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ABSTRACT 

The in vitro mammalian lignan production from processed foods containing flaxseed 

was quantified and found to be dependent on the percent flaxseed incorporated into the 

product. Additional grains and flaxseed variety also influenced the overall lignan production. In 

human subjects. a dose dependent response to raw flaxseed was observed in urinary lignan 

excretioo. Tne processing of flaxseed as muffin or bread did not effect the quantity of lignan 

excretion. Plasma lignan levels peaked at 9 hours post flaxseed ingestion and were 

maintained up to 24 houn after intake. Plasma and urinary lignan levels increased 

significantly after eight days of flaxseed conçurnption versus the first day of intake and plasma 

lignan levels stabilized on the eighth day of intake. Urinary lignan levels, after one week of 

supplementation, showed a positive correlation with plasma lignan levels and with the IR vitro 

lignan production. The results should provide guidance in the estimation of lignan intake and 

in designing studies on the physiological effects of lignans. 
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1. INTRODUCTION 

Flaxseed (Linum usitatissirnurn) has been cultivated for at least 8.000 years in Europe 

and Asia, and while it continued to be cornmonly used in Europe, it is only recently that 

flaxseed has gained popularity in North AmeRca. The rnost apparent health benefits of 

flaxseed are related to the high levels of a-linolenic acid ( A M ;  C18:3n-3), and soluble and 

insoluble fibre (Cunnane et al., 1995; Carter, 1993). However, flaxseed is also the highest 

known producer of mammalian lignans (Thompson et al.: 1991). 

Lignans are diphenolic plant compounds with a dibenzylbutane skeleton (Borriello et 

al., 1985) and are widely distributed in plants such as cereals, legurnes, oilseeds, fruits and 

vegetables in addition to flaxseed (Thompson et al., 1991). The plant lignans. 

secoisolariciresinol diglycoside (SDG) and matairesinol (Mat), are converted to the mammalian 

lignans, enterolactone (EL) and enterodiol (ED), through the action of facultative bactefia. The 

SDG is hydrolyzed releasing the aglycone. secoisolariciresinol (SECO), and the sugar moiety. 

SECO then undergoes dehydroxylation and demethylation to form ED, while Mat is converted 

directly to EL. The ED can then be funher oxidized to EL; however, the reverse does not 

occur (Borriello et al., 1985). After colonic formation, EL and ED undergo enterohepatic 

circulation with some lignans reaching the kidney for excretion in the urine. Thus, an 

increased dietary intake of plant lignans would result in an increased production of 

mammalian lignans and enhanced urinary excretion (Thompson et al., 1991). 

Lignans are similar in structure to the endogenous estrogen, estradiol, and to the 

estrogenlanti-estrogen, tamoxifen. As such, lignans appear to act as both anti-estrogens and 

weak estrogens (Adlercreutz et al., 1992: Markaverich et al., 1988). The anti-estrogenic 

potential of lignans has been postulated to protect against hormone sensitive cancers. such 

as breast, prostate and colon cancer (Adlercreutz, 1990; Setchell et al., 1988). Conversely, 

the estrogenic potential of lignans may play an important role dunng menopause, when the 

circulating endogenous estrogen levels are low (Adlercreutz et al., A992). While inconclusive, 

lignans have also been shown to influence circulating levels of sex hormones and produce 

alterations in rnenstmal cycle length (Orcheson et al., 1993; Phipps et al., 1993). Further, 



some lignans exhibit antioxidant activity, which has been suggested to protect against cancer 

developrnent (Fukuda et al., 1986). Lignans are also being studied for their potential role in 

halting the progression of renaI disease because of their abiiity to inhibit platelet activating 

factor (PAF) (Parbtani and Clark, 1995). Thus, it is becoming increasingly obvious that lignans 

possess many beneficial properties. 

The mamrnalian lignan production from vanous raw plant foods has already been 

detemined (Thompson et al., 1991); however, there is currently a lack of data on the lignan 

content of processed foods. Further, while flaxseed is the richest source of plant lignan 

precursors, it is not known if processing will reduce the production of mammalian lignans. 

These factors make it difficult to assess the consumption of plant precursors in individuals or 

populations. 

Sirnilarly, there is limited information regarding the levels of circulating plasma Iignans 

following flaxseed intake. While some studies have looked at unnary lignan excretion post 

flaxseed consumption (Lampe et al., 1994; Shultz et al., f 991) there are no studies which 

have analyzed plasma lignans in relation to flaxseed intake. 

Thus it is unknown to what extent the tissues are exposed to lignans, and the 

biological significance of this exposure. On-going studies are underway to elucidate the 

possible mechanisms of action of these compounds, but there is a need to know what the 

circulating levels of EL and ED are after flaxseed ingestion and how long it takes to achieve 

biological significance. This information is necessary in the application of flaxseed lignans to 

further experimental and clinical trials. 
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2. REVIEW OF LITERATURE 

2.1. FLAXSEED 

Flaxseed or linseed (Linum usitatissirnum) has been cultivated for at least 8.000 

years in Europe and Asia. Linum usitatissumurn was so narned because it was most useful 

(usitatissurnurn) for the production of linen (Linum). in fact, most of the evidence of human 

utilization cornes from the presewed linen fabrics of the Egyptian tornbs (Kolodziejczyk and 

Fedec, 1995; Renfrew. 1973). Evidence of hurnan consumption includes citations of Greek 

and Roman writings from 650 B.C. that suggested flaxseed would alleviate infiammation of 

mucous membranes, abdominal pain and diarrhea (Schiefer, 1992). Also, the pre-histotic 

Tollund man found in a Scandanavian bog, had evidence of flaxseed in his gastrointestinal 

tract (Jen kins, 1 995). 

Worldwide production of flaxseed accounts for only about 1% of worid oilseed 

production, with Canada noted as the largest producer (Canada Grains Council, 1992). 

Utilization of the seed, for both human consumption and industrial applications, is based on 

the composition of the whole seed i.e. 32-38% oit, 27-32s protein and 37-47% dietary fibre 

(Bhatty and Cherdkiatgumchal, 1990). The oil, which contains 50-55% ALA, is used in the 

manufacture of paints, linoleum, varnishes, pnnting inks. oil cloth, brake linings, soap and 

patent leather because of its excellent drying properties (Carter, 1993; Ensminger et al., 

1986; Judd, 1995). After removal of the oit, the flaxseed meal, is used as a supplement in 

livestock feed (Carter, 1993). The flax plant is also used for the production of Iinen; 

however, it is the stem of a taller cultivar that is used (Carter, 1993). 

The benefits of flaxseed consumption are related to its high levels of ALA, soluble 

(25%) and insoluble fibre (75%) (Cunnane et al., 1995; Cunnane et al., 1993; Carter, 1993; 

Bhatty and Cherdkiatgumchal, 1990) and it's high production of mammalian lignans 

(Thompson et al., 1991), as will be discussed later. 

Flaxseed is commonly used in baked goods in Europe but until recently it had been 

of limited use in North Arnerica. However, the recent developments in flaxseed nutrition 



created a dernand and ffaxseed or its oil is now readily available in most "health food" 

stores and the seed (whole or ground) is being used wrnmercially in breads and cereals. 

Flaxseed has not been given GRAS (generally recognized as safe) status, but it has been 

approved by the Food and Dmg Administration on a 12% no objection basis (Carter, 1993). 

Similady, Canada's Health Protection Branch suggests limits of 8% fiaxseed in breads and 

4% in cereals (Vaisey-Genser, 1994). Based on these guidelines and food consurnption 

patterns, it has been estimated that fiaxseed intake could reach a level of 11.8 

g/person/day (Vaisey-Genser, 1994). Further, the National Cancer lnstitute has evaiuated 

flaxseed as a potential component of designer foods (Haurnann, 1993; Stitt, 1990), that is, 

"processed foods that are supplemented with food ingredients naturally rich in disease- 

preventing substances" (American Dietetic Association, 1995). 

2.2. LIGNANS 

Lignans are structurally classified as compounds with a 2,3-dibenzylbutane nucleus 

(Rao, 1978). They are produced by the same shikimic-cinnarnic pathway as lignins (a type 

of dietary fibre), whereby cinnamic and benzoic acid derivatives are coupied. Lignans are 

ubiquitous in higher plants; however, their biological functions in the plant remain 

inconclusive. Their anti-fungal and insecticidal properties suggest that they may play a role 

in plant host defense systems; however, they may also be involved in growth regulation 

(Ayres and Loike, 1990). Further, lignans may also function as antioxidants to protect the 

highly unsaturated ALA present in the seed from oxidation. The mammalian lignans that 

are fomed from these plant precursors have received attention due to their influence on 

cancer (Thompson, 1995), sex hormones (Kurzer et al., 1995), and more recently, kidney 

disease (Parbtani and Clark, 1995). A discussion of the identification, ongin and 

metabolism of the mammalian lignans is crucial in understanding their application to 

disease and symptorn prevention, 



2.2.1. Identification and Or i~ in  of Marnmalian Lionans 

The mammalian lignans. ED and EL were discovered by accident when two groups 

of investigaton analyzed urine sarnples for steroid hormones (Setchell et al.. 1980a; Stitch 

et al., 1980). These researchers consistently found unknown metabolites in ail of their 

urinary steroid hormone profiles, when analyzed by gas chrornatograpny-mass 

spectrornetry (GC-MS) (Setchell et al., 1980a; Stitch et al., 1980). Further, in a study 

conducted with N o  Vervet monkeys these unknown metabolites were inadvertently 

quantified over 40 consecutive days (Setchell et al., 1980b). A cyclical pattern was 

observed with peak excretion occuring during the luteal phase of the 28 day menstrual 

cycle (SetcheIl et al., 1980a; Setchell et al., 1980b). Stitch et al. (1980a; 1980b) confinned 

this cyciic pattern in humans and also observed high levels in pregnancy. However, a 

recent study using 3-day pooled urine samples from the mid-foliicular and mid-luteal 

phases was not able to detect this increase in the luteal phase (Lampe et al., 1994). 

The original hypothesis that lignans were new steroids involved in menstrual cycle 

regulation was disrnissed (Setchell 1995) when removal of steroid endocrine organs in 

male rnonkeys significantly reduced but did not eradicate urinary lignan excretion. 

Structural elucidation studies were able to detemine that both compounds (ED and 

EL) were excreted as glucuronide conjugates (Axelson & Setchell, 1980) after undergoing 

enterohepatic circulation (Adlercreutz et al., 1980). The ernpirical formula was shown to 

have a high degree of aromaticity and was defined as ClsHlaO4, with six double bonds 

(Setchell et al., 1981a). Further elucidation studies, complemented with nudear magnetic 

resonance spectroscopy (NMR) indicated a 2,3-dibenzylbutane skeleton and justified the 

classification as a lignan. It then became apparent that these Iignans had hydroxy groups 

that were present in the meta-position, and as such differed from the previously reported 

para-position of plant lignans. The exact structures were identified as trans-2,3-bis(3- 

hydroxybenzyl)-ybutyrolactone- (EL) and trans-2,3-bis(3-hydroxybenzy1)-butane-1 +di01 

(ED) (Figure 2.1 ; Setchell et al., l 98 la ;  Cooley et al., 1984). The trivial narnes ED and EL 



2, 3-di benzylbutane structure 

Enterodiol (ED) 
trans-2,3-bis(3-hydroxybenzyl)-butane-l,4-diol 

Enterolactone (EL) 
trans-2.3-bis(3-hydroxybenzy1)-.!-butyrolactone 

Figure 2.1 . The mammalian lignans, enterodiol and enterolactone, and their 
2,bdibenzylbutane structure. 



were praposed with the prefix 'enteron for enterohepatic circulation and the suffix "factone" 

or "aiol" describing the stmctural trait of the molecule (Setchell et al., 1981 b). 

As the work on these cornpounds progressed, the investigators suspected that ED 

and EL were products of intestinal bacteria or components of the diet. An expen'rnent was 

conducted with genn free rats and neither EL or ED could be detected in urine or plasma, 

suggesting that intestinal bacteria were necessary for their synthesis (Axelson and 

Setchell, 1981). This was confimed when humans administered with antibiotics showed no 

un'nary lignan excretion (Setchell et al., 1981b). However, it was still unknown if these 

mammalian lignans were a product of de novo microbial synthesis or a metabolite of 

dietary precursors. Rats fed a semi-synthetic diet, devoid of lignan and lignin-containing 

plant compounds, showed a dramatic decrease in urinary lignan excretion which was later 

restored with the re-introduction of normal rat chow (Axelson et al., 1982). This animal 

model was then used ta further identify dietary precursors; however, almost al1 foodstuffs 

resulted in modest urinary lignan excretion, with no obvious source discemible. 

Nevertheless, it was noted that gluten-free foods produced only srnall arnounts of fignans in 

the urine (Setchell, 1995). Therefore, the investigators suspected that celiac patients would 

have low levels of ED and EL in their urine, but suprisingly, when urine was collected from 

an individual with celiac disease the urinary lignan excretion was much greater than any 

previously reported values. Dietary assessment led to the discovery that this person was 

consuming homernade bread containing flaxseed (Setchell, 1995). Subsequently, rats, 

monkeys and humans al1 showed extraordinary increases in excretion of ED and EL post 

flaxseed consumption (Setchell et al., 1983; Axelson et al., 1982). The plant lignan, SDG, 

was then isolated and shown to be the precursor of ED and EL (Axelson et al., 1982). 

2.2.2. Mammalian Linnan Metabolism 

With the discovery that the mammaIian lignans, ED and EL, were derived from 

dietsry precursors, research then focused on the metabolic pathways involved in this 

conversion. An in vitm study ushg hurnan fecal microfiora showed that metabolism of SDG 



begins in the gastrointestinal tract with the hydrolysis of the diglycoside or sugar rnoiety, 

followed by dehydroxylation and dernethylation leading to the formation of ED. Mat. 

another plant ligoan, is converted directly to EL by dehydroxylation and demethylation. The 

ED can then be further oxidized to EL; however, the reverse does not occur (Figure 2.2; 

Bom'ello et al., 1985). The glycoside conjugates of lignans have not been reported in 

biological fluids, suggesting that hydrolysis of the glycoside by gastric acid or bacterial 

glucosidases is an efficient and necessary step in the metabolic pathway (Setchell, 1995). 

After colonic formation, the mammalian lignans are absorbed frorn the intestine, 

transported to the liver, conjugated and excreted in bile, whereupon they undergo 

enterohepatic circulation. Some lignans eventually reach the kidney where they are 

excreted in the urine as glucuranide or sulphate conjugates (Axelson and Setchell, 1981 

and 1980). Thus, an increased dietary intake of plant lignans results in increased 

production of mamrnalian lignans and enhanced urinary excretion (Figure 2.3; Thornpson 

et al., 1991). 

2.2.3. Clinical Siqnificance of Liqnans 

Mammalian Iignans have been shown to possess antitumor, antioxidant, estrogenic 

and antiestrogenic properties (Thompson, 1993; Setchell and Adlercreutz, 1988). Lignans 

are similar in structure to the endogenous estrogen, estradiol, and to the 

estrogenlantiestrogen, tamoxifen (Figure 2.4) and as such, they may be referred to as 

phytoestrogens. The 2,3-dibenzylbutane structure of lignans and the distance between the 

two hydroxyl (OH) groups accords thern rnany important roles. In particular, lignans appear 

to act as both antiestrogens and weak estrogens (Adlercreutz et al., 1992; Markaverich et 

al., 1988). Isoflavones, phytoestrogens found in soybean, are similar to Iignans in structure, 

bacterial transformations and enterohepatic circulation (Setchell and Adlercreutz, 1988). 

