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INTRODUCTION
Lignans are organic compounds synthesized by plants and are characterized by the union of two cinnamic
acid residues by β-linkage on the C8 of each propyl side-chain.13 They are found in over 70 plant families and
are found throughout the plant tissue, in roots, rhizomes, stems, leaves, seeds and fruits.4,5 Large amounts of lignans and other polyphenols are also found in the knots of soft wood trees, mainly in the form of hydroxymatairesinol.6,7 Lignans are structurally similar to lignins, three-dimensional polymers that intercalate with cellulose,
hemicellulose, and pectin to form the rigid cell wall of plant cells.1,8 Moreover, both lignans and lignins are created by the same initial phenylpropanoid pathway and are synthesized from monolignols (derived from either
phenylalanine or tyrosine), but ultimately enter distinct biochemical pathways.2,9 Indeed, while lignins are ubiquitous in the plant kingdom, not all plants produce lignans.
Interestingly, despite having been identified over 120 years ago,7 the botanical properties of lignans still
remain unclear. Lignans are thought to play a role in defending the plant against pathogens and pests because
they possess some antifungal, antimicrobial, antiviral, and even insecticidal properties.4,10,11 For example, the lignan haedoxan A isolated from Phryma leptostachya has insecticidal properties comparable to that of pyrethrins.
Additionally, matairesinol and its related metabolites have been shown to reduce fungal growth of Fomes annosus
in Picea abies.5,12
Given the prevalence of lignans in the plant kingdom, they are not surprisingly found in many common foods.
The lignans typically present in foods are matairesinol (MAT), pinoresinol (PINO), medioresinol (MED), lariciresinol (LARI), sesamin (SES), syringaresinol (SYR), secoisolariciresinol (SECO), and the glycosylated form of
SECO, secoisolariciresinol diglucoside (SDG). Flaxseed is the richest known source of plant lignans with approximately 300,000 μg/100 g fresh weight, the majority of which is in the form of SDG.13 Other seeds with high lignan
concentration include sesame seeds (104,446 μg/100 g), cloudberry seeds (43,876 μg/100 g), hemp seeds
(32,473 μg/100 g), and blackberry seeds (23,310 μg/100 g).14 Cereal grains, including rye, wheat, barley and oats
also contain moderate to high amounts of lignans.1316 Brassica vegetables, such as kale, cabbage and Brussels
sprouts, as well as other vegetables and fruits, such as asparagus, broccoli, garlic, apricots, prunes, and dates,
contain moderate amounts of lignans.1317 Lignans are even found in small amounts in common beverages,
including black tea, green tea, coffee, soy milk, fruit juices, beer and wine.13,18,19
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CONVERSION OF PLANT LIGNANS TO ENTEROLIGNANS BY GUT BACTERIA
Despite their antimicrobial, properties, plant lignans can be metabolized and converted to enterolignans
(entero- from Greek enteron meaning “intestine”) by bacteria residing in the intestine.20 Also referred to as mammalian lignans, enterolignans were discovered independently by two research teams at almost the same time.
The two major enterolignans produced by mammalian gut bacteria are enterolactone (ENL) and enterodiol
(END). In 1979, Setchell and Adlercreutz first identified what turned out to be ENL, one of the major enterolignans excreted in the urine of both pregnant and non-pregnant women.21 A year later, Stitch et al. published an
article in Nature detailing similar findings; they also had isolated what later was identified as ENL from urine
in both pregnant and normally ovulating women.22 Axelson et al. went on to demonstrate in humans that plant
lignans are dietary precursors of enterolignans.23
Not long after their discovery, it was confirmed that ENL and END were produced by intestinal bacteria.
Axelson and Setchell first conducted a study in 1981 comparing germ-free rats and conventional rats showing
that the presence of bacteria was necessary for enterolignan formation.24 Later that same year, Setchell et al. demonstrated in humans that urinary enterolignan excretion falls immediately and significantly following antibiotic
treatment.25 Borriello et al. confirmed the metabolism of plant lignans to ENL and END in vitro using human
stool samples.20
Following ingestion of SDG or similarly glycated lignans, such as PINO diglucoside or sesaminol triglucoside (STG), the sugar moieties are hydrolyzed in the large intestine by O-linked deglycosylation, forming SECO
and the other aglycones.26,27 Studies simulating digestion in the stomach and small intestine show that SDG
remains intact in the equivalent of these parts of the gut, suggesting that acid hydrolysis and human intestinal
enzymes, such as lactase phlorizin hydrolase (LPH; EC 3.2.1.62), do not play a major role in this initial hydrolysis. 26,28 It is not until the artificial ascending colon, which is inoculated with gut microbes, that SECO is first
detected.28
In converting SDG to ENL four reactions must take place (Figure 7.1). First, SDG must be converted to SECO
by O-linked deglycosylation, and secondly SECO is converted to the intermediate dihydroxyenterodiol (DHEND)
by O-linked demethylation. From this point, DHEND may be converted to END by dehydroxylation, and ultimately to ENL by dehydrogenation of END. Alternatively, DHEND may undergo dehydrogenation to construct
a lactone ring, thus forming a second intermediate dihydroxyenterolactone (DHENL), which can then be dehydroxylated to form ENL.26,27,2931
Several investigators have evaluated the capacity of various specific gut bacteria to carry out the reactions necessary for conversion of glycosylated lignans to enterolignans (Table 7.1). Clavel et al. determined that Bacteroides
fragilis, Bacteroides ovatus, Clostridium cocleatum, Clostridium saccharogumia, Clostridium ramosum, and Bacteroides
distasonis are capable of this O-deglycosylation, with the first four able to completely deglycosylate SDG within
20 hours of the experiment.3234 Roncaglia et al. found ten Bifidobacterium strains capable of hydrolyzing SDG.35
Once deglycosylated, SECO can then be demethylated to produce its intermediate DHEND. Clavel et al. demonstrated the ability of Butyribacterium methylotrophicum, Eubacterium callanderi, Eubacterium limosum, and Blautia
producta to catalyze this reaction.32,34 However, Clavel also noted that the presence of the SECO demethylating
species E. callanderi and B. methylotrophicum in the human intestinal tract has not been reported. (Blautia is a
newly classified genus, and the B. producta taxon replaces Peptostreptococcus productus and Ruminococcus productus
to which some older articles refer.)40 Jin and Hattori also recently identified Clostridiaceae bacterium END-2 (originally referred to simply as “strain END-2”) with the ability to demethylate SECO.36 Following demethylation,
Eggerthella lenta and Clostridium scindens can act on the intermediate by removing a hydroxyl group from each
aromatic ring to form END.34 Lactonifactor longoviformis and the aforementioned strain END-2 perform the final
step in ENL production by fashioning the lactone ring.33,36 Alternatively, L. longoviformis may create the lactone
ring subsequent to SECO demethylation, in which case END does not form but rather a second intermediate,
DHENL, which may then continue on to form ENL.26
Studies have shown that SES is also capable of being converted to END and ENL in humans, rats, and in
in vitro incubations, although the SES biotransformation pathway is still undertermined.4144 Due to SES’s
methylenedioxy functional groups, it is thought that SES follows a conversion pathway (Figure 7.2) different than
that of the other major lignans (Figure 7.1). In addition, the organisms responsible for converting SES are not as
extensively researched as those involved in SDG conversion. Zhu et al. recently showed that when STG, isolated
from sesame cake and the most abundant lignan glycoside in sesame seed, was fermented with human intestinal
bacteria, the phylogenetic groups Bifidobacteria and Lactobacillus-Enterococcus were significantly greater in the STG
samples compared to the controls.45
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FIGURE 7.1 Conversion pathways of the common plant food lignans to the enterolignans enterolactone and enterodiol. Solid arrows indicate known pathways. Dashed arrows indicate theoretical pathways. Adapted from Clavel et al.26

