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Abstract 

Liver derived low-density lipoprotein and intestinal derived chylomicron 

remnant are contributors to dyslipidemia and cardiovascular disease 

(CVD). In clinical practice, the most common medication to reduce fasting 

LDL-cholesterol is statins. However, for many individuals prescribed 

statins, a substantial ‘residual risk’ of CVD remains. Therefore, effective 

nutraceutical approaches that have multiple targets to lower cholesterol 

secreted by both the liver and the intestine remain attractive.  

The objective was to assess the lipid lowering efficacy of novel 

formulations: chitin-glucan, phytosterol, the red yeast rice, using a rodent 

model of dyslipidemia. 

It was observed that these active ingredients all independently reduced 

fasting plasma lipids. Further, the combination of these ingredients, with 

1mg/kg red yeast rice, was the most effective at reducing both fasting and 

non-fasting plasma lipids. The findings provide pre-clinical support for the 

combined use of these ingredients as a nutraceutical alternative to classic 

lipid lowering pharmacotherapies. 
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Introduction   

Cardiovascular disease (CVD) is the leading cause of mortality and 

morbidity worldwide. Hyperlipidemia is characterized by either elevated 

plasma triglycerides or cholesterol and has been demonstrated to be 

causally related to the incidence and development of cardiovascular 

disease (CVD). Liver derived low-density lipoprotein (LDL) cholesterol is 

the classic biomarker of CVD. Currently, LDL-cholesterol is the primary 

target for lipid-lowering therapy to reduce the risk of CVD. Statins have 

been and continue to be the most commonly used pharmacotherapy to 

reduce LDL-cholesterol levels. However, for many individuals who are 

prescribed statins, there remains a substantial “residual risk” of CVD, 

thought to be due to high concentrations of non-fasting lipids (which are 

derived predominantly from the intestine). In addition, there are 

significant side effects associated with prolonged statin use, including 

intolerance. Therefore, effective nutraceutical approaches remain an 

attractive alternative for lowering blood lipids, specifically for those 

active ingredients that have multiple targets to lower cholesterol 

secreted by both the liver and the intestine.  

In this context, my literature review has addressed what is currently 

known about CVD as well as lipid-lowering therapy. I have also focused 

on nutraceutical components including chitin-glucan, phytosterol, and 

red yeast rice, as these nutrients form the rationale for the multi-targeted 

approach in my experiments.  
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Chapter 1 Literature review 

1.1 Lipoprotein metabolism 

1.1.1 Introduction 

Lipoproteins are macromolecules that constitute an assembly of lipids 

and proteins. The function of lipoproteins is to facilitate the dissolution 

and transport of hydrophobic lipids within the hydrophilic compartments 

of the body, including the circulatory system. Lipids (mainly triglycerides 

and cholesteryl esters), derived from both the intestine and the liver, are 

packaged within the core of the lipoprotein particle, shielded from the 

aqueous environment by the phospholipid monolayer along with select 

apolipoproteins (apo). Lipoproteins play important roles in the transition 

of lipids and are closely related to cardiovascular disease.  

Lipoproteins are classified on the basis of electrophoresis and 

ultracentrifugation. According to the particle density, lipoproteins are 

categorized into chylomicrons (CM), very low density lipoproteins 

(VLDL), intermediate density lipoproteins (IDL), low density lipoproteins 

(LDL), and high density lipoproteins (HDL).  

All lipoproteins contain specific proteins, triglycerides, phospholipids, 

cholesterol, and cholesteryl esters. However, the protein and lipid 

profile differ depending on the type of lipoprotein. For example, CM and 

VLDL are rich in triglycerides and are also known as triacylglycerol-rich 

lipoproteins (TRL’s); CM-r and LDL contain more cholesterol and 

cholesteryl esters; HDL contains more protein and fewer lipids (see 

Table 1-1). 

Apolipoproteins, including apoA, apoB, apoC, apoD, and apoE, are a 

specialized group of proteins that associate with lipids to form a 
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lipoprotein particle. They play a very important role in lipoprotein 

metabolism. Different lipoprotein subclasses have different 

apolipoprotein compositions. Lipoproteins are listed in Table 1-1 from 

larger and less dense particles to smaller and denser particles (Table 

1-1).  

Table 1-1. Classification and properties of plasma lipoproteins (modified 

from Gotto et al. 2003) 

Lipoprotein 

class 

Density 

(g/ml) 

Diameter 

(Å) 

Major lipid 

component(s) 
Apolipoproteins 

CM <0.95 800-5000 TG B48, Cs, E 

CM-Remnant <1.006 >500 TG,CE B48, E 

VLDL <1.006 300-800 TG B100, Cs, E 

LDL 1.019-1.006 180-280 CE B100 

HDL 1.063-1.210 50-120 CE, PL A-I, A-II, C-II, C-III 

 

1.1.2 Lipoprotein structure 

All lipoproteins have a similar structure: they are globular particles, with 

nonpolar lipids (triglycerides and cholesteryl esters) located in the core, 

shielded from the aqueous environment by the phospholipid monolayer, 

free cholesterol, and apolipoproteins (Stipanuk. 2006) (Figure 1-1). 

Phospholipid molecules contain phosphoric acid and choline. Free 

cholesterol contains a polar hydroxyl group. In addition, apolipoproteins 

such as apoA I, apoA II, apoC I, apoC II, apoC III, and apoE, have an 

amphipathic α-helix, which consists of both hydrophilic and hydrophobic 

amino acid residues. In a lipoprotein particle, the polar amphipathic 

α-helix with hydrophilic amino acid residues faces the outside and the 

non-polar amphipathic α-helix with hydrophobic amino acid residues 
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faces inside. The later α-helix combines with triglycerides and 

cholesteryl ester in the core (Stipanuk. 2006). 

 

Figure 1-1. Lipoprotein particle structure (adapted from Ellie Whitney et 

al. 2008) 

1.1.3 Intestinal derived lipoprotein metabolism 

Chylomicrons (CM) are rich in triglycerides, which account for 80% to 

95% of the total composition (Olson et al. 1998). The main functions of 

CM are to transport dietary lipids from the intestine to other organs. 

Under normal conditions, CMs are rapidly hydrolyzed and CM-remnants 

are removed from the circulation, predominately by the liver (Figure 

1-2).  

 

Figure 1-2. Chylomicron metabolism 
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Chylomicrons are formed in the intestine, beginning with the lipidation of 

apoB48, which is mediated by microsomal triglyceride transfer protein 

(MTP). Triglycerides, both endogenously synthesized in the intestine 

and absorbed from the diet, along with phospholipids, cholesterol, and 

apolipoproteins (mainly apoB48), assemble to form precursor CM 

particles and these are transported from the endoplasmic reticulum 

(ER) to the Golgi apparatus (Stipanuk. 2006). The nascent CM is 

secreted from the basolateral membrane of the enterocyte into 

lymphatic vessels, and CMs enter the venous plasma compartment at 

the left subclavian vein via the left thoracic lymph duct. In the plasma, 

nascent CMs become mature particles when they attain apoC and 

apoE, which are transferred predominately from HDL. Native CM 

particles are rapidly hydrolyzed by lipoprotein lipase (LPL), producing 

fatty acids for use by extrahepatic tissues (Gotto et al. 2003). LPL is the 

key enzyme for the hydrolysis of TG in CM (and VLDL), and it is 

activated by apoC II on the surface of the CM. Under the action of LPL, 

up to 90% of CM associated triglyceride is hydrolysed releasing free 

fatty acids, while the phospholipid, some cholesterol and apoA I, apoA II 

and apoA IV are released from the CM surface and transferred to HDL 

in the circulation. Consequently, the CM particle becomes smaller and 

forms a CM-remnant (CM-r) particle enriched in cholesterol ester, 

apoB48 and apoE. CMs are continuously produced in the enterocyte 

and transport both exogenous dietary and endogenous lipids from the 

intestine to the circulation for use by tissues.  

1.1.4 Hepatic derived lipoprotein production  

Very low density lipoprotein (VLDL) is mainly derived from the liver (the 

small intestine also contributes a small portion of VLDL-sized particle 
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secretion) and is rich in triglycerides (50%-70%) (Olson et al. 1998). 

Hepatocytes synthesize or repackage triglycerides from fatty acids. 

VLDL is composed of triglycerides, phospholipids, cholesterol, and 

apolipoproteins (mainly apoB100). After being secreted into the plasma 

compartment, nascent VLDL gains apoC from HDL, which then 

activates LPL. Similarly to CM particles, LPL is also responsible for 

hydrolyzing TG in VLDL particles. ApoC, phospholipid and cholesterol 

in the VLDL exchange cholesterol ester (CE) to HDL. Consequently, the 

density and the relative amount of apoB100 and apoE in the VLDL 

increases as the VLDL is ‘transformed’ into intermediate density 

lipoprotein (IDL) particle.  

Intermediate density lipoprotein (IDL) is typically known as a ‘transient 

lipoprotein”: it has a short half-life and represents an intermediate stage 

in the conversion of VLDL to low-density lipoprotein (LDL). IDL contains 

apoB100 and apoE, therefore can be removed from the circulation by 

apoE receptors on the cell surface of hepatocytes and other tissues. 

Any remaining IDL is further hydrolyzed by LPL and hepatic lipase; 

meanwhile, apoE transfers to HDL. In doing so, IDL is now transformed 

into a smaller, more dense LDL particle, which only contains apoB100 

and mainly transports cholesterol (see table 1-1). 

1.1.5 Hepatic uptake of lipoprotein remnants 

In 1974, Brown and Goldstein first discovered the receptor for LDL, 

which is a protein on the surface of human cellular membranes and 

highly expressed in the liver. One of the primary functions of the LDL-r 

is to bind apoB100 present on the LDL particle and remove it from the 

bloodstream (Goldstein et al. 1974). Later, it was shown that the LDL-r 

has an extracellular domain containing both the apoB100 and apoE 
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binding sites. Hence the LDL-r can also bind CM-r via its surface protein 

apoE (Mahley et al. 1999). Lipoprotein remnants (CM-r, IDL, or LDL) 

enter the cell via endocytosis (Williams et al. 2008). After binding with 

LDL-r, the receptor/remnant complex undergoes invagination within the 

clathrin-coated pit, forming a vesicle that fuses with an internalized 

endosome. In the endosome, the lipoprotein remnant and LDL-r 

dissociate. The receptor then returns to the plasma membrane in a 

transport vesicle, while the lipoprotein remnant remains in the 

endosome, which then fuses with a lysosome. This allows the 

lysosomal hydrolytic enzymes to degrade apoproteins into amino acids, 

and to degrade CE into free cholesterol and fatty acid (Stipanuk. 2006).  

1.1.6 High density lipoprotein 

High density lipoprotein (HDL) particles are synthesized both from the 

liver and the intestine. They can be further divided into different 

subclasses based on their density: HDL1 (1.019-1.063g/cm3), HDL2 

(1.063-1.125g/cm3), and HDL3 (1.125-1.210g/cm3) (Gotto et al. 2003). In 

addition, there is small amount of pre-β-HDL. It is formed after the 

hydrolysis of CM-TG and VLDL-TG. 

Nascent HDL particle is a bilayer of phospholipid with a discoidal shape 

(Gotto et al. 2003). ApoA I in nascent HDL activates lecithin-cholesterol 

acyl transferase (LCAT), which then converts phosphatidylcholine and 

cholesterol to lysolecithin and CE respectively. The lecithin and free 

cholesterol consumed in this process can be replenished from 

peripheral tissue and plasma CM and VLDL. As more CE enters into the 

core, it increases the volume of HDL. Consequently, the discoidal HDL 

particle gradually converts to a more spherical shaped HDL3 particle. 

Through an additional CE transfer to HDL, along with the phospholipid, 
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apoA I, and apoA II release from CM and VLDL, HDL3 converts to an 

even larger HDL2 particle (Figure 1-3). HDL is mainly degraded by the 

liver via a specific HDL-receptor mediated pathway. In hepatocytes, free 

cholesterol, hydrolyzed from CE, can either synthesize bile acid or 

excrete into the enteric cavity with bile. CE in the core of HDL can 

transfer to VLDL and LDL under the action of the cholesteryl ester 

transfer protein (CETP).  

 

Figure 1-3. The conversion of pre-β-HDL to HDL2 (adapted from Gotto 

et al. 2003) 

HDL plays a very important role in cholesterol homeostasis by 

transferring cholesterol from peripheral tissues to the liver with the help 

of LCAT and CETP. This process is known as the athero-protective 

reverse cholesterol transport (RCT) pathway (Figure 1-4).  
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Figure 1-4. Reverse cholesterol transport by HDL (modified form Gotto 

et al. 2003) 

1.1.7 Post-prandial lipid metabolism 

The postprandial state is the physiological period between food intake 

when the plasma is rich in absorbed nutrients (such as glucose, free 

fatty acids, amino acids and triglycerides) and the return to the fasted 

state (Tong et al. 2006). In humans, the postprandial or fed state for 

lipid digestion, absorption and metabolism can last several hours and 

can span the majority of the day (approx. 16hrs). Indeed, the ‘fed state’ 

is affected by various factors including the amount and type of lipids and 

other nutrients in a meal, digestive and/or absorptive function. 

Hormone, such as insulin, and the sensitivity of peripheral tissue in 

response to insulin can also affect the ‘fed state’. 

Post-prandial plasma triglyceride levels typically double at three hours 

after a ‘typical’ meal (containing about one-third of the daily caloric 

intake), and then return to fasting levels by 9 to 12 hours (Boquist et al. 

1999). Dietary cholesterol is retained mainly in CM-r as CE and can be 

taken up rapidly by the liver, while cholesterol and triglycerides within 
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the HDL fraction are found to be only modestly changed during the 

post-prandial period (Boquist et al. 1999). Post-prandial plasma lipid 

concentrations are partly regulated by LPL, CETP, and LCAT. Following 

a meal, LPL activity is increased to hydrolyze triglycerides in CM and 

VLDL particles that are secreted into the circulation; increased plasma 

insulin is the principle factor mediating this process. Post-prandial 

lipemia stimulates the activity of CETP, which collects triglycerides from 

CM and VLDL, and exchanges them for CE in HDL. After a meal, the 

proportion of plasma triglycerides in CM increases. As a consequence, 

the net exchange of CE mass for triglyceride mass becomes greater, 

meaning more CE is transported to CM (Gotto et al. 2003). By nine 

hours after a meal (assuming no other food ingestion), the flux of CE 

through CETP usually decreases to the fasting level (Stipanuk. 2006). 

Post-prandial lipemia also stimulates the transfer of free cholesterol 

from peripheral cells to the plasma. The increased transport of 

triglycerides to HDL in exchange for CE leads to a decrease of CE in 

HDL particles; therefore, more cholesterol from peripheral tissues will 

transfer to the plasma and will be catalyzed into CE by LCAT. 

Collectively, the sequential changes of post-prandial lipid metabolism 

have the following effects: dietary triglycerides are directed for storage 

to adipose tissue through the regulation of LPL; CM-r are predominately 

removed by the liver through LDL-r; and postprandial lipemia promotes 

reverse cholesterol transport from peripheral tissues to the liver 

(Stipanuk. 2006). However, during conditions whereby post-prandial 

lipid metabolism is impaired (i.e hyperlipidemia), this process can 

contribute significantly to the risk of atherosclerosis, as discussed later. 
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1.2 Cardiovascular disease and atherosclerosis 

1.2.1 Introduction 

Cardiovascular disease (CVD) is a term used to describe a group of 

diseases affecting the cardiovascular system, including the heart, blood 

vessels of the heart and the system of blood vessels that involves 

arteries and veins (Maton. 1993). Most countries are now facing high 

and increasing rates of CVD. It is estimated that CVD is responsible for 

approximately 28% of total mortalities globally each year (Lloyd-Jones. 

2010). A number of factors increase the risk of CVD, including 

hypertension, cigarette smoking, dyslipidemia, diabetes, and obesity 

(Greenland et al. 2003, Khot et al. 2003); many of these factors are 

prevalent in conditions of metabolic syndrome (MetS), which is 

discussed in more detail later. 

Atherosclerosis is the initial stage in the development of CVD, 

characterized by fatty plaques in the intima of arteries (Yusuf et al. 

2001). The buildup of plaque can block blood flow. In addition, they can 

rupture and precipitate blood clots within smaller arteries, thereby 

leading to clinical sequelae such as angina pectoris, myocardial 

infarction, sudden cardiac death, and stroke.  

The key event in atherosclerosis is the retention of apoB-containing 

particles, including CM-r and LDL, into the subendothelial space of 

arteries, which initiates cholesterol accumulation (Davies et al. 2001, 

Warnakula et al. 2011). As a transporter of cholesterol, apoB-containing 

lipoproteins move across blood vessels and reach the extracellular 

space of endothelial cells, where they become oxidized and aggregate 

within the subendothelial space. The modification and retention of 

apoB-containing particles signal the production of cell adhesion 
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molecules, monocyte chemotactic proteins, and the monocyte 

colony-stimulating factor, which then stimulate the formation, migration, 

and sequestration of monocytes (Stipanuk. 2006). ApoB-containing 

particles and monocytes are recruited to an area of dysfunctional 

vascular endothelium, and consequently initiate an inflammatory 

response. As a part of inflammatory response, monocytes take up 

modified lipoproteins, and convert to macrophages, which slowly turn 

into foam cells. Foam cells are considered to be the major part of early 

fatty streak development (Davies. 2001). In the progression of 

atherosclerosis, the smooth muscle cells (SMCs) form a fibrous cap, 

which is proliferated and migrated from the tunica media to the intima in 

response to cytokines (Ross. 1993). Plaque formation is a complex and 

multistep progress (Figure 1-5), and usually takes place over many 

years. Plaques can grow large, make the artery less flexible, and 

significantly decrease the arterial blood flow. Plaques can rupture that 

lead to thrombosis, consequently causing severe artery stenosis 

(Davies. 2001).  

 

Figure 1-5. Progression of atherosclerosis (adapted form 

www.images.md). 

1.2.2 Lipoproteins and atherosclerosis 
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The key event in atherogenesis is the retention of apoB-containing 

lipoproteins in the intima of the arterial wall (Figure 1-6). Hepatic derived 

VLDL and intestinal derived CM are hydrolyzed into LDL and CM-r, 

respectively. The most likely route for these lipoproteins to penetrate 

arterial tissue is via transcytosis, and this process is dependent on 

particle size: particles greater than ~80nm cannot traverse the 

endothelium (Simionescu et al. 1993, Nordestgaard et al. 1992, Proctor 

et al. 1996). The residual cholesterol-dense particles, LDL and CM-r, 

are small enough to cross the arterial wall (Kwiterovich. 2002, Proctor et 

al. 2004). 

 

Figure 1-6. The infiltration of VLDL and chylomicrons into the blood 

vessel’s subendothelial space (adapted from Warnakula et al. 2011). 
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During the past few decades, researchers have focused on the 

retention of LDL. Oxidized LDL (ox-LDL) particles stimulate monocyte 

recruitment, and lead to foam cell formation. Ox-LDL can also cause 

endothelial dysfunction and injury (Williams et al. 1998, Camejo et al. 

