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ABSTRACT 

Cardioyascular disease (CVD) is the leading cause of mortality in Canada, 

accounting for 3 7% of all deaths. Hypercholesterolemia, specifically increased low

density lipoprotein cholesterol (LDL-C) levels, is one of the major independent risk 

factors for CVD. Therapeutic interventions designed to lower serum lipid levels may 

decrease the risk of CVD; however current therapies are not sufficient to reach the lipid 

levels set by the National Cholesterol Education Plan. Attainrnent of optimal cholesterol 

levels in all patients will require new therapeutic agents with novel mechanisrr1s of 

action. 

Flaxseed consumption is associated with broad spectrum health benefits, including 

reduction in blood cholesterol. This effect may relate to flaxseed's high lignan content, 

since the flaxseed lignan, secoisolariciresinol diglucoside (SDG), caused marked 

hypocholesterolemic effects in hypercholesterolemic rabbits. Further assessment of the 

hypocholesterolemic effects of SDG and its' aglycone, secoisolariciresinol (SECO), and 

their mechanisms of action n1ay lead to a flax associated health claitn or development of 

a nutraceutical product for treatment of hypercholesterolemia. My thesis aims to 

determine whether the flaxseed lignans, SDG and SECO, improve cholesterol 

homeostasis parameters in normo- and hypercholesterolemic rat models through 

alterations in the transcriptional regulation of enzymes and proteins in cholesterol 

metabolism. 

Female Wistar rats were randomly assigned to a standard or 1% cholesterol diet. 

Foil owing a one week acclimatization period on the diets ( 18 rats per diet, 36 rats per 

lignan), groups of six rats (6 groups per lignan) were randomly assigned to one of three 

treatment groups (0, 4.4 or 8.8 1-1mol SDG or SECO/kg body weight). Lignan or vehicle 
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(saline for SDG; 50:50 saline:polyethylene glycol for SECO) was administered daily by 

oral gavage. After four weeks, body and liver weights \Vere recorded, serum lipids were 

measured using enzymatic kits, hepatic fat accumulation was determined by 

histochemical analysis and hepatic mRNA expression of cholesterol pathway targets was 

evaluated using real-time RT-PCR. Selected genes included transcription factors, 

cholesterol metabolic enzymes and proteins involved in cholesterol uptake and 

excretion. SDG significantly induced ACAT2 expression 54 and 66?/o in 

hypercholesterolen1ic rats treated with 4.4 and 8.8 prnol/kg, while SECO (8.8 ~mol/kg) 

caused a significant reduction in CYP7Al (71 %) and a marked reduction in SREBP-2 

(22%) expression levels in hypercholesterolemic rats. We observed marked dose

response reductions in total cholesterol and LDL-C in hypercholesterolemic rats treated 

with SDG and SECO. In addition, marked dose-response reductions in the LDL-Cihigh 

density lipoprotein cholesterol ratio were observed in hypercholesterolemic rats treated 

with SECO. Marked reductions in hepatic parenchymal lipid accumulation were 

observed in hypercholesterolemic rats treated with SDG and SECO, in addition to 

decreased liver weights and improved body condition. The present study indicates SDG 

and SECO administration alters cholesterol n1etabolism; however, their mechanism( s) of 

action remains unidentified and requires additional investigation. Furthermore, the 

present study identifies the flaxseed lignans, SDG and SECO, as the bioactive 

component involved in the hypocholesterolemic effects observed with flaxseed 

consumption in humans. Future studies are required to elucidate the mechanisms of 

action, which would contribute to the development of a flax-associated health claim or 

the development of a nutraceutical hypocholesterolemic agent. 
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1. INTRODUCTION 

1.1 Cholesterol as a Risk Factor for Cardiovascular Disease and Current Therapies 

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

in Canada, accounting for 37% of all deaths1
. In Saskatchewan, Health Canada statistics 

project more than 8000 people in 2004 wil1 suffer a heart attack or stroke with 

approximately 45o/o mortality2
• CVDs contribute $18.2 billion annually in direct and 

indirect costs to the health care system in Canada2
. Hypercholesterolemia, specifically 

increased low-density lipoprotein cholesterol (LDL-C) levels, and hypertriglyceridemia 

are major independent risk factors for CVD 1
• These dyslipidemias have varied 

etiologies, but therapies designed to lower serum lipid levels and decrease the magnitude 

of the dyslipidemia can successfully decrease the risk of CVD1
'
3 and progression of 

atherosclerosis 1. 

1. 1.1 L~yslipidemias 

Dyslipidemias are disorders involving alterations in serum lipid levels (cholesterol, 

triglyceride and lipoprotein levels) and can be caused by high dietary intake of lipids or 

carbohydrates or genetic disorders related to cholesterol or lipid metabolism. Many 

dyslipidemias are treated through the use of safe and effective therapeutic and/or 

nutritional interventions, including statin therapy, reduced fat and cholesterol intake, and 

increased intake of plant stanols. This section will discuss common lifestyle or 

genetic(}lly related dyslipidemias, including acquired and familial hypercholesterolen1ia~ 

Tangier's disease and metabolic syndrome, and current therapeutic approaches. 



1.1.1.1 Etiology of hypercholesterolemia 

Acquired and familial hypercholesterolemia are characterized by elevated serum 

total cholesterol and LDL-C levels. Acquired hypercholesterolemia, the most common 

form, results from lifestyle factors, such as a high fat diet and lack of physical activity, 

and is therapeutically managed by lifestyle modification and drug therapy4
• In contrast, 

familial hypercholesterolemia (FH) results from a defective LDL receptor gene, leading 

to impaired uptake of plasma LD L-C4
. FH heterozygotes require drug therapy, while 

homozygotes are treated with plastna exchange and in some cases liver transplants4
. 

Tangier's disease is a genetically linked dyslipidemia caused by an autosomal 

recessive mutation in ATP-binding cassette transporter Al (ABCAl ). In the liver, the 

 mutation in ABCA 1 leads to impaired liver secretion of high-density lipoprotein 

cholesterol (HDL-C) due to hypcrcatabolism of apolipoprotein AI, the primary 

apolipoprotein associated with HDL-C5
• Tangier's disease is characterized by extremely 

lo\v HDL-C levels and lipid deposition in macrophages5
• Currently, no treatment options 

are available for Tangier's disease. 

1V1etabolic syndrome is an acquired dyslipidemia. It is characterized by a number of 

lipid and non-lipid risk factors of metabolic origin and is associated with insulin 

rcsistance6
. Clinical identification of metabolic syndrome requires the presence of three 

risk factors, which include obesity, low HDL-C, and elevated triglyceride (TG) levels, 

blood pressure and fasting glucose6
. CVD risk is enhanced in these patients irrespective 

of their LDL-C levels, and drug therapy is required6
. 

Drug therapy for other diseases rnay induce dyslipidemias. These are refe1Ted to as 

iatrogenic dyslipidemias, and may result in hypercholesterolemia and 

hypertriglyceridemia7
• Drugs therapies that induce hypercholesterolemia include 
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synthetic retinoids (i.e. isotretinoin), immunosuppressive drugs (i.e. corticosteroids and 

cyclosporin) and protease inhibitors (i.e. ritonavir)7
• Treatment of iatrogenic 

dyslipidemias involves discontinuation and/or modification of therapy, frequent serum 

lipid monitoring, or treatment vvith a hypocholesterolemic agene. The dyslipidemia

inducing therapy may limit the use ofhypocholesterolemic agents. For example, drug

drug interactions may result from the combined use of hypocholesterolemic agents 

(statins) and cyclosporine or protease inhibitors7
. An increased potential for statin

induced toxicity, specifically myopathy and rhabdomyolysis, exists in patients treated 

with cyclosporin and a statin7
• In many cases effective treatments for iatrogenic 

dyslipidemias are unavailable leading to high cardiovascular mortality7
• Additional 

hypocholesterolemic therapies are required for the effective treatment of iatrogenic 

dyslipidernias. 

1. r 2 Risk assessment for cardiovascular disease 

A causal relationship exists between elevated LDL-C and coronary artery disease 

(CAD) (the most cornmonly occurring form of CVD). Recent clinical studies 

demonstrated that LDL-C-lowering therapy reduced the risk of CAD1
• While lowering 

LDL-C levels remains the primary therapeutic strategy, LDL-C levels are not the sole 

determinant of CAD risk. Additional risk factors include cigarette smoking, 

hypertension, low HDL-C, elevated TG levels, age, diabetes and genetic 

predisposition1
'
6

. Clinically, these risk factors are assessed in combination with a 

patient's LDL-C level to determine a therapeutic strategy that will effectively reduce the 

patient's risk of CAD. 

Guidelines for the therapeutic management of patient's with CAD have been 

established in the United States (National Cholesterol Education Plan (NCEP))6 and 
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Canada (The Working Group on Hypercholesterolemia and Other Dyslipidemias) 1 to 

provide physicians with risk assessment and management tools. Each country's 

guidelines utilize risk factor assessn1ents to detennine a patient's CAD risk category 

(Table 1.1 and Table 1.2) and the appropriate therapeutic strategy. 

Table 1.1- Risk categories used to determine target LDL-C levels. 

N CEP6 Working Group 
Risk Category 

CAD and CAD risk 
Equivalents 

Multiple (2+) risk factors 
0-1 risk factor 

Target Level of Risk (%) Target 
LDL-C LDL-C 
(mg/dL) (mmol/L) 

<1 00 Very high (> 30) <2.5 
High (20-30) <3.0 

<130 Moderate (1 0-20) <4.0 
<160 Low (<10) <5.0 ---

Table 1.2- CAD risk equivalents and risk factors used to determine a patients' risk 
category for CAD.6 

-------------------------~ 
Risk Factors _)lisk Equivalents ----

Clinical forms of atherosclerotic disease 
Diabetes 
J\t1ultiple risk factors conferring >20% 

1 0 year risk for CAD 

Smoking 
Hypertension 
LowHDL-C 
Family history of premature CAD 
Age (men ~45 years, women 2:55 years) 

------------------------------~ 

Early identification of elevated LDL-C levels and the presence of multiple risk 

factors will provide the greatest benefit to patient's having the highest short-term risk of 

CAD 1• Utilization of the risk assessment guidelines provides physicians with the means 

to identify patients at risk and to determine the most effective therapeutic strategy to 

maximize reductions in LDL-C levels, in accordance with the recommended optimal 

levels. 

4 



1.1. 3 Prevention and treatment of h-ypercholesterolemia to decrease coronary artery 

disease risk 

1.1.3.1 Therapeutic goals 

The primary goal in the prevention and treatment of hypercholesterolemia is the 

reduction ofLDL-C levels. The NCEP6 and Working Group1 guidelines provide 

therapeutic LDL-C goals (Table 1.1) based on a person's risk of developing CAD. 

Secondary goals of treatment include increasing HDL-C and lowering TG levels. In 

contrast to the NCEP guidelines, the Working Group provides target lipid values for TG 

levels and the TC/HDL-C ratio based on risk category (Table 1.3). Therapeutic 

strategies have been developed to enable the majority of patient's to reach the guidelines 

set. 

Table 1.3- Target lipid values based on risk category (% 1 0-year risk)1
• 

Levels of Risk(%) TG level (mmol/L) TC/HDL-C ratio 
Very High (>30) < 2.0 < 4 
High (20-30) , < 2.0 < 5 
Moderate (1 0-20) < 2.0 < 6 
Low (<10) < 3.0 < 7 

1.1. 3. 2 Therapeutic strategies for cardiovascular diseases 

CAD risk reduction strategies primarily involve the use of LDL-C lowering 

therapies, which are divided into primary and secondary prevention strategies1
'
6

. Primary 

prevention strategies involve lifestyle modifications, including decreased dietary 

cholesterol and saturated fats, increased physical activity and weight management, and 

may involve drug therapy in patients at high risk of CAD6
. Secondary prevention 

strategies apply to patients with previous coronary events or CAD risk equivalents (see 

Table 1.2), and involve LDL-C-lowering drug therapies to decrease LDL-C levels below 
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lOOmg/dL (NCEP)6 or 2.5mmol/L (Working Group)1
• Currently, the principle LDL-C-

lowering drug therapy involves a statin drug, which is effective in approximately 38% of 

patients8
. 

Both primary and secondary prevention strategies are incorporated into NCEP and 

Working Group treatment guidelines; however, NCEP further defines a nine-step 

implementation approach for patients to achieve their lipoprotein level goals (Table 

1.4 )6
'
9

. The majority of patients are treated initially with therapeutic lifestyle changes 

(TLC)6
. After six weeks, natural products or drug therapy may be added to the treatment 

regitne if the LDL-C goal is not met. The addition of natural products typically involves 

the addition of plant stanols/sterols (2g/d) and soluble fiber (10-25g/d) to the TLC diet6
. 

Initiation of drug therapy, specifically LDL-C-lowering agents, occurs only if a patient's 

LDL-C goal is not achieved through TLC, or in patients with a high short term risk of 

developing CAD1
•
6

. For patients requiring secondary prevention TLC and drug therapy 

are initiated simultaneously6
. The NCEP guidelines provide recommendations for 

therapeutic titnelines to ensure that treatment efficacy is evaluated and appropriate 

alterations in therapy are made. 

Table 1.4- Nine-step implementation approach for the NCEP 
guidelines9

. 

1. Determine fasting lipoprotein levels 
2. Determine presence of clinical atherosclerosis 
3. Determine presence of risk factors 
4. Calculate Framingham score if2:2 risk factors 
5. Determine risk category and LD L-C goal 
6. Initiate TLC diet if above LDL-C goal 
7. Add drug therapy ifLDL-C remains high 
8. Identify metabolic syndrome and treat if present 
9. Treat elevated TG to non-HDL-C goal* 

(non-HDL~C = LDL-C + VLDL-C) 
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1.1.3.3 Targets for drug therapy 

The primary target for drug therapy is LDL-C levels, with HDL-C and TG levels 

being secondary targets1
'
6

. Current therapies target several different biochemical 

mechanisms to reduce serum LDL-C levels, and include HMG CoA reductase inhibition, 

bile acid sequestration, cholesterol absorption inhibition, inhibition of very low density 

lipoprotein cholesterol (VLDL-C) secretion and increased lipoprotein lipase (LPL) 

activity10
. 

HMG CoA reductase is the rate-limiting step in hepatic cholesterol synthesis, and 

inhibition results in significant decreases in serum LDL-C levels10
• The statin class of 

drugs inhibit HMG CoA reductase and reduce LDL-C levels by greater than 50o/o in 

clinical trials, thereby reducing CAD risk and related mortality10
. Bile acid sequestrants, 

such as colesevelam, are polymers or resins that bind bile acids and prevent their 

reabsorption 10
. This causes upregulation of bile acid synthesis with a concomitant 

upregulation in the clearance of circulating LDL-C 10
. In contrast, the cholesterol 

absorption inhibitor ezetimibe decreases the intestinal absorption of dietary and biliary 

cholesterol through unknown n1echanisms10
. Niacin decreases both LDL-C and TG 

levels through inhibition of VLD L-C secretion; however the specific molecular 

mechanism is unknown10
. Finally, fibrates increase lipolysis via lipoprotein lipase 

resulting in decreased VLDL-C levels with subsequent decreases in LDL-C levelsll. 

Investigations into novel molecular targets and mechanisms may identify more 

effective future pharmaceutical agents. Novel targets include transcription factors (liver 

X receptors, sterol regulatory element binding protein, and peroxisome proliferators

activated receptors), enzymes (acyl CoA cholesterol acyltransferase), proteins 

(apolipoprotein AI and cholesterol ester transfer protein) and transporters (ATP-binding 
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cassette transporters) 10
. Section 1.3 will highlight the importance of these targets in the 

regulation of systemic cholesterol metabolism and transport. 

1.1.3.4 Current therapies 

Presently, statins are the principle agent prescribed for the treatment of 

hypercholesterolemia. Current literature indicates that statin monotherapy is not 

sufficient to reach the aggressive LDL-C goals set by NCEP in patients with high CAD 

risk8
. In patients assessed in the Lipid Treatment Assessment Process (L-TAP), only 

38% of patients reached their LDL-C goal, and only 18% of patients with CAD had 

LDL-C levels less than 1 OOmg/dL8
. The efficacy of statin monotherapy is compromised 

due to insufficient dose titration following treatment initiation, patient non-compliance, 

or statin-induced toxicity at the aggressive doses used8
'
12

• Statins induce myopathy in a 

dose-dependent manner, and tnay result in rhabdomyolysis with associated renal 

dan1age 12
'
13

. 

Combination therapy, typically involving the use of a statin and niacin, a fibrate, or 

ezetimibe, is a more effective method to aggressively lower LDL-C levels 13
. 

Combination therapies may allow for lower doses of statins, thereby minimizing the risk 

oftoxicity8
. Currently, monotherapy predominates \Vith only 4% of patients using 

combination therapies 13
, primarily due to the risk of drug interactions leading to statin 

induced toxicity. Without the use of combination therapy, the majority of patients with 

high CAD risk may not reach their LDL-C goals8
. An additive effect may be seen by 

combining agents that individually lower LDL-C via different mechanisms8
; however, 

safety concerns exist when statins are used in combination with other 

hypocholesterolemic agents8
'
13

• The majority of interactions result from co

administration of the statins with cytochrome P450 3A4 inhibitors, or in individuals with 
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impaired drug metabolism, and usually manifest as myopathies13
. New therapeutic 

agents that are safe and effective, with novel mechanisms of action used alone or in 

combination with existing therapies are necessary to ensure the attainment of optimal 

cholesterol levels in all patients. 

A number of natural products, including soy, sesame seed and flaxseed, can improve 

lipid levels in humans and animals14
-
19

. These natural products are promoted for CAD 

prevention due to their hypocholesterolemic effects. In 1999, the US Food and Drug 

Administration approved a soy product health claim indicating soy protein, incorporated 

into a low fat and cholesterol diet, may reduce CAD risk by lowering blood cholesterol 

levels20
. Soy protein products that display the claim must be low in fat and cholesterol 

content. Although most research has focused on soy and sesame seed, recent studies 

suggest flaxseed is more effective in improving lipid parameters than both soy and 

sesan1c seed 14 ,1s. 

1.1. 4 Flaxseed as a potential therapy 

Flaxseed consumption may be associated with broad spectrum health benefits, 

including hypocholesterolemic effects21
'
22

, chemopreventative activity3
'
24

, estrogenic 

effects25
'
26

, slowed development of type II diabetes27
, and antioxidane8

•
29

, 

antithrombotic30 and anti-atherogenic effects30
'
31

. These health benefits may relate to 

flaxseed's high content of polyunsaturated fatty acids (particularly a-linolenic acid), 

vegetable protein, soluble fibre and/or lignans22
. The specific components of flaxseed 

contributing to these health benefits and their mechanisms of action remain to be 

elucidated. 
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Currently, flax products have no associated health claim that appear on product 

labeling. With a USFDA or the Canadian equivalent (HPB) approved health claim 

physicians and patients may include flax products in the therapeutic lifestyle changes 

recommended by NCEP. Further, the identification of the activecomponent(s) may lead 

to nutraceutical product developrnent, which has a large consumer market. Such a 

nutraceutical product could be used alone or in combination \Vith statins and other 

therapies to aid patients in reaching their therapeutic goals. 

1.2 Flaxseed 

Flax (Linum usitatissimum) is an oilseed crop that produces small, flat seeds ranging 

in colour from yellow to brown, and is grown predominantly in the mid-west United 

States and the Canadian Prairie Provinces32
•
33

. Flax is primarily grown to produce 

industrial oils, and the by-product meal is typically used in livestock feed34
. Only a small 

portion of flax grown is used in products for human consumption. The increased interest 

in flaxseed relates to its reported health benefits, specifically, prevention of CAD32
. 