Both END and ENL enantiomers are produced by bacteria, and the human exposure to the enantiomers results
from the interaction of the initial type of substrate and the composition of the bacterial consortia. For example,
(2) ENL predominates in serum when humans consume their habitual diets, but when supplemented with flaxseed the (1) ENL form increases substantially with comparatively modest increases in (2) ENL.46 Additionally,
the forms of END and ENL that have been isolated as the result of incubating SDG with intestinal bacteria
produce (1) END and (1) ENL. However, if the lignans arctiin or PINO diglucoside are used as a substrate (2)
END and (2) ENL are produced.47 Subsequently, some bacteria have shown enantiomeric selectivity when
converting lignans. Ruminococcus sp. END-1 enantioselectively converts (2) END to (2) ENL, while the strain
END-2 converts (1) END to (1) ENL.38 Eggerthella sp. SDG-2 can convert (1) dihydroxyenterodiol (DHEND)
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TABLE 7.1 Known Organisms Involved in Lignan Conversion
Organism(s)

Function

Reference

Bacteroides fragilis
Bacteroides ovatus
Clostridium cocleatum
Clostridium saccharogumia
Clostridium ramosum
Bacteroides distasonis
(Bifidobacterium bifidum WC 418
Bifidobacterium breve WC 421
Bifidobacterium catenulatum ATCC 27539
Bifidobacterium longum subsp. infantis
ATCC 15697
Bifidobacterium longum subsp. longum
WC 436
Bifidobacterium longum subsp. longum
WC 439
Bifidobacterium pseudocatenulatum WC 401
Bifidobacterium pseudocatenulatum WC 402
Bifidobacterium pseudocatenulatum WC 403
Bifidobacterium pseudocatenulatum WC 407
Butyribacterium methylotrophicum
Eubacterium callanderi
Eubacterium limosum
Blautia product
Clostridiaceae bacterium END-2