2.2.3.1. Sex Hormones The evidence that phytoestrogens have an effect on 

sex hormones unknowingly surfaced with reports that infertile sheep were consuming diets 

composed of clover, later found to be high in phytoestrogens (Bradbury and White, 1954). 
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Figure 2.2. Bacterial metabolism of the plant lignans, sec3isolafiaresinol diglycoside 
and matairesinoi. into the fflammaiian iignans. enterûdiol and enterolactone (Adapted 
from Bomelo et al., 1985) . 
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excretion of lignans (modified frorn Setchell, 1995). 



Enterodiol (ED) Enterolactone (EL) 

Tamoxifen 

Figure 2.4. Structural similarities of the mammalian lignans 
to the estrogen, estradiol. and the antiestrogen, tamoxifen. 



More recently, the discovery of mammalian lignans in the urine of monkeys and humans 

led to initial hypotheses about the relationship of these cornpounds to sex hormones. An 

epidemiologicat study then reported that urinary EL and total Iignan excretion correiated 

positively with sex homone binding globulin (SHBG) and negatively with free estradiol and 

testosterone in prernenopausal women (Adlercreutz et al., 1987). However, this study was 

not able to state whether the effects on sex hormones were due to phytoestrogens or the 

accornpanying dietary fibre (Kurzer et al., 1995). 

NeveNieless, several recent in witm studies support the hypothesis mat Iignans 

have both estrogenic and antiestrogenic properties (Kurzer et al., 1995; Adlercreutz, 1991). 

The growth of estrogen-dependent human breast cancer cells has been induced by EL at a 

concentration (1-2 PM) 1000 fold greater than that required by estradiol; however, at the 

same tirne it was also shown that EL could inhibit estradiol-stimulated cell growth, 

supporting the dual estrogen/antiestrogen hypothesis (Mousavi and Adlercreutz, 1992). 

Estrogenic activity has also been demonstrated by the ability of lignans to bind to the rat 

uterine nuclear estrogen type II binding site or biofiavonoid receptor (Adlercreutz et al., 

1992). further, ED and EL (0.5-50 FM) have been shown to bind to rat and hurnan a- 

fetoprotein and inhibit the high affinity binding of estradiol and estrone (Garreau et al., 

1991). Alpha-fetoprotein regulates the growth of proliferative and tumor cells; therefore, 

competition of lignans for the binding site may effect change in the activity of endogenous 

estrogens in responsive tissues. The ability of lignans to bind to estrogen receptor sites 

confers estrogenic properties as it may induce an estrogenic response; however, the 

response may be of a much lower magnitude than estradiol, indirectly creating an 

antiestrogenic response (Adlercreutz. 1991 b). 

Lignans have also been shown to have direct antiestrogenic activities. For exarnple, 

EL has effectively stimulated the in vitro synthesis of SHBG, with maximal effects at 5 FM. 

Since SHBG binds to free estrogen it is associated with a decrease in free estradiol. Thus 

increased levels of SHBG would have an antiestrogenic effect (Adlercreutz et al., 1992). 



Further, rnarnrnaiian lignans inhibit in vitro proliferation of estrogen-dependent breast 

cancer cells (Markavench et al., 1988; Hirano et al., 1989; Hirano et al., 1990: Mousavi and 

Adlercreutz, 1 992; Schweigerer et al., 1 992) and competitively in hibit placental (Adlercreutz 

et al., 1993b) and preadipocyte (Wang et al., 1994) aromatase, a P-450 enzyme involved 

in the conversion of androstenedione to estrone. 

Studies on the effect of flaxseed on sex hormone metabolism in humans are few. 

Men (n=6) consuming 13.5 g flaxseed flour/day as flaxseed bread, showed significant 

increases in urinary lignan excretion but no change in testosterone or SHBG levels at six 

weeks (Shultz et al., 1991). Potential problems with this study included the small number of 

subjects, inadequate quantity or duration of flaxseed consumption, high baseline urinary 

lignan excretion and a lack of control in the consumption of lignans and phytoestrogens 

(Kurrer et al., 1 995; Shultz et al.. 1991). Orcheson et al. (1 993) reported a dose-dependent 

cessation of the estrus cycle or an increase in the cycle length in rats supplemented with 

flaxseed (2.5, 5 and 10 %) or SDG (0.75. 1.5 and 3.0 mg/day) for four weeks. These 

effects were similar to those produced by the antiestrogen tarnoxifen (1 rng/kg body 

weight). suggesting that flaxseed and SDG were also acting in an antiestrogenic manner. 

Another in vivo rat study demonstrated that when EL was adrninistered in concentrations of 

0.01 - 1 mg/kg it significantly depressed estrogen-stimulated RNA synthesis in the rat 

uterus, provided it was given 22 hours prior to estradiol but not at I O  hours before or 

together with the hormone (Waters and Knowler, 1982). 

In premenopausai wornen, consurnption of 10 g flaxseed per day for three 

menstmal cycles, showed no changes in plasma estradiol, estrone, SHBG, menstmal cycle 

length or follicular phase length (Phipps et al., 1993). However, the investigators obsewed 

an increase in midfolticular testosterone concentration, a decrease in luteal phase 

progesterone/estradioI ratio and an increase in luteal phase length. Nevertheless, there 

was no correlation between urinary lignan excretion and the change in luteal phase length. 

The authors concluded that the increase in luteal phase length, together with the increased 



progesterone/estradiol ratio and fewer anovulatory cycles may be indicative of an ovarian 

regulatory response (Phipps et al., 1993). ln postrnenopausal women. supplementation 

with 25 g of flaxseed resulted in a significant increase in vaginal ce11 maturation, indicating 

an estrogenic effect in women with low levels of endogenous estrogen (Wilcox et al., 

1 990). 

Lignans have demonstrated biological activity at the cellular and receptor level; 

therefore, they have the potential to modulate the effects of estrogen in either direction 

depending on the circulating let~els of endogenous estrogens and exogenous lignans 

(Adlercreutz, 1991 b; Pasqualini et al., l988). the organ system being studied (Jordan and 

Murphy, 1990) and the timing of estrogen or Iignan administration (Waters and Knowler, 

1982). The estrogenic potential of phytoestrogens and Iignans is purported to provide 

benefits dunng menopause, when the circulating endogenous estrogen levels are low 

(Adlercreutz et al., 1992). Whereas, the antiestrogenic potential of lignans has been 

postulated to protect against homone-sensitive cancers, such as breast, prostate and 

colon cancer (Adlercreutz, 1990; Setchell et al., 1988). 

2.2.3.2. Cancer The postulation that Iignans are anticarcinogenic was 

originally based on epiderniological studies that found vegetarian women excreted much 

higher levels of EL than omnivores and breast cancer patients (Adlercreutz et al., 1986a; 

Adlercreutz et al., 1982). Subsequently, non-human primates consuming their normal diets 

were shown to excrete very high levels of urinary lignans and at the same time they were 

extremely resistant to the carcinogenic effects of estrogens, even in the presence of known 

carcinogens (Adlercreutz et ai., 1986b). As previously described, lignans have 

demonstrated estrogenic and antiestrogenic properties, but in addition to these hormone 

like activities, Iignans have also been shown to exhibit antimitotic, antioxidant, antiviral, 

antibacterial and antifungal properties (Setchell and Adtercreutz, 1988). ln vitro studies 

have demonstrated the ability of lignans to inhibit membrane ATPase activity (Hirano et al., 

1991); cholesterol-7-a-hydroxylase activity, the rate-limiting enzyme of bile acid synthesis 



(Sanghvi et al.. 1984); and angiogenesis (Fotsis et al., 1993). These functional 

characteristics of lignans result in antiproliferative effects by decreasing ATP activity; 

decreasing the formation of primary bile acids and potentially reducing colon cancer nsk 

due to its correlation with bile acid metabolites; and by restricting nutrient flow to tumor cells 

and thus inhibiting tumor growth (Thompson, 1995). Further, some lignans have been 

shown to exhibit antioxidant activity, which may protect against carcinogenesis directly 

(Fukuda et al., 1986). 

flaxseed has been used in anticarcinogenesis studies because of its high level of 

mammalian Iignan production (Thompson et al., 1991). In our laboratory, rats fed diets that 

were supplemented with 5% ground flaxseed for four weeks, showed reductions in 

epithelial cell proliferation, as measured by labelling index and mitotic index, and 

decreased nuclear aberrations in the terminal end bud of the mammary gland (Serraino 

and Thompson, 1991). Since terminal end buds are the most undifferentiated structures in 

the rat mammary gland and are purported to be the predominant sites of mammary 

carcinogenesis (Russo and Russo, 1987), this suggests a positive role for flaxseed in the 

reduction of early risk markers of mammary cancer in the rat. In a long terrn study, there 

was a significant reduction in marnmary tumor size when flaxseed (5%) was fed at the 

promotional stage, i.e. one week after treatment with the carcinogen, 

dimethylbenzanthracene (DMBA) (Serraino and Thompson, 1992a). In both of the above 

studies, it could not be established that the protective effect of flaxseed was due solely to 

the mammalian lignan precursors because of other confounding components present in the 

seed (Thornpson, 1995). Thus, with the advent of methods to isolate and pufify the lignan 

precursor in flaxseed, SDG, (Rickard et al., 1 996), further studies were possible. 

A long terni tumorigenesis study showed a significant reduction in tumor number in 

the group fed diets supplemented with 1.5 mg SDG at the promotional stage, providing 

definitive evidence that mammalian lignan precursors have an anticancer effect (Thompson 

et al., 1996a). Another long terni animal study compared the effects of flaxseed, its oil and 



SDG on the later stages of tumorigenesis. Thirteen weeks post-carcinogen (DMBA) 

treatrnent. rats were supplemented with flaxseed (2.5 and 5%), fiaxseed oil (1.82%), or 

SDG (1.5 rngfday); the flaxseed oit and SDG groups were equivalent to the 5% flaxseed 

group (Thompson et al., 1996b). After 7 weeks of treatment, flaxseed and flaxseed oil 

reduced the growth of tumors established prior to supplernentation; while. SDG 

administration resulted in the inhibition of new tumor growth. The size of established 

tumors was negatively correlated to urinary Iignan excretion, suggesting that the 

mammalian lignans were instrumental in reducing the growth of established tumors. 

However, the inhibitory effect of flaxseed oil could not be attributed to its lignan content, 

suggesting unknown mechanisms at work. Lastly, the authors concluded that SDG may 

have been able to exert its protective effect without being fully rnetabolized because there 

was a lower level of unnary lignan excretion in the SDG group than in the flaxseed groups 

(Thompson et al., 1996b). 

Studies have also tested the hypothesis that mammalian lignans have a protective 

effect in colon cancer. The colon is the site of lignan precursor metabolism and as such 

lignans would be available to colon tissue in high concentrations (Thompson, 1995). An 

initial short terni study reported that carcinogen-treated (azoxyrnethane - AOM) rats, 

supplemented with 5 and 10% ground flaxseed or defatted flaxseed meal for four weeks, 

had significantly less aberrant crypts (AC) and aberrant crypt foci (ACF) (Serraino and 

Thompson, 1992b), the preneoplastic lesions which are eady risk markers for colon cancer 

(Bird, 1995). Flaxseed (except the 5% defatted meal) also decreased cell proliferation, as 

measured by labelling index, in the descending colon (Serraino and Thompson, i992b). 

Again, these results cannot be regarded as evidence that lignans were the responsible 

cornpound because of the confounding cornponents present in flaxseed. Thus, a longer- 

term study was conducted on AOM treated rats supplemented with flaxseed (2.5 or 5%), 

defatted flaxseed (2.5 or 5%) or SDG (1 -5 mg) for 100 days (Jenab and Thompson, 1996). 

The control group had a significantly higher number of AC and ACF than any of the 



treatment groups, and the nurnber of AC per ACF and the ACF size were significantly 

higher in the control group. Also, the SDG group did not differ significantly from the other 

treatments groups; therefore, the effect of fiaxseed was attributable to SDG (Jenab and 

Thompson, 1996). 

Overall, the cumulative results of these epidemiological, in vitm and in vivo studies 

support the hypothesis that lignans have cancer protective effects. 

2.2.3.3. Kidnev Disease Untit recently, research into the biological roles for 

marnmalian lignans have focused on hormonal and oncoIogica1 effects. However, there is 

now interest in their effects on the treatment and prevention of end-stage renal disease 

(Parbtani and Clark, 1995). The main cause of end-stage renal disease is 

glomenilonephritis, accounting for more than 30% of all cases utlimately requiring dialysis 

or transplantation (Couser, 1990). Thus, intervention to slow the progression of renal 

disease is a ptiority in the management of these patients. Decreasing numbers of 

functional glomeruli perpetuate the loss of renal function because any remaining glomeruli 

are subjected to increased transcapillary pressure and hyperfiltration that in turn 

accelerates their destruction (Parbtani and Clark, 1995; Couser, IWO). Many factors play a 

role in the exacerbation of kidney disease; however, this discussion will focus on the role of 

inflammatory mediators in the progression of the disease. PAF is a secondary mediator of 

inflammation that is of primary importance in relation to lignans because flaxseed lignans 

have been reported to have anti-PAF receptor properties (Braquet et al., 1985). PAF plays 

a key role in the promotion of inflammatory reactions which ultirnately promote glornenilar 

injury (Parbtani and Clark, 1995). 

When a 15% flaxseed diet was used to assess the ability of ftaxseed to prevent 

nephritis in rnice, reduced mortality, lymphadenopathy, and splenic T-cell proliferation and 

irnproved overall renal function were observed. Although it was conciuded that flaxseed 

lignans rnay have a protective role in reducing platelet aggregation and protection against a 

lethal dose of PAF (Hall et al., 1993) other beneficial components, such as A M ,  may have 



contributed to the results observed. A follow-up animal experiment comparing whole 

flaxseed to its cornponent parts, Le. flaxseed oil and defatted flaxseed, showed beneficial 

effects of al1 diets; however. the whole flaxseed diet was superior in reducing proteinuria. 

lymphadenopathy, splenic hypertrophy and preservation of renal function, as measured by 

glornenilar filtration rate (GFR) (Parbtani et al., 1994). Hypertension and dyslipidemia 

prornote the progression of kidney disease (Kasiske et al., 1988) and since n-3 

polyunsaturated fatty acids can reduce hypertension and plasma lipids (Clark et al., 1991 ; 

Bonaa et al., 1990) it was expected that the flaxseed oit group would have beneficial 

effects. However, the whole flaxseed group exhibited the greatest benefits, followed by the 

fiaxseed oil group and then the defatted flax group. The authon concluded that there rnay 

have been a synergystic effect from the whole flaxseed diet versus its constituent parts 

(Parbtani et al., 1994); however, it alsa suggests that it is not only the oil that confers 

benefits in the progression of renal disease but that non-oil components. such as lignans. 

also have a beneficial effect. 

ln patients with lupus nephritis a significant decrease in total and LDL cholesterol, 

blood viscosity, senim creatinine and proteinuria was seen in the 30 g flaxseed group at 4 

weeks of supplementation (Clark et a1.,1 994). Results in the 45 g leg were not significant 

due to reduced cornpliance with the ingestion of this dose. Nevertheless, induction of 

platelet aggregation by PAF was inhibited by al1 flaxseed doses (15, 30 and 45 glday). 

Overall, flaxseed supplementation may be an important adjunct to therapy in progressive 

diseases of the kidney and as such warrants further study (Parbtani et al., 1995). 