2002). However, a significant number of patients with coronary heart 

disease have normal levels of LDL, which suggests that high plasma 

LDL concentration is not the only causative factor (Mediene-Benchekor 

et al. 2001, Colhoun et al. 2004). In addition, for many individuals who 

are prescribed statins a substantial “residual risk” of CVD remains due 

to sustained high concentrations of lipids during the post-prandial period 

(Deedwania et al. 2006).  

There is accumulating evidence that CM-r contribute to atherogenesis 

and CVD (Proctor et al. 1996, Nordestgaard et al. 2007, Su et al. 2009). 

Studies have shown that CVD is not only caused by the degree of 

arterial exposure to plasma lipoproteins but also determined by the 

characteristics of lipoproteins (particle number, size, and lipid content) 

and the affinity of the vasculature for different lipoprotein phenotypes. 

Early studies have shown that the size of circulating lipoproteins, rather 

than the number (circulation concentration), appears to be a limiting 

factor in lipoprotein delivery (Proctor et al. 2004, Hulthe et al. 2000). 

Using 3-dimensional confocal microscopy techniques, evidence has 

shown that the rate at which smaller LDL particles are delivered to 

arterial tissue is 9-fold greater than that of larger CM-r particles, while 

the efflux rate of LDL particles is 20-fold greater than the efflux of CM-r 

(Proctor et al. 2004). In Watanabe heritable hyperlipidemic rabbits 

(WHHR), research has shown that apoB48-containing lipoproteins 

(mainly CM-r) are more likely to be retained within the carotid vessels 

(Proctor et al. 2002, Mamo et al. 2002). Collectively, these results 
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suggest that smaller LDL particles permeate more readily through the 

arterial tissue and migrate out of the vessel wall more efficiently 

compared to CM-r particles, and CM-r are more likely to become 

entrapped within the arterial wall. Furthermore, apoB48-containing CM-r 

contain approximately 40 times more cholesterol per particle than 

apoB100-containing LDL particle (Proctor et al. 2002). Therefore, the 

retention of cholesterol mass derived from CM-r can be greater than 

that derived from LDL.  

1.2.3 Hyperlipidemia in the Clinical setting.  

Hyperlipidemia is characterized by elevated plasma triglycerides (TG), 

cholesterol, LDL, and CM-r; and decreased high-density lipoprotein 

(HDL). The global prevalence of hyperlipidemia varies among ethnicity, 

locality and lifestyle, ranging from 3% to 53% (Tolonen et al. 2005). In 

Canada, the prevalence of hypercholesterolemia is about 14% (Petrella 

et al. 2007).  

Lipoprotein concentrations are affected by various factors, including 

age, gender, diet, and genes (Barter et al. 1999). Hyperlipidemia, is 

defined as an excess of lipids in the plasma, and can be further 

differentiated into six distinct phenotypes based on the pattern of 

lipoproteins on electrophoresis or ultracentrifugation (Fredrickson et al. 

1965). The World Health Organization (WHO) adopted these six 

phenotypes in 1970 (Table 1-2).    
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Table 1-2. The type of hyperlipidemia (modified from Barter et al. 1999) 

Type Phenotype  

I Triglyceride↑↑↑, cholesterol↑ CM increased 

IIa cholesterol↑↑ VLDL increased 

IIb Triglyceride↑↑, cholesterol↑↑ VLDL and LDL both increased 

III Triglyceride↑↑, cholesterol↑↑ LDL increased 

IV Triglyceride↑↑ VLDL increased 

V Triglyceride↑↑↑, cholesterol↑ VLDL and CM both increased 

According to the changes in lipoproteins, hyperlipidemia can be 

classified as: hypercholesterolemia, which is characterized by elevated 

plasma cholesterol; hypertriacylglycerolemia, which is characterized by 

elevated plasma triglycerides; and mixed hyperlipidemia (increased 

cholesterol and triglycerides in plasma) (Barter et al. 1999). In addition, 

hyperlipidemia can also be classified either as primary or secondary. 

Primary hyperlipidemia refers to a group of diseases whose pathology 

is unknown or whose hyperlipidemia is caused by gene mutation(s). For 

example, a mutation of the LPL gene induces a deficiency in CM 

clearance and causes type I hyperlipidemia, while a deficiency in the 

LDL receptor results in familial hypercholesterolemia (FH) (Barter et al. 

1999). Secondary hyperlipidemia emerges after other diseases, such 

as diabetes, hypothyroidism, nephritic syndrome and cholelithiasis.  

1.2.4 Metabolic syndrome and atherosclerosis 

Metabolic syndrome (MetS) is defined as a clustering of metabolic 

abnormalities, including impaired carbohydrate tolerance or insulin 

resistance (IR), elevated blood pressure, dyslipidemia, and central 

obesity (Zimmet et al. 2005). Dyslipidemia associated with the MetS 
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typically includes decreased plasma high-density lipoprotein (HDL) and 

elevated fasting triglycerides (Lin. 2005, Alberti et al. 2006). MetS is an 

independent contributor to the occurrence and development of CVD. A 

total of 4483 subjects participated in a study to evaluate the relationship 

between MetS and CVD. Researchers found that individuals with MetS 

are at three times greater risk of developing CVD, and five times greater 

risk of mortality (Isomaa et al. 2001). Over the past few decades, the 

prevalence of obesity, IR, type-2 diabetes, and hyperlipidemia has 

rapidly increased in the pediatric population (Ode et al. 2009). One 

possible reason that patients with MetS, especially during IR, have a 

higher risk of developing CVD is that they exhibit abnormalities of a 

post-prandial plasma lipid profile, including elevated triglycerides, 

cholesterol, and apoB48 levels (Annuzzi et al. 2004). The interactions 

between IR and hyperlipidemia have been implicated in several clinical 

studies (Rivellese et al. 2004, Riccardi et al. 2004, Haas et al. 2009). It 

has also been suggested that the increased post-prandial CM 

concentration during IR is due to decreased LPL activity (resulting 

lipolytic defect) and impaired clearance (lower LDL-r ligand properties) 

(Mero et al. 1998), or a mixture of both.  

1.3 Contributions of the JCR-LA:cp Rat in understanding 

metabolic syndrome and atherosclerosis 

Rodents are used frequently to study CVD. A spontaneous leptin 

receptor mutation in the JCR:LA-cp rat strain has provided a unique 

model to study the clustering of obesity, hyperlipidemia, insulin 

resistance, and vascular dysfunctions (Russell et al. 2006).  

Leptin is one of the most important hormones derived from adipose 

tissue. Its importance in regulating body weight is mediated through 
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effects on hypothalamic centers that control feeding behavior and 

hunger, body temperature and energy expenditure (Brennan et al. 

2006). Leptin is released into the bloodstream, acts on the leptin 

receptor in hypothalamic centers, and causes a decrease in body 

weight via the combined effects of decreased hunger and food 

consumption and increased energy expenditure (Pelleymounter et al. 

1995, Halaas et al. 1995). 

The JCR:LA-cp rat strain has a defect in leptin receptor expression 

when homozygous recessive for the corpulent trait (cp), resulting in 

defective leptin signaling (Russell et al. 2006). The lean rats are either 

heterozygous (cp/+) or wild type (+/+) and obese rats are homozygous 

for the cp trait (cp/cp) (Barbara et al. 2004). As a result of defective 

leptin signaling, the rats become leptin resistant, hyperphagic, and 

obese. Homozygous rats are detectably obese at three weeks of age, 

with hyperinsulinemia present at 4 weeks of age, developing to insulin 

resistance (IR) at 8 weeks of age (Russell et al. 2006). 

After each meal, elevated insulin levels can be observed in the obese 

rats, similar to that observed in humans. Repeatedly elevating the 

plasma insulin concentration exacerbates the insulin’s significant 

pathophysiological role in atherogenesis and vascular damage (Russell 

et al. 2006). Despite profound peripheral IR, the obese rats can remain 

relatively euglycemic, even in the postprandial state. Importantly for my 

thesis, this model has been demonstrated to develop the over 

production of VLDL and CM from the liver and intestine respectively 

(Elam et al. 2006, Vance et al. 1990, Vine et al. 2005). The obese male 

rats have been found to develop heart ischemic lesions and have the 

tendency to develop myocardial infarcts, which is similar to and can be 
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commonly seen in human coronary disease (Russell et al. 1998). 

Significantly, the obese male rats also appear to have lesions formed in 

anatomical locations similar to those in humans (Russell et al. 2006). 

Collectively, the obese rats have a hyperlipidemia profile similar to that 

of pre-diabetic humans; and this rodent model offers a unique 

opportunity to study lipid associated atherogenic mechanisms, 

particularly during conditions of the MetS, and putative anti-atherogenic 

treatments. In my thesis I have chosen to utilize this rat model to test a 

number of novel nutrition-related bioactive compounds. In the following 

sections I will first introduce the classic clinical understanding of 

treatment for hyperlipidemia and then subsequently discuss what we 

know about lipid-lowering with nutraceuticals. 

1.4 Treatments for Hyperlipidemia  

1.4.1 Cholesterol as a lipid-lowering target 

Cardiovascular disease (CVD) is the leading cause of mortality and 

morbidity worldwide. Because of increasingly sedentary lifestyles and 

the attendant increase in the prevalence of obesity and diabetes, the 

prevalence of CVD is expected to increase in Canada (Genest et al. 

2009). Reducing cholesterol levels has been proved to be effective to 

improve and decrease cardiac mortality. The clinical practice guidelines 

of lipid therapy require frequent updates from clinical trials.  

In 2006, the Canadian Cardiovascular Society (CCS) reported that 

according to studies such as the Treatment to New Targets (TNT), 

Incremental Decrease in Endpoints through Aggressive Lipid lowering 

(IDEAL), and PRavastatin Or atorVastatin Evaluation and Infection 

Therapy (PROVE-IT), a LDL-cholesterol target is appropriate for 

high-risk individuals. An upgraded version of the guideline was 
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developed in 2009, and it indicates that every 1.0 mmol/L reduction in 

LDL-C is associated with a corresponding 20% to 25% reduction in 

CVD mortality (Genest et al. 2009). It concludes that the primary lipid 

treatment goal for high and moderate risk patients is to achieve 

LDL-cholesterol of less than 2mmol/L or to decrease LDL-cholesterol by 

50%. Even for the patients with low risk, the primary goal is to reduce 

LDL-cholesterol by 50% (Genest et al. 2009). However, a significant 

number of patients with coronary heart disease have normal levels of 

LDL (Mediene-Benchekor et al. 2001, Colhoun et al. 2004). 

Furthermore, even with a low plasma LDL concentration, a substantial 

“residual risk” of CVD remains for many individuals, and this is 

particularly prevalent in those with MetS (Deedwania et al. 2006).  

1.4.2 Lipid Lowering Pharmacotherapy 

Current lipid-lowering medications include statins, ezetimibe, and 

fibrates (Table 1-3). Statins are Hydroxy-methyl-glutaryl coenzyme A 

(HMG-CoA) reductase inhibitors. By inhibiting HMG-CoA reductase, the 

rate-limiting enzyme in hepatic cholesterol synthesis, statins decrease 

the endogenous synthesis of cholesterol. Statins are the most common 

and effective medications for lowering LDL-cholesterol. In the majority 

of patients, the target LDL-cholesterol levels can be achieved with statin 

monotherapy (Genest et al. 2009). However, a number of side effects 

have been reported with many statins, including elevated hepatic 

enzyme levels, gastrointestinal symptoms, and myalgias; more serious 

but rare complications, such as myositis and rhabdomyolysis, have also 

been reported (Bays. 2005). Myalgia refers to muscle pain and 

weakness, is considered the major clinical issue following statin therapy 

(Bruckert et al. 2005). It is reported that the incidence of 
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statin-associated myalgia is as high as 10% (Bruckert et al. 2005, 

Kashani et al. 2006).  

Fibrates are a class of amphipathic carboxylic acids. Through the 

induction of lipoprotein lipolysis and fatty acid uptake, fibrates decrease 

hepatic triglyceride production (Stael et al. 1998). The fibrates may 

cause mild stomach upset and myopathy; in addition, acute kidney 

injury may be seen in some elderly patients (Zhao et al. 2012). 

Ezetimibe is a cholesterol absorption inhibitor. It reduces cholesterol 

absorption from the intestine. Although it is well-tolerated by most 

subjects, there are possible side effects, including gastro-intestinal 

disturbances, headache, and fatigue. 
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Table 1-3. Lipid-lowering medications and their recommended dose 

range (modified from Genest et al. 2009) 

Generic name Recommended dose range (daily) 

Statins   

Atorvastatin 10mg-80mg 

Fluvastatin 20mg-80mg 

Lovastatin 20mg-80mg 

Pravastatin 10mg-40mg 

Rosuvastatin 5mg-40mg 

Simvastatin 10mg-80mg 

Bile acid and/or cholesterol absorption inhibitors 

cholestyramine 2g-24g 

Colestipol 5g-30g 

Ezetimibe 10mg 

Fibrates 

Bezafibrate 400mg 

Fenofibrate 48mg-200mg 

Gemfibrozil 600mg-1200mg 

 

1.4.3 Nutraceutical bioactive compounds and their lipid-lowering effect 

Since it has been generally accepted that the primary lipid treatment 

goal is to decrease LDL-cholesterol levels; and medications, such as 

statins, have side effects, which some patients cannot tolerate. 

Therefore, alternative therapies, especially nutraceutical bioactive 

supplements, can also be used as alternatives (or adjunct) to manage 

hyperlipidemia. Different nutrients have different modes of actions to 
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reduce plasma cholesterol, including providing satiation and satiety, 

reducing cholesterol absorption from the intestine, and decreasing 

hepatic cholesterol synthesis. 

1.4.3.1 Chitin-glucan  

Chitin-glucan is a natural component of the cell wall of fungi, and it is 

regarded as an insoluble dietary fiber (Jonker et al. 2010). The cell wall 

of fungi is composed of a polysaccharide-based three-dimensional 

network. The central core of this network contains branched chitin- 

β-glucans (Latge. 2007). Beta-glucans, known as viscous soluble 

dietary fibre, are D-glucose polysaccharides, linked by β (1→3) and β 

(1→4) glycosidic bonds. In 1990, Wessels et al. reported that chitin and 

β-glucan chains accumulate individually in the fungal cell wall initially 

and thereafter form the interpolymer linkage (Wessels et al. 1990).  

Evidence shows that chitin-glucan has lipid-lowering effects in both 

animal models and humans. It has been suggested that as an insoluble 

dietary fiber, chitin-glucan promotes satiation and satiety, and 

consequently reduces cholesterol (food) intake (van Bennekum et al. 

2005). In addition, due to the bile acid-binding capabilities in the small 

intestine, insoluble dietary fibers decrease cholesterol solubilization, 

resulting in a decreased cholesterol uptake at the brush border 

membrane of enterocytes (Ritter 2004). Other possible mechanisms are 

related to improving the antioxidant status and modulating the bacterial 

population in the caecal content (Berecochea-Lopez et al. 2009, 

Neyrinck et al. 2012). Berecochea-Lopez et al. demonstrated for the 

first time the cardiovascular and oxidative stress protective effect of 

chitin-glucan. They reported that in high-fat fed hamsters, chitin-glucan 

administration (by daily oral gavage at 21.4 or 42.8mg/kg body 
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weight/day) for 12 weeks efficiently lowered plasma triglycerides by 

20-39% and reduced the area of aortic fatty streak deposition by 

87-97%. In addition, it also reduced cardiac superoxide anion 

production and hepatic malondialdehyde, and increased hepatic 

antioxidant enzyme activities (Berecochea-Lopez et al. 2009). Neyrinck 

et al. also reported that supplementing a high-fat diet with fungal 

chitin-glucan (10%w/w) in mice significantly decreased body weight 

gain by 28%, and also decreased fat mass development, fasting 

hyperglycemia, glucose intolerance, hepatic triglyceride accumulation 

and hypercholesterolemia (Neyrinck et al. 2012). These results 

indicated that fungal chitin-glucan increased transit time as an insoluble 

dietary fiber; and also displayed prebiotic effects and increased positive 

bacteria in the caecal content.  

Chitin-glucan is also well tolerated in humans. In a pilot clinical study, 

chitin-glucan was given to 20 overweight and hypercholesterolemic 

men. After receiving a supplement of 4.5g per day for four weeks, the 

men’s oxidized-LDL and glutathione decreased at the end of the 

intervention (Deschamps et al. 2009). 

1.4.3.2 Phytosterol  

Phytosterols, also known as plant sterols, are natural components of 

plant membranes. They can be found in plant roots, stems, leaves, 

fruits and seeds. Oilseeds contain significant amounts of phytosterols, 

compared to grains, vegetables and fruits. More than 250 different 

phytosterols and related components have been found in various 

plants. However, the most common phytosterols are β-sitosterol, 

campesterol and stigmasterol. On average, these components account 
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for 65%, 30%, and 3% of dietary phytosterol intake, respectively 

(Gemma et al. 2008). 

In the 1950’s, scientists demonstrated phytosterols lower plasma 

cholesterol (Peterson 1958) and the mechanism was thought to affect 

cholesterol metabolism directly. Phytosterols have been shown to 

inhibit cholesterol absorption from the intestine. Cholesterol, absorbed 

by the intestine, is packaged along with phospholipids and triglycerides 

into chylomicrons. Phytosterols have a chemical structure similar to that 

of cholesterol (Figure 1-7), however, its structure is more hydrophobic 

and can compete with cholesterol for binding to Niemann-Pick C1-Like 

1 (NPC1L1) protein in the brush border membrane, which is critical for 

the intestinal cholesterol uptake (von Bergmann et al. 2005). A second 

property of phytosterols associated with cholesterol-lowering is that 

phytosterols and cholesterol can crystallize to form an insoluble 

complex, which cannot be absorbed and is excreted in the feces 

(Christiansen et al. 2003). Thirdly, it has also been demonstrated that 

unesterified cholesterol and phytosterols are removed (or ‘pumped out’) 

from enterocytes into the intestinal lumen by ATP binding cassette 

(ABC) proteins, ABCG5 and ABCG8 (Yu et al. 2002). Collectively, 

phytosterols reduce plasma cholesterol by making unesterified 

cholesterol less available for absorption. 
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Figure 1-7. Chemical structure of cholesterol and three phytosterols 

(adapted from Jundong et al. 2006) 

Evidence also shows that phytosterols can decrease plasma apoB 

concentrations, although the mechanisms are currently unclear. By 

testing different phytosterols (stigmasterol, campesterol and 

β-sitosterol) in HepG2 human liver cells and Caco2 human intestinal 

cells, Suleen S. Ho et al. found that phytosterols can decrease plasma 

apoB 100 (hepatic) and apoB 48 (intestinal) levels by 30-38%, and 

15-19%, respectively (Suleen et al. 2005). They also reported that by 

limiting the activity of acyl CoA: cholesterol acyltransferase (ACAT), 

phytosterols lower cholesteryl ester (CE) levels, which then decrease 

apoB production and secretion. ACAT is the enzyme that regulates 

cholesterol esterification. A recent study showed that total cholesterol, 

triglyceride, and LDL-cholesterol and CM-cholesterol exhibited a 

significant decrease in hyperlipidemia Sprague Dawley (SD) rats 

feeding with phytosterol at a concentration of 0.5% (Zhang et al. 2011).  
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1.4.3.3 Red yeast rice 

1.4.3.3.1 Introduction 

Red yeast rice is a natural product, produced by the fermentation of red 

yeast (Monascus purpureus, a subspecies of Aspergillus) with white 

rice. Red yeast rice has been used in China for centuries as a food 

colorant and preservative spice. Although used mainly in cooking and 

baking for its color, red yeast rice has a sweet taste and is commonly 

used in the cuisine of China’s Fujian region. Most importantly, red yeast 

rice has also been found to have medicinal benefit, having been used 

as a traditional Chinese medicine for over 1000 years. The first 

description of its medicinal benefit can be found in Ri Yong Ben Cao in 

the Yuan Dynasty. Li Shizhen, one of the greatest pharmacologists in 

Chinese history, wrote that red yeast rice was useful for improving blood 

circulation, and alleviating indigestion and diarrhea (Erdogrull et al. 

