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A B S T R A C T

Currently cancer is the second leading cause of death globally and worldwide incidence and mortality rates of all
cancers of males and females are rising tremendously. In spite of advances in chemotherapy and radiation,
metastasis and recurrence are considered as the major causes of cancer related deaths. Hence there is a mounting
need to develop new therapeutic modalities to treat metastasis and recurrence in cancers. A significant amount
of substantiation from epidemiological, clinical and laboratory research highlights the importance of diet and
nutrition in cancer chemoprevention. Enterolactone (EL) is a bioactive phenolic metabolite known as a mam-
malian lignan derived from dietary lignans. Here in we review the reported anti-cancer properties of EL at
preclinical as well as clinical level. Several in-vivo and in-vitro studies have provided strong evidence that EL
exhibits potent anti-cancer and/or protective properties against different cancers including breast, prostate, colo-
rectal, lung, ovarian, endometrial, cervical cancers and hepatocellular carcinoma. Reported laboratory studies
indicate a clear role for EL in preventing cancer progression at various stages including cancer cell proliferation,
survival, angiogenesis, inflammation and metastasis. In clinical settings, EL has been reported to reduce risk,
decrease mortality rate and improve overall survival particularly in breast, prostate, colon, gastric and lung
cancer. Further, the in-vitro human cell culture studies provide strong evidence of the anticancer and anti-
metastatic mechanisms of EL in several cancers. This comprehensive review supports an idea of projecting EL as
a promising candidate for developing anticancer drug or adjunct dietary supplements and nutraceuticals.

1. Introduction

Cancer is considered as the second leading cause of death globally
according to WHO statistics and was responsible for 8.8 million deaths
in 2015 (Global Burden of Disease Cancer Collaboration, 2017). As per
GLOBOCAN 2012 data (Ferlay et al., 2015), there are 14 million new
cancer cases per year which is expected to rise to 24 million new cases
by 2035. The number of cancer-related deaths are also expected to rise
from 8.2 million to 14.6 million annually (Stewart et al., 2016). The
International Agency for Research on Cancer (IARC) estimated that the
worldwide incidence and mortality rates of all cancers of males and
females are very high in United States of America (USA), European
Union (EU) and other developed regions (Ervik et al., 2016). As in-
dicated in GLOBOCAN 2012 data based on incidence, mortality and

prevalence worldwide in both sexes, the top 5 most frequent cancers
occur in the lung, breast, colorectum, prostate and stomach tissues.
Moreover, incidence and mortality rates of other cancers such as liver
and bladder cancer in men and cervical, endometrial and ovarian
cancer in females are also rising (Ferlay et al., 2015). Metastasis and
recurrence are considered as the major causes of cancer related deaths
in spite of advances in chemotherapy and radiation (Qian et al., 2017).
Patients with metastatic tumors in all types of cancer are often un-
responsive to existing therapies and strategies to achieve long-term
remission than patients with localized cancer. In spite of more than 200
anticancer drugs presently approved for clinical use, none has been
found to specifically and effectively inhibit cancer metastasis (Qian
et al., 2017). Current diagnostic and treatment modalities to deal with
this rising cancer burden worldwide are also inadequate and
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ineffective. Hence there is a mounting need to develop new therapeutic
modalities to treat metastatic cancers. One approach is to prevent
metastatic spread, which can be achieved by understanding the mole-
cular and cellular mechanisms involved in malignancy and the ag-
gressive spreading of the disease. In general, cancer cell metastasis
comprises of an orderly sequence of pathological molecular events,
collectively termed as metastatic cascade; starting with epithelial to
mesenchymal transition (EMT) followed by extracellular matrix (ECM)
remodeling; intravasation; survival of cancer cells in the blood stream;
extravasation and colonization to prosper in a new compatible en-
vironment (Hegde et al., 2013). Future studies on different signaling
pathways involved in these molecular events of metastatic cascade may
provide novel therapeutic targets to develop new antimetastatic drugs
against metastatic cancers.

The major risk factors associated with considerable deaths from
cancer are: high body mass index, low fruit and vegetable intake, lack
of physical activity, tobacco use, and alcohol use (Vineis and Wild,
2014). A remarkable amount of evidence from epidemiological, clinical
and laboratory research indicates the importance of diet and nutrition
in cancer chemoprevention (Iqbal et al., 2017; Kaur et al., 2018; Mayne
et al., 2016; World Cancer Research Fund and American Institute for
Cancer Research, 2007). The World Cancer Research Fund and Amer-
ican Institute for Cancer Research (WCRF/AIRC) have released evi-
dence based preventive recommendations including physical activity,
avoidance of energy-dense foods, consumption of variety of fruits, ve-
getables, whole grains and pulses, and avoiding consumption of alcohol
(World Cancer Research Fund and American Institute for Cancer Re-
search, 2007). In last few decades, a large number of scientific efforts
have been made to discover effective dietary phytochemicals for in-
stance; phenolic acids, monophenols, polyphenols, complex carbohy-
drates for their use as chemopreventive agents (Surh, 2003; Weng and
Yen, 2012). Among these, the ones generated by human gut microbiota
from dietary phenolic compounds like condensed tannins, lignans and
lignins have been found to be most useful (Högger, 2013). One of these
bioactive phenolic metabolites is an Enterolactone (EL) which is a
mammalian lignan derived from the dietary lignans. Several studies
have revealed that EL possesses potent anti-cancer and/or protective
properties against different cancers viz. breast, prostate, colo-rectal,
lung, ovarian, endometrial, cervical cancers and hepatocellular carci-
noma. The anti-cancer effects of EL have been mainly attributed to its
anti-proliferative, pro-apoptotic, anti-inflammatory, anti-angiogenic
and anti-metastatic activities. In this review, we provide a summarized
account of the reported anti-cancer effects of EL at preclinical as well as
clinical level.