2.2.4. Concentration in Foods 

If indeed mamrnalian lignans have beneficial effects and if an increased 

consumption of plant lignan precursors results in increased colonic production of 

mammalian lignans, then it would be of paramount importance to quantify these 

compounds in common food sources. Epidemiological or clinical studies pertaining to 

lignans will require this information in order to assess lignan consurnption or avoid 



confounding intake of lignan containing foods. Further, as lignan nutrition becomes more 

mainstrearn. nutrition professionals may becorne involved in planning diets for enhanced 

consumption of lignan precursors for the prevention and control of disease. Sirnilarly, 

nutraceuticals, designer foods and functional foods rnay become important sources of 

lignan consumption, thus designers of these products will require lignan composition data. 

Animal (Axelson et al., 1982), hurnan (Cunnane et al.. 1995; Lampe et al., 1994; 

Shultz et al., 1991) and in vitro (Thompson et al., 1991) studies have al1 supported the 

daim that flaxseed is the richest known source of the plant lignan, SDG; however, both 

SDG and Mat are found widely throughout the plant kingdom. In vitro fermentation studies 

have reported a wide range of ED and EL production from various sources. Sixty-eight 

different plant foods had a range of 0.07 to 224.02 ~mo1/100g sample on a wet (as-is) 

basis (Thompson et al., 1991) with flaxseed and defatted flaxseed the highest producers at 

174.96 and 224.02 pmo1/1 OOg, respectively (Table 2.1). The second highest lignan 

producing group was seaweed (2.99 5 0.82 pmo1/100g), while the lowest Iignan production 

was seen in fruit (0.28 = 0.07 ug/IOOg). Other notable lignan producers were lentils (5.95), 

triticale (3.08), soybeans (2.89), oat bran (2.17), corn bran (2.15), wheat bran (1.89), kidney 

beans (1.87), whole wheat (1.64), navy beans (1.54), garlic (1.35), sunflower seeds (1.32), 

barfey bran (1.28), squash (1.27), and asparagus (1.25). Fruits and vegetables appeared to 

result in iow levels of lignan production in vitro; however, after corrections for rnoisture 

content they were actually the second highest producers, in line with the dried seaweeds. 

The ratio of ED to EL varied among the foods sampled and was assumed to be dependent 

on the ratio of Mat to SDG present in the raw food (Thompson et al., 1991). Further, in a 

more recent study it was shown that lignan production varied with flaxseed variety, harvest 

location and year of harvest (Thompson et al., 1997). 

The lignan content of a variety of raw foods has been determined; however, there is 

a need for data from processed foods containing flaxseed because their availability in the 

marketplace is increasing and thus their consurnption will also in- &rease. 



Table 2.1. Mammalian lignan production from in vitro 

fermentation of raw foods (pmolll00g, as is basis). 

Food or food group Number Of Total lignans EDlEL ratio foods 

Oilseeds' 
Flaxseed 
Defatted flax 
Soybean 
Sunfiower 

Cereal brans* 
Oat bran 
Corn bran 
Wheat bran 
Barley bran 

Whole Cereals* 
Triticale 
Whole Wheat 

Vegeta bles* 
Garlic 
Squash 
Asparagus 
Carrot 
8 rocco l i 
Cautiflower 

Legumes* 
Lentil 
Kidney bean 
Navy bean 

Fruits" 

Dried Seaweed* 2 2.99 

"Means, Surnmarized from Thompson et al., 1991. 



2.2.5. Concentration in Biological FIuids 

The mammalian lignans ED and EL were initially reported in urine (Setchell et al.. 

1980; Stitch et al., 1980) but were later detected in plasma (Adlercreutz et al., 1993a), 

feces (Adlercreutz et al., 1995) and semen (Dehennin et al., 1982). 

Table 2.2 surnmarizes the urinary excretion of ED and EL as reported in studies 

involving the habitual diets of specific populations (Adlercreutz et al., 1991 c; Adlercreutz et 

ai., 1986a) or the experimental diets of subjeds consuming vegetables. legumes (Hutchins 

et al., 1995; Kirkman et al., 1995), or faxseed (Cunnane et al., 1995; Lampe et al., 1994; 

Shultz et al., 1991). 

Adlercreutz et al. (1986a) reported the urinary Iignan excretion of wornen in Boston 

and Helsinki who were consuming their habitual omnivorous, lactovegetarian or macrobiotic 

diets. The Boston macrobiotics had the highest ievels of ED, EL (6.26 and 17.68 pmol/day, 

respectively) and EDIEL ratio (0.35), foilowed by the Boston lactovegetarhns (0.74 and 

4.17 pmol/day, and 0.18 respectively), Helsinki lactovegetarians (0.37 and 3.65 pmoVday, 

and 0.10 respectively) and then the omnivores from Boston (0.28 and 2.05 pmollday, and 

0.14 respectively) and Helsinki (0.20 and 2.46 pmol/day, and 0.08 respectively). However, 

this study did not report any statistical significance for these data. 

In a later study of Japenese men and women consuming their typical diets, the 

vaiues reported for ED and EL in men were 0.40 and 1.10 pmollday; while women had 

values of 0.70 and 1.40 pmoVday, respectively (Adlercreutz et al., 1991 c). The ratio of ED 

to EL was 0.36 for men and 0.50 for women. Compared to the previous study these results 

are consistent for ED, but are quite low for EL, as is reflected in the higher ED to EL ratio. 

This may be indicative of the populations' habitually low intake of whole grains (Adlercreutz 

et al., 1991), which produce high levels of EL compared to ED (Thompson et al., 1991). 

Further, the correlations of urinary lignans to specific dietary components indicated that 

most of the lignans were provided by legumes (Adlercreutz et al., 1991~).  Together this 

explains the high ED to EL ratio because legumes have a ratio of 0.74, suggesting that 



Table 2.2. Urinary lignan excretion from habituai and experimental diets. 

Study and Habitua1 or Experimental ED EL ED + EL EDIEL" pmollg 
Su biects O iet umol/dav flax 

Adlercreuîz et al 1 986' 
9 women Boston ( 0 )  - omnivores 
9 wornen 8 - lactovegetarians 

12 women 8 - macrobiotics 
12 wornen Helsink~ (H) - omnivores 
11 wornen H - lactavegetarians 

Adlercreutz et ai.. 1991 
9 men 

IO wornen 

Hutchins et al.. 1995 
7 men. 3 women 

Kirkman et al , 1995 
11 men; 9 women 

Shultr et al.. 1991 
7 men 

Lamoe et al . 1994 
18 women 

Cunnane et al.. 1995 
5 men; 5 wornen 

Traditianal Japanese 
Trad~tionai Japanesz 

Habituai diet 
Basal 
Legumeiallium 
Legurne/allium - Basal" 
Low veçetaole/fru it 
Low veç/fn - Basaia 
High vegetablejfruit 
High veg/frt - Basai" 

Self-select 
Basal 

S ~ Y  
Soy - Bzsal- 
Carotenoid 
Carotenoid - Basal- 
Carotenoid (men) 
Carotenoid (women) 
Cruciferaus 
Cruciferous - Basal" 
Cruciferous (men) 
Cruc~ferous (womec j 

Habitual diet 
Habitua1 diet + 13 5 3 flaxlday 
13.5 g flaxseedlday" 

Habituai diet (no soy or fax) 
Habituai diet + 10 g flax/day 
10 g flaxseed/daym 

Habitual diet 
Habitual diet + 50 g flax/day 
50 g flaxseedlday" 

- - 

O 
'Geometric means, Calculated, Tor rec ted  for baseline, " ~ e ~ o r t e d  

Different superscripts within a column grouping indicate significance. 



there are lower levels of EL relative to ED in cornparison to whole grains, which have a 

ratio of 0.46 (Table 2.1; Thompson et al., 1991). 

The Minnesota group (Hutchins et al., 1995) reported urinary lignan excretion on 

four contralled experirnental diets (basal, Iegume/allium, low vegetable/fmit. and high 

vegetable/fruit) in addition to the subjects' habitual diets. The excretion of ED was 

significantly greater on the high vegetable/fruit (8 servings/day of carrots, potatoes, apples 

and pears) diet (0.26 2 0.04 pmol/day) than on the legume/allium (garbanzo beans, onion 

and gariic) diet (0.10 2 0.04 pmoVday) or the basal diet (0.1 1 0.04 prnol/day). However, 

there were no signifkant differences behveen the high vegetable/fnrit diet and the low 

vegetable/fniit (four servingdday of the above vegetables and fruit) diet (0.15 i: 0.04 

prnolfday). EL followed the rame trend in un'nary excretion; however. the habitual diet had 

the highest IeveIs of EL excretion (2.18 m 0.24 pmol/day), despite having a lower level of 

dietary fibre (24 giday compared to 28 g/day on the high vegetable/fruit diet). This 

suggests that whole grains, in addition to vegetables and fruit are an important source of  

EL in omnivorous diets. The ratios of ED to EL were 0.14 for both the basal and 

legume/allium diets, and 0.50 and 0.48 for the low and high vegetable/fniit diets, 

respectively (Hutchins et al.. i995). Thus, the addition of vegetables and fruit to the basal 

diet increased the ratio of €DEL, as may be expected based on the ratios for vegetables 

(0.84) and fruit (0.75) (Table 2.1; Thornpson et al., 1991). 

In a more recent study by the same group, urinary lignan and isoflavonoid excretion 

in male and female subjects was compared on a self-select diet and four experimental 

diets: basal (vegetable free); soy (tofu and textured vegetable protein); carotenoid (carrot 

and spinach) and cmciferous (broccoli and cauliflower). The excretion of ED and EL was 

greatest on the cmciferous (1 -37 k 0.14 and 2.49 + 0.14 pmol/day, respectively) and 

carotenoid diets (0.53 c 0.15 and 1.46 = 0.15 prnolfday, respectively). while there were no 

differences in lignan excretion on the basal and soy diets. Again, the EL excretion on the 

self-selected diet exceded that of al[ other diet groups at 3.20 + 0.46 pmol/day (Kirkman et 



al., 1995), suggesting that an individuals base diet rnay have a significant influence on 

urinary lignan excretion, specifically EL. Thus, it would be prudent to control subjects' base 

diets during supplementation peflods or at a minimum, during urine collection periods. 

The ratio of ED to EL was significantly higher in the cniciferous leg (0.64) than in 

the other diets, supporting previously published data where broccoli and cauliflower had 

ED/EL ratios of 0.40 and 1.17, respectively; while, carrots had a lower EDIEL ratio of 0.22 

(Table 2.1; Thompson et al., 1991). Gender differences were observed in the excretion of 

ED and EL, with men excreting higher levels of EL dunng the carotenoid, cniciferous and 

soy diets, while wornen excreted more ED on the cruciferous diet. The ratios reported for 

ED to EL were 0.3 (cruciferous) and 0.3 (carotenoid) for the men and 1.6 (cruciferous) and 

0.8 (carotenoid) for the women (Kirkman et al., 1995). The higher ratios observed in 

wornen are in agreement with the study of Japanese men and women on traditional diets 

(Adlercreutz et al., 1991c), suggesting that men and women may metabolize rnarnrnalian 

lignans differently. 

Human studies that have measured urinary lignan excretion post flaxseed 

consumption have shown a significant increase in ED and EL over baseline values 

(Cunnane et al., 1995; Lampe et al., 1994; Shultz et al., 1991). Shultz et al. (1991) reported 

urinary ED and EL to be 9.6 I 1.8 and 53.6 I 4.4 pmol/day (k SEM) in male subjects 

ingesting 13.5 g flaxseed/day for 6 weeks. This represented a 7-28 fold increase over the 

baseline levels of ED and EL (0.4 0.1 and 5.4 _+ 0.7 pmoVday, respectively) and yielded a 

mean excretion of 4.2 pmol lignanlg flaxseedl day. Flaxseed consurnption increased the 

ratio of ED to EL (0.19) over baseline (0.07), due to the high production of ED from 

flaxseed (Thompson et ai., 1991). However, the high baseline value reported for EL 

suggests that the subjects' usual diets, which were consumed throughout the study, may 

have interfered with these results. Specifically, the EDEL ratio (0.19) was quite low when 

compared to flaxseed alone (3.46) (Table 2.1; Thompson et al., 1991) or other flaxseed 



consumption studies (0.75 and 1.70) (Lampe et al., 7994: Cunnane et al., 1995, 

respectively). 

A fiaxseed (10 g/day) study in women, reported a 3-285 fold increase in ED and EL 

(19.48 c 1.10 and 27.79 2 1.50 pmol/day, respectively) over baseline (1 -09 2 1.08 and 3.16 

r 1.47 pmol/day, respectively), representing a total lignan excretion of 4.30 ~mo l /g  

flaxseedlday (Lampe et al., 1994), in agreement with the value from Shultz et al. (1991). 

The ratio of ED to EL was 0.34 at baseline, but increased to 0.75 with flaxseed 

consumption; however, only 72% of the women demonstrated this increase in the ratio, 

while 28% showed no change or a decrease with flaxseed intake. Further, only five of the 

18 women excreted more ED than EL on the flaxseed diet (Lampe et al., 1994), suggesting 

that the ability to oxidize ED to EL may Vary from individual to individual, within the same 

gender. 

In a study by Cunnane et al. (1995) both male and female subjects consumed 50 g 

flaxseedlday for 4 weeks. Baseline urinary excretion of ED and EL (2.93 r 1.51 and 3.10 z 

1.50 pmollday. respectively) increased significantly with flaxseed ingestion (18.70 = 6.60 

and 12.39 c 3.71 ~mol/day, respectively). Total lignan excretion increased fivefold. with a 

fourfold increase in EL and a sixfold increase in ED. There were no reported differences in 

total lignan excretion in male and female subjects. The ratio of ED to EL was much higher 

in this study, with a baseline ratio of 0.95 and a post flaxseed ratio of 1-70 and there was a 

much tower level of lignan production per g flaxseed (0.50 pmotlg flaxseedl day) compared 

to the previous two studies (4.25 and 4.30 pmollg flaxseed/ day) (Shultz et al., 1991; 

Lampe et al., 1994, respectively). 

The reasons for these discrepancies are hypothesized to include any or al1 of the 

following: (i) the variety of flaxseed, year of harvest andlor harvest location may influence 

the amount and ratio of lignan precursors available (Thompson et al., 1997); (ii) the mode 

of flaxseed consumption (raw vs processed) may influence the metabolism and absorption 

of ED and EL; (iii) a high flaxseed load rnay inundate the colonic bactefia involved in the 



metabolisrn of plant precunors to rnarnmalian lignans: (iv) there may be differences in 

tissue retention of ED and EL, with less retention in the studies reporting higher levels of 

lignan excretion per g flaxseed (Rickard et al., 1996); (v) there may have been some 

undetected non-compliance in fiaxseed consumption and/or 24 hour urine collections; (vi) 

the subjects' usual diets may not have been well controlled. potentially increasing the EL 

levels in urine; or (vii) there may be differences in the subjects' abilities to metabolize and 

absorb ED and EL andor differences in the ability to oxidize ED to EL. 

Human and animal studies have used urinary lignan excretion as a marker of lignan 

consumption and metabolisrn; however, little is known about plasma lignan levels. This 

information is necessary to determine how rnuch and how often flaxseed should be 

ingested to maintain a constant level in the blood. Further, assessrnent of plasma lignan 

levels will be necessary to perfonn studies investigating retention time and tissue expasure 

to lignans. Studies reporting the presence of lignans in plasma were published as eady as 

1982-1983 (Dehennin et al., 1982; Setchell et al., 1983); however, it was only recently that 

an acceptable rnethod for plasma lignan quantification was reported (Adlercreutz et al., 

1993a). Results from this rnethod have quantified plasma lignan levels in omnivorous and 

vegetarian Finnish women in two studies (Table 2.3; Adlercreutz et al., 1994; Adlercreutz et 

al., 1993a). In the fint, the plasma lignan levels for ED and EL were 2.5 and 33.3 nmol/l in 

omnivorous and 17.3 and 252.6 nmol/l in vegetarian women, while the ratio of ED to EL 

was 0.08 and 0.07 in omnivorous and vegetarian women respectively (Adlercreutz et al., 

1993a). The second study reported 1.4 and 28.5 nmol/I of ED and EL respectively in 

omnivorous women and 5.4 and 89.1 nrnolll of ED and EL respectively in vegetarian 

women. The ratio of ED to EL was 0.05 in omnivores and 0.06 in vegetarians (Adlercreutz 

et al., 1994). The results from these two studies are comparable for the omnivores; 

however, the vegetan'an values are approximately three fold higher in the first study. The 

calculated ED:EL ratios are low but in line with urinary values reported in habitua1 diets 

(Table 2.2). 