2004).  

Red yeast rice came to the public’s attention in the 1970’s when a 

Japanese professor, Endo Akira, isolated monacolin K as an inhibitor of 

cholesterol synthesis from red yeast rice (Endo. 1979). Shortly after, 

researchers in the United States isolated a lipid-lowering compound, 

mevinolin, from aspergillus terreus, which is another subspecies of 

Aspergillus (Alberts et al. 1980). In 1987, Merck & Co. patented the 

prescription drug Mevacor, more commonly known as Lovastatin. 

Chemical analysis later confirmed that mevinolin and monacolin K were, 

in fact, the same substance.  

Despite, Monacolin K and mevinolin having a similar structure, they can 

differ in response to acidic and ionic conditions (Liu et al. 2010, Jekkel 

et al. 1997). The chemical forms have different molecular formulas, 
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structures and molecular weights (Figure 1-8). A recent study provided 

evidence that red yeast rice may be an effective lipid-lowering therapy 

for statin-intolerant patients who have experienced statin-associated 

myalgias (Becker et al. 2009).  

                   

              Lovastatin                Monacolin K 

Fig. 1-8. Chemical structure of mevinolin and monacolin K (adapted 

from Jing et al. 2001) 

1.4.3.3.2 Pharmacological and biological active substances in red yeast 

rice 

1.4.3.3.2.1 Lipid lowing effects of red yeast rice 

Studies have been published demonstrating lipid-lowering effects of red 

yeast rice in both animals and humans (summarized in table 1-4). A 

recent randomized, double-blind, placebo-controlled study shows that 

after taking 2.4g of red yeast rice for 16 weeks, patients’ total 

cholesterol and LDL-C level decreased significantly (15.5% and 23%, 

respectively) (Bogsrud et al. 2010). Another study compared the 

tolerability of red yeast rice with pravastatin, and found that 2.4g of red 

yeast rice twice daily was tolerated and achieved a comparable 

reduction of LDL-cholesterol (Halbert, 2010). Becker et al. evaluated the 

effectiveness and tolerability of red yeast rice in statin-intolerant 

subjects, and found that consuming 3.6g/day of red yeast rice 

significantly decreased LDL-cholesterol by 1.11mmol/L and 0.90mmol/L 
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from the baseline at week 12 and week 24, respectively. When 

compared to subjects in the placebo group, those in the red yeast rice 

group had significantly lower LDL-cholesterol levels without increasing 

their liver enzyme or pain levels (Becker et al. 2009). One study found 

that subjects treated with one capsule (300mg) of Xuezhikang (extracts 

of red yeast rice, one capsule contains 2.5 to 3.2mg of monacolin K) 

showed a highly significant decrease in the frequency of major coronary 

events, a 62% decrease in the occurrence of nonfatal myocardial 

infarction, and a 32% decrease in fatal coronary events compared with 

placebo (Lu et al. 2008).  

The mechanism by which monacolin K lowers plasma cholesterol is 

complex and multifactorial, including decreasing hepatic cholesterol 

synthesis and increasing cholesterol clearance. A major site of 

endogenous cholesterol synthesis is the liver. Hydroxy-methyl-glutaryl 

coenzyme A (HMG-CoA) reductase is the rate-limiting enzyme in the 

synthesis of cholesterol. Monacolin K has a structure similar to 

HMG-CoA (Figure 1-9), and has a much higher affinity for HMG-CoA 

reductase compared to HMG-CoA. Monacolin K binds with the carboxyl 

terminal of HMG-R and reduces cholesterol synthesis by competitively 

binding with HMG-CoA reductase, leading to a decrease in circulating 

plasma cholesterol levels (Endo. 1979).  

 

Figure 1-9. Chemical structure of HMG-CoA 
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Monacolin K also increases LDL clearance. The specific receptor 

(apoB/E receptor) for LDL on the hepatocyte surface is the main route 

for LDL clearance from the plasma (Gotto et al. 2003). There is an 

inverse correlation between the number of LDL receptors and 

cholesterol concentration. Therefore, the more LDL receptors, the less 

cholesterol there will be in the circulation (Gotto et al. 2003). Monacolins 

decrease hepatic cholesterol synthesis, and are associated with a 

decreased cholesterol concentration in hepatocytes. When the plasma 

cholesterol concentration decreases, the number and activity of hepatic 

LDL receptors increase. This is known as a complementary feedback 

mechanism. Hence, the clearance of plasma LDL is accelerated, and 

collectively lowers circulating cholesterol concentrations. This 

hypothesis has been demonstrated by studies conducted in both 

normolipidemic subjects (Malmendier et al. 1989) and those with mixed 

hyperlipoproteinemia (Parhofer et al. 1993). 

In addition, evidence has shown that monacolins have the ability to 

increase HDL concentrations in animal models. For example, Lee CL et 

al. fed monascus powder to the hyperlipidemic hamster and found the 

HDL-cholesterol to be significantly elevated by 20% at 8 weeks (Lee et 

al. 2006). 

1.4.3.3.2.2 Hypoglycemic activity of monascus 

Animal experiments have also indicated that monascus has potential 

hypoglycemic activity. Rajasekaran et al. investigated the hypoglycemic 

activity of aqueous extract of monascus-fermented Indian-variety rice in 

high cholesterol-fed streptozotocin-induced diabetic rats. They found 

that fasting blood glucose concentrations were significantly decreased 

in diabetic rats after 30 days of supplementation with aqueous extract of 
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monascus-fermented rice at a concentration of 1.2g/kg body weight 

(Rajasekaran et al. 2009). 

1.4.3.3.2.3 Other bioactive properties of red yeast rice 

Other studies in the literature have explored alternative bioactive 

properties of red yeast rice, including hypotensive effects. γ- Amino 

butyric acid (GABA), a neural transmitter, regulates the excitation and 

inhibition of brain activity and is mainly used to treat various epilepsies 

(Li et al. 2008). GABA was also found to have hypotensive effects 

(Shimada et al. 2009). In 1987, Kohamat and colleagues isolated GABA 

and acetylcholine from monascus, and proposed that GABA is the 

hypotensive substance in monascus (Kohama et al. 1987). Okawa et al. 

used a spontaneously hypertensive rat (SHR) model and reported in 

2004 that its blood pressure decreased after long-term consumption of 

a diet containing monascus extract at a concentration of 5ml/kg (Okawa 

et al. 2004).  

Due to its bacteriostatic effect, Monascus has been used for centuries in 

Asian countries as a food preservative. Monascus purpureus can 

produce antibacterial-activated substances, and can inhibit the growth 

of bacillus cereus, hay bacillus and staphylococcus aureus (Chen et al. 

1993). It can also restrain the growth of aeruginosus bacillus, 

colibacillus and bacillus proteus. Using fermentation broth also proves 

that monascus can inhibit the growth of 16 pathogenic bacteria 

(Fink-Gremmels et al. 1991).  

Pharmacological experiments indicate that monacolin K is 

renal-protective because it can suppress the proliferation of mesangial 

cells and reduce the secretion of extracellular matrix (Gower et al. 

2001). Other studies have reported that Monascus can have other 
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putative actions such as myocardial and endothelial cell protection, 

anti-inflammatory effects, anti-cancer effects, and can be applied as a 

treatment for osteoporosis. 

One of the advantages of using the rodent model chosen in my thesis is 

we are able to assess the impact of red yeast rice on multiple metabolic 

pathways, including lipid metabolism as well as heart and kidney 

disease.
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Table 1-4. Summary of studies using red yeast rice, chitin-glucan, and phytosterol with respect to the lipid- lowering 

effect 

Reference  Study objective Study subject Treatment  Conclusion  

Chitin-glucan 

Berecochea-Lo

pez et al. 2009 

The effects of 

chitin-glucan on early 

atherosclerosis, cardiac 

production of superoxide 

anion, and hepatic 

antioxidant enzymes 

Weanling male Syrian 

golden hamsters 

Chitin-glucan was 

administered by daily 

oral gavage (in water) 

at 21.4 or 42.8 mg/kg 

body weight/day for 12 

weeks 

Lowered plasma triglycerides and 

markedly reduced the diet-induced 

formation of aortic fatty streak lesions 

Neyrinck et al. 

2012 

Ability of chitin-glucan to 

modulate both the gut 

microbiota and glucose 

and lipid metabolism 

High fat diet induced 

obese mice 

Supplementation of 

the high-fat diet with 

fungal chitin-glucan 

Chitin-glucan prominent changes in gut 

microbiota; and improved glucose and 

lipid metabolism  

Deschamps et 

al. 2009 

Lipid-lowering effects of  

concentrated 

chitin-glucan 

Slightly overweight and 

hypercholesterolemic 

men  

4.5g/day of 

chitin-glucan for 4 

weeks 

Chitin-glucan significantly decreased 

oxidized LDL and oxidized glutathione  
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Phytosterol 

Suleen et al. 

2005 

Effect of phytosterols on 

lipoprotein production 

and the mechanisms 

involved 

HepG2 human liver cells 

and Caco2 human 

intestinal cells 

50 mmol/L of the 

different phytosterols 

for 24h 

Plant sterols limit lipid (CE) availability in 

cells 

Zhang et al. 

2011 

Effect of phytosterol on 

lowering blood lipids in 

vivo 

Normal SD rats Phytosterol at doses 

of 0.5%, 1.0% and 

2.0% for 6 weeks 

Phytosterol has an obvious effect on 

lowering blood lipids and inhibiting lipid 

peroxidation 

Red yeast rice 

Lee et al. 2006 Effect of red yeast rice on 

TC, TG, HDL-C, and 

LDL-C. 

Hyperlipidemia hamsters  10.78 mg /day/100 g 

body weight for 4 and 

8 weeks 

Oral intake of Monascus powder was 

proven to decrease TC, TG, and LDL-C 

levels 

Bogsrud et al. 

2010 

Effects of a red yeast rice 

product on plasma lipids 

Subjects with LDL-C 

between 3.0-6.0 mmol/L, 

fasting TG<4.5 mmol/L, 

mildly impaired glucose 

tolerance 

2.4g red yeast rice 

product (HypoCol) per 

day for 16 weeks 

HypoCol had a significant 

cholesterol-lowering effect compared to 

the placebo, and was well-tolerated  
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Halbert 2010 Tolerability of red yeast 

rice versus pravastatin in 

patients unable to 

tolerate other statins 

because of myalgias 

Adults with dyslipidemia 

and a history of statin 

discontinuation because 

of myalgias 

2400mg red yeast rice 

twice daily for 12 

weeks 

Red yeast rice was tolerated as well as 

pravastatin and achieved a comparable 

reduction of LDL-C. 

Becker et al. 

2009 

The effectiveness and 

tolerability of red yeast 

rice and therapeutic 

lifestyle change to treat 

dyslipidemia in patients 

who cannot tolerate 

statin therapy. 

Patients with 

dyslipidemia and history 

of discontinuation of 

statin therapy due to 

myalgias 

1.8g red yeast rice 

twice daily for 24 

weeks 

Red yeast rice decreased LDL cholesterol 

levels without increasing CPK or pain 

levels 

Lu et al. 2008 The long-term efficacy of 

Xuezhikang in the 

reduction of recurrent 

cardiovascular events 

4,870 patients (age 18 to 

70 years) in 65 Chinese 

hospitals, each with a 

documented previous 

myocardial infarction. 

300mg Xuezhikang 

(2.5 to 3.2mg 

monacolin K) daily 

Long-term treatment with Xuezhikang 

significantly decreased the recurrence of 

coronary events and total mortality in 

Chinese patients. 
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1.5 Using a portfolio diet approach to lower lipids 

The portfolio diet, consisting of plant-based cholesterol-lowering 

foods, was developed by David Jenkins (Jenkins et al. 2002, 2003). 

Jenkins suggested that a combination of certain foods (such as plant 

sterols, soy proteins, almonds, and viscous fibers), which are already 

known to lower blood lipids, would have additive effects that the 

individual components alone would not. In combination, these foods 

would be able to contribute to reducing the risk of CVD. In his early 

studies, Jenkins demonstrated that using a combination of bioactive 

food ingredients for four weeks reduced LDL-C by 29%, and the ratio 

of LDL-C to HDL-C decreased by 26.5% relative to the baseline 

(Jenkins et al. 2002). In further studies, Jenkins demonstrated that 

more than 30% of motivated subjects who ate according to the 

portfolio diet were able to lower their LDL-C by more than 20%, and 

that the portfolio diet was as effective as the starting dose of first-line 

intervention drugs, such as statins, in managing hypercholesterolemia 

(Jenkins et al. 2005, 2006). Recent research has also showed that the 

HDL-C concentration increased in hyperlipidemic Mexican subjects 

(n=43), who were given the portfolio diet containing 25g soy protein 

and 15g soluble fiber daily for two months (Guevara-Cruz et al. 2010). 

The portfolio diet has also been shown to be effective under free-living 

conditions over the long term (one year) (Amin et al. 2010). Studies 

are summarized in Table 1-5. 

The dietary components selected for the portfolio diet, such as plant 

sterols, soy protein, viscous fibers, and almonds, are all well 

recognized for their cholesterol-lowering properties (Jenkins et al. 

2002). Plant sterols decrease intestinal cholesterol absorption. Soy 
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protein reduces hepatic cholesterol synthesis and increases LDL 

clearance by increasing LDL-receptor expression. Viscous fibers 

increase cholesterol loss in the bile acid. Raw unblanched almonds, 

as part of the portfolio diet, contain vegetable proteins, plant sterols 

(including β-sitosterol, stigmasterol, campesterol, Δ-5-avenasterol, 

sitostanol, campestanol, and other minor phytosterols), fiber, and 

monounsaturated fats, and may reduce plasma cholesterol through a 

variety of mechanisms (Jenkins et al. 2003; Berryman et al. 2011). 

Collectively, the portfolio diet components have complementary 

actions which lead to an additive cholesterol-lowering effect relative to 

single target approaches. The ‘complementary’ portfolio diet concept 

is important here as it forms the basis for my thesis in assessing the 

potential synergy of a multi target approach (both hepatic and 

intestinal) of a novel nutraceutical formulation. 
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Table 1-5. Summary of portfolio diet studies 

Reference  Study objective Study subject Treatment  Conclusion  

Jenkins et al. 

2002 

The combined effect of 

plant sterols, soy proteins, 

and viscous fibers on 

blood lipids  

Hyperlipidemic subjects 

who were already 

consuming a low 

saturated fat, 

low-cholesterol diet 

Plant sterols (1 g/1000 kcal), 

soy protein (23 g/1000 kcal), 

and viscous fibers (9g/1000 

kcal) for one month 

A dietary portfolio may be as effective 

as the starting dose of older first-line 

drugs 

Jenkins et al. 

2003 

Whether it is possible to 

reduce the level of  

cholesterol in the dietary 

portfolio at a level similar 

to that reported in recent 

statin trials which reduced 

cardiovascular events 

Hyperlipidemic subjects Plant sterols (1.2 g/1000 

kcal), soy protein (16.2 

g/1000 kcal), viscous fibers 

(8.3 g/1000 kcal), and 

almonds (16.6 g/1000 kcal) 

A dietary portfolio may be as effective 

as statins in lowering LDL-C, and as a 

result increase the potential 

effectiveness of dietary therapy 

Jenkins et al. 

2005, 2006 

Compare the 

cholesterol-lowering 

potential of a dietary 

portfolio with that of a 

statin 

Hyperlipidemic subjects Statin diet: 20 mg lovastatin; 

portfolio diets: high in plant 

sterols, soy protein, and 

viscous fibers 

Dietary combinations may not differ in 

potency from first-generation statins in 

achieving current lipid goals for primary 

prevention 
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Guevara-cru

z et al. 2010 

The response of HDL-C 

concentrations to a dietary 

portfolio 

Mexican hyperlipidemic 

subjects with 

ABCA1R230C 

(rs9282541) and R219K 

(rs2230806) 

polymorphisms 

25 g of soy protein and 15 g 

of soluble fiber daily for two 

months 

Patients with ABCA1 R230C genotypes 

responded better to dietary portfolio 

treatments for increasing HDL-C 

concentrations 
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Chapter 2 Rationale: objectives and hypothesis 

2.1 Rationale 

2.1.1 Introduction 

Cardiovascular disease (CVD) is the leading cause of mortality and 

morbidity worldwide. Dyslipidemia, especially hyperlipidemia, is a 

causative factor in the incidence and development of CVD. The 

prevalence of hyperlipidemia varies among countries, ranging from 3% 

in countries such as China and Russia, up to 53% in countries including 

Switzerland and Yugoslavia (Tolonen et al. 2005). In Canada, the 

prevalence of hypercholesterolemia is 14% (Petrella et al. 2007). Liver 

derived low density lipoprotein (LDL) is the classic causative factor in 

CVD. In recent years, intestinal derived chylomicrons (CM) and their 

remnants (CM-r) have also been identified as significant contributors to 

CVD. Consequently, recent efforts to advance the field of lipid-lowering 

therapy have begun to consider targeting lipids derived from both 

intestinal and hepatic cholesterol sites. 

2.1.2 Hyperlipidemia and cardiovascular disease 

Hyperlipidemia is characterized by elevated plasma triglycerides (TG), 

cholesterol, LDL, and CM-r, and decreased high-density lipoproteins 

(HDL). The liver and intestine play very important roles in the 

development of dyslipidemia as they are the primary sites of lipoprotein 

synthesis. The causative role of LDL-cholesterol in atherosclerosis has 

been well studied over the past few decades. However, during clinical 

practice, some patients with coronary heart disease present with normal 

levels of LDL-cholesterol (Mediene-Benchekor et al. 2001). In addition, 

for many individuals who are prescribed statins, a substantial “residual 

risk” of CVD remains, suggesting that LDL is not the only causative 

factor, and that other cholesterol containing lipoproteins are also 

important in CVD etiology. 

