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ABSTRACT: Lignans are a group of plant phenolic compounds with various technofunctional and health-promoting properties.
They can be found in oilseeds (291.7−2513 mg/100 g), nuts, vegetables, fruits, and alcoholic and nonalcoholic drinks. The most
common structural representative feature of lignans’ backbone is a dimeric phenylpropanoid, which consists of two C6−C3 units
joined by a central carbon. Compared to other phenolics, such as flavonoids, the literature on lignan stability and bioaccessibility is
limited. This Mini-Review aims to present an overview of recent literature, draw connecting lines to the known regarding
polyphenols, and suggest the main knowledge gaps. Processing methods and processing conditions influence the stability of lignans
with several thermal treatments explored. Roasting, as a major studied processing step, displayed varying effects as a function of the
lignan structure and matrix. The content of specific and even total lignans was shown to increase in some cases even after intense
thermal treatment. Lignans were also reported to present a stabilizing effect against oxidation to oils when added externally. Different
fermentation methods presented inconclusive outcomes on the content of lignans, likely stemming from the various matrices and
microorganisms studied in a relatively limited pool of studies. The bioaccessibility of lignans in in vitro studies was usually low (from
less than 1% in fermented flaxseed to 30% for microwaved artichokes). Yet, a clear conclusion regarding the digestive fate of lignans
as a function of processing and structure cannot be currently suggested, and significant additional effort in this direction is needed.

1. INTRODUCTION

Lignans are a large and diverse group of phenolic compounds
found in plants and food products with various biological
properties like antioxidant and antitumor activities.1 Like
polyphenols, lignans are secondary metabolites derived from
the shikimic acid pathway involved in the protection of plants
from pathogens and ultraviolet radiation. Lignan consumption
in the human diet is common and typical, as they are found in
everyday foods and beverages, such as oilseed, cereals, nuts,
oils, vegetables, fruits, and alcoholic and nonalcoholic drinks
(Figure 1).2,3 The produce richest in lignans is seeds,
particularly flaxseed and sesame seeds. Other food products
contain lignan in lower concentrations.2 For example, the
content of total lignans in sesame seed is 834.57 mg/100 g of
food, whereas the total lignan of avocado is 0.73 mg/100 g of
food. The typical content of lignans in foods can be found in
Table 1.2

The lignans are a diverse family of compounds, generally
composed of two groups of phenylpropanoid. R.D. Haworth
established the term “lignan” to describe the structure of a
dimeric phenylpropanoid with two C6−C3 units connected by
its central carbon (C8).

8 A literature survey reveals a slight
variation in lignan definition.2,9 Lignans are a subgroup of
phenolic compounds with several or one phenolic ring2 and
can be classified into several groups: lignan, neolignan, and
norlignans. Lignans are phenylpropane dimers linked by a
β−β′ (8−8′) bond, whereas neolignans are phenylpropanoid
dimers that are not connected by a β−β′ bond (Figure 2).3
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The norlignans lack one or more carbon atoms, with some, like
norlignans, exhibiting various biological activities such as
antifungal, antibacterial, and antioxidant capacity (Figure 2).3,9

The structure of the classical lignans can be classified into eight
subgroups, which include furan, furofuran, dibenzylbutane,
dibenzylbutyrolactol, dibenzylbutyrolactones, dibenzocyclooc-
tadienes, aryltetralin, and arylnaphtalene (Figure 3).2 The

subgroups differ by the presence of oxygen in the backbone
and ring formation. Lignans can be found either in free
phenolic form or as glucosides. For example, two of the major
lignans in the sesame seeds are di- and tri-glucosides of
pinoresinol.10 Among other effects, the lignan’s polarity affects
the extraction’s efficiency and simplicity. For example, the
solubility of glycosylated lignans in organic solvents is
restricted, and for the extraction of lignans from sesame oil,
80% ethanol is used, which is suitable for both aglycons and
glycosylated lignans. In general, the most commonly used
solvent for analytical extraction today is 80% methanol and
20% water.10 In addition to different total contents, foods
contain different types, concentrations, and ratios of lignans.
Secoisolariciresinol is the major dietary lignan and may be
found, for example, in flaxseed (257.6 mg/100 g) and carrots
(3.16 mg/100 g).2 Another family of lignans is the mammalian
lignans: enterodiol and enterolactone. Plant lignans are
metabolized by microorganisms in the human digestive tract
into mammalian lignans.2 Nowadays, there is a growing
interest in those compounds, as they are suggested to promote
health. An example is the lignan secoisolariciresinol, a
precursor to enterodiol and enterolactone, proposed to be
effective in preventing breast and prostatic cancer in animal
models.1

Various studies reported that lignans lowered blood glucose
and cholesterol levels and presented some prevention against
cardiovascular diseases in rats when administered orally.2,10

Moreover, lignans were suggested to offer a broad in vitro
activity in preventing different types of cancer,2,10 and they
may be linked to a lower risk of breast cancer in
postmenopausal women.11 Others noted that the consumption
of lignans in the diet correlates with a decrease in chronic and
degenerative diseases. In addition, in both men and women, an
increased long-term lignan diet was linked to a noticeably
decreased incidence of total coronary heart disease.12

Generally, phenolic compounds are known to be affected by
diverse processing methods, such as different heat treatments,
which can lead to their degradation and modify their
bioaccessibility.13 Yet for lignans, most studies focused on
their potential therapeutic effect and not their stability and
bioaccessibility in various food products, which can signifi-
cantly impact the potential of their health-promoting activity.
This Mini-Review focuses on the stability and bioaccessibility
of the lignans in food products, especially in correlation with

Figure 1. Lignan sources in the human diet.