Table 2.3. Plasma lignan levels on habitua1 and experimental diets. 

Study and Habitual or Experimental ED EL ED+ EL EDJEL* 
Subiects Oiet nmolll 

Adlercreutz et al.. 1993a 
14 women 
14 women 

Adlercreutz et al.. 1994 
14 women 
14 wornen 

Atkinson et al., 1993 
1 man 

Morton et al.. 1994 
4 postmenopausal women 
10 postmenopausal women 

Omnivores 
Vegetarians 

Omnivores 
Vegetarians 

Basal diet 
Basai + 1 3.59 fiaxseedfday 
13.5 g flaxseed/dayW 

Basal diet 
Basal + 25 g flaxseed/day 

3 Calculated, "Corrected for baseline 



. - 

In addition to these studies, 

one male subject consuming 13.5 

the plasma levels of ED and EL have been reported in 

g flaxseedlday as whole wheatfflax bread (Table 2.3; 

Atkinson et al., 1993). The results showed high baseline ED and EL (46.0k4.3 and 

97.3B.0 nrnol/l, respectively) when compared to the habitua1 diets of omnivores; however, 

plasma ED and EL post fiaxseed consumption increased dramatically (152.0i46.4 and 

493.3e4.2 nmol/l, respectively) even when corrected for baseline (106.0 and 396.0 nmolll, 

respectively). The ratio of ED to EL (corrected for baseline) decreased unexpectedly from 

0.47 at baseline down to 0.27 with fiaxseed consumption. This is difficult to explain in 

relation to the reportedly high level of ED production from flaxseed (Thompson et al., 

1991). This study was a follow-up to the previously reported study by Shultz et al. (1991); 

therefore, the same problem of potential interference from the basal diet of subjects could 

ais0 be a factor. In addition, it is not clear why the investigators reported only the plasma 

values for one subject when there were six subjects recniited. Because of the high 

individual variability in utinary lignan excretion and EDIEL ratios, it is conceivable that this 

subject may not be representative of the population and as such it would be important to 

obtain data in more subjects. 

In another study of plasma Iignan levels post flaxseed (259) intake, the values 

reported for ED, EL and EDIEL were 352.0, 394.3 nmol/I and 0.89, respectively (Table 2.3: 

Morton et al., 1994). However, there were problems associated with the design of this 

study due to the 2 week back to back supplemention (flaxseed, red clover and soya) with 

no washout period in between. Also, 23 subjects cornpleted the study but at the time of 

publication only 10 cornplete sets of plasma had been analyzed and it was undear how 

many of these were reported, with respect to flaxseed intake. Further, a mean baseline 

plasma level for ED and EL was not reported, rather, baseline levels were reported for four 

individual subjects. The range in ED and EL reported for these subjects was 0.17-6.85 and 

11.06-100.99 nrnolll, r e ~ p e ~ v e l y .  The mean ED to EL ratio caiculated from the reported 

baseline values was 0.05. Therefore, despite the problems associated with this study, the 



ratio of ED to EL in the baseline values is comparable to other reports and the ratio 

increased appropriately with the consumption of flaxseed (0.89). 

Overall, there is limited information regarding the bioavailability of Iignans frorn 

flaxseed. Studies have analyzed urinaty (Cunnane et al., 1995; Lampe et al., 1994; Shultz 

et al., 1991) and plasma (Morton et ai., 7994; Atkinson et al., 1993) lignans post flaxseed 

consumption and fecal lignans have been quantified in omnivores and vegetarians 

(Adlercreutz et al.. 1995); but, there are no published reports that have analyzed urine, 

fecal and plasma lignans, in a controlled bioavailability study with or without flaxseed. 

Further, there are no studies that have assessed timed plasma lignan levets after the 

ingestion of flaxseed. Thus, it is appropriate to review the bioavailiability literature in the 

area of phytoestrogens because they are similar in structure to lignans and have the same 

abilities to undergo bacterial transformations and enterohepatic circulation. 

Bioavailability studies with the soy isoflavones have concluded that 15-20% of the 

total ingested dose was excreted, with fecal excretion accounting for 1-2%, while urinary 

recovery was approxirnately 21% and 9% for daidzein and genistein respectively. Plasma 

isoflavone concentration peaked at 6.5 hours and retumed to near baseline by 24 hours 

post ingestion (Xu et al., 1994). In another study the peak urinary isoflavone excretion was 

reported to be 7.111.9, 6.79.1 and 13.5 hours for daidzein (n=6), genistein (n=6) and 

equol (n=l), respectively (Lu et al.. 1995). In both studies. the majonty of urinary isoflavone 

excretion occurred within 24 hours of consumption. More recently it was reported that 

urinary recovery of isoflavones accounted for 10-30% of intake while fecal excretion was 

quite low and the plasma half-life was the same for both daidzein and genistein (7-8 hours) 

(Setchell, 1996); while other studies have reported differences in the bioavailability of these 

compounds, with daidzein being more bioavailable than genistein (King, 1996; Xu et al., 

1994). Further, there is preliminary evidence that gender differences exist in utinary 

isoflavone excretion, i.e. females excreted more genistein, daidzein and equol (24, 66 and 

28%, respectively) than did males (1 5, 47 and 1596, respectively) (Lu and Anderson, 1996). 



Investigations of this type with Iignans are of paramount importance in understanding the 

metabolism, absorption, retention and excretion of these compounds. 

2.3. SUMMARY AND EXPERIMENTAL OBJECTIVES 

Mammalian lignans are attracting a lot of attention due to their potentially beneficial 

properties. Flaxseed ingestion results in a significantly higher level of urinary lignan 

excretion; however, it is not a major contributor to the diet. Other foods which produce 

smaller quantities of marnmalian lignans, but are consumed in greater amounts, may be 

more important sources (Thompson, 1994; Thornpson et al., 1991) or converseIy, 

confounding contributors in human lignan studies. Nevertheless, flaxseed has been used 

effectively for animal and hurnan studies and has shown some significant biological effects. 

Flaxseed studies have dernonstrated estrogenic (Wilcox et al.. 1990), antiestrogenic 

(Orcheson et al., 1993) and menstnial cycle effects (Phipps et al., 1993). Studies in 

animals have also verified the antitumorigenic effects of lignans (Thompson et al., 1996b; 

Jenab and Thornpson, 1996). and in relation to kidney disease, flaxseed is beginning to 

show prornising results in the preservation of renal function (Clark et al., 1994; Parbtani et 

al., 1994). 

Despite these very promising results, there are definite gaps in the knowledge base 

pertaining ta mammalian lignans. Fint. the lignan production from habitua1 diets is relatively 

unknown and as North American food manufacturers enhance their use of flaxseed the 

need for this information grows due to the potential increases in dietary lignan 

consurnption. Second, the influence of processed flaxseed on the level of urinary lignan 

excretion is unknown and is of increasing importance as more and more flaxseed studies 

are conducted with different foms of ingestion. lnvestigators must be aware of any 

potential differences due to cooking when designing and implernenting these studies and in 

companng results from various studies. Third, the dose response of ufinary lignan 

excretion post flaxseed intake has not been dernonstrated in humans. Fourth, the 

metabolism. absorption and excretion of mammalian lignans (including data on the ratio of 



ED to EL) has not been reported and is a basic requirement for further understanding of 

these cornpounds. Studies of this nature would provide valuable information on the time to 

achieve a significant rise in plasma lignan levels and sirnilarly, the time for peak urinary 

excretion. Dosing schedules required to maintain plasma lignan levels over 24 hours are 

also necessary to achieve the most effective results from lignan consumption. Thus, an in 

vitro fermentation and two human experiments were designed to increase the present 

understanding of mammalian lignan production from flaxseed. 

The OVERALL OBJECTIVE was to test the HYPOTHESIS that the incorporation of 

flaxseed into habitua1 diets would result in increased production and excretion of 

mammalian Iignans in a dose-dependent manner. 

The SPEClFlC OBJECTIVES were: 

(1) to quantify the mammalian lignan production from flaxseed and flaxseed-containing 

breads and cereals by in vitro fermentation; 

(2) to assess the relationship between the percent flaxseed and total lignan production; 

(3) to determine if different amounts of flaxseed would pmduce a dose response; 

(4) to assess whether raw versus processed flaxseed resulted in similar levels of urinary 

lignan excretion; 

(5) to verify the correlation bebveen the in vitro fermentation of raw flaxseed and urinary 

Iignan excretion; 

(6) to quantify the plasma and un'nary lignan levels at timed intervals on the first and eighth 

day of flaxseed ingestion; 

(7) to observe any differences in plasma and/or unnary excretion on the first vs the eighth 

day of ingestion; and 

(8) to detemine the possible relationship between urinary Iignan excretion and plasma 

Iignan levels post flaxseed consumption. 



CHAPTER 3 

IN VlTRO MAMMALIAN LIGNAN PRODUCTION FROM HOMEMADE AND COMMERCIAL 

PRODUCTS CONTAI NlNG FLAXSEED 



3. IN VITRO MAMMALIAN LIGNAN PRODUCTION FROM HOMEMADE AND 

COMMERCIAL PROOUCTS CONTAlNlNG FLAXSEED 

3.1. INTRODUCTION 

The lignan content of vanous raw foods has been deterrnined (Thompson et al., 

1991); however, there is inadequate data on the lignan content of processed foods, 

particularly those containing flaxseed. Composition data would be useful in assessing the 

level of lignan consurnption in individuals or populations or in formulating a high lignan 

producing diet for disease prevention andlor treatment. 

The objectives of this study were to detennine the mammalian lignan production 

from flaxseed and flaxseed-containing processed foods and to relate the percent flaxseed 

to total lignan production. An in vitro fermentation technique was utilized to simulate the 

colonic environment necessary for the conversion of plant precursors to mamrnalian 

lignans. Results from this method have been shown to relate well to urinary lignan 

excretion in animals and humans (Thompson et al., 1991). 

3.2. MATERIALS AND METHODS 

3.2-1. Samples 

Twenty-five foodstuffs including raw flaxseed, homernade products containing 

fiaxseed, and commercial breads and breakfast cereals with and without flaxseed were 

selected for analysis of lignan production. 

Ground Linott fiaxseed (Omega Life Products, Melfort, SK) was incorporated into 

four homemade wheat based products (pancake, bread, muffin and pizza dough) in our 

laboratory test kitchen. The pancake, bread and pizza dough were prepared csing recipes 

(Appendix A) from a booklet produced by the Flax Growers Western Canada (Regina, SK), 

and the muffin frorn a recipe (Appendix A) of the U S .  Flax lnstitute (Ziegler, 1994). All 

products were prepared with identical white wheat flour as the base grain, but with 

differences in cooking time, temperature and percent flaxseed in the finished product. The 



pancake had the least amount of flaxseed (6.2%). with the shortest cooking tirne (10 

minutes), but the highest temperature (205%) of cooking. The bread contained slightly 

more Raxseed (6.9°/~) but was baked for 40 minutes at 190°C. Muffins (8.0% flaxseed) and 

pizza dough (13.2% flaxseed) were both baked for 20 minutes at 19O0C. 

Commercial breads, breakfast cereals and raw grains, were obtained from local 

supermarkets, with the exception of Uncle Sam's Cereal, which was obtained from the 

manufacturer (US. MiIIs. Omaha, NE). Both the flaxseed-containing cereals (Red River 

and Uncle Sam's) and their representative base grains Le. a whole wheat flake (U.S. Mills 

Erewhon Wheat Flakes. produced by the same manufacturer as Uncle Sam's Cereal) and 

raw wheat and rye were analyzed to compare the base grain to the cornplete cereal. 

Further, the manually separated flaxseed and wheat flakes from the Uncle Sam's Cereal 

were analyzed individually. 

Table 3.1 lists the commercial breads that were analyzed with infornation about the 

rnanufacturers. the amount and variety of flaxseed used and the types of supplernentary 

grains. 

Hornemade and bread products were freeze-dried prior to grinding, while the 

flaxseed and dry cereals were ground directly pnor to in vitro fermentation. Al1 samples 

were analyzed for moisture content by an oven-drying method (AOAC, 1984) to allow for 

the calculation of lignan production on an as-is basis. 

3.2.2. In vitro Fermentation 

In vitro simulations of colonic fermentation using fresh human fecal microbiota were 

conducted in duplicate, according to Thompson et al. (1991). Twenty-four hours prior to 

fermentation, samples (0.5 g) were combined with 40 ml of fermentation media, in 100 ml 

fermentation bottles. Fermentation media was prepared by dissolving 10 g trypticase in 2 L 

distilled H20, followed by the addition of 0.5 ml micromineral solution (13.2 g CaCl2e2H20, 

10.0 g MnCI2.4H20, 1.0 g CoCI2a6H20, 8.0 g FeC1p6H20 in 100 ml distilled water), 1.0 L 



Table 3.1, Commercial breads selected for in vitro fermentation. 

Brand or Sample Manufacturer 
Flaxseed Flaxseed 

O/O Varietya 
Supplementary ~ r a i n s ~  

Whole wheat bread without flaxseed 

Country Hearth Whole Wheal Jane Parker Bakery Lld. 0.0 WW, So 

Whole grain breads with flaxseed 

Five Grain Bread Rudolph's Bakeries Ltd. nla nla WW, Ry, SS, O 

Dempstets Twelve Grain Bread Corporate Foods Ltd. 0.1 nla WW, Su, O, SS, Ry, B, Cl Ml Tl Ri, BW 

Country Hearth Twelve Grain Jane Parker Bakery Ltd. 0.6 Mc WW, Su, SS, O, C, 0, Ry, Tl Ri, Ml So 

Seven Grain Bread Loblaws Ltd. 1.4 Na WW, Ry, O, Su, Tl B 

Country Hatvest Twelve Grain Weston Bakeries 2.0 Mc W, Su, SS, Ry, O, BI Ri, C, Ml Tl So 

Sovital Grain Bread Lobfaws Ltd. 3. O nla WW, Ry, Su, Sol SS 

Flaxseed breads 

Linseed Rye Bread Dimpflmeier Bakery Ltd. 4.0 L 

Master's Choice Flaxseed Bread Jane Parker Bakery Ltd. 7.0 L 

Bio Guarantee Flaxseed Rye Stickling's Specialty Bakery 7.0 unlc 

Northern E d ~ e  Flaxbread 
Randolph & James Flax 

Mills Ltd. 
8.0 NL, V 

Tasty Flaxmeal Bread 

Flax Seed Rye Bread 

Vege-hut Limited 10.0 NL 

Rudolph's Bakeries Ltd. 10.1 nla 

' NL - NorLin V - Vimy Na - Noralta Mc - McGregor L - Linotl unlc - uncertified seed, nla - not available 
b W - White Wheat Flour WW - Whole Wheat Ry - Rye SS - Sesame Seeds C - Corn O - Oats B - Barley M - Millet So - Soy 

Su - Sunflower Seeds T - Triticale Ri - Rice BW - Buckwheat 



buffer solution (24 g NH4HC03, 210 g NaHCOJ in 6 L distilled H20), 1.0 L macrominerai 

solution (34.2 g Na2HP04, 37.2 gKH2P04. 3.5 g MgSO4e7H20 in 6 L distilled HzO), and 5.0 

ml resazurin (0.1 O/O wlv) . 