In recent years, evidence has shown that intestinal derived CM-r 

particles contribute to atherogenesis and are significant causative 
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factors in CVD (Proctor et al. 1996, Nordestgaard et al. 2007, Su et al. 

2009). CVD is caused not only by the degree of arterial exposure to 

plasma lipoproteins but is determined by the affinity of the vasculature 

for different lipoprotein phenotypes (Mamo et al. 2002, Proctor et al. 

2004). Compared with larger CM-r, smaller LDL particles permeate 

more readily through the arterial tissue and migrate out of the vessel 

wall more efficiently, and CM-r are more likely to become entrapped 

within the arterial wall (Proctor et al. 2002, Proctor et al. 2004, Mamo et 

al. 2002). Furthermore, apoB48-containing CM-r contain approximately 

40 times more cholesterol per particle than apoB100-containing LDL 

particles (Proctor et al. 2002). Therefore, the retention of cholesterol 

mass derived from CM-r can be greater than that derived from LDL.  

2.1.3 Treatment of hyperlipidemia 

2.1.3.1 Current medications and their limitations 

Currently, the primary lipid treatment goal for high-to-moderate 

CVD-risk patients is to lower plasma LDL-cholesterol to less than 

2mmol/L or to decrease LDL-cholesterol by 50%. Even for the patients 

with low risk, the primary goal is reduce LDL-cholesterol by half (Genest 

et al. 2009). Lipid-lowering medications include statins, ezetimibe, and 

fibrates. Statins, HMG-CoA reductase inhibitors, are most frequently 

used in lowering LDL-cholesterol in clinical practice (Genest et al. 

2009). However, some patients cannot tolerant statins because of 

statin-associated myalgia (muscle pain and weakness), which has an 

incidence as high as 10% (Bruckert et al. 2005, Kashani et al. 2006). 

Fibrates and ezetimibe are common pharmaceutical alternatives. 

However, side effects, such as gastro-intestinal disturbances, 

headache, and fatigue have been reported (Zhao et al. 2012). 

2.1.3.2 Nutraceutical bioactive compounds and their lipid-lowering 

effects 

Chitin-Glucan, a natural component of the fungal cell wall, is regarded 

as an insoluble dietary fiber (Jonker et al. 2010). Chitin and β-glucan 
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chains accumulate individually in the fungal cell wall initially and 

thereafter form the inter-polymer linkage (Wessels et al. 1990). The 

mechanisms underlying chitin-glucan’s lipid-lowering effect are thought 

to be related to decreasing food intake and cholesterol absorption, 

improving antioxidant status, and modulating bacterial population in the 

large intestine (van Bennekum et al. 2005, Berecochea-Lopez et al. 

2009, Neyrinck et al. 2012).  

Phytosterols, also known as plant sterols, are natural components of 

plant membranes. Phytosterols have the ability to decrease plasma 

cholesterol. Their chemical structure is similar to that of cholesterol and 

they compete with cholesterol for absorption. When phytosterols and 

cholesterol interact in the intestine they can crystallize and form an 

insoluble complex, which is not absorbed and can be excreted in the 

feces. In addition, phytosterols are selectively pumped out by the 

ATP-binding cassette sub-family G (ABCG5 and ABCG8), which are 

transporters promoting the removal of cholesterol from enterocytes into 

the lumen (Yu et al. 2002). 

Red yeast rice is a product of fermentation of “red yeast” with white rice. 

Also known as Monascus purpureus, red yeast is a subspecies of 

Aspergillus. It has been used as a food colorant and preservative spice 

in China for centuries. In traditional Chinese medicine, it has also been 

used to prevent cardiovascular disease and alleviate diarrhea and 

indigestion (Erdogrull et al. 2004).  

Red yeast rice received significant public attention when monacolin K 

was isolated in the 1970s. It has the ability to reduce plasma lipids 

(Endo. 1979). Monacolin K is an inhibitor of 

3-hydroxy-3-methyl-glutaryl-CoA (HMG-CoA) reductase, which is the 

rate-limiting enzyme in hepatic cholesterol synthesis. Monacolin K has 

a structure similar to that of HMG-CoA, and has more affinity to 

HMG-CoA reductase (Endo. 1979). By competitively binding with 

HMG-CoA reductase, monacolin K reduces cholesterol synthesis in the 

liver. In addition, it increases LDL-receptor expression as a feedback 
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mechanism and consequently increases the uptake and plasma 

clearance of apoB-cholesterol containing lipoproteins. 

2.1.3.3 Using a portfolio diet approach to lower lipids 

The portfolio diet, which consists of plant-based cholesterol-lowering 

foods, was developed by David Jenkins (Jenkins et al. 2002, 2003). 

Jenkins suggested that a combination of certain foods (such as plant 

sterols, soy proteins, almonds, and viscous fibers) would have additive 

effects that the individual components alone would not, and therefore 

would be able to contribute to reducing the risk of CVD. The dietary 

components selected for the portfolio diet, including plant sterols, soy 

protein, viscous fibers, and almonds, are all well recognized for their 

cholesterol-lowering properties (Jenkins et al. 2002). Plant sterols 

decrease intestinal cholesterol absorption. Soy protein reduces hepatic 

cholesterol synthesis and increases LDL clearance by increasing 

LDL-receptors. Viscous fibers increase cholesterol losses in bile acid. 

Almonds contain vegetable proteins, plant sterols, fiber, and 

monounsaturated fats, and may reduce plasma cholesterol through a 

variety of mechanisms (Jenkins et al. 2003). Collectively, the action 

mechanisms of the portfolio diet components are complementary, 

leading to an additive cholesterol-lowering effect. 

2.1.4 Contributions of the JCR-LA:cp Rat in understanding metabolic 

syndrome and atherosclerosis 

Our interest in studying dyslipidemia in MetS due to its high occurrence 

and its defects in lipids production from liver and intestinal led us to 

develop a unique rat model, the JCR:LA-cp rat, which has a cluster of 

obesity, hyperlipidemia, insulin resistance (IR), and vascular 

dysfunctions, as well as over-production of both VLDL and CMs 

(Russell et al. 2006). I will use this model in my thesis.  

Rodents are used frequently to study CVD. The JCR:LA-cp rat strain 

has a defect in its leptin receptor expression when homozygous 

recessive for the corpulent trait (cp), resulting in defective leptin 
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signaling (Russell et al. 2006). As a result, the rats become leptin 

resistant, hyperphagic, and obese. The obese rats develop IR at 8 

weeks of age (Russell et al. 2006). Importantly for my thesis, this model 

has been demonstrated to overproduce VLDL and CM from the liver 

and intestine respectively (Elam et al. 2006; Vance et al. 1990, Vine et 

al. 2005). Also, the obese male rats have been found to develop heart 

ischemic lesions and have a tendency to develop myocardial infarcts, 

which is similar to and can be commonly seen in human coronary 

disease (Russell et al. 1998; Russell et al. 2006). Collectively, the 

obese rats have a hyperlipidemia profile similar to that of pre-diabetic 

humans. This rodent model offers a unique opportunity to study 

atherogenic mechanisms, particularly during MetS. It also offers a 

unique opportunity to study putative anti-atherogenic treatments.  

The hypolipidemic benefits of a portfolio diet form the basis for my 

thesis. I will use the JCR:LA-cp rats to investigate lipid-lowering 

properties of chitin-glucan, phytosterol, and red yeast rice individually 

and in combination formulations in order to assess the potentiality of a 

multi-target approach (both hepatic and intestinal) for a novel 

nutraceutical formulation. 

2.2 Primary Aim of Thesis 

The primary aim of this thesis was to assess the potential lipid-lowering 

efficacy and vascular-protective properties of chitin-glucan, phytosterol, 

a novel formulation of red yeast rice, and the combination of these 

products in the JCR:LA-cp rodent  model. This strain provides a rodent 

model of dyslipidemia, insulin resistance, and vascular complications. 

To accomplish our goals, we proposed a two-phase design that 

included an initial four-week feeding study in the JCR:LA-cp model to 

assess efficacy, and second a six-week feeding study in the same 

model to determine the dose response. The primary outcomes of these 

studies were to investigate the individual and combined effects of each 

compound on lipid metabolism.  
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2.3 General Working Hypothesis 

In an analogy to the portfolio diet approach, the general working 

hypothesis of this thesis was that chitin-glucan, phytosterol, and red 

yeast rice could independently reduce plasma lipids, and the 

combination of these three compounds would result in a synergistic 

effect to further improve plasma lipids and lipid metabolism.  

2.4 Specific Objectives and Hypotheses 

In order to test the working hypothesis, the following specific objectives 

were employed: 

Objective 1: Investigate the effect of chitin-glucan, phytosterol, red 

yeast rice and the combination of these products on body weight, food 

intake, lipid metabolism, and insulin sensitivity in both control and 

dyslipidemic JCR:LA-cp rats. 

Hypothesis: Four weeks of feeding of chitin-glucan, phytosterol, and the 

red yeast rice will have beneficial effects on dyslipidemia in JCR:LA-cp 

rats.   

Specific objectives:  

1(a). Evaluate the effects of chitin-glucan, phytosterol, red yeast rice 

and the combination of these products on body weight and food intake 

under normal and dyslipidemic conditions. 

Expected outcomes: Since chitin-glucan is an insoluble dietary fiber and 

promotes satiation and satiety, it is expected that animals in the 

chitin-glucan group and combination group may lower food intake and 

body weight gain compared to phytosterol and red yeast rice containing 

diets. 

1(b). Assess the effects of chitin-glucan, phytosterol, red yeast rice and 

the combination of these products on fasting lipid profile, as well as 

hepatic and intestinal lipid mass under normal and dyslipidemic 

conditions. 
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Expected outcomes: Due to the lipid-lowering effect of chitin-glucan, 

phytosterol and red yeast rice, it is expected that these bioactive 

nutrients would decrease fasting plasma lipids independently; and the 

combination of these compounds would have a synergistic effect lower 

plasma lipids further. 

1(c). Assess the effects of chitin-glucan, phytosterol, red yeast rice and 

the combination of these products on fasting glucose and insulin levels 

under both normal and dyslipidemic conditions. 

Expected outcomes: Since chitin-glucan and red yeast rice have 

hypoglycemic activity, it is expected that chitin-glucan, red yeast rice, 

and the combination may alleviate insulin resistance and improve 

glucose tolerance. We note that phytosterol has not been shown to 

have any beneficial effect on insulin resistance pathways per se. 

Objective 2: Assess the effects of prolonged dietary intervention (six 

weeks) with the combination of chitin-glucan, phytosterol, and red yeast 

rice (with three dosages) on fasting and non-fasting (post-prandial) 

plasma lipids in both healthy and dyslipidemic JCR:LA-cp rats. 

Hypothesis: A prolonged dietary supplement that combines 

chitin-glucan, phytosterol, and red yeast rice will result in a robust 

improvement in both the fasting and post-prandial lipid profile in 

dyslipidemic JCR:LA-cp rats. The three treatment groups will receive 

different doses of red yeast rice. The hypothesis is that the group 

receiving the largest dose of red yeast rice will show the greatest 

improvement in plasma lipids. 

Specific objectives: 

2(a). Evaluate the effects of the combination of chitin-glucan, 

phytosterol, and red yeast rice (with the increased dosage) on body 

weight and food intake under both normal and dyslipidemic conditions. 

Expected outcomes: It is expected that in this prolonged study, 

combination formulations may lower food intake and body weight 



60 
 

because of the satiation and satiety provided by chitin-glucan in the 

combination formulations. 

2(b). Assess the effect of the combination of chitin-glucan, phytosterol, 

and red yeast rice on both fasting and post-prandial lipid profile; and 

determine whether there is a dose response of the red yeast rice under 

both normal and dyslipidemic conditions.  

Expected outcomes: It is expected that all the combination formulations 

will improve both fasting and post-prandial lipid profiles; and that higher 

concentrations of red yeast rice will be more efficacious. 

2(c). Assess the effect of the combination of chitin-glucan, phytosterol, 

and red yeast rice on both fasting and post-prandial glucose and insulin 

metabolism under both normal and insulin-resistant conditions.  

Expected outcomes: It is expected that all the combination formulations 

will improve insulin resistance and glucose tolerance in both fasting and 

post-prandial states because of the hypoglycemic activity of 

chitin-glucan and red yeast rice. 

Format for my thesis: In Chapter 3 I have chosen to present the ‘short 

term’ (four-week) intervention with the following study design: At 10 

weeks of age, obese (JCR:LA-cp) rats were randomly allocated to 

either the control (lean JCR:LA-cp ) rats group (n=7) or one of the 

following treatment groups: chitin-glucan (n=5), phytosterol (n=5), red 

yeast rice (n=6), or combination (n=6). In order to exacerbate the 

dyslipidemic phenotype of the rats, 1% cholesterol was further 

supplemented to all diets. The formulation and dose of each ingredient 

was determined foremostly on clinical applicability. The ingredients 

were provided by the industry partner (not discussed in this thesis) and 

the dosage was chosen in consideration of the physicochemical 

properties of each ingredient and the potential for their applicability as a 

nutraceutical. The final doses for each ingredient are as follows: The 

chitin-glucan diet was prepared by adding 103 mg/kg body weight/day 

of the chitin-glucan product into the control diet; the phytosterol diet was 
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prepared by adding 78 mg/kg body weight/day of the phytosterol 

product into the control diet; the red yeast rice diet was prepared by 

adding 0.92 mg/kg body weight/day of the red yeast rice product into 

the control diet; and the combination diet was control diet supplemented 

with all three compounds (103mg/kg/day chitin-glucan, 78mg/kg/day 

phytosterol, and 0.92mg/kg/day red yeast rice). Body weight and food 

intake were measured every week. After four weeks of diet intervention, 

animals were fasted overnight (16 hours) and then sacrificed. Fasting 

plasma lipids were measured, along with glucose and insulin levels, 

hepatic and intestinal TG, and cholesterol concentrations.   

In Chapter 4 I have chosen to present the ‘longer term’ (six-week) 

intervention data with the following study design: At the age of 10 

weeks, obese JCR:LA-cp rats were randomly allocated to either a 

control diet (n=11), combination 1 diet (n=10), combination 2 diet 

(n=10), or combination 3 diet (n=10). The combination 1 diet consisted 

of 103 mg/kg body weight/day of chitin-glucan, 78 mg/kg body 

weight/day of phytosterol, and 0.3 mg/kg body weight/day of red yeast 

rice products; the combination 2 diet consisted of 103 mg/kg body 

weight/day of chitin- glucan, 78 mg/kg body weight/day of phytosterol, 

and 1.0 mg/kg body weight/day of red yeast rice; and the combination 3 

diet consisted of 103 mg/kg body weight/day of chitin- glucan, 78 mg/kg 

body weight/day of phytosterol, and 2.0 mg/kg body weight/day of red 

yeast rice. After five weeks of diet intervention, animals in each group 

were subjected to either a fat challenge test or meal tolerance test in 

order to assess post-prandial lipid and insulin metabolisms. At the end 

of the study (after six weeks of intervention) fasting plasma was 

collected in order to measure each animal’s lipid profile and insulin and 

glucose levels. Also, heart and kidney tissues were harvested to 

analyze the myocardial lesion and glomerulosclerosis. 

Finally, in Chapter 5 I raise points of interpretation based on the 

outcome of both the data chapters, study limitations, and the outlook for 

translating this work to the clinical setting. 
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Chapter 3 Chitin-glucan, phytosterol, and red yeast rice-induced 

hypolipidemic benefits in JCR:LA-cp rats 

3.1 Introduction  

Dyslipidemia is characterized by elevated plasma triglycerides and 

cholesterol, as well as decreased high-density lipoprotein (HDL) 

cholesterol concentration (Neeli et al, 2009). In a retrospective cohort 

study, Petrella et al. reported that the prevalence of dyslipidemia was 

14% in Canada (Petrella et al. 2007). Dyslipidemia has been 

considered one of the most important and modifiable contributors to 

cardiovascular disease (CVD).  

The hepatic overproduction of low-density lipoprotein (LDL) particles 

has been well studied and regarded as the classic CVD causative lipid 

biomarker. However, a significant number of patients with coronary 

heart disease have normal levels of LDL-cholesterol 

(Mediene-Benchekor et al. 2001) indicating that LDL-cholesterol is not 

the only causative factor in the incidence and development of CVD. In 

addition, for many individuals who are prescribed statins, a substantial 

“residual risk” of CVD remains. This is thought to be due to the high 

concentrations of cholesterol absorbed and secreted from the intestine, 

packaged as chylomicrons and chylomicron remnants (CM-r) 

(Deedwania et al. 2006). In recent years, the intestine has been 

identified as a significant contributor to systemic cholesterol 

homeostasis and regulator of plasma cholesterol concentrations 

(Warnakula et al. 2011). Compared with larger CM-r, smaller LDL 

particles can permeate the arterial tissue more readily, but they migrate 

out of the vessel wall more efficiently, suggesting that CM-r particles are 

more likely to become entrapped within the arterial wall (Proctor et al. 

2002, Proctor et al. 2004, Mamo et al. 2002). In addition, CM-r contains 

approximately 40 times more cholesterol per particle than do LDL 

particles (Proctor et al. 2002). Consequently, the retention of 

cholesterol mass derived from CM-r is greater than that derived from 

LDL. A novel approach to decrease plasma lipids should target both 
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intestinal and hepatic sites. However, this area is largely 

under-explored.  

Chitin-glucans, phytosterols, and red yeast rice are all natural bioactive 

compounds that have been proven to have plasma lipid-lowering 

properties (Berecochea-Lopez et al. 2009; Zhang et al. 2011; Bogsrud 

et al. 2010). Chitin-glucan, as an insoluble dietary fiber, decreases food 

intake by promoting satiation and satiety, and decreases cholesterol 

solubilization and absorption by the binding of bile acids in the intestine. 

It also has potential beneficial effects with respect to atherosclerosis 

due to its antioxidant activity (Berecochea-Lopez et al. 2009). The Food 

and Drug Administration (FDA) has authorized health claims that 

phytosterols lower total cholesterol and LDL-cholesterol, and hence 

reduce the risk of CVD (FDA 2006, FDA 2000). Extracts of red yeast 

rice have been used for therapy on CVD patients in China for centuries 

(Erdogrull et al. 2004).  

Chitin-glucans, phytosterols and red yeast rice exert different modes of 

action to reduce cholesterol, including decreased food intake by 

chitin-glucan, decreased intestinal cholesterol absorption by 

phytosterol, and reduced hepatic cholesterol synthesis and increased 

LDL-cholesterol uptake by red yeast rice. However, it remains unknown 

whether a combination of these natural compounds would result in a 

synergic cholesterol-lowering effect. 

The JCR:LA-cp rat has a defect in its leptin receptor expression when 

homozygous recessive for the corpulent trait, resulting in defective 

leptin signaling (Russell et al. 2006). It spontaneously develops 

significant dyslipidemia and macro-/micro-vascular dysfunction. The 

JCR:LA-cp rats are visually obese by three weeks of age. A modest 

hyperinsulinemia is present by four weeks of age, which develops 

rapidly by 12 weeks of age (Russell et al. 2006). Thus, the aim of this 

study was to investigate the independent effects of chitin-glucan, 

phytosterol, and red yeast rice, in addition to the combination of these 
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products, on food intake, body weight, insulin-glucose and lipid 

metabolism in both control and dyslipidemic JCR:LA-cp rats. 