Flaxseed is commercially available in three forms~ whole seed, ground meal and 

flaxseed oil32
. Whole flaxseed contains 41% fat, 28% dietary fibre and 21% protein, as 

\Veil as lignans, minerals, vitamins and carbohydrates32
•
34

. Flaxseed is classified as a 

functional food based on three principle components; a-linolenic acid (ALA), soluble 

fibre and lignans32
. Table 1.5 illustrates the content of the principle components in the 

three forms of flaxseed. The oil component of flaxseed is of interest due to its unique 

composition (Table 1.6), and flaxseed is considered a low-saturated fat food32
. Flaxseed 

is also the richest source of the plant lignan, secoisolariciresinol diglucoside (SDG), 

present at 0.2 to 3.7 mg/g whole flaxseed35
. This range ofSDG content may be an 
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underestimation, with SDG contents being reported up to four times higher than the 

stated range (personal communication,/\. Muir). ALA, fibre and lignans may contribute 

to the health benefits associated with flaxseed consun1ption22
• 

Table 1.5- Nutrient composition of flaxseed based on a serving size of one 
tablespoon (Adapted from reference 32

). 

Type of Flaxseed Weight (g) ALA (g) Soluble Fibre (g) SDG (mg) 
\\'hole seed 11 2.5 0.75 8.8 
Ground seed 8 1. 8 0.55 6.4 
Flaxseed oil 14 8.0 0 0 

secoisolariciresinol diglucoside 

Table 1.6- Fatty acid composition of flaxseed oil and other common oilseed 
derived oils. Adapted frorn reference 33

. 

Type of Fatty Acid(%) 
Polyunsaturated 

Oilseed Saturated Monounsaturated ALA Linoleic 
-----·----

Flaxseed 9 18 57 16 
Canola 7 61 11 21 
Soybean 15 23 8 54 

~.~a~-1-in_o_l_ei_c_a_c_i_d ________________________ __ 

1. 2.1 Flaxseed lignans 

Flaxseed lignans were first identified by Bakke and Klosterman in 195636
. Plant 

lignans are diphenolic compounds that contain a dibenzylbutane skeleton with hydroxy, 

1nethoxy or methylenedioxy groups on the aromatic ring (Figure 1.1 )37
. They differ 

structurally from mammalian lignans (Section 1.2.1.1) in the position of the hydroxyl 

groups; mammalian lignans have aromatic hydroxyl groups in the meta position only, 

whereas plant lignans have hydroxyl groups in the para postion38
. Lignans are thought to 

protect the plant against pests and diseases, and may play a role in controlling plant 

SDG (2) is the principle lignan found in flax, and predominantly occurs in the form 

of a 3-hydroxy-3-methylglutaryl (HMG)- SDG polymer (1) (Figure1.1)39
'
40

. Flaxseed 
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also contains minor lignan components, including lariciresinol (LAR) (3), matairesinol 

(MAT) (5), isolariciresinol (8) and pinoresinol (9) (Figures 1.1 and 1.2)37
'
41

-
43

. Their 

actual content in flaxseed remains unknown. 

Lignan content of flaxseed varies and with cultivar, gro\\1:h location, harvest year 

and seeding time35
. Flaxseed lignans concentrate primarily in the seed coat37

. Milled 

products devoid of seed coat contain low levels of SDG37
. 

1. 2.1.1 Jvfetabolism 

Flaxseed lignans are metabolized by intestinal microflora and cytochrome P450 

mediated reactions resulting in a variety of lignan products. The lignan form(s) 

contributing the reported health benefits of flaxseed are not known as a result of their 

unique metabolism. A thorough understanding of lignan metabolism is necessary to 

identify the lignan forms contributing to health benefits. 

SDG is ingested in the form of the SDG-HI\1G polymer (Figure 1.1 ). The polymer is 

converted to the monomeric form, likely through acid hydrolysis in the stomach. 

Subsequent to the release of SDG, the glucose moieties are removed by ~-glucosidase 

and p-glucuronidase activity in the gastrointestinal tract44
, resulting in the release of 

secoisolariciresinol (SECO) (Figure 1.1 ). The specific micro flora involved and the in 

vivo efficiency of this conversion has not been analyzed; however, Enterococci species 

and E. coli strains may contribute to the release of SEC045
. 

Within the large intestine and colon, intestinal microflora metabolize SECO to MAT, 

LAR and the mammalian lignan enterodiol (END) (Figure 1.1) 46
,4

7
. \\'hole flaxseed and 

SDG-HMG polymer consumption lead to END formation, but current literature does 
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Figure 1.1- Flaxseed lignan metabolism via intestinal microflora. Ingested SDG-HMG 
polymer (1) is converted to SDG (2) via acid hydrolysis in the stomach. (2) is converted 
to SECO ( 4) via intestinal p-glucosidase and p-glucuronidase activity. ( 4) is metabolized 
to the plant lignans LAR (3) and MAT (5) and the mammalian lignan END (6) by 
intestinal microflora. (3) may also be formed via CYP-mediated metabolism. (3), (5) and 
(6) are further oxidized to the mammalian lignan ENL (7) by intestinal microflora. 
Metabolic pathways were determined in human fecal innoculum 43

'
46

. 
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OH 
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Figure 1.2 - Minor lignan components of flaxseed isolariciresinol (8) and pinoresinol 
(9). 

not indicate vv'hat occurs following oral SECO administration. Intestinal microflora 

further irreversibly oxidize END to enterolactone (ENL)47
. Metabolism by intestinal 

micro flora is the only known mechanistn of END and ENL formation 46
• Identification of 

SECO, END and ENL in serum and urine samples following flaxseed consumption 

indicates incomplete plant lignan absorption and their partial conversion to mammalian 

lignans prior to absorption from the gastrointestinal tract41
'
47

. Serum and urine also 

contain minor lignans such as lariciresinol and pinoresinol43
. SDG has not been detected 

in serun1; however, serum san1ples are typically pre-treated with B-glucuronidase 

resulting in the cleavage of glucosidic groups to yield SECO. Current literature does not 

provide a consensus as to \Vhich plant and mammalian lignans predominate 

systemically38
,4

1
,
47

'
48

. 

'Plant and mammalian lignans undergo further metabolism by hepatic cytochrome 

P450 or phase II enzymes47
-
51

. SECO, END and ENL are primarily excreted as 

glucuronide conjugates in the urine and bile and undergo enterohepatic recirculation47
'
48

. 

Oxidative metabolites of SECO, END and ENL were formed in human, rat and pig 

hepatic microsomes, with hydroxylation at an additional aliphatic position as the 
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Figure 1.3- Oxidative metabolites of SECO, END and ENL formed via cytochrome 
P450 mediated reactions. 
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predominant metabolic route (Figure 1.3)49
• Similar oxidative products were detected at 

lovv levels in rat urine and bile50
, and human urine51

. The biological significance of these 

metabolites and metabolic pathways remai.ns unknown. 

Serum and urinary levels of plant and mammalian lignans after flaxseed 

consun1ption varies between individuals based on lignan content of the flaxseed cultivar, 

activity of the intestinal microflora, intestinal transit time and the use of antimicrobial 

agents42
'
47

. Jvlan1malian lignans are produced in a linear dose-dependent manner in rats 

administered low doses of flaxseed (0-5% of diet) and SDG (0-2.2p,mol), but production 

plateaus at high doses of flaxseed (5-lOo/o of diet) and SDG (2.2-4.4J.1mo1)44
, resulting in 

increased serum concentrations of plant lignans52
. In women total urinary plant and 

mammalian lignan excretion increased in a dose-response manner, and plateaued with 

chronic administration of 25 grams per day41 .These data suggest that intestinal 

rnetabolism of mammalian lignan precursors may be saturable. Rickard et al.44 further 

demonstrated that excretion of END and ENL in rats dosed with SDG \vas 20% of that 

when flaxseed was administered, with SECO composing the greatest fraction of total 

lignan excretion44
. These data suggest mammalian lignan formation is more favoured 

following flaxseed consumption than administration of purified plant lignans. 

Consequently, how the lignans are administered, either in \Vhole flaxseed or pure form, 

affects the amount of plant and mammalian lignans present in serum. This has important 

therapeutic implications since the identity of the active lignan form remains unknown. 

1. 2. 1. 2 Absorption 

The bioavailability of flaxseed and mammalian lignans is poorly understood. Plasma 

and urine samples collected following human and animal consumption of flaxseed and 
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flaxseed meal contain SECO, MAT, END and ENL38
,4

1
,
42

'
44

'
47

'
48

'
52

'
53

. This indicates that 

these lignans are absorbed from the intestinal tract; however, no information exists 

concerning their bioavailability. In addition, current literature is inconclusive regarding 

the major urinary lignan product41
'
52

'
54

, which may be a result of variations in intestinal 

microtlora or saturation of mammalian lignan production.· 

SDG content in plasma and urine samples has not been determined due to~-

glucuronidase pre-treatment of plasma and urine samples. Literature evidence indicates 

that genistein and daidzein (isoflavones) are absorbed to a greater extent than their 

glucosides based on their physicochemical characteristics55
• In comparison to SDG, 

SECO is more hydrophobic, similar to the isoflavones, which suggests that SECO may 

be favored for absorption. Alllignan forms that are absorbed from the intestinal tract 

must be considered as putative active components. Future studies are required to 

elucidate the pharmacokinetic characteristics of plant and mammalian lignans. 

1. 2. 2 Ilypocholesterolemic effects 

The literature offers ample support for flaxseed's ability to reduce serum cholesterol 

levels. Consumption of whole flaxseed and defatted flaxseed flour led to reductions in 

total cholesterol (TC), LDL-C and the LDL-C/HDL-C ratio in humans22
'
56

-
59 and 

. 1 14·· 16 31 60 s 1 . b h b d d . anuna s ' ' . · evera components may contn ute to t e o serve re uct1ons, 

including lignans15
'
58

, a-linolenic acid, protein22 and the gum (soluble fibre) 

con1ponent22
. 

1.2.2.1 Human studies 

A number of studies assessed the effects of dietary flaxseed supplementation in 

human patient populations. In these studies, normo- and/or hypercholesterolemic men 
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and/or women17
,2

2
•
56

•
58

•
59

, were fed flaxseed as whole57 or defatted meal22
, generally in 

the form of breads or muffins and in quantities ranging from 3858 to 50 grams22
•
56

. 

Consumption of greater than 50 grams of whole flaxseed or n1eal is not recommended as 

a result of its' high fibre content and the subsequent laxative effects32
. Study durations 

lasted from two56 to eight weeks17
, with serum lipid panels measured at baseline and at 

one or two time-points during the study. 

Nom1ocholesterolemic individuals consuming 50 grams per day whole flaxseed or 

meal demonstrated decreases in TC (up to 9%) and LDL-C (up to 18%)56
•
59 without 

significant changes in TG or HDL-C. 

Studies assessing flaxseed consumption in hypercholesterolemic individuals were 

conducted in individuals with TC levels exceeding 5.5 mmol/L 17
•
22

•
58 or LDL-C levels 

greater than 160 mg/dL22
. These levels correspond to the NCEP and Working Group1 

guidelines for patients that require dietary modification or pharmaceutical intervention. 

F 1 b. . 1 d d . h d. 11 7 22 58 . .1 ema e su ~ects 1nc u e In t e stu tes were post-menopausa · ·· , pnman y to assess 

the estrogenic effects of flaxseed concurrently with_ its' hypocholesterolemic effects. 

Sirnilar reductions in TC and LDL-C were observed independent of the study duration 

with the greatest reduction in LDL-C observed after 6 weeks (38g/d flaxseed bread or 

muffins)58
. Arjn1andi et al. 58 observed significant reductions in TC (7%) and LDL-C 

(16%), and a marked reduction in the LDL-C/HDL-C ratio (15%). Supplementation with 

50 g/d partially defatted flaxseed resulted in significant reductions in TC (5.5%) and 

LDL-C (9.7°/o) after 3 weeks22
. Bierenbaum et al. 57 demonstrated similar reductions in 

TC (6.8o/o) and LDL-C (IO~Io) after 6 weeks of consuming raw flaxseed (15g/d) and 

flaxseed ( 1 0%) bread. The larger reductions in serum lipid parameters with lower levels 

of flaxseed consumption suggest that multiple components may contribute both 
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positively and negatively to the observed hypocholesterolemic effect. Future studies 

need to assess the individual components of flaxseed and the manner in which they 

contribute to the observed reductions in serum lipid pararneters. 

1. 2. 2. 2 Animal studies

Animal studies assessing the effects of flaxseed consumption have focused on 

finding an appropriate model system and then analyzing the effect of flaxseed and some 

of it's components on serum lipid parameters. The majority of studies were conducted in 

rat and rabbit models of normo- and hypercholesterolemia. Hypercholesterolemia was 

prirnarily diet-induced through increased dietary cholesterol; in addition, genetically 

lean and obese rat models (SHR/n-cp) 15 with hypercholesterolemia have been utilized. 

Serum lipid reductions were not observed in normo- and hypercholesterolemic New 

Zealand White rabbits fed flaxseed (7.5mg/kg body weight, orally) for a period of eight 

\\reeks31
. In contrast, normocholesterolemic rabbits fed CDC-flaxseed (7.5mg/kg body 

weight, orally) demonstrated increased HDL-C after eight weeks60
; however, no 

additional changes in serum lipid parameters were observed. As well, in the 

hypercholesterolemic rabbits fed CDC-flaxseed, Prasad et al. 60 observed significant 

reductions in TC (31 and 14%), LDL-C (32 and 17%) and LDL-C/HDL-C ratio (32 and 

24%) after four and eight weeks, respectively. The tlaxseed and CDC-flaxseed cultivars 

utilized in the above studies differ only in a-linoleic acid (ALA) levels with low ALA 

levels in CDC-flaxseed (personal communication, A. Muir). The high ALA content may 

be exerting a hypercholesterolemic effect thereby masking the hypocholesterolemic 

effect of additional components. Nevertheless, these data exclude ALA as the active 

component involved in the observed hypocholesterolemic effect. 
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Current literature lacks consensus as to the most appropriate rat strain and gender to 

assess the hypocholesterolemic effects of flaxseed. In certain models, serum lipid 

reductions observed were similar to human results 14
-
16

. However, Babu et al. 61 observed 

no change in serum lipid parameters in female Sprague-Dawley rats fed 5% dietary 

flaxseed. Dose-dependent reductions in serum lipid parameters were observed in male 

Sprague-Dawley rats fed 1 0-40o/o flaxseed, with decreases in TC (33% ), LDL-C (19%) 

and the LDL-C/HDL-C ratio (58%) in rats fed a diet containing 40% flaxseed21
. The 

observed differences may be a result of the level of flaxseed administered~ or may have 

resulted from strain or gender differences in metabolism. Additional rat models used to 

assess the hypocholesterolemic effect of flaxseed include male Wistar rats 16
'
62

, tnale 

F344 rats 14
'
15 and SHRIN-cp rats 14

,1
5

• Yamashita et al. 16 observed reductions in serum 

TC in male Wistar rats fed diets containing flaxseed and flaxseed oil, respectively, but 

not with diets containing defatted flaxseed meal. Bhathena et al. 14 observed similar 

reductions in TC (37%) in male F344 rats fed a diet containing 20% flaxseed meal. 

Ho·wever, LDL-C and HDL-C levels were not measured in either study, and would have 

provided a better understanding of the differences between the diets with respect to 

hypocholesterolemic effect. Reductions in TC (20 and 41% ), TG (34 and 3 7%) and 

LDL-C (21 and 40%) were observed in male lean and obese SHR/N-cp rats, 

respectively, fed a 20% flaxseed meal diet for 6 months15
. This suggests that a 

component present in flaxseed meal exerts a hypocholesterolemic effect. 

1. 2. 2. 3 Active components 

While human and animal studies demonstrate a hypocholesterolemic effect 

following flaxseed consumption, the identity of the active component remains unknown. 

The majority of human studies assessed whole flaxseed supplementation and these 
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studies failed to present information regarding the composition of the flaxseed cultivar. 

Compositional analysis may have identified potential active components through a 

comparison of the hypocholesterolemic effects of different cultivars. Supplementation 

with high ALA flaxseed in humans result in decreased TC (9%) and LDL-C (18%) after 

four weeks59
. On the other hand, similar decreases were observed using flaxseed with 

nom1al ALA 1evels56
. Supplementation with defatted flaxseed, containing no ALA, 

resulted in significant decreases in TC (5.5%) and LDL-C (9.7%) after three weeks22
. 

These data suggest ALA is not responsible for the hypocholesterolemic effects of 

flaxseed. This assertion is further confirmed by the lack of serum lipid alteration 

following administration of flaxseed oil (no lignan or gum) to hypercholesterolemic 

rabbits63 and male Sprague-Dawley rats64
. 

Additionally, some investigators suggest the soluble fibre may mediate the 

hypocholesterolemic effects of flaxseed32
• Soluble fibre may reduce TC and LDL-C by 

increased gastric emptying, altered intestinal transit time (increased laxation), 

interference with diffusion of fat and increased excretion of bile acids32
. The soluble 

fibre component may contribute to the hypocholesterolemic effect; however, current 

literature does not illustrate a dose-response effect between amount of flaxseed 

administered and the serum lipid reductions observed. Similarly, flaxseed protein may 

contribute to the hypocholesterolernic effect due to similarities in amino acid 

composition to soy protein22
. However, soy protein has not been conclusively identified 

as the active component of soy. Future studies need to investigate the soluble fibre and 

protein components of flaxseed in the absence of other potential active components. 

The final potentia!' active component present in flaxseed is the lignan, SDG, and its' 

aglycone SECO. Variation in the amount ofSDG present in flaxseed (0.2 to 3.7mg 
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SDG/g whole flaxseed) may account for the variable reductions in serum lipids observed 

with similar amounts of flaxseed consumption in humans35
. Additionally, the decreased 

intestinal transit time resulting from high soluble fibre (50g/d whole flaxseed) may alter 

the intestinal absorption of lignans, or may affect the release of SECO. Prasad65 

observed reductions in TC (31 %) and LDL-C (32%) in a hypercholesterolemic rabbit 

tnodel treated with SDG (15 mg/kg BW). This dose level corresponds to 4-75 g/d whole 

flaxseed depending on the lignan concentration of the flaxseed. The reductions observed 

when SDG was administered alone are greater than those seen when whole flaxseed31 

and CDC-flaxseed60 were administered to the rabbit model of hypercholesterolemia. 

These data suggest that the lignan component of flaxseed is responsible for the observed 

reductions in serum lipids. Furthermore, additional components present in flaxseed may 

modify the hypocholesterolemic effect of the lignans. Studies are required to assess the 

hypocholesterolemic effects of SDG and SECO, and to elucidate the molecular 

1nechanism( s) responsible for these effects. An understanding of these mechanisms may 

allow lignans to be used in combination with current therapies to enable patients to 

achieve their serum lipid goals. 

1. 2. 3 Phytoestrogenic effects 

Flaxseed lignans are classified as phytoestrogens based on their structural similarity 

to estradiol. Consequently lignans may have estrogenic or anti-estrogenic 

. . . 25 26 66 c 1" fi d . 1 . b h . d activities ·' ' . urrent 1terature 1n sa negative corre atlon etween t e Increase 

excretion of flaxseed and mammalian lignans and risk of hormone dependent cancers67
- , 

69
, potentially due to alterations in hormone metabolism25

. However, Frische et al. 70 

observed no alterations in serum hormone levels in premenopausal women consuming 

whole flaxseed. In contrast, alterations in hormone levels with flaxseed consumption 

22 



were observed in postmenopausal women25
. These hormonal alterations may explain the 

alleviation of mild menopausal symptoms in post-menopausal women26
. 

Futhermore the estrogenic effects of flaxseed consumption in post-menopausal 

\Vomen occur in the absence of serum lipid reductions25
. These data support a non

estrogenic mechanism for flaxseed-mediated lipid reductions. However, no studies 

directly compared the hypocholesterolemic and estrogenic effects of lignan 

consumption, which may clarify the contribution of the estrogenic mechanism to 

observed lipid reductions. 

1. 2. 4 Additional health benefits 

In animal models, flaxseed lignan consumption caused decreases in atherosclerotic 

plaque formation65 and delayed progression of type I and II diabetes27
• These beneficial 

effects may result from the antioxidant activity of plant and mammalian lignans27
• SDG, 

SECO, END and ENL have demonstrated antioxidant activity in vitro28
'
29

'
71 and in 

vivo65
, with SECO and END having the highest activity71

. 