Table 1. Content of Lignans in Different Food Sources

source food total lignans (mg/100 g food)

seeds sesame 291.7−25131

flaxseed 301.1294

cereals rye grains 0.26995

buckwheat 0.8676

vegetables broccoli 1.3254

cucumber 0.0674

fruits grapefruit 0.1524

pear 0.1934

beverages red wine 0.0691−0.09134

coffee 0.0187−0.03134

oils olive oil, extra-virgin 0.02484

sesame seed oil 275.4−467.67

Figure 2. Chemical structures of phenylpropanoid (A), lignan (B), norlignan (C), and neolignan (D).

ACS Omega http://pubs.acs.org/journal/acsodf Mini-Review

https://doi.org/10.1021/acsomega.3c07636
ACS Omega 2024, 9, 2022−2031

2023

https://pubs.acs.org/doi/10.1021/acsomega.3c07636?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07636?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07636?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07636?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07636?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07636?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07636?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07636?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c07636?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


their structure and the impact of processing, aiming at marking
important gaps in the research.

2. STABILITY OF LIGNANS
Thermal treatments, fermentation, bleaching, and drying are
among the diverse processing methods affecting lignan-rich
matrices5 and, therefore, lignan stability.10 Understanding how
these compounds are affected by different environments,
especially as a function of their structure, is essential to
maintaining their nutritional value during food processing and
preparation. In recent years, there has been a growing interest
in the utilization of lignans for nutraceuticals, pharmaceuticals,
and/or functional foods, increasing the importance of stability
understanding for the development of effective, reliable, and
nutritional products. Several studies have been conducted to
determine the impact of processing and storage on the lignan
content of foods; extensive stability research of lignan
compounds will ease rational utilization and reveal the
potential of these compounds for human health and well-
being.1,2

2.1. Thermal Treatment. Thermal treatments are crucial
and common processing methods for both food preservation
and the modification and development of consumer-accepted
sensorial attributes. Such treatments are known to affect
phenolic compounds and modify their chemical structure,
potentially adversely affecting the nutritional, physicochemical,
and antioxidant properties of different food products.11

Therefore, the outcome of thermal processing on lignans and
lignan-rich matrixes during the production of foods is of great
importance and is summarized in Table 2.
Roasting is often used for seeds in general and specifically

for sesame seeds to improve sensorial properties, for example,
in the production of sesame oil or sesame paste (tahini).10 As
seeds are major sources of lignans, several studies focused on
the effect of roasting on the content of lignans, particularly in
sesame seeds. One of the studies found that the amount of
sesamol in sesame oil increased after the sesame seeds were
roasted. The authors suggested that the higher oxidative
stability of sesame oil is due to the continuous production of
sesamol by thermal oxidation, formed by sesamolin degrada-
tion into sesamol at high temperatures during roasting, leading

to the formation of more sesamol in the oil.14 Others examined
the effect of roasting on six varieties of sesame seeds and
discovered that the contents of the total lignans increased
significantly for all six types. However, after examination of
specific lignans, it was revealed that sesamin, pinoresinol, and
sesamolin content decreased, and pinoresinol diglucoside and
sesamol content increased,15 showing that the impact of
processing is structure dependent. Such results and others
described later suggest that lignans have the potential, as added
ingredients, to protect various products that need to be
exposed to high temperatures from oxidation.

Figure 3. Chemical structures of eight subgroups of lignans (Ar = aryl group).

Table 2. Impact of Thermal Processing on Lignan’s Content
in Various Foods

food source processing method content of lignansa reference

sesame oil roasting (213/230/247
°C for 21 min)

sesamol ↑ 14
sesamin ↓
sesamolin ↓

sesame
seed

roasting (240 °C for 20
min)

sesamin ↓ 15
pinoresinol ↓
sesamolin ↓
pinoresinol diglucoside ↑

defatted-
sesame
meal

frying (160/200/240
°C for 30 min)

total lignans ↑ (for 240 °C↓) 16

roasting (160/200/240
°C for 30 min)

total lignans ↑

microwaving (160/
200/240 °C for 30
min)

total lignans ↑

sesame
seed

baking (100/200/250
°C for 20−40 min)

lariciresinol ↑ (for 100 °C), ↓
(for 200 and 250 °C)