3.2 Materials and Methods 

3.2.1 Animal model and experimental procedures 

Male JCR:LA-cp rats, both obese (cp/cp) (n=29) and lean (+/?) (n=6), 

were raised by the colony established at the University of Alberta. Lean 

animals were included as a negative control and to represent normal 

‘healthy’ or ‘lean’ condition. At 10 weeks of age, obese rats were 

randomly allocated to either the control group (n=7) or one of the 

following treatment groups; chitin-glucan (n=5), phytosterol (n=5), red 

yeast rice (n=6), or combination (n=6). All animal care and experimental 

procedures were conducted in accordance with the Canadian Council 

on Animal Care and approved by the University of Alberta Animal Care 

and Use Committee (Livestock). All rats were housed in a 

state-of-the-art individually ventilated caging system for the duration of 

the study. Food consumption and body weight were recorded weekly 

throughout the study.  

3.2.2 Diet preparation 

The control diet was prepared from 5053 laboratory chow, consisting of 

54.2% carbohydrate, 20% crude protein, 10% moisture, 6.1% minerals, 

4.7% fibre, 5.0% fat. In order to exacerbate the rats’ dyslipidemic 

phenotype, 1% cholesterol was further supplemented to all diets. The 

chitin-glucan diet was prepared by adding 103 mg/kg body weight/day 

of chitin-glucan product into the control diet; the phytosterol diet was 

prepared by adding 78 mg/kg body weight/day of phytosterol product 

into the control diet; the red yeast rice diet was prepared by adding 0.92 

mg/kg body weight/day of red yeast rice product into the control diet; 

and the combination diet was control-diet supplemented with all three 

compounds (103mg/kg/day chitin- glucan, 78mg/kg/day phytosterol, 

and 0.92mg/kg/day red yeast rice). The diet mixture was extruded into 

pellets, dried at room temperature, and stored at 4oC. 
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3.2.3 Analysis of fasting plasma lipids, insulin, and glucose  

At 14 weeks of age (after four weeks of diet intervention), animals were 

fasted overnight (16 hours) and then sacrificed under isoflurane (3.5% 

isoflurane-oxygen mix) anesthesia the following morning. Blood was 

collected via cardiac puncture, and plasma collected by centrifugation 

(3000 rpm, 4oC for 10 minutes). Plasma was stored at -80oC for 

biochemical analysis. The fasted plasma biochemical lipid profile of all 

groups was assessed using commercially available colorimetric assays, 

including plasma triglycerides (TG), total cholesterol (TC), Low Density 

Lipoprotein (LDL)-cholesterol (all Wako Pure Chemicals, USA, Inc. 

Richmond, VA), and High Density Lipoprotein (HDL)-cholesterol 

(Diagnostic Chemicals Ltd., Charlottetown, PI, Canada). The apoB48 

and apoB100 concentrations were measured using an established 

immune-western blotting protocol (Vine et al. 2007). In brief, plasma 

apolipoproteins were separated by SDS-PAGE on a 3–8% Tris-acetate 

polyacrylamide gel (Invitrogen, NuPage), and were then transferred 

onto a polyvinylidene difluoride membrane (0.45 μm; ImmobilonP, 

Millipore, MA). Following the first incubation with a goat polyclonal 

antibody specific for apoB (Santa Cruz Biotechnology), membranes 

were then incubated with a secondary antibody tagged with hydrogen 

peroxidase (Santa Cruz Biotechnology). Chemiluminescence 

(ECL-Advance, Amersham Biosciences) was used to visualize apoB. 

The intensity of the probed bands were quantified using linear 

densitometric comparison with a known mass of the purified rodent 

apoB48 protein as previously described (Vine et al. 2007). Insulin was 

analyzed using commercially available enzymatic immunoassays for 

rodents (a solid phase, two-site enzyme immunoassay, Mercodia AB, 

Uppsala, Sweden). Plasma glucose levels were assessed as per the 

glucose oxidase method (Diagnostic Chemicals) (Hassanali et al. 

2010). 

3.2.4 Measurement of hepatic and intestinal tissue lipid mass 
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After four weeks of diet intervention, rats were fasted overnight and 

sacrificed. Their livers and jejunums were removed and snap frozen in 

liquid nitrogen before being stored at -80oC for subsequent analysis. 

Hepatic and intestinal tissues were homogenized in 200ul lysis buffer 

(PBS with 1.5% v/v Triton X-100 and 1% protease inhibitor cocktail) and 

the tissue total triglyceride (TG), total cholesterol (TC), and protein 

mass determined using colorimetric assays as previously described 

(Hassanali et al. 2010). Both TG and TC mass were corrected for tissue 

protein mass (mg/g protein). 

3.2.5 Statistical Analysis  

All data was tested for normal distribution and analyzed using Prism 

(Graphpad, San Diego, CA, USA) and SigmaPlot (Systat Software, Inc. 

San Jose, CA, USA). Results are expressed as mean ± SEM. 

Differences between the lean and obese control groups were analyzed 

using an unpaired t-test; the differences between the obese control 

group and obese treatment groups were analyzed using a one–way 

analysis of variance (ANOVA) followed by multiple comparison test 

(Tukey) as required. A value of p<0.05 was taken to be statistically 

significant.  

3.3 Results 

3.3.1 Food intake and body weight gain 

As anticipated, and previously reported (Russell et al. 2008), the obese 

JCR:LA-cp rats had significantly higher body weight (1.6-fold, p<0.001) 

and food intake (1.6-fold, p<0.001) compared to the lean control rats 

(Table 3-1). For obese rats, body weight, food intake and liver weight 

were similar for all groups (Table 3-1). 

3.3.2 Fasting plasma lipid profile 

As expected, obese rats had higher fasting plasma TG (19.6-fold, 

p<0.001), TC (2.0-fold, p<0.001), LDL (1.8-fold; p<0.001), apoB48 

(4.9-fold, p<0.001), and apoB100 (2.8-fold, p<0.001) concentrations 
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compared to lean control rats (Figure 3-1, Table 3-2). For obese rats, 

fasting plasma TG concentrations did not differ in response to the 

chitin-glucan treatment (Figure 3-1a). However, phytosterol alone 

(-27.1%, p<0.01), red yeast rice alone (-21.6%, p<0.05) and the 

combination group (-27.5%, p<0.05) significantly reduced the fasting 

plasma TG versus the obese control (Figure 3-1a).  

The fasting plasma TC did not differ between the treatment groups and 

obese control (Figure 3-1b). The HDL-cholesterol levels did not differ 

between the obese groups (Figure 3-1d). Interestingly, only the red 

yeast rice group (-27.6%, p<0.01) and combination group (-36.7%, 

p<0.001) significantly reduced plasma LDL-cholesterol concentration 

(Figure 3-1c). Additionally, the combination treatment significantly 

reduced the ratio of LDL-cholesterol to HDL-cholesterol (-53.1%, 

p<0.05) (Figure 3-1e).  

The fasting plasma apoB48 concentration was significantly reduced by 

the combination treatment (-40.9%, p<0.05) only, compared to the 

obese control group (Figure 3-2a, Table 3-2). All treatment groups 

reduced their plasma apoB100 compared to the obese control (chitin- 

glucan-29.5%, p<0.01; phytosterol-27.4%, p<0.01; red yeast 

rice-32.3%, p<0.001; combination -34.3%, p<0.001) (Figure 3-2b). 

3.3.3 Fasting plasma insulin and glucose 

Fasting plasma insulin and glucose concentrations were significantly 

higher (5-fold, p<0.01) in the obese rats compared to the lean control. 

The plasma glucose concentration did not differ between any treatment 

groups versus obese control. However, the chitin-glucan treatment only 

significantly increased (49.8%, p<0.05) the fasting plasma insulin 

concentration (Figure 3-3, Table 3-2). 

3.3.4 Hepatic and intestinal lipid mass 

The obese rats had higher hepatic and intestinal TG (hepatic TG 

7.5-fold, p<0.001; intestinal TG 6.5-fold, p<0.001) and TC (hepatic TC 

6.8-fold, p<0.01; intestinal TC 2.8-fold, p<0.05) tissue concentrations 
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compared to the lean control rats (Figure 3-4, Figure 3-5, Table 3-3). 

The hepatic TG and TC did not differ between treatment groups and the 

obese control (Figure 3-4). However, all treatment groups significantly 

reduced their intestinal TG mass compared to the obese control (chitin- 

glucan-45.6%, p<0.05; phytosterol-44.4%, p<0.05; red yeast 

rice-43.3%, p<0.05; combination group -50.5%; p<0.05) (Figure 3-5a). 

The intestinal TC mass was not altered between treatment groups 

(Figure 3-5b). 

3.4 Discussion 

The main objective of this study was to investigate the impact of 

chitin-glucans, phytosterols, and red yeast rice on food intake, body 

weight, fasting dyslipidemia and insulin sensitivity in the JCR:LA-cp rat 

model. Our findings show that chitin-glucans, phytosterols, and red 

yeast rice reduce plasma apoB100 independently, and that combining 

these compounds is the most effective method for reducing fasting 

plasma LDL-cholesterol, apoB48, and apoB100. 

Currently, the primary lipid treatment target for dyslipidemia is to 

decrease blood LDL-cholesterol concentrations (Genest et al. 2009). 

Statins, are the first-line medication to reduce plasma LDL-cholesterol, 

however, numerous side effects have been reported, such as elevated 

hepatic enzyme levels, gastrointestinal symptoms, myalgia, myositis 

and rhabdomyolysis (Bays. 2005). Consequently, exploring the use of 

nutraceutical bioactive compounds in reducing plasma lipids is 

preferred and warranted.  

Chitin-glucans, phytosterols, and red yeast rice are natural nutraceutical 

bioactive compounds, and have different modes of action in reducing 

plasma cholesterol. It is commonly accepted that by providing satiation              

and satiety, the insoluble dietary fiber chitin-glucan decreases food 

intake which may reduce plasma cholesterol level (van Bennekum AM 

et al. 2005). Phytosterols decrease plasma cholesterol by reducing 

intestinal cholesterol absorption (Brufau et al. 2008). In addition, 

phytosterols can be selectively pumped out by the ATP-binding 
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cassette (ABC) sub-family G, ABCG5 and ABCG8, which are the 

transporters promoting the removal of cholesterol from enterocytes into 

the lumen (Yu et al. 2002). Monacolin K, the main cholesterol-lowering 

substance in red yeast rice, is an inhibitor of 

3-hydroxy-3-methyl-glutaryl-CoA (HMG-CoA) reductase, which is the 

rate-limiting enzyme in hepatic cholesterol synthesis (Gordon et al. 

2011). Therefore, monacolin K decreases hepatic cholesterol synthesis. 

As a feedback mechanism, it increases the LDL receptor in the liver, 

leading to an increased clearance of LDL (Maron et al. 2000).  

It has been reported that chitin-glucan can significantly reduce body 

weight gain by 28-30% in a high-fat-fed rodent model (Neyrinck et al. 

2012, Berecochea-Lopez et al. 2009). However, in the current study, we 

didn’t observe any effect of diet treatment on body weight or food 

consumption in the JCR:LA-cp rat model. One potential explanation for 

this is that the JCR:LA-cp rat, has a defect in its leptin receptor 

expression, which causes hyperphagia. Nevertheless, in addition to 

leptin, there are other signals, which may be affected by chitin-glucan. 

For example, cholecystokinin, which is responsible for stimulating the 

digestion of fatty acids and amino acids in the small intestine, 

suppresses sensations of hunger and promotes satiety. Furthermore, 

insoluble dietary fibers decrease plasma cholesterol due to their bile 

acid-binding capabilities, resulting in a decreased cholesterol 

solubilization and therefore, a decreased cholesterol uptake at the 

brush border membrane of enterocytes (Ritter 2004). Therefore, we 

could potentially conclude that chitin-glucan may affect body weight and 

food intake in a prolonged study greater than the one performed here 

(4-weeks). 

In this study, we found that red yeast rice, and the combination 

treatment significantly reduced fasting plasma TG, LDL-cholesterol, 

apoB48 and apoB100 concentrations, consistent with findings by Lee et 

al. (Lee et al. 2006). While total cholesterol, LDL-cholesterol, and 

apoB48 levels only tended to be lower in rats fed phytosterol diets, 

these lowered lipid levels did not reach statistic significance within the 
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short (acute) duration of this study (four weeks). Based on existing 

literature, we would have expected phytosterol to exert a lowering effect 

on these parameters. One possible reason for this difference is that the 

doses of phytosterol used in this study (78mg/kg) were chosen to exert 

modest efficacy compared with the doses used in other studies in the 

literature (210-1000mg/kg) (Zhang et al. 2011; Chen et al. 2010; 

Vaskonen et al. 2002).  

Our results also show that the combination treatment was the most 

effective at reducing LDL-cholesterol and apoB48 relative to the 

individual compounds. Possible underlying mechanisms of the 

combination formulation is that chitin-glucan decreases the cholesterol 

intake; phytosterol interferes with cholesterol digestion and decreases 

cholesterol absorption; and monacolin K in red yeast rice decreases 

hepatic cholesterol synthesis by inhibiting HMG-CoA reductase. 

Collectively, a reduction in cholesterol absorption and synthesis in the 

liver may increase LDL (apoB100/E) receptor expression, resulting in a 

increase in clearance of apoB lipoproteins. Consequently, apoB48 and 

apoB100 concentrations are decreased relative to each individual 

treatment. However, while the combination treatment did not 

significantly decrease total cholesterol levels, it is speculated that 

longer term feeding of combination may have more profound effects on 

cholesterol metabolism. These results are consistent with a series of 

studies by David Jenkins (Jenkins et al. 2002, 2003). Jenkins as 

proposed that a combination of plant-based cholesterol-lowering foods 

(plant sterol, soy protein, almonds, and viscous fibers) have additive 

effects, and therefore may be able to reduce the risk of CVD. 

In this study we did not find any beneficial effect of any treatment on 

fasting glucose or insulin metabolism. However, the combination group 

showed a slight trend of reduced fasting plasma glucose (-22.7%, 

p>0.05), although, in this short-term study, it was not statistically 

significant. Curiously, we also found that fasting plasma insulin levels 

were significantly increased in rats that had been fed the 

chitin-glucan-only diet. This result is inconsistent with what is commonly 
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accepted: chitin-glucan, as an insoluble fiber, may delay gastric 

emptying and consequently reduce a sharp rise in post-prandial blood 

glucose, which may lead to increased insulin sensitivity (Neyrinck et al. 

2012). In this first study, we only assessed fasting plasma insulin and 

glucose. In order to have a better appreciation of insulin metabolism per 

se, post-prandial insulin and glucose levels should be measured and 

was prospectively included in the second experimental phase of my 

work. 

We did not observe any benefit effect of treatment groups on hepatic 

TG and TC. Although, the results were not statistically significant, the 

combination trended to decrease hepatic TG (-11.9%) and TC (-35%). It 

is possible that there may not have been enough animals to show the 

significance. 

3.5 Conclusion 

Diet intervention (four weeks) with chitin-glucan, phytosterol, red yeast 

rice, and a combination of all three had no beneficial effect on body 

weight, fasting plasma insulin or glucose in dyslipidemic, insulin 

resistant JCR:LA-cp rats. Chitin-glucan, phytosterol, and red yeast rice 

all reduced plasma apoB100 independently. Further, we showed that 

the multi-target combination of these compounds was the most effective 

at reducing fasting plasma TG, LDL-cholesterol, apoB48, and apoB100 

in JCR:LA-cp rats.  

Collectively, these observations contribute to the hypothesis that 

chitin-glucan, phytosterol, and red yeast rice together have synergistic 

effects on reducing plasma lipids with respect to the risk of CVD. This 

warrants further investigation. 
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Table 3-1. Body weight and food intake in lean and obese JCR:LA-cp rats on different dietary interventions. 
Values are Mean+SEM. 

 Lean 

Control diet 

Obese 

Control diet 

Obese 

Chitin- glucan 

Obese 

Phytosterol 

Obese 

Red yeast rice 

Obese 

Combination 

Body weight (g) 342.7+1.12*** 546.3+9.0 541.0+7.63 520.5+5.59 572.5+15.37 533.2+12.35 

Food intake (g) 23.23+0.27*** 37.92+0.56 40.29+0.55 39.04+0.63 38.88+0.88 39.78+0.86 

*** P<0.05 of lean controls compared to obese animals. 

Table 3-2. Plasma biochemical parameters in lean and obese JCR:LA-cp rats on different dietary 
interventions. Values are Mean+SEM. 

 
Lean 

Control diet  

Obese 

Control diet 

Obese 

Chitin- glucan 

Obese 

Phytosterol 

Obese 

Red yeast rice 

Obese 

Combination 

TG (mg/dl) 32.07+2.85*** 628.4+26.21 502.9+26.21 457.8+49.00** 493.0+11.59* 455.7+36.14** 

TC (mg/dl) 105.2+5.60*** 214.2+15.00 213.0+13.31 178.9+6.34 181.4+6.45 170.6+10.22 

LDL (mg/dl) 24.65+1.80*** 44.98+0.75 47.27+3.17 40.04+2.34 32.56+2.26** 28.48+2.18*** 

HDL (mg/dl) 24.00+2.38* 34.26+3.60 37.27+4.93 33.92+2.58 40.62+3.45 46.31+3.16 

LDL/HDL 1.05+0.06*** 1.34+0.22 1.37+0.15 1.20+0.08 0.85+0.12 0.63+0.06* 

ApoB48 (ug/ml) 50.51+2.48*** 249.6+26.82 179.2+22.76 246.4+28.35 231.6+23.91 147.5+12.74* 

ApoB100 (ug/ml) 203.5+10.45** 569.8+37.56 401.6+43.22** 413.8+8.77** 385.8+17.08*** 374.4+18.09*** 

Insulin (ng/ml) 0.46+0.11** 2.58+0.49 5.10+0.98* 2.46+0.71 2.72+0.31 2.90+0.37 

Glucose (mg/dl) 207.1+16.40* 281.1+26.45 280.1+11.89 307.1+18.36 243.1+3.82 217.1+7.20 

*P<0.05, **P<0.01, ***P<0.001 
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Table 3-3. Hepatic and intestinal lipid mass in lean and obese JCR:LA-cp rats on different dietary 
interventions. Values are Mean+SEM. 

