significantly (p < 0.0001). 

Reduction of the trunk’s lean tissue was found to be significant (-1.7 ± 0.5 kg, p < 0.01) 
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but not in the leg’s lean tissue (-0.4 ± 0.2 kg). Notably, the lean tissue percentage was 

increased (p < 0.0001) by 4.7 ± 0.5 % after weight loss. The bone mineral density 

declined (p < 0.01) by -0.83 ± 0.22 %; however, total bone mineral content did not 

change significantly (-0.90 ± 0.62 %). Decline in fat percentage in android (upper body 

part or stomach area) were greater (-5.4 ± 0.7 %) than in gynoid (lower body part or hip 

and high thigh area) (-3.0 ± 0.5 %) resulting in significant decline in A to G ratio by -4.62 

± 1.04 % (p < 0.0001). 

 

Changes in Body Composition Subsequent to Weight Loss 

The changes in individual’s body weights before and after the 20 wk weight loss period 

are described in Figure 3.1. As seen in Table 3.3, participants’ mean weights were 

reduced from 89.9 ± 1.9 kg to 80.5 ± 1.8 kg, resulting in a reduction (p < 0.001) of 9.4 ± 

0.6 kg or -10.5 ± 0.6 % after the 20 wk weight loss period.  Participants’ legs, trunk and 

total body fat declined significantly by -2.0 ± 0.3 kg, -5.0 ± 0.4 kg, -7.4 ± 0.5 kg, 

respectively. Also, the total percentage of fat in the legs and trunk declined significantly 

(p < 0.0001). Reduction of the trunk’s lean tissue was found to be significant (-1.7 ± 0.5 

kg, p < 0.01) but not in the leg’s lean tissue (-0.4 ± 0.2 kg). Notably, the lean tissue 

percentage was increased (p < 0.0001) by 4.7 ± 0.5 % after weight loss. The bone 

mineral density declined (p < 0.01) by -0.83 ± 0.22 %; however, total bone mineral 

content did not change significantly (-0.90 ± 0.62 %). Decline in fat percentage in 

android (upper body part or stomach area) were greater (-5.4 ± 0.7 %) than in gynoid 

(lower body part or hip and high thigh area) (-3.0 ± 0.5 %) resulting in significant decline 

in A to G ratio by -4.62 ± 1.04 % (p < 0.0001). 
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Figure 3.1.  Change in individual body weights (kg) before and after 20 wk of the weight 

loss period in overweight and obese individuals (n = 54). 
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Table 3.3. Change and percent change in body weight and compartmental masses before 

and after 20-wk weight loss intervention in overweight and obese individuals (n = 53). 

Variables Before After Difference % Difference 

Wt. scale. (kg)*** 89.9 ± 1.9 80.5 ± 1.8 -9.4 ± 0.6 -10.5 ± 0.6 

BMI scale 

(kg/m
2
)*** 

32.4 ± 0.5 29.0 ± 0.5 -3.4 ± 0.2 -10.5 ± 0.6 

Mass DEXA (kg)*** 89.0 ± 1.9 79.9 ± 1.8 -9.1 ± 0.6 -10.2 ± 0.6 

BMI DEXA*** 32.1 ± 0.5 28.8 ± 0.5 -3.3 ± 0.2 -10.2 ± 0.6 

Fat legs (kg) *** 11.8 ± 0.4 9.9 ± 0.5 -2.0 ± 0.3 -16.6 ± 2.2 

Fat trunk (kg) *** 21.7 ± 0.7 16.6 ± 0.7 -5.0 ± 0.4 -23.2 ± 1.9 

Fat total (kg) *** 37.9 ± 0.1 30.5 ± 1.1 -7.4 ± 0.5 -19.9 ± 1.6 

Fat legs (%) *** 43.4 ± 1.3 39.3 ± 1.3 -4.0 ± 0.5 -9.5 ± 1.3 

Fat trunk (%) *** 46.5 ± 0.7 41.1 ± 1.0 -5.4 ± 0.7 -11.6 ± 1.5 

Fat total (%) *** 44.1 ± 0.8 39.4 ± 1.0 -4.7 ± 0.5 -10.8 ± 1.3 

Lean legs (kg) 15.5 ± 0.5 15.1 ± 0.5 -0.4 ± 0.2 -2.1 ± 1.4 

Lean trunk (kg) ** 25.0 ± 0.9 23.3 ± 0.7 -1.7 ± 0.5 -5.1 ± 1.4 

Lean total (kg) *** 48.3 ± 1.4 46.6 ± 1.4 -1.7 ± 0.3 -3.4 ± 0.6 

Lean tissue (%) *** 55.9 ± 0.8 60.6 ± 1.0 4.7 ± 0.5 8.2 ± 1.0 

BMD (g/cm2) ** 1.23 ± 0.02 1.22 ± 0.02 -0.01 ± 0.00 -0.83 ± 0.22 

BMC legs (kg) 1.06 ± 0.03 1.05 ± 0.03 -0.01 ± 0.01 -1.20 ± 0.75 

BMC trunk(kg)* 0.99 ± 0.03 0.94 ± 0.03 -0.04 ± 0.02 -3.60 ± 1.83 

BMC (kg) 2.86 ± 0.07 2.84 ± 0.07 -0.03 ± 0.02 -0.90 ± 0.62 

Region (% fat)*** 42.7 ± 0.8 38.0 ± 1.0 -4.7 ± 0.5 -11.4 ± 1.4 

Tissue (kg) *** 86.2 ± 1.9 77.1 ± 1.8 -9.1 ± 0.6 -10.7 ± 0.6 

Android (%Fat)*** 51.2 ± 0.7 45.9 ± 1.1 -5.4 ± 0.7 -10.7 ± 1.6 

Gynoid (%Fat)*** 45.9 ± 1.1 42.9 ± 1.2 -3.0 ± 0.5 -6.51 ± 1.1 

A/G Ratio*** 1.15 ± 0.03 1.09 ± 0.02 -0.06 ± 0.01 -4.62 ± 1.04 

Abbreviations: BMI, body mass index, which is calculated as weight in kilograms 

divided by height in meters squared; DEXA, dual-energy X-ray absorptiometry; BMC, 

bone mineral content; BMD, bone mineral density; A/G, android to gynoid. 

Data are presented as means ± SEM, with *** = p <0.0001; ** = p <0.01; * = p <0.05, 

statistical differences presented are between before and after weight loss. 

(7)  Tissue = total mass - BMC 

(8) Regional means = tissue plus BMC of that part or total mass of that area 

i.e. Region % fat = fat/ total mass 
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Changes in Blood Lipid Profiles and Cholesterol Absorption and Synthesis 

Total cholesterol and TG declined (p < 0.001) by -0.28 ± 0.09 mmol/l (-4.38 %) and -

0.46 ± 0.08 mmol/l (-18.25 %), respectively. HDL-C levels increased (p < 0.05) by 0.05 

± 0.02 mmol/l (4.84 %) after 20 wk of weight loss (Figure 3.2). The ratio of desmosterol 

and lathosterol to cholesterol was reduced (p < 0.001) by -0.09 ± 0.02 µmol/mmol          

(-11.02 %) and -0.21 ± 0.03 µmol/mmol (14.60 %), respectively.  However, the ratio of 

campesterol to sitosterol was not reduced significantly, -0.08 ± 0.07 µmol/mmol (-0.41 

%) and -0.02 ± 0.05 µmol/mmol (7.19 %), respectively (Figure 3.3). No significant 

correlations were observed between the changes in serum lipids profiles, including TC, 

LDL-C, TG and HDL-C, and the changes in the ratios of surrogate markers of cholesterol 

absorption (campesterol and β-sitosterol) and synthesis (desmosterol and lathosterol) to 

TC (Table 3.4). The ratio of PSs, however, were positively correlated with each other (r 

= 0.798, p < 0.001), and the ratio of precursors were moderately correlated with each 

other (r = 0.508, p < 0.01). The ratio of desmosterol to cholesterol was also correlated 

with campesterol to TC ratio (r = 0.351, p < 0.01) and β-sitosterol to TC ratio (r = 0.277, 

p < 0.05). 
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Figure 3.2. Lipid parameters before and after weight loss in overweight and obese 

individuals (n = 54). 

 

Data are presented as means ± SEM.  

Letters indicates significant differences between before and after 20 wk of weight loss 

trial with a and b indicate p < 0.05, while c and d indicate p < 0.001 

Abbreviations: TC, total cholesterol; LDL-C, low density lipoprotein cholesterol; TG, 

triglycerides; HDL-C, high density lipoprotein cholesterol. 
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Figure 3.3. Response of synthesis and absorption across study in overweight and obese 

individuals (n = 54). 

 

Data are presented as means ± SEM.  

a and b indicate significant differences between initial and final of weight loss period 

with p <0.001 

Abbreviations: NCS, non-cholesterol sterols; desm, desmosterol; latho, lathosterol; camp; 

campesterol; β-Sit, β-sitosterol; TC, total cholesterol 
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Table 3.4. Correlations of change in cholesterol precursors and plant sterols with change 

in serum total and lipoprotein cholesterol levels before and after a 20 wk weight loss 

intervention in overweight and obese individuals (n = 54). 

Parameters Desmosterol/TC Lathosterol/TC Campesterol/TC β-Sitosterol/TC 

Lipid profile (mmol/l)     

  Total cholesterol    0.068 -0.078  0.167  0.056 

  LDL cholesterol    0.021 -0.106  0.136  0.043 

  HDL cholesterol  -0.103 -0.227  0.251  0.190 

  Triglycerides   0.161  0.160 -0.019 -0.077 

Non-cholesterol sterols (µmol/mmol)    

  Desmosterol/TC 1.000    0.508
**

     0.351
**

  0.277
*
 

  Lathosterol/TC    0.508
**

 1.000 -0.003 0.011 

  Campesterol/TC    0.351
**

 -0.003  1.000    0.798
**

 

  β-Sitosterol/TC  0.277
*
  0.011     0.798

**
 1.000 

 

*p < 0.05, **p < 0.01, ***p < 0.001 

Cholesterol precursors and plant sterols are reported in µmol/mmol of cholesterol 

All values reported are the difference between before and after 20 wk of weight loss trial. 

Abbreviations: LDL, low density lipoprotein cholesterol; HDL, high density lipoprotein 

cholesterol. 
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Genotype Distribution and Frequency of Single Nucleotide Polymorphisms 

The distribution and frequency of SNPs are explained in Table 3.5. Participants’ age and 

BMI were not significantly different among all the allele groups. Due to the very low 

frequency of heterogeneity found in SNPs in NPC1L1, their relationships with lipid 

profiles, CAS markers could not be analyzed statistically. 