Deglycosylation

Clavel et al. (2006)32,
Clavel et al. (2007)33

Deglycosylation

Roncaglia et al. (2011)35

Demethylation

Clavel et al. (2006)32,34

Demethylation

Jin and Hattori (2010)36

Eggerthella lentaClostridium scindens

Dehydroxylation

Clavel et al. (2006)34

Lactonifactor longoviformis

Dehydrogenation

Clavel et al. (2007)33

Clostridiaceae bacterium END-2

Dehydrogenation

Jin and Hattori (2010)36

Enterococcus faecalis

Reduction

Xie et al. (2003)37

Eggerthella lenta

Reduction

Clavel et al. (2006)32

Ruminococcus sp. END-1

Dehydrogenation of: (2) END to (2) ENL

Jin et al. (2007)38

Clostridiaceae bacterium END-2

Dehydrogenation of: (1) END to (1) ENL

Jin et al. (2007)38

Eggerthella sp. SDG-2

Dehydroxylation of: (1) DHEND to (1) END; (2) DHENL to (2) ENL Jin et al. (2007)39

Eubacterium sp. ARC-2

Dehydroxylation of: (2) DHEND to (2) END; (1) DHENL to (1) ENL Jin et al. (2007)39

34

DHEND, dihydroxyenterolactone; DHENL, dihydroxyenterodiol; END, enterodiol; ENL, enterolactone.

to (1) END, but not (2) DHEND to (2) END. Oddly, Eggerthella sp. SDG-2 converts (2) DHENL to (2) ENL,
but not (1) DHENL to (1) ENL. Evidently, Eubacterium sp. ARC-2 can biotransform what Eggerthella sp. SDG-2
can not by converting (2) DHEND and (1) DHENL to (2) END and (1) ENL, respectively. However, the bacterium
could not transform (1) DHEND and (2) DHENL.39 Jin et al. also recently demonstrated the ability of Eubacterium
sp. ARC-2 and Eggerthella sp. SDG-2 to transform the lignan trachelogenin (isolated from safflower seeds) to currently
unnamed compounds.48
The capacity of specific bacteria to metabolize other plant lignans is less well known. Nonetheless, Xie et al. discovered Enterococcus faecalis capable of reducing PINO to form LARI.37 Furthermore, E. lenta is capable of transforming
both PINO and LARI to SECO.32 In addition, Clavel et al. reported that B. producta is also capable of demethylating
other lignans including LARI, PINO and MAT. Considering that the enterolignans, regardless of the plant lignan
source, have been associated with some health benefits in human population studies,31,4961 further studies are warranted which elucidate both the microbiome and the microbial metabolic pathways associated with the production
of enterolignans. The potential for a gut microbial community to product END and ENL is also affected by the plant
lignan substrate. Heinonen et al.62 showed a range of conversion of plant-derived lignans to END and ENL, ranging
from no conversion of isolariciresinol to 100% conversion of LARI. Similarly, production of ENL from arctigenin glucoside and MAT ranged from 5 to 62%, respectively. These results further support the importance of the interaction
of the plant lignans and the gut microbial community in dictating enterolignan exposure.
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FIGURE 7.2 Overview of potential conversion pathway of the glycated sesame seed lignan, sesaminol triglucoside, to the enterolignans.
Adapted from Jan et al.43

ASSOCIATIONS BETWEEN LIGNAN EXPOSURE AND HUMAN HEALTH
Plant lignans, and particularly their metabolites, the enterolignans, have been shown to have a range of biological activities.27,31,58,63,64 The structural similarity of END and ENL to 17β-estradiol, a common sex hormone, allows
the enterolignans to bind to estrogen receptor alpha (ERα) and exert weak estrogenic or anti-estrogenic effects,
which is why they were first classified as “phytoestrogens63,6567 However, both in vitro and in vivo studies have
identified a variety of other mechanisms by which enterolignans may affect the risk of several chronic diseases.
These mechanisms include anti-proliferative, anti-inflammatory, and apoptotic effects.10,51,58,59,66,68 Several review
articles have been published examining the available evidence on lignans and their effects on human health.31,4961
Here we summarize the major conclusions of these reviews and provide further updates on the human studies.