5

pinoresinol ↑ (for 100 °C), ↓
(for 200 and 250 °C)

rye flour baking (100/200/250
°C for 20−40 min)

syringaresinol ↑ (for 100 °C),
↓ (for 200 and 250 °C)

5

biscuit baking (170 °C for 12
min)

total lignans ↑/↓ (depends
on the formulation)

20

virgin olive
oil

frying (180 °C for 10−
60 min)

total lignans - 21

boiling (100 °C for 1−
4 h)

a↑, increase in content; ↓, decrease in content; -, no change in
content.
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The effect of other thermal treatments on lignans in addition
to roasting was also explored. One of the studies examined the
effect of frying, roasting, and microwaving on a defatted sesame
meal (a byproduct of sesame oil) at different time/temperature
combinations. The study concluded that the content of lignans
depends on the treatment type, temperature, and time, with
some lignans presenting an increased content at different
treatment durations. For example, total lignans increased
during roasting at all tested temperatures, reaching 42.38 ±
1.29, 148.36 ± 5.54, and 154.47 ± 3.82 mg/100 g dry weight
(DW) after 10 min at 160, 200, and 240 °C, respectively. In
addition, in all three times evaluated (10, 20, 30 min), the
content also increased for all thermal treatments. On the other
hand, during frying (a pan and an induction cooker), total
lignan content increased at all three temperatures, but at 240
°C after 30 min, the lignan content decreased to 81.83 ± 1.17
mg/100 g of DW from 218.82 ± 7.12 mg/100 g of DW
(quantified after 20 min of frying). The leaching of those
compounds may explain the decreasing content of lignan
during frying. In a different study, the amount of total phenolic
compounds in spinach leaves during frying also decreased, and
it was suggested that the phenolic compounds leached to the
frying medium. In comparison between the three methods, the
highest content of lignans was received by microwave
treatment at 800 W after 30 min (359.42 ± 9.02 mg/100 g
DW).16,17 The results emphasize that in the planning of
commercial lignan-rich products the processing flow should
take into account the leaching of those bioactive compounds.
Natural antioxidants present can affect not only the

product’s stability during needed thermal processing but also
during its shelf life. Research that focused on the antioxidant
and oxidative properties of roasted sesame oil during
production and storage revealed that sesamin and sesamolin
levels were significantly higher in the final product (the oil)
that included three filtration steps than in the pressed oil.
However, the sesamol content was reduced. The lignan
content of the oil decreased during storage; the authors
suggested that it likely functioned as a sacrificial agent
(antioxidant) in the oil.18 Later, the effect of additive sesame
lignans was also examined not only in sesame oil. A study on
the impact of sesame lignans on the thermal and storage
stabilities of three edible vegetable oils (refined soybean,
sunflower, and rice bran) was conducted. The researchers,
confirming the protective effect of lignans, discovered that
adding sesame lignans to the oils increased the thermal
stability. In this regard, adding 1.2% lignans to refined soybean
oil increased total free radical scavenging activity (RSA) by
47% after 120 min of heating at frying temperature compared
to refined soybean oil without added lignans. Furthermore,
after heating to a frying temperature for 120 min, the RSA of
the three oils (refined soybean, sunflower, and rice-bran oil)
with added lignans increased by 47%, 40%, and 47%,
respectively. In addition, the study examined the stability of
the added lignans. The findings were that, in all oils, the total
lignans content decreased after 120 min of frying, likely due to
sesamolin degradation. At the same time, over 60 min, sesamol
is formed from nondetectable levels in all of the oils containing
lignans. The formation of sesamol can be attributed to
conversion from sesamolin, as discussed before. Compared
with other lignans, sesamin was more stable and more heat-
resistant. From the data, it can be suggested that sesamolin
significantly contributes to sesame oil by increasing its stability.
The authors concluded that combining sesame oil with other

oils has the potential to improve antioxidant capacity.19 It was
reported that lignan concentrations moderately increased in
heated flaxseed and rye but decreased when rye was steamed
before heating. The study also concluded that lignans did not
degrade extensively during bread baking and that the matrix
influences their thermal stability.5

When discussing lignan stability, the food matrix must be
considered as well. A study that monitored the lignans in
flaxseed in biscuits before and after baking found that the
concentration of lignans in flaxseed biscuits was 30 times
higher than in nonenriched whole-wheat biscuits and 170
times higher than in white flour biscuits and that the
concentration was unaffected by the baking itself.20 In another
study, the content of lignans in virgin olive oil was examined,
reporting that the content of lignans was stable during frying
(180 °C, 1 h), boiling (100 °C, 4 h), and storage in the dark
for 15 months at 20 °C to simulate domestic storage. It was
also reported that the stability of lignans during shelf life
depended on the type of virgin olive oil.21