 

Table 3.5. Genotype distribution and frequency of missense SNPs of ABCG5 and 

ABCG8 (n = 54). 

SNPs 

Allele Homozygous 1/1                    Heterozygous 1/2 Homozygous 2/2 

1/2 
N 

(%) 

Age 

(yr) 
BMI  

N 

(%) 

Age 

(yr) 
BMI  

N 

(%) 

Age 

(yr) 
BMI  

ABCG5          

Q604E C/G 
2  

(3.7) 

50.7 

± 9.2 

31.6 

± 0.0 

11 

(20.4) 

47.7 

± 3.9 

32.3 

± 0.1 

41 

(75.9) 

50.5 

± 1.9 

32.5 

± 0.5 

R50C A/G 0   
7 

(13.0) 

48.5 

± 6 

32.4 

± 1.3 

47 

(87.0) 

50.2 

± 1.7 

32.4 

± 0.5 

ABCG8          

C54Y A/G 
18 

(33.3) 

50.0 

± 2.6 

32.6 

± 0.9 

23 

(42.6) 

48.8 

± 2.6 

33.0 

± 0.7 

13 

(24.1) 

52.0 

± 3.6 

31.2 

± 0.8 

T400K A/C 
3 

(5.6) 

55.2 

± 5.9 

34.9 

± 2.5 

14 

(25.9) 

47.4 

± 3.8 

33.0 

± 0.8 

37 

(68.5) 

50.5 

± 1.9 

32.0 

± 0.6 

V632A C/T 
36 

(66.7) 

48.7 

± 2.2 

32.2 

± 0.6 

18 

(33.3) 

52.4 

± 2.2 

32.8 

± 0.7 
0   

NPC1L1          

A310S A/C 0   0   
54 

(100) 

49.5 

± 1.7 

32.4 

± 0.5 

I1206N A/T 0   
1 

(1.9) 
61 36.3 

53 

(98.1) 

49.3 

± 1.7 

32.4 

± 0.5  

D1114H 

D1087H 
C/G 

54 

(100) 

49.5 

± 1.7 

32.4 

± 0.5 
0   0   

No significant differences were found among all groups (p < 0.05). 

Data are presented as means ± SEM, BMI values reported are in kg/m
2
 

Homozygous groups in bold which are lower than 10% or 6 are considered to be 

collapsed to its heterozygous group. 

Abbreviations: BMI, body mass index, SNP, single nucleotide polymorphism. 
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Effect of Single Nucleotide Polymorphisms on Lipid Parameters 

The two ABCG5 SNPs analyzed in the present trial were not significantly associated with 

changes in lipid profiles after weight loss period (Table 3.6). However, the V632A SNP 

of ABCG8 was associated with changes in TC and TG after weight loss. Thirty six 

participants carrying homozygous C/C in V632A had larger declines (p < 0.05) in TC (-

0.41 ± 0.10 mmol/l) and TG (-0.59 ± 0.10 mmol/l) compared with changes in TC (-0.03 ± 

0.14 mmol/l) and TG (-0.20 ± 0.11 mmol/l) in18 heterozygous C/T carriers (Table 3.7). 

The rest of the ABCG8 SNPs analyzed in the present study were not significantly 

associated with lipid parameters including TG, TC, HDL-C and LDL-C (Table 3.7).  

 

Effects of Polymorphisms on Cholesterol Absorption and Synthesis Markers 

The changes in ratio of desmosterol to cholesterol, as surrogate markers of cholesterol 

synthesis, were related to Q604E SNPs in ABCG5 (Table 3.6). Homozygous carriers of 

the allele G/G of Q604E were found to have a greater decline (p < 0.05) in desmosterol to 

cholesterol ratio than both heterozygous C/G carriers and the combination of C/C and 

C/G carriers. In subjects possessing the ABCG8, T400K, the ratio of lathosterol to 

cholesterol in participants carrying homozygous A/A (-0.57 ± 0.05 µmol/mmol of 

cholesterol) had smaller decreases (p < 0.05) than those who were homozygous C/C       

(-0.19 ± 0.04 µmol/mmol) after weight loss (Table 3.7). Other SNPs measured showed 

no associations with changes in the ratio of desmosterol, lathosterol, campesterol and β-

sitosterol to TC post weight loss. 
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Table 3.6.  Change in lipid profiles, surrogates of synthesis and absorption stratified 

based on ABCG5 SNPs (n = 54). 

Q604E C/C C/C+C/G C/G G/G Total 

N 2 13 11 41 54 

Desm/TC -0.03 ± 0.06 0.01 ± 0.06
a
 0.02 ± 0.07

a
 -0.13 ± 0.02

b
 -0.09 ± 0.02 

Latho/TC -0.15 ± 0.04 -0.15 ± 0.06 -0.15 ± 0.07 -0.23 ± 0.04 -0.21 ± 0.03 

Camp/TC 0.02 ± 0.15 -0.06 ± 0.07 -0.07 ± 0.09 -0.08 ± 0.09 -0.08 ± 0.07 

β-sito /TC 0.16 ± 0.03 -0.03 ± 0.12 -0.07 ± 0.14 -0.01 ± 0.06 -0.02 ± 0.05 

TC 0.18 ± 0.58 0.04 ± 0.05 -0.29 ± 0.17 -0.30 ± 0.10 -0.28 ± 0.09 

LDL-C -0.02 ± 0.37 -0.22 ± 0.16 -0.12 ± 0.16 -0.11 ± 0.08 -0.10 ± 0.07 

HDL-C 0.13 ± 0.08 -0.10 ± 0.14 0.02 ± 0.06 0.05 ± 0.03 0.05 ± 0.02 

TG 0.15 ± 0.25 -0.31 ± 0.17 -0.40 ± 0.19 -0.51 ± 0.09 -0.46 ± 0.08 

R50C A/A   A/G G/G Total 

N 0 - 7 47 54 

Desm/TC   0.01 ± 0.11 -0.11 ± 0.02 -0.09 ± 0.02 

Latho/TC   -0.13 ± 0.06 -0.23 ± 0.04 -0.21 ± 0.03 

Camp/TC   -0.05 ± 0.05 -0.08 ± 0.08 -0.08 ± 0.07 

β-sito /TC   0.11 ± 0.15 -0.04 ± 0.05 -0.02 ± 0.05 

TC   -0.27 ± 0.28 -0.28 ± 0.09 -0.28 ± 0.09 

LDL-C   0.02 ± 0.24 -0.12 ± 0.07 -0.10 ± 0.07 

HDL-C     0.05 ± 0.05 0.05 ± 0.03 0.05 ± 0.02 

TG   -0.71 ± 0.28 -0.42 ± 0.08 -0.46 ± 0.08 

Data are presented as means ± SEM. 

a
 
b 

indicates significant differences with p < 0.05 among different alleles 

Abbreviations: SNP, single nucleotide polymorphism; desm, desmosterol; latho, 

lathosterol; camp; campesterol; β-sito, beta sitosterol; TC, total cholesterol; LDL-C, low 

density lipoprotein cholesterol; TG, triglycerides; HDL-C, high density lipoprotein 

cholesterol. 

Cholesterol precursors and plant sterols are reported in µmol/mmol of cholesterol while 

lipid parameters are reported in mmol/l. 

All values reported are the difference between before and after 20 wk of weight loss trial. 
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Table 3.7.  Change in cholesterol synthesis and absorption surrogates marker and lipid 

profiles stratified based on ABCG8 SNPs (n = 54). 

C54Y A/A A/A+A/G A/G G/G Total 

N 18 - 23 13 54 

Desm/TC -0.11 ± 0.03  -0.08 ± 0.04 -0.10 ± 0.06 -0.09 ± 0.02 

Latho/TC -0.21 ± 0.05  -0.25 ± 0.06 -0.16 ± 0.06 -0.21 ± 0.03 

Camp/TC -0.01 ± 0.07  -0.15 ± 0.14 -0.05 ± 0.13 -0.08 ± 0.07 

β-sito /TC 0.04 ± 0.07  -0.07 ± 0.07 0.00 ± 0.13 -0.02 ± 0.05 

TC -0.31 ± 0.18  -0.26 ± 0.11 -0.27 ± 0.18 -0.28 ± 0.09 

LDL-C -0.18 ± 0.13  -0.04 ± 0.10 -0.12 ± 0.16 -0.10 ± 0.07 

HDL-C 0.08 ± 0.04  0.05 ± 0.03 0.00 ± 0.05 0.05 ± 0.02 

TG -0.44 ± 0.14  -0.56 ± 0.14 -0.32 ± 0.13 -0.46 ± 0.08 

T400K A/A A/A+A/C A/C C/C Total 

N 3 17 14 37 54 

Desm/TC -0.25 ± 0.08 -0.12 ± 0.03 -0.10 ± 0.03 -0.08 ± 0.03 -0.09 ± 0.02 

Latho/TC -0.57 ± 0.05
a
 -0.27 ± 0.06 -0.21 ± 0.06 -0.19 ± 0.04

b
 -0.21 ± 0.03 

Camp/TC -0.04 ± 0.35 -0.10 ± 0.07 -0.11 ± 0.06 -0.06 ± 0.10 -0.08 ± 0.07 

β-sito /TC 0.07 ± 0.19 0.03 ± 0.07 0.02 ± 0.08 -0.04 ± 0.07 -0.02 ± 0.05 

TC -0.87 ± 0.54 0.04 ± 0.04 -0.29 ± 0.18 -0.23 ± 0.10 -0.28 ± 0.09 

LDL-C -0.43 ± 0.46 -0.39 ± 0.18 -0.10 ± 0.12 -0.08 ± 0.09 -0.10 ± 0.07 

HDL-C 0.08 ± 0.07 -0.15 ± 0.13 0.03 ± 0.04 0.05 ± 0.03 0.05 ± 0.02 

TG -1.06 ± 0.46 -0.55 ± 0.15 -0.45 ± 0.15 -0.42 ± 0.10 -0.46 ± 0.08 

V632A C/C C/T+T/T C/T T/T Total 

N 36 0 18 0 54 

Desm/TC -0.10 ± 0.03  -0.07 ± 0.03  -0.09 ± 0.02 

Latho/TC -0.22 ± 0.04  -0.19 ± 0.07  -0.21 ± 0.03 

Camp/TC -0.08 ± 0.10  -0.07 ± 0.08  -0.08 ± 0.07 

β-sito /TC -0.03 ± 0.07  0.01 ± 0.05  -0.02 ± 0.05 

TC -0.41 ± 0.10
a
  -0.03 ± 0.14

b
  -0.28 ± 0.09 

LDL-C -0.16 ± 0.09  0.00 ± 0.11  -0.10 ± 0.07 

HDL-C 0.03 ± 0.03  0.08 ± 0.03  0.05 ± 0.02 

TG -0.59 ± 0.10
a
  -0.20 ± 0.11

b
  -0.46 ± 0.08 

a
 and 

b 
indicates p < 0.05 among different alleles 

Data are presented as means ± SEM. 