Bottles were placed in a 37°C water-bath and flushed with CO2 for 15 minutes. 

Reducing solution (2 ml; 1.25 g cysteine HCI. 50 pellets KOH in 100 ml distilled H20 mixed 

with 1.25 g Na2S.9H20 in 100 ml distilled &O) was added to each bottle using an 

automatic syringe and CO2 flushing was continued until the solution was reduced i.e. it 

tumed colourfess. Bottles were then sealed and stored at 4°C ovemight to maintain the 

anaerobic environment and limit microbial growth while hydrating the samples. Two hours 

prior to fermentation, the samples were placed in a 37°C water-bath. Fecal collection media 

was prepared by combining 500 ml of fermentation media, 1500 ml distilled HZO. flushing 

with COz for 15 minutes. adding 200 ml of freshly prepared reducing solution and continued 

flushing with CO2 until colourless. 

Fresh feces were obtained from a healthy volunteer who had not taken antibiotics 

for at least six months. The fecal sample was collected into a pre-weighed container with 

400 ml of collection media (37"C), from which the weight of the feces was detemined. The 

feces and collection media were blended to detach cellulolytic microbiota from the fecal 

fiber matrix, then squeezed through a Nitex membrane and filtered through glass wool to 

remove fiber particles. The blender and transfer containers were rinsed with fresh collection 

media to ensure a final inoculum ratio of lg of feces to 15 ml of media. The inoculum (10 

mL) was then injected into each sample bottle, using an automatic syringe. The inoculation 

was complete within 15 minutes of fecal collection. Fecal contents and solutions were kept 

under constant flow of carbon dioxide during fecal collection and inoculum preparation to 

ensure anaerobiosis. Sarnples were incubated at 37°C for 24 hours, with occasional 

swiriing of flasks to promote adequate mixing. After 24 hours, CuS04 (1 ml; 3% w/v) was 

adaed to each flask to end fermentation by inactivation of the bacteria. Fermentation 



digesta were centfifuged (13,000 rpm @ 4°C; Sorvall RC-SB), gravity filtered and stored at 

-20°C until analysis. 

3.2.3. Liman Analvsis 

The concentrations of ED, EL, and SEC0 were analyzed by capillary gas 

chrornatography-mass spectrometry (GC-MS) procedures (Thornpson et al., 1991 ; Rickard 

et al., 1996). Lignans were extracted using reverse phase octadecylsilane-bonded (C- 1 8) 

columns (200 mg/ 3ml size; Scientific Products and Equiprnent Ltd, Concord, ON). 

Colurnns were activated by elution with 5 ml ch1oroform:MeOH ( l : l ) ,  followed by 5 rnL each 

of methanol and distilted water. The fermentation digesta (1.5 ml for samples containing 

fiaxseed and 2.5 ml for sarnples with no flaxseed) was passed through the column and the 

lignans adsorbed to the silica partides. Lignans were then recovered by eluting with 4 mL 

of methanol, drying in a rotary evaporator (60°C) and redissolving in 5 mL of sodium 

acetate buffer (0.5 M, pH 4.5) ptior to ovemight enzymatic hydrolysis at 37°C with 50 pl p- 

glucuronidase (Helix Pornatia; Sigma Chernical Co., st. Louis, MO). After incubation, the 

unconjugated lignans were extracted with another C-18 column. Further purification and 

isolation was achieved on a DEAE-Sephadex ion exchange colurnn prepared in the OH- 

form using 0.1 N NaOH in 72% methanol. followed by 72% methanol. Lignans were 

recovered by eluting with 10 ml of MeOH saturated with COz. The eluent was dried in a 

rotary evaporator (60°C) and the residue was stored in 1 ml MeOH at -20°C until GC-MS 

analysis. 

3.2.4. Gas Chrornatoaraphv-Mass Spectrometw 

The lignans were isolated by removing methanol under a Stream of N2 gas and then 

converted to trimethylsilyl (TMS) ethers by adding 100 pl of hexamethylidisilazane: 

trimethylchlorosilane: pyndine (3:2:1 by volume; Tri-Sil; Chrornatographic Specialties, 

Brockvitle, ON) and heating at 60°C for 30 min. The TMS ethers were dried under Nz, 

dissolved in 100 pl of hexane and analyzed in a GC-MS (Hewlett Packard 5890 Series I l ,  



Hewlett Packard Canada Ltd., Mississauga, ON). Total run time was 15 minutes, with 

temperature programming initiated at 100°C and increased by 30°C/min to 250°C. A cross- 

linked methyl silicone gum phase HP-1 capillary column (25m x 0.2mm x 0.1 1um) was 

used, with helium as the camer gas. Internai standards used were 5-a-androstron-3p, 17p- 

diol and stigmasterol (Steraloids Inc., Wilton, NH). The results represent the mean of 

samples femented in duplicate. 

3 . 25  Statistical Analysis 

Statistical analyses were performed using SASSTAT Version 6 (SAS lnstitute Inc., 

Cary, NC). The Student's t-test was used to assess differences in total lignans in the 

breakfast cereals and their base grains and between whole grain breads (containing 

flaxseed) and flaxseed breads. General linear modelling followed by Duncan's Multiple 

Range Test was used to assess differences in the ratio of ED to EL among the different 

types of products containing flaxseed. Regression analysis was conducted on the percent 

flaxseed in the homemade or commercial products and total lignans produced by in vitro 

fermentation. The acceptable level of significance was p s 0.05. 

3.3. RESULTS 

The mammalian lignan production (ED+EL+SECO) from raw flaxseed was 177.4 

umol lignan/lOOg. ln homemade products, Iignan production in pmo1/100g ranged from 

8.110.0 in pancake to 23.515.6 in pizza dough (Figure 3.1). A regression analysis of lignan 

production to percent flaxseed showed a strong positive correlation (Figure 3.2; ps0.01, r = 

0.95, y = 1 . 5 7 ~  + O. 1 1). 

Uncle Sam's Cereal produced significantly more total lignans (48.3 pmo1/100g) than 

its component wheat flake (3.710.8 pmo1/100g, ps0.001), white the flaxseed itself had the 

greatest lignan production (1 71.5kl9.9 prno1/100g; Figure 3.3) The Iignan production from 

the Erewhon wheat flake was very similar to that of the identically fomulated flake from the 

flaxseed cereal. Similarly the base grains, rye and wheat, provided significantly less Iignan 
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production (2.320.9 and 2.411 -0 pmo1/100g, respectively) than the Red River Cereal (8.1 

prno1/100g cereal) (ps0.01). The regession analysis of total lignans to percent flaxseed. for 

the cereals and their base grains showed a significant linear relationship (Figure 3.4; p 5 

0.0001, r = 0.997, y = 1 . 6 9 ~  + 4.35). 

The commercial breads differed in the amount and variety of flaxseed used and the 

addition of various supplernentary grains, rnost notabiy the oilseeds, soybean, sunflower 

and sesame, and the grains, wheat bran, corn bran, rye and triticale (Table 3.1). Lignan 

production ranged from 1.1+0.5 ~rno1/lOOg in bread without flaxseed up to 32.4c0.8 

pmol/lOOg in a flaxseed bread, with a mean of 12.4S2.34 ~rno1/100g (excluding the 

flaxseed free bread) (Figure 3.5). The total lignan production in whole grain breads 

(containing flaxseed up to 4%) was significantly less than that in flaxseed breads 

(containing 2 4%) (8.45kl.28 and 16.2814.03 prnoV1 OOg, respectively) (Figure 3.6; 

ps0.05). Regression of Iignan production against percent flaxseed revealed a positive 

correlation (Figure 3.7; ps0.05, r=0.58, y = 1 . 3 2 ~  + 5.99). 

A comparison of the ratio of ED to EL across product groups showed flaxseed to 

have a significantly higher ratio (2.06k0.44) than al! other groups. Similarly, the homemade 

products (1.2720.34) had a significantly higher ratio than the cereals, flaxseed breads and 

whole grain breads containing flaxseed (0.48A0.22, 0.38'0.09 and 0.23c0.08, respectively) 

(Figure 3.8; ps0.0001). 

3.4. DISCUSSION 

This study has shown that the addition of flaxseed to processed foods substantially 

increases the production of rnammalian lignans with the amount of Iignan production 

dependent on the percent flaxseed. The strong correlation observed between percent 

flaxseed and Iignan production in homemade products suggests that if the base grains and 

flaxseed sources are identical, the percent flaxseed can be a good predictor of mammalian 

Iignan production. This was also apparent in the significant differences observed between 
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Figure 3.4. Correlation of total lignan (EDtELtSECO) production to percent Raxseed in breakfast cereals, their 
base grains and fiaxseed after in vitro fermentation. 
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Figure 3.5. Total lignan (ED+EL+SECO, I SEM) production after the h vifro fermentation of commercial breads. 



Grain breads 
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Flaxseed breads 

Figure 3.6. Mean total lignans (ED+EL+SECO, I SEM) for grain breads (with flaxseed) and flaxseed breads after 
in vitro fermentation. (*significantly different from flaxseed breads; p<0.05). 
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Figure 3.7. Correlation of total lignan (ED+EL+SECO) production and percent flaxseed in commercial breads 
(grain breads containing flaxseed and flaxseed breads) after in vitro fermentation. 





flaxseed-containing cereals and their base grains and the positive correlation to percent 

flaxseed. The significant. but weaker correlation seen in commercial breads suggests that 

additional grains and differences in flaxseed variety will also have an impact on the level of 

lignan production. This supports an earlier in vitro fermentation study which demonstrated 

that other good lignan producers included sunflower, soybean, triticale, oat bran, corn bran, 

wheat bran, and whole wheat (Thornpson et al.. 1991). Many of these supplernentary 

grains and oilseeds were used in the commercial products analyzed. Further. flaxseed 

varieties have been shown to differ in the quantity of mammalian lignan production 

(Thornpson et al., 1997). 

The differences observed in the ratios of ED to EL among the flaxseed-containing 

products adds further support to the influence of supplementary grains. The EDIEL ratio for 

fiaxseed was high in cornparison to the flaxseed-containing cereals and grains. Further, the 

ratio observed in homernade products was significantly greater than that seen in the 

commercial breads and cereals because the homemade products were made with highly 

processed white wheat fiour and as such contained few other lignan sources. The ED to EL 

ratios for cereals. flaxseed breads and whole grain breads containing flaxseed were not 

different from one another but were significantly lower than both the homemade products 

and flaxseed. This is likely due to the use of whole wheat and other cereals in their 

formulations as the higher production of EL from cereals (Table 2.1) would have lowered 

the high ratios observed with flaxseed alone. Thus, products containing flaxseed as their 

only lignan source would be expected to have higher levels of ED compared to EL whereas 

products containing other sources of lignans, such as whole grains, would be more likely to 

have a lower ratio. 

While the cereal rnanufacturers incorporated flaxseed into their products in the 

whole seed forrn. the values obtained here are more representative of the mammalian 

lignan production from the product in its ground fom. Further studies are necessary to 



determine whether there is more Iignan production frorn the ground or the whole seed, as 

this is currently unknown. 

Utilizing the mean in vitm lignan production frorn whole grains, fruits and vegetables 

(Table 2.1; Thornpson et al., 1991), it can be estimated that a non-vegetarian may ingest 

approximately 4.6 umol lignans per day (with an intake of 8 servings of whole grains and 8 

sewings of fruit and vegetables). On the other hand, a vegetarian may ingest 7.4 pnol/day, 

with 9 servings of whole grains, I O  servings of fruit and vegetables, two servings of 

legurnes and one serving of oilseeds. Based on the mean value obtained for al1 commercial 

breads (12.4 pmol/lOOg), the ingestion of just two 309 slices of bread containing flaxseed 

would provide an additional 7.4 umol lignans. Thus, an individual May be able to double or 

tnple their lignan intake with the inclusion of a commercially available bread containing 

flaxseed. This could provide non-vegetarians with a Ievel of intake over and above 

vegetarians' lignan intakes. Conversely, if Vaisey-Genser's (1994) estimate of 11.89 

flaxseed/day or approximately four slices of bread is used, this would provide an extra 14.8 

pmol lignan/day. Further, the ratio of ED to EL in urine could potentially be much higher in 

a diet containing flaxseed (0.18 - 1.70; Table 2.2) than in those reported in vegetarian diets 

(0.10 - 0.55; Table 2.2). Thus, much work is necessary to assess the significance of this 

potentially dramatic increase in lignan and in particular ED production in the North 

Arnerican population. 

As alluded to, this study has indirectly shown that there has been an increase in the 

use of flaxseed in the North Amen'can food culture just by the shear quantity of 

commercially available breads and cereals containing flaxseed. Overall, it appears that 

bread products more than cereals, are taking the lead in this widespread incorporatirin of 

flaxseed as one of the many grains included in a whole grain product. These data on the 

Iignan content of homernade and commerciaIly processed foods containing flaxseed are of 

utmost importance to those planning studies involving the consumption of flaxseed and 



those involved in the estimation of the Iignan content of diets, both individual- and 

population-based. However, future studies of this nature will be necessary to expand the 

data base of the lignan composition of vanous foods. In future, the analysis of foods for 

inclusion in nationwide food composition tables will require more detailed sarnpling 

protocols and analysis of sample variance. 

In conclusion, the addition of flaxseed to processed foods significantly increases the 

production of mammaiian lignans. In fact. when the base grain is identical, marnmalian 

Iignan production may be predicted from the percent flaxseed. However, the presence of 

additional grains and differences in flaxseed variety will have an impact on the level of 

lignan production and the ED to EL ratio. 



CHAPTER 4 

PRODUCTION OF MAMMALIAN LiGNANS FROM FtAXSEED IN HUMANS 



4. PRODUCTION OF MAMMALIAN LIGNANS FROM FLAXSEED IN HUMANS 

4.1. INTRODUCTION 

Urinary lignan excretion in rats has been observed to be dose-dependent at 0-5O/0 

flaxseed but plateaus at the 510% levels (Rickard et al., 1996); however, a similar response 

has not yet been reported in humans. A correlation between rat urinary lignan excretion and in 

vitro fermentation of SDG has also been demonstrated. If these same observations can be 

repeated in humans it rnay be possible to predict the level of urinary lignan excretion from 

diff erent foods. 

Human flaxseed studies have reported significant increases in unnary Iignan excretion 

with the consumption of flaxseed (Cunnane et al.. 1995; Lampe et al., 1993; Shultz et al., 

1991); however, the amount and method of flaxseed ingestion have vafied and appear to be 

arbitrary. Thus, it would be useful to detemine whether a standard amount of flaxseed would 

produce a similar levei of urinary lignan excretion when consumed in either a raw or a 

processed fom. 

The recently reported methodology for plasma lignan analysis (Adlercreutz et al.. 1994 

and 1993a) has resulted in the publication of plasma levels in habitua1 and expeflmental diets 

(Morton et al, 1994; Atkinson et ai., 1993). However, there are no data regarding the time it 

takes for plasma levels to peak post flaxseed ingestion. Similarly, there are no reports on the 

urinary lignan excretion at timed intervals after flaxseed intake. These results have been 

documented with isoflavones (Lu et al., 1995; Xu et al., 1994) but are also necessary for 

lignans. Further, in planning lignan studies with flaxseed it is important to understand the dose 

and length of time it takes for plasma lignans to peak and then maintain a constant plasma 

level. Once the plasma lignan levels post faxseed ingestion have been detemined 

investigators can begin to compare physiological levels with the in vjtm levels required to 

show biological effects. 