It should be emphasized that due to the reported health-
promoting effects, the impact during processing (in terms of
prevention of oxidation) presented in this section is only a
partial attribute of those compounds as their stability suggests
they extend the nutritional benefits during shelf life,
maintaining the nutritional content and allowing customers
to benefit from the suggested health benefits.
2.2. Fermentation. Fermentation is an ancient method

used to preserve and extend the shelf life of food products by
microorganisms, resulting in diverse compounds, such as
organic acids and alcohol, being produced. A common
outcome of fermentation is an inhibition of the growth of
spoilage organisms. Moreover, fermentation contributes to the
food’s unique flavors, textures, and bioactive compounds22 and
may affect the content of the phenolic compounds.
Several studies have explored the effect of fermentation on

lignans in different foods. A study examined the lignan
(secoisolariciresinol diglucoside) content during bread pro-
duction when using defatted flaxseed flour at three process
stages: dough before leavening by yeast fermentation, dough
after leavening, and after bread baking. The content of
secoisolariciresinol diglucoside decreased after fermentation.
The authors explained this observation by the presence of
microorganisms and their enzymes metabolizing the lignan to
enterodiol and enterolactone.23 The contents of different
lignans during the fermentation of triticale dough were also
reported. The study discovered that the lignan content was
unchanged when acid hydrolysis was used to release the
lignans from the sample, but in the case of enzyme hydrolysis,
there was an increase of 14% in the total lignans. However,
looking at each lignan, one can notice that in acid hydrolysis,
where the total lignan did not change, the specific lignan
secoisolariciresinol increased after fermentation. On the other
hand, the content of lariciresinol did not change significantly,
and the content was lower.24

On the other hand, other studies did not observe changes in
the content of the lignans after some fermentation steps. A
study investigated the stability of added secoisolariciresinol
diglucoside during the production and storage of different
dairy products, focusing on the effects of various dairy product
manufacturing processes such as pasteurization and fermenta-
tion. The authors observed that heat treatment and
fermentation, which are required for yogurt production, did
not affect the content of secoisolariciresinol diglucoside. They
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also concluded that the fermentation of several hours did not
convert secoisolariciresinol diglucoside to the aglycon form. In
addition, when looking at the yogurt’s starter, which contained
lactic acid bacteria and bifidobacteria, it did not cause
degradation of secoisolariciresinol diglucoside during fermen-
tation, suggesting that the lignan is relatively inert to the
yogurt’s starter. Moreover, lignan did not appear to interfere
with yogurt production from a technological perspective. It was
also reported that the secoisolariciresinol diglucoside was
stable under acidic conditions of yogurt during storage of 10
and 21 days. As for cheese manufacturing, specifically Edam
cheese, it was found that, after different manufacturing steps:
pressing, brining, and ripening at 9 °C for 6 weeks, the content
of secoisolariciresinol diglucoside did not change as well.25

Furthermore, it is suggested that fermentation may even
increase the content of lignans. A study that assessed the
content of lignans in cereal bran following fermentation with
lactic acid bacteria Pediococcus acidilactici reported increases of
up to 34 and 63% in matairesinol and secoisolariciresinol
content, respectively. However, different studies found that the
increase in the content of matairesinol was lower in barley bran
with the same lactic acid bacteria. The explanation for these
changes is still lacking, and further studies are needed to
understand the mechanisms of the microbial-induced degra-
dation and development of lignans. Furthermore, the increase
in the content of lignans may stem from the hydrolysis of the
food matrix or deglycosylation of lignan glucosides.22

As expected, different bacteria can have different effects on
lignans. For example, bacteria from human gut microbiota are
known for their deglycosylation activity. Researchers isolated
these bacteria to use for food fermentation. They found a
greater amount of secoisolariciresinol in an aglycon form in
flaxseed and soy extracts after fermentation with isolated
Bif idobacterium strains from adult and child feces. Another
fermentation of defatted flaxseed with bacteria from feces,
Bacteroides uniformis, has resulted in an 80% increase in the
efficiency of converting secoisolariciresinol diglucoside
oligomers to free secoisolariciresinol.22 Additional research is
needed to explore the effect of the fermentation of various
bacteria and their metabolic pathways on products that contain
lignans. Such knowledge can assist in the development of
specific fermentation processes, focusing on lignan-rich
products.
A different study investigated omija beverages made from

omija fruit fermented for 12 months with sugar. The study’s
results showed that the total content of 7 lignans increased
after 12 months. After 9 months, the content increased 2.6
times. It should be noted that six of the lignans increased over
time besides angeloylgomisin. The concentration of angeloyl-
gomisin increased up to 7 months and then decreased
considerably by 12 months. In addition, the researchers also
examined the impact of the type of added sugar used for
fermentation. They tested three types of sugars: white, brown,
and oligosaccharide/white sugar (1:1). In addition, the sugar
samples were also compared to an omija drink prepared by
immersing the fruit in alcohol. The highest content of lignans
among the samples with the sugar was in the oligosaccharide/
white sugar sample. A possible suggested explanation is that
the oligosaccharide/white sugar may have acted as the most
efficient natural deep eutectic solvent (NADS) to dissolve the
lignan compounds in the omija berry. NADS, such as sugars, in
the solid form, can improve the solubility of nonwater-soluble
bioactive compounds such as lignans. The authors concluded

that the type of sugar also plays a part in the fermentation
outcome of lignans.26