2. Enterolactone: a mammalian lignan derived from dietary
lignans

Plant lignans are large group of the PhE and regarded as an integral
part of a healthy human diet (Adlercreutz, 2007). Dietary lignans are
bioactive, non-caloric and phenolic compounds found in edible plants
having structure similar to endogenous estrogen. Flax seeds and sesame
seeds are the richest sources of lignans while other oil seeds, whole
grain cereals, legumes, fruits, berries, vegetables, beverages and wine
are also significant food sources (Fig. 1) of these dietary lignans
(Peterson et al., 2010). Dietary lignans having significant health values
include secoisolariciresinol (SECO), matairesinol (MAT), pinoresinol
(PIN), medioresinol (MED), lariciresinol (LAR), syringaresinol (SYR),
sesamin (SES, a lignan precursor), 7′- hydroxymatairesinol (HMR),
arctigenin (ARC) and isolariciresinol (isoLAR) (Adlercreutz, 2007;
Landete et al., 2016). These dietary lignans are metabolized to form
nutritionally most significant enterolignans (also referred as mamma-
lian lignans); enterodiol (ED) and enterolactone (EL) in various enzy-
matic steps including deglycosylation, demethylation, dehydroxylation,
reduction, and dehydrogenation (Clavel et al., 2006b). Different strains
of genera are involved in the metabolic conversion of dietary lignans

into the enterolignans, which include Bacteroides, Clostridium, Eu-
bacterium and Eggerthella lenta (Högger, 2013). Since EL appears to be
the prime circulating enterolignan, its serum levels and urinary excre-
tion levels are used as biomarkers for food lignan intakes (Peterson
et al., 2010).

3. Pharmacokinetics of dietary and enterolignans in humans

To evaluate the absorption, distribution, metabolism and excretion
(ADME) properties of dietary and enterolignans several pharmacoki-
netic (PK) studies have been carried out using lignan rich foods.
However, very few studies have been carried out with isolated lignans
in humans. Since flaxseeds and sesame seeds are the richest sources of
dietary lignans, most of the PK studies have been carried out upon in-
gestion of secoisolariciresinol diglucoside (SDG) and sesamin (SES).
Dietary lignans are present in edible plants both as aglycones (without
sugars) and as glycosides (with sugars). Lignan glycosides after ab-
sorption in gastrointestinal tract (GIT), get metabolized in aglycones
and subsequently to enterolignans. Flaxseed contains 0.05–0.2% SDG as
a major glycoside lignan which is present in it as an oligomer of SDG
molecules complexed with hydroxymethylglutaric acid (Setchell et al.,
2014). Another rich source of lignans are the sesame seeds belonging to
the oil seed crop, Sesamum indicum in which sesaminol triglucoside
(STG) is the most abundant lignan glycoside and SES is present as a
prime fat soluble lignan along with other lignans such as sesamolin,
sesaminol, sesamolinol, PIN and HMR among which SES acts as one of
the major precursors of mammalian lignans in sesame seeds (Liu et al.,
2006; Majdalawieh et al., 2017; Pen et al., 2005). The SDG and STG
glycoside lignans are considered to undergo hydrolysis in the large
intestine after oral administration with subsequent deglycosylation of
both in order to form SECO which is an aglycone lignan. Unabsorbed
SECO undergoes microbial demethylation and dehydroxylation to
produce the enterolignans; ED and EL respectively (Clavel et al., 2006a;
Lampe et al., 2006; Roncaglia et al., 2011). Although available data
suggests ambiguity about the metabolic pathway of SES in humans, EL
is considered as the final product of the SES metabolism, which is in-
dependent of intermediates of the pathway (Pen et al., 2005; Tomimori
et al., 2013). Besides SDG and SES, the aglycone dietary lignans like
LAR, PIN, MAT and others are absorbed directly or converted finally to
EL through intermediates. PIN is first metabolized to LAR, which is
further converted to SECO, and then to ED and EL while MAT is directly
converted to EL. Detection of both enterolignans and dietary lignans in
human serum and urine indicates that both types of lignans are ab-
sorbed from the gut (Clavel et al., 2006a; Miles et al., 2017). A recent
study in humans has shown that, following single-bolus oral adminis-
tration of SDG, the SECO appeared rapidly in serum with peak con-
centrations reaching after 5–7 h independent of the dose ingested or the
extent of purity of the extract while the peak serum ED and EL con-
centrations appeared at 19.2 ± 2.6 h and 26.7 ± 2.5 h, respectively
(Setchell et al., 2014). These results are consistent with a previous study
on 12 healthy young adults where enterolignans started to appear in
plasma after 8–10 h after ingestion of the purified SDG (Kuijsten et al.,
2005).