Abbreviations: SNP, single nucleotide polymorphism; desm, desmosterol; latho, 

lathosterol; camp; campesterol; β-sito, beta sitosterol; TC, total cholesterol; LDL-C, low 

density lipoprotein cholesterol; TG, triglycerides; HDL-C, high density lipoprotein 

cholesterol. 

Cholesterol precursors and plant sterols are reported in µmol/mmol of cholesterol. 

Values reported are the difference between before and after 20 wk of weight loss trial. 
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3.5 Discussion 

The present study includes a number of novel findings. An alteration in circulating lipid 

parameters, subsequent to 10 % weight loss and further improvement of body 

composition, was shown in overweight and obese individuals. The reduction of lipid 

parameters was accompanied by a decrease in whole body cholesterol biosynthesis.  

Moreover, the present study represents the first investigation into the associations of 

genotypic traits of sterol transport genes, ABCG5- R50C, ABCG8-A632V and NPC1L1, 

with their response to CAS, as well as serum cholesterol levels to weight loss 

intervention in overweight and obese men and women. Polymorphisms in ABCG5 

Q604E and ABCG8 T400K were significantly associated with variability responses of 

cholesterol synthesis due to weight loss. Additionally, polymorphism in ABCG8 A632V 

showed that allele determination explained the individual variability response of blood 

lipid parameters subsequent to weight loss. 

 

Body composition changes, subsequent to weight loss, are essential to morbidity and 

mortality risk. This weight loss study shows a greater reduction of fat mass and a minimal 

loss of lean mass. These data explain the overall increase in percentage of lean tissue 

after weight loss, even though the actual lean mass had decreased. Declines in the lean 

tissue percentages, shown in this study, are desirable since excessive loss of FFM is 

responsible for maintaining a resting metabolic rate, regulating body temperature, 

preserving skeletal integrity and maintaining the function and quality of life (Marks & 

Rippe, 1996). Additionally, even with a minimal loss of body weight, changes in body 

shape or composition by way of an increase in physical activity could improve cardio 
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respiratory fitness (Ross & Janiszewski, 2008). Moreover, the reduction in the android 

(upper or stomach area) to gynoid (hip and high thigh area) ratio observed in this study 

could serve as one of the factors in ameliorating serum lipid profiles since previous 

studies have shown that women with the highest waist to hip ratio have an increased 

mortality risk from CVD (Lapidus et al., 1984). 

 

Weight loss resulted in favorable changes in blood lipid profiles suggesting a decline in 

CVD risk. The reduction of the TC levels observed was in line with previous studies 

(Poobalan et al., 2004; Dattilo & Kris-Etherton, 1992). A meta-analysis of 70 studies 

indicates that weight loss is associated and correlated with TC, LDL-C, VLDL and TG. 

They also found that for every kilogram decrease in body weight TC, LDL-C and TG is 

decreased by 0.05 mmol/l, 0.02 mmol/l, and 0.015 mmol/l, respectively (Dattilo & Kris-

Etherton, 1992).  Another meta-analysis by Proobalan et al. found that for every 10 kg of 

weight loss, a decline of 0.23 mmol/l of cholesterol is observed in obese individuals 

(Poobalan et al., 2004). However, in the present study, after weight loss, LDL-C showed 

a trend in reduction but it did not reach statistical significance. The reason might be 

attributed to the indirect methodology used to measure LDL-C in this study. The free 

living study design used presently might be another possible explanation. Dietary 

guidelines were given to the participants as weight loss tools, while 3 day food records 

served as a compliance tool for the participants. However, the absence of a fully 

controlled diet in this study could contribute to the non-significant reduction and/or 

variability in results in changes of LDL-C observed after weight loss.  
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Several studies compared and validated the Friedewald equation used in the present study 

to measure LDL-C concentration (Cordova et al., 2004; Fukuyama et al., 2008; Nauck et 

al., 1996).  The Friedewald equation was known to underestimate the LDL-C level when 

the triglyceride level of the individual was higher than 4.5 mmol/l (Nauck et al., 1996) 

and at low LDL-C concentrations (Scharnagl et al., 2001). Jun et al. (2008) compared 

38243 Koreans (TG < 4.52mmol/l) and found the Friedewald calculated LDL-C value 

was lower than direct LDL-C measurements in 96.3 % of participants and the percentage 

difference of both methods was more than ± 5 % in 75.4 % of participants (Jun et al., 

2008). Moreover, this review has shown significant (25 % to 40 %) errors with 

individuals having TG level between 2.27 mmol/l and 4.52 mmol/l (Sniderman et al., 

2003). Furthermore, equal values of TC and HDL-C the reduction of TG affected 

calculated LDL-C to automatically rise while the actual LDL-C concentrations remain 

unknown  (Lane, 1997).  Additionally, a recent study by Fukuyama et al., found that the 

calorie content of the last meal prior to blood collection, affected LDL-C values 

calculated by the Friedewald equation compared to direct LDL-C measurement using N-

geneous assay (Fukuyama et al., 2008). A lower energy meal (658 kcal) eaten prior to 

blood collection resulted in higher calculated LDL-C values compared with direct LDL-C 

values while a higher energy meal (1011 kcal) consumed prior to blood collection had 

significantly lower indirect LDL-C values compared to direct LDL-C (Fukuyama et al., 

2008).  Thus, the significant reduction in TG post weight loss observed in this study 

might have resulted in an increase in calculated LDL-C post weight loss and the energy 

level of a participant’s last meal prior to blood withdrawal which might have influenced 

the calculated LDL-C values. For future work, instead of using the Friedewald equation, 
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LDL-C concentrations would need to be measured by direct methods such as 

ultracentrifugation or lipoprotein electrophoresis. 

 

The present study is the first to discover that the changes in TC and TG post weight loss 

are associated with polymorphisms in V632A ABCG8.  Our results have demonstrated 

that individuals with homozygous C/C in A632V have better cardio-protective changes 

than do subjects with the heterozygous C/T post weight loss. Previously, SNP on A632V 

have been shown to be associated with the baseline TC (Berge et al., 2002).  A meta-

analysis by Jakulj and coworkers in 2010 found an association between polymorphism in 

V632A and LDL-C baseline concentrations, where individuals carried minor allele 632V 

(n = 367) was associated with reductions (p = 0.01) of baseline LDL-C in comparison to 

individuals with homozygous 632A (n = 614) (Jakulj et al., 2010).  Individual studies 

included in the meta-analysis did not show the associations found (Jakulj et al., 2010).  

To our best knowledge, no other study has successfully linked the SNP in A632V and 

hypercholesterolemia and response to interventions. 

 

The level of cholesterol in vivo is maintained by the regulation of cholesterol absorption, 

synthesis and excretion. Cholesterol synthesis was significantly reduced after weight loss 

even in the absence of changes in cholesterol absorption. The current study result was in 

line with previous works (Di Buono et al., 1999; Santosa et al., 2007a; Raeini-Sarjaz et 

al., 2001). After a 6.8 ± 2.6 % weight reduction, within a six month period and in six 

mildly-hypercholesterolemic-obese men, cholesterol fractional synthesis rates were 

reduced significantly from 8.42 ± 3.90 %/d to 3.04 ± 1.90 %/d , while their absolute 
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synthesis rates were decreased from 1.66 ± 0.84 g/(kg.d) to 0.59 ± 0.38 g/(kg.d) (Di 

Buono et al., 1999). Raeini-Sarjaz et al. (2001) also obtained the same conclusions from 

weight loss groups prescribed low energy diets and low energy-low fat diets, resulting in 

FSR decreases of 27.7 % and 25.5 %, respectively (Raeini-Sarjaz et al., 2001). 

Furthermore, Santosa et al (2007) demonstrated similar results in 35 

hypercholesterolemic women, where the fractional synthesis rate of cholesterol was 

decreased by 3.86 % after 14.5 % weight loss over a 20 wk period although the 

cholesterol absorption rate was not changed (Santosa et al., 2007a). Present results 

supported the notion that weight loss is a potent inhibitor to cholesterol synthesis which is 

not compensated by the alteration of cholesterol absorption.  

 

The present study is the second one to prove that polymorphisms in ABCG5 and ABCG8 

are associated with cholesterol synthesis post weight loss. However, in contrast with 

previous findings, participants carrying the major allele (G/G) in Q604E ABCG5 (n = 41) 

were found to have had a greater decrease (p < 0.05) in cholesterol synthesis post weight 

loss compared with heterozygous C/G carrier (n = 11) and a combination of minor allele 

(C/C) and heterozygous C/G carrier (n = 13). Previous trial has shown that individuals 

possessing the heterozygous allele C/G (n = 13) showed a decrease (-7.39 ± 9.36 %/d) in 

fractional synthesis rate (p < 0.05) while the minor allele (n = 3) had an increase (1.69 ± 

10.0 %/d) in FSR (Santosa et al., 2007b). The trial by Santosa et al. also found other 

associations including Q604E with cholesterol absorption and C54Y SNP in ABCG8 

with cholesterol synthesis which were not found in the present trial (Santosa et al., 

2007b). Another novel finding from the present trial is the association of polymorphisms 
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in T400K ABCG8 and an indirect marker of cholesterol synthesis, the lathosterol/TC 

ratio. Participants with the minor allele (A/A) exhibited a lower cholesterol synthesis 

decline than those with major allele C/C. Previous trial did not find any differences in 

CAS post weight loss in this SNP (Santosa et al., 2007b). The present disparity could be 

a result of different methods used in measuring the cholesterol synthesis as well as 

participant’s characteristic variability, including gender differences, and level of baseline 

cholesterol. The present study used an indirect CAS measurement approach using NCS 

ratio to TC, which employed 54 men and women with normal to high cholesterol levels 

while the previous weight loss trial used stable isotopes methods to measure FSR and 

cholesterol absorption in 35 hypercholesterolemic women.  

 

The remaining SNP’s measured were not associated with serum lipid levels or non-

cholesterol sterol ratios. A meta-analysis comprising of 3364 subjects from 16 studies 

found no associations between SNPs in ABCG5/G8- Q604E, C54Y, D19H, T400K and 

A632V with baseline levels of lipid profiles and NCS ratios to cholesterol (Jakulj et al., 

2010), even though individual studies have shown associations with baseline markers of 

cholesterol metabolism. 