1. 2. 5 Toxicity 

Flaxseed contains cyanogenic glycosides, which are potentially toxic; however, these 

compounds are not found in commercially available baked flax products 72
. The primary 

toxicological concern with flaxseed is its phytoestrogenic activity, and the potential 

effect on pregnancy and developmental outcomes. 

Recent toxicological studies indicate that flaxseed consumption ( 40% flaxseed diet) 

has no effect on pregnancy outcomes in rats72
'
73

• Additionally, no differences were 

observed in classical developmental toxicity parameters, including viability, fetal weight 

and size, ossification of bones, anogenital distances and anogenital indices 73
. In contrast, 

Tou et al. 74 observed significant decreases in birth weight and anogenital distances in 
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female offspring of dams fed a 1 O<ro flaxseed diet. Rats exposed to flaxseed in utero 

through to adulthood demonstrated no deleterious effects on physical growth and 

development, including no differences in body, liver or kidney weights72
• Hemmings 

and Barker72 further demonstrated that regular diet and flaxseed-fed rats could not be 

distinguished by behavioural tests after birth. In addition, in vivo animal results indicated 

a lack of hepatotoxicity as determined by serum levels of alanine aminotransferase and 

y-glutamyltranspeptidase 72
• 

In vitro experiments of the flaxseed lignans showed a lack of genotoxic and 

n1utagenic activity75
•
76

. The genotoxic potential of the oxidative metabolites of flaxseed 

and tnammalian lignans remains to be determined75
. 

1.3 Cholesterol 

Cholesterol (Figure 1.5) is a physiologically important molecule found in all cells 

within the body. It occurs in free form in all cellular membranes and in esterified form in 

blood plasma77
. In addition, cholesterol is a precursor of steroid hormones,.vitamin D 

and bile acids78
. Total body cholesterol homeostasis is maintained by balancing dietary 

cholesterol intake, de novo synthesis and fecal excretion78
• Cholesterol content is tightly 

regulated because there is no manlillalian pathway that can utilize cholesterol as an 

energy source79
, as opposed to fatty acids that are used as a recyclable energy storage 

form. 

1.3.1 Absorption 

Intestinal enterocytes absorb cholesterol via an unknown receptor system80
. Systemic 

cholesterol supply is regulated by A TP-binding cassette (ABC) transporters, ABCG5 

and ABCG880
. These efflux transporters remove cholesterol from the enterocyte into the 
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intestinal lumen to reduce the extent of cholesterol absorption. Intestinal levels of these 

transporters control the extent of cholesterol efflux into the lumen and the absence of 

transporter activity results in elevated plasma cholesterollevels80
. In addition, ABCG5 

and ABCG8 transporters are expressed at the hepatocyte canalicular membrane. These 

transporters. mediate biliary cholesterol excretion, thereby providing the biliary source of 

cholesterol for absorption80
. 

1. 3. 2 Biosynthesis 

Cholesterol biosynthesis occurs primarily in the intestine (30% of total endogenous 

synthesis), while regulation of cholesterol homeostasis occurs in the liver. In addition, 

synthesis also occurs in the liver (20o/o of endogenous supply), adrenal cortex, 

reproductive organs and the skin77
• The remaining organs obtain cholesterol through 

uptake of plasma lipoproteins such as LDL-C. 

1.3.2.1 Biosynthetic pathway 

Biosynthesis of cholesterol (Figure 1.4) begins with two molecules of acetyl-CoA 

forming acetoacetyl-CoA through a thiolase-mediated reaction. Acetoacetyl-CoA then 

reacts with an additional molecule of acetyl-CoA to form 3-hydroxy-3-methylglutaryl 

coenzyme A (HMG-CoA). Subsequently, HMG-CoA is converted to mevalonate 

through an HMG-CoA reductase (HMGR) mediated reaction. This reaction is 

in·eversible and is the rate-limiting step in cholesterol biosynthesis81
. Mevalonate is 
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Figure 1.4- Cholesterol biosynthetic pathway. Acetyl CoA (10) is converted to 
acetoacetyl-CoA (11) via a thiolase (A) mediated reaction. HMG CoA (12) is formed 
through an HMG CoA synthase (B) mediated reaction. Conversion of (12) to 
mevalonate ((13) occurs via HMG CoA reductase (C) and is the rate-limiting step. 
Isopentenyl pyrophosphate (14) is fornied through a number of enzyme mediated 
reactions, as is famesyl pyrophosphate (15). The squalene synthase (D) mediated 
formation of squalene (16) is the commitment step in cholesterol (17) synthesis. 
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converted through a number of reactions to isopentenyl pyrophosphate (isoprene unit), at 

which point the pathway may diverge to form isopentenyl adenine (tRNA) or may 

continue towards cholesterol81
. Through a series of reactions isoprene units combine to 

form famcsyl pyrophosphate. Farnesyl pyrophosphate may be converted to squalene via 

squalene synthase or may diverge from the cholesterol pathway to form non-sterol 

products, such as heme A and ubiquinone81
. The reaction mediated by squalene synthase 

is the final commitment step for cholesterol synthesis with all squalene being 

metabolized to cholesterol81
• 

Cholesterol is eliminated from the body through bile acid synthesis (primary 

mechanism) and efflux of free cholesterol into the bile82
'
83

. Cholesterol ?a-hydroxylase 

(cytochrome P450 7Al (CYP7Al)) is the initial and rate-limiting step in bile acid 

synthesis82 and catalyzes the conversion of cholesterol to 7a-hydroxycholesterol84
. 

1.3.2.2 Regulation of biosynthesis 

The principle goal of cholesterol biosynthesis regulation is to maintain the balance 

between exogenous and endogenous sources of cholesterol to prevent over accumulation 

of cellular cholesterol81
. Transcriptional (Figure 1.5), post-transcriptional and post

translational regulatory mechanisms exist to ensure cholesterol homeostasis. Regulation 

of cholesterol homeostasis occurs primarily via transcriptional (liver X receptor (LXR) 

dependent pathways and LXR-independent pathways) and post-translational 

mechanisms (SREBP-2 pathway)83
• Several regulatory pathways are influenced by 

cellular sterol levels, specifically oxysterol (hydroxylated cholesterol) levels83
. 

JA.ctivation of the LXR-dependent pathway, results in LXRa dimerizing with the 

retinoid X receptor (RXR) forming the LXR/RXR heterodimer85
. The LXIVRXR 
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heterodimer regulates bile acid synthesis and sterol efflux from hepatocytes through 

transcriptional regulation ofCYP7Al and ATP-binding cassette (ABC) transporters 

(ABCAl, ABCG5, ABCG8)83
'
86

. High cellular levels of oxysterols result in formation of 

the LXR/RXR heterodimer leading to increased bile acid synthesis through upregulation 

of CYP7 A 1 86
. LXRIRXR mediates increased cho I estero I efflux fron1 hepatocytes and 

peripheral cells, and decreased intestinal cholesterol absorption via upregulation of ABC 

transporters86
'
87

• 

Acetyl-CoA 

r SREBP-2 __ (-_) ~ 

(-) 

Esterfied 
(+) 

Cholesterol 

LXRa 

Circulating 
Cholesterol 

Figure 1.5- Transcriptional regulation of cholesterol biosynthesis. 

(+) 

Regulation of cholesterol biosynthesis also occurs via LXR-independent pathways 

mediated by the transcription factors, sterol regulatory element binding protein-2 

(SREBP-2) and the famesoid X receptor (FXR)18
'
83

. When cellular sterol and oxysterol 

levels are high, SREBP-2 levels decline resulting in inhibition of genes involved in 
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cholesterol biosynthesis, including HMGR, HMG-CoA synthase, squalene synthase and 

the LDL-C receptor (LDLR)88
'
89

. By inhibiting these genes, a decline in de novo 

cholesterol synthesis and cholesterol up-take from plasma occurs. In addition, oxysterol 

levels regulate post-transcriptional modifications required for activation of SREBP-279
• 

SREBP-2 is produced as a membrane-bound protein precursor located in the rough 

endoplasmic reticulum that requires proteolytic cleavage of the amino terminal domain 

to activate target genes90
. The proteolytic cleavage is mediated by an additional 

membrane-bound protein, SREBP cleavage activating protein (SCAP), that contains a 

sterol sensing domain89. Sterol-independent cleavage of SREBP-2 n1ay occur; however, 

the mechanisms involved require further elucidation90
. Activation of the FXR pathway 

occurs when cellular sterol and bile acid levels are high resulting in increased expression 

of FXR 83
. FXR is similar to LXR, in that it induces additional transcription factors, 

which subsequently alter the transcription of downstream targets83
. FXR induces the 

expression of the nuclear receptor small heterodimer partner (SHP), which negatively 

regulates the expression ofCYP7Al, thereby decreasing bile acid synthesis83
. 

High cellular sterol levels lead to a number of predictable alterations in mRNA 

levels and enzyme activity of key genes involved in cholesterol biosynthesis regulation. 

Increased sterol levels result in the increased production of oxysterols and bile acids to 

remove cholesterol from the ce1183
. High cellular oxysterollevels induce the LXR

dependent and independent pathways of transcriptional regulation. This induction results 

in increased cellular mRNA levels ofLXR and SREBP-2. High LXR levels lead to 

increased cellular mRNA levels, protein content and enzyme activity of target genes, 

including CYP7 A 1 (increased bile acid synthesis), and ABCG5 and 08 (increased 

intestinal cholesterol efflux)83
. SREBP-2 induction may result in the induction of 
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HMGR, squalene synthase and the inhibition of LDLR provided that increased levels of 

SREBP-2 correlate with increased protein concentrations. SREBP-2 is additionally 

regulated by post-translational cleavage, the regulation of which is not fully understood. 

1. 3. 3 Cholesterol transport 

1.3.3.1 Extracellular transport 

Cholesterol is lipophilic in nature and within the serum is transported in the form of 

plasma soluble lipoproteins91
• Lipoproteins contain a core of triglycerides and 

cholesterol esters surrounded by a cholesterol and phospholipid layer. This outer layer 

contains a protein component, apolipoproteins, which facilitate reactions involved in 

lipoprotein metabolism and receptor-mediated uptake91
• The composition of the various 

lipoproteins is listed in Table 1. 7. 

Table 1. 7- Composition of human plasma lipoprotein classes91
• 

Composition % 
Lipoprotein class 
Chylomicrons 
VLDL-C 
LDL-C 
HDL-C 

Trigl ycerides 
85 
60 
11 
8 

Cholesterol Phospholipids 
7 6 
16 14 
46 22 
20 22 

Protein 
3 
9 

21 
50 

Transport of cholesterol from peripheral tissues to the liver is required as only the 

liver oxidizes and excretes cholesterol91
. This process, termed reverse cholesterol 

transport (RCT), returns cholesterol to the liver to be redistributed or excreted92
• RCT is 

broken down into four main steps: (1) efflux of cellular free cholesterol, (2) cholesterol 

esterification, (3) transfer, and (4) delivery ofHDL-C to the liver93
. Free cholesterol 

efflux from peripheral cells occurs via ABCA 1 and scavenger receptor class B, type 1 

(SR-B 1) transporters followed by transfer of the cholesterol to apoAI or nascent (newly 

formed) HDL-C93
. Cholesterol is then esterified by lecithin:cholesterol acyltransferase 
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(LCAT) resulting in the formation of mature HDL-C91
•
93

. The conversion of cholesterol 

to cholesterol esters results in the formation of a gradient promoting the efflux of 

cholesterol from peripheral cells93
. Cholesterol esters present in the core of HDL-C 

particles may be transferred to apoB-containing lipoproteins, including VLDL-C and 

LDL-C, in exchange for triglycerides93
. This transfer is mediated by cholesterol ester 

transfer protein (CETP) (rodents lack this protein), which is synthesized in the liver and 

is bound to HDL-C. Increased cholesterol supply results in higher levels of LDL-C 

through increased transfer of cholesterol ester93
. Triglyceride-rich HDL-C is removed 

from circulation by the liver through SR-Bl mediated uptake93
. LDL-C and VLDL-C are 

removed from circulation via LD LR -mediated uptake by both hepatocytes and 

peripheral cells93
• 

1. 3. 3. 2 Intracellular transport 

Cellular cholesterol is derived from two sources; endogenously synthesized 

cholesterol and exogenous sources94
. Intracellular cholesterol transport and disposition 

depends on the cholesterol source; therefore, it varies with tissue type as the amount of 

cholesterol derived from the two sources differs95
. 

Uptake of exogenous sources of cholesterol, typically chylomicrons (specific to 

hepatocytes) or LDL-C, into cells occurs by receptor-mediated endocytosis via the 

LDLR95 or through phagocytosis of extracellular lipid droplets94
. Following endocytosis 

and lysosome formation, acid cholesterol ester hydrolase converts cholesterol esters 

contained within LDL-C to free cholesterol94
. Free cholesterol traverses the lysosomal 

membrane and is incorporated into cellular membranes or stored in lipid droplets94
. 

Cholesterol in lipid droplets is stored as cholesterol esters, which are formed in the 
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cytosol via acyl CoA cholesterol acyltransferase (ACAT)94
. Neutral cholesterol ester 

hydrolase converts these cholesterol esters to free cholesterol as required94
. 

Endogenously synthesized cholesterol is primarily incorporated into the plasn1a 

membrane; however, higher ACAT levels may enhance cholesterol conversion to 

cholesterol esters95
. In addition, hepatocytes require cholesterol for lipoprotein formation 

and bile acid synthesis95
. 

Cellular cholesterol efflux differs between hepatocytes and peripheral tissues. In 

peripheral tissues, cellular cholesterol incorporated into the plasma membrane may be 

removed from the cell and incorporated into HDL-C94
. In hepatocytes, cholesterol is 

packaged within the cell into VLDL-C, which are subsequently secreted into the 

1 94 p asma . 

L4 Flaxseed Lignans as Potential Hypocbolesterolemic Agents 

Although the literature evidence suggests that flaxseed lignans contribute to the 

hypocholesterolemic effect observed with flaxseed consumption, few studies have been 

conducted directly addressing the hypocholesterolemic effects of these compounds. 

Consequently, the molecular mechanisms involved in the hypocholesterolemic effects 

associated with flaxseed have not been investigated. Recently, the sesame lignan, 

sesamin, was shown to suppress SREBP-1 (transcriptional regulation of fatty acid 

metabolism)19
. This study provides precedence for the ability oflignans to interact at the 

level of transcription. An understanding of these mechanisms would contribute to the 

development of a flax-associated health claim or the development of nutraceutica] 

hypocholesterolemic agents. Current hypocholesterolemic therapies are ineffective in 

treating the majority of patients to their target lipid levels; new therapeutic agents with 

novel mechanisms of action may aid patients in reaching their lipid level goals. 
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2. PURPOSE OF PROJECT 

2.1 Hypothesis 

Flaxseed lignans reduce serum cholesterol levels in the diet-induced 

hypercholesterolemic female Wistar rat through alterations in the transcriptional 

regulation of enzymes and proteins involved in cholesterol metabolism. 

2.2 Objectives and Specific Aims 

I. Oral administration of flaxseed lignans to rat models of normo- and 

hypercholesterolemia to assess alterations in serum and hepatic lipid parameters. 

a. Determination of the appropriate rat model to assess the influence of 

flaxseed lignans on cholesterol metabolism. 

b. Assessment of the effects of SDG and SECO on serum lipid parameters, 

and body and liver weights. 

c. Analysis of hepatic lipid accun1ulation through histological analysis of 

parenchyma! fat accumulation in hypercholesterolemic model rats treated 

vvith SDG and SECO. 

d. Correlation analysis of serum lipid, histological and weight parameters 

for rats treated with SDG and SECO. 

II. Analysis of hepatic mRNA levels of molecular targets involved in cholesterol 

metabolism. 

a. Optimize real-time RT-PCR methods to quantitate hepatic mRNA levels 

of selected molecular targets. 
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b. Assess changes in mRNA levels of hypercholesterolemic model rats 

treated with SDG and SECO relative to mR.t"l\JA levels in 

hypercholesterolemic model control groups. 

c. Correlation analysis of serum lipid parameters and n1RNA levels for 

hypercholesterolemic model rats treated with SDG and SECO. 
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3. MATERIALS AND METHODS 

3.1 Pilot Study 

3.1.1 Animals 

Female Wistar (N=6) (100-150g), and female (N=6) (100-150g) and male (N=4) 

(200-225g) Sprague-Dawley rats were obtained from Charles River Canada (St. 

Constant, Quebec) at approximately 6 \Veeks of age. Male Wistar rats (N=6) (200-225g) 

were obtained from the Animal Resources Centre (University of Saskatchewan, 

Saskatoon, SK) at approximately 8 weeks of age. Rats were housed in groups of two 

(male Sprague-Dawley) or three (Wistar and female Sprague-Dawley) with controlled 

temperature (22° ± 2°C), and were maintained on a 12 hour light:dark cycle (0700 to 

1900 hours). All rats were fed a standard diet supplemented with 1% cholesterol (#5705-

J, Test Diet, Purina Mills, Richmond, IN) and provided water ad libitum. The 

experin1ental protocol was approved by UCACS (University of Saskatchewan, 

Saskatoon, SK) in accordance with CCAC guidelines. 

3. 1. 2 Study design 

Rats were acclimatized to animal handling procedures, oral gavage and the 1% 

cholesterol diet for a period of one week. Following this period, rats were randomly 

assigned to either control or SDG (8.8 J-Lmol/kg body weight) treatment groups. SDG 

(>99% pure) was a kind gift from Agriculture and AgriFood Canada (A. Muir and N. 

Wescott). Treatment rats were weighed daily and controls were weighed weekly 

throughout the study. SDG or vehicle (0.9% sodium chloride USP) was administered by 
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daily oral gavage (final volume of0.2mL) for 8 weeks. Male Wistar rats received SDG 

or vehicle for only 4 weeks. Rats were weighed at the same time each day (lpm), and 

SDG or vehicle was administered within the same one-hour time period (3-4pm). Fasted 

blood samples (12h) were collected at 0 (pre-dose baseline) and 4 weeks (or 2 weeks for 

the male Wistar rats) by saphenous venepuncture (under isot1urane anaesthesia) into 

sterilized 1.5mL centrifuge tubes containing no anticoagulant. After 8 weeks (or 4 weeks 

for the male Wistar rats), blood was collected by cardiac puncture under isoflurane 

anesthesia for serum lipid analysis (Section 3 .3). All blood samples were collected 

between 9:30 and 1 0:30am. Rats were euthanized by an overdose of isoflurane 

anesthesia and decapitation by guillotine. The liver was rapidly'excised, weighed and 

·sectioned for total RNA analysis and microsomal preparation. Liver samples for total 

RNA analysis were stored in RNAlater™ (Ambion Inc., TX) solution at -20°C until 

RNA extraction. The remaining samples were frozen in liquid nitrogen and stored at-

80°C. 

3. 1. 3 Statistical analysis 

Statistical analysis was carried out using GraphPad Prism 3.0 (GraphPad Software, 

San Diego, CA). All results are expressed as mean± SEM except for male Sprague

Dawley, since N=2 cannot have SEI\.1. Differences between mean values for control and 

treatment groups of each strain and sex were tested using an unpaired two-tailed 

Student's t-test. Differences with a p-value less than 0.05 were considered significant. 
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3.2 Dose-Response Effects of Secoisolariciresinol Diglucoside (SDG) and 

Secoisolariciresinol (SECO) on Serum Lipid Parameters and Molecular Targets of 

Cholesterol Metabolism 

3.2.1 Animals 

Female Wistar rats (N=36 per lignan) were obtained from Charles River Canada (St. 

Constant, Quebec) at approximately eight weeks (17 5 to 200g) and six weeks ( 100 to 

1 50g) of age for SDG and SECO, respectively. Animals were housed in groups of three 

with controlled temperature (22°C ± 2°C), and were maintained on a 12 hour light:dark 

cycle (0700 to 1900 hours). The experimental protocol was approved by UCACS 

(University of Saskatche\van, Saskatoon, SK). 