Once produced by intestinal bacteria, ED and EL are absorbed,
conjugated in the gut epithelium or liver with sulfate or glucuronic
acid, and excreted in the urine and bile. Since EL (~11.6 h) has a longer
half-life than ED (~9 h), it constitutes the majority of enterolignans in
circulation or in urine excretion (Kuijsten et al., 2005; Miles et al.,
2017; Setchell et al., 2014). In order to get a better understanding of the
oral absorption characteristics of SDG, SECO, ED & EL, a systematic
evaluation of the intestinal permeation and conjugative metabolism
was conducted using the polarized Caco-2 cell system in recent study.
This study addressed the intestinal permeability of these lignans where
authors suggested that SECO, ED and EL are able to undergo passive
permeation and conjugative metabolism by the Caco-2 cells (Mukker
et al., 2014). These findings are consistent with the previous in-vitro
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study involving three human colon epithelial cell lines where authors
reported that the enterolignans (ED and EL) permeate human colon
epithelial cells wherein they are conjugated with glucuronic acid or to a
lesser extent with sulfate. The authors suggested that phase II meta-
bolism of EL and ED may take place during uptake in the colon and
colon epithelial cells may be responsible for this metabolism (Jansen
et al., 2005). Although the conjugates of enterolignans are excreted in
urine and bile usually, those that are re-excreted in bile undergo en-
terohepatic recycling (Kuijsten et al., 2005). In urine, EL and ED are
excreted primarily as monoglucuronides (95% and 85%, respectively),
with small percentages being excreted as monosulfates (2–10%) and
free aglycones (0.3–1%). (Adlercreutz et al., 1995). It is important to
note that there are obvious determinants of serum EL concentration
which include dietary intake of EL precursors, health of gut microbiota
along with other determinants like dietary habits, demographic factors,
constipation, smoking, low or high body mass index, age, sex, educa-
tion, fat intake and use of antibiotics (Adlercreutz, 2007).

4. Clinical evidence of cancer chemopreventive effects of EL

About 30 epidemiological studies supporting a protective role of
dietary intake of EL and its plasma/serum/urine concentrations in
several cancers are identified and summarized in Table 1. Among these
19 breast cancer, 5 prostate cancer, 3 colorectal cancer, 1 gastric cancer
and 1 lung cancer study reported on the protective or inverse associa-
tion between EL and risk of respective cancers. Most of these are case
control studies with retrospective design and few are cohort studies
with prospective design. Epidemiological studies of breast cancer re-
ported that higher dietary intake of EL precursors and higher blood
concentrations of EL are associated with the reduced risk of breast
cancer, decreased mortality rate and better survival particularly in
postmenopausal breast cancer patients but with little ambiguity among
the data in relation to the estrogen receptor status particularly in es-
trogen receptor α+ , estrogen receptor α- and estrogen receptor β+
breast cancers. However, a few studies have reported none or limited
association between EL concentration derived from dietary lignans in

Fig. 1. Metabolism of dietary lignans obtained from the major food sources to produce enterolignans in humans.
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Table 1
Epidemiologic studies based on plasma/serum/urine Enterolactone concentrations and intake of Enterolactone in association with several cancer risks.

Types of cancer Country/
Region

Design Cases/
Controls

Methodology Analysis of EL Findings related to EL Interpretation Ref.

Breast cancer Boston, USA Dietary Study 10
omnivores,
10
vegetarians
and 7 BC;
PoM women

72 h
collection of
urine, 3-day
food record.

Nutrient
composition, Urinary
EL and ED by
capillary GC.

Urinary excretion of EL in
the BC group was
significantly lower than in
both the other groups. ED
excretion was also lower in
the BC group than in the
vegetarian group.

PoM women with BC
excreted
significantly less EL
in their urine than
did healthy PoM
women

(Adlercreutz et al.,
1982)

Western
Australia

CCS (RD) 144 /144
women

SQ and FFQ,
72 h urine
collection,
Blood sample
collection
before the
treatment.

Urinary PhE, ED, EL
and MAT by isotope
dilution GC-MS.

High excretion of both
equol and EL was associated
with a substantial reduction
in BC risk, with significant
trends through the quartiles:
equol ORs were 1·00, 0·45
(95% CI 0·20, 1·02), 0·52
(0·23, 1·17), and 0·27 (0·10,
0·69)—trend p=0·009—and
EL ORs were 1·00, 0·91
(0·41, 1·98), 0·65 (0·29,
1·44), 0·36 (0·15,
0·86)—trend p=0·013.