 

The alteration of CAS subsequent to weight loss has never previously been associated 

with SNPs in NPC1L1. Unfortunately, due to very low heterogeneity found in NPC1L1 

SNPs studied, no meaningful statistical analysis can be performed. Nevertheless, one 

individual with a rare mutation of NPC1L1 was found in this study. Overall,  more 

studies need to be conducted in order to confirm inter-individual variations in cholesterol 
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metabolism response after weight loss since there are 34 missense SNPs of NPC1L1 

known according to the National Center for Biotechnology Information database 

(dbSNP). 

 

Limitations of this study include the number of missense SNPs studied (8SNPs) whereas 

according to the National Center for Biotechnology Information database, so far, there 

are 22 missense SNPs in ABCG5, 30 missense SNPs in ABCG8 and 34 missense SNPs 

in NPC1L1 that have been identified in the human genome. Moreover, the combinations 

of common polymorphisms of these transporters might be needed to fully explain the 

inter-individual variations of cholesterol metabolism. Other limitations include the gender 

proportion in the present study which was not equal since the women outnumbered the 

men, and the methodology used in the present study included indirect CAS and calculated 

LDL-C measurements.  

 

3.6 Conclusion 

In conclusion, weight loss of 10% of initial body weight induced cardio-protective 

changes in blood lipid profiles, which might be explained by the reduction in cholesterol 

biosynthesis. Single nucleotide polymorphisms in ABCG5 Q604E and ABCG8 T400K 

were associated with inter-individual variations of changes in CAS after weight loss.  

Individuals with homozygous allele C/C in ABCG8 A632V had a better response in 

improving the CVD risk factors including TC and TG compared with its heterozygous 

allele C/T. 
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CHAPTER 4 

BRIDGE 

The previous chapter showed that weight loss ameliorated blood lipid profiles as a result 

of a reduction in cholesterol biosynthesis. The results in Chapter 3 (Trial A) revealed a 

different association of ABCG8 and ABCG5 polymorphisms with changes in cholesterol 

absorption and synthesis post weight loss compared with Santosa et al. (2007b) (Trial B). 

The difference in methodology might explain the variability between the two trials. Due 

to the similarity of the weight loss study design, the Trial B blood samples were 

reanalyzed using the ratio of non-cholesterol sterols to cholesterol as in Trial A. 

Additionally, since Trial B only measured 3 out of the 8 SNPs analyzed in Trial A, eight 

SNPs determined in Trial A would be examined in Trial B’s participants. A bigger 

sample size enabled us to enhance statistical power as well as to reconfirm our findings. 

Therefore, the second manuscript combined and analyzed the samples of both Trial A 

conducted by the candidate (as seen in Chapter 3) and Trial B conducted by Santosa et al. 

(2007a; 2007b). The purpose of the second manuscript was to reconfirm the association 

between polymorphisms of ABCG5, ABCG8 and NPC1L1 genes and the change in 

cholesterol absorption and synthesis due to weight loss previously seen in the Santosa et 

al study (2007b).  

 

 

 

 



63 

 

CHAPTER 5 

MANUSCRIPT 2 

 

 

 

 

 

 

 

 

 

 

Polymorphism of V632A in ABCG8 is Associated with Reduced Serum Lipid Profiles 

Due to Weight Loss in Overweight Individuals 

 

 

 

 

 

 

 

 

Melinda Mintarno
1,2

, Sylvia Santosa
2
, Amira Kassis

2
 and Peter J.H. Jones

1,2 

 
1
Department of Human Nutritional Sciences, University of Manitoba, Winnipeg, MB, 

R3T 2N2 

2
Richardson Centre for Functional Foods and Nutraceuticals, 196 Innovation Drive 

University of Manitoba, Winnipeg, MB R3T 2N2 



64 

 

5.1 Abstract  

Global obesity has increased dramatically and is linked to chronic diseases including 

cardiovascular disease (CVD). The ABCG5 and ABCG8 proteins are responsible for the 

intestinal and hepatic excretion of cholesterol and plant sterols (PS), while the NPC1L1 is 

a protein which facilitates intestinal and hepatic influx of cholesterol. Single nucleotide 

polymorphisms (SNP) in these transporters might affect cholesterol biosynthesis and 

absorption (CAS). The objective of this study was to examine if single nucleotide 

polymorphisms (SNP) of ABCG5, ABCG8 and NPC1L1 were associated with changes in 

CAS subsequent to weight loss in overweight and obese individuals. Eighty-nine healthy 

males and females (age, 49.4 ± 1.1 yr; BMI, 32.0 ± 0.3 kg/m
2
) completed a 20 wk weight 

loss period. Weight reduction was achieved by self-directed caloric restriction and 

physical activity. Ratios of non-cholesterol sterols (NCS) to total cholesterol (TC) 

measured using gas-liquid chromatography were used to estimate CAS. SNPs were 

determined using TaQMan genotyping assay. After weight reduction of 12.1% (10.3 ± 

0.4 kg, p < 0.0001), serum TC, LDL-C and triglycerides (TG) were reduced (p < 0.01) 

while HDL-C was increased (p < 0.01). The ratio of desmosterol and lathosterol to TC 

were reduced (p < 0.001) by -0.08 ± 0.02 µmol/mmol (-11.49 %) and -0.18 ± 0.05 

µmol/mmol (-9.52 %), respectively.  However, campesterol/TC and sitosterol/TC were 

not altered. The SNP of ABCG8 V632A was associated with changes in TC and TG 

levels after weight loss. Participants carrying homozygous C/C in V632A showed a 

greater reduction (p < 0.05) in serum TC (-0.56 ± 0.08 mmol/l) and TG (-0.56 ± 0.07 

mmol/l) compared with changes in TC (-0.23 ± 0.11mmol/l) and TG (-0.27 ± 0.08 

mmol/l) in heterozygous C/T carriers. The present study is the first to demonstrate that 
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changes in TC and TG levels post weight loss associate with polymorphism at ABCG8 

V632A. SNPs in cholesterol transporter, ABCG5, ABCG8, did not associate with CAS 

subsequent to weight loss. In conclusion, weight loss of 12.1 % initial body weight 

induced cardio-protective changes in blood lipids, potentially mediated by reduced 

cholesterol biosynthesis. Additionally, participants carrying homozygous allele C/C in 

ABCG8 V632A had greater improvement in CVD risk factors by reducing TC and TG 

compared with its heterozygous allele C/T. (Supported by Canadian Institutes of Health 

Research). 

 

 

Keywords: weight loss, BMI, DEXA, body composition, fat mass, fat free mass, 

cholesterol absorption, cholesterol synthesis, HDL-C, LDL-C, TC, TG, SNP, ABCG5, 

ABCG8, NPC1L1. 
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5.2 Introduction 

The prevalence of obesity in North America has increased dramatically over the past two 

decades. Nearly a third or 59.1 % of Canadians aged 18 years or older are overweight and 

obese (Tjepkema, 2006). Obesity serves as an independent risk factor for CVD (Klein et 

al., 2004). WHO (1998) and Canadian obesity guidelines (2006) advise people with BMI 

> 25.0 kg/m
2
 to have a goal of 5 % to 10 % of weight loss within 6 months to achieve 

beneficial health outcomes regardless of age and sex.  As early as 60 years ago, weight 

loss was found to improve CVD risk factors including plasma cholesterol levels (Walker 

& Wier, 1951). 

 

The delicate balance of cholesterol in the body, a key CVD risk marker, is maintained by 

rate of cholesterol absorption, synthesis and faecal excretion (Santosa et al., 2007c). The 

impact of weight loss on CAS rates has been mixed. A decrease in cholesterol synthesis 

due to weight loss had been shown in several studies (Di Buono et al., 1999; Santosa et 

al., 2007a; Raeini-Sarjaz et al., 2001); conversely, some studies have shown no 

significant change in cholesterol synthesis post weight loss (Griffin et al., 1998; Simonen 

et al., 2000). Simonen et al. observed an increase in cholesterol absorption (Simonen et 

al., 2000), while Mintarno et al (Chapter 3) and Santosa et al. observed no change in 

absorption post weight loss (Santosa et al., 2007a; Simonen et al., 2000). 

 

Through the rare human genetic disorder termed β-sitosterolemia and via studies that 

examine the effect of ezetimibe, a cholesterol absorption blocker, three proteins key to 

the cholesterol absorption were discovered: ATP binding cassette subfamily G5 



67 

 

(ABCG5), G8 and Neiman Pick C1-like 1 (NPC1L1) (Berge et al., 2000; Lee et al., 

2001; Altmann et al., 2004). Genetic variability in ABCG5/G8 and NPC1L1, which are 

responsible for cholesterol efflux and influx from the liver and the enterocyte (Altmann et 

al., 2004; Salen et al., 2002; Kidambi & Patel, 2008; Davis & Altmann, 2009; Betters & 

Yu, 2010), might explain the variability seen in the impact of weight loss on cholesterol 

metabolism.  

 

The previous results showed that weight loss ameliorated blood lipid profiles as a result 

of a reduction in cholesterol biosynthesis (Chapter 3 and (Santosa et al., 2007a). 

Moreover, the results from Chapter 3 (Trial A) showed a different association of ABCG8 

and ABCG5 polymorphisms with changes in CAS post weight loss compared with 

Santosa et al. (2007a; 2007b) (Trial B). The difference in methodology is hypothesized to 

explain the variability between the two trials. Due to the similarity of the weight loss 

study design, blood samples from Trial B were reanalyzed using ratio of non-cholesterol 

sterols to cholesterol as Trial A did. Additionally, since Trial B only measured 3 out of 

the 8 SNPs analyzed in Trial A, all 8 SNPs determined in Trial A would be conducted in 

Trial B’s participants.  

 

Therefore, the aim of this study was to reconfirm the association between polymorphisms 

of ABCG5, ABCG8 and NPC1L1 genes and the change in CAS due to weight loss. 
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5.3 Materials and Methods 

Two weight loss trials conducted by our group were pooled on the basis of study design 

similarity. Trial A was carried out at the Clinical Nutrition Research Unit at the 

Richardson Centre for Functional Food and Nutraceuticals (RCFFN), University of 

Manitoba, Winnipeg, Canada. Trial B was performed at the Mary Emily Clinical 

Nutrition Research Unit of McGill University, Montreal, Canada. Specific details on 

Trial A study design and protocols were explained in Chapter 3 of Mintarno’s thesis 

while Trial B’s study design and protocol have been published previously (Santosa et al., 

2007a; Santosa et al., 2007b). 