Thus in this study, WO expenments were conducted with the following objectives: (1) to 

determine if a dose response in unnary lignan levels could be obsewed with different levels of 



flaxseed; (2) to deterrnine if a 25 g dose of flaxseed ingested in a raw or processed (muffin 

and bread) f o m  would produce sirnilar ievels of urinary lignan excretion: (3) to identify the 

length of time to obtain peak plasma lignan levels post flaxseed ingestion; (4) to determine if 

plasma Iignan levels would increase and maintain a unifonn level after one week of 

supplementation; and (5) to correlate urinary lignan excretion with plasma levels and in vitro 

Iignan production. An understanding of the metabolism, absorption and excretion of 

mammalian Iignans from flaxseed is of utrnost importance when using flaxseed as a mode1 in 

human studies. 

4.2. MATERIALS AND METHODS 

4.2.1. Subiects 

Prernenopausal women aged 20-40 years were recruited through campus 

advertisements. For inclusion in the study. subjects had to be omnivorous, non-srnokers with 

stable body weights and with regular menstruaf cycles (25-31 days). Subjects were excluded if 

they had used oral contraceptives or antibiotics in the last three months or if they were on any 

prescription medication or hormone therapy. The use of aspirin and vitarnin C was 

discouraged. Individuals with endocrine or eating disorders, vegetarians and those 

participating in severe exercise were not included. 

Nine healthy female subjects were ultimately selected for inclusion in this study. Pre- 

study data collection included subjects' height, weight, age, body mass index, and 3-day food 

records. 

4.2.2. Expetiment 1 

The design of experiments I and 2 is outlined in Figure 4.1. In a randomized cross- 

over design, subjects' self-selected diets were supplemented with either 5, 15, or 25 g raw 

ground flaxseed (in 125 ml applesauce) or 25 g processed flaxseed (in muffin or bread) for 

seven days during the follicular phase of their menstrual cycles. The recipes for the flaxseed 

muffins and bread (Appendix B) were developed in Our laboratory test kitchen. All subjects 

provided written consent for the study protocoi as approved by the University of Toronto 

Ethics Cornmittee. 
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Beginning on day 3 of the menstrual cycle, subjects ingested a standard low fibre 

dinner and on day 4 they collected a 24 hour urine sample while continuing to consume only 

the standard meals, as provided (Appendix C). Flaxseed supplementation was provided at 

breakfast starting on day 5 of the cycle and continuing until day 1 i. The evening pnor to the 

final flaxseed supplement (day 10), subjects consumed another standard dinner and on day 

II they collected a 24 hour urine and consumed the meals provided. Thus, two 24 hour urine 

samples were collected per subject dunng each a m  (i.e. 59, ISg, 259 raw, muffin and bread); 

one sample for Iignan analysis at baseline and the other after supplementation. Subjects were 

able to self-select their diets during the non-collection days of supplementation; however, they 

were required to complete a food record for 3 of these 6 days. During each of the five cycles 

of the study subjects' menstrual cycle lengths were recorded and at the end of the study 

weight was recorded for calculation of post-study BMI. Subjects were provided with al1 food 

supplies for the standard diet, flaxseed supplements, and collection containers on day 2 or 3 

of their menstrual cycle. Subjects agreed to avoid defined flaxseed or soy related foods during 

the entire course of the study, while legumes and sesame seeds were avoided during the 

supplementation period only (Le. days 1 to 13 of the menstrual cycle). 

One of the subjects also participated in the first study (Chapter 3) as the fecal donor, 

to allow for regression analysis between the results of the in vitro fermentation of raw flaxseed 

and the in vivo urinary lignan excretion post flaxseed ingestion. 

4.2.3. Experiment 2 

As an adjunct to the 25 g raw flaxseed a m  of Experiment ? ,  subjects continued to 

ingest flaxseed for one more day, i.e. subjects ingested 25 g raw flaxseed for 8 days rather 

than 7 (Figure 4.1). On the first and eighth day of supplementation timed urine (0-12 h, & 12- 

24 h) and blood sarnples (Oh, 3h, 6h, 9 h, 12h, & 24 h) were collected for analyses of Iignans. 

The standard low fibre diet (Appendix C) was provided on al1 collection days to control for 

confounding ingestion of lignans from fruits, vegetables and whole grains. 



4.2.4. Urinaw lignans 

Urine was collected and stored in 4L disposable sample containers (Fisher Scientific 

Co., Pittsburgh, PA). Ascorbic acid (3.0 g per 24 hours) was added to the containers prior to 

urine collections, to act as a preservative. After recording the total volume of unne, a 75 ml 

aliquot was taken, sodium azide (1 ml; O. 1 % wlv) was added and then samples were stored at 

-20°C until lignan analysis. To detect completeness of urine colIections, creatinine content 

was measured and those found to be incomplete were eliminated from the analyses. 

Lignan analysis was performed as described in Chapter 3. The amount of urine 

assayed was dependent on the quantity of flaxseed ingested, Le. 5 ml of urine was used for 

baseline urine samples, 2.5 ml for the 5 and 15 g flaxseed amis and 1.5 ml for the 25 g 

flaxseed (raw, muffin or bread) ams. 

4.2.5. Plasma Limans 

BIood samples (20 ml) were drawn into two hepannized vacutainer tubes (10 mi; 

Fisher Scientific Co., Pittsburgh, PA). A total of 120 ml blood was drawn from each subject on 

both the first and eighth days of flaxseed intake. Plasma was obtained by centrifugation 

(2,000 rpm at 4°C) for 15 minutes, and stored in 2 ml aliquots at -20°C with 2 ul ascorbic acid 

(O. 1% W/V) and 26.4 pl sodium azide (0.1 % wlv), until analyzed for lignans (Adlercreutz et al., 

1 993). 

ED and EL were quantified with slight modifications to the previously described isotope 

dilution GC-MS procedure (Adlercreutz et al., 1994). Oistilled water (1.2 ml), acetate buffer 

(0.8 ml; 1.5 M; pH 5.0), and triethylammonium sulphate (TEAS) (4 ml; 0.5 M; pH 5.0) were 

added to 2.0 ml of plasma and subjected to Vortex mixing prior to incubation at room 

temperature for 20 minutes. The mixture was then centrifuged (1500 rpm) for 5 minutes at 

18OC, to precipitate proteins. A C-18 column, as described in Chapter 3, was activated by 

elution with 6 ml of MeOH and 10 ml of distilled water. The plasma supernatant was applied to 

the column prior to washing with 3 ml of acetate buffer (0.15 Ml pH 5.0) and elution of lignans 

with 4 ml of 72% MeOH. The eluent was dried on a rotary evaporator (60 OC) and the residue 

redissolved in 2 ml of ethylacetate and 2 ml of HCI. After an ovemight incubation at 37OC. the 



sample was evaporated to dryness under N2 gas. The dry sample was dissolved in 1 ml of 

acetate buffer (0.15 M, pH 5.0) prior to hydrolysis with 50 of pur-ified P-glucuronidase at 

37OC for 1 hour, and then re-applied ta an activated C-18 column (as descnbed above) with 

final purification by a DEAE-Sephadex column (as described in Chapter 3). Prior to use, p- 

glucuronidase was punfied by filtering Helix Pomatia through a C-18 column. 

Deuterated intemal standards (10 ng of 'H~EL  and 10 ng 'H*-ED) were added to the 

samples prior to derivatization. Lignans were analyzed by GC-MS with slight modifications to 

the method descn'bed in Chapter 3. The selected ion monitoring mode (SIM) was utilized to 

increase the sensitivity of the GC-MS. and temperature programming was increased to 280°C, 

rather than 250°C. Calibration data were obtained by measuring the ion ratios of varying 

amounts of natural foms of ED and EL to the constant amount of their respective deuterated 

standards. Modifications and standardizations were accomplished by spiking plasma samples 

with 50, 100, and 150 ng of ED and EL. Mean recoveries of ED and EL were 84.64258% 

and 85.861225%~ respectively (Appendix D). Developrnent of this method was conducted by 

Yi Lam for the undergraduate course, Research Projects in Nutritional Sciences (NFS 494Y; 

University of Toronto). 

4.2.6. Food Record and Statistical Anatvses 

Food records were analyzed for macronutrient and dietary fibre content using a 

computerized nutrient anaiysis program designed by Dr. TMS Wolever (Department of 

Nutritional Sciences, The University of Toronto), and based on the condensed Canadian 

Nutnent File (Health and Welfare Canada, 1991). 

Statistical analyses were performed using the SAS Statistical Package (SAS Institute, 

Cary, NC) for personal computers. The urinary and plasma lignan data were log transformed 

to represent a normal distribution. Urinary and plasma log values, cyde lengths and food 

records were analyzed by general linear modelling, followed by Duncan's Multiple Range Test. 

Differences between the plasma and urinary Iignans on the first and eighth days of 

supplernentation were perfomed by paired t-tests. Regression analyses were conducted for 

dose responses to various flaxseed levels, and for urinary lignan excretion compared to in 



vitro fermentation of raw flaxseed and to plasma lignan levels. The pre- and post-study values 

for BMI were analyzed by paired t-test. The acceptable level of significance for al1 statistics 

perfonned was ~~0.05. 

4.3. RESULTS 

4.3.1. Subiect Data 

All subjects were healthy young females with a mean age of 22.620.5 years and a pre- 

study BMI of 21 - 1 ~ 0 . 6  kg/m2 (Table 4.1)- BMI did not change significantly throughout the 

course of the investigation. Menstrual cycle length ranged from a low of 28.6i1.4 days during 

the bread a m  to a high of 32.5I2.6 days in the 15 g flaxseed cycle, but was not significantly 

different over flaxseed intakes (Figure 4.2). The overall mean cycle length, including pre-study 

(29.311.5 days) and ail flaxseed amis, was 30.210.8 days. There were no significant 

differences in subjects' self-selected macronutrient or dietary fibre intakes dunng pre-study or 

across the different flaxseed amis (Table 4.2). 

4.3.2. Experiment 1 

In Table 4.3 the individual urinary lignans (ED, EL and SECO) are listed for each 

supplemental a m  and the corresponding baseline sample. There were no differences in the 

baseline excretions of ED, EL and SEC0 across flaxseed supplementations. Al! flaxseed 

groups showed significantly more ED excretion than baseline (p~0.001) and al1 but the 59 

flaxseed arrn had significantly greater EL excretion than baseline (~50.05). Similarly, al1 

groups had significantly greater SECO (~20.05 for the 59, 25 g and muffin amis: p<0.001 for 

the 15 g am) excretion during supplernentation except the bread group. Further, the excretion 

of ED on the 5 and 15 g amis (3.04I1.04 and 10.08k3.34 pmo1/24h, respectively) was 

significantly lower than that on the 25 g raw (43.61 k13.4-i pmo1/24h). muffin (31.85k11.24 

pmoIf24h) and bread (42.23k7.27 prno1/24h) arrns (ps0.0001); however, there were no 

significant differences in the excretion of EL or SECO on the different supplementation arms. 

Statistical results for the ratios of ED to EL were not possible due to occasional zero values 

for EL, the denorninator; however, there was a trend for the ratios to be greater than baseline 

during the flaxseed supplementations. 



Table 4.1. Subjects' age and pre- and post-study 
body mass index. 
Sub No. Age Pre-study Post-study 

BMI BMI 
- 

1 22 19.10 19.43 
2 23 22.17 22.56 
3 21 22.23 22.42 
4 24 24.50 23.48 
5 22 18.34 18.00 
6 22 21.83 22.1 1 
7 25 19.53 20.20 
8 20 21.20 20.58 
9 24 20.94 20.97 

Mean 22.6 21 -1 21.1 
SEM 0.5 0.6 0.6 



muffin bread 

Figure 4.2. Menstrual cycle length with various flaxseed intakes. Values are means I SEM. No significant 
differences among supplementation arms. 



Table 4.2. Subjects' self-selected macronutrient and dietary fibre intake during the pre-study and supplemented flaxseed anns. ' 
Total energy Protein (gld) Fat (gld) SFA (gld) PUFA (gld) MUFA (gld) Carbohydrate Dietary fibre 

(kcalld) ( g w  (sW 

5 Q Flaxseed 1644 î 183 65.1k7.9 46.417.3 15.3k2.1 6.6 I 1.5 14.9 I 2.8 224.1 I 25.1 20.0 I 2.1 
16%* 25%* 55%" 

15 g Flaxseed 1801 I 203 74.3 i: 17.6 55.4 I 8.3 17.9 I 2.5 9.7 I 2.5 18.8 I 3.4 242.2 I 35.2 16.8 * 2.5 
17%* 28%* 54%* 

0 

25 g Flaxseed 1585 î 123 71.418.7 45.9k3.6 16,811.2 5.3 & 0.5 14.4 I 1 .O 209.3 k 19.4 16.3 2.5 
18%* 26%* 53% ' 

Bread (25 g flax) 1668 I 198 69.4 I 8.5 48.4 I 9.2 14.8 I 2.3 7.2 I 2.0 16.3 k 3.1 224.2 î 23.2 14.4 t 1.7 
17%* 26%* 54%" 

Muffin (25 g flax) 1696 I 138 71.7 k 10.7 53.1 I 5.3 17.0 m 1.7 8.2 0.9 17.2 k 1.8 222.3 I 17.5 15.2 k 1.7 
17%* 28%* 52%' 

h 

Values are means I SEM. *% Energy. ' Nol including flaxseed intake. 





Figure 4.3 summarizes the total urinary lignan (ED + EL + SECO) excretion for each 

baseline and corresponding flaxseed a m .  All levels of fiaxseed supplementation resulted in 

significantly greater total unnary lignan excretion than baseline, ranging from a 16-fold 

increase with 5 g flaxseed up to a 202-fold increase with 25 g flaxseed (ps0.001 to ~ ~ 0 . 0 5 ) .  

Fumer, there were significant differences arnong the various flaxseed supplementation levels 

with the 59 flaxseed supplementation resulting in significantly less lignan excretion (5.0711.99 

~moV24h) than the 15 g a m  (18.23k3.87 pnoU24h) which in tum was significantly less than 

the 25 g a m  (56.4251465 pmo1/24h) (ps0.0001). However, no differences were çeen among 

the 25 g fiaxseed taken raw, in muffin or in bread. A dose response was obsewed for the 5 ,  

15 and 25 g raw flaxseed and corresponding urinary lignan excretion (Figure 4.4; p s 0.001; r 

= 0.72; y = 1.93~). 

4.2.3. Expenrnent 2 

On the first day of flaxseed supplementation ED was significantly greater in the 12-24 

versus the 0-12 hour interval (33.38Q0.33 and 1.42I0.80 pnol/12h, respectively) whereas no 

differences were obsewed in the excretion of EL and SECO (Table 4.4; p~0.005). On the 

eighth day no significant differences in Iignan excretions were seen between the 0-12 and 12- 

24 hour intemals. However, the excretion of both ED (ps0.001) and EL (~10.05) was 

significantly greater in the 0-1 2 hour interval (1 1 1 -8Ot5O.56 and 13.6515.31 pmol/l2h, 

respectively) on the eighth day when compared to the first day (1.42k0.80 and 0.40+0.18 

prnol/?Zh, respectively). There was also a trend for the ratios of ED to EL to increase by the 

eighth day of intake. 