 

Lean 

Control diet 

Obese 

Control diet 

Obese 

Chitin- glucan 

Obese 

Phytosterol 

Obese 

Red yeast rice 

Obese 

Combination 

Hepatic TG (mg/g 
protein) 57.39+11.67*** 427.9+60.24 415.7+55.96 382.2+35.81 366.3+48.23 376.8+43.61 

Hepatic TC (mg/g 
protein) 16.33+2.80** 111.6+20.08 77.82+13.97 66.74+7.23 82.48+7.80 72.57+3.54 

Intestinal TG (mg/g 
protein) 33.60+7.63*** 219.2+28.38 119.3+27.30* 121.8+19.51* 124.3+15.19* 108.4+8.76* 

Intestinal TC (mg/g 
protein) 70.41+16.61* 196.8+36.04 145.4+15.47 111.0+16.23 114.4+16.23 104.7+8.36 

*P<0.05, **P<0.01, ***P<0.001 
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Chapter 4 Chitin-glucan, phytosterol, and red yeast rice formulations 

improve fasting and postprandial lipemia in JCR:LA-cp rats 

4.1 Introduction 

Metabolic syndrome (MetS) is the constellation of metabolic abnormalities, 

including impaired carbohydrate tolerance or insulin resistance (IR), 

elevated blood pressure, dyslipidemia, and central obesity (Zimmet et al. 

2005). Dyslipidemia in MetS includes decreased plasma high-density 

lipoprotein (HDL) cholesterol, elevated low-density lipoprotein (LDL) 

cholesterol, elevated fasting triglycerides (TG), and post-prandial 

dyslipidemia (Alberti et al. 2006). MetS is an independent contributor to the 

occurrence and development of cardiovascular disease (CVD) with or 

without a concomitant plasma LDL-cholesterol elevation, suggesting that 

LDL-cholesterol is not the only risk factor contributing to CVD (Colhoun et 

al. 2004, Mediene-Benchekor et al. 2001). Accumulating evidence shows 

that apoB48-containing lipoproteins, mainly chylomicron remnants (CM-r) 

are more likely to be retained within the carotid vessels, suggesting that 

CM-r particles readily become entrapped within the arterial wall and 

contribute to atherosclerosis (Proctor et al. 2002, Mamo et al. 2002). 

Furthermore, it has been confirmed by both animal and human studies that 

during IR, the intestine over-produces CM (apoB48), which leads to an 

increased plasma circulation of CM-r and post-prandial dyslipidemia (Adeli 

et al. 2008).  

Chitin-glucans, phytosterols, and red yeast rice are natural bioactive 

compounds that have been shown to have plasma lipid-lowering ability 

(Chapter 3) (Berecochea-Lopez et al. 2009; Zhang et al. 2011; Bogsrud et 

al. 2010). In the previous study (discussed in Chapter 3), it is found that the 

multi-target combination formulation of our novel ingredients was the most 

effective at reducing fasting plasma LDL-cholesterol and apoB48. However, 

the dose-response effect of red yeast rice and the effect of the combination 

formulation on post-prandial dyslipidemia and insulin-glucose metabolism 
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remain unclear. Therefore, the objective of this study was to assess the 

effects of prolonged dietary intervention (six weeks) of the combinations of 

chitin-glucan, phytosterol, and differing concentrations of red yeast rice on 

food intake, body weight, insulin-glucose metabolism, fasting and 

postprandial lipid metabolism in both control and dyslipidemic JCR:LA-cp 

rats. 

The JCR:LA-cp rat model of dyslipidemia and IR was discussed in Chapter 

3. In addition to the classic lipid abnormalities already discussed, it has 

also been shown that obese JCR:LA-cp rats, unlike lean rats, overproduce 

apoB48-containing particles (CM) from the intestine in both fasting and 

post-prandial conditions (Vine et al. 2007), rendering it a useful model to 

assess this parameter. 

4.2 Materials and methods 

4.2.1 Animal model and experimental protocol 

Male rats of the corpulent JCR:LA-cp strain, both obese (cp/cp) (n=41) and 

lean (+/?) (n=10), were raised at the University of Alberta, as described in 

Chapter 3. At the age of 10 weeks, obese rats were randomly allocated to 

either a control diet (n=11), combination 1 diet (n=10), combination 2 diet 

(n=10), or combination 3 diet (n=10).  

4.2.2 Diet preparation 

The control diet was prepared from 5053 laboratory chow (54.2% 

carbohydrate, 20% crude protein, 10% moisture, 6.1% minerals, 4.7% fibre, 

5.0% fat) supplemented with 1% cholesterol, as reported in Chapter 3. The 

combination 1 diet consisted of 103 mg/kg body weight/day of chitin-glucan, 

78 mg/kg body weight/day of phytosterol, and 0.3 mg/kg body weight/day 

of red yeast rice products. The combination 2 diet consisted of 103 mg/kg 

body weight/day of chitin- glucan, 78 mg/kg body weight/day of phytosterol, 

and 1.0 mg/kg body weight/day of red yeast rice. The Combination 3 diet 
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consisted of 103 mg/kg body weight/day of chitin- glucan, 78 mg/kg body 

weight/day of phytosterol, and 2.0 mg/kg body weight/day of red yeast rice. 

All the ingredients were provided by the industry partner as previously 

mentioned (not discussed further in this thesis).  

4.2.3 Oral fat challenge test  

At 15 weeks of age (after five weeks of the diet intervention) and following 

an overnight fast, five rats were randomly chosen from each group and 

subjected to a ‘fat challenge (or tolerance) test’ in order to assess 

post-prandial lipid metabolism (Vine et al. 2007). Following the overnight 

fast, rats were fed a 5g pellet prepared from 5053 laboratory chow that has 

previously been further supplemented with 25% (w/w) dairy fat from double 

cream, which raised the total fat content of the 5g pellet to 30% (w/w) of the 

total meal (Vine et al. 2007, Lu et al. 2011). Blood samples were collected 

(from the tail) into tubes containing Na2EDTA, at time intervals (0, 1, 2, 4, 5, 

6 and 8 h) following pellet consumption. Area-under-the-curve (AUC) 

analysis was used to calculate the total postprandial excursion of 

triglycerides (TG), total cholesterol (TC), and apoB48 as previously 

described (Vine et al. 2007). 

4.2.4 Meal tolerance test (MTT) 

At 15 weeks of age (after five weeks of the diet intervention), blood insulin 

and glucose were measured in conscious, unrestrained rats after they had 

consumed a standardized test meal. The measurements were taken after 

the meal in order to mimic a clinical oral tolerance test in humans (Russell 

et al. 1987). Following an overnight fasting, the remaining rats in each 

group (five rats/group) were subject to a meal tolerance test (MTT). 

Compared to the glucose tolerant test (GTT), MTT is more sensitive to 

changes in glucose and insulin metabolism in the JCR-LA:cp rats (Russell 

et al. 1999). Blood samples were taken from the tip of the tail at 0, 30 and 

60min following the initial consumption of 5g of the diet pellet (the same 
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diet pellet that was fed to the animals in this study). Area-under-the-curve 

(AUC) analysis was used to calculate the total post-prandial excursion of 

both insulin and glucose as previously described (Vine et al. 2007). 

4.2.5 Analysis of fasting plasma lipids, insulin and glucose  

At 16 weeks of age (after six weeks of intervention), animals were fasted 

overnight and sacrificed under isoflurane anesthesia the following morning 

as previously described in Chapter 3. In brief, blood was collected via 

cardiac puncture, and plasma collected by centrifugation (3000 rpm, 4oC 

for 10 min). The fasted plasma biochemical lipid profile (TG, TC, LDL-C 

and HDL-C) of all groups was assessed. The apoB48 concentration was 

measured using an adapted immune-western blotting protocol, as 

described in Chapter 3. Insulin was analyzed using commercially available 

enzymatic immunoassays for rodents (Mercodia AB, Uppsala, Sweden). 

Plasma glucose levels were assessed as per the glucose oxidase method 

(Diagnostic Chemicals).  

4.2.6 Heart histology and myocardial lesion analysis 

Following sacrifice, hearts from rats were fixed in formalin, embedded in a 

single paraffin block, sectioned, and then stained with hematoxylin and 

Eosin (H&E) as previously described (Russell et al. 1998). Myocardial 

lesions were categorized as stage 1 through to stage 4 (Brindley et al. 

2002; Russell et al. 1995); stage 1: necrotic areas; stage 2: cell lysis with 

long-term inflammatory infiltration; stage 3: nodules of long-term 

inflammatory infiltration; stage 4: old scarred lesions. The lesions of heart 

sections were determined blindly by an experienced observer. 

4.2.7 Histology and glomerulosclerosis 

Kidneys were cut through the hilum on the long axis, fixed in formalin, and 

subjected to conventional processing and sectioning, followed by H&E 

staining. The extent of glomerulosclerosis was determined using a similar 
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process to that of Schäfer et al. and guided by the interpretation of Ferrario 

and Rastaldi (Schäfer et al. 1994; Ferrario et al. 2005). Four fields of view 

of each rat’s right kidney were recorded at Å~2 magnification on a digital 

camera system (Nikon E600 with DMX 1200 camera and ACT-1 software, 

Nikon Corporation, Tokyo, Japan). The images were then visualized using 

Photoshop (V7.0, Adobe Systems Inc., San Jose, CA, USA) and examined 

blind, and all glomeruli in each field (minimum of 40 per kidney) were rated 

as normal or sclerotic. 

4.2.8 Statistical Analysis  

All data was tested for normal distribution and analyzed using Prism 

(Graphpad, San Diego, CA, USA) and SigmaPlot (Systat Software, Inc. 

San Jose, CA, USA). Results were expressed as mean ± SEM. Differences 

between lean and obese control groups were analyzed using an unpaired t 

test; differences between the obese control group and obese treatment 

groups were analyzed using one–way analysis of variance (ANOVA) 

followed by multiple comparison test (Tukey) as required. A value of 

p<0.05 was taken as being statistically significant. 

4.3 Results 

4.3.1 Body weight and food consumption 

Consistent with results from Chapter 3 in the four week feeding intervention 

obese JCR:LA-cp rats had higher body weight (1.5-fold; p<0.001), and 

food intake (1.6-fold; p<0.001) compared to lean control rats (Chapter 3; 

Table 4-1). In obese rats with different dietary interventions, body weight 

and food intake were not different (Table 4-1, Figure 4-1). 

4.3.2 Fasting plasma lipid profile 

All obese rat diet groups had higher plasma TG (22.7-fold, p<0.001), TC 

(2.2-fold, p<0.001), LDL (2.8-fold, p<0.001), and apoB48 (6.3-fold, p<0.001) 

concentrations compared to lean control rats (Table 4-2, Figure 4-2). 
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Fasted plasma TG levels were not altered by the combination 1 diet (103, 

78, 0.3mg/kg body weight chitin-glucan, phytosterol, and red yeast rice 

products, respectively). However, combination 2 (103, 78, 1mg/kg body 

weight chitin-glucan, phytosterol, and red yeast rice products, respectively) 

(-31.7%; p<0.01) and combination 3 (103, 78, 2mg/kg body weight 

chitin-glucan, phytosterol, and red yeast rice products, respectively) 

(-26.3%; p<0.05) significantly reduced fasting plasma TG compared to 

obese control (Figure 4-2a). Plasma TC was also decreased but by the 

combination 2 group only (-21.1%; p<0.05) (Figure 4-2b). Both the 

combination 2 (-54.1%; p<0.001) and combination 3 diets (-44.0%; 

p<0.001) significantly reduced plasma LDL-cholesterol levels (Figure 4-2c). 

The level of HDL-cholesterol was similar for all obese groups (Figure 4-2d). 

However, combination 2 (-52.8%; p<0.001) and combination 3 (-39.6%; 

p<0.01) significantly reduced the LDL/HDL ratio (Figure 4-2e). The plasma 

apoB48 concentration was significantly reduced in all treatment groups 

(combination 1 -19.1%, p<0.01; combination 2 -22.7%, p<0.001; and 

combination 3 -19.0%, p<0.01) compared to the obese control group.  

4.3.3 Post-prandial plasma triglycerides (TG), total cholesterol (TC), and 

apoB48 

Post-prandial triglyceride response: As previously reported, obese rats had 

higher plasma TG, TC, and apoB48 than the lean control rats (Chapter 3, 

Table 4-3, Figure 4-3). Following an oral fat challenge test, the combination 

1 diet decreased post-prandial plasma TG levels at 2h (-22.4%, p<0.05); 

the combination 2 group decreased postprandial plasma TG levels at 2h 

(-29.7%, p<0.01), 5h (-30.6%, p<0.05), and 8h (-41.3%, p<0.001); and the 

combination 3 group decreased postprandial plasma TG levels at 2h 

(-28.2%, p<0.05) and 8h (-32.9%, p<0.01) (Figure 4-3a). Furthermore, 

when presented as AUC, data shows that combination 2 (-27.7%, p<0.01) 

and combination 3 (-24.3%, p<0.01) significantly reduced AUC 

post-prandial TG relative to the control (Figure 4-3b). None of the treatment 
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groups altered the incremental area under the post-prandial curve (iAUC), 

which is the area under the curve above the baseline value (fasting level). 

Post-prandial cholesterol response: Following an oral fat challenge test, 

the combination 2 group decreased post-prandial plasma TC levels at 4h 

(-21.2%, p<0.05) and 5h (-25.3%, p<0.05) and the combination 3 group 

decreased postprandial plasma TC levels at 5h (-22.4%, p<0.05) (Figure 

4-3d). Combination 2 (-24.9%, p<0.01) also significantly reduced 

postprandial AUC relative to control (Figure 4-3e). However, when 

compared to the control group, none of the treatment groups showed any 

change in iAUC. 

Post-prandial apoB48 (particle) response: Following an oral fat challenge 

test, the combination 1 group decreased post-prandial plasma apoB48 

levels at 2h (-32.9%, p<0.01) and 5h (-36.8%, p<0.05); the combination 2 

group decreased post-prandial plasma apoB48 levels at 2h (-31.6%, 

p<0.01), 4h (-43.1%, p<0.05), 5h (-41.0%, p<0.05), 6h (-39.3%, p<0.05), 

and 8h (-35.2%, p<0.05); and the combination 3 group decreased 

post-prandial plasma apoB48 levels at 2h (-35.8%, p<0.01), 5h (-34.8%, 

p<0.05), and 8h (-36.4%, p<0.05) (Figure 4-3g). All treatment groups 

(combination 1 -24.2%, p<0.01, combination 2 -35.9%, p<0.001, and 

combination 3 -30.0%, p<0.01), significantly reduced the AUC for 

post-prandial apoB48 relative to the control group (Figure 4-3h). None of 

the treatment groups altered iAUC. 

4.3.4 Fasting plasma insulin and glucose 

As previously reported, plasma insulin (8.1-fold; p<0.001) and glucose 

concentrations (1.3-fold; p<0.001) were significantly higher in obese rats 

relative to the lean control group (Table 4-2, Figure 4-4). Fasting plasma 

insulin concentrations were similar for all obese groups. Interestingly, all 

treatment groups (combination 1 -15.6%, p<0.05, combination 2 -13.7%, 

p<0.05, and combination 3 -15.0%, p<0.05) decreased plasma glucose 
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concentrations significantly relative to control (Figure 4-4b). The HOMA-IR 

(homeostatic model assessment for insulin resistance) index was also 

decreased in all treatment groups (combination 1 -42.1%, p<0.05, 

combination 2 -45.1%, p<0.05, and combination 3 -43.0%, p<0.05) (Figure 

4-4c). 

4.3.5 Post-prandial plasma insulin and glucose 

Post-prandial insulin AUC was similar in all obese groups following a meal 

tolerance test. All treatment groups reduced post-prandial plasma glucose 

levels (time=30min) -28.9% (p<0.05), -33.3% (p<0.05), and -30.5% 

(p<0.05) respectively (Figure 4-5c). All treatment groups decreased 

glucose AUC significantly (combination 1 -26.9%, p<0.05, combination 2 

-29.6%, p<0.05, and combination 3 -28.3%, p<0.05) (Figure 4-5d). 

4.3.6 Heart histology and myocardial lesion analysis 

The frequency of myocardial lesions (Stage 1-4) of both lean and obese 

animals is reported in Figure 4-6. In all the experimental animals, only a 

few individuals were found to have very small numbers of either relatively 

acute inflammatory changes with some minor loss of cardiomyocytes, or 

older scars in the myocardium. In all affected animals these changes were 

either single, or few in number. Lesion scoring was not statistically 

significant between treatment groups compared to control. 

4.3.7 Histology and glomerulosclerosis  

Kidney glomerulosclerosis in all animals is reported in Figure 4-7. Rats in 

combination 2 and combination 3 group had fewer protein and tubular 

casts, and less inflammation, fibrosis, and cortical infarctions. 

4.4 Discussion 

Hepatic and intestinal (endogenous) synthesis and dietary (exogenous) 

cholesterol both contribute to total plasma cholesterol concentrations. 
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Dyslipidemia, especially elevated plasma LDL-cholesterol, has long been a 

focus of many studies as a risk factor for atherosclerosis and CVD. Statins, 

acting as HMG-CoA reductase inhibitors, decrease hepatic cholesterol 

synthesis and are widely used to reduce patients’ LDL-cholesterol (Genest 

et al. 2009). In recent years, there has been a significant focus on the 

intestine as a major contributor to cholesterol homeostasis, as it regulates 

cholesterol absorption and secretion. Therefore, there is a sound rationale 

to consider novel lipid-lowering therapy that addresses both hepatic and 

intestinal targets.  

Our previous four-week feeding study (Chapter 3) showed that the 

combination of chitin-glucan, phytosterol and red yeast rice has a 

synergistic effect, and was more effective than individual compounds in 

reducing plasma LDL-cholesterol, apoB48, and apoB100. The current 

study’s objective was to perform a longer (six-week) study to investigate 

the dose response of red yeast rice in combination formulations and the 

subsequent impact on postprandial lipid, insulin-glucose metabolism and 

vascular etiology in obese JCR:LA-cp rats.  

Our results are consistent with results from the four-week feeding study in 

JCR:LA-cp rats. Combination formulations did not significantly influence 

body weight, food consumption, or fasting insulin levels. Rather, the 

longer-term supplementation of three combination formulations 

significantly reduced fasting glucose levels. In addition, the combination 2 

group, with red yeast rice concentration at 1mg/kg/day, significantly 

decreased fasting total plasma cholesterol by 21.1%. Moreover, 

improvements in post-prandial TG, total cholesterol, and apoB48 were 

observed in all intervention groups. Incremental AUC (iAUC) was 

determined by subtracting plasma TG, TC, and apoB48 concentrations at 

T=0 from each time point. It represents the increased area following the 

response of the fat challenge test above fasting concentrations. No 

difference was observed for iAUC of TG, TC, and apoB48 between obese 
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control and obese treatment groups, indicating that the improved 

post-prandial TG, TC, and apoB48 may be predominantly attributed to the 

significant reduction of fasting concentrations. Collectively, these results 

suggest that the combination 2 group (red yeast rice concentration 

1mg/kg/day), seemed to be the most effective at reducing fasting and 

post-prandial lipids. Increasing the red yeast rice concentration 

(2mg/kg/day) did not have the expected additional beneficial impact on 

dyslipidemia in this rat model. This may be because the higher dose of red 

yeast rice was not absorbed by JCR:LA-cp rats. Therefore, the 

pharmacokinetics and bioavailability of red yeast rice should be assessed 

using this rodent model. Had the red yeast rice been properly absorbed, 

the possible reason for this is that while high dose (2mg/kg/day) of red 

yeast rice inhibits HMG-CoA reductase and reduces hepatic cholesterol 

synthesis, there is a compensatory increase in intestinal cholesterol 

synthesis. Sakono et al. reported that rats treated with pravastatin for 28 

days had higher lymphatic TG and cholesterol during 3-6h after lipid 

administration, suggesting that statin therapy may lead to a compensatory 

increase in intestinal cholesterol synthesis (Sakono et al. 1996).  