Cancer
The three types of cancer most extensively explored in relation to lignan exposure are breast, colorectal
and prostate cancer, to which lignans are linked with cancer prevention. Research concerning other cancers,
however, is sparse. The handful of human studies on endometrial cancer and lignans tends toward a null
association,49,6971 and a nested case-control study conducted within the European Prospective Investigation
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into Cancer and NutritionNorfolk (EPIC-Norfolk) study indicated no associations between lignans and gastric
cancer.72 Gastric and endometrial cancer notwithstanding, the overall evidence tends to support an inverse
association between lignans and several common cancers.
In 2005, Webb and McCullough59 reviewed the existing literature on dietary lignan exposure and cancer. They
concluded that in vitro and animal studies supported a role for lignan-rich foods and extracted lignans in modulation of carcinogenesis in colon, breast and prostate; however, they pointed out that the results of the few available epidemiologic studies were inconsistent. Since 2005, additional prospective cohort studies have evaluated
the association between dietary lignan intake and cancer risk, relying on self-reported measures of intake such as
food frequency questionnaires (FFQ) and food records. With the advent of more sensitive and less expensive
assays for END and ENL, investigators have also measured urinary and blood END and ENL, which provide an
objective and internal measure of lignan exposure. In 2010, Adolphe et al. reviewed the literature on the health
effects of SDG specifically and suggested that the data from animal models support a protective effect of flax
lignans against colon, lung and mammary tumors.66
Colorectal Cancer
Several epidemiologic studies have examined the association between lignan or enterolignan exposure and
colorectal cancer. A case-control study conducted in Canada examined the association between intake of lignans,
as measured by FFQ, and risk of colorectal cancer in 1095 cases and 1890 controls.73 The researchers found that
the highest dietary lignan intake ( . 0.255 mg/day) was associated with a significant reduction in colorectal cancer risk (OR 0.73; 95% CI 0.560.94). In 2006, a Dutch retrospective case-control study found that plasma END
was associated with a significantly reduced risk of colorectal adenoma (OR 0.53; 95% CI 0.320.88) when examining incident cases.74 Incident cases were defined as those with a histologically confirmed colorectal adenoma but
no history of any type of polyps. ENL was also associated with reduced risk, but to a lesser extent (OR 0.63; 95%
CI 0.381.06).
A case-cohort study conducted in Denmark similarly examined plasma ENL and colorectal cancer and found
significantly lower incidence rate ratios (IRR) for colon cancer among women for each doubling of plasma ENL
concentration (IRR 0.76; 95% CI 0.600.96).75 Interestingly, however, rectal cancer in men was associated with an
increased risk for every doubling of plasma ENL concentration (IRR 1.74; 95% CI 1.252.44).75
Breast Cancer
Conclusions based on human epidemiologic studies are variable for the role of lignans in premenopausal
versus postmenopausal breast cancer risk. In their 2005 review, Webb and McCullough59 concluded, at that time,
that the most support for a role of lignans in cancer prevention was observed for premenopausal breast cancer.
Following this, the results of two meta-analyses published within a year of each other provide a more systematic
evaluation of available studies. A 2009 meta-analysis of 11 studies (four cohort studies and seven case-control
studies) assessing lignan exposure and breast cancer risk determined that, though borderline, there was no
association between plant lignan intake and breast cancer risk (combined OR 0.93; 95% CI 0.831.03) when the
relevant observational studies were pooled.57 However, when the studies were divided by menopausal status,
they found a significant reduction in breast cancer risk among the postmenopausal women (combined OR 0.85;
95% CI 0.780.93; p , 0.001). This effect was not observed with pre-menopausal women (combined OR 0.97; 95%
CI 0.821.15, p 5 0.73). Where data were available, the investigators also systematically examined ENL concentrations in the blood and estimated enterolignan exposure using values produced from food by in vitro fermentation
models. Although there was a significant inverse correlation between enterolignan exposure and breast cancer
risk (combined OR 0.73; 95% CI 0.570.92), the association was no longer significant (combined OR 0.82; 95% CI
0.591.14) when blood ENL levels were considered. The authors noted that there was marked heterogeneity
between the studies they reviewed making broad conclusions difficult.
Another meta-analysis which included 21 studies (11 prospective cohort studies and 10 case-control studies)
concluded that plant lignan intake was not associated with overall breast cancer risk, but if the results are separated by menopausal status, postmenopausal women with a high plant lignan intake have a significantly reduced
risk of breast cancer (pooled RE 0.86; 95% CI 0.780.94).50 A similar association was found when four studies
were examined assessing dietary enterolignans (pooled RE 0.84; 95% CI 0.710.97). In total, these meta-analyses
suggest that menopausal status is an important factor to consider in associations of dietary lignans, enterolignans
and risk of breast cancer.
More recent studies continue to support the hypothesis that enterolignans have a protective effect on breast
cancer, but that this is dependent on menopausal status. A follow-up study of 2653 postmenopausal breast cancer
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patients diagnosed between 2001 and 2005 concluded that both high estimated ENL (HR 0.60; 95% CI 0.400.89;
p trend 5 0.02) and high estimated END were associated with higher overall survival (HR 0.63; 95% CI 0.420.95;
p trend 5 0.02).76 Moreover, a retrospective cohort study of 300 breast cancer patients concluded that higher
serum ENL levels were associated with both decreased all-cause mortality and decreased breast-cancer mortality.77 At 5 years, patients with serum ENL levels $ 10 nmol/L demonstrated lower all-cause and breast cancerspecific mortality (HR 0.49; 95% CI 0.270.91; p 5 0.025 and HR 0.42; 95% CI 0.220.81; p 5 0.009, respectively).
At 10 years and beyond, however, this association became non-significant (all-cause death: HR 0.65; 95% CI
0.401.03; p 5 0.07 and breast cancer-specific (HR 0.67; 95% CI 0.391.14; p 5 0.1). After stratifying the results by
menopausal status, the association between serum ENL and both all-cause mortality and breast-cancer mortality
decreased and remained statistically significant at 10 years for postmenopausal women (all-cause death: HR 0.48;
95% CI 0.280.82; p 5 0.007 and breast cancer-specific: HR 0.52; 95% CI 0.290.94; p 5 0.03, respectively).77 After
adjusting for menopausal status, these studies show a protective effect of ENL suggesting that different mechanisms
may be important to consider in pre- and postmenopausal women.
A case-control study conducted in women in Ontario, Canada, examined the relationship between breast
cancer and phytoestrogen intake using a FFQ.78 The study included 2438 women with breast cancer and 3370
controls and results were stratified by tumor type, menopausal status, and phytoestrogen intake as an adult versus
adolescent. Among women with estrogen-receptor-positive and progesterone-receptor-positive (ER1/PR1)
tumors, both adult intake of lignans (OR 0.83; 95% CI 0.681.00) and adolescent intake of lignans (OR 0.86; 95%
CI 0.731.00) were associated with reduced risk of breast cancer. After separating the results by menopausal
status, the associations in premenopausal women become either null or not significant; however, the association
with adolescent lignan intake among postmenopausal women in the ER1/PR1 subgroup remained (OR 0.78;
95% CI 0.640.95).78
McCann et al. reported on a case-control study analyzing not only lignan intake but also the various types of
plant lignans and their relationship to breast tumors. They found that the women in the highest tertile of lignan
intake had a 4050% lower odds of breast cancer compared to those in the lowest tertile of lignan intake.79 This
result was regardless of menopausal status; however, premenopausal women had the strongest associations with
PINO and LARI while postmenopausal women had the strongest associations with MAT.
Animal models have been used to examine the underlying mechanism of action between lignans, enterolignans and breast cancer. In animal models, SDG has been shown to promote cell differentiation in mammary
glands, delay the progression of N-methyl-N-nitrosourea-induced mammary tumorigenesis, and produce beneficial mammary gland structural changes during gestation and lactation.66 More recently, SES was shown to
decrease cell proliferation and increased apoptosis of MCF-7 tumors in mice.80 In addition, a study in germ-free
rats showed that, although END and ENL production did not influence the occurrence of breast cancer, the number of tumors, size of the tumors, and tumor cell proliferation decreased, and tumor cell apoptosis increased in
rats that were conventionalized with a lignan-converting bacterial consortia. These studies suggest that lignans
and bacterially produced enterolignans influence anticancer effects.81
Prostate Cancer
The evidence regarding the role that lignans may play in prostate cancer is varied. On the one hand, reviews
by McCann et al. and Saarinen et al. cite several in vitro and animal studies that demonstrate the ability of
lignans to act as chemopreventive agents in prostate cells.60,61 Indeed, recent evidence confirms that ENL, even
at concentrations achievable in vivo following the intake of lignan precursors, inhibits the proliferation of earlystage prostate cancer cells.82 However, data available from human studies are inconsistent; some evidence suggests a benefit, while other studies found null associations between lignans and prostate cancer. Since those
reviews were published, two case-control studies have been published that actually show higher lignan intake is
associated with an increased risk of prostate cancer.83,84
A nested case-control study from EPIC-Norfolk examined lignans and prostate cancer.83,85 Participants completed 7-day food records, which were used to estimate daily lignan intake. In addition to estimating intake of
the plant lignans MAT and SECO, the investigators also estimated intake of preformed enterolignans from dairy
and other animal products. This was the first study to consider animal sources of enterolignans in the overall
estimate of lignan exposure. Given that mammals, particularly ruminants, are capable of producing large
amounts of enterolignans in their rumen, some animal products, particularly dairy foods, contain enterolignans.86
The study included 204 prostate cancer cases and 812 controls. Estimated mean (6SD) intake of preformed
enterolignans were 20 μg/day (69) among cases and 18 μg/day (69) among controls in this EPIC-Norfolk sample.83 In an age-adjusted model, total lignan intake was not associated with prostate cancer (OR 1.05; 95% CI
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0.811.36; p 5 0.72). However, total enterolignan intake (which included the non-lignan phytoestrogen equol)
was positively associated with prostate cancer (OR 1.41; 95% CI 1.121.76; p 5 0.003) as were equol (OR 1.43; 95%
CI 1.141.80; p 5 0.002) and ENL (OR 1.39; 95%CI 1.121.71, p 5 0.003) individually. However, after additional
adjustment for covariates, such as age, height, weight, physical activity, social class, family history of prostate
cancer, and daily energy intake, the associations became non-significant, suggesting that the lignan effect was
confounded with other variables.
Another case-control study, conducted in Jamaica, consisted of 175 newly diagnosed prostate cancer cases and
194 controls.84 The researchers evaluated the relationship of urinary phytoestrogens with total cancer and tumor
grade. ENL was measured from spot urine samples. Higher concentrations of ENL were positively associated
with both total prostate cancer (OR 1.85; 95% CI 1.013.44; p 5 0.027) and high-grade disease (OR 2.46; 95% CI
1.115.46; p 5 0.023).
The small sample size and limitations inherent in a case-control design advocates caution in espousing the
results without follow-up studies, but differential findings based on tumor grade, speak to the importance of
considering the heterogeneity of cancers and the potential for different effects depending on tumor grade.
To date, only a few studies have been statistically powered to be able to consider the association between lignans
and cancers, stratified by tumor type or stage.