High intake of equol
and EL could be
important in the
prevention of BC.

(Ingram et al.,
1997)

Eastern
Finland

CCS (RD) 194 (68 PrM
and 126 PoM)
/208 women

FFQ, Serum
samples
collection
before the
examinations.

Serum EL by TR-FIA The mean serum EL
concentration in the lowest
quintile was 3.0 nmol/l and
54.0 nmol/l in the highest
(OR in the highest quintile
of EL adjusted for all of the
known risk factors for BC
was 0.38 (95% CI,
0.18–0.77; P for trend,
0.03). The inverse
association between serum
EL and risk of BC was seen
in both PrM and PoM
women.

Serum EL level was
significantly
inversely associated
with risk of BC

(Pietinen et al.,
2001)

Shanghai,
China

CCS (RD) 250 /250
women

SQ and FFQ
Urine samples
collection
before cancer
therapy.

Urinary
isoflavonoids, ED,
EL, and citrus
flavonoids by LC-MS

The risk of BC was reduced
with increasing excretion of
total isoflavonoids and total
mammalian lignans (ED and
EL). The risk of BC was
reduced with increasing
excretion of total
isoflavonoids (P for trend,
0.04) and total lignans (P
for trend, <0.01), with
adjusted ORs of 0.62 (95%
CI, 0.39–0.99) and 0.40
(95% CI, 0.24–0.64)
observed for the highest
versus the lowest tertile of
total isoflavonoid and
lignan excretion,

Study suggested that
high intake of certain
PhE like flavonoids
and lignans (dietary
precursors of ED and
EL) may reduce the
risk of BC

(Dai et al., 2002)

Western
New York,
USA

CCS (RD) 96 / 86 PrM
women

SQ and FFQ Analysis of dietary
lignans stratified by
CYP17 genotype.

Women in the highest tertile
of dietary lignans tended to
have reduced breast cancer
risk (OR 0.45, 95% CI
0.20–1.01 and OR 0.59,
95% CI 0.28–1.27, PrM and
PoM women, respectively).
Substantially reduced risks
in the highest tertile of
lignans were observed for
PrM women with at least
one A2 allele (OR 0.12, 95%
CI 0.03–0.50).

Results suggested
that CYP17 genotype
may be important in
modifying the effect
on BC risk of ED and
EL particularly for
PrM women

(McCann et al.,
2002)

112 / 102 l
PoM women.

Blood
samples
collection
Lignan intake
= EL + ED
production
from foods.

Western
New York
USA

CCS (RD) 315 / 593
PrM women

Self
administered
104-item FFQ

ED and EL= SECO
+ MAT in diet.

PrM women in the highest
quartile of dietary lignan
intake had reduced breast
cancer risk (OR= 0.66; 95%
CI =0.44–0.98). No
association was observed
between lignan intakes and
PoM BC.

Authors concluded
that lignans may be
important in the
etiology of BC,
particularly among
PrM women.

(McCann et al.,
2004)

807/ 1443
PoM women.

Detailed in-
person
interviews.

(continued on next page)
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Table 1 (continued)

Types of cancer Country/
Region

Design Cases/
Controls

Methodology Analysis of EL Findings related to EL Interpretation Ref.

Southern
Germany

CCS (RD) 278 /666 PrM
women

SARFQ,
Validated
FFQ.

By establishing the
database of PhE
containing foods
usually consumed in
Europe.

Both estimated mammalian
lignans, ED and EL were
inversely associated with BC
risk, with ORs (95% CI) of
0.61 (0.39–0.98) and 0.57
(0.35–0.92), respectively

Authors suggested an
important role of
dietary intake of
daidzein and
genistein, MAT, Ed
and EL to reduce
PrM BC risk in this
study population.

(Linseisen et al.,
2004)

Denmark CCS (RD) 381/381 PoM
women

SQ and FFQ Plasma EL by TR-FIA For estrogen receptor α-
positive BC (n = 273) only
a weak association was seen
(IRR,0.97; 95% CI, 0.88-
1.06), whereas for estrogen
receptor α-negative BC (n
= 80; IRR, 0.71; 95% CI,
0.53-0.94) a protective
effect was seen per 20
nmol/L higher plasma EL.

Authors found a
tendency toward a
lower risk BC with
higher
concentrations of EL,
which was restricted
almost entirely to
estrogen receptor α-
negative BC

(Olsen et al., 2004)
Blood
samples
collection

Genoa, Italy Cohort Study
(PD)

383 women
with palpable
cysts

Serum
samples
collection at
the time of
first cyst
aspiration.

Serum EL by TR-FIA Median values of serum EL
were significantly lower in
women who subsequently
developed BC: 8.5 nM/l
versus 16.0 nM/l: P=0.04.
OR for BC were: 0.36
(P=0.03), 0.57 (P=0.3)
and 0.38 (P=0.25) for 25th
(8 nM/l), 50th (16 nM/l)
and 75th (24 nM/l)
percentile values,
respectively.