 

Study Design 

Participant  

A total of 89 participants with BMI between 28 and 39 kg/m
2
 were pooled from both 

trials. Both trials excluded participant who were treated with oral hyperlipidemic therapy 

within the 3 months before starting the study; had any history of chronic diseases; or had 

a previous history of an eating disorder. All participants gave their written informed 

consent at the beginning of the study. The participant characteristics were different 

between Trial A and B. Trial A included 54 men and women aged between 18-70 years 

with normal to hypercholesterolemic individuals, while Trial B include 

hypercholesterolemic women at 35-60 years of age.  
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Human Ethics Considerations  

Trial A experimental protocol was approved by the University of Manitoba Biomedical 

Research Ethics Board, with ethics file number: B2007:198 (HS10435). Trial B 

experimental protocol was approved by the Faculty of Medicine Ethics Review Board at 

McGill University and the Human Investigation Review Committee of Tufts University. 

Dr. Peter J.H. Jones was the principal investigator for both trials. 

 

Study Protocol 

Both longitudinal clinical trials employed a 20 wk weight loss period. Trial A had one 

week of stabilization time prior to the weight loss period, while Trial B had two weeks of 

stabilization time at the beginning and end of weight loss period. Blood samples were 

collected by a registered nurse at the beginning and end of the weight loss period. 

Participants were asked to fast, and consume no food or drink except water, for 12 h prior 

to every blood collection. In addition, at the beginning and end of the weight loss period, 

whole body composition was measured using dual energy x-ray absorptiometry (DEXA) 

in Trial A and magnetic resonance imaging for Trial B to determine percent lean and fat 

mass.  

 

Weight Loss Protocol 

A 20 wk weight loss period was undertaken in a free-living environment. Participants’ 

baseline total energy expenditure (TEE) was calculated by multiplying Mifflin’s equation 

(Mifflin et al., 1990) by 1.65 activity factor in Trial A. Energy expenditure was estimated 

using the Harris–Benedict equation (Harris & Benedict, 1919) multiplied by an activity 
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factor in Trial B. Weight loss was achieved by reducing energy intake and increasing 

energy expenditure through exercise. Participants were taught to use the US exchange 

system consisting of grains, fruits and vegetables, meat and alternatives, milk, and fat 

food groups which will provide 50 % of energy from carbohydrates, 20 % of energy from 

proteins and 30 % of energy from fats. Compliance was monitored by weight changes at 

weekly weigh-ins with no shoes and light clothing. Participants were encouraged to lose 

weight through the use of visual graphs which included the plotted projected and actual 

body weight changes. 

 

Analytical Methods 

Body weight was measured to the nearest 0.1 kg and height to the nearest 0.1 cm with 

participants wearing only light clothing. BMI (kg/m
2
) was calculated from weight and 

height recorded at the beginning and end of weight loss period.  Both Trial A and B 

participants were combined in the analysis of cholesterol synthesis and absorption as well 

as genotyping determination, while their body composition as well as blood lipid values 

were measured and reported previously (Santosa et al., 2007a; Santosa et al., 2007b). 

 

Blood Sample Separation 

Collected blood was centrifuged at 3000 rpm, 4 °C for 20 min to separate red blood cells 

(RBC) and plasma/serum and stored in -80 ºC for future use for Trial A. For Trial B, 

blood samples were centrifuged at 1500 rpm for 15 min to separate RBC and plasma 

within 30 min of phlebotomy and immediately stored at –20 °C. 
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Lipid Profile Analysis 

Enzymatic reactions were used to measure TC, TG, and HDL-C for both trials. Low 

density lipoprotein cholesterol was measured indirectly using the Friedewald equation 

(Friedewald et al., 1972) in Trial A and the dextran/magnesium sulphate method (Rifai et 

al., 1998) in Trial B.  

 

Body Composition Analysis 

The assessment of fat and fat free masses was carried out using whole body dual energy 

x-ray absorptiometry (GE Lunar BX-1 L-8743, General Electric Healthcare) in Trial A 

and magnetic resonance images were obtained using a Siemens 1.5. Tesla MRI scanner 

(Siemens, Mississauga, Canada) using a T-1 weighted spin-echo sequence with a 322 ms 

repetition time and a 12ms echo time was used in Trial B. 

 

Cholesterol Absorption and Synthesis Determination 

For all participants, the ratios of PSs (campesterol and β-sitosterol) to cholesterol were 

used as surrogate markers of cholesterol absorption while the ratio of cholesterol 

precursors (desmosterol and lathosterol) to cholesterol were utilized as an indirect marker 

of cholesterol synthesis (Miettinen, 1982). Plasma PS and cholesterol precursors were 

extracted from 500 µl of plasma EDTA and then quantified by gas liquid 

chromatography-flamed ionization detector using modified described method (Ntanios & 

Jones, 1998). Briefly, 100 µl [0.1 mg/ml] of internal standard 5-alpha-cholestane (Sigma-

Aldrich Canada Ltd) was added to plasma samples which were then saponified with 8 ml 
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of freshly prepared 0.5 M methanolic-KOH. Sterols were extracted twice from the 

mixture with 4 ml of petroleum ether. Extracted sterols were derivatized with TMS 

reagent (pyridine:hexamethyldisilazan:trimethylchlorosilane 9:3:1) (Sylon
TM

 HTP, 

Sigma-Aldrich Canada Ltd) using a modified derivatization method. Samples were then 

evaporated under nitrogen (TECHNE sample concentrator) and re-suspended in hexane 

to be injected into a gas-liquid chromatography equipped with a flame ionization detector 

(6890N GC system, Agilent Technology) and separated on a 30 m SAC-5 capillary 

column with an internal diameter of 0.25 mm and film thickness of 0.25 µm (Supelco). 

After some method development, the flow rate of carrier gas (helium) was set to 1.0 

ml/min. Samples were injected at 300 °C. The detector was set at 310 °C. The oven 

temperature remained at 50 °C for 1 min after injection, was increased to 245 °C at a rate 

of 45 °C/min, and then was kept constant for 4 min, after which it rose to 280 °C at a rate 

of 15 °C/min and was kept constant at 280 °C for 4 min. Thereafter, oven temperature 

was raised to 300 °C at a rate of 2 °C/min and held for 2 min, then raised to 315 °C at a 

rate of 45 °C/min and maintained for 5 min. The total run time was 33 min. Sterol 

concentrations were determined in duplicate by identifying the peak sizes and expressing 

them relative to an internal standard. Desmosterol, lathosterol, campesterol and β-

sitosterol levels were identified using authentic standards (Sigma-Aldrich Canada Ltd). 

Two consecutive days measurement at the beginning and end was analyzed in Trial A.  

However, due to limited sample availability, only a single day measurements at the 

beginning and end were analyzed in Trial B. 
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Single Nucleotide Polymorphism Determinations 

Single nucleotide polymorphisms were analyzed using the TaqMan SNP Genotyping 

method. Genomic DNA was extracted from white blood cells obtained from 200 μl 

EDTA buffy coat using QIAamp DNA blood mini kit (QIAGEN Inc., Valencia, Calif.) 

from the 54 participants of Trial A. EDTA treated buffy coat was used because heparin 

has been shown to inhibit real time polymerase chain reaction (RT-PCR).  The white 

blood cell residues, found in the red blood cell fraction from the incomplete separation 

of buffy coat and red blood cells after centrifugation of whole blood, were used in 21 of 

35 individuals from Trial B instead of buffy coat due to sample availability. 

 

Eight SNPs in NPC1L1, ABCG5 and ABCG8 (as listed in the Table 5.1) were amplified 

by a Step One plus RT-PCR (Applied Biosystem, Foster City, California), using 

TaqMan
®
 SNP Genotyping Assays (Applied Biosystem, Foster City, California). Half µl 

of TaqMan
®
 Genotyping assays and 4.5 µl of [2 ng/µl] of human DNA was mixed with 5 

µl of TaqMan
®
 GTXpress™ Master Mix (Applied Biosystem, Foster City, California) 

resulting in 10 µl PCR reaction volume. Each reaction mixture was subjected to one 

holding stage to activate DNA polymerase at 95 ˚C for 20 sec, followed by 40 cycles 

consisting of denaturing for 3 sec at 95 ˚C and annealing and elongation for 20 sec at 60 

˚C. Each SNPs determination was conducted using triplicate measurements as 

differentiated with Step One
TM

 Software v.2.1 (Applied Biosystems).  
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Table 5.1. Missense mutation of 8 SNPs, reference SNP number, allele as well as amino 

acid change. 

SNPs rs number 
Ref 

Allele 

mRNA Allele 

change 
Amino Acid Change 

ABCG5     

Q604E Rs6720173 C/G CAA ⇒ GAA Q [Gln] ⇒ E [Glu] 

R50C Rs6756629 A/G CGC ⇒ TGC R [Arg] ⇒ C [Cys] 

ABCG8     

Y54C Rs4148211 A/G TAC⇒TGC Y [Tyr] ⇒ C [Cys] 

T400K Rs4148217 A/C ACG ⇒ AAG T [Thr] ⇒ K [Lys] 

A632V Rs6544718 C/T GTC ⇒ GCC V [Val] ⇒ A [Ala] 

NPC1L1     

A310S rs79803700 A/C GCC ⇒ TCC A [Ala] ⇒ S [Ser] 

I1206N rs52815063 A/T ATC ⇒ AAC I [Ile] ⇒ N [Asn] 

D1114H 

D1087H 
rs79519744 C/G GAC ⇒ CAC D [Asp] ⇒ H [His] 

 

Statistical Analysis 

Data is presented as mean ± standard error of means (SEMs). Paired student t-tests (2-

tailed) were conducted to test the significance of the results comparing beginning to 

endpoint  body weight, body composition, lipid parameters, as well as CAS surrogate 

markers. Moreover, analysis of variance (ANOVA) with post hoc Scheffe multiple 

comparisons was used to test the difference in cholesterol kinetics and lipid profiles 

changes within a SNP. Homozygous variant groups with less than five individuals were 

automatically collapsed into the heterozygous group. A two-sample Student’s t-test was 

then applied to the regrouped data. Pairwise correlations between changes in CAS with 
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LDL-C or TC were calculated using Pearson’s correlation. A p value < 0.05 was 

considered to be significant. All statistical analyses were performed using SPSS software 

for Windows version 17.0 (SPSS Inc, Chicago, IL).  

 

5.4 Results 

A total of 89 participants (49.4 ± 1.1 yr; initial BMI of 32.4 ± 0.5 kg/m
2
) completed a 20 

wk weight loss trial and were included in our analyses. Participants’ baseline 

concentrations of blood lipid profiles, non-cholesterol sterols and body compositions are 

listed in Table 5.2.  