3.2.2 Study design 

Rats \Vere randomly assigned to either standard rodent diet (#500 1, Purina Mills, 

BrentwC?od, MO) (normocholesterolemic rats) or a 1% cholesterol diet 

(hypercholesterolemic rats), .18 rats per diet, and were acclimatized to the diet, handling 

and oral gavage procedures for one week. Animals consumed food and water ad libitum. 

Following the acclimatization period, groups of six rats on the same diet (36 rats per 

lignan, 18 rats per diet) were randomly assigned to one of three treatment groups (0, 4.4 

or 8.8 ~tmol/kg body weight). All rats were weighed daily, and lignan (SDG or SECO) 

or vehicle (0.9% sodium chloride USP for SDG; 50:50 0.9o/o sodium 

chloride:polyethylene glycol 400 for SECO) was administered daily by oral gavage 

(tinal volume of0.2mL). SECO (>99% pure) was a kind gift from Agriculture and 

AgriFood Canada (A. Muir and N. \Vestcott). Rats were weighed at the same time each 

day (1 pm), and the daily lignan doses were administered within the same two-hour time 
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period (3-5pm). No evidence was found in the literature to indicate a possible reaction 

between PEG 400 and the measJlrement of serutn lipid parameters. Fasted blood samples 

(12h) were collected under isoflurane anesthesia at 0 (pre-dose baseline) and 2 weeks via 

saphenous venepuncture, and via cardiac puncture at 4 weeks into sterilized 1.5mL 

centrifuge tubes containing no anticoagulant for serum lipid analysis. All blood samples 

were collected within a one hour time period beginning at 9:30am for SDG and 8:30am 

for SECO. At 4 weeks, rats were euthanized by an overdose ofisoflurane anesthesia and 

exsanguination. Livers were rapidly excised and sectioned for total RNA analysis, 

microsomal preparation, histological analysis and lipid analysis. Samples for total R.l\JA 

analysis were stored in RNAlater™ solution at -20°C. Segments of liver were snap 

frozen in liquid nitrogen for microsomal preparation and hepatic lipid analysis and fixed 

in 1 Oo/o formalin solution for routine histology. Histological samples were stored at room 

temperature. The remaining samples were flash frozen in liquid nitrogen and stored at -

80°C. 

3.2.3 Statistical analysis 

Statistical analysis was carried out using Graph Pad Prism 3.0. All results are 

expressed as mean ± SEM. Comparisons between treatment groups for each diet were 

made using one-way analysis of variance (ANOVA) with a Tukey's post test. An effect 

was considered statistically significant when the p-value was less than 0.05. 

Comparisons between lignan administered (column factor) and treatment group (row 

factor) after 4 weeks oflignan administration were made using two-way ANOVA with a 

Bonferroni post-test. An effect was considered statistically significant when the p-value 

was less than 0.05. 
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3.3 Serum Lipid Analysis 

Blood samples were allowed to clot for 60 minutes and serum was separated by 

centrifugation (3,000 rpm, 5 minutes, rotor TH-4) using a Beckman Model TJ-6 

centrifuge and transferred to sterilized 0.6mL centrifuge tubes. Serum total cholesterol, 

triglycerides and high-density lipoprotein cholesterol (HDL-C) were determined by 

colorimetric analysis with commercial kits (Stanbio Laboratory, Boerne,TX) 

immediately fo!low·ing serum collection. Serum samples were analyzed immediately to 

avoid inaccurate tneasurements as a result of freezing the samples. Total cholesterol was 

determined by the method of AJlain et al.96
. Briefly, 1 OJ..!L of serum or cholesterol 

standard (200 mg/dL) was added to 1mL of cholesterol reagent (Stanbio No. 1010) and 

vortexed immediately. Standards and samples were allowed to incubate for 10 minutes 

at room temperature. Absorbance \Vas measured at 500 nm (UV Nis Spectrophotometer 

#8453E, Agilent Technologies, Palo Alto, CA) using cholesterol reagent as a blank. 

Serun1 triglycerides \Vere measured as described above using triglyceride reagent 

(Stanbio No. 2150) and standards in place of cholesterol reagents. Absorbance 

measurements for total cholesterol and triglycerides were corrected (for hemolysis) with 

the absorbance of a serum blank prepared using 1mL of physiological saline and lO~tL 

of serum. Senrrn blanks were prepared for each serum sample. Total cholesterol or 

triglycerides Viere calculated using Equation 3.1 (per manufacturer's protocol). 

. . Unknown - Serum blank 
Total cholesterol or tnglycendes = Abs Abs x 200 [3.1] 

Standard Abs 

HDL-·C was determined by precipitating non-HDL-C using the magnesium 

chloride/dextran sulfate method97
. Briefly, lO~L of precipitating reagent (Stanbio No. 

0599) was added to 1 OO~L of serum. Samples were vortexed and then allowed to stand 
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for 5 minutes. Samples were centrifuged (15,000 rpn1, 2 minutes) using a Micromax 

Thermo IEC centrifuge to separate non-HDL-C. Serum or HDL-C standard (25 J...LL) was 

then added to 1 mL cholesterol reagent and incubated at room temperature for 10 

minutes. Absorbance was measured at 500 run using cholesterol reagent as a blank. 

HDL-C levels were calculated using Equation 3.2. 

HDL-C = Unknown Abs x 55 
Standard Abs 

Low-density lipoprotein cholesterol (LDL-C) levels were determined using the 

Friedewald n1ethod98
•
99 by subtracting HDL-C and VLDL-C (TG/5) from total 

cholesterol (Equation 3.3). 

LDL-C = TC - HDL-C - (TG/5) 

3.4 Histological Analysis 

[3.2] 

[3.3] 

Segments of liver from rats fed a 1% cholesterol diet treated with SDG and SECO 

vvere fixed in 10% formalin solution (Sigma) immediately following sacrifice. Formalin 

fixed liver samples were embedded in paraffin, sectioned at 5 J...Lm, stained with 

hematoxylin-eosin and examined by light microscopy. Determination of the extent of 

hepatic lipidosis ·was performed on oil red 0 stained frozen tissues sections using image 

analysis software (Northern Eclipse v.6.0, Empix Imaging, Mississauga, ON, Canada). 

From each liver sample, four digital images (each representing 3.69 mm2 of hepatic 

section) were captured by a camera (DVC-131 OC, Digital Video Camera Company, 

Austin, TX, USA) using light microscope (Olympus BH-2, Olympus Optical Co., Ltd., 

Japan) with 6.3X objective lens (Plan 6.3/0.16, Carl Zeiss, Germany). The area of empty 

spaces representing empty sinusoids and vessels as well as artifactual tissue separation 

was selected, determined and subtracted from the total area of the digital image to obtain 
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the total area of hepatic parenchyma (hepatocytes and supportive stroma). The total area 

of oil red 0 staining was selected and determined to calculate percentage of hepatic 

parenchyma accumulating oil red 0 stained fat. Average percentage of hepatic 

parenchyma affected by hepatic lipidosis was derived from four digital images for each 

rat. All hepatic tissues sections were coded and analyzed blindly by an ACVP 

(American College of Veterinary Pathologists) board certified pathologist without 

knowledge of treatment groups and diets. 

3. 4.1 Statistical analysis 

Statistical analysis was caiTied out using Graph Pad Prism 3 .00. All results are 

expressed as median ± SEM. Comparisons between treatment groups for SDG treated 

rats were made using a Kruskal-Wallis test (non-parametric one-way ANOV A) with a 

Dunn's Multiple Comparison post-test. Non-parametric analysis was employed due to a 

bimodal distribution in rats treated with 8.8 ~mol/kg SDG; parametric tests are only 

applicable if the data follows a normal distribution. Comparisons between treatment 

groups for SECO treated rats were made using one-way ANOVA with a Tukey's post

test. An effect was considered statistically significant when the p-value was less than 

0.05. Comparisons between lignan administered (column factor) and treatment group 

(row factor) after 4 weeks of lignan administration were made using two-way ANOV A 

with a Bonferroni post-test. An effect was considered statistically significant when the p

value \Vas less than 0.05. 
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3.5 Analysis of Molecular Targets 

3. 5.1 RNA isolation 

RNeasy Midi RNA isolation kits (Qiagen Inc., Mississauga, ON) were used to 

isolate total cellular RNA following the manufacturer's protocol. Liver tissue (250mg) 

was homogenized in buffer RL T and centrifuged ( 4500 x g) to remove cellular debris. 

Following centrifugation the lipid layer was removed, and the supernatant transferred to 

a clean 15mL polypropylene tube and one volume of 70% ethanol was added. The 

sample was mixed vigorously and then applied to the Midi column. The column was 

washed with a series of buffers following the manufacturer's protocol. Total cellular 

RNA was eluted from the Midi column with 500)-lL RNase-free water. Total RNA was 

quantified by measuring absorbance at 260nm with a UV Nis spectrophotometer 

(#8453£, Agilent Technologies, Palo Alto, CA) (Equation 3.4). RNA purity was 

assessed by preparing 1:100 dilutions (RNA: 1 OmM TrisCl pH 7 .5) and measuring the 

ratio of absorbance at 260 and 280nm. 

[RNA]= 40 ,Uglml x A260 x Dilution factor 

3.5.2 Real-time RT-PCR 

[3.4] 

Gene sequences used for primer design were obtained from NCBI Genebank 

(www.ncpi.nih.gov). Primer sequences (Table 3.1) were designed using Primer3 software 

(www.broad.mit.edu/cgi-b1n/primer/primer3) to determine the expression levels of a battery 

of genes involved in cholesterol metabolisn1. Quantitative real-time RT-PCR analysis 

was carried out using QuantiTect SYBR Green RT-PCR Kit (Qiagen Inc, Mississauga, 

ON). Primers were used at a final concentration of 1 ).lM with a total reaction volume of 

25 ).lL. Real-time RT-PCR data was collected using a SmartCycler® (Cepheid, 
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Sunnyvale, CA), and the general protocol listed in Table 3.2. The reactions were 

quantified following determination of the threshold cycle (CT), the amplification cycle 

when PCR products are first detected above baseline fluorescence. Fluorescence was 

measured after the elongation period. Annealing temperatures were varied during the 

optimization process and the annealing temperature that resulted in the highest primer 

efficiency (E) (Equation 3.5) was selected. These optimization experiments also were 

-1 
Slope (cT) = -

logE 
[3.5] 

performed to ensure that the efficiency of the target and the internal control gene (B-

actin) \vas approximately equal and slopes fell \Vithin a range of -2.7 to -3.6. The slope 

was measured from a three-point calibration curve using serial dilutions of control RNA 

(control female Wistar rat from the pilot study) with final total RNA concentrations of 

SOng, 5ng and 0.5ng. Product size was verified using polyacrylamide gel electrophoresis 

and correlated to product melt peak. Hepatic RNA from SDG and SECO samples was 

analyzed 'With a final total RNA amount of 30ng per 25J-LL reaction, except for ApoE, 

vvhich was analyzed with a final total RNA amount of 15ng. Fold changes in mRNA 

expression for all genes were calculated using the comparative CT method with 

Equations 3.6 and 3. 7, with mRNA expression normalized to total RNA content and ~-

actin expression100
'
101

. ~CT represents mRNA expression normalized to ~-actin 

expression \Vhen calculating fold changes in mRNA expression. Percentage reductions 

in molecular targets were calculated using the standard curve generated for each gene to 

converte CT values into arbitrary units. 

Fold Change = 2 LlCy [3.6] 
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~CT = CT(treated) - CT(control) [3.7] 

Table 3.1- Primer sequences and amplicon sizes for real-time RT-PCR analysis. 

Gene Sequence ID Left Primer Right Primer Amplicon 

ACAT2 
A poE 
B-actin 
CYP7A1 
HMGR 
LDLR 
PPAR-y 
SREBP-2 

AB075946 
NM 138828 
NM 031144 
Ntv1 012942 
X55286 
X13722 
AB011365 
XM 216989 

(Sense) (Anitsense) Size (bp) 
caggacacccagcatcagg aggatggacagcagcagagc 162 
cgcggtgtgagtgctatcc acctcctctaggaggtctcg 179 
agcgtggctacagcttcacc tgccacaggattccataccc 23 7 
gggcatctcaagcaaacacc . gcactggaaagcctcagagc 226 
ggatgcagcacagaatgtgg acgccccttgaacacctagc 182 
cccactcacccaagttcacc agctgagggatcctccttgc 176 
tggggatgtctcacaatgcca ttcctgtcaagatcgccctcg 200 
cgcaaccagctttcaagtcc Agcgactgtctgcactgtgg 175 

Table 3.2- General real-time RT-PCR protocol for the 
SmartCycler for analysis of molecular targets. 

~ Time Temperature (°C) 
Reverse Transcription 30 min 50 
PCR Initial activation step 15 min 95 

Denaturation 15 sec 94 
Annealing 30 sec Varied 
Extension 30 sec 72 

3. 5. 3 Statistical analysis 

Statistical analysis was carried out using Graph Pad Prism 3.0. All results are 

expressed as mean ± SEM. Comparisons between treatment groups for each lignan were 

tnade using one-way ANOVA with a Tukey's post test. An effect was considered 

statistically significant when the p-value was less than 0.05. 

3.6 Correlation Analysis 

Correlation analysis was carried out using GraphPad Prism 3.0. Cotnparisons were 

made between lipid, weight, and histological parameters using a two-tailed p-value to 

assess the co-variation between parameters. In addition, comparisons were made 

between mRNA expression levels and lipid, liver weight (absolute and normalized) and 

histological parameters using a two-tailed p-value to assess for correlation between the 
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parameters. Correlations were considered statistically significant when the p-value was 

less than 0.05. 
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4. RESULTS 

4.1 Pilot Study 

4.1.1 Body and liver weights 

Tables 4.1, 4.2, 4.3 and 4.4 list body and liver weights in Wistar and Sprague-

Dawley rats after four and eight weeks. After eight weeks of SDG dosing, rats within a 

strain had similar mean body weights (BW) and absolute weight gain when compared to 

1% cholesterol diet control rats of the same sex. Interestingly, female Wistar rats treated 

with SDG (8.8 J..Lmol/kg body weight) exhibited significantly lower weight gain after 

four weeks (p-value = 0.0387, data not shown). The lack of statistical significance at 

eight weeks tnay be a result of the stnall sample size. Significant differences were not 

observed with respect to liver weight (absolute or normalized to body weight) for any of 

the strains assessed. Liver weight was normalized to body weight at the time of liver 

weight measurement. 

Table 4.1- Mean(± SEI\1) body and liver vveights for male and female \Vistar rats fed 
a 1 ~lo cholesterol diet treated with either 0 or 8.8 J..imol SDG/kg body weight (N=3) for 
four weeks. 

------------
Female Male 

Parameter Control SDG Control SDG 

Final body weight (g) 249 ± 25.79 215 ± 5.69 490 ± 15.90 501 ± 8.50 

Absolute weight gain (g) 95.7 ± 13.65 70.7 ± 5.03 130 ± 12.70 125 ± 1.00 
Liverweight(g) 18.1 ± 1.03 17.5 ± 0.17 
Liver weight/BW (g/kg) 36.8 ± 1.03 35.0 ± 0.88 
~---~~--~~-~-------------------------------------

P<0.05 
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Table 4.2- Mean(± SEM) body weights for male and female Sprague-Dawley rats fed 
a 1% cholesterol diet treated with either 0 or 8.8 J.lmol SDG/kg body weight (N=3, 
female; N=2, male) for four. weeks. 

Parameter 
Final body weight (g) 
Absolute weight gain (g) 

P<0.05 

Female 
Control SDG 

232 ± 28.35 253 ± 16.29 
66.7 ± 20.60 72.7 ± 13.43 

Control 
380 
148 

Male 
SDG 
388 
144 

Table 4.3- Mean(± SEM) body and liver weights for female Wistar rats fed a 1% 
cholesterol diet treated with either 0 or 8.8 J..tmol SDG/kg body weight (N=3) for eight 
weeks. 

Pararneter 

Final body weight (g) 

Absolute weight gain (g) 
Liver weight (g) 
Liver weight/BW (g/kg) 

P<0.05 

Female 
Control SDG 

285 ± 22.70 

132 ± 16.00 
10.4 ± 1.07 
36.4 ± 1.53 

249 ± 5.50 

105 ± 5.00 
8.20 ± 0.35 
32.9 ± 1.56 

Table 4.4- Mean(± SEM) body and liver weights for male and female Sprague-Dawley 
rats fed a 1 o/o cholesterol diet treated with either 0 or 8.8 J.liDOl SDG/kg body weight 
(N=3, female; N=2, male) for eight weeks. 

Parameter 
Final body weight (g) 
Absolute weight gain (g) 
Liver weight (g) 
Liver weight/BW (g/kg) 

P<0.05 

4.1.2 Serum lipid analysis 

Female 
Control 

291 ± 13.90 
125 ± 9.52 
9.33 ± 0.81 
32.0 ± 1.31 

SDG 
291 ± 17.40 
111±16.10 
9.77 ± 1.12 
33.3 ± 1.76 

Control 
470 
238 
16.5 
35.0 

Male 
SDG 
482 
240 
17.3 
35.8 

-------

Serum lipid levels after the one-week dietary acclimatization period were not 

significantly different between control and treatment groups for all strains. Sen1m from 

female Wistar rats and one of the female Sprague-Dawley rats gave negative LDL-C 

values likely due to hemolysis or sample storage artifacts. 

After four weeks, female \Vistar and Sprague-Dawley 1% cholesterol diet control 

rats exhibited markedly increased serum total cholesterol, LDL-C levels and the LDL-

C/HDL-C ratio compared to normal rat cholesterol levels. Total cholesterol levels were 
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induced above the normal range of25 to 70 mg/dL indicating that a 1% cholesterol diet 

is sufficient to induce hypercholesterolemia. In contrast to this, serum total cholesterol 

levels for male Sprague-Dawley (SD) and Wistar rats remained within the normal range. 

Male SD and Wistar rats also exhibited significantly lower LDL-C levels than the 

female rats, indicating that a 1% cholesterol diet was unable to induce 

hypercholesterolemia. Figure 4.1 presents the changes in serumlipid levels after four 

weeks following the initiation of dosing. Only female Wistar rats treated with SDG (8.8 

J..tmol/kg BW) demonstrated distinct, but not significant, reductions in serum total 

cholesterol (48%), triglycerides (36%), LDL-C (61 %) and the LDL-C/HDL-C ratio 

(56%) when compared to control rats. SDG also caused a slight reduction in HDL-C 

(8%). The small sample size (N=3) of this pilot study likely contributed to the lack of 

statistical significance. Male Wistar rats exhibited slight, but non-significant, reductions 

in total cholesterol, LDL-C and the LDL-C/HDL-C ratio. Interestingly, male SD rats 

exhibited significantly lower LDL-C (23o/o reduction) levels as well as a significant 

reduction (34o/o) in the LDL-C/HDL-C ratio, although only two rats were studied. These 

results may suggest SDG improves the serum lipid profi]e in male SD rats. However, 

male SD rats also exhibited a significant increase (33%) in serum triglyceride levels. 

Female Sprague-Dawley rats demonstrated increased serum total cholesterol, LDL-C 

and triglycerides, as well as a distinct reduction in I-IDL-C. 
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Figure 4.1- Serum lipid analysis after 4 weeks of a parallel SDG dosing pilot study. 
Female and male Wistar (N=3), female (N=3) and male (N=2) Sprague-Dawley (FSD 
and MSD, respectively) rats randomly assigned to either 0 (control) or 8.8 J..Lmol SDG/ 
kg body weight. Results are expressed as mean± SEM. *P<0.05. 
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Figure 4.2- Serum lipid analysis after 8 weeks of a parallel SDG dosing pilot study. 
Female Wistar (N=3), female (N=3) and male (N=2) Sprague-Dawley rats randomly 
assigned to 0 (control) or 8.8 (treatment) !-!mol SDG/ kg body weight. Results are 
expressed as mean± SEM. *p<Q.05 
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Serum lipid profiles after eight weeks (Figure 4.2) for female Wistar and Sprague

Dawley rats were not statistically different from those observed at four weeks. 