Pickling is a different form of natural fermentation of fruits
and vegetables in acidic or salt solutions. A study focused on
the effect of pickling on the lignan content in shallots, celery,
green Chinese mustard, and long beans. When compared to
the other items, lariciresinol in celery exhibited the most
significant decrease, almost 86%, following pickling. Further-
more, the pickled Chinese mustard had roughly 80% less
lariciresinol than fresh Chinese mustard. The decline in the
content can be explained by endogenous polyphenol oxidase or
leaching out to the brine after prolonged storage in acidic and
salt solution. The precise mechanism is uncertain, and further
research is needed to explain better the mechanism of lignan
reduction during pickling. Nonetheless, the discovery that
lignan concentration may decrease during pickling is significant
for producing lignan-rich pickled products.27 Currently, there
are only a few publications on the effect of fermentation on
lignans, both as isolated compounds and as a part of a
complete food. They are summarized in Table 3. Therefore,
much more data are required to understand the impact of
fermentation as a function of matrix, microorganism type, and
lignan structure.

2.3. Other Processing Methods. Other reported effects
of processing technologies on the levels of lignans are
summarized in Table 4. The production of edible oil involves
multiple steps that can alter the composition of lignans in the
oil. Solvent extraction is common in oil production, which then
undergoes refinement to create refined oil. Such oil is
significantly cheaper than cold-pressed oil, which does not
use solvents. These two oil production processes were shown
to differ not only in their yield and cost but also in their impact
on lignan content. A previous study found that pressed sesame
oil has higher levels of sesamin and sesamolin than refined
sesame oil. Moreover, changes occur in lignan content during
the refining process itself. Notably, the amount of lignans

Table 3. Impact of Fermentation Processing on Lignan’s
Content in Various Foods

food source
fermentation
conditions content of lignansa reference

bread dough 33 °C for 45
min

secoisolariciresinol
diglucoside ↓

23

yogurt with
added lignan

43 °C for 5 h
(pH > 4.6)

secoisolariciresinol
diglucoside -

25

flour-based bun
with added
lignan

proofing for
0.5 h

secoisolariciresinol
diglucoside -

28

cereal
byproducts

32 C for 72 h secoisolariciresinol ↑ 22
matairesinol ↓

triticale dough 30 °C for a total
time of 25 h

secoisolariciresinol ↑ 24
lariciresinol ↓
syringaresinol ↑
pinoresinol ↑↓ (depends
on the type of the
hydrolysis)

matairesinol ↑↓ (depends
on the type of the
hydrolysis)

omija beverage room
temperature
for 12 months

total lignans ↑ 26

a↑, increase in content; ↓, decrease in content; -, no change in
content.
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changes considerably during bleaching. This was suggested to
be the outcome of the presence of acid that functions as a
catalyst in high temperatures. In this process, sesamin is
transformed into asarinin, its epimer, while sesamolin goes
through an intermolecular transformation into sesaminol.29

Drying is a common technique used in the industry, allowing
us to prevent microbial spoilage and extend shelf life. There are
several types of drying methods, often involving the application
of high temperatures. A recent study focused on the
production of plant-based powder from sesame bran and the
effectiveness of spray-drying and freeze-drying techniques on
the final product. The study revealed that sesame bran contains
the lignans sesamin, sesamol, and sesamolin. Sesamin is the
main lignan in sesame bran, while sesamol is the main lignan in
the protein powder. The study also observed that the spray-
dried protein powder had the highest sesamol content and the
lowest sesamolin content, which was attributed to the
formation of sesamol from sesamolin during the thermal
process involved in spray-drying. On the other hand, sesamin
was better retained in freeze-drying.30

Germination is a natural and low-cost process widely used to
increase the nutritional properties of food. Several studies have
been conducted to explore the effect of germination on various
foods, such as grains, and the impact of germination on their
bioactive components.31 A study investigated the effect of
germination on bioactive components, such as lignans, during
germination of flaxseed. The authors examined two types of
flaxseeds, brown and golden flaxseed, during germination for 5
days. The lignan that was monitored in the flaxseed is
secoisolariciresinol diglucoside. The trend in the content of
secoisolariciresinol diglucoside in the two types of flaxseed
(brown and golden) was identical, showing a decrease in their
concentration until day 1, an increase until day 2 (reaching a
maximal content), and a later decrease after day 2. In addition,
the lignan content in brown flaxseeds was higher than that of
golden. After 5 days, the lignan content of flaxseeds was
reduced by 32% and 22%, respectively, when compared to that
of flaxseeds germinated for 2 days. The authors concluded that
long-term germination may negatively affect secoisolariciresi-
nol diglucoside content. The increase in lignan after 2 days is
thought to be related to lignan synthesis during germination.31