 

Body Composition Changes Subsequent to Weight Loss 

Pooled participant body weight changes before and after the 20 week weight loss period 

are described in Figure 5.1. Participants’ mean weights were reduced from 86.6 ± 1.4 kg 

to 76.3 ± 1.4 kg, resulting in reduction of -10.3 ± 0.4 kg or -12.1 ± 0.5 % (p < 0.0001) 

post weight loss period (Table 5.3).  Participants’ fat masses (FM) declined (p < 0.0001) 

by 8.4 ± 0.4 kg or -23.6 ± 1.3 % and the percentage of FM declined significantly (p < 

0.0001) by 5.7 ± 0.4 %. Participants’ fat free masses (FFM) were decreased (p < 0.0001) 

by 1.7 ± 0.2 kg or 3.5 ± 0.4 %.  However, the overall percentage of FFM was increased 

by 5.7 ± 0.4 % (p < 0.0001) after weight loss. 
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Table 5.2. Baseline characteristics of weight loss study participant in combined analysis 

(n = 89). 

Baseline Characteristics Mean  ± SEM  

Age (years) 49.4 ± 1.1 

Female (n (%)) 76  (85.4) 

Initial weight (kg) 86.6 ± 1.4 

Height (m) 1.64 ± 0.01 

BMI (kg/m
2
) 32.0 ± 0.3 

Lipid profiles (mmol/l)    

   Total cholesterol 5.60 ± 0.14 

   LDL-cholesterol 3.44 ± 0.08 

   HDL-cholesterol 1.32 ± 0.04 

   Triglycerides 1.84 ± 0.10 

Non-cholesterol sterols (µmol/mmol)    

   Desmosterol/TC 0.59 ± 0.03 

   Lathosterol/TC 1.30 ± 0.07 

   Campesterol/TC 1.24 ± 0.08 

   β-sitosterol/TC 0.72 ± 0.05 

Body composition    

   FM (kg) 36.6 ± 0.8 

   FM (%)  44.2 ± 0.6 

   FFM (kg) 48.1 ± 1.0 

   FFM (%) 56.7 ± 0.6 

Data are presented as means ± SEM.  

Abbreviations: BMI, body mass index; LDL, low density lipoprotein; HDL, high density 

lipoprotein cholesterol; TC, total cholesterol.; FM, fat mass; FFM, fat free mass. 
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Figure 5.1. Change in individual body weights (kg) before and after 20 wk of the weight 

loss period in obese and overweight individuals in the combined analysis (n = 89). 
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Table 5.3. Change and percent change in body weight and composition after a 20 wk 

weight intervention, according to DEXA (n = 53) and MRI (n = 35) in overweight and 

obese individuals in the combined analysis (n = 88). 

Variables Before After Difference % Difference 

Weight-scale (kg) * 86.6 ± 1.4 76.3 ± 1.4 -10.3 ± 0.4 -12.1 ± 0.5 

FM (kg)* 36.6 ± 0.8 28.2 ± 0.9 -8.4 ± 0.4 -23.6 ± 1.3 

FM (%) * 44.2 ± 0.6 38.4 ± 0.7 -5.7 ± 0.4 -13.3 ± 1.0 

FFM (kg)* 48.1 ± 1.0 46.3 ± 1.0 -1.7 ± 0.2 -3.5 ± 0.4 

FFM (%) * 56.7 ± 0.6 62.4 ± 0.7 5.7 ± 0.4 10.2 ± 0.8 

Data are presented as means ± SEM. Abbreviations: DEXA, dual-energy X-ray 

absorptiometry (n = 53); MRI, Magnetic Resonance imaging (n = 35); FFM, fat free mass 

and FM, fat mass. 

* p < 0.0001 of changes before and after weight loss 

 

Changes in Blood Lipid Profile, Cholesterol Absorption and Synthesis 

Total cholesterol, LDL-C and TG declined (p < 0.01) by -0.45 ± 0.06 mmol/l (-7.27 %),  

-0.22 ± 0.05 mmol/l (-5.52 %), and -0.47 ± 0.06 mmol/l (20.59 %), respectively. HDL-C 

levels increased (p < 0.05) by 0.06 ± 0.02mmol/l (5.52%) after 20 wk of weight loss 

(Figure 5.2). The ratio of desmosterol and lathosterol to cholesterol was reduced (p < 

0.001) by -0.08 ± 0.02 µmol/mmol (-11.49 %) and -0.18 ± 0.05 µmol/mmol (-9.52 %), 

respectively.  However, the ratio of campesterol and β-sitosterol to cholesterol was not 

changed significantly, -0.02 ± 0.05 µmol/mmol and 0.02 ± 0.03 µmol/mmol, respectively 

(Figure 5.3). No significant correlations were observed between changes in TC, LDL-C 
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and TG with changes in the ratios of surrogate markers of cholesterol absorption 

(campesterol and β-sitosterol) and synthesis (desmosterol and lathosterol) to cholesterol 

(Table 5.4). HDL-C was positively correlated (p < 0.05) with campesterol/TC but the 

Pearson correlation value was low (r = 0.252). The ratios of PSs were strongly positively 

correlated with each other (r = 0.756, p < 0.001); however, the ratios of precursors were 

not correlated with each other (r = 0.131). The ratio of desmosterol to cholesterol was 

also correlated with campesterol to TC ratio (r = 0.345, p < 0.01) and β-sitosterol to TC 

ratio (r = 0.317, p < 0.05). 

 

Figure 5.2. Lipid parameters before and after weight loss in overweight and obese 

individuals in the combined analysis (n = 89). 

 

Data are presented as means ± SEM.  

a and b indicates significant differences with p < 0.01 

Abbreviations: TC, total cholesterol; LDL, low density lipoprotein cholesterol; TG, 

triglycerides; HDL, high density lipoprotein cholesterol. 
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Figure 5.3. Response of synthesis and absorption across study in overweight and obese 

individuals in the combined analysis (n = 89). 

 

 

Data are presented as means ± SEM. 

 a and b indicates significant differences with p <0.001 

Abbreviations: Desm, desmosterol; latho, lathosterol; camp; campesterol; BSit, β-

sitosterol; Chol, cholesterol 
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Table 5.4. Correlations of change in cholesterol precursors and PSs with change in serum 

total and lipoprotein cholesterol levels before and after a 20 wk weight loss intervention 

in overweight and obese individuals in the combined analysis (n=89). 

Parameters Desmosterol/TC Lathosterol/TC Campesterol/TC β-Sitosterol/TC 

Serum lipids (mmol/l)     

  Total cholesterol  0.062 0.002 0.109 -0.006 

  LDL cholesterol  0.022 0.019 0.094 -0.016 

  HDL cholesterol  -0.015 -0.028 0.252
*
 0.187 

  Triglycerides 0.139 0.002 -0.040 -0.059 

Ratio of non-cholesterol sterols to total cholesterol (µmol/mmol) 

  Desmosterol/TC 1.000 0.131 0.345
**

 0.317
**

 

  Lathosterol/TC 0.131 1.000 0.067 0.006 

  Campesterol/TC 0.345
**

 0.067 1.000 0.756
***

 

  β-Sitosterol/TC 0.317
**

 0.006 0.756
***

 1.000 

* p < 0.05; ** p < 0.01; *** p < 0.001 

Cholesterol precursors and PSs is reported in µmol/mmol of cholesterol 

All values reported are the difference between before and after 20 wk of weight loss trial. 

Abbreviations: LDL, low density lipoprotein cholesterol; HDL, high density lipoprotein 

cholesterol. 

 

Genotype Distribution and Frequency of Single Nucleotide Polymorphisms 

The distribution and frequency of SNPs are explained in Table 5.5. Participants’ age and 

BMI were not significantly different among all the allele groups. Due to a very low 

frequency of heterogeneity found in SNPs in NPC1L1, their relationships with lipid 

profiles, CAS markers could not be analyzed statistically. 
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Table 5.5. Genotype distribution and frequency of missense SNPs of ABCG5 and 

ABCG8 in overweight and obese individuals in the combined analysis (n = 89).  

SNPs 

Homozygous Allele 1/1                    Heterozygous Allele 1/2 Homozygous Allele 2/2 

N 

(%) 

Age 

(yr) 
BMI  N (%) 

Age 

(yr) 
BMI  N (%) 

Age 

(yr) 
BMI  

ABCG5         

Q604E 
5 

(5.6) 

50.6  

± 3.5 

30.96 

± 0.82 

23 

(25.84) 

49.1  

± 2.1 

32.04 

± 0.63 

61 

(68.54) 

49.5  

± 1.4 

32.05 

± 0.43 

R50C 0   
16 

(17.98) 

49.6  

± 2.8 

31.19 

± 0.72 

73 

(82.02) 

49.4  

± 1.2 

32.16 

± 0.38 

ABCG8         

C54Y 
34 

(38.2) 

50.1  

± 1.6 

31.7  

± 0.58 

35 

(39.33) 

47.8  

± 1.8 

32.5 ± 

0.5 

20 

(22.47) 

51.1  

± 2.6 

31.59 

± 0.71 

T400K 
5 

(5.6) 

53.2  

± 3.5 

33.37 

± 1.87 

24 

(26.97) 

47  

± 2.4 

32.41 

± 0.6 

60 

(67.42) 

50.1  

± 1.3 

31.71 

± 0.41 

V632A 
60 

(67.4) 

48.9  

± 1.4 

32.01 

± 0.42 

28 

(31.46) 

51  

± 1.7 

32 ± 

0.6 

1 

(1.12) 
39. 30.5 

No significant differences were found among all groups (p > 0.05). 

Data are presented as means ± SEM, BMI values reported are in kg/m
2
 

Homozygous groups in bold which are lower than 10 % or 6 are considered to be 

collapsed to its heterozygous group. 

Abbreviations: BMI, body mass index; SNP, single nucleotide polymorphism. 
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Effect of Single Nucleotide Polymorphisms on Lipid Parameters 

The presence of V632A SNP in ABCG8 was associated with the extent of change in TC 

and TG after weight loss. Participants carrying homozygous C/C in V632A had a larger 

decline (p < 0.05) in TC (-0.56 ± 0.08 mmol/l) and TG (-0.56 ± 0.07 mmol/l) compared 

with changes in TC (-0.23 ± 0.11 mmol/l) and TG (-0.27 ± 0.08 mmol/l) in heterozygous 

C/T and combination of C/T and T/T carriers (TC: -0.22 ± 0.11 mmol/l; TG: -0.28 ± 0.08 

mmol/l) post weight loss (Table 5.7). The rest of the SNPs analyzed in the present study 

were not significantly associated with serum lipid parameters including TG, TC, HDL-C 

and LDL-C (Table 5.6 and 5.7)  

 

Effects of Polymorphisms on Cholesterol Absorption and Synthesis Markers 

None of the SNPs measured showed associations with changes in the ratio of 

desmosterol, lathosterol, campesterol and β-sitosterol to TC post weight loss (Table 5.6 

and 5.7). Two individuals with a rare genetic mutation in NPC1L1 were found. When 

stratified based on SNPs in ABCG5 and ABCG8, no significant correlations were found 

after correlating percent differences in LDL-C or TC with percent change in surrogate 

markers of cholesterol synthesis and absorption after weight loss (See Appendix 11). 
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Table 5.6.  Change in surrogates of synthesis and absorption and serum lipid profiles 

stratified based on ABCG5 SNPs in the combined analysis (n = 89). 