Interestingly, the lipid profile of female Sprague-Dawley rats treated with SDG 

improved from four-week values, \Vith slight reductions in TC and LDL-C. The 

reductions observed in the female Wistar rats treated with SDG at eight weeks were 

slightly less than those observed after four weeks. Female Wistar rats demonstrated 

decreases in serum total cholesterol, triglycerides, LDL-C and the LDL-C/HDL-C ratio 

of 42, 35, 54 and 51%, respectively. In contrast to the female Wistar and Sprague

Dawley rats, the lipid profiles of the male Sprague-Dawley rats declined with increases 

in TC, LDL-C and the LDL-C/HDL-C ratio. Based on the serum lipid results of the pilot 

study, female Wistar rats were selected for use in all subsequent studies. 

4.2 In Vivo Administration of Secoisolariciresinol Diglucoside (SDG) 

4.2.1 Body and liver weights 

The differences in body and liver weights after four weeks of SDG administration to 

normo- and hypercholesterolemic rats are listed in Tables 4.5 and 4.6, respectively. 

Nom1ocholesterolemic rats treated with 4.4 and 8.8 ~unol/kg SDG demonstrated a dose

response trend towards reductions in all weight parameters, with a significant reduction 

in final body weight in rats treated with 8.8 J.tmol/kg SDG. 

Hypercholesterolemic model rats treated with 4.4 and 8.8 Jlmol/kg SDG 

demonstrated a dose-response trend towards a reduction in final body weight and liver 

weight (absolute and normalized to body weight). Significant differences were not 

observed for any of the weight parameters in hypercholesterolemic rats; however, a 

significant difference in rate of weight gain was observed in both treatment groups when 
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compared to control. Differences in body condition between control and SDG-treated 

diet-induced hypercholesterolemic rats were observed, with a greater degree of 

mesenteric fat accumulation apparent in control rats (data not shown). Upon 

examination of gross liver morphology, differences in liver colour were apparent in the 

diet-induced hypercholesterolemic rats. A diffuse yellowing of the liver in control rats 

was observed, suggesting fat accumulation, which may account for the increased liver 

weights. Histological analysis was performed to assess the degree of fat accumulation in 

hypercholesterolemic rats in comparison to normocholesterolemic rats (Section 4.2.3). 

Table 4.5 -Body and liver weights for female Wistar rats (N=6) fed standard rodent 
diet. Rats \Vere treated with 0, 4.4 or 8.8 ~mol SDG/kg body weight for a period of four 
weeks. Results are expressed as mean± SEM. 

Parameter 0 ~mol/kg 4.4 gmol/kg 8.8 J.tmol/kg 
Final body weight (g) 250 ± 5.00 24 7 ± 7.90 228 ± 1.80a 
Absolute weight gain (g) 47.5 ± 4.40 47.5 ± 4.00 36.0 ± 3.80 
Rate of weight gain (g/d) 1.76 ± 0.03 1.43 ± 0.01a 1.28 ± 0.03a,b 
Liver weight (g) 7.38 ± 0.43 7.17 ± 0.42 6.47 ± 0.34 
Liver weight/BW (g/kg) 29.4 ± 1.36 29.0 ± 1.20 28.3 ± 1.51 

aP<0.05, control vs. SDG groups. bP<0.05, 4.4 vs. 8.8 J.tmol SDG/kg body weight. 

Table 4.6- Body and liver weights for female \Vistar rats (N=6) fed a 1% cholesterol 
diet. Rats were treated with 0, 4.4 or 8.8 jltnol SDG/kg body weight for a period of four 
weeks. Results are expressed as mean ± SEM. 

---------------------------------------
Parameter 0 jlmol/kg 4.4 J.tmol/kg 8.8 J.tmol/kg 
Final body weight (g) 269 ± 4.91 260 ± 4.45 257 ± 3.74 
Absolute weight gain (g) 59.0 ± 6.70 55.5 ± 5.10 57.2 ± 0.60 
Rate of weight gain (g/d) 2.06 ± 0.08 1.96 ± 0.03a 1.95 ± 0.04a 
Liver weight (g) 9.25 ± 0.35 8.3 7 ± 0.16 8.15 ± 0.44 
Liver weight/ BW (g/kg) 34.2 ± 1.61 32.3 ± 0.88 31.6 ± 1.37 

-aP<0.05, control vs. SDG groups. bP<0.05, 4.4 vs. 8.8 J.tmol SDG/kg body weight. 

4. 2. 2 Serum lipid analysis 

Serum lipid parameters after four weeks of SDG administration to norma- and 

hypercholesterolemic rats are presented in Figures 4.3 and 4.4, respectively. No trends 

were observed in normocholesterolemic rats treated with SDG; lipid parameters 
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Figure 4.3- Serum lipid analysis of female Wistar rats (N=6) fed a standard rodent diet. 
Rats were randomly assigned to 0, 4.4 or 8.8 J..lmol SDG/kg body weight dose groups 
and lipid levels were assessed at baseline and after four weeks. Results are expressed as 
mean± SEM. 
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Figure 4.4 - Serum lipid analysis of female Wistar rats (N=6) fed a 1% cholesterol 
rodent diet. Rats were randomly assigned to 0, 4.4 or 8.8 J..tmol SDG/kg body weight 
dose groups and lipid levels were assessed at baseline and after four weeks. Results are 
expressed as mean ± SEM. 
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measured at f~ur weeks were similar to those obtained at baseline, except for the 

TC/LDL-C ration. Dose-response trends towards reductions were. observed in TC, LDL

C and the TC/LDL-C ratio in hypercholesterolemic rats treated with SDG. 

Hypercholesterolemic rats treated with 4.4 ~mol/kg SDG (Figure 4.4) demonstrated 

distinct, but not statistically significant, reductions in total cholesterol (8o/o) and LDL-C 

(11 o/o) and a slight increase in the TC/LDL-C ratio (3%) when compared to rats given 0 

~mol/kg. Similarly, hypercholesterolemic rats treated with 8.8 ~mol/kg SDG 

demonstrated decreases in TC (27o/o), LDL-C (39%) and increased TC/LDL-C ratio 

(29%) when compared to hypercholesterolemic control rats. No trends were observed 

with the TC/HDL-C and LDL-C/HDL-C ratios, which may be a result of the slight 

decreases in HDL-C that were observed in both treatment groups. 

4. 2. 3 Histological analysis 

Hepatic fat accumulation after four weeks of SDG administration to 

hypercholesterolemic rats is presented in Figure 4.5. Fat accumulation in the 

parenchyma was assessed in hypercholesterolemic rats alone based on liver yellowing in 

these rats after examination of the gross liver morphology. Distinct, but not significant, 

reductions in percentage fat accumulation in the parenchyma of rats treated with 4.4 and 

8.8 ~mol/kg SDG were observed. However, a dose-response effect was not observed 

with the lowest percentage of fat accumulation observed in rats treated with 4.4 1--lmol/kg 

SDG. 
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Figure 4.5 - Percentage fat accumulation in hepatic parenchyma of female Wistar rats 
(N=6) fed a 1% cholesterol diet. Rats were randomly assigned to 0, 4.4 or 8.8 J.Lmol 
SDG/kg body weight dose groups and fat accumulation was measured by digital analysis 
of stained liver section after four weeks. Results are expressed as n1ean ± SEM. 

4. 2. 4 Correlation analysis 

The results of correlation analysis comparing lipid, \Veight and histological 

parameters after four weeks of SDG administration to normo- and hypercholesterolemic 

rats are presented in Tables 4.7, 4.8 and 4.9. No significant correlations were observed 

in hypercholesterolemic rats treated with SDG. Normocholesterolemic rats treated with 

SDG demonstrated a significant positive correlation between TC and liver weight (r = 

0.6347, r = 0.6179) (absolute and normalized to body weight, respectively). Significant 

positive correlations were observed between TC and absolute and normalized liver 

weight (r = 0.4208 and r = 0.4628, respectively) and LDL-C and absolute and 

normalized liver weight (r = 0.3688 and r = 0.3656, respectively) when results obtained 

for nonno- and hypercholesterolemic model rats were combined. 
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Tab I~ 4. 7 - Correlation analysis comparing serum lipid and weight 
parameters for female Wistar rats (N=6) fed a standard rodent diet. Rats were 
treated with 0, 4.4 or 8.8 jlmol SDG/kg body weight for a period of four 
weeks. Two-tailed P-values were calculated with a P-value less than 0.05 
considered significant. 

Parameters Analyzed 
TC and body weight 
TC and liver weight 
TC and normalized liver weight 
LDL-C and body weight 
LD L-C and liver weight 
LDL-C and normalized liver weight 
LDL-C/HDL-C and body weight 
LDL-C/HDL-C and liver weight 
LDL-C/HDL-C and normalized liver weight 
P<0.05 

Pearson r 
0.27 
0.63 
0.62 
0.05 
0.05 
-0.01 
-0.17 
-0.50 
-0.36 

P.:.value 
0.29 
0.01 * 
0.01 * 
0.84 
0.84 
0.97 
0.51 
0.16 
0.14 

Table 4.8- Correlation analysis comparing serum lipid and weight parameters for 
female Wistar rats (N=6) fed a 1 o/o cholesterol rodent diet. Rats were treated with 
0, 4.4 or 8.8 11mol SDG/kg body weight for a period of four weeks. Two-tailed P
values were calculated with a P-value less than 0.05 considered significant. 

Parameters Analyzed Pearson r P-value 
TC and body weight -0.01 0.97 
TC and liver weight 0.16 0.52 
TC and normalized liver weight 0.25 0.32 
TC and% fat accumulation 0.02 0.95 
LDL-C and body weight -0.06 0.82 
LDL-C and liver weight 0.06 0.81 
LDL-C and normalized liver \Veight 0.14 0.59 
LDL-C and% fat accumulation 0.27 0.28 
LDL-C/HDL-C and body weight -0.07 0. 77 
LDL-C/HDL-C and liver w·eight -0.03 0.91 
LDL-C/HDL-C and normalized liver weight 0.02 0.94 
LDL-C/HDL-C and% fat accumulation 0.36 0.14 
Body weight and % fat accumulation 0.08 0. 76 
Liver weight and % fat accumulation -0.21 0.40 
Normalized liver weight and % fat accumulation -0.36 0.14 
P<0.05 
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Table 4.9 - Correlation analysis comparing serun1 lipid and weight parameters for 
female Wistar rats (N=6) fed standard and 1% cholesterol rodent diets. Rats were 
treated with 0, 4.4 or 8.8 f • .unol SDG/kg body weight for a period of four weeks. 
Two-tailed P-values were calculated with a P-value less than 0.05 considered 
significant. 

Parameters Analyzed 
TC and body weight 
TC and liver weight 
TC and normalized liver weight 
LDL-C and body weight 
LDL-C and liver weight 
LDL-C and normalized liver weight 
LDL-C/HDL-C and body weight 
LDL-C/HDL-C and liver weight 
LDL-C/HDL-C and normalized liver weight 
P<0.05 

Pearson r 
0.24 
0.42 
0.46 
0.27 
0.37 
0.36 
0.25 
0.30 
0.28 

4.3 In Vivo Adntinistration of Secoisolariciresinol (SECO) 

4.3.1 Body and liver weights 

P-value 
0.16 
0.01 * 
0.01 * 
0.11 
0.03* 
0.03* 
0.14 
0.08 
0.09 

The differences in body and liver weight after four weeks of SECO administration to 

notmocholesterolemic and hypercholesterolemic rats are listed in Tables 4.10 and 4.11, 

respectively. No significant differences were observed in body and liver weight 

parameters for normocholesterolemic rats treated with SECO. A significant reduction in 

rate of weight gain was observed in rats treated with 4.4 ~mol/kg SECO; however, a 

dose-response trend was not observed. In hypercholesterolemic rats treated with SECO a 

dose-response trend towards reduction was observed in final body weight, absolute 

weight gain and absolute liver weight. Significant reductions in rate of weight gain were 

observed in both treatments groups when compared to control, but a dose-response trend 

was not observed. A significant reduction in absolute liver weight was observed in 

hypercholesterolemic rats treated with 8.8 ~mol/kg SECO. Examination of gross 

morphology yielded similar observations to those for hypercholesterolemic rats treated 

with SDG. Diffuse yellowing of the liver and a greater degree of mesenteric fat 
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accumulation was observed in hypercholesteroletnic rats in comparison to 

normocholesterolemic control rats (data not sho\\n). Histological analysis of fat 

infiltration in the livers of hypercholesterolemic rats may explain the differences in liver 

\Veight that were observed. 

Table 4.10- Body and liver weights for female Wistar rats (N=6) fed a standard rodent 
diet. Rats were treated with 0, 4.4 or 8.8 J.lmol SECO/kg body weight for a period of 
four weeks. Results are expressed as mean ± SEM. 

Parameter q J.lmol/kg 4.4 J.lmol/kg 8.8 J.lmol/kg 
Final body weight (g) 257 ± 10.40 263 ± 5.90 251 ± 6.80 
Absolute weight gain (g) 87.3 ± 5.10 88.2 ± 5.20 91.8 ± 6.10 
Rate of weight gain (g/d) 3.25 ± 0.07 3.04 ± 0.046a 3.29 ± 0.06a,b 
Liver weight (g) 8.43 ± 0.61 · 8.60 ± 0.49 8.45 ± 0.23 
Liver weight/BW (g/kg) 32.7 ± 1.26 32.6 ± 1.52 33.8 ± 1.43 

aP<0.05, control vs. SECO groups. -bP<0.05, 4.4 vs. 8.8 J.lmol SECO/kg body weight. 

Table 4.11 -Body and liver weights for female Wistar rats (N=6) fed a 1% cholesterol 
diet. Rats were treated with 0, 4.4 or 8.8 J.lmol SECO/kg body weight for a period of 
four 'Neeks. Results are expressed as mean ± SEM. 

Parameter 0 J.lmol/kg 4.4 ttmol/kg 8.8 J:Lmol/kg 
Final body \\'eight (g) 277 ± 11.10 271 ± 6.90 261 ± 4.10 
Absolute weight gain (g) 110 ± 5.80 103 ± 3.20 102 ± 2.90 
Rate of weight gain (g/d) 4.01 ± 0.08 3.54 ± 0.07a 3.63 ± 0.04a,b 
Liver weight (g) 11.0 ± 0.36 9.52 ± 0.57 9.33 ± 0.22a 
Liver \Veight/BW (g/kg) 39.7 ± 0.86 35.2± 2.29 35.7 ± 030 

aP<O.OS, control vs. SECO groups. bP<0.05, 4.4 vs. 8.8 J.lmol -SECO/~g body weight. 

4. 3. 2 Serum lipid analysis 

Serum lipid parameters after four weeks of SECO administration to 

nonnocholesterolemic and hypercholesterolemic rats are presented in Figures 4.6 and 

4.7, respectively. In normocholesterolemic rats treated with SECO, dose-response trends 

tovvards reductions were observed in LDL-C and the LDL-C/HDL-C ratio. Distinct 

reductions were observed in LDL-C (7.5 and 26%) and the LDL-C/HDL-C ratio (14 and 

18o/o) in rats treated with 4.4 and 8.8 J.lmol/kg SECO, respectively, when compared to 

hypercholesterolemic control rats. A dose-response trend towards increased TC/LDL-C 
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Figure 4.6 - Serum lipid analysis of female Wistar rats (N=6) fed a standard rodent diet. 
Rats were randomly assigned to 0, 4.4 or 8.8 J..tmol SECO/kg body weight dose groups 
and lipid levels were assessed at baseline and after four weeks. Results are expressed as 
mean± SEM. 
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Figure 4. 7 - Serum lipid analysis of female Wistar rats (N=6) fed a 1% cholesterol 
rodent diet. Rats were randomly assigned to 0, 4.4 or 8.8 J.lmol SECO/kg body weight 
dose groups and lipid levels were assessed at baseline and after four weeks. Results are 
expressed as mean ± SEM. 
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ratios was observed, \Vith 35% and 40% increases in rats treated with 4.4 and 8.8 

~-tmol/kg SECO, when compared to hypercholesterolemic control rats. 

In hypercholesterolemic model rats treated with SECO, dose related decreases were 

observed in TC, LDL-C, TC/HDL-C ratio and the LDL-C/HDL-C ratio. Distinct 

reductions in TC (16 and 15%), LDL-C (24 and 34o/o), TC/HDL-C ratio (16 and 25%) 

and the LDL-C/HDL-C ratio (24 and 43%) were observed for rats treated with 4.4 and 

8.8 ~-tmol/kg SECO, respectively, when compared to hypercholesterolemic control rats. 

1-\ distinct increase in HDL-C was observed in hypercholesterolemic model rats treated 

,;vith 8.8 ~-tmol/kg SECO. 

Serum lipid parameters after 4 weeks of SDG or SECO administration (0, 4.4 and 

8.8 J..Lmol/kg) to hypercholesterolemic rats were compared using two-way ANOV A. No 

statistical interaction was observed for all lipid parameters assessed bet\;veen lignan 

administered and treatment group. Further, no statistical difference was observed 

between SDG and SECO when lipid parameter results were compared for each dose 

level. 

4.3. 3 Histological analysis 

Hepatic fat accumulation after four weeks of SECO administration to 

hypercholesterolemic rats is presented in Figure 4.8. Hypercholesterolemic rats treated 

with SECO demonstrated a similar reduction in liver yellowing with increasing lignan 

dose to that observed in hypercholesterolemic rats treated with SDG. A dose-response 

trend towards reduction was observed with 5% and 25% reductions in the percentage of 

fat accumulation in the parenchyma in rats treated with 4.4 and 8.8 ~-tmol/kg SECO, 

when compared to hypercholesterolemic control rats. The percentage reduction in fat 
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accumulation in treated rats was calculated by normalization to fat accumulation in 

control rats. 
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Figure 4.8 - Percentage fat accumulation in hepatic parenchyma of female Wistar rats 
(N=6) fed a 1 o/o cholesterol diet. R~ts were randomly assigned to 0, 4.4 or 8.8 J.lmol 
SECO/kg body weight dose groups and fat accumulation was measured by digital 
ru'1alysis of stained liver sections after four weeks. Results are expressed as mean± 
SEM. 

4.3. 4 Correlation analysis 

The results of correlation analysis comparing lipid, weight and histological 

parameters after four weeks SECO administration to norma- and hypercholesterolemic 

rats are presented in Tables 4.12, 4.13 and 4.14, respectively. No significant correlations 

were observed in normocholesterolemic rats treated with SECO. Significant positive 

correlations between LDL-C and percentage fat accumulation (r = 0.56) and LDL-

C/l-IDL-C and percentage fat accumulation (r = 0.62) w.ere observed in 

hypercholesterolemic rats treated with SECO. Distinct, but not significant, correlations 

\Vere observed between body weight and percentage parenchymal fat accumulation (r = 

0.46) and liver weight and percentage parenchymal fat accumulation (r = 0.46). 

Significant positive correlations were observed between serum lipid parameters and liver 

weight (absolute and norn1alized to body weight) when results obtained for the norma-

and hypercholesterolemic rats were combined (Table 4.14). 
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Table 4.12 - Correlation analysis comparing serum lipid and weight parameters 
for female Wistar rats (N=6) fed a standard rodent diet. Rats were treated with 0, 
4.4 or 8.8 !lmol SECO/kg body weight for a period of four weeks. Two-tailed P
values vvere calculated with a P-value less than 0.05 considered significant. 

Parameters Analyzed Pearson r P-value 
TC and body weight -0.02 0.94 
TC and liver weight 0.28 0.26 
TC and normalized liver weight 0.33 0.18 
LDL-C and body weight -0.09 0. 73 
LDL-C and liver weight 0.04 0.88 
LDL-C and normalized liver weight -0.03 0.90 
LDL-C/HDL-C and body weight -0.24 0.33 
LDL-C/HDL-C and liver weight -0.17 0.49 
LDL-C/HDL-C and normalized liver weight -0.20 0.42 
P<0.05 

Table 4.13- Correlation analysis comparing serum lipid and weight parameters for 
fetnale Wistar rats (N=6) fed a 1% cholesterol rodent diet. Rats were treated with 0, 
4.4 or 8.8 !lmol SECO/kg body weight for a period of four weeks. Two-tailed P
values were calculated with a P-value less thru'l 0.05 considered significant. 