In addition, the study investigated whether lignan can transfer
to the flaxseed oil during germination. They discovered that
germination increased the secoisolariciresinol diglucoside

content of brown and golden flaxseed oil by 2.4 and 2.3
times, respectively, over nongerminated flaxseed oil.31

3. BIOACCESSIBILITY OF LIGNANS
In addition to the stability of the health-promoting
components, as a factor potentially affecting their activity, in
recent years there has been a growing interest also in the
digestive fate of bioactive compounds. Such interests stem
from the understanding that stability is not a single factor
predicting the potential health-promoting effect, owing to a
growing understanding that digestion processes are critical
elements in biological activity. Bioaccessibility is the amount of
compound released from the food matrix into the gastro-
intestinal system that becomes available for absorption. It is
frequently a prerequisite for the bioavailability and absorption
of the compound.11 Table 5 summarizes the reported studies
regarding the bioaccessibility of lignans.
Previous research has shown that flaxseed lignans from

whole flaxseed and flaxseed flour are bioaccessible during the in
vitro digestive process simulation. The main distinction
between their digestion processes was the release of lignans
at different stages of digestion.32 Others investigated the
digestive stability and the bioaccessibility in an in vitro
gastrointestinal method of phenolic compounds, including
the lignans, in extra-virgin olive oil. Following the oral step,
lignans were mainly identified in the oil phase, likely due to
their hydrophobic nature. During gastric digestion, the lignans
were relatively stable. Specifically, pinoresinol was the most
stable and was mainly found in the oil phase. Regarding the
intestinal step, the lignans pinoresinol and acetoxypinoresinol
were relatively stable and remained in the oil phase, which was
suggested by the authors to be not bioaccessible. The authors
concluded that acetoxypinoresinol and pinoresinol had the
second highest potential bioaccessibility values, after simple
phenols: hydroxytyrosol, tyrosol, and hydroxytyrosol acetate of
59%, 25%, 302%, 172%, and 4186%, respectively. It is
important to note that the authors calculated the potential
bioaccessibility as the concentration of phenolics in the
intestinal water phase divided by the concentration of
phenolics in the extra-virgin olive oil, while the bioaccessibility
was calculated as the dialyzable fraction (during intestinal
digestion) of phenolic compounds divided by the content of
phenolic compounds of the extra-virgin olive oil. The
bioaccessibility of pinoresinol and acetoxypinoresinol was 9%
and 14%, respectively.33 A similar study also reported the
bioaccessibility of phenolic compounds in different cultivars of
virgin olive oils. The findings were similar: the lignans were in
the oil phase and were stable during gastric digestion. In
addition, the bioaccessibility of the total lignans was low and
distributed differently between the different cultivars of oil,
where the highest value belonged to “Habichuelero” virgin
olive oil with 24% bioaccessibility and the lowest for the
“Chetoui” oil with 5% bioaccessibility. The same lignans were
identified in all oil samples, but as can be seen for different
olive cultivars, the bioaccessibility was different. The difference
in phenolic composition, initial concentration, and stability to
gastrointestinal conditions can explain the different bioacces-
sibility between the cultivars.34 Further studies are needed to
comprehensively determine the digestive fate of lignans in
different food matrixes, considering potential interactions with
the food matrix and extraction from the matrix. The differences
between the two studies could be due to differences in the

Table 4. Impact of Other Processing Methods on Lignan’s
Content in Various Foods

food source processing content of lignansa reference

sesame oil refining sesamin ↓ 29
sesamolin ↓

sesame oil bleaching sesamin ↓ 29
asarinin ↑
sesamolin ↓
sesaminol ↑

sesame bran spray-fried sesamol ↑ 30
sesamolin ↓

flaxseed (brown and
golden)

germination secoisolariciresinol
diglucoside ↓

31

flaxseed oil (brown and
golden)

germination secoisolariciresinol
diglucoside ↑

31

a↑, increase in content; ↓, decrease in content.
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Table 5. Bioaccessibility of Different Lignans

food source lignan % bioaccessibility (defined after the intestinal step) in vitro digestion conditions reference

whole flaxseed secoisolariciresinol 0.75 mouth phase: 32
enterodiol 1.56 pH: 7
enterolactone 1.23 temperature: 37 °C

flaxseed flour secoisolariciresinol 2.06 time: 20 s 32
enterodiol 2.72 shaking: +
enterolactone 1.04 gastric phase:

pH: 2
temperature: 37 °C
time: 1 h
shaking: +
intestinal phase:
pH: 6−7.5
temperature: 37 °C
time: 4 h
shaking: +

galician extra-virgin olive oil acetoxypinoresinol 59a mouth phase: 33
pinoresinol 25a pH: 7

temperature: 37 °C
time: 5 min
shaking: +
gastric phase:
pH: 3
temperature: 37 °C
time: 2 h
shaking: +
intestinal phase:
pH: 7
temperature: 37 °C
time: 2 h
shaking: +