Cardiovascular Disease
A review of lignans and cardiovascular disease risk published in 2010 by Peterson et al. summarized the findings of both randomized controlled trials (RCTs) and observational studies.55 While some of the RCTs showed no
effects, many showed favorable effects to blood pressure, C-reactive protein, and lipid profiles. The authors also
discussed both observational studies examining lignan intake as well as observational studies examining serum
ENL; however, similar to the studies of cancer outcomes, the results of the studies of cardiovascular disease are
mixed, and it is difficult to draw definitive conclusions. Five of the 11 observational studies showed decreased
cardiovascular risk with either increasing dietary intakes of lignans or increased concentrations of serum ENL,
while five studies were described by the authors as having borderline significance, and one was null.55 The
authors noted that a limitation to the capacity to conduct a systematic review of the interventions was the differences in experimental protocols that were used between the studies.
Since that review was published, a 2012 cross-sectional study found that urinary enterolignans were inversely
associated with serum triglyceride levels and positively associated with HDL (“good”) cholesterol.87 The authors
used three models: an unadjusted model, a model adjusted for age, race/ethnicity, education, income, urinary
creatinine (log-transformed), and a third model further adjusted for smoking and alcohol categories, menopause
status, use of hormone replacement therapy, BMI, physical activity, and dietary intake of saturated fat,
cholesterol and fiber. The results were statistically significant in all three models, with higher urinary excretion of
enterolignans (7.84 μmol/L) corresponding to lower serum triglygerides (20.18 mmol/L) compared to the low
levels of enterolignan excretion (0.54 μmol/L) in the third model (p 5 0.003). High excretion corresponded to
0.06 mmol/L greater serum HDL in the third model (p 5 0.009).87