The total 12 hour timed urinary lignan (ED + EL + SECO) excretion during the 25 g raw 

flaxseed a n  was significantly higher in the 12-24 hour interval (43.94Q0.17 pmoll12h) than 

in the 0-12 hour interval (3.73k1.95 pmolfl2h) on the fint day ( ~ ~ 0 . 0 0 5 ;  Figure 4.5). By the 

eighth day of flaxseed intake, the 0-12 hour total lignan excretion (127.33k53.48 pmoll12h) 

was significantly greater (ps0.005) than that on the first day of intake (0-12 h). However, there 

was no significant difference in the 0-12 and 12-24 hour intervals (127.33153.78 and 

1 O6.02*37.61 pmol/l2h, respectively) on the eighth day of supplementation. Overall, the 
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Figure 4.3. Total urinary lignan (ED+EL+SECO, I SEM) excretion with the ingestion of 5, 15 8 25 g (raw, muffin & 
bread) flaxseed compared to baseline. Flaxseed bars with different letters are significantly different (p 5 0.0001). 
Bars with the following superscripts * (p 5 0.05), t (p r 0.01). 81 $ (p 5 0.001 ) are significantly dtfferent from 
baseline. 
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Figure 4.4. Regression analysis of the dose response of mean urinary lignan (ED+EL+SECO) 
excretion to the amount of flaxseed fed to human subjects. 



Table 4.4. Timed urinary Iignan excretion in subjects consuming 25 g of flaxseed. 

Lignans (pmolll2 h) 

Enterodiol Enterolactone Secoisolariciresinol ED to EL 

1 st day of inla ke - 
0-12 hour interval 1.42 I 0.80 0.40 * 0.18 

12-24 hour interval 33.38 k 20.33 9.39 î 6.45 

8th dav of intake 

0-12 hour inleival 11 1.80 * 50.56 *" 13.65 î 5.31 * 1.88 k 1 .O3 8.19 

12-24 hour interval 98.51 I 36.99 5.12 * 2.53 2.39 î 1.63 19.24 

- - - 

values are means .i SEM for individual lignans 
"ps0.05 & **p<0.001 significantly different from the 1st day; 'p<0.05 8 'ps0.005 significantly differenl from 0-12 hour interval 



Figure 4.5. 

1st Day 8th Day 

Timed urinary lignan (ED+EL+SECO, i SEM) excretion on the 1st and 8th days of ftaxseed (25 g raw) 
consumption. Bars with different letters are significantly different from one another and the bar with 5 is signifi&ntly 
different from the 0-12 h interval on the 1st day (p s 0.005). 



mean total lignan excretion on the first day (47.67S1.04 prno1/24h) was significantly less 

(ps0.05) than that on the eighth day (233.35k87.41 pmoV24h) (Figure 4.6). 

The estirnated intake of SDG, with 25 g flaxseed, was 73.25 umol based on a 

concentration of 2.93 ~mo l lg  flaxseed as measured by HPLC (Rickard et al.. 1996). Thus. on 

the first day of intake the unnary lignan excretion was 65% of lignan intake. 

Considering individual plasma lignans on the first day, baseline ED (22.8023.92 nrnolll) 

increased significantly by 3 hours (39.1719.35 nrnol/l) and was maintained at this level up to 

24 hours (Table 4.5; ~ ~ 0 . 0 5 ) ;  however. no significant differences were observed for EL on the 

first day or in either ED or EL on the eighth day. Cornparisons of the first and eighth days 

showed that ED ( ~ ~ 0 . 0 5 )  and EL (p~0.005) were significantly greater at time O on the 8th day. 

Similarly, EL was significantly greater at 3 hours on the 8th day compared to 3 hours on the 

1 st day (25.81 17.89 and 4.96Q.62 nmolll, respectively) (psO.05). 

On the first day of supplementation. baseline plasma total lignan levels (26.94k4.21 

nmol/l) increased significantly by 9 hours (44.1 1I4.97 nmol/l; ~10.05)  after which they did not 

increase significantly up to 24 hours (58.19112.03 nmolll) (Figure 4.7). However. on the eighth 

day of supplernentation no significant differences in plasma total lignan levels were seen over 

the 24 hour period, although the time O plasma level (100.64k29.74 nmolll) was significantly 

greater (ps0.005) than the time O plasma level on the first day (26.94k4.21 nmol/l). Further. 

the mean 24 hour area under the curve for plasma lignans on the eighth day was significantly 

higher (p10.01) than that on the first day of intake (Figure 4.8). 

Regression analysis of plasma lignans (area under the curve) versus urinary lignans 

on the 1st and 8th days showed a significant correlation for the eighth day only (Figure 4.9; 

ps0.05. r=0.54, y=2.20x+663.37). There was also a positive correlation between the results of 

the in vitro fermentation of raw flaxseed and urinary lignan excretion post flaxseed 

consurnption for the one subject who was the fecal donor for the in vitro fermentation (Figure 

4.1 O; ~ ~ 0 . 0 5 ;  ~ 0 . 9 5 ;  ~ ~ 0 . 7 7 ~ - 0 . 0 6 ) .  



1st Day 8th Day 

Figure 4.6. Mean total urinary lignan (ED+EL+SECO, I SEM) excretion on the 1st and 8th days of 25 g raw 
flaxseed intake. (* significanlty different from the 8th day of intake; p 0.05). 



Table 4.5. Timed plasma lignan levels in subjects consuming 25 g of flaxseed. 

Lignans (nmolll) 

Enterodiol Enterolactone ED to EL 

1 st dav of intake 

O hour - baseline 

3 hour 

6 hour 

9 hour 

12 hour 

24 hour 

8th dav of intake 

O hour 

3 hour 

6 hour 

9 hour 

12 hour 

24 hour 

values are rneans I SEM for individuai lignans 
ab different superscripts within a column are significantly different (~50.05) 
'pc0.05 8 'ps0.005 significantly different from the same time on the 8th day 
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Figure 4.9. Regression analysis of plasma lignans (area under the curve; ED+EL) versus urinary lignans 
at 0-12 & 12-24 h intervals (ED+EL+SECO) on the 8th day of supplementalion. 





4.4. DISCUSSION 

This study has shown for the f in t  time that there is a dose response in total urinary 

lignan excretion with different levels of raw flaxseed ingestion by human fernale subjects. 

supporting the previously published data in rats (Rickard et al., 1996). However, there was no 

plateau observed up to 25 g flaxseed. suggesting that a higher level of precursor ingestion 

may be necessary to observe a maximum limit in the production of mammalian lignans. 

There were no signifiant differences observed in the raw versus cooked foms of 

ingestion at the 25 g level. Thus studies using raw flaxseed or flaxseed incorporated into 

bread or muffins could potentially produce comparable results provided that other factors such 

as the variety of flaxseed and the base diet are consistent. Further, there was a positive 

correlation between the in vitro production of marnmalian lignans and the in vivo un'nary lignan 

excretion, supporting the hypothesis that in vitro results may be used to estimate the urinary 

lignan excretion from specific foods or levels of flaxseed ingestion up to 25 g. 

Another interesting observation pertained to the levels of individual lignan excretion 

with ED showing a significant increasing trend in urinary excretion with increasing levels of 

supplementation, while EL and SECO did not. Thus the high level of SDG precursor in 

flaxseed resulted in a higher level of ED excretion compared to EL and SECO and was 

reflected in the high ED to EL ratios. However, two out of the nine subjects produced little or 

no EL throughout al1 of the fiaxseed amis. This high level of variability in the ratio of ED to EL 

suggests that the ability of individuals to oxidize ED to EL is quite variable within the same 

gender. It has been postulated that the formation of ED and EL may be affected by 1) 

microflora composition and potential inundation of the bacterial transformation process, 2) 

intestinal transit time and the redox level of the large intestine, and 3) the possible formation 

of unknown metabolites of SDG, ED or EL (Rickard et al., 1996; Axelson et al., 1982). 

The timed urinary lignan excretion on the first day of flaxseed ingestion revealed that 

there were significantly more lignans excreted in the 12-24 hours post ingestion compared to 

the fint 12 hours. However, this was not t!!e case by the eighth day at which time the total 24 

hour urinary Iignan excretion appeared to have stabilized at a higher level than that observed 



on the first day. Overall, 65% of the ingested lignans were recovered in the urine on the first 

day of intake, supporting resufts in rats which showed a mean excretion of 71% (Rickard et 

al., 1996). This study has demonstrated that it takes more than 24 hours and possibly as long 

as a week for urinary Iignans to increase and level off with a once daily feeding of 25 g of 

flaxseed. 

The individual lignans and the ED to EL ratio followed similar trends; however, as is 

expected with analysis of urinary Iignans there was a high degree of vanability, especially with 

the ED to E t  ratio, again suggesting that there are differences in individualsa abilities to 

metabolize lignans. Thus, further studies are required to assess the effects of differences in 

gender, microflora, gastrointestinal function, and acute versus chronic exposure on the 

metabolism of rnarnrnalian lignans. 

Women were chosen as subjects for this study because flaxseed has been used as a 

mode[ to study the effects of mammalian lignans on breast cancer, which is almost exclusively 

a female disease. Further, lignans have been purported to affect female sex hormones 

(Kurzer, 1995; Phipps et al.. 1993; Setchell et al., 1980). These factors together with the 

reported gender differences in lignan metabolism (Kirkman et al., 1995) confined this study to 

female subjects. However, the potential effects of the rnenstnial cycle on urinary lignan 

excretion presented problerns in the design and implementation of such a study in women. 

Setchell et al. (1980) reported that urinary excretion of EL increased significantly 

during the mid-luteal phase of the menstrual cycle and it was later suggested that this may be 

due to cyclic differences in intestinal transit time (Axelson et al., 1982). However, recent 

studies have not supported this observed difference in urinary lignan excretion between the 

follicular and luteal phases (Lampe et al., 1994). But this latter study collected unne on days 

7-9 post ovulation (measured by luteinizing hormone kits) possibly missing the peak in the 

luteal phase. Further, caloRc intake has been reported to increase during the luteal phase 

when compared to the follicular phase (Martini et al., 1994) and could potentially increase the 

intake of plant lignans in the basal diet. lt has also been suggested that the midfollicuiar 

phase provides a more stable sarnpling time for sex hormones (Adlercreutz, 1991 b). Thus, the 



stage of the menstnial cycle was carefully controlled with subjects consuming flaxseed 

supplernents and collecting urine during the follicular phase of their cycles. 

In a bioavailability study with soy isoflavones, the investigators observed a significant 

increase in plasma levels at 6.5 hours with a return to near baseline by 24 hours (Xu et al., 

1994); however, thts so-called peak at 6.5 hours may not have been representative due to the 

large gap in sarnpling tirnes. Therefore, to detemine the peak time for plasma lignan levels, 

blood was collected at 0, 3, 6, 9, 12 and 24 hours on the first and eighth day of flaxseed 

ingestion. with O hour on the first day providing the baseline lignan level. 

Surprisingly, plasma total lignans were found to increase significantly by 9 hours and 

then the level was maintained through the 12 and 24 hour sampling time points on the first 

day of flaxseed ingestion. This apparent difference between the soy isoflavones and flaxseed 

Iignans may have been due to the fact that the isoflavones were ingested as a liquid, in 

soymilk, whereas flaxseed was ingested in a solid food containing a significant quantity of 

fibre, which can slow down the digestive process. By the eighth day of supplementation, the 

plasma lignan levels stabilized with no peak observed post flaxseed ingestion and a 

significantly greater plasma level than that seen on the initial day of supplementation. These 

data indicate that studies conducted with flaxseed must take into account the increased time 

for digestion of the seed. Future studies measuring plasma Iignans post flaxseed ingestion 

should attempt to quantify plasma lignans more frequently between 12 and 24 hours and 24 

to 48 hours. It may also be prudent to coritrol the basal diet for more than 12 hours prior to 

urine and plasma collections. The present study controlled the basal diet (Appendix C) for 15 

hours prior to and during all urine and plasma collections; however, if lignan levels remain 

elevated 24 hours post flaxseed ingestion then it would be appropriate to control the basal 

diet for at least that long prior to sampling. 

This study has also shown for the first time that plasma levels can be maintained with 

a once daily dose of 25 g of flaxseed after only one week of supplementation, suggesting that 

future human studies and clinical trials would only require subjects to ingest flaxseed once per 

day, potentially irnproving compliance. Overall, the regression analysis of plasma to urinary 



lignans lends further support to this hypothesis because by the eighth day of flaxseed 

ingestion the plasma and urinary values demonstrated a positive correlation. 

While this study has provided necessary information on the timed plasma lignan fevels 

post flaxseed ingestion, there are some limitations. The highest plasma levels attained with 

the ingestion of 25 g flaxseed (77.16S3.68 and 26.83112.14 nmol/I for ED and EL 

respectively) were not of the same magnitude as those that have demonstrated biological 

activity in in vitro studies (0.5-50 pM or pmol/l) (Mousavi and Adlercreutz, 1992; Garreau et al., 

1991). Thus. future investigations wifl be necessary to elucidate the concentrations required 

and the mechanisms of action of both ED and EL. 

In conclusion, these expen'ments have shown that 1) there is a Iinear dose response in 

unnary lignan excretion with increasing levels of flaxseed ingestion, up to 25 g flaxseed. ED 

was the lignan produced in the greatest quantity; however, the ratio of ED to EL was quite 

variable among individuals, suggesting that the ability to oxidize ED to EL is inconsistent 

within the same gender. 2) There were no significant differences observed in urinary lignan 

excretion after the ingestion of raw versus processed foms of flaxseed, indicating that the 

amount of flaxseed ingested is likely of more importance than the mode of consumption. 3) 

Plasma lignan levels did not peak until 9 hours after the initial consumption of flaxseed but 

were maintained for 24 hours post intake, suggesting that the metabolism and absorption of 

lignans from flaxseed is a more lengthly process than that for soy isoflavones. 4) Plasma and 

urinary lignan levels increased significantly after one week of supplernentation when 

compared to the first day of intake. Further, plasma levels stabilized by the eighth day of 

ingestion. suggesting that a once daily dose of flaxseed would be sufficient to maintain 

plasma levels. 5) Unnary Iignan excretion showed a significant linear relationship with in vitro 

lignan production and plasma Iignan levels by the eighth day of ingestion. This supports the 

use of the in vitro method for estirnating the lignan producing ability of foods and encourages 

further assessment of the use of urinary lignan analysis as a biomarker for plasma levels. 
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5. GENERAL DISCUSSION 

After rnamrnalian lignans were first reported in 1980 (Setchell et al., 1980a; 

Stitch et al., A980), several investigations elucidated their chernical structure (Setchell 

et al., 1981a), dietary precursors, (Axelson et al., 1982) and colonic metabolism 

(BonielIo et al., 1985). Subsequently, Iignans were shown to have beneficial effects in 

relation to cancer (Thompson et al., 1996a; Jenab and Thompson, 1996; Serraino and 

Thompson, 1991) and renal disease (Clark et al., 1994; Pahtani et al., 1994). The 

physiological basis for these lignan behaviors are purported to include estrogenic 

and/or antiestrogenic (Mousavi and Adlercreutz, 1992), antioxidant (Fukada et al., 

1986), antiturnorigenic (Fotsis et al., 1993; Hirano et al., 1991) and anti-PAF receptor 

properties (Braquet et al., 1985). Epidemiological studies have also shown that the 

prevalence of breast cancer is lower in countnes where the diet is vegetanan (Block et 

al., 1992, Parkin et al., 1992) and that lignan levels are significantly lower in omnivores 

and in women with breast cancer (Adlercreutz et al., 1993, 1982). Further 

epiderniological studies measuring Iignan levels in women at risk for breast cancer 

would provide more support for the relationship between lignans and cancer, but are as 

yet unreported. Nevertheless, the increasing number of reports on the benefits of 

lignans has seerningly resulted in an increase in the use of flaxseed, an excellent 

source of SDG, in manufactured breads and cereals. 