virgin olive oil total lignans 5−24a (different cultivars) mouth phase: 34
temperature: 37 °C
time: 5 min
shaking: +
gastric phase:
pH: 2−3
temp: 37 °C
time: 2 h
shaking: +
intestinal phase:
pH: 6.5−7
temperature: 37 °C
time: 2 h
shaking: +

flaxseed secoisolariciresinol 0.87 (fine) and 0.67 (coarse) mouth phase: 36
temperature: 37 °C
time: 2 min

germinated flaxseed secoisolariciresinol 0.55 (fine) and 0.53 (coarse) shaking: + 36
fermented flaxseed secoisolariciresinol 1.03 (fine) and 1.00 (coarse) gastric phase: 36
tea brew pinoresinol and matairesinol 24.4 pH: 3 36

temperature: 37 °C
time: 2 h
shaking: +
intestinal phase:
pH: 7
temperature: 37 °C
time: 2 h
shaking: +

artichokes total lignans raw−13 mouth phase: 37
boiled−24 temperature: 37 °C

sous vide−25 time: 2 min
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chemical structures of the lignans, the food matrix and
structure, or the presence of other affecting compounds.31

Processing has a significant impact on the bioaccessibility of
bioactive compounds, and currently, there are relatively few
studies on the effect of various processing methods on the
bioaccessibility of lignans in lignan-rich food, in comparison to
a much richer body of studies reporting the impact of
processing on polyphenols.13 A recent study investigated
lignan bioaccessibility from fresh, fermented, and germinated
flaxseed (focusing on secoisolariciresinol) as a function of two
different particle sizes: fine and coarse. In addition, the study
used tea leaves as a model for studying the stability of lignans
under in vitro simulated gastrointestinal conditions and their
interactions with digestive fluids. The main finding was that the
bioaccessibility of lignans from flaxseed food matrixes was very
low, 1% or less. The lignan’s bioaccessibility was influenced by
both processing and particle size. The most bioaccessible
sample was fermented flaxseed, which had a bioaccessibility of
around 1.03%�significantly different in comparison to fine
and coarse particles of fresh flaxseed with a bioaccessibility of
0.87% and 0.67%, respectively. For both particle sizes,
germinated flaxseed had the lowest bioaccessibility of
secoisolariciresinol. If one looks at the differently sized
particles, only the fresh flaxseed showed a significant difference.
In addition, the bioaccessibility of lignans in the tea brew
sample was approximately 88% after the oral phase, 70% after
the gastric phase, and even lower after the intestinal phase. The
authors suggested that the presence of bile salt in the intestinal
phase may have impacted lignans’ bioaccessibility as it reduces
sterols’ solubility.35,36 The researchers concluded that
fermentation and germination could improve lignan bioacces-
sibility.36 A study focused on the effects of roasting and in vitro
digestion on six different types of sesame seeds revealed that
sesamolin was not released during the in vitro simulated
digestion, and sesamol was found to be unstable in the acidic
intestinal environment.15 In addition to roasting, other heat
treatments were reported to affect lignan bioaccessibility. A
previous study examined the effects of boiling, sous vide, and
microwaving on the content and bioaccessibility of phenolic
compounds of artichokes. The identified lignans in the
artichoke are two derivatives of pinoresinol: pinoresinol 4-
glucoside and pinoresinol-acetylhexoside. Compared to other
phenolic compounds, the bioaccessibility of the lignans in the
raw samples was higher than for other phenolic compounds
such as phenolic acids (13% and 0.66% after in vitro digestion,
respectively). In addition, the lignans were degraded after all of
the heat treatments. In contrast, in the studies mentioned

before in other experimental systems, the lignans were
relatively stable, such as virgin olive oil,21 possibly suggesting
a significant matrix effect. Although the lignans decreased after
the heat treatment, the bioaccessibility of the heat-treated
artichokes was substantially higher than that of the raw sample.
The percentage bioaccessibility of boiled, sous vide, and
microwaved samples were 24%, 25% and 30%, respectively
(yet the values were not compared statistically). The authors
suggested that the increase in bioaccessibility (compared to the
raw) was due to a protective effect against enzymatic and pH-
dependent degradation by heat treatments.37 Furthermore, the
pretreatment of the sample greatly influences the bioaccessible
fraction. Moreover, changes in phytochemical bioavailability
and bioactivity will occur following the processing and
digestion of such products. The effect of thermal preparation
and digestion on sesame lignans of a defatted sesame meal, a
byproduct of sesame oil extraction, was studied. A comparison
of the three processing methods (roasting, frying, and
microwaving) revealed that the content of lignans was the
highest for the microwave process, as discussed before. Besides
that, roasted sesame seeds were subjected to in vitro digestion.
The content of lignans that were released due to roasting
during digestion increased by 19.6%.16 Overall, the existing
results suggest that choosing the process is critical not only for
the stability of the lignans but also for bioaccessibility. A
combination of these two factors and additional factors, such
as bioavailability, are essential when approaching the develop-
ment of a new product. The presence of bioactive compounds
capable of counteracting conditions encountered during food
processing and the gastrointestinal tract (pH, presence of
enzymes, and other nutrients) may be critical. Encapsulation
allows a bioactive compound to be protected from destructive
environmental conditions, solubilized, and delivered in a
controlled manner. The effect of in vitro digestion on the
encapsulated and nonencapsulated olive leaf phenolic com-
pounds extract was evaluated. The lignans found in this extract
are pinoresinol and syringaresinol, and the extract was
microencapsulated using polycaprolactone. The findings
indicate that the nonencapsulated form of the extract has a
lower stability than the encapsulated extract in the simulated
digestive process. The digestion process significantly influ-
enced the nonencapsulated extract composition, and the
progress of simulated digestion had a considerable impact on
phenolic compound stability. Therefore, the intestinal fluid
showed a substantial effect, while the oral and gastric fluids
showed a smaller one. When the two lignans were compared,
syringaresinol was shown to be more stable than the other