Parameters Analyzed 
TC and body weight 
TC and liver weight 
TC and normalized liver weight 
TC and % fat accumulation 
LD L-C and body weight 
LDL-C and liver weight 
LDL-C and normalized liver weight 
LDL-C and% fat accumulation 
LDL-C/HDL-C and body weight 
LDL-C/HDL-C and liver weight 
LDL-C/HDL-C and normalized liver weight 
LDL-C/HDL-C and% fat accumulation 
Body weight and % fat accumulation 
Liver weight and % fat accumulation 
Normalized liver weight and% fat accumulation 

*P<0.05 
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Pearson r 
0.27 
0.38 
0.23 
0.46 
0.23 
0.29 
0.15 
0.56 
0.24 
0.29 
0.15 
0.62 
0.46 
0.46 
0.22 

P-value 
0.28 
0.12 
0.36 
0.05 
0.36 
0.25 
0.55 
0.01 * 

0.34 
0.24 
0.56 
0.01 * 
0.06 
0.05 
0.38 



Table 4.14 - Correlation analysis comparing serum lipid and weight parameters 
for female Wistar rats (N=6) fed standard and 1% cholesterol rodent diet. Rats 
were treated with 0, 4.4 or 8.8 J.lmol SECO/kg body weight for a period of four 
weeks. Two-tailed P-values were calculated with a P-value less than 0.05 
considered significant. 

Parameters Analyzed 
TC and body weight 
TC and liver weight 
TC and normalized liver weight 
LDL-C and body weight 
LDL-C and liver weight 
LDL-C and normalized liver weight 
LDL-C/HDL-C and body weight 
LDL-C/HDL-C and liver weight 
LDL-C/HDL-C and normalized liver weight 

P<0.05 

4.4 Analysis of Molecular Targets 

Pearson r 
0.23 
0.41 
0.34 
0.28 
0.44 
0.33 
0.30 
0.45 
0.35 

4. 4.1 Optimization of real-time RT-PCR conditions for molecular targets 

P-value 
0.18 
0.01 * 
0.04* 
0.09 
0.01 * 
o.o5* 
0.08 
0.01 * 
0.04* 

Table 4.15 lists the optimal annealing temperatures and corresponding primer 

efficiencies and standard curve ranges for the selected molecular targets. Results 

obtained for all of the annealing temperatures assessed during real-time RT-PCR assay 

optitnization are presented in Appendix I. Primer sequences and amplicon sizes are 

detailed in Section 3.5.2. Optimal annealing temperatures were selected based on primer 

efficiency (E) (a theoretical value of 2 is optimal) and lack of primer dimer formation. 

Standard curve ranges were primarily adjusted based on primer dimer formation; in most 

cases primer dimer formation occurred at lower total RNA amounts for genes that were 

expressed at low levels (high CT). ApoE and SREBP-2 were the exception to this; the 

50,000pg point was removed fron1 both standard curves as a result of high expression 

levels and non-linearity, respectively. 
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Table 4.15- Optimal annealing temperatures and standard curve ranges for molecular 
targets. 

-·---·---·-----
Gene Annealing Temperature (°C) Primer E. Standard Curve Range (pg) 
ACAT2 58 2.29 500000-500 
ApoE 57 1.60 50000-500 
P-actin 58 2.06 500000-50 
CYP7A1 55 2.07 500000-50 
HMGR 57 1.79 500000-500 
LDLR 56 1.94 500000-50 
PPAR-y 58 1.90 500000-500 
SREBP-2 57 2.16 50000-500 

4. 4. 2 Changes in mRNA expression of cholesterol pathway targets with SDG and SECO 

administration 

Hepatic mRNA expression of molecular targets for hypercholesterolemic rats after 

four \Veeks of SDG or SECO administration are presented in Figures 4.9 and 4.1 0, 

respectively. SDG caused an induction in ACAT2 expression with significant increases 

(54 and 66%) in hypercholesterolemic rats treated with 4.4 and 8.8 J..tmol!kg, 

respectively. A marked, but not statistically significant, dose-response trend towards 

inductions was observed in HMGR expression in hypercholesterolemic model rats 

treated with 4.4 and 8.8 J..tmol/kg SDG. Distinct, but not statistically significant, 

reductions in SREBP-2 expression (27 and 19%) were observed in rats treated with 4.4 

and 8.8 J..tmollkg, respectively. No trends were observed in ApoE, CYP7A1, LDLR, and 

PPAR-y expression levels. 

In hypercholesterolemic rats treated with SECO, dose-response trends towards 

reductions were observed in CYP7Al, LDLR and SREBP-2 expression. Rats treated 

with 8.8 J..tmol SECO/kg body weight demonstrated a significant reduction in CYP7Al 

expression (71°/o). A distinct, but not statistically significant, reduction in CYP7Al 

expression (36%) was observed in rats treated with 4.4 J..Lmol SECO/kg body weight. 
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Figure 4.9- Hepatic mRNA expression (normalized to total RNA) of molecular targets 
for female Wistar rats (N=6) fed a 1% cholesterol diet. Rats were randomly assigned to 
0, 4.4 or 8.8 1-Lmol SDG/kg body weight dose groups and mRNA expression was 
assessed after four weeks. Results are expressed as mean± SEM. aP<0.05, control vs. 
SDG groups. 
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Figure 4.10- Hepatic mRNA expression (normalized to total RNA) of molecular targets 
for female Wistar rats (N=6) fed a 1% cholesterol diet. Rats were randomly assigned to 
0, 4.4 or 8.8 ~mol SECO/kg body weight dose groups and mRNA expression was 
assessed after four weeks. Results are expressed as mean± SEM. aP<0.05, control vs. 
SECO groups. 
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Distinct reductions in LDLR (6 and 24%) and SREBP-2 (15 and 22o/o) expression were 

observed in rats treated with 4.4 and 8.8 J.tmol SECO /kg body weight, respectively. No 

trends were observed in ApoE, HMGR and PPAR-y expression. 

4. 4. 3 Correlation analysis 

The results of correlation analysis comparing serum lipid, weight and histological 

parameters to normalized mRNA expression (CT) after four weeks of SDG or SECO 

administration to hypercholesterolemic rats are presented in Tables 4.16 and 4.17. 

Correlation analysis was conducted using CT values to facilitate the analysis of data 

normalized to both total RNA and P-actin~ in contrast, changes in mRNA expression 

levels was assessed using arbitrary units and data was normalized to total RNA only. CT 

values are used to calculate arbitrary units using a standard curve; therefore, correlations 

normalized to total RNA are similar to those that would be generated using the CT 

method. Positive correlations using the CT method indicate that with increasing CT 

value, the parameter being assessed increases; a higher CT value corresponds to a lower 

level of mRNA expression. 

In hypercholesterolemic rats treated with SDG, a significant positive correlation was 

observed between ACAT2 CT values and the percentage fat accumulation in hepatic 

parenchyma (r = 0.63) normalized toP-actin expression. A distinct, but not statistically 

significant correlation, was observed between ACAT2 CT values and the percentage fat 

accumulation in hepatic parenchyma when normalized to total RNA. Significant positive 

correlations between LDLR C1 values and TC (r = 0.64; r = 0.4 7), LDL-C (r = 0.59; r = 

0.53) and the LDL-C/HDL-C ratio (r = 0.58; r = 0.56) were observed in 

hypercholesterolemic rats treated with SDG with expression normalized to total RNA 
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Table 4.16- Correlation analysis con1paring serum lipid, weight and histological parameters to n1RNA expression (normalized to total 
RNA and P-actin expression) for female \Vistar rats (N=6) fed a 1 o/o cholesterol diet. Rats were treated with 0, 4.4 or 8.8 ~tmol/kg body 
weight SDG or SECO for a period of four weeks. Two-tailed p-values were calculated with P<0.05 considered significant. 

SDG SECO 
Gene Paratneter Analyzed Total RNA P-actin Total RNA P-actin 

r p r p r p r p 
---

ACAT2 TC -0.013 0.96 -0.31 0.21 0.29 0.24 0.16 0.53 
LDL-C 0.041 0.87 -0.16 0.52 0.45 0.063 0.38 0.11 
LDL-C/HDL-C -0.054 0.83 -0.18 0.46 0.46 0.056 0.42 0.081 
o/o Fat accumulation 0.43 0.073 0.63 0.0048* 0.52 0.025* 0.43 0.075 
Liver weight 0.43 0.072 0.080 0.75 0.072 0.77 -0.19 0.46 
Normalized liver weight (LW/BW) 0.25 0.31 -0.069 0.78 -0.033 0.90 -0.24 0.35 

ApoE TC 0.13 0.62 0.013 0.96 -0.16 0.52 0.20 0.41 
LDL-C 0.18 0.46 -0.11 0.67 -0.24 0.34 0.098 0.70 
LDL-C/HDL-C 0.29 0.25 -0.22 0.38 -0.24 0.34 0.056 0.83 
o/o Fat accumulation 0.54 0.020* -0.70 0.0013* 0.12 0.65 -0.28 0.26 
Liver weight -0.29 0.24 0.35 0.15 0.18 0.47 0.13 0.61 
Normalized liver weight (LW/BW) -0.42 0.079 0.49 0.039* 0.32 0.19 -0.047 0.85 

CYP7A1 TC 0.024 0.92 -0.15 0.55 -0.12 0.64 -0.12 0.62 
LDL-C 0.011 0.96 -0.096 0.70 -0.071 0.78 -0.036 0.89 
LDL-C/HDL-C 0.047 0.85 -0.042 0.87 -0.066 0.79 -0.022 0.93 
%Fat accumulation 0.18 0.48 0.36 0.14 0.017 0.95 0.051 0.84 
Liver weight -0.41 0.087 -0.48 0.046* -0.38 0.11 -0.45 0.059 
Normalized liver weight (LW/BW) -0.61 0.0071 * -0.67 0.0023* -0.38 0.15 -0.45 0.059 

HMGR TC 0.48 0.045 0.079 0.76 -0.15 0.55 -0.15 0.55 
LDL-C 0.54 0.021 * 0.27 0.28 -0.091 0.71 0.0056 0.98 
LDL-C/HDL-C 0.51 0.029* 0.29 0.24 -0.073 0.77 0.033 0.90 
o/o Fat accumulation 0.16 0.53 0.57 0.014* -0.26 0.30 -0.22 0.39 
Liver weight 0.036 0.89 -0.18 0.46 -0.088 0.73 -0.34 0.17 

*P<0.05 
Normalized liver weight (L W /BW) 0.012 0.96 -0.25 0.32 -0.14 0.59 -0.32 0:19 



and ~-actin, respectively. Significant negative correlations were observed between 

CYP7 A 1 CT values normalized to P-actin expression and absolute and normalized liver 

weight (r = -0.48; r = -0.67), respectively. A significant negative correlation between 

CYP7A1 CT values normalized to total'RNA and 

normalized liver weight was observed (r = -0.61), in addition to a distinct, but not 

statistically significant, negative correlation with absolute liver weight. A significant 

positive correlation between SREBP-2 CT values and TC (r = 0.48) was observed in 

hypercholesterolemic rats treated with SDG. No significant correlations were observed 

with PPAR-y expression. 

In hypercholesterolemic rats treated vvith SECO, a significant positive correlation 

\Vas observed between ACAT2 CT values normalized to total RNA and percentage 

hepatic fat accumulation in the parenchyma (r = 0.52). Distinct, but not statistically 

significant correlations were observed between CYP7 Al CT values and liver weight 

(absolute and normalized to BW) notmalized to total RNA and p-actin. No significant 

correlations were observed with ApoE, HMGR, LDLR, PPAR-y and SREBP-2 in 

hypercholestero1emic rats treated with SECO. 
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Table 4.17- Correlation analysis comparing serun1lipid, w·eight and histological parameters to mRNA expression (normalized to total 
RNA and ~-actin expression) for female Wistar rats (N~~6) fed a 1 o/o cholesterol diet. Rats were treated with 0, 4.4 or 8.8 J.Lmol/kg body 
weight SDG or SECO for a period of four \Veeks. Two-tailed p-values were calculated with P<0.05 considered significant. 

SDG SECO 
Gene Parameter Analyzed Total RNA ~-actin Total RNA ~-actin 

r p r p r p r p 

LDLR TC 0.64 0.0043 0.47 0.049 -0.0012 0.99 0.052 0.84 
LDL-C 0.59 o.o1o* 0.53 0.022* -0.059 0.82 -0.022 0.93 
LDL-C/HDL-C 0.58 0.012* 0.56 0.015* -0.073 0.77 0.068 0.79 
% Fat accumulation -0.036 0.89 0.25 0.33 -0.38 0.12 -0.26 0.29 
Liver weight -0.11 0.66 -0.34 0.16 -0.080 0.75 -0.30 0.23 
_Normalized liver weight (L W /BW) -0.11 0.65 -0.39 0.11 0.22 0.39 7.6E-3 0.99 

PPAR-y TC 0.15 0.54 -0.23 0.36 -0.24 0.34 -0.21 0.40 
LDL-C 0.14 0.58 -0.11 0.67 -0.16 0.54 -0.029 0.91 
LDL-C/HDL-C 0.20 0.43 -0.020 0.94 -0.11 0.67 0.035 0.89 
o/o Fat accumulation -0.20 0.42 0.26 0.29 0.21 0.40 0.26 0.29 
Liver weight -0.15 0.56 -0.33 0.18 -0.15 0.54 -0.32 0.20 
Normalized liver weight (LW/B\V) -0.017 0.94 -0.27 0.28 -0.19 0.46 -0.33 0.18 

SREBP-2 TC 0.48 0.041 0.022 0.93 -0.012 0.96 -0.029 0.91 
LDL-C 0.46 0.053 0.19 0.45 0.0068 0.98 0.12 0.65 
LDL-C/HDL-C 0.41 0.091 0.20 0.44 -0.0091 0.97 0.13 0.60 
%Fat accumulation -0.22 0.39 0.37 0.13 0.28 0.27 0.32 0.20 
Liver weight 0.053 0.83 -0.32 0.20 -0.095 0.71 -0.30 0.23 
Normalized liver weight (L W /BW) -0.0068 0.98 -0.31 0.21 -0.0094 0.97 -0.22 0.39 

P<0.05 



5.0 DISCUSSION 

5.1 Dose-Response Effects of Secoisolariciresinol Diglucoside and 

Secoisolariciresinol on Serum Lipid and Histological Parameters. 

The current study represents the first time that purified flaxseed lignans have been 

administered to a hypercholesterolemic rat model and the first time that SECO was 

administered to a normocholesterolemic animal tnodel. Most studies only assessed the 

hypocholesterolemic efTects of f1axseed consumption, and not the contribution of the 

individual components to the observed lipid reductions 17
'
22

'
57

•
58

. In this study, we 

assessed several indices of lipid homeostasis in normo- and hypercholesterolemic rat 

models, including serum lipid parameters, body weight and condition, liver weight and 

steatosis, and transcriptional changes. These indices were assessed to analyze the 

activity of the purified lignan compounds on lipid homeostasis in hopes to identify 

potential mechanism(s) of action. 

Serum lipid parameters (TC, HDL-C~ LDL-C) were measured at baseline and twice 

within the duration of the study. Although not statistically significant, we observed 

marked dose-response reductions in total cholesterol and LDL-C in 

hypercholesterolemic rats dosed daily (via oral gavage) with SDG and SECO. Further, 

marked dose-response reductions were observed in the LDL-C/HDL-C ratio in 

hypercholesterolemic rats treated with SECO. Body weight and condition improved with 

SDG and SECO treatment, \Vith significant reductions in the rate of 
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weight gain in normo- and hypercholesterolemic rats treated with SDG. Decreased 

mesenteric fat accumulation was observed in rats treated ·with SDG and SECO 

indicating an improved body condition. Liver weight and steatosis were assessed grossly 

and via histological measures of intrahepatic lipid accumulation. Hypercholesterolemic 

rats treated with 8.8 J..tmol SECO /kg body weight showed significant reductions in liver 

weight. Hypercholesterolemic control rats detnonstrated a diffuse yello\ving of the liver 

that was not observed in hypercholesterolemic rats treated with SDG and SECO. These 

gross observations were corroborated by marked dose-response reductions in percentage 

hepatic parenchymal fat accumulation in hypercholesterolemic rats dosed with lignans 

relative to control. The data provide strong evidence that flaxseed lignans contribute to 

the hypocholesterolemic effects of flaxseed observed in humans and 

animalsi4,16,I7,22,31,s7,s8. 

· 5.1.1 Development of the hypercholesterolemic animal model 

5.1.1.1 Genetic versus diet-induced hypercholesterolemia 

i\n animal model of hypercholesterolemia \vas required to assess the potential 

hypocholesterolemic effects of the flaxseed lignans. Animal models of genetic and non

genetic hypercholesterolemia exist102
•
103

; ho\vever, hypercholesterolemia in humans 

typically results from dietary consequences of high cholesterol and lipid intake102
•
103 . 

Accordingly, non-genetic dietary intervention models of hypercholesterolemia are 

relevant in assessing the hypocholesteroletnic effects of flaxseed lignans. 

In future studies, alternative methods of inducing hypercholesterolemia, such as 

sodium cholate and increased dietary fatty acid content, may be utilized to obtained 

larger increases in TC levels. Sodium cholate combined with dietary cholesterol causes 
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further increases in serum cholesterol levels in male and female rats104
; however, the 

mechanism of action of sodiutn cholate is unknown. Since the purpose of my studies 

was to elucidate the molecular mechanism(s) of cholesterol reductions by flaxseed 

lignans, sodium cholate was not incorporated into the 1% cholesterol diet. Alternatively, 

increased dietary fatty acid content may effectively increase dietary cholesterol levels. 

Fukushima et al. 105 demonstrated that diets supplemented with n-3 and n-6 fatty acids 

increased serum TC in male Fisher .rats after four weeks with the increased cholesterol 

levels being maintained for 15 weeks. The TC levels observed by Fukushima et al. 105 

were distinctly higher than those observed in the present study, indicating modification 

of dietary fatty acid content may be a better method of inducing severe 

hypercholesterolemia. The present study focused on isolating the lignan effects on 

cholesterol metabolic pathways alone. Future studies will assess lignan affects on 

triglyceride metabolic pathways utilizing a rat model of hypertriglyceridemia and on 

both pathways simultaneously using a high fat diet that alters both lipid path\vays. 

5.1.1. 2 Species, strain and gender of animal model of hypercholesterolemia 

Previous studies examining the potential hypocholesterolemic effects of purified 

SDG utilized a New Zealand White rabbit model of diet-induced 

hypercholesterolemia65
. However~ several impractical factors precluded its use including 

animal cost, the need for excessive amounts of purified lignans, and the need to 

administer purified lignan by daily oral gavage. Oral gavage allows for administration of 

a controlled and known amount of lignan. Studies with the rabbit model administered 

SDG via the diet (specifically, SDG wrapped in lettuce leaves)65
. Such practices may 

result in significant inter-animal variation in the amount of lignan consumed per day 

based on the dietary intake of the animal. Variable intakes may enhance interindividual 
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variation in serum lipid reductions and confound the interpretation of the observed 

results. 

The Syrian hamster and rat 105 models of diet-induced hypercholesterolemia are 

commonly used to assess hypocholesterolemic agents. The Syrian hamster is proclaimed 

to be a better model than the rat due to the absence of cholesterol ester transfer protein in 

the rat, which is involved in reverse cholesterol transport91
'
93

• Since my lab had future 

considerations of conducting lignan pharmacokinetic studies, the rat was chosen over the 

hrunster given the small size of the hamster model to conduct such studies. Furthermore, 

a rat model of hypercholesterolemia utilized small amounts of purified lignans, leant 

itself to gavage administration and provided enough blood and tissue for histological and 

molecular analysis. 