This study quantified the lignan content of a vaRety of processed foods, either 

homemade or readily available in the marketplace. The addition of flaxseed to 

processed foods increased the production of mammalian Iignans substantially. The 

percent flaxseed was the strongest predictor of lignan production, but added grains and 

differences in flaxseed varie@ also had an influence. Results frorn this study suggest 

that the lignan consump8on in the general population could increase considerably with 

the apparent growth of flaxseed use in whole grain breads. The effects of this 

increased consumption are unknown, but if lignans do indeed have a cancer protective 



effect, as has been shown in several animal and in vitro studies (Markaverich et al., 

1988; Hirano et al., 1990; Serraino and Thompson, 1991 ; Serraino and Thompson, 

1992; Jenab and Thompson, 1996; Thornpson et al.. 1996), then an increase in 

flaxseed intake may have strong implications for the prevention of cancer. Further, if 

lignans have an estrogenic effect for post-menopausal women, as has been 

demonstrated in human studies (Wilcox et al., 1990). then fiaxseed rnay also have the 

potential to alleviate the symptoms associated with menopause (Adlercreutz et al., 

1992). Conversely, flaxseed lignans and their anti-PAF properties may be important as 

an adjunct therapy in the prevention of end-stage renal disease (Parbtani and Clark, 

1 995). 

Thus further studies are necessary to expand composition data for Iignans so 

that population intakes can be quantified. In particular, there is a need for more data on 

the lignan production from ethnic foods, herbal remedies and some specific foods such 

as sesame seeds and processed foods containing sesame. These potential unknown 

sources of dietary precursors make it difficult to assess the potential lignan 

consumption in individuals or populations and may cause unknown confounding lignan 

intakes in human studies. 

This study has shown a dose response in human urinary lignan excretion with 

flaxseed ingestion up to 25 g. Further, the in vitro fermentation, plasma and urinary 

lignan results have demonstrated that ED is the lignan produced in the highest 

concentration post flaxseed ingestion, supporting previously published fermentation 

data (Thompson et al., 1991) and human studies (Cunnane et al., 1995). However, 

other studies have shown that EL is the mammalian lignan in highest concentration 

(Shultz et al., 1991; Axelson et al., 1982) and others still have demonstrated that there 

are individual variations in the ED to EL ratio post flaxseed ingestion (Lampe et al., 

1994). The metabolism of ED and EL may be inftuenced by the level and composition 

of gastrointestinal microflora, colonic redox level, intestinal transit time (Axelson et al., 



1982) and chronic exposure to dietary precursors. Factors which influence intestinal 

motility, such as increased progesterone levels during the Iuteal phase of the menstmal 

cycle. may affect change in uflnary Iignan excretion (Axelson et al., 1982). Thus, future 

lignan studies with female subjects should atternpt to control for the stage of the 

menstmal cycle. 

At present there is more evidence documenting the beneficial effects of EL 

(Adlercreutz et al.. 1993b and 1992b; Mousavi and Adlercreutz, 1992; Garreau et al., 

1991) and studies that have compared EL to ED, suggest that EL is more effective than 

ED (Adlercreutz et al., 1992b; Garreau et al., 1991). However, EL was only marginally 

more effective, suggesting that large amounts of ED production from flaxseed may 

compensate for any reduced physiological activity. Further, high circulating levels of ED 

provide the substrate for the oxidation of ED to EL. Future studies will be necessary to 

determine whether varying ratios of ED to EL are more effective in specific 

physiological situations. Also, it is important for investigators quantifying urinary or 

plasma lignans to report both ED and EL, and the ratios of ED to EL in an attempt to 

understand the factors that affect the metabolism of these cornpounds. 

The similar urinary lignan excretions from 25 g flaxseed ingested in the raw or 

processed form suggested that the amount of flaxseed rather than the mode of 

consumption is a more critical indicator of lignan excretion. Thus, investigators planning 

human flaxseed studies may be able to have subjects ingest the seed in the most 

palatable f o m  to encourage cornpliance. However, because not al1 flaxseed varieties 

are identical in lignan content (Thompson et al., 1997), it may be advisable to measure 

the total lignan production from each lot of flaxseed to be used in animal, human or in 

vitro experiments. 

This study has shown for the first tirne that plasma Iignan levels do not peak 

until 9 hours after the ingestion of flaxseed but are maintained at that level up to 24 

hours. Thus, studies measuring plasma or urinary lignans at timed intervals post 



flaxseed consumption should sample for up to 48 hours after intake to determine the 

length of time for lignan levels to retum to baseline. Further, the use of a basal low 

lignan diet should be implemented for at least 24 hours prior to the start of sampling to 

avoid any confounding dietary intake of non-flaxseed precursors. 

Plasma and urinary lignan levels increased significantly after eight days of 

supplementation compared to the first day. This could be an artifact of the longer than 

expected times for plasma lignans to peak and return to baseline, Le. the total lignan 

production from the first day of consumption may not have been fully captured in the 

first 24 hours of sampling. However, this could also be indicative of an adaptation 

process or up regulation of the microbes responsible for mammalian lignan metabolism, 

with a potentially greater production after chronic exposure to flaxseed. Similarly, 

enterohepatic circulation could account for a cornpounding effect in the circulating 

Iignan levels after eight days of flaxseed ingestion. Further, the stabilization of plasma 

lignan levels on the eighth day of intake suggests that a daily dose of flaxseed would 

be sufficient to provide a constant level of plasma lignans. 

Regression analysis of urinary lignans to both plasma lignan levels (8th day of 

intake) and in vitro lignan production revealed a positive Iinear relationship. Thus, 

urinary iignan measurements could be considered for use as a biomarker of plasma 

lignan levels. Urinary collections are less invasive and the method for lignan analysis is 

less labour intensive. making this a more feasible laboratory procedure. Similarly, the in 

vitro fermentation method could be considered an effective technique for assessing the 

mammalian lignan production from specific foods. The analysis of SEC0 by high 

performance liquid chromatography (HPLC) has also been suggested for use as a 

predictor of marnmalian lignan production (Thompson et al., 1997). It is a simple, rapid 

procedure and results have been correlated to the production of mammalian lignans by 

in vitro fermentation. However, the chemical analyses of fiaxseed lignans by HPLC has 

not been well standardized and results have differed widely (Obemeyer et al., 1995; 



Hams and Haggerty, 1993). While in vitro fermentation results may also Vary 

depending on the fecal donor, it has been demonstrated that differences in fecal 

inoculum result in the same order of fermentability for different substrates (McBumey 

and Thompson, 1989). Thus, the ranking of sarnples in relation to their lignan 

production would be conceivable, despite differences in fecaf donors (Thompson et al., 

1997). Further, the total lignan production from fiaxseed in this study (1.77 pmollg) was 

very similar to previously reported results (1 -73 pmol/g (Thornpson et al., 1997) and 

1.76 pmollg (Thompson et al., 1991)) despite the use of different fecal donors. The in 

vitro fermentation technique represents the physiologicai colonic metabolism of 

mammalian lignans and as such may be more appropriate due to possible lirnits in the 

formation of ED and EL from their dietary precursors (Thompson et al., 1997). Thus, it 

rnay be an important rnethod the expansion of lignan composition databases. 

Flaxseed has been cultivated for thousands of years (Kolodziejczyk and Fedec, 

1995); however, twentieth century use focused on the industrial applications of the 

seed oit (Judd, 1995; Carter, 1993). But recently, knowledge of the health benefits 

associated with dietary fibre, ALA and lignans has prornpted the use of flaxseed in 

breads and cereals. Thus, a diet containing flaxseed could have many potential 

benefits. In particular, an increase in lignan consurnption could prove to be a palatable 

and inexpensive way to reduce the incidence of hormone-sensitive cancers, alleviate 

menopausal symptoms, and slow the progression of chronic renal failure. 
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7. CONCLUSIONS 

1. The addition of flaxseed to processed foods significantly increased the 

production of mammalian lignans. The amount of lignan production was 

dependent on the percent flaxseed but was also influenced by other grains and 

the variety of flaxseed. 

2. The quantification of lignans from commercially available breads and cereals 

containing flaxseed suggested that the increasing use of flaxseed by 

manufacturers could dramatically increase the consumption of these 

compounds in the population. Thus more studies elucidating the lignan 

composition of foods are required, with particular emphasis on sampling 

protocols and sample variance. 

3. The ingestion of up to 25 g of flaxseed resulted in a dose response in urinary 

lignan excretion. ED was the lignan excreted in the greatest quantity, 

confiming that flaxseed has a high level of the precursor SDG. Sirnilarly, the 

ratio of ED to EL tended to be higher with flaxseed supplernentation; however, 

there was a large degree of individual variability suggesting that the ability to 

oxidize ED to EL varied from person to person, within the same gender. 

4. There were no significant differences in the urinary Iignan excretion after the 

ingestion of 25 g of flaxseed taken raw or processed as muffin or bread. This, 

together wiih the above conclusion, indicates that the amount of flaxseed 

consurned was a better predictor of urinary lignan excretion than the mode of 

consumption. 

5. Plasma lignan levels increased significantly by 9 hours post flaxseed ingestion 

and were maintained up to 24 hours, providing the first evidence that the 

metabolism and absorption of flaxseed lignans required more tirne than that for 

soy isoflavones. Thus, in future studies of this nature, plasma levels should be 



measured at timed intervals up to 48 hours after intake. Further, because of 

the longer time associated with the metabolisrn and absorptioil of these 

cornpounds and their widespread occurrence in plant foods, subjects should 

ingest a low fibre basal diet for at least 24 hours prior to al1 collection periods. 

6. After one week of flaxseed consurnption, plasma and urinary lignan levels 

increased significantly from that obsewed on the first day of intake, suggesting 

that there rnay be an adaptation process involved in the metabolism and 

enterohepatic circulation of these compounds. Further, the timed plasma lignan 

levels did not show any signifiant differences by the eighth day of ingestion, 

indicating that a daily dose of flaxseed would be sufficient to maintain constant 

plasma levels over 24 hours. 

7. Urinary lignan levels showed a positive correlation to both in vitro fermentation 

results for raw flaxseed and plasma lignan levels, but only by the eighth day of 

intake. Thus, the in vitm method is a viable tool for estimating the rnammalian 

lignan production from foods. Further, urinary lignan analysis may prove to be 

a valuable biomarker for plasma lignans. 
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APPENDICES 



Appendix A: Homernade pancake, bread, piua dough and mufin recipes used in the in 
vitro fermentation experiment. 

The pancake, bread and p iua dough recipes were based on those from Flax Recipes by the 
Flax Growers Western Canada, while the muffin recipe was based on that from the U.S. Flax 
Council (Ziegler, 994). 

Flaxseed Pancakes 

White fiour 
Flaxseed, ground 
Bakinç powder 
Salt 
Eggs, separated 

Milk, skim 
Sunflower oil 

1 % cups 213 g 
113 cup 47 9 
1 tbsp 9 9 
l4 tsp 3 9 

yolk 38 g 
white 77 g 

1 ?4 cups 365 g 
2 tbsp 27 g 

Sunflower oil, frying 10 g 

Mix dry ingredients together. Blend egg yolks, milk and oil. Add Iiquid to dry 
ingredients. Beat egg whites and fold into batter. Cook for 4-5 minutes on each side, in a pre- 
heated griddle (205°C). 

Fiaxseed bread 

lngredients 

White flour 
Ftaxseed, ground 
Sugar 
Salt 
Instant yeast 

4 cups 530 g 
x cup 62 g 

dl8 cup 31 g 
'/Z tsp 4 9 

i envelope 7 9 
Milk, skim 1 Z cups 376 g 

Heat milk in microwave for 3 minutes at medium power. Place 1 cup flour, sugar, salt, 
flaxseed and yeast in large bowl, mix well. Add milk ta dry ingredients. Add remaining cups of 
flour gradually, beating until dough is smooth and elastic. Knead dough on floured board for 8 
to I O  minutes. Place in greased bowl and let rise for 45 minutes. Punch down and form into 
loaf, let rise 45 to 60 minutes. Bake at 375°F for 40 minutes. 



Flaxseed pizza douc~h 

ingredients 

White flour 
Flaxseed, ground 
Salt 

1 Yi cup 
1/4 cup 
?A tsp 

Instant yeast 1 envelope 7 9 
Water 1/2 cup 113 g 

Mix al1 ingredients until smooth and elastic. Let rise for 50 minutes. Knead lightly on 
floured board and roll out into a circle. Place on greased pizza pan. Bake at 375'F for 20 
minutes. 

F laxseed muffins 

lngredients 

White flour 1 % CUPS 217 g 
Flaxseed, ground '/Z cup 49 g 
Sugar 1/4 cup 65 g 
Baking powder 1/2 tsp 2 g 
Baking soda Z tsp 3 9 
Salt % tsp 3 9 
Cinnamon % tsp 1 9  
Vanilla Xi tsp 2 9 
Egg 1 whole 52 g 
Butterrnilk 1/2 cup 126 g 
Lemon, juice & grated peel 1 21 g 
Raisins, soaked & drained 1 cup 155 g 

Combine dry ingredients. Mix vanilla, egg, buttermilk and juice from the lernon. Add 
raisins and lemon peel to the dry mixture. followed by the liquid. Mix briefly until ingredients 
are just combined. Divide into muffin cups and bake for 20 minutes at 37S°F. 



Appendix B: Flaxseed bread and muffin recipes consumed by human subjects. 

Flaxseed Bread 

lngredients 1 Loaf 1 Loaf 25 Loaves 

Water 1 % cup 285 g 
Skim milk powder 1 % tbsp 7 9 175 g 
White sugar 2 tbsp 30 g 750 g 
Salt 1 tsp 5 g  125 g 
White flour 3 cups 435 g 10.9 kg 
Flaxseed, ground 9 tbsp 100 g 
Dry yeast 2% tsp 7 g 

Place 285 g water in the baking pan of the Black & Decker bread making machine. 
Blend flaxseed (100 g) with pre-mked dry ingredients (477 g) and add to the baking pan 
followed by 7 g dry yeast. Set bread machine to Raisin BreadJPowdered milk setting. Makes 1 
loaf with 100 g flaxseed, providing 4 servings containing 25 g flaxseed each. 

Flaxseed Muffins 

lngredients 1 Batch (7) 15 Batches 

White flour 145 g 2.2 kg 
Brown sugar 90 g 1.4 kg 
Baking powder 6 g  90 g 
Nutmeg 2 9  30 g 
Cinnamon 29 30 g 
Skim milk powder 45 g 675 g 
Flaxseed, ground 175 g 
Water 340 g 

Blend 290 g pre-mixed dry ingredients with 175 g flaxseed. Add water (340 g) and mix 
just un61 dry ingredients are moistened. Divide evenly into 7 muffin holes (approximately 11 5 g 
each). Bake muffins at 350°F for 30 minutes. Makes 7 muffins each containing 25 g fiaxseed. 



Appendix C: Standard meals provided during al1 collection periods of flaxseed feedings. 

Dinner (1 day prior to collection) 
Spaghetti with tomato sauce 500 ml 
Milk 250 ml 

Breakfast (8:00 a.m.1 
Bread, white 2 slices 
Margarine 10 ml 
Applesauce 125 ml 
Milk 250 ml 
Coffee, as desired 250 ml 

Snack 
Roll, white 1 

Lunch (12:OO p.m.) 
Bread, white 2 slices 
Margarine 10 ml 
Cheese or Turkey 50 g 
Fruit dnnk 250 ml 
Arrowroot cookies 24 g 

Snack 
- -  - -- 

Roll, white 1 

Dinner (5:OO p.m.) 
Spaghetti with tomato sauce 500 ml 
Milk 250 ml 

Macronutrient Analysis 
Energy 1800 kcal 
Protein 14 % 
Fat 33 % 
Carbohydrate 52 % 

Fibre 5.1 g 



Appendix D: Recovery test results for the extraction of Iignans from plasma. 

50 1 O0 

ED Added (ng) 

EL Added (ng) 
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