Other Health Effects
Given the various actions of enterolignans in vivo, there is the potential for these compounds to influence
other aspects of health. For example, Pietrofesa et al. tested the effect of isocaloric diets containing three levels of
lignans from flaxseed in mice treated with X-rays.88 The lignan component was designed to mimic the amount
of lignans ingested from a 0%, 10% and 20% whole-grain flaxseed diet. The lignan diets significantly mitigated
radiation-related animal death (controls demonstrated 36.7% survival 4 months after the treatment compared to
6073.3% survival in mice fed 1020% lignans). Additionally, lung fibrosis, radiation-induced lung injury
(measured via bronchoalveolar lavage), and inflammation was decreased in the mice fed flaxseed lignans.88 This
would suggest that dietary lignans may help mitigate adverse effects in individuals exposed to radiation.

INTERINDIVIDUAL DIFFERENCES IN LIGNAN METABOLISM
Studying the relationship between lignan exposure and disease risk in human populations is challenging and
complex. A variety of foods are sources of lignans and these are not eaten in isolation. Traditionally, cuisines that
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include dietary sources of lignans also include other foods that may be considered healthy or less healthy. Trying
to tease out the association between intake of high-lignan foods in general, which are often also high-fiber foods,
or intake of specific lignans, and disease risk is difficult.
In relation to the study of breast cancer, but relevant to other observational studies described in the previous
section, Sonestedt and Wirfält described several factors that may contribute to the ambiguous results that have so
far been obtained in epidemiologic studies focusing on ENL.89 They note that several factors play a role in enterolignan exposure, including the composition of the gut microbial community, dietary intake of lignan-containing
foods, antibiotic use, smoking status and constipation. The authors also point out the difficulty in accurately and
reliably determining enterolignan exposure and the complicated role that genetic factors play in both cancer
development and the actions of ENL.
Even under controlled conditions, substantial interindividual variation has been reported regarding enterolignan
production. Kuijsten et al.90 showed in a pharmacokinetic study that a variety of plasma profiles arise with a set
dose of SDG, with some individuals producing high amounts of both ENL and END, or higher amounts of one
enterolignan as compared to the other (e.g., high ENL, low END or vice versa), or very low amounts of both. All 12
participants ingested the same dose of SDG per kg body weight; however, in five subjects the area under the curve
(AUC) of ENL was more than twice that of END; in five others, the AUC of ENL was only one- to two-times the
AUC of END; in two participants, the AUC of END exceeded that of ENL; and in one participant, ENL concentrations barely increased. Mean (6SD) AUC for END and ENL were 966 6 639 and 1762 6 1117 nmol/L.h, respectively,
the large SD reflecting the wide variation in individual results. Kuijsten et al. noted that the cumulative excretion of
END and ENL accounted for about 40% of ingested SDG; however, individual percentages were also variable.
Much of this variation is proposed to be due to differences in gut microbial community across individuals.90 The
different patterns of END and ENL appearance in circulation and the range of cumulative excretion values suggest
differential capacity of the gut microbes to manage the various steps in SDG metabolism (Figure 7.3), with some
unable to effectively hydrolyze the SDG to SECO and others being ineffective at converting END to ENL.
The variation in enterolignan production by gut microbial communities from different individuals is also clearly
demonstrated using in vitro incubations. Incubating fresh fecal samples with a flaxseed extract (630 μmol/L) for
72 h, Possemiers et al.91 found that the production of END and ENL differed strongly among 100 individuals. END
was produced in varying amounts in 63% of the samples, whereas ENL was only produced in 39% of the samples.
Further, END and ENL production were positively correlated and were associated with higher β-glucuronidase
activity, supporting the importance of the capacity to carry out the initial steps in SDG conversion.
Another potential source of variation in urine or blood measures of ENL and END, may stem from interindividual differences in biotransformation of the enterolignans92 although no controlled evaluation of the effects
of genetic variants in biotransformation enzymes on lignan availability has been conducted. In humans, plant
lignans and their metabolites are efficiently conjugated with glucuronic acid or, to a lesser extent, sulfate.
Conjugation takes place in the gut epithelium and liver by UDP-glucuronosyltransferases (UGT) and sulfotransferases, and the conjugates are excreted in urine and bile. Those that are re-excreted in bile undergo enterohepatic
recycling.93 In urine, ENL and END are excreted primarily as monoglucuronides (95 and 85%, respectively), with
small percentages being excreted as monosulfates (210%) and free aglycones (0.31%). 94 Colon cell lines have
been shown to rapidly glucuronidate enterolignans, suggesting that the majority of conjugation of lignans likely
occurs in the colon.95 Further, hepatic microsomal oxidation is also much slower compared to glucuronidation,
suggesting that oxidation products of END and ENL are minor metabolites of enterolignans.96 Effects of enterolignans on intestinal transporters have not been evaluated, but SES has been shown to increase the mRNA
expression of several transporters, thereby possibly affecting absorption of lignans and other phytochemicals.97
In addition to the variation in microbial and host metabolism, several physiologic, demographic and lifestyle
characteristics of individuals appear to influence the production of enterolignans in vivo, including constituents
of diet and other non-dietary factors.