Q604E C/C C/C+C/G C/G G/G Total 

N 5 28 23 61 89 

Desm/TC -0.07 ± 0.03 -0.03 ± 0.04 -0.03 ± 0.04 -0.10 ± 0.02 -0.08 ± 0.02 

Latho/TC -0.30 ± 0.10 -0.09 ± 0.11 -0.04 ± 0.13 -0.22 ± 0.05 -0.18 ± 0.05 

Camp/TC  0.03 ± 0.08  0.03 ± 0.05  0.03 ± 0.06 -0.04 ± 0.07 -0.02 ± 0.05 

β-sito/TC  0.08 ± 0.05  0.01 ± 0.06  0.00 ± 0.07  0.02 ± 0.04  0.02 ± 0.03 

TC -0.32 ± 0.28 -0.48 ± 0.11 -0.51 ± 0.12 -0.44 ± 0.08 -0.45 ± 0.06 

LDL-C -0.22 ± 0.15 -0.25 ± 0.08 -0.26 ± 0.09 -0.21 ± 0.07 -0.22 ± 0.05 

HDL-C  0.07 ± 0.05  0.06 ± 0.03  0.06 ± 0.03  0.05 ± 0.02  0.06 ± 0.02 

TG -0.13 ± 0.17 -0.39 ± 0.10 -0.45 ± 0.11 -0.50 ± 0.07 -0.47 ± 0.06 

R50C A/A  A/G G/G Total 

N 0 - 16 73 89 

Desm/TC   -0.01 ± 0.06 -0.10 ± 0.02 -0.08 ± 0.02 

Latho/TC   -0.18 ± 0.12 -0.18 ± 0.05 -0.18 ± 0.05 

Camp/TC   -0.01 ± 0.06 -0.02 ± 0.06 -0.02 ± 0.05 

β-sito/TC   0.08 ± 0.07 0.00 ± 0.04 0.02 ± 0.03 

TC   -0.51 ± 0.15 -0.44 ± 0.07 -0.45 ± 0.06 

LDL-C   -0.20 ± 0.12 -0.23 ± 0.06 -0.22 ± 0.05 

HDL-C   0.06 ± 0.03 0.06 ± 0.02 0.06 ± 0.02 

TG   -0.62 ± 0.16 -0.43 ± 0.06 -0.47 ± 0.06 

Data are presented as means ± SEM. 

No significant difference was found among all groups (p > 0.05). 

Abbreviations: SNP, single nucleotide polymorphism; desm, desmosterol; latho, 

lathosterol; camp; campesterol; β-sito, beta sitosterol; TC, total cholesterol; LDL-C, low 

density lipoprotein cholesterol; Trig, triglycerides; HDL-C, high density lipoprotein 

cholesterol. 

Cholesterol precursors and PSs are reported in µmol/mmol of cholesterol while lipid 

parameters are reported in mmol/l. All values reported are the difference between before 

and after 20 weeks of weight loss trial. 
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Table 5.7.  Change in surrogates of cholesterol synthesis and absorption and lipid 

profiles stratified based on ABCG8 SNPs in the combined analysis (n=89). 

C54Y A/A A/A+A/G A/G G/G Total 

N 34 - 35 20 89 

Desm/TC -0.09 ± 0.03  -0.07 ± 0.03 -0.09 ± 0.04 -0.08 ± 0.02 

Latho/TC -0.11 ± 0.09  -0.25 ± 0.07 -0.17 ± 0.08 -0.18 ± 0.05 

Camp/TC 0.01 ± 0.05  -0.05 ± 0.10 -0.03 ± 0.11 -0.02 ± 0.05 

β-sito/TC 0.06 ± 0.04  -0.02 ± 0.05 0.02 ± 0.09 0.02 ± 0.03 

TC -0.52 ± 0.11  -0.42 ± 0.09 -0.39 ± 0.14 -0.45 ± 0.06 

LDL-C -0.28 ± 0.08  -0.18 ± 0.09 -0.21 ± 0.11 -0.22 ± 0.05 

HDL-C 0.07 ± 0.03  0.06 ± 0.03 0.03 ± 0.04 0.06 ± 0.02 

TG -0.48 ± 0.09  -0.54 ± 0.10 -0.31 ± 0.09 -0.47 ± 0.06 

T400K A/A A/A+A/C A/C C/C Total 

N 5 29 24 60 89 

Desm/TC -0.17 ± 0.07 -0.12 ± 0.03 -0.11 ± 0.03 -0.06 ± 0.02 -0.08 ± 0.02 

Latho/TC -0.43 ± 0.09 -0.09 ± 0.09 -0.02 ± 0.10 -0.23 ± 0.05 -0.18 ± 0.05 

Camp/TC -0.04 ± 0.19 -0.02 ± 0.06 -0.02 ± 0.06 -0.02 ± 0.07 -0.02 ± 0.05 

β-sito/TC 0.09 ± 0.11 0.04 ± 0.05 0.03 ± 0.05 0.01 ± 0.04 0.02 ± 0.03 

TC -0.91 ± 0.31 -0.59 ± 0.13 -0.52 ± 0.14 -0.38 ± 0.07 -0.45 ± 0.06 

LDL-C -0.52 ± 0.28 -0.31 ± 0.09 -0.27 ± 0.10 -0.18 ± 0.06 -0.22 ± 0.05 

HDL-C 0.05 ± 0.05 0.03 ± 0.03 0.03 ± 0.03 0.07 ± 0.02 0.06 ± 0.02 

TG -0.75 ± 0.32 -0.53 ± 0.11 -0.48 ± 0.11 -0.44 ± 0.07 -0.47 ± 0.06 

V632A C/C C/T+T/T C/T T/T Total 

N 60 29 28 1 89 

Desm/TC -0.09 ± 0.02 -0.06 ± 0.02 -0.07 ± 0.02 0.25 -0.08 ± 0.02 

Latho/TC -0.18 ± 0.06 -0.19 ± 0.07 -0.21 ± 0.07 0.37 -0.18 ± 0.05 

Camp/TC -0.03 ± 0.06 0.00 ± 0.08 -0.01 ± 0.08 0.30 -0.02 ± 0.05 

β-sito/TC 0.00 ± 0.04 0.04 ± 0.04 0.03 ± 0.04 0.34 0.02 ± 0.03 

TC -0.56 ± 0.08
a
 -0.23 ± 0.11

b
 -0.22 ± 0.11

b
 -0.59 -0.45 ± 0.06 

LDL-C -0.27 ± 0.07 -0.12 ± 0.09 -0.11 ± 0.09 -0.56 -0.22 ± 0.05 

HDL-C 0.04 ± 0.02 0.1 ± 0.03 0.10 ± 0.03 0.16 0.06 ± 0.02 

TG -0.56 ± 0.07
a
 -0.27 ± 0.08

b
 -0.28 ± 0.08

b
 -0.03 -0.47 ± 0.06 

a
 and 

b
  p < 0.05 

Data are presented as means ± SEM. 

Abbreviations: SNP, single nucleotide polymorphism; desm, desmosterol; latho, 

lathosterol; camp; campesterol; β-sito, beta sitosterol; TC, total cholesterol; LDL-C, low 

density lipoprotein cholesterol; TG, triglycerides; HDL-C, high density lipoprotein 

cholesterol. 

Cholesterol precursors and PSs are reported in µmol/mmol of cholesterol 

Values reported refer to the difference between before and after 20 wk of weight loss 

trial. 
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5.5 Discussion 

The combined data demonstrated a number of findings consistent with those found in the 

individual trials. Weight loss intervention successfully lowered the initial body weight of 

89 overweight and obese participants by 12.1 %. The weight reduction and subsequent 

improvement in body compositions resulted in cardio-protective changes in serum lipid 

profiles. The beneficial shift in lipid parameters was also accompanied by a decrease in 

whole body cholesterol biosynthesis. The SNP in sterol transport gene ABCG8 A632V 

showed that allele determination significantly associated with the individual variability 

response of blood lipid parameters including TC and TG subsequent to weight loss. 

However, contradictory with individual trials, the SNPs of sterols transport genes, 

ABCG5, ABCG8 and NPC1L1, did not associate with the inter-individual variability in 

the shift of CAS post weight loss. 

 

Consistent with results from individual trials, pooled results showed a major reduction 

(23.6 %) of FM and a relatively small decline (3.5 %) in FFM. These changes contributed 

to the overall increase in percentage of FFM after weight loss, even though the actual FM 

had decreased. The small reduction of FFM shown in this study is advantageous since 

FFM is responsible for maintaining resting metabolic rate, regulating body temperature, 

preserving skeletal integrity and maintaining function and quality of life (Marks & Rippe, 

1996).  

 

Weight loss ameliorated blood lipid profiles suggest that weight reduction decreases the 

risk of CHD. The reductions of pooled cholesterol levels observed were in line with 
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individual results from Trial A and Trial B. A meta-analysis of 70 studies found that for 

every kilogram decrease in body weight, TC, LDL-C and TG levels are decreased by 

0.05 mmol/l, 0.02 mmol/l, and 0.015 mmol/l, respectively (Dattilo & Kris-Etherton, 

1992). Although, the change in LDL-C after weight loss intervention in Trial A was not 

significant, the reduction was significant in the pooled data. As seen in this study, 

previous trials also have shown that beneficial alterations in lipid levels also contributed 

to decreases in percent body fat (Janssen et al., 2002; Nieman et al., 2002). 

 

The bigger sample size in this combined analysis enabled us to enhance statistical power 

as well as to reconfirm our previously published findings. Along with results from Trial 

A, the pooled result also showed the homozygous C/C in A632V ABCG8 exhibits a 

better cardio-protective change than heterozygous C/T post weight loss. No other study 

has associated A632V SNP in ABCG8 to cholesterol metabolism in response to weight 

loss intervention. Previously, SNPs in A632V have been shown to be associated with 

baseline TC values (Berge et al., 2002). Moreover, a recent meta-analysis by Jakulj et al. 

observed an association between polymorphism in V632A and LDL-C baseline  

concentration, although the association found was not seen in individual trials included in 

that analysis (Jakulj et al., 2010).  