Authors concluded
that the serum EL
concentration was
inversely correlated
with the risk of BC in
women with
palpable cysts.

(Boccardo et al.,
2004)

Southern
Germany

CCS (RD) 220/ 237 PrM
women

SARFQ and
Validated
FFQ, Blood
samples
collection.

Plasma EL by TR-FIA PrM BC risk decreased with
increasing plasma EL
concentrations. Adjusted
OR (95% CI) were 0.42
(0.20–0.90) and 0.38
(0.17–0.85) (P for trend
0.007) for women in the
third and fourth quartile of
plasma EL compared to
those in the lowest quartile.

Authors concluded a
strong inverse
association between
EL and PrM BC risk
as found with dietary
intake estimates.

(Piller et al., 2006)

Breast cancer France Cohort Study
(PD)

1469 incident
cases of
primary
invasive BC

SADHQ
evaluating
208 food
items.

Estimation of
exposure to ED and
EL from dietary
lignan intake.

The inverse associations
between PhE intakes and
PoM BC risk were limited to
estrogen receptor- and
progesterone receptor-
positive disease (e.g., RR for
highest versus lowest
quartiles of total plant
lignan intake = 0.72, 95%
CI = 0.58 to 0.88, Ptrend =
.01, 174 versus 214 cases
per 100 000 person-years,
and RR for highest versus
lowest quartiles of total
enterolignan (ED and EL)
level = 0.77, 95% CI =
0.62 to 0.95, Ptrend = .01,
164 versus 204 cases per
100 000 person-years)

High dietary intakes
of plant lignans and
high exposure to
enterolignans (ED
and EL) were
associated with
reduced risks of
estrogen receptor
and progesterone
receptor positive
PoM BC

(Touillaud et al.,
2007)

Sweden Nested CCS
(PD)

366 / 733
women

A modified
diet history
method,
Direct
anthropo-
metric
measure-
ments, Blood
samples
collection.

Plasma EL by TR-FIA EL concentrations above the
median (16 nmol/L) were
associated with reduced BC
risk when compared with
those below [OR, 0.75; 95%
CI (95% CI), 0.58-0.98]. The
reduced risk was only
observed for estrogen
receptor α (+); OR, 0.73;
95% CI, 0.55-0.97] and
estrogen receptor β (-)
tumors (OR, 0.60; 95% CI,
0.42-0.84), with
significantly different risks
for estrogen receptor β (-)

The protective
association between
EL and BC was
significantly
different between
estrogen receptor β
(-) and estrogen
receptor β (+)
tumors and most
evident in tumors
that express estrogen
receptor α but not
estrogen receptor β.

(Sonestedt et al.,
2008)

(continued on next page)
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Table 1 (continued)

Types of cancer Country/
Region

Design Cases/
Controls

Methodology Analysis of EL Findings related to EL Interpretation Ref.

and estrogen receptor β (+)
tumors (P for heterogeneity
=0.04).

Germany Meta Analysis 11
prospective
cohort studies
and 10 CCS
(total 21
studies)

A systematic
MEDLINE
search to
identify
epidemiologic
studies
published
between 1997
and August
2009.

Pooled risk estimates
(REs) for total lignan
exposure, dietary
lignan intake,
enterolignan
exposure, and EL in
blood or urine were
calculated.

BC risk was also inversely
associated with
enterolignan exposure (4
studies; RE: 0.84; 95% CI:
0.71, 0.97) but not with
blood or urine EL
concentrations. The
associations were not
significantly different
between Estrogen receptor-
status subgroups (6 studies).

Authors concluded
that high lignan
exposure may be
associated with a
reduced BC risk in
PoM women

(Buck et al., 2010)

Germany Follow-up
Study

2653 PoM BC
patients

A self-
administered
validated
176-items
FFQ

Bioavailable ED and
EL were calculated
per 100 g of ingested
foods.

High estimated EL and ED
levels were associated with
significantly lower overall
mortality (highest quintile,
HR= 0.60, 95% CI=
0.40–0.89, PTrend= 0.02
and HR= 0.63, 95% CI=
0.42–0.95, PTrend= 0.02,
respectively)

PoM BC patients
with high estimated
enterolignans (ED
and EL) may have a
better survival

(Buck et al.,
2011a; 2011b)

An intake in
grams per day
(g day–1) was
calculated for
each food
item.

Denmark Cohort Study
(PD)

24,697 PoM
women

FFQ, A
lifestyle
question-
naire, Plasma
samples
collection.

Plasma EL by TR-FIA When comparing women
with EL levels above the
median (20.5 nmol/l) to
those with lower levels,
decreased HR were seen for
both ACM (HR: 0.47; 95%
CI: 0.32–0.68) and BCRM
(HR: 0.56; 95% CI:
0.36–0.87).

Higher prediagnostic
plasma levels of
ELwere found
related to lower
mortality among BC
patients.

(Olsen et al., 2011)

Germany Prognosis
Study

1140 PoM BC
patients

Clinical and
pathologic
records.