Diet
Diet plays a large role in enterolignan production, both due to the differences in food content of the precursors, but also due to effects of food matrices and other dietary factors on availability and conversion of plant
lignans to enterolignans. An early study by Adlercreutz et al. evaluated urinary enterolignan excretion in women
consuming macrobiotic, omnivorous and lactovegetarian diets and reported that followers of macrobiotic diets,
as compared to the lactovegetarians, had substantially greater END and ENL excretion.98 The lactovegetarians in
turn, as compared to the omnivores, had greater excretion of enterolignans.
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FIGURE 7.3 Phylogenetic tree of lignan-converting bacteria showing that the organisms involved in enterolignan production are distributed across Phyla. Phylogenetic distances were calculated using Neighbor Joining with bootstrap values in percentage (using 1000 replicates)
in ARB (www.arb-silve.de) on aligned 16 S rRNA genes from pure cultures of bacteria associated with enterolignan production. The metabolic
reactions involved in enterolignan production catalyzed by the bacteria and the accession number for the 16S rRNA gene sequence is in parentheses (see Table 7.1 for more information). Ten percent change in sequence indicated by bar.

Since that early work, many dietary intervention studies have been conducted, further solidifying the link
between diet and enterolignan production. Fruits, vegetables, and berries have been demonstrated to increase
ENL production.99101 Rye, a rich source of plant lignans, has been shown to increase ENL production in three
dietary intervention studies.102104 However, a similar intervention study involving rye products showed no
such increase in ENL production.105 The reason for this discrepancy is unclear; however, the authors note that
their participants were generally younger and may have consumed more dietary fiber in their habitual diets than
participants in the other studies. This may have contributed to faster lignan transit through the gut, and therefore
incomplete biotransformation of the plant lignans.105 Other dietary trials involving lignan-rich flaxseed and
sesame seed revealed significant ENL production.41,42,106109
Moreover, it appears that the food matrix and food processing may affect the bioavailability of lignans. In a
randomized, crossover study, 12 participants were fed whole, crushed and ground flaxseed daily (0.3 g/kg body
weight). The results indicated that, compared to ground flaxseed, the mean relative bioavailability of enterolignans from whole flaxseed was 28% and crushed flaxseed was 43%.110 Another dietary study found no effect of
baking on the urinary or plasma concentrations of enterolignans when participants were fed ground flaxseed
mixed in applesauce or ground flaxseed baked in bread and muffins, suggesting that these compounds are heat
stable.109
Although it has yet to be studied systematically in humans, the presence of dietary fiber may affect the production of enterolignans. In vitro fecal suspensions incubated with 1 g each of extractable and non-extractable
fractions of rye produced starkly different results.111 The extractable fraction contained mainly soluble fiber and
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46 mg/100 g of total plant lignans. The non-extractable fraction contained mainly insoluble fiber and 13 mg/100 g
of total plant lignans. Protein and starch amounts were very similar among the fractions. After 48 h of incubation,
suspensions containing the non-extractable fraction produced significantly more ENL. The extractable fractions
rapidly produced short-chain fatty acids (SCFAs) which quickly decreased the pH of the samples below 5.0. The
non-extractable fractions, on the other hand, produced SCFAs at a much slower rate, thus allowing pH to stay
in a more neutral range favoring ENL production. The extractable fraction also contained more ferulic giving the
samples containing it a lower initial pH.111 This suggests that the type of fiber consumed with the lignan may
affect its bioavailability.