The general study design using dietary modification to induce hypercholesterolemia 

was based on the diet-induced New Zealand White rabbit model of hypercholesterolemia 

studies60
'
65

. Lack of literature consensus regarding the appropriate rat strain and gender 

necessitated a pilot study to determine the rat gender and strain most appropriate for 

dietary induction of hypercholesterolemia. Many studies have utilized genetic rat models 

of hypercholesterolemia, 14
'
15 but for reasons stated above, I decided to employ dietary 

intervention models. Although inbred and outbred strains have been assessed, 14
,1

5
,
61 I 

selected outbred rat strains as they better reflect interindividual variation observed in the 

human population. I chose to initially assess Sprague-Dawley and Wistar rats (male and 

female) as literature showed evidence of variation between strains in 

hypocholesterolemic response to fla~seed consumption14
'
15

,
61

. 

In the pilot study, a 1 o/o cholesterol diet induced hypercholesterolemia only in female 

Sprague-Dawley and Wistar rats where control rats fed a 1% cholesterol diet 
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demonstrated increases in TC, LDL-C and the LDL-C/HDL-C ratio. Female Wistar rats 

showed the most dramatic response to dietary cholesterol resulting in serum lipid leve!s 

·well above the normal range. Male Sprague-Dawley control rats fed a 1% cholesterol 

diet demonstrated slight increases in LDL-C and the LDL-C/HDL-C ratio; however, 

total cholesterol levels remained normal. The control rats demonstrated a decrease in 

serum total cholesterol and LDL-C levels when compared to week four levels that may 

account for the slightly lower percentage reductions observed. The changes observed in 

the control rats may be a result of compensatory mechanisms, which decrease the effect 

of dietary cholesterol. This suggests that a study duration of four weeks may be most 

appropriate to investigate the underlying tnechanisms involved in the improvements in 

serum lipid profiles of female Wistar rats. 

I also observed strain variations in hypocholesterolemic response to SDG, with 

sen1m lipid reductions observed in all treated rats except female Sprague-Dawleys. SDG 

administration caused a hypercholesterolemic response in female Sprague-Da\vley rats, 

similar to the results observed by Babu et al.61
. In contrast, male Sprague-Dawley rats 

demonstrated reductions in LDL-C and the LDL-C/HDL-C ratio, although only t\VO rats 

were used in this group. The bases for sex differences in the hypocholesterolemic 

response to SDG are unknown. Furthermore, the mechanisms involved in the inter- and 

intra-strain variations in hypocholesterolemic response require further study, which may 

shed son1e light on interindividual differences in dietary lipid intakes and response to 

hypocholesterolemic agents in the human population. The parallel findings between 

female Wistar rats and New Zealand "''bite rabbits with respec.t to dietary induction of 

hypercholesterolemia and the hypocholesterolemic response following oral SDG 
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administration served as the basis for my choice of the female \Vistar rat to explore 

flaxseed lignan effects on cholesterol homeostasis. 

5.1.1. 3 Issues surrounding the analysis of hepatic and serum lipid parameters 

Serum TC and HDL-C levels were assessed using diagnostic enzymatic kits 

validated for human serum. Current literature indicates that these human kits can be used 

to assess cholesterol levels in rat serum14
•
15

. Additionally, LDL-C levels were calculated 

based on the Friedewald method98
·
99 due to the unavailability of an enzymatic kit to 

directly measure serum LDL-C levels. Despite its development and validation with 

human serum samples, the Friedcvvald method has been used in animal studies31
•
60

•
65 to 

calculate LDL-C levels since similar relationships between the serum lipid parameters 

exist. In addition, the diagnostic kit for HDL-C analysis required large serum volumes 

unattainable in rats. Hence, I conducted optimization experiments to scale down the 

serum requirements. 

Blood samples were stored at 4°C for two days prior to lipid analysis. Measurements 

of serum triglycerides levels are sensitive to storage conditions and hemolysis. Hence, 

Stanbio kits may overestimate triglyceride levels with prolonged storage and severe 

hemolysis (triglyceride assay instructions, Stanbio ). Based on the Freidewald equation 

(Equation 3.3) artificially higher triglycetide levels will overestimate serum VLDL-C 

levels and underestimate serun1 LDL-C. Several samples gave negative serum LDL-C 

levels likely due to an overestimation of serum triglyceride levels. As a result, serun1 

samples for all subsequent studies were analyzed within three hours of blood collection. 

In addition, some samples exhibited extensive hemolysis due to hematoma formation 

during blood sampling. A serum blank correction is only used for calculating TC and TG 

levels, not HDL-C, as small amounts of hemoglobin are removed by the centrifugation 
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step that precipitates non-HDL-C. With highly hemolyzed samples, a portion of 

hemoglobin remains in the serum and may result in an overestimation of serum HDL-C 

levels due to an increase in sample absorbance at 500nm. As these problems occurred 

\Vith many baseline serum samples, the baseline values were not compared to those at 

four and eight weeks. 

5.1.2 Hypocholesterolemic effects ofSDG and SECO 

Few studies have assessed the effects of flaxseed lignans on serum lipid parameters 

in animal models and those conducted focused on assessments with SDG. The present 

study represents the first administration of SECO to animal models of normo- and 

hypercholesterolemia. Prasad65 showed that SDG (15mg/kg body weight) reduced serum 

TC (31 %) and LDL-C (32o/o) in diet-induced hypercholesterolemic rabbits after four 

weeks. These reductions are similar in magnitude to the results of the present study (27 

and 39%, respectively following 8.8 ~mol SDG/kg body weight); however, the doses 

administered are 60o/o less (8.8 J.tmol/kg SDG is equal to 6 mg/kg) than those given by 

Prasad65
. Further, the method of delivery is different between the two studies (SDG 

wrapped in a lettuce leaf versus oral gavage) with oral gavage being the more 

accurate/reproducible method of delivery. This suggests that SDG n1ay exert a greater 

hypocholesterolemic effect in rats or the hypocholesterolemic effects may plateau at 

higher doses. 

Administration of 8.8 J..llllol SECO/kg body weight to hypercholesterolemic rats 

resulted in similar reductions in LDL-C (34o/o), with a greater decrease in the LDL

C/HDL-C ratio (43o/o) as compared to rats treated with and equivalent dose of SDG. The 

greater decrease in the LDL-C/HDL-C ratio resulted from slight increases in HDL-C. 
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Reductions in serum TC in hypercholesterolemic rats treated with SECO were of lesser 

magnitude than those observed with SDG administration, which may be a result of the 

decreased severity of the diet-induced hypercholesterolemia in SECO treated rats. These 

data suggest that the lignan component of flaxseed exerts the hypocholesterolemic effect 

observed with whole flaxseed and flaxseed meal consumption in humans and animals. 

A number of natural products are currently used or are proposed for the treatment of 

h h 1 1 . . 1 d' 1' 1 d . . . 'd14 106-108 ypoc o estero emta, tnc u tng soy, sesame, gar tc, stano san ntcottntc act ' . 

Table 5.1 indicates the hypocholesterolemic effects of these natural products, doses 

administered and animal model utilized. Studies assessing the effect of soy protein 

demonstrated lower percentage reductions in serum lipid parameters in the obese 

SHR/C-cp rat model when compared to an identical amount of flaxseed meal14'15 . 

Administration of nicotinic acid also resulted in lower percentage reductions in serum 

lipid parameters in comparison to the results obtained in the present study108. In addition, 

the administered dose of nicotinic acid (600 mg/kg/day) was much greater than the 

lignan doses administered in the current studies (3 and 6 mg/kg/day). Similar percentage 

reductions in sen1m lipid paratneters were observed with administration of 300 

tng/kg/day of raw garlic extract to diet-induced hypercholesterolemic male Wistar rats; 

however, the dose administered is much larger than the lignan doses administered and 

the study duration was four times longer than the present studies 109. 
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Table 5.1 - Serum lipid effects of natural products currently used or proposed for the 
treatment of hypercholesterolemia. 

Natural 
Dose Animal Model Durationc %Reduction Ref. 

Product 
Garlic 300a Rat- diet-induced 

16 wks 
TC 125% 

109 
extract hy2ercholesterolemia LDL-C 150% 
Nicotinic 600a Mouse- diet-induced 

6wks 
LDL-C 130% 

108 
acid hypercholesterolemia HDL-C 119% 

Soy 20o/ob Rat - chronic 
64 d LDL-C 144% 106 

nephrosis 
Soy 20%b Obese SHR/N-cp rat 6mo 

TC 115o/o 
14 

protein LDL-C 116% 
aDose is in mg/kg/day 
bDose is given as a o/o of total diet 
cd =days; wks =weeks; mo =months 

Much investigation is needed to determine the identity of the active lignan 

component, either plant or mammalian lignan or one or more of their metabolites. The 

data obtained from my studies may provide some initial speculations regarding the 

potentially active lignan form. Apparent dose-response relationships were observed 

follo\ving SDG and SECO administration, which agree with the results obtained by 

Prasad following administration of SDG65
. A comparative analysis between SDG and 

SECO showed no differences in serum lipid parameters at 8.8 J..Lmollignanlkg body 

weight. Ho\vever, the magnitude of the changes in lipid parameters was greater for 

SECO as compared with SDG following 4.4 J..Lmollignan/kg body weight. This suggests 

that a greater an1ount of the active moiety may be present systemically (comparatively 

speaking) following low dose SECO administration. Based on intestinal metabolism and 

absorption, SECO, END and ENL would be present systemically following SDG and 

SECO administration41
'
47

• In comparison to SDG, SECO's more hydrophobic 

characteristics may favour the aglycone form for absorption. Pharmacokinetic studies 

with other natural product glucosides indicate that only the aglycone form undergoes 
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significant absorption from the gastrointestinal tract110
•
111 .0nly a few examples exist 

where mono glucosidic forms may exploit transporter systems .(i.e. quercetin 

n1onoglucoside is transported by SGL Tl )111 expressed in the small intestine for 

absorption. This may result in higher systemic levels of SECO following administration 

of SECO, with lower mammalian lignan levels as compared to SDG administration. 

With higher doses of SDG, comparatively greater systemic levels of SECO will arise 

and may lead to a greater pharmacological effect. The work of Dr. L. Thompson 

suggests a plateauing of effect with increasing flaxseed consumption, which may explain 

the smaller dose-response effect of SECO compared with SDG. The smaller dose

response effect of SECO results from higher systemic levels of the active moiety at 

lower SECO doses. Furthermore, several pharmacokinetic studies indicate an altered 

pattern of urinary and plasma plant a.t1d mammalian lignan metabolites depending upon 

the administered lignan dose41
•
44

. END and ENL formation is capacity limited; at high 

SDG doses the formation of the mammalian lignans plateaus leading to increased 

systen1ic SECO levels44
'
52

. At low SDG doses, mammalian lignans are the predominant

tnetabolite present in the system; however, at higher SDG doses SECO is the 

predominant metabolite present systemically44
•
52

. This suggests that SECO is potentially 

the active moiety based on intestinal metabolism and absorption of lignans. 

A complete pharmacokinetic analysis of orally administered SDG and SECO with 

collection of blood, urine, bile and feces will provide information regarding the rate and 

extent of lignan absorption from the gastrointestinal tract, in addition to serum lignan 

profiles. Correlation analysis of the lignan profiles and serum lipid results may further 

aid in the determination of the active lignan component. In the present study, marked 

pharmacological effects were observed with once daily oral administration of flaxseed 
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lignans. Available pharmacokinetic data for other lignans compounds, such as NDGA, 

indicates that lignans have a short systemic half-life 112
. These data suggest that 

transcriptional changes, as opposed to enzyme inhibition, are a more likely mechanism 

of action of the flaxseed lignans. Competitive enzyme inhibition is unlikely as it is an 

acute process, which only occurs in the presence of therapeutic levels of lignans. With 

once daily administration, fluctuations in serum lipid levels would relate to serum lignan 

content. In contrast, transcriptional changes are associated with a delay in response, and 

the downstream effects, such as increased protein levels, may occur after the 

disappearance oflignan from the system. Alternatively, significant enterohepatic 

recirculation of the active lignan form may lead to prolonged therapeutic levels of lignan 

in the liver and the intestine, its putative sites of action. This again bespeaks to the 

necessity of a thorough pham1acokinetic evaluation of purified lignans following oral 

adn1inistration. 

Prasad65 observed no reductions in serum lipid levels in normocholesterolemic 

rabbits with SDG administration, which concurs with the results of my study. In contrast 

to SDG, SECO treated normocholesterolemic model rats demonstrated dose-response 

trends towards reductions in LDL-C and the LDL-C/HDL-C ratio with 26 and 18o/o 

reductions, respectively, in rats treated with 8.8 ~mol/kg body weight. The magnitude of 

these reductions is similar to the results of Cunnane et al. 56 who assessed flaxseed 

consumption in normocholesterolemic humans; however, normocholesterolemic control 

rats started with higher TC levels and a distinct pattern was observed in the data at 

baseline. In addition, after four weeks reductions in serum lipid parameters were 

observed in normocholesterolemic control rats. Based on these data, we cannot 
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determine whether the observed reductions result from SECO administration or simply 

reflect normal variation. 

Current literature is confusing with respect to the role of the lignans on triglyceride 

metabolic pathways. We observed no changes in triglyceride levels with SDG or SECO 

administration; however, the 1% cholesterol rodent diet was designed to induce only 

cholesterol levels. Consequently, I could not study lignan effects on the triglyceride 

pathway, which will require an alternative animal model system. The literature describes 

a number of animal models ofhypertriglyceridemia including diet-induced through 

fructose feeding 113 or increased fat intake105
, and genetically engineered obese rats14

'
15

• 

Comparisons between the hypocholesterolemic effects of purified lignans, SDG and 

SECO, and flaxseed and flaxseed meal are difficult, since the latter studies fail to report 

the lignan composition of the administered flaxseed and flaxseed meal. Flaxseed lignan 

composition varies with variety, growing conditions, location and harvest year34
. The 

present study demonstrates similar trends in serum lipid reductions as observed in 

human and animal studies using flaxseed; however, the magnitudes of these reductions 

are greater with oral administration of purified lignans. Direct comparison between these 

studies requires knowledge of the lignan content of the flaxseed incorporated into the 

diets to assess any relationships between lignan level and hypocholesterolemic effect 

and dose-response relationships. 

The natural product and functional food industry believes that synergistic effects 

between several components of flaxseed contribute to the observed hypocholesterolemic 

effects. However, literature data indicates only modest reductions in serum cholesterol 

levels in response to whole flaxseed or flaxseed meal consumption31
•
57

•
58

•
60

. In contrast, I 

observed greater percentage reductions in serum lipid levels when purified lignans were 
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administered alone. Prasad et al. 65 observed similar results in a diet-induced rabbit 

model of hypercholesterolemia. One \Vould expect to observe smaller reductions in 

serum lipid levels with purified lignan if the hypocholesterolemic effects truly involved 

a synergism between two or more components of flaxseed. Our data supports a potential 

exclusive role for the lignans in mediating the hypocholesterolemic effects associated 

with flaxseed consumption. 

5.1.3 Effects ofSDG and SECO on body and liver parameters 

The present study demonstrates concurrent reductions in serum lipid levels and 

hepatic lipid accumulation in hypercholesterolemic rats treated with SDG and SECO. 

This agrees with the observed decreases in hepatic fat accumulation in male Fisher rats 

fed flaxseed meal 14
'
15

. Furthermore, hypercholesterolemic rats treated with SECO 

demonstrated significant positive correlations between percentage parenchymal fat 

accumulation and LDL-C and the LDL-C/HDL-C ratio, suggesting that reduced LDL-C 

levels may contribute to the reductions observed in hepatic fat accumulation. 

Additionally, the present study is the first to demonstrate that SECO administration may 

be more effective than SDG in reducing hepatic lipid accumulation in a 

hypercholesterolemic rat model. However, analysis of fat accumulation as rneasured by 

ORO staining is semi-quantitative and does not indicate the mechanisms contributing to 

the observed reductions. In addition, lack of consistency in hepatic lobe collection may 

have contributed to the observed variability in fat accumulation and the lack of statistical 

significance. Further studies to assess the hepatic levels of triglycerides, and free and 

esterified cholesterol using the method described by Folch et al.62 will facilitate the 

interpretation of the mechanism of hepatic lipid reduction. Additionally, correlation 
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analysis between steady-state serum lignan levels and parenchymal fat accumulation 

may aid in the elucidation of the active moiety. 

5.2 Analysis of Molecular Targets Involved in Cholesterol Metabolism 

The present work represents the first analysis of n1olecular changes associated with 

enzymes and proteins involved in cholesterol homeostasis resulting from the oral 

adtninistration of the flaxseed lignans, SDG and SECO. Enzymes and proteins were 

selected from cholesterol metabolic and uptake path\vays based on their ability to 

regulate serum cholesterol levels. Targets were identified through a review of current 

literature assessing molecular changes in cholesterol homeostasis mediated by natural 

products and currently available hypocholesterolemic agents19
•
105

•
106

. 

Seven molecular targets were selected to assess whether the serum lipid changes 

associated with SDG and SECO treatment resulted from alterations in transcriptional 

pathways. The genes selected included transcription factors (SREBP-2 and PPAR-y), 

cholesterol metabolic enzymes (HMGR, CYP7Al, and ACAT2) and proteins involved 

in cholesterol hepatic uptake and transport (ApoE and LDLR). Significant inductions in 

ACAT2 expression (54 and 66%) \Vere observed in hypercholesterolemic rats treated 

with 4.4 and 8.8 J..tmol/kg SDG, respectively. In addition, a dose-response induction of 

HMGR expression was observed in hypercholesterolemic model rats treated with SDG; 

however, the marked increases were not statistically significant. No changes in ACAT2 

and HMGR expression were observed in hypercholesterolemic rats treated with SECO. 

In hypercholesterolemic rats treated with SECO, a dose-response trend towards 

reduction \Vas observed in CYP7A.l mRNA expression levels with a significant 

reduction (71 ~'0) in rats treated with 8.8 J..tmollkg body weight. Marked reductions in 
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LDLR (6 and 24%) and SREBP-2 (15 and 22%) were observed in hypercholesterolemic 

rats treated \vith 4.4 and 8.8 J.tmoi SECO /kg body weight, respectively. Marked, but not 

statistically significant, reductions in SREBP-2 were observed in hypercholesterolemic 

rats treated with SDG; however, these reductions were not dose-dependent. No changes 

were observed in CYP7 Al and LDLR levels in hypercholesterolemic rats treated with 

SDG. No changes were observed in ApoE mRNA expression levels with SDG or SECO 

administration. These data suggest that SDG and SECO administration leads to 

transcriptional alterations in enzymes and proteins involved in cholesterol homeostasis; 

however, differences exist in the molecular targets affected. The differences observed in 

molecular targets may indicate differing active moieties following SDG and SECO 

administration, or may simply represent homeostatic responses to a mechanism not yet 

identified. 

5. 2.1 lvfethods of data analysis of changes in mRNA expression 

5.2.1.1 Normalization 

Quantification of mRNA levels may provide insight into the molecular mechanism 

of flaxseed lignans; however, problen1s may arise in the comparison of individual 

expression profiles. Samples may contain reverse transcription or PCR inhibitors that 

alter the efficiency of these reactions and may result in sample to sample variation100
. 

Differences in the initial amount of RNA \vill magnify RT-PCR specific errors resulting 

in a misinterpretation of data 100
. To account for these potential errors requires 

normalization of target gene expression to an appropriate internal standard or to total 

RNA amount. 
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An internal standard should be expressed at the same level regardless of tissue, 

developmental stage or experimental protocol100
. Comn10n internal standards include~

actin, glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and ribosomal RNA. 

However, literature evidence suggests that none of these genes meets all criteria for an 

ideal internal standard 100
'
101

• In the present study, ~-actin was selected as an internal 

standard based on primer availability, and was assessed individually in all samples. 

Consistent with literature reports, I found that mRNA levels of ~-actin varied with 

treatn1ent group. This variation may result from variations in expression and/or the 

presence ofRT or PCR inhibitors in the RNA samples100
• Based on these results, ~-actin 

was not used to quantitate target gene expression levels. Future studies may employ P

actin as an internal standard if it is assessed concurrently with all samples to account for 

the presence ofRT or PCR inhibitors and if it is appropriately validated 101
. 