Serum EL by TR-FIA Higher serum EL levels were
associated with significantly
reduced HRs for death (HR
per 10 nmol/L increment,
0.94; P .04; HR for the
highest quartile, 0.58; 95%
CI, 0.34 to 0.99). The
highest quartile of serum EL
was associated with a
significantly reduced risk of
death only for estrogen
receptor – tumors (HR, 0.27;
95% CI, 0.08 to 0.87).

PoM patients with
BC who have high
serum EL levels may
have better survival.

(Buck et al.,
2011a; 2011b)

Serum
samples
collection.

Italy Cohort Study
(RD)

300 Patients
operated on
for BC

Operation
and
subsequent
follow up,
Blood
samples
collection.

Serum EL by TR-FIA. An association between a
decreased mortality risk and
EL levels ≥ 10 nmol/l was
found in respect to both all-
cause and breast cancer-
specific mortality. BCRM
risk remained constantly
lower in those patients with
higher EL levels.

ED and EL might
play an important
role in reducing all-
cause and cancer-
specific mortality of
the patients operated
on for BC.

(Guglielmini et al.,
2012)

Germany CCS (RD) 1250/ 2164
PoM women

Self-
administered
FFQ, Serum
samples
collection.

Serum EL by TR-FIA. Significant inverse
association between serum
EL and PoM BC risk, which
was stronger for estrogen
receptor- progesterone
receptor- than for estrogen
receptor + progesterone
receptor + tumors but not
differential by further
expression of human
epidermal growth factor
receptor 2.

Study supported an
inverse association
between higher
serum EL levels and
PoM BC risk.

(Zaineddin et al.,
2012)

Germany Prognosis
Follow-up
Study (PD)

2182 PoM BC
patients

Clinical and
pathologic
records,
Serum
samples
collection.

Serum EL by TR-FIA. High EL concentrations
were significantly
associated with lower ACM
(per 10 nmol L-1: HR 0.94,
95% CI 0.90–0.98), BCSM

Study showed that
high lignan exposure
(EL) is associated
with reduced
mortality in BC
patients.

(Seibold et al.,
2014)

(continued on next page)
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Table 1 (continued)

Types of cancer Country/
Region

Design Cases/
Controls

Methodology Analysis of EL Findings related to EL Interpretation Ref.

(HR 0.94, 0.89–0.99), and
DDFS (HR 0.94, 0.90–0.98).

Prostate cancer Sweden CCS (RD) 1499 / 1130
men

FFQ Serum EL by TR-FIA Intermediate serum levels of
EL were associated with a
decreased risk of PC. The
ORs comparing increasing
quartiles of serum EL
concentration to the lowest
quartile were, respectively,
0.28 (95% CI: 0.15–0.55),
0.63 (95% CI: 0.35–1.14)
and 0.74 (95% CI:
0.41–1.32)

Results supported
the hypothesis that
certain foods high in
PhE are associated
with a lower risk of
PC

(Hedelin et al.,
2006)

Serum
collection

Serum
samples
collection209/214 men

Scotland CCS (RD) 433/ 483 men A validated
FFQ

Serum EL by isotope
dilution GC-MS

A significant inverse
associations was found with
increased serum
concentrations of EL
(adjusted OR 0·40, 95% CI
0·22, 0·71) and with the
consumption of soy foods
(adjusted OR 0·52, 95% CI
0·30, 0·91).

Study supported the
hypotheses that soy
foods and EL protect
against PC in older
Scottish men.

(Heald et al.,
2007)

Blood
samples
collection.

Scotland CCS (RD) 247 PC/ 125
BPH/274 men

Serum
samples
collection,
DNA
extraction.

Serum EL by isotope
dilution GC-MS

TT homozygotes who had
low serum EL
concentrations (below
median) were more likely to
have PC (OR= 2.90; 95%
CI, 1.28–6.57) than
individuals with CC/CT
genotype and high serum EL
concentrations (above
median).

PC susceptibility was
associated with TT
genotype of SNP
rs10993994 and
increased risk of PC
was modified by
serum EL
concentrations.

(Ho et al., 2012)

USA Multisite
Phase II RCT

147 PC
patients

30 g/day of
whole-ground
flaxseed
supplementa-
tion for ~30
days before
surgery.

Urinary EL by HPLC Total urinary enterolignans
and EL were significantly
and inversely correlated
with Ki67 in the tumor
tissue (ρ= -0.217, P = .011,
and ρ = -0.230, P = .007,
respectively), and a near-
significant inverse
association was observed for
ED (q =- 0.159, P = .064).
An inverse association was
observed between EL and
VEGF (q= -0.143, P =
.141),

Flaxseed-derived EL
is inversely
associated with
tumor cell
proliferation in men
with localized PC

(Azrad et al.,
2013)

Pre and post
surgery urine
samples and
tumor tissues
collection.

China Meta-
analysis

2 Cohort and
9 CCS on PhE
intake and 8
studies on
serum
concentra-
tions of PhE

Relevant
publications
were
identified in
the MEDLINE
database
using
PubMed, Web
of Science,
and the
Cochrane
Library up to
June 2014

The ORs were used
as the common
measure of
association across
studies by
considering the RRs
as ORs.