Table 5. continued

food source lignan % bioaccessibility (defined after the intestinal step) in vitro digestion conditions reference

microwaved−30 shaking: +
gastric phase:
pH: 3
temperature: 37 °C
time: 2 h
shaking: +
intestinal phase:
pH: 7
temperature: 37 °C
time: 2 h
shaking: +

aMeasured in the aqueous phase at the end of the simulated upper intestinal section; +, yes; -, no.
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compounds. It exhibited significant stability, even more than
100%, in all digestion processes (oral, intestine, and intestinal
fluids) compared with the indigested extract. The phenolic
compounds, including the lignans, were barely detectable in
the encapsulated samples, because the capsules remained
intact. The lower amounts released during all stages of
digestion indicated that these compounds were held within the
capsules and were not exposed to the digestion fluids. This is
due to the low solubility of the encapsulation material at low
pH, which prevents the phenols release in the acidic
environment.38 Thus, the encapsulated samples in this system
were less bioaccessible and would most likely pass through the
colon without being absorbed in the upper gastric tract. The
encapsulated samples can be metabolized by colonic micro-
biota into metabolites that possibly are absorbed into the
bloodstream. The activity of the gut microbiota in the proximal
colon metabolizes the lignans to enterodiol and enterolactone,
which are known as mammalian lignans. Both enterodiol and
enterolactone have been proven to exhibit estrogenic actions in
vivo and to inhibit the growth of breast and prostate cancer
cells.34

To summarize, despite being a significant group of health-
promoting compounds, insufficient data exist regarding the
bioaccessibility of lignans, both in isolated systems and in food
matrices, as well as their stability and interactions with the food
matrix in different parts of the digestive tract.

4. CONCLUSIONS AND FUTURE OUTLOOK
This Mini-Review provides an overview of recent studies on
lignans’ stability and digestive fate in different systems and
under various processing methods. These bioactive com-
pounds are common in numerous foods like seeds, grains,
vegetables, fruits, and cereals and display promising applicative
and health-promoting potential as they exhibit antioxidant,
antibacterial, anticancer, and other biological activities such as
antifungal, antiviral, and insecticidal properties.
The combination of chemical structure, matrix, and

processing strongly affects the lignans’ stability and bioacces-
sibility. Processing is one of the most studied factors in the
literature. Thermal treatments are the most explored among
the processing methods. Various heat treatments, such as
roasting and frying, affect the lignans differently, as can be
expected from their major effects on the matrix and reaction
kinetics, although concise data regarding the kinetics of lignan
heat-induced transformations cannot be deduced from the
existing literature. Additional processing methods were also
reported to impact lignans, including fermentation, oil
production, drying, and germination, yet the literature is
scarce and the relation between the lignan structure and the
impact of processing is only sporadically reported.
In terms of bioaccessibility, unlike a large body of research

on polyphenols such as flavonoids, only a few studies focused
on lignans. They revealed differences during the in vitro
digestion based on the compound’s chemical structure,
processing, and matrix, similar to the previously observed
stability considerations. Overall, the bioaccessibility of the
lignans is relatively low, and it was suggested that the lignans,
like the polyphenols, proceed to the large intestine and are
converted by human fecal microbiota into other compounds.
However, the existing literature is still very limited, and more
data are needed, particularly on the fundamental mechanisms
involved in the stability and bioaccessibility of lignans. Future
studies should investigate the stability and bioaccessibility of

lignans in the context of processing methods, the food matrix,
and the lignan structure more systematically. Furthermore,
focus should be placed on the fate of lignans throughout both
the upper and lower gastrointestinal tracts to gain information
regarding their stability and ability to exert a biological impact,
taking into account their bioconversion.
In conclusion, the field of studying lignans holds great

promise for improving product quality and as health-
promoting components; yet, additional knowledge is required
for the optimal utilization of those compounds.
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