Previously published work suggests that chitin-glucan and red yeast rice 

have hypoglycemic activity (Neyrinck et al. 2012, Su et al. 2007). It is 

commonly accepted that chitin-glucans, as insoluble dietary fiber, delay 

gastric emptying and improve postprandial glucose by avoiding a sharp 

rise. The mechanisms by which red yeast rice improves insulin resistance 

remain unclear. In the present study, obese JCR:LA-cp rats from all the 

intervention groups had a significantly improved fasting plasma glucose, 

but only a slight trend towards improved fasting insulin levels. The 

HOMA-IR index is often used to quantify insulin resistance (Matthews et al. 

1985). Results in the present study showed that all treatment combinations 

significantly reduced the HOMA-IR index. In addition, all treatment 

combinations significantly decreased the post-prandial glucose 

area-under-curve (AUC), suggesting the potential for increased glucose 
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disposal. Collectively, these results indicate that the combination 

formulations increased insulin sensitivity, despite no effect on postprandial 

insulin concentrations, and could be a line of future investigation, 

particularly in the clinical setting. 

The JCR:LA-cp rat spontaneously develops vascular dysfunction and 

cardiac ischemic lesions (Russell et al. 2006). Ischemic lesions are a major 

endpoint of CVD (Baldassarre et al. 2006). In the current study, some 

individual animals were found to have very small numbers of either relative 

acute inflammatory changes, or older scars. However, treatments did not 

have any effect on this pathology. Also the rats were sacrificed at a 

relatively young age (16 weeks) before pathology develops to a significant 

degree, therefore this may explain the overall low frequency of myocardial 

lesions observed. Future studies may include treating older animals or a 

chronic feeding study to test the efficacy of the formulations used to 

prevent vascular and myocardial lesions. 

Glomerulosclerosis and renal disease are the primary complications of the 

pre-diabetic state (Proctor et al. 2007). The kidney is closely related to 

insulin clearance and degradation, and it is one of the target organs of 

insulin (Iglesias et al. 2008). Glomerulosclerosis in diabetic nephropathy is 

caused by accumulation of extracellular matrix proteins in the mesangial 

interstitial space, which is induced by high extracellular glucose 

concentration (Qian et al. 2008). Further, the initial development of renal 

dysfunction has been linked to obesity and insulin resistance (Slee 2012). 

In the current study, all combination formulations reduced plasma glucose 

levels and improved insulin metabolism in obese JCR:LA-cp rats. This may 

help explain why combination formulations improved kidney 

glomerulosclerosis, as fewer protein and tubular casts, less inflammations, 

fibrosis, and infarctions were observed in all treatment groups. 
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4.5 Conclusion 

Longer-term (six-week) dietary supplementation of chitin-glucan, 

phytosterol, and red yeast rice in obese dyslipidemic JCR:LA-cp rats result 

in a substantial improvement in the plasma lipid profile in both fasting and 

post-prandial states. Specifically, the combination formulation with the 

1mg/kg/day dose of red yeast rice appeared to be the most effective. All 

the combination treatment groups were effective at reducing plasma 

glucose, suggesting the potential for increased glucose disposal, which 

may help improve aspects of kidney glomerulosclerosis.  
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Table 4-1. Body weight and food intake in lean and obese JCR:LA-cp rats on different dietary interventions. 

Combo 1 diet: 103 mg/kg/body weight chitin-glucan, 78 mg/kg/body weight phytosterol, and 0.3 mg/kg/body 

weight red yeast rice; combo 2 diet: 103 mg/kg/body weight chitin-glucan, 78 mg/kg/body weight phytosterol, 

and 1 mg/kg/body weight red yeast rice; combo 3 diet: 103 mg/kg/body weight chitin-glucan, 78 mg/kg/body 

weight phytosterol, and 2 mg/kg/body weight red yeast rice. Values are Mean+SEM 

 Lean Obese Obese 

Combo 1 

Obese 

Combo 2 

Obese 

Combo 3 

Body weight (g) 355.8+12.17*** 545.7+6.79 569.5+11.96 558.7+13.03 551.4+13.48 

Food intake (g) 23.48+0.30*** 37.18+0.59 36.58+0.61 35.14+0.63 35.22+0.58 

 

***p<0.001 
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Table 4-2. Fasting plasma biochemical parameters in lean and obese JCR:LA-cp rats on different diets.  

Combo 1 diet: 103 mg/kg/body weight chitin-glucan, 78 mg/kg/body weight phytosterol, and 0.3 mg/kg/body 

weight red yeast rice; combo 2 diet: 103 mg/kg/body weight chitin-glucan, 78 mg/kg/body weight phytosterol, 

and 1 mg/kg/body weight red yeast rice; combo 3 diet: 103 mg/kg/body weight chitin-glucan, 78 mg/kg/body 

weight phytosterol, and 2 mg/kg/body weight red yeast rice. Values are Mean+SEM. 

 Lean Obese 

Obese 

Combination 1 

Obese 

Combination 2 

Obese 

Combination 3 

TG (mg/dl) 36. 75+2.48*** 835.9+52.64 689.3+49.38 571.2+49.21** 616.2+61.91* 

TC (mg/dl) 83.81+4.18*** 187.4+9.92 168.4+9.00 147.9+8.10* 167.4+11.39 

LDL (mg/dl) 24.06+1.86*** 66.78+6.17 50.27+5.25 30.67+2.56*** 37.41+4. 62*** 

HDL (mg/dl) 33.47+2.21** 46.48+3.22 47.34+3.44 57.14+4.37 44.11+2.58 

LDL/HDL 0.74+0.07*** 1.45+0.12 1.10+0.13 0.68+0.07*** 0.88+0.12** 

ApoB48 (ug/ml) 124.6+11.42*** 778.8+31.74 630.2+28.40** 602.3+30.61*** 630.6+27.24** 

Insulin (ng/ml) 0.39+0.04*** 3.17+0.43 2.23+0.33* 2.04+0.40 2.25+0.38 

Glucose (mg/dl) 143.9+3.42*** 179.9+4.05 151.8+7.56* 155.3+5.84* 153.1+8.16* 

HOMA-IR 3.495+0.41*** 35.45+5.18 20.51+2.85* 19.46+3.87* 20.20+2.86* 

*P<0.05, **P<0.01, ***P<0.001 
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Table 4-3 Area under the curve (AUC) and incremental AUC (iAUC) for postprandial plasma TG, TC, and 

apoB48 response following an oral fat challenge in lean and obese JCR:LA-cp rats on different diets. Combo 

1 diet: 103 mg/kg/body weight chitin-glucan, 78 mg/kg/body weight phytosterol, and 0.3 mg/kg/body weight 

red yeast rice; combo 2 diet: 103 mg/kg/body weight chitin-glucan, 78 mg/kg/body weight phytosterol, and 1 

mg/kg/body weight red yeast rice; combo 3 diet: 103 mg/kg/body weight chitin-glucan, 78 mg/kg/body weight 

phytosterol, and 2 mg/kg/body weight red yeast rice. Values are Mean+SEM. 

 Lean Obese 

Obese 

Combination 1 

Obese 

Combination 2 

Obese 

Combination 3 

TG AUC (mmol/L*h) 214.4+21.44*** 7322+190.1 6720+337.2 5291+281.6** 5544+412.0** 

TG iAUC (mmol/L*h) 124.9+21.95*** 2774+491.9 3323+349.0 1840+329. 0 1714+209.0 

TC AUC (mmol/L*h) 789.6+26.63*** 2150+59.08 1905+123.2 1615+60.23** 1760+133. 9 

TC iAUC (mmol/L*h) 87.38+22.37 200.0+57.20 298.2+57.46 206.1+43.10 141.7+44.45 

ApoB48 AUC (umol/L*h) 1066+169.8*** 9521+246.0 7220+613.3** 6101+474.4*** 6660+333.7** 

ApoB48 iAUC (umol/L*h) 142.3+30.97*** 2460+571.8 1348+399.1 1245+184.3 1393+351.4 

*P<0.05, **P<0.01, ***P<0.001 
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Table 4-4. Area under the curve (AUC) for postprandial plasma insulin and glucose response following an 

meal tolerance test in lean and obese JCR:LA-cp rats on different diets. Combo 1 diet: 103 mg/kg/body 

weight chitin-glucan, 78 mg/kg/body weight phytosterol, and 0.3 mg/kg/body weight red yeast rice; combo 2 

diet: 103 mg/kg/body weight chitin-glucan, 78 mg/kg/body weight phytosterol, and 1 mg/kg/body weight red 

yeast rice; combo 3 diet: 103 mg/kg/body weight chitin-glucan, 78 mg/kg/body weight phytosterol, and 2 

mg/kg/body weight red yeast rice. Values are Mean+SEM. 

 Lean Obese 

Obese 

Combination 1 

Obese 

Combination 2 

Obese 

Combination 3 

Insulin, AUC 20.87+5.123*** 2154+556.1 1916+619.2 1484+170.2 1298+177.4 

Glucose  AUC 7026+321.3*** 10537+1089 7705+560.0* 7420+311.4* 7551+365.7* 

*P<0.05, **P<0.01, ***P<0.001 
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Figure 4-6 Heart histology, myocardial lesions. H&E staining. Stage 1: 

acute necrosis of cardiomyocytes without significant inflammation; 

stage 2: areas of destruction of cardiomyocytes with active inflammation; 

stage 3: nodular accumulations of inflammatory cells with loss of 

cardiomyocytes; and stage 4: myocardial scars, mature fibrous tissue 

without any significant inflammation in JCR:LA-cp rats treated with 

combination groups for 6 weeks.  

Combo 1 diet: 103 mg/kg/body weight chitin-glucan, 78 mg/kg/body 

weight phytosterol, and 0.3 mg/kg/body weight red yeast rice; combo 2 

diet: 103 mg/kg/body weight chitin-glucan, 78 mg/kg/body weight 

phytosterol, and 1 mg/kg/body weight red yeast rice; combo 3 diet: 103 

mg/kg/body weight chitin-glucan, 78 mg/kg/body weight phytosterol, 

and 2 mg/kg/body weight red yeast rice. 

 

0 

1 

2 

3 

Lean Obese Combo 1 Combo 2 Combo 3 

Stage 4 

Stage 3 

Stage 2 

Stage 1 

A
n

im
al

 n
u

m
b

er
 



106 
 

 

Figure 4-7 Kidney glomerulosclerosis. Stage 1: very small area of 

tubular loss; stage 2: occasional casts and tubular reaction; stage 3: 

moderate numbers of tubular casts; and stage 4: pyelitis or 

hydronephrosis in JCR:LA-cp rats treated with combination groups for 

six weeks. 

Combo 1 diet: 103 mg/kg/body weight chitin-glucan, 78 mg/kg/body 

weight phytosterol, and 0.3 mg/kg/body weight red yeast rice; combo 2 

diet: 103 mg/kg/body weight chitin-glucan, 78 mg/kg/body weight 

phytosterol, and 1 mg/kg/body weight red yeast rice; combo 3 diet: 103 

mg/kg/body weight chitin-glucan, 78 mg/kg/body weight phytosterol, 

and 2 mg/kg/body weight red yeast rice. 

 

 

 

 

0 

2 

4 

6 

8 

10 

12 

Lean Obese Combo 1 Combo 2 Combo 3 

Stage 4 

Stage 3 

Stage 2 

Stage 1 

A
n

im
al

 n
u

m
b

er
 



107 
 

4.6 Reference 

Adeli K, Lewis GF. Intestinal lipoprotein overproduction in insulin 

resistant states. Curr Opin Lipidol 2008; 19 (3):221–8.  

Alberti KG, Zimmet P, Shaw J. Metabolic syndrome-a new world-wide 

definition. A consensus statement from the International Diabetes 

Federation. Diabetic Med, 2006; 23, (5): 469-80. 

Baldassarre D, Amato M, Eligini S. Effect of n-3 fatty acids on carotid 

atherosclerosis and haemostasis in patients with combined 

hyperlipoproteinemia: a double-blind pilot study in primary prevention. 

Ann Med, 2006; 38: 367-75. 

Berecochea-Lopez A, Decordé K, Ventura E, Godard M, Bornet A, 

Teissèdre PL, Cristol JP, Rouanet JM. Fungal chitin-glucan from 

Aspergillus niger efficiently reduces aortic fatty streak accumulation in 

the high-fat fed hamster, an animal model of nutritionally induced 

atherosclerosis. J Agric Food Chem. 2009; 57 (3):1093-8. 

Bogsrud MP, Ose L, Langslet G, Ottestad I, Strøm EC, Hagve TA, 

Retterstøl K. HypoCol (red yeast rice) lowers plasma cholesterol—a 

randomized placebo controlled study. Scand Cardiovasc J. 2010; 

44(4):197–200. 

Brindley DN, Russell JC. Animal models of insulin resistance and 

cardiovascular disease: some therapeutic approaches using JCR:LA-cp 

rat. Diabetes Obes Metab 2002; 4: 1–10. 

Colhoun HM, Betteridge DJ, Durrington PN, Hitman GA, Neil HA, 

Livingstone SJ, Thomason MJ, Mackness MI, Charlton-Menys V, Fuller 

JH; CARDS investigators. Primary prevention of cardiovascular disease 

with atorvastatin in type 2 diabetes in the Collaborative Atorvastatin 

Diabetes Study (CARDS): multicentre randomised placebo-controlled 

trial. Lancet. 2004; 364 (9435): 685-96. 



108 
 

Ferrario F, Rastaldi MP. Histopathological atlas of renal diseases: 

ANCA-associated vasculitis. J Nephrol. 2005; 18 (3): 217-20. 

Genest J, McPherson R, Frohlich J, Anderson T, Campbell N, 

Carpentier A, Couture P, Dufour R, Fodor G, Francis GA, Grover S, 

Gupta M, Hegele RA, Lau DC, Leiter L, Lewis GF, Lonn E, Mancini GB, 

Ng D, Pearson GJ, Sniderman A, Stone JA, Ur E. 2009 Canadian 

Cardiovascular Society/Canadian guidelines for the diagnosis and 

treatment of dyslipidemia and prevention of cardiovascular disease in 

the adult- 2009 recommendations. Can J Cardiol 2009; 25(10): 567-79. 

Gordon RY, Becker DJ. The role of red yeast rice for the physician. Curr 

Atheroscler Rep. 2011; 13 (1): 73-80. 

Iglesias P, Díez JJ. Insulin therapy in renal disease. Diabetes Obes 

Metab. 2008; 10 (10): 811-23.  

Lu J, Borthwick F, Hassanali Z, Wang Y, Mangat R, Ruth M, Shi D, 

Jaeschke A, Russell JC, Field CJ, Proctor SD, Vine DF. Chronic dietary 

n-3 PUFA intervention improves dyslipidaemia and subsequent 

cardiovascular complications in the JCR:LA- cp rat model of the 

metabolic syndrome. Br J Nutr. 2011; 105(11): 1572-82.  

Mamo JC, Proctor SD. Coronary artery disease: which lipoprotein is the 

villain. Life Sci. 2002; 14: 30-3. 

Matthews DR, Hosker JP, Rudenski AS, Naylor BA, Treacher DF, 

Turner RC. Homeostasis model assessment: insulin resistance and 

beta-cell function from fasting plasma glucose and insulin 

concentrations in man. Diabetologia, 1985; 28 (7): 412-19.  

Mediene-Benchekor S, Brousseau T, Richard F, Benhamamouch S, 

Amouyel P; ECTIM study group. Blood lipid concentrations and risk of 

myocardial infarction. Lancet. 2001; 358 (9287): 1064-5. 



109 
 

Neyrinck AM, Possemiers S, Verstraete W, De Backer F, Cani PD, 

Delzenne NM. Dietary modulation of clostridial cluster XIVa gut bacteria 

(Roseburia spp.) by chitin-glucan fiber improves host metabolic 

alterations induced by high-fat diet in mice. J Nutr Biochem. 2012; 23 

(1): 51-9.  

Proctor SD, Kelly SE, Stanhope KL, Havel PJ, Russell JC. Synergistic 

effects of conjugated linoleic acid and chromium picolinate improve 

vascular function and renal pathophysiology in the insulin-resistant 

JCR:LA-cp rat. Diabetes Obes Metab. 2007; 9 (1): 87-95. 

Proctor SD, Vine DF, Mamo JCL. Arterial retention of apolipoproteins 

B48 and B100-containing lipoproteins in atherogenesis.Curr. Opin. 

Lipidol. 2002; 23: 461-70. 

Qian Y, Feldman E, Pennathur S, Kretzler M, Brosius FC. From fibrosis 

to sclerosis: mechanisms of glomerulosclerosis in diabetic nephropathy. 

Diabetes. 2008, 57: 1439-45. 

Russell JC, Ahuja SK, Manickavel V, Rajotte RV, Amy RM. Insulin 

resistance and impaired glucose tolerance in the atherosclerosis-prone 

LA/N corpulent rat. Arteriosclerosis. 1987; 7: 620-6. 

Russell JC, Amy RM, Graham SE, Dolphin PJ, Wood GO, Bar-Tana J. 

Inhibition of atherosclerosis and myocardial lesions in the JCR:LA-cp rat 

by beta, beta-tetramethylhexadecanedioic acid (MEDICA 16). 

Atheroscler Thromb Vasc Biol, 1995; 15, 918–23. 

Russell JC, Graham SE, Dolphin PJ. Glucose tolerance and insulin 

resistance in the JCR:LA-corpulent rat: effect of miglitol (Bay m1099). 

Metabolism. 1999; 48 (6): 701-6. 

Russell JC, Graham SE, Richardson M. Cardiovascular disease in the 

JCR:LA-cp rat. Mol Cell Biochem. 1998; 188: 113-26. 



110 
 

Russell JC, Proctor SD. Small animal models of cardiovascular disease: 

tools for the study of the roles of metabolic syndrome, dyslipidemia, and 

atherosclerosis. Cardiovasc Pathol. 2006; 15: 318-30. 

Sakono M, Ibi T, Nagao K, Ikeda I, Yamamoto K, Imaizumi K. 

Lymphatic transport of cholesterol in normocholesterolemic rats treated 

with pravastatin, an inhibitor of HMG-CoA reductase. Atherosclerosis. 

1996; 124 (1): 95-102. 

Schäfer K, Gretz N, Bader M, Oberbäumer I, Eckardt KU, Kriz W, 

Bachmann S. Characterization of the Han:SPRD rat model for 

hereditary polycystic kidney disease. Kidney Int, 1994; 46:134-52. 

Slee AD. Exploring metabolic dysfunction in chronic kidney disease. 

Nutr Metab (Lond), 2012; 26, 9 (1): 36. 