Sex Differences in Enterolignan Production
The evidence regarding sex differences in lignan metabolism is mixed, but there appears to be a tendency for
women to produce more enterolignans than men. Several cross-sectional studies examining the associations
between diet and enterolignan production show no sex differences.87,112115 However, a cross-sectional study of
2380 Finnish men and women showed that women had higher concentrations of serum ENL than did men.116
Indeed, plasma ENL and END both appeared earlier and also achieved a higher maximum concentration in women
compared to men when following a single SDG dose (1.31 μmol/kg body weight).90 Jacobs et al. conducted a
feeding study involving a whole-grain diet and found that women had a higher mean baseline serum ENL
concentration, although the rise in serum ENL after the whole-grain diet was similar in men and women.117
Another randomized cross-over trial that involved feeding men and women flaxseed and measuring urinary lignan
excretion showed no differences between men and women.118 Similar trials involving a lignan dose have showed
no difference in enterolignan production between men and women.102,110 In contrast, in one controlled feeding
study, in which vegetables were fed, men excreted more ENL than women during the experimental diets.101 The
tendency here for women to produce more enterolignans than their male counterparts may be explained by Clavel
et al. who noted that women tended to harbor more ENL-producing and END-producing bacteria.119 Further,
women have been shown to have longer gastrointestinal transit times than men120; this longer residence time of
fiber-containing foods and plant lignans in the gut may further contribute to greater enterolignan production.

Other Factors Associated with Enterolignan Production
Physiologic and sociodemographic factors have also been shown to be associated with enterolignan levels.
Because of the importance of the gut microbial community to enterolignan production, the use of oral antimicrobials is inversely associated with serum ENL concentrations. In a cross-sectional study, Kilkkinen et al. showed,
in a sample of 2753 Finnish men and women, that ENL concentrations in antimicrobial users, as compared to
non-users of antimicrobials, was significantly lower, even if the time elapsed since antimicrobial treatment was
1216 months prior to blood sampling.121 The number of antimicrobial treatments also correlated inversely with
ENL concentration.
Gut residence time appears to be another factor that influences ENL production, although most studies rely on
non-quantitative measures to assess this factor. For example, Kilkkinen et al., also in a Finnish population,
observed positive associations in men with serum ENL concentration and constipation, perhaps demonstrating
an association between longer residence time and more ENL production.116 The same study also found that, in
women, serum ENL concentration was positively and independently associated with age and constipation, while
ENL was inversely associated with smoking. Moreover, female subjects of normal weight had a significantly
higher ENL concentration than their underweight or obese counterparts. Other studies in European populations
have supported Kilkkinen’s findings, reporting inverse associations between body mass index (BMI), smoking,
and frequency of bowel movements and plasma ENL concentration.115,122
Recently, the association between sociodemographic and other lifestyle variables and urine ENL levels was
evaluated in a large sample of men and women $20 years in the US. In a subset (n 5 3000) of the 20032006
National Health and Nutrition Examination Survey (NHANES), which collects cross-sectional data on the health
and nutritional status of the U.S. population, Rybak et al. found that age, income and physical activity were
positively correlated with urinary ENL.123 Further, similar to the studies in European populations, smoking and
BMI were inversely correlated with urinary ENL. Despite these associations, the selected sociodemographic
and lifestyle variables only explained a limited amount of the total variability (R2 # 4%), suggesting that, compared
to other factors, their effects on enterolignan levels are modest.
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CONCLUSIONS
Human exposure to END and ENL, bioactive metabolites resulting from the gut microbial metabolism of a
variety of plant lignans, is highly variable. From the research available to date, we know that it is dependent on
several environmental and physiologic factors including: the types of plant lignans consumed; the foods and
food matrices of which the lignans are a part; intake of other foods or medications that may alter gut microbial
activity (e.g., dietary fiber, anti-microbial drugs); gut microbial community composition and activity; and gut
transit time and factors that affect it. Given this range of factors, characterizing lignan exposure is challenging.
Relying on database measures of plant lignan intake does not capture the contribution of the gut microbial community to END and ENL exposure. In contrast, measuring urinary or circulating END and ENL provides an
internal measure of exposure to the bioactive compounds, but as Sonestedt and Wirfält point out, also provides a
biomarker of dietary lignan intake, a biomarker of a healthy lifestyle and possibly a marker of gut microbial
capacity.89 It is the complexity of these measures as biomarkers that may contribute to the uncertainties related to
the association between lignans and chronic disease risk in observational studies. With the advent of new techniques that allow for rapid and efficient characterization of gut microbial community, adding information on the
gut microbial community structure to the statistical models may allow us to better characterize the modifying
effect of microbes on lignandisease risk associations.
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32. Clavel T, Borrmann D, Braune A, Doré J, Blaut M. Occurrence and activity of human intestinal bacteria involved in the conversion of
dietary lignans. Anaerobe. 2006;12:140147.
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