In stratified analysis, high
genistein and daidzein
intake and increased serum
concentration of EL were
associated with a significant
reduced risk of PC.

Increased serum
concentration of EL
was associated with
a significant reduced
risk of PC

(He et al., 2015)

Endometrial
cancer

Denmark Case Cohort
Study

173/149
women

SFQ, Blood
samples
collection.

Plasma EL by TR-FIA A 20 nmol/l higher plasma
concentration of EL was
associated with a non-
significant lower risk of
EMC (IRR 0·93, 95% CI
0·84, 1·04)

Authors found some
support for a possible
inverse association
between plasma EL
concentration and
EMC incidence.

(Aarestrup et al.,
2013)

Colorectal
cancer

Netherlands CCS (RD) 532/503 SFQ, Blood
samples
collection.

Plasma EL by LC-MS Plasma ED concentrations
were associated with a
reduction in CRA risk after
adjustment for confounding
variables, OR (95% CI) were
1.00, 0.69 (0.42-1.13), 0.60
(0.37-0.99), and 0.53 (0.32-
0.88) with a significant
trend (P = 0.01) through

Substantial reduction
in CRA risk among
subjects with high
plasma
concentrations of
enterolignans

(Kuijsten et al.,
2006)

(continued on next page)
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plasma, serum or urine and risk of breast cancer (den Tonkelaar et al.,
2001; Horn-Ross et al., 2001; Hultén et al., 2002; Kilkkinen et al., 2004;
Kyrø et al., 2017; Touillaud et al., 2006; Verheus et al., 2007; Ward
et al., 2008; Xie et al., 2013; Zeleniuch-Jacquotte et al., 2004). Prostate
cancer studies also supported the hypothesis that higher dietary intake
of PhE and blood concentrations of EL are associated with the reduced
risk of prostate cancer in men. There are also studies that report no
protective association between EL and risk of prostate cancer (Eriksen
et al., 2017; Stattin et al., 2004, 2002; Travis et al., 2009; Wallström
et al., 2017). Epidemiological studies suggest that high dietary intake of
EL resulting in increased plasma concentrations of EL might protect
against the risk of colon cancer particularly in women (Johnsen et al.,
2010; Ward et al., 2010). While one nested case control study did not
support the hypothesis that high plasma ED or EL concentrations are
associated with reduced risk of colorectal cancer (Kuijsten et al., 2008),
a Korean epidemiological study on gastric cancer concluded that in-
teraction between CRK gene and PhE (genistein, daidzein, equol and
EL) modify gastric cancer risk. It was also reported that high dietary
intake of PhE producing EL and ED are associated with a decrease in
risk in lung cancer. One case control study did not support a protective
role of circulating lignans (EL) against endometrial cancer in both pre-

and postmenopausal women (Zeleniuch-Jacquotte et al., 2006). How-
ever majority of the clinical evidence strongly support the protective
role of EL in the risk of breast, prostate, colon, gastric and lung cancers
and indicates EL as a potential anticancer nutrition molecule.

5. Pre-clinical evidence of anticancer effects of EL on different
types of cancer

5.1. Evidence from studies of EL in animal models of cancer

About 12 in-vivo animal studies evaluating the anticancer potential
of EL was performed by its direct administration (Table 2). These stu-
dies include human cancer cell xenografts as well as chemically induced
carcinogenesis by 7, 12-Dimethylbenz(a) anthracene (DMBA) and (N-
ethyl-N′-nitro-N nitroso-guanidine) ENNG, and knockout models of
ovariectomized mice and rats. In these studies EL was administered via
oral or subcutaneous (SC) routes and intra tumor injections. EL was
reported to exert its anticancer potential in breast cancer by both es-
trogen dependent and independent mechanisms (Jungeström et al.,
2007). Consistent anticancer effects observed in breast cancer studies
included reduction in tumor volume and size, increase in apoptosis,

Table 1 (continued)

Types of cancer Country/
Region

Design Cases/
Controls

Methodology Analysis of EL Findings related to EL Interpretation Ref.

the quartiles. EL’s reduction
in risk was not statistically
significant (P for trend =
0.09).

United
Kingdom

CCS (PD) 221/886 Prospective
collection of
lifestyle and
7-d records of
diet

509 food items by
LC-MS

Among women, CRC risk
was inversely associated
with EL (OR: 0.33; 95% CI:
0.14, 0.74) and total
enterolignans (OR: 0.32;
95% CI: 0.13, 0.79), with a
positive trend detected for
SECO (OR: 1.60; 95% CI:
0.96, 2.69).

EL, found at high
concentration in eggs
and dairy products,
may influence the
risk of CRC among
women.

(Ward et al., 2010)

Denmark Case Cohort
Study

244 CoC/137
RC/370

Lifestyle
question-
naire, A 192-
item FFQ,
Blood
samples
collection.