In the current study, target gene expression was notmalized to total RNA level. This 

normalization technique is more diflicult than using an internal standard; however, this 

approach may prove more accurate when comparing target gene expression between 

individuals101
• Normalization to total RNA requires the accurate quantitation of sample 

RNA content typically via spectrophotometric methods. These methods are less reliable 

at low RNA concentrations (less than 100 ng/~1) and with impure RNA 101
• Pre-treatment 

with DNases to remove any DNA contamination may improve the purity of RNA 

samples. In the present study, the RNA samples were of sufficient concentrations and 

purity for accurate quantitation using absorbance measurements at 260nm without the 

use of a DNase treatment. The major disadvantage to this normalization technique is the 

lack of control for RT or PCR inhibitors that may alter the sample to sample efficiency 
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in the RT or PCR reactions100
•
101

• In future studies, mRNA expression levels should be 

normalized using multiple techniques to ensure accuracy and avoid misinterpretation of 

data. Normalization to total RNA levels and a concurrently measured internal control 

may improve the accuracy of the obtained results and may decrease the observed 

variation with treatments groups. 

5. 2.1. 2 Quantification of gene expression 

Current literature does not provide a consensus as to the most accurate quantitation 

method to allow for comparison of gene expression levels between treatment groups. 

Typically, cotnparisons between groups are accomplished by assessing fold changes or 

by using a standard curve. Conventionally, the fold change method114 is employed when 

an internal control is used to normalize expression levels. This method rnay not be 

effective in assessing the present study's data due to the use of total RNA levels for 

normalization. In addition, small changes in gene expression levels are difficult to detect 

and statistically analyze using the fold change method. The standard curve method 

allows for the analysis of small changes in gene expression levels between treatment 

groups and does not require a specific normalization technique. 

Quantification of ex.pression levels using a standard curve may be relative or 

absolute based on the sample used to generate the standard curve100
. Relative 

quantification utilizes a calibrator dilution series to generate a standard curve and 

cmnpares standard and target gene C1 values to determine an arbitrary value for mRNA 

expression of the target gene 100
• The calibrator may be any gene sequence and may be 

different from the amplicon being quantified. In contrast, absolute quantification 

requires the generation of a standard curve for each gene being assessed and knowledge 

of copy number per cell or total RNA content100
. The generation of individual standard 
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curves accounts for a portion of the variation in the efficiency of the R T and PCR 

reactions100
. Based on these advantages, we generated absolute standard curves for all 

genes assessed; however, I reported the results in arbitrary units, which is the convention 

of relative standard curves. The majority of target genes assessed were present at low 

expression levels, which may affect the amplification efficiency of the RT or PCR 

reactions. As amplification efficiency was not assessed through the use of a concurrently 

measured inten1al standard, the use of arbitrary units is appropriate. The objective of the 

present study was to assess changes in target gene expression levels with lignan 

adn1inistration, which are etiectively analyzed via comparison of expression levels 

expressed in arbitrary units. 

5. 2. 2 Potential mol~cular mechanisms 

SDG and SECO treated hypercholesterolemic rats showed evidence of 

transcriptional alterations in the evaluated targets, but marked differences existed in the 

affected gene targets. Hypercholesterolemic rats treated with SDG demonstrated 

significant increases in ACAT2 expression and n1arked increases in HMGR expression. 

In contrast, a significant decrease in CYP7 A 1 expression and marked decreases in 

LDLR and SREBP-2 expression were observed in hypercholesterolemic model rats 

treated with SECO. Interestingly, SDG administration also caused reductions in SREBP-

2 mfu.~A levels. These data may suggest different mechanisms of action of SDG and 

SECO, which may result from differences in the active lignan form. Future studies to 

assess the serum lignan profiles corresponding to SDG and SECO administration may 

provide correlations between lignan forms present and changes in molecular expression 

profiles. Such correlations may contribute to the elucidation of the molecular mechanism 

and identification of the active moiety contributing to the observed hypocholesterolemic 
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effect of the flaxseed lignans. Based on the results of the present study, five mechanisms 

of action may explain the observed tnolecular expression pro tiles. These include 

inhibition of ACAT2, HMGR, CYP7 AI or SREBP-2 or a decrease in systemic 

cholesterol supply. Alternatively, the data may represent homeostatic responses to a 

mechanism not identified by the study. 

5.2.2.1 Acyl CoA:cholesterol acyltransferase inhibition 

ACA T2 converts excess free cholesterol to cholesterol esters within the liver and is 

activated when cellular cholesterol is high115
• Increased ACAT2 expression and activity 

suggest high cellular cholesterol levels, which can result from high dietary 

cholesterol115
. Hypercholesterolemic rats treated with SDG demonstrated significantly 

increased ACAT2 expression when compared to hypercholesterolemic control rats. This 

increased expression may result from increased transcription or direct inhibition of the 

enzyme. Transcriptional induction of ACA T2 ·would lead to increased enzyme activity 

and formation of cholesterol esters115
. Increased cholesterol ester production may result 

in increased lipid accumulation in the liver115
, which was not observed with SDG 

adtninistration in the present study. The upregulation of ACA T2 may be a con1pensatory 

response, and may not be sufficient to result in increased cholesterol ester production. 

ACAT2 is competing with other pathways to remove free cholesterol from the liver. 

These pathways may be more efficient than ACA T2; therefore, significant increases in 

hepatic cholesterol ester content may not be observed. In contrast, direct inhibition of 

ACAT2 activity would lead to increased free cellular cholesterol levels and a decrease in 

apolipoprotein B containing lipoproteins, including LDL-C and VLDL-C3
. The decrease 

in apolipoprotein B-containing lipoproteins may account for the antiatherogenic 

potential of the flaxseed lignans3
'
65

. Free cellular cholesterol may be converted to bile 
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acids or incorporated into lipoproteins and subsequently be removed from the liver 

accounting for the decreased hepatic lipid accun1ulation observed with SDG treatment. 

Inhibition of ACAT2 activity may explain the serum lipid reductions observed with 

SDG treatment. Future studies assessing hepatic total and free cholesterollevels62
, 

ACA T2 activity115 and the inhibitory potential of SDG115 are required to confirm the 

role of ACAT2 in the hypocholesterolemic effects of SDG. 

5.2.2.2 Inhibition ofCYP7Al transcription 

CYP7 AI is the initial and rate-limiting step in bile acid synthesis and is the principle 

mechanism of cholesterol removal from the body82
. Dietary cholesterol increases hepatic 

sterol levels, which induces expression of CYP7 Al. In hypercholesterolemic rats treated 

with SECO, we observed a significant decrease in CYP7 AI expression. In addition, we 

observed a dose-response decrease in hepatic parenchymal lipid accumulation. These 

data suggest that decreased CYP7Al expression may represent an end result of the 

decreased hepatic lipid levels; however, further studies should quantify hepatic 

cholesterol and fatty acid levels to determine vvhether increased cholesterol levels 

account for the observed lipid accumulation. The observed decrease in CYP7 AI levels 

may be a compensatory mechanism that is secondary to the mechanism of action of the 

lignans. CYP7 A 1 expression is regulated at the transcriptional level by the LXR/RXR

dependent pathway83
'
86

. High cellular oxysterollevels induce the LXR/RXR pathway

leading to increase transcription ofCYP7Al 86
. This may account for the increased 

transcription of CYP7 AI in hypercholesterolemic control rats. To confirm the induction 

of CYP7 AI expression in hypercholesterolemic control rats, CYP7 Al expression should 

be assessed in normocholesterolemic control rats. In addition, hepatic mRNA expression 
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levels of LXR and RXR should be quantified to assess lignan effects on the LXR/RXR 

pathway. 

5. 2. 2. 3 Hlv!G CoA reductase inhibition 

New therapeutic agents are required for the treatment of hypercholesterolemia with 

different mechanisms of action than currently available therapies. The statin class of 

compounds represents the primary agents used in the treatment of hypercholesterolemia. 

Statins act through inhibition ofHMG CoA reductase (HMGR)8
. A natural product 

substitute to the statins would appeal to a portion of the population, so direct inhibition 

of HMGR would not eliminate flaxseed lignan use as hypocholesterolemic agents. With 

statin administration distinct changes occur in mRNA expression ofHMGR, the LDL-C 

receptor (LDLR) and CYP7 A1 116
:
1 17

, Inhibition ofHMGR results in increased mRNA 

levels ofHMGR and LDLR with no change in CYP7Al expression associated with a 

decrease in serum lipid levels116
. These transcriptional changes are distinct from those 

observed with alterations in SREBP-288
; therefore, exan1ination of the molecular 

expression profile may aid in distinguishing between these two potential mechanisms. 

In hypercholesterolemic rats treated with SDG, a dose-response increase in HMGR 

expression was observed without an increase in LDLR expression. A significant dose

response trend toward reduction in CYP7 AI expression was observed in 

hypercholesterolemic rats treated with SECO with no change in HMGR expression. 

These data suggests that SDG or SECO administration does not inhibit HMGR 

expression. Microsomal incubation assays may confirm the lack ofHMGR inhibition by 

flaxseed lignans. The lack of inhibitory activity of the flaxseed lignans towards HMGR 

1nay allow for their co-administration with the statins, thereby enhancing current 

therapeutic regimes. At present, statin monotherapy predominates; however, the 
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majority of high risk patients do not reach their LDL-C goals9
'
13

. Combination therapy 

using hypocholesterolemic agents that lower LDL-C via different mechanisms may 

result in an additive or synergistic effect, therefore increasing the probability that high 

risk patients will reach their LDL-C target levels9
'
13

. 

5.2. 2. 4 Inhibition of sterol regulatory element binding protein-2 (SREBP-2) 

Sterol regulatory element binding protein-2 (SREBP-2) regulates cholesterol 

homeostasis through transcriptional regulation of enzymes and proteins involved in 

cholesterol biosynthesis90
. These include HMGR, LDLR and to a lesser degree 

CYP7 Al. SREBP-2 is membrane bound in the rough endoplasmic reticulum and 

requires proteolytic cleavage of the amino terminal domain for activation88
. This 

proteo1y1ic cleavage is mediated by SREBP cleavage activating protein (SCAP), which 

contains a sterol sensing domain88
. When hepatic sterols are low, SCAP escorts SREBP-

2 to the Golgi body for activation and then to the nucleus88
• Transcription of SREBP-2 is 

further regulated by it's activated form; low levels of activated SREBP-2 result in a 

decline in mRNA levels88
. Increased levels of activated SREBP-2 lead to increased 

expression of cholesterol biosynthetic enzymes with the most dramatic increases 

observed in I-IMGR levels88
. Additionally, SREBP-2 affects LDLR expression resulting 

in increased uptake of cholesterol. Therefore, the balance between synthesis and uptake 

regulated by SREBP-2 will determine the net affect on serum cholesterollevels88
. 

In hypercholesterolemic rats treated with SECO, we observed a dose-response 

decrease in SREBP-2 levels. Two potential mechanisms may explain the observed 

results: (1) inhibition of SREBP-2 transcription or (2) inhibition of proteolytic cleavage. 

Further studies are necessary to elucidate, which of these potential mechanisms accounts 

for the present results. Analysis of SCAP expression and protein levels may aid in 
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distinguishing between the two potential mechanisms. Decreased SCAP levels would 

suggest that inhibition of SREBP-2 activation is occurring; however~ similar SCAP 

levels would not distinguish between the two mechanisms88
. 

5. 2. 2. 5 Decreased cholesterol supply 

Enhanced dietary sources of cholesterol contribute to the increased serum lipid levels 

observed with hypercholesterolemia. Any decrease in the intestinal absorption of 

cholesterol may result in decreased serum lipid levels. A novel hypocholesterolemic 

agent, ezetimibe, is thought to induce cholesterol efflux into the intestinal lumen via 

ATP-binding cassette transporters (ABC) G5 and G880
, thereby decreasing cholesterol 

absorption. Another potential mechanism to decrease cholesterol absorption is inhibition 

of cholesterol uptake; ho\vever, the transporters involved have not been identified80
. 

Decreased cholesterol absorption results in a distinct increase in cholesterol 

n1etabolism. Decreased cholesterol supply could cause the increased expression of 

SREBP-2, HMGR and LDLR with slight decreases in CYP7 A1 90 in 

. hypercholesterolemic rats treated with lignans. In addition, ACAT2 expression would 

decrease in con1parison to the hypercholesterolemic control rats. The expression patterns 

of target genes observed in the present study is contrary to that expected with decreased 

cholestero~ absorption. However, if multiple mechanisms are involved in the observed 

serum lipid reductions the transcriptional change expected may not be observed. To 

further investigate interactions with cholesterol absorption, intestinal mRNA levels of 

ABCG5 and ABCG8 should be assessed. 

Additional factors may influence the extent of intestinal cholesterol absorption, 

including the expression of ACAT2 in enterocytes 115
. Furthermore, intestinal cholesterol 

biosynthesis accounts for 30% of endogenous cholesterol77
; alterations in intestinal 
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cholesterol metabolism will affect serum cholesterol levels. The current studies did not 

assess any intestinal targets~ ho"Yever, flaxseed lignans may be exerting their effects at 

the intestinal level. Future studies are required to assess the transcriptional effects of 

flaxseed lignans at the intestinal level. In addition, the present studies employed a diet

induced model of hypercholesterolemia, which may result in the homeostatic changes 

observed in hypercholesterolemic control rats. Future studies are necessary to confirm 

the influence of dietary cholesterol on hepatic and intestinal mRNA expression through 

comparison of normo- and hypercholesterolemic control rats. 

5.3 Conclusions and Future Work 

In the present study, we assessed the effects of purified flaxseed lignans (SDG and 

SECO) on several indices of lipid homeostasis in normo- and hypercholesterolemic rat 

models. These indices 'Nere selected to confirm the hypocholesterolemic effects of 

flaxseed lignans and to help identify potential underlying molecular mechanisms 

involved in the observed hypocholesterolemic response. The presented data indicates 

that SDG and SECO administration results in transcriptional alterations in cholesterol 

rr1etabolic pathway participants; however, the lignans differ in the n1olecular targets 

affected. These differences may indicate the involvement of different active moieties. I 

have presented five potential molecular mechanisms that may explain the observed 

molecular expression profiles in hypercholesterolemic rats treated with SDG and SECO. 

The tnolecular expression profiles suggest that the hypocholesterolemic effect of SDG 

may be mediated by ACAT2 inhibition, while SECO may inhibit SREBP-2; however, 

further studies are required to confirm their involvement. In addition, the 

hypocholesterolemic effect of SECO may involve CYP7 AI, but the present results 
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suggest that this may be a compensatory mechanism. Further studies are required to 

confirm the potential mechanisms of action of flaxseed lignans presented in this study. 

Utilizing a female Wistar rat model of hypercholesterolemia, we demonstrated dose

response reductions in TC and LDL-C in rats treated with SDG and SECO. In addition, a 

dose-response reduction in the LDL-C/HDL-C ratio was observed in 

hypercholesterolemic rats treated with SECO. Further, we demonstrated an improved 

body condition in hypercholesterolemic rats treated with SDG and SECO, including 

significant reductions in the rate of weight gain (SDG), decreased mesenteric fat 

accmnulation (SDG and SECO), and dose-response reductions in percentage of 

parenchymal fat accumulation (SECO). Current literature suggests that synergistic 

effects between several flaxseed components result in the observed hypocholesterolemic 

effects. How·ever, we observed greater percentage reductions in serum lipid parameters 

with administration of purified Iignans in comparison to the modest reductions obtained 

with whole flaxseed and flaxseed rneal consumption. The present data suggests a 

potential exclusive role for lignans in mediating the hypocholesterolemic effects 

associated with flaxseed consumption. 

The lack of statistical difference or interaction between lignan administered and dose 

level for all lipid paratneters indicates that the active component(s) is/are eliciting the 

same response regardless of the lignan administered in the rat model. Molecular 

expression data suggests that the active component differs between SDG and SECO 

administration; however, based on the comparison of serum lipid parameters after 4 

\Veeks of SDG or SECO administration, a similar pharmacodynamic response is 

observed. However, the observed variations in the molecular expression profiles may 

result from different relative levels of the active component(s) due to pharmacokinetic 
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differences between the gylcosidic and aglycone forms. In contrast, the altered 

molecular expression profiles may represent homeostatic responses. Analysis of the 

systemic metabolic profile following SDG and SECO administration is the key to 

elucidate the active lignan forms and further interpret the observed molecular expression 

profiles. Further, analysis of the metabolic profile will facilitate a 

pharmacokinetic/pharmacodynamic modeling approach to aid in the identification of the 

mechanism of action. 

Part of the difficulty in elucidating the mechanistn of action lies in the complexity 

and inter-regulation of the pathways involved in cholesterol metabolism and 

homeostasis, and the absence of pharmacokinetic data regarding the metabolite profiles 

following SDG and SECO administration. Baseline measurements of molecular 

expression profiles in normo- and hypercholesterolemic rats will confirm the 

directionality of the transcriptional alterations observed. Time-course measurements of 

baseline expression will provide insight into the influence of diurnal rhythms on the 

expression profiles of CYP7 A 1 and HMGR. Pharmacokinetic data following oral 

administration of flaxseed lignans \Vill provide information regarding the differences in 

systemic lignan profiles. These lignan profiles can then be assessed in conjunction with 

the molecular expression profiles to determine which lignans may be involved in the 

observed transcriptional changes. In addition, time-course analysis of molecular 

expression profiles following oral administration of lignans would facilitate 

pharrnacokinetic/pharmacodynamic modeling and may provide insight into the lignan 

fom1_(s) contributing to the observed hypocholesterolemic effect and support potential 

molecular mechanisms. 
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In conclusion, the results of the present study suggest that the flaxseed lignans, SDG 

and SECO, mediate the hypocholesterolemic effect observed following flaxseed 

consumption in humans. Furthermore, the magnitude of the serum lipid reductions 

suggests a potential exclusive role for lignans in mediating the hypocholesterolemic 

effect observed with flaxseed consutnption. A number of potential molecular 

mechanisms were hypothesized; however, further studies are required to confirm the 

contribution of these mechanisms to the observed hypocholesterolemic effect of SDG 

and SECO. Comprehension of these mechanisms would contribute to the developtnent 

of a flax-associated health ciaim or to the development of nutraceutical 

hypocholesterolemic agents. 
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APPENDIX I 

Raw data for the optimization of molecular targets involved in cholesterql metabolism. 

I Gene-- Annealing ----~-Standard Curve I rL value Efficiency (E) I 
I Temperature (°C) I Equation I 

I
IACAT2 56 - -2.346x ~ 35.878 0.977 2.67 

~ 
_jJ_ . -2.477x + 37.058 0.97 2.53 

58 -2. 775x + 38.119 0.992 2.29 ------+----------
1 ApoE 56 -6.283x + 40.292 1.00 1.44 

1 57 -4.909x + 36.539 0.977 1.60 
I 58 -4.858x + 36.123 0.97 1.61 
IB-actin 55 -3.254x + 33.65 0.94 2.03 

L 56 -3.053x + 32.59 0.95 2.13 
_ 58 -3.195x + 32.83 0.98 2.06 

j CYP7Al 55 1 -3.161x + 40.849 0.968 2.07 
I 56 ~ 38x __=r· 40.272 0.962 2.08 1 

i 57 -2.867x + 38.933 ' 0.947 2.23-_ I 
r HMGR 

1 
56 -3.174x + 38.748 0.986 ___2Q6 
57 -3.948x + 42.132 0.982 _ 1.79--------1 
58 -3.79x + 41.362 0.976 1.84 I 

LDLR 55 -3.927x + 41.568 0.986 1.80 
I --56- 1 -3.485x + 39.888 0.92!_+ 1.94 
I 57 -3.731x + 40.739 0.988 1.85 

I 
PPAR-y ___ J§ -3.572x + 42.969 0.945 t=_l._90 __ ---l 

___ 57 fj.018x + 44~ 0.995 1 1.77 
t-------r----58 ___ +1·598x + 42.417 t O.S!J --I 1.90 
1 SREBP-2 56 =±L3~.127x_2_38.08Wr.9~4 --!-. 2.09 
I 57 -2.986x + 37.364 

1 
0.919 +--___1}_6 __ 

4 

L___ 58__ -2.952x + 37.0391_2:99_-L--- 2.18_ 
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