 

The beneficial changes in body cholesterol levels subsequent to weight reduction, as 

observed in present trial, were a result of a shift in cholesterol biosynthesis. Cholesterol 

synthesis was significantly reduced after weight loss even in the absence of changes in 

cholesterol absorption. Results of the combined trials showed consistent findings with 
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individual results from both Trial A and Trial B (Mintarno et al, Chapter 3; Santosa et al., 

2007a). Thus, present results strengthen the premise that the significant reduction of 

cholesterol synthesis observed after weight loss was not compensated through an 

alteration in cholesterol absorption.  

 

The polymorphisms in ABCG5 and ABCG8 determined in this study were not associated 

with alterations in cholesterol synthesis or absorption post weight loss. In contrast, when 

looking at individual trials before pooling, polymorphisms in ABCG5 Q604E were 

associated with changes in cholesterol synthesis in both Trial A (as seen in Chapter 3) 

and B (Santosa et al., 2007b), as well as cholesterol absorption in Trial B (Santosa et al., 

2007b). Additionally, ABCG8 T400K was associated with cholesterol synthesis after 

weight loss. Aside from our findings, genetic polymorphisms on ABCG5/ABCG8 have 

been shown to be associated with plasma cholesterol and non-cholesterol sterol levels 

(Berge et al., 2002; Hubacek et al., 2004; Weggemans et al., 2002; Chen et al., 2008), 

along with a number of cholesterol-lowering mechanisms such as diet interventions 

(Weggemans et al., 2002; Herron et al., 2006), PS supplementation (Zhao et al., 2008; 

Plat et al., 2005) and treatment with statins (Kajinami et al., 2004). 

 

Some limitations are worth noting in the present study. The number of missense SNPs 

studied was less than 10, whereas according to National Center for Biotechnology 

Information database, so far, there are 22 missense ABCG5, 30 missense ABCG8 and 34 

missense NPC1L1 SNPs that have been identified in the human genome. Moreover, the 

combination or haplotype analysis of common polymorphisms of these transporters might 



89 

 

be needed to fully explain the inter-individual variations of cholesterol metabolism. Other 

limitations are the gender proportion with women outnumbering men; the difference in 

Trial A and B participant’s criteria; and the methodology used including indirect CAS 

measurements. 

 

The results of this study highlight many more opportunities for further study on this 

topic. The rest of the missense or nonsense SNPs which were not determined in the 

present study could potentially be a selection tool in ameliorating CVD mediated by 

weight loss. Moreover, other phenotypic trait of HMG-CoA- R, APOE, CETP and SR-BI 

could be useful in explaining the association between shift in lipids as a result of weight 

loss and cholesterol absorption and/or synthesis rate. A measurement of the whole human 

genome using gene chip methodology could be a more effective method in looking at 

polymorphism in humans rather than genotyping numerous SNPs using RT-PCR. 

Furthermore, using direct methods, such as dual isotope ratio method to determine 

cholesterol synthesis and deuterium for cholesterol absorption, would be a better tool to 

reconfirm the findings of Santosa et al. (2007b) which were different from the current 

results. Lastly, a balanced gender proportion would be ideal to compare gender effect in 

the associations measured.  
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5.6 Conclusion 

In conclusion, cardio-protective changes in serum lipid parameters as a consequence of 

weight loss resulted from a reduction in cholesterol biosynthesis. Moreover, SNPs in 

ABCG5 and ABCG8 failed to be associated with inter-individual variation of changes in 

CAS after weight loss. Furthermore, current findings strengthen the premise that 

individuals carrying homozygous allele C/C in ABCG8 A632V, possess a better response 

in improving CVD risk factors including TC and TG compared with its heterozygous 

allele C/T. 
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CHAPTER 6 

GENERAL DISCUSSION AND CONCLUSIONS 

6.1 Summary and Discussion 

A moderate weight loss of 10 – 12 % was significant in improving circulating cholesterol 

levels in this study of overweight and obese males and females. The findings from this 

research strengthen current knowledge that the improvement in serum lipid parameters 

subsequent to weight loss was driven by a reduction in cholesterol biosynthesis without 

altering cholesterol absorption. These results suggest that therapies targeting cholesterol 

absorption, such as plant sterols, might provide synergistic cardio-protective changes 

together with a weight loss program comprising of diet and physical activity. 

 

The present research is the second to prove that polymorphisms in ABCG5 and ABCG8 

are associated with cholesterol synthesis post weight loss. However, genetic 

polymorphisms in ABCG5 Q604E were found to associate with cholesterol trafficking in 

a manner that was different from that observed in our previous study (Santosa et al., 

2007b). Another novel finding of this research is that the polymorphism in ABCG8 

T400K was associated with inter-individual variations of changes in CAS after weight 

loss. However, when Trial A was combined with Trial B, the associations between 

polymorphisms of ABCG5/ABCG8 and the change in cholesterol metabolism due to 

weight loss, were no longer seen. This discrepancy could have resulted from the 

difference in methodology used in Trial B and in the current study, and the distinction of 

subject characteristics in both Trial A and Trial B.   
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 The alteration of CAS subsequent to weight loss has never previously been associated 

with polymorphisms in NPC1L1. The polymorphisms in NPC1L1 might explain the 

inter-individual variability responses of cholesterol metabolism after weight loss. 

Unfortunately, since very low heterogeneity was found in the NPC1L1 SNPs studied, no 

meaningful statistical analysis could be performed. Nevertheless, two individuals with a 

rare mutation of NPC1L1 were found. 

 

A bigger sample size enabled us to enhance our statistical power as well as to reconfirm 

our finding that individuals with homozygous allele C/C in ABCG8 A632V had a better 

response in improving the CVD risk factors including TC and TG, compared with its 

heterozygous allele C/T. It is worth noting that the significant association in changes in 

TC and TG post weight loss, and the polymorphisms in A632V seems to link together, 

since both TC and TG were observed to exhibit the same trend in both Trial A and the 

combined trials. In both instances, individuals who are CC homozygous displayed a 

greater reduction in both TC and TG levels, compared with individuals carrying the 

heterozygous C/T trait. There is the potential to use A632V as a screening tool to 

highlight individuals who have better reduction in CVD risk factors after weight loss. 

Therefore, understanding the effects of weight loss on cholesterol metabolism and 

genotypic trait will facilitate the advancement of therapies in ameliorating dyslipidemia 

in overweight and obese individuals.    
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6.2 Future Directions 

The present research highlights many more prospects for further study on this topic. The 

remaining of the missense or nonsense SNPs in ABCG5, ABCG8 and NPC1L1, listed in 

National Center for Biotechnology Information database, which were not determined in 

the present study, could potentially serve as a selection tool in ameliorating CVD 

mediated by weight loss. The combination or haplotype analysis of common 

polymorphisms of these transporters could be used to explain the inter-individual 

variations in cholesterol metabolism. Moreover, other phenotypic traits of HMG-CoA- R, 

APOE, CETP and SR-BI could enlighten the association between the change in lipids 

mediated by weight loss and cholesterol absorption and/or synthesis rate. Rather than 

genotyping numerous SNPs using RT-PCR, a determination of the whole human genome 

using the gene chip method could be a more effective approach in looking at 

polymorphism in humans.  Furthermore, using more robust methods such as the dual 

isotope ratio method to determine cholesterol synthesis and deuterium method for 

cholesterol absorption and direct LDL-C measurement would serve as better tools to 

reconfirm the findings of Santosa et al. (2007b), which differed from the current results. 

Finally, a balanced gender proportion would be ideal to compare gender effects in the 

associations measured.  
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6.3 Final Conclusions 

In conclusion, cardio-protective changes in serum lipid profiles mediated by 10-12% of 

weight loss and improvement of body compositions were a consequence of the reduction 

in cholesterol biosynthesis. Moreover, polymorphism in sterol transport genes ABCG5, 

ABCG8 were associated with inter-individual variation of changes in CAS after weight 

loss. Furthermore, the present study is the first to demonstrate that individuals carrying 

homozygous allele C/C, in ABCG8 A632V, have a better response in improving CVD 

risk factors including TC and TG compared with its heterozygous allele C/T.  Therefore, 

results from the present study represent meaningful advances in unraveling the effect of 

weight loss and subsequent changes in body composition on cholesterol metabolism and 

phenotype traits in overweight and obese individuals. 
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11. ADDITIONAL FIGURES 

Appendix Figure 1. Relationships of % change in LDL-C and % change in surrogate 

markers of cholesterol synthesis and absorption stratified based on SNP in ABCG5 

Q604E in the combined analysis (n = 89).  
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Appendix Figure 2. Relationships of % change in LDL-C and % change in surrogate 

markers of cholesterol synthesis and absorption stratified based on SNP in ABCG5 R50C 

in the combined analysis (n = 89). 
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Appendix Figure 3. Relationships of % change in TC and % change in surrogate 

markers of cholesterol synthesis and absorption stratified based on SNP in ABCG5 

Q604E in the combined analysis (n = 89). 
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Appendix Figure 4. Relationships of % change in TC and % change in surrogate 

markers of cholesterol synthesis and absorption stratified based on SNP in ABCG5 R50C 

in the combined analysis (n = 89). 
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Appendix Figure 5. Relationships of % change in LDL-C and % change in surrogate 

markers of cholesterol synthesis and absorption stratified based on SNP in ABCG8 C54Y 

in the combined analysis (n = 89).  
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Appendix Figure 6. Relationships of % change in LDL-C and % change in surrogate 

markers of cholesterol synthesis and absorption stratified based on SNP in ABCG8 

T400K in the combined analysis (n = 89).  
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Appendix Figure 7. Relationships of % change in LDL-C and % change in surrogate 

markers of cholesterol synthesis and absorption stratified based on SNP in ABCG8 

V632A in the combined analysis (n = 89).  
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Appendix Figure 8. Relationships of % change in TC and % change in surrogate 

markers of cholesterol synthesis and absorption stratified based on SNP in ABCG8 C54Y 

in the combined analysis (n = 89).  
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Appendix Figure 9. Relationships of % change in TC and % change in surrogate 

markers of cholesterol synthesis and absorption stratified based on SNP in ABCG8 

T400K in the combined analysis (n = 89). 
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Appendix Figure 10. Relationships of % change in TC and % change in surrogate 

markers of cholesterol synthesis and absorption stratified based on SNP in ABCG8 

V632A in the combined analysis (n = 89). 
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TC-Absorption-V632A

11:

y = -0.0245x - 6.1969

R² = 0.0034

12:

y = -0.0724x - 3.2905

R² = 0.0301
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