Su C, Liu I, Cheng J. Improvement of insulin resistance by Hon-Chi in 

fructose-rich chow-fed rats. Food Chemistry. 2007; 104(1): 45-52. 

Vine DF, Glimm DR, Proctor SD. Intestinal lipid transport and 

chylomicron production: possible links to exacerbated atherogenesis in 

a rodent model of the metabolic syndrome. Atherosclerosis 2008; 9: 

69-76. 

Vine DF, Takechi R, Russell JC, Proctor SD. Impaired postprandial 

apolipoprotein-B48 metabolism in the obese, insulin-resistant 

JCR:LA-cp rat: increased atherogenicity for the metabolic syndrome. 

Atherosclerosis 2007; 190: 282-90. 

Zhang Z, Hou D, He W. Effect of Phytosterol on Blood Lipid in 

Hyperlipidemia Rats. Food Science. 2011; 32 (11): 306-9. 



111 
 

Zimmet P, Magliano D, Matsuzawa Y, Alberti G, Shaw J. The metabolic 

syndrome: a global public health problem and a new definition. 

Atheroscler Thromb. 2005; 12: 295-300. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



112 
 

Chapter 5 General final discussion 

5.1 Cholesterol lowering effects of chitin-glucan, phytosterol, and 

red yeast rice 

Chitin-glucan, phytosterol, and red yeast rice are nutraceutical bioactive 

compounds and have lipid-lowering properties. Chitin-glucan, a natural 

component of the cell wall of fungi, is an insoluble dietary fiber; it is a 

polysaccharide composed of chitin and β-glucan (Latge 2007). 

Evidence from both animal and human studies suggest that 

chitin-glucan has the ability to lower blood lipids, which in turn 

decreases CVD risk (Berecochea-Lopez et al. 2009, Deschamps et al. 

2009). It has been previously suggested that chitin-glucan deceases 

plasma lipids by promoting satiation and satiety, consequently reducing 

food intake (van Bennekum et al. 2005). In addition, due to the bile 

acid-binding capabilities in the small intestine, insoluble dietary fibers 

decrease cholesterol solubilization, resulting in a decreased cholesterol 

uptake at the brush border membrane of enterocytes (Ritter 2004). 

Other possible mechanisms are related to improving the antioxidant 

status and modulating the bacterial population in the caecal content 

(Berecochea-Lopez et al. 2009, Neyrinck et al. 2012).  

Phytosterol, also known as a plant sterol, is a natural component of 

plant membranes. Its lipid lowering capacity was first described in 1958 

when it was shown to affect cholesterol metabolism (Peterson 1958). 

Phytosterol has a similar chemical structure to cholesterol; therefore, it 

competes with cholesterol entering the enterocytes. When both 

phytosterol and cholesterol exist in the intestine, they crystallize and 

form an insoluble substance. Unable to absorb this substance, the body 

ultimately excretes it into feces (Brufau et al. 2008). In addition, 
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unesterified cholesterol and phytosterols are pumped out from 

enterocytes to the intestinal lumen by ATP binding cassette (ABC) 

proteins, ABCG5 and ABCG8 (Yu et al. 2002). Collectively, phytosterols 

reduce plasma cholesterol by making unesterified cholesterol less 

available for absorption. Based on clinical trials, consuming 1.5g to 3g 

of phytosterols daily reduced total cholesterol levels by 8-17% (FDA 

2011). As a result, the FDA has concluded that 2g of phytosterols /day 

is the necessary daily dietary intake and reduce the risk of CVD (FDA, 

2011). 

Red yeast rice is produced by fermenting red yeast (Monascus 

purpureus, a subspecies of Aspergillus) with white rice. Monacolin K, 

the main cholesterol-lowering substance in red yeast rice, is an inhibitor 

of 3-hydroxy-3-methyl-glutaryl-CoA (HMG-CoA) reductase, which is the 

rate-limiting enzyme in hepatic cholesterol synthesis. By competitively 

binding with HMG-CoA reductase, monacolin K reduces hepatic 

cholesterol synthesis. Moreover, as the cholesterol concentration in 

hepatocytes decreases, the number and activity of the LDL receptors in 

hepatocytes increase. Collectively, monacolin K decreases the 

synthesis of cholesterol in the liver and increases the clearance of 

cholesterol-rich apoB particles from circulation. Statins use is the 

primary pharmacotherapy used to lower plasma LDL-cholesterol; 

however, some side effects have been reported, myalgias being the 

most common over long-term use (Bays. 2005). Although monacolin K 

has the same mode of action as statins, evidence shows that red yeast 

rice is an effective lipid-lowering therapy for statin-intolerant patients 

who experience statin-associated myalgias (Becker et al. 2009). 

However, the mechanism by which red yeast rice works is unknown. 

The incidence of statin-associated myalgias increases with higher dose 



114 
 

of statins (Jacobson 2006). One possible reason that red yeast rice has 

been shown to be better tolerated is that the doses used in clinical trials 

were much lower than those used for statins (equivalent to a daily statin 

dose of 6mg-10mg). Another possibility is that other compounds in red 

yeast rice may have a synergistic effect in lowering LDL-cholesterol but 

have less myotoxicity (Halbert et al. 2010). 

5.2 The combination of chitin-glucan, phytosterol, and red yeast 

rice decreases the atherogenic lipid profile 

Dyslipidemia, including elevated plasma triglycerides (TG), total 

cholesterol (TC), and low density lipoprotein (LDL) cholesterol, is one of 

the significant contributors for atherosclerosis and CVD. The findings of 

this thesis support that the combination of chitin-glucan, phytosterol, 

and red yeast rice had a synergistic effect, and was more effective than 

individual compounds in lowering fasting plasma TG, TC, and 

LDL-cholesterol in the obese JCR:LA-cp rodent model (Chapter 3). In 

addition to these traditional risk factors, large prospective studies have 

showed that non-fasting TG significantly contributes to CVD (Bansal et 

al. 2007; Lindman et al. 2010; Nordestgaard et al. 2007). The 

Copenhagen City Heart Study shows that non-fating TG predicted 

myocardial infarction, ischemic heart disease, and death in both men 

and women (Nordestgaard et al. 2007). This result is consistent with a 

recent report from the Norwegian Counties Study (Lindman et al. 2010). 

Accumulating evidence from animal studies also show that intestinally 

derived chylomicron (CM) and chylomicron remnants (CM-r) contribute 

to post-prandial lipidemia and atherogenesis (Proctor et al. 1996). We 

know that the obese JCR:LA-cp rat over-produces chylomicrons, 

leading to significantly higher post-prandial lipidemia (Vine et al. 2005). 
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All the combination formulations improved post-prandial lipid profile. 

Further, the combination formulation with a moderate red yeast rice 

concentration (1mg/kg/day) seemed to be the most effective at reducing 

both fasting and postprandial lipids (Chapter 4). We did not find 

additional benefits by further increasing the red yeast rice concentration. 

A possible reason is that red yeast rice inhibits HMG-CoA reductase, 

but concomitantly increases cholesterol absorption in the intestine. 

Plasma cholesterol levels are regulated by endogenous synthesis, 

intestinal absorption, and hepatic bilary excretion. Early in 1996, 

Sakono et al. reported that after 28 days intervention of pravastatin, rats 

had higher lymphatic TG and cholesterol levels (Sakono et al. 1996). 

Recently, Tremblay et al. examined the impact of a 12-week 

atorvastatin intervention (40mg/day) in hyperlipidemic men on some of 

the key genes involved in cholesterol metabolism, such as 

Niemann-Pick C1-like 1 (NPC1L1), ATP-binding cassette transporter 5 

(ABCG5), and ABCG8 (Tremblay et al. 2011). They reported that 

atorvastatin significantly increased intestinal mRNA levels of NPC1L1 

by 19%, while decreasing mRNA levels of both ABCG5 and ABCG8 by 

14%. These findings indicate that the HMG-CoA reductase inhibitor 

increases cholesterol absorption and decreases cholesterol efflux, 

which are considered compensatory to reduced hepatic cholesterol 

synthesis. 

5.3 The combination of chitin-glucan, phytosterol, and red yeast 

rice increased insulin sensitivity 

Insulin resistance (IR) is the one of the symptoms of metabolic 

syndrome (MetS), which increases the risk of CVD and atherosclerosis. 

The HOMA-IR (homeostatic model assessment for insulin resistance) 
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index is used to quantify insulin resistance (Matthews et al. 1985). The 

findings of this thesis show that although fasting and post-prandial 

insulin levels were not altered, all treatment combinations moderately 

reduced fasting glucose concentrations, the HOMA-IR index, and 

post-prandial glucose. This suggests that all combination formulations 

have the potential to increase glucose disposal. Chitin-glucan and red 

yeast rice have been reported to possess hypoglycemic activity, and 

subsequently increase insulin sensitivity (Neyrinck et al. 2012; Su et al. 

2007). It is commonly accepted that chitin-glucan, as insoluble dietary 

fiber, delay gastric emptying and improve post-prandial glucose. The 

mechanism by which red yeast rice exerts hypoglycemic effects is 

unclear. In our six-week study, we observed that all the combination 

intervention groups increased insulin sensitivity and decreased plasma 

lipids in both fasting and post-prandial states (Chapter 4). Lipid 

accumulation and obesity are closely related to IR (Samuel et al. 2010); 

therefore, the hypolipidemic effect of the combination treatment may 

also contribute to improved insulin sensitivity and reduced 

hyperglycemia. 

Adipose tissue is closely associated with insulin resistance (Hajer et al. 

2008). Elevated plasma free fatty acids (FFA), derived from adipocytes, 

have been suggested to inhibit glucose uptake, glycogen synthesis, and 

to increase hepatic glucose output (Shulman 2000). The link between 

increased plasma FFAs and IR involves TG and fatty acid-derived 

metabolites (diacylglycerol, fatty acyl-CoA, and ceramide) in skeleton 

muscle and liver (Saltiel et al. 2001). In addition, adipocytes secrete 

adipokines (e.g. leptin, adiponectin, and resistin), which influence 

metabolic and energy expenditure. To further investigate the 

combination treatment improves IR in the JCR:LA-cp rats, we can 
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measure visceral adiposity (e.g. liver fat deposition), plasma FFA and 

adiponectin, and diacylglycerol and ceramides in skeleton muscle, liver, 

and adipose tissues. Also, we can assess IR by using 

hyperinsulinemic-euglycemic clamp, which is the golden standard for 

investigating and evaluating IR (Kim 2009). 

5.4 The combination of chitin-glucan, phytosterol, and red yeast 

rice improved glomerulosclerosis 

Glomerulosclerosis is one of the main clinical complications of the 

pre-diabetic state (Proctor et al. 2007). Dyslipidemia, characterized by 

elevated plasma triglycerides, apoB-containing lipoproteins, and the 

reduction of HDL cholesterol, is observed during a very early stage of 

renal disease (Bruno et al. 1996). Both animal and human studies 

showed that hypercholesterolemia is an important promoter of kidney 

disease progression (Abrass et al. 2004, Hovind et al. 2001). Hattori et 

al. reported that hypercholesterolemia, induced by a high fat diet, 

caused pro-inflammatory responses within the kidney glomerulus, 

resulting in the recruitment of macrophages and the development of 

glomerulosclerosis (Hattori et al. 1999). In addition, apoB48 level has 

been shown strongly associated with renal dysfunction (Okubo et al. 

2010). Yamamoto et al. found that both fasting and post-prandial 

apoB48 levels have remarkable increased in type 2 diabetic patients 

with nephropathy (Yamamoto et al. 2008). Russell et al. indicated that 

rimonabant (an antiobesity drug, a highly selective antagonist of the 

cannabinoid-1 receptor) treatment significantly reduced post-prandial 

apoB48 and improved microalbuminuria and glomerulosclerosis in 

JCR:LA-cp rats (Russell et al. 2010). 
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The findings of this thesis show that all combination formulations 

improved glomerulosclerosis. This is consistent with the decreased lipid 

profile of both fasting and post-prandial states in JCR:LA-cp rats 

(Chapter 4). Our group has also indicated that reduce lipid profile has 

benefit effects on glomerulosclerosis in JCR:LA-cp rodent model (Lu et 

al. 2011; Hassanali et al. 2010; Proctor et al. 2007). In addition, kidney 

is closely related to insulin metabolism, and is among the 

insulin-responsive organs (Iglesias et al. 2008). The initial development 

of renal dysfunction has been linked to IR (Slee 2012). We found that all 

combination formulations reduced plasma glucose levels and improved 

insulin sensitivity in the obese JCR:LA-cp rats. This may help explain 

the improved kidney glomerulosclerosis with combination formulations, 

as all treatment groups exhibited fewer protein and tubular casts, less 

inflammations, fibrosis, and, infarctions in the kidneys. In a clinical 

setting, proteinuria (more than 30 mg/dL urea) is one of the signs of 

glomerulosclerosis (Walker et al. 1990); a kidney biopsy is required to 

determine whether a patient has glomerulosclerosis. Human insulin 

sensitivity can be assessed by an oral glucose tolerant test (OGTT).   

5.5 Limitations and future directions  

There are some limitations of these studies. First, the animal feeding 

studies in Chapters 3 and 4 show that four weeks and six weeks 

supplementation of chitin-glucan, phytosterol, and red yeast rice 

significantly reduce the plasma lipid profile; and that the combination of 

these compounds seems to be the most effective formulation. However, 

we did not see any beneficial effect of the combination formulations on 

heart ischemic lesions (Chapter 4). One possible reason is that the rats 

were sacrificed at a relative early age. As such, a longer-term study 
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may help to understand whether the combination formulations have 

further effects in lowering atherogenic lipoproteins, and whether they 

prevent the progression of CVD. 

In addition, the effect of chitin-glucan, phytosterol, and red yeast rice on 

the secretion of intestinal derived CM and CM-r in the mesenteric lymph 

is unclear; and the composition and/or size of the CM and CM-r 

particles have not been characterized. Accumulating evidence shows 

that CM and CM-r contribute to atherogenesis and are significant 

contributors for CVD (Proctor et al. 1996; Nordestgaard et al. 2007, Su 

et al. 2009). Studies have also observed that the size of lipoprotein 

particles is a very important biophysical characteristic, which is strongly 

related to the delivery and efflux of lipoproteins in the arterial wall 

(Mamo et al. 2002; Proctor et al. 2004). Using 3-dimensional confocal 

microscopy techniques, smaller lipoprotein particles (50-80 nm) had a 

higher rate of delivery; however, they also effluxed more readily through 

the arterial tissue compared with larger particles (150 nm), suggesting 

that larger particles were more likely to be entrapped within the arterial 

vessels (Proctor et al. 2004). Therefore, measuring the characteristics 

of CM particles, including the particle number, size, and lipid content will 

help us better understand the direct effects that chitin-glucan, 

phytosterol, red yeast rice, and the combination formulations have on 

intestinal absorption and the transportation of cholesterol through the 

lymph CM. 

Another limitation of this thesis is the animal model used in the study. 

Due to a defect in leptin receptor expression, the JCR:LA-cp rat 

spontaneously and rapidly develops obesity, IR, significant dyslipidemia, 

and macro and micro vascular dysfunctions. This animal model is 
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unique for studying metabolic syndrome; however, its defective leptin 

signaling makes it difficult to study the relationship between leptin 

metabolism and supplements of chitin-glucan, phytosterol, and red 

yeast rice. In order to understand if these nutrients can impact leptin 

metabolism, diet-induced (high-fat, high-sucrose) rodent model can be 

used. For example, Sprague Dawley (SD) rats fed with a purified 

ingredient diet, containing 30-60 kcal% fat, develop apparent obesity 

between 2-10 weeks on diet; IR and hypertriglyceridemia can be 

detected in SD rats after 2 weeks on a diet containing 60-70 kcal% 

sucrose (Ghibaudi et al. 2002; Pagliassotti et al. 2000).  

The dietary portfolio, which consists of plant-based cholesterol-lowering 

foods, has received public attention during the past few years (Jenkins 

et al. 2002, 2003). Jenkins has suggested previously that a combination 

of certain foods (such as plant sterols, soy proteins, almonds, and 

viscous fibers) known to have lipid-lowering effects individually, would 

have synergistic effects that could maximize the reduction of CVD risk. 

As previously described, chitin-glucan, phytosterol, and red yeast rice 

have different modes of action in lowering the plasma lipid profile. 

Chitin-glucan decreases food intake; while red yeast rice, an HMG-CoA 

reductase inhibitor, is associated with a compensatory increase in 

intestinal cholesterol absorption, which can be suppressed by 

phytosterol. Therefore, the combination of chitin-glucan, phytosterol, 

and red yeast rice may be a potent nutraceutical strategy for treating 

hypercholesterolemic patients. 

The outcome of this preclinical data requires additional information on 

the absorption and solubility of these novel formations. Bioavailability, 

one of the principal pharmacokinetic properties of medications, can be 
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influenced by various factors, such as physical properties of the 

medication and interactions with other food/ drugs. Bioavailability study 

is focused on the process by which a medication is released from the 

oral dosage form and moves to its site of action (Hauschke et al. 2007). 

The bioavailability study can provide us information of the fraction of 

these nutrients absorbed, as well as their subsequent distribution and 

elimination. Therefore, we may have a better understanding why the 

high dose of red yeast rice (2mg/kg) didn’t show an additional benefit on 

lipid metabolism. 

In the future, we could further assess pharmacokinetic profiling by using 

two different rodent models. Sprague Dawley (SD) rats would be used 

to represent normal conditions, and the JCR:LA-cp rats are used to 

represent the “diseased” conditions. Urea and blood samples would be 

collected at different time points in order to test the bioavailability of 

chitin-glucan, phytosterol, red yeast rice, and the combination 

formulations. 

5.6 Conclusion 

The studies reported in this thesis have demonstrated that chitin-glucan, 

phytosterol, and red yeast rice have hypolipidemic effects with respect 

to CVD risk in the JCR:LA-cp rodent model. The insoluble dietary fiber 

chitin-glucan decreases food intake and interrupts the enterohepatic 

circulation of bile acids. Phytosterols decrease plasma cholesterol by 

reducing intestinal cholesterol absorption. Monacolin K, the main 

cholesterol-lowering substance in red yeast rice, is an inhibitor of 

HMG-CoA reductase, which is the rate-limiting enzyme in hepatic 

cholesterol synthesis. Therefore, monacolin K decreases hepatic 

cholesterol synthesis. This makes a complementary mechanism of 
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reducing cholesterol synthesis from liver, and therefore increasing LDL 

receptor expression, leading to an increased clearance of apoB 

particles.  

Also, the combination formulation with a modest dose of red yeast rice 

(1mg/kg/day) seemed to be the most effective. The findings also 

demonstrate that the combination treatment groups were effective at 

reducing plasma glucose, implying the potential for increased glucose 

disposal. This may help improve aspects of kidney glomerulosclerosis. 

Although future clinical studies are required, these studies have 

provided solid pre-clinical evidence that under conditions of 

dyslipidemia and MetS, the supplementation of chitin-glucan, 

phytosterol, and red yeast rice may be beneficial for patients at risk of 

developing CVD. 
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