Plasma EL by TR-FIA For each doubling in EL
concentration there was
lower risk of colon cancer
among women [IRR (95%
CI) = 0.76 (0.60–0.96)] and
a tendency toward lower
risk of rectal cancer [IRR
(95% CI) = 0.83
(0.60–1.14)].

Study supported the
hypothesis that EL
may protect against
colon cancer in
women

(Johnsen et al.,
2010)

Gastric cancer Korea CCS 462/670 Meta-
analysis.

Plasma EL by TR-FIA Risk allele of CRK
rs7208768 had a
significantly increased risk
for gastric cancer at low PhE
levels (p interaction ≤
0.05).

Interaction between
CRK gene and PhE
modify gastric
cancer risk.

(Yang et al., 2012)

Lung cancer USA CCS (RD) 1674/1735 FFQs Intake of specific
PhE was calculated
using the DIETSYS +
Plus version 5.9
dietary analysis
program.

High intake of the EL and
ED and use of hormone
therapy were associated
with a 50% (OR, 0.50; 95%
CI, 0.31-0.68; P=.04 for
interaction) reduction in
risk of lung cancer.

Study supported
growing
epidemiologic
evidence that PhE
(EL, ED) are
associated with a
decrease in risk of
lung cancer

(Schabath et al.,
2005)Quantificatio-

n of dietary
intake of 12
individual
PhE

CCS= Case Control Study, RD= Retrospective Design, PD= Prospective Design, PrM- Premenopausal, PoM= Postmenopausal, SQ = Structured Questionnaire,
FFQ= Food Frequency Questionnaire, BC= Breast Cancer, PhE= Phytoestrogens, GC-MS = Gas Chromatography-Mass Spectroscopy, TR-FIA= Time Resolved-
Fluoroimmunoassay, OR= Odds Ratio, CI= Confidence Interval, IRR= Incidence Rate Ratio, LC-MS = Liquid Chromatography-Mass Spectroscopy, SARFQ= self-
administered risk factor questionnaire, SADHQ= Self-Administered Diet History Questionnaire, RR= Relative Risk, HR= Hazard Ratio, BCSS= Breast Cancer-
Specific Survival, BCRM= Breast Cancer Related Mortality, BCSM= Breast Cancer Specific Mortality, BCUM= Breast Cancer Unrelated Mortality, ACM= All-Cause
Mortality, PC= Prostate Cancer, BPH= Benign Prostatic Hyperplasia, RCT= Randomized Controlled Trial, SFQ= self-administrated questionnaires, HPLC= high-
performance liquid chromatography, IHC= Immunohistochemistry, EMC= Endometrial Cancer, CRA= Colorectal adenoma, CRC= Colorectal Cancer, CoC= Colon
Cancer, IRR= Incidence Rate Ratios, RC= Rectal Cancer.
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decrease in both stroma and cancer cell derived vascular endothelial
growth factor (VEGF), inhibition of estradiol (E2) induced growth and
angiogenesis, decrease in in-vivo release of interleukin-1 beta (IL-1β)
and increase in interleukin-1 receptor antagonist (IL-1Ra) levels
(Jungeström et al., 2007; Lindahl et al., 2011; Saarinen et al., 2010).
One study confirmed that EL reduced the growth and metastasis of solid
AH109A hepatomas in rats (Miura et al., 2007). Other studies on
uterine cancer and colon cancer reported that EL exerts chemopre-
ventive effects in the rat ENNG-uterine carcinogenesis model while it
inhibits cell proliferation and induces cell death in COLO 201 human
colon cancer xenografts, respectively (Danbara et al., 2005; Katsuda
et al., 2004). All these preclinical animal studies provide strong evi-
dence in favor of the chemopreventive or anticancer potential of EL in
breast, liver, uterine and colon cancers.

5.2. Evidence from mechanistic studies of EL on human cancer cell lines

So far 30 in-vitro cell culture studies have been identified reporting
on the anticancer activities of EL on several human cancer cell lines
(Table 3). These studies reported various cellular and molecular me-
chanisms of EL against novel therapeutic targets in different types of
cancers. EL was found to exhibit a host of activities including chemo-
preventive, antiproliferative, apoptotic, antimetastatic, im-
munomodulatory, chemosensitizing and radiosensitizing in different
human cancer cell lines such as breast cancer, prostate cancer, colon
cancer, lung cancer, ovarian cancer, choriocarcinoma, osteosarcoma
and monocytic leukemia cell lines. Reported mechanistic end points on
different therapeutic targets of EL in different cancer cells have been
shown in Fig. 2 while major signaling pathways modulated by EL, in
breast cancer and lung cancer have particularly been shown in Fig. 3. In
prostate cancer, it was reported that EL induced apoptosis in human
prostate carcinoma LNCaP cells by inhibiting Akt signaling pathway
(Chen et al., 2007) while in the case of lung cancer, EL altered FAK-Src
signaling pathway to suppress migration and invasion of A549 and
H460 human lung cancer cell lines (Chikara et al., 2017a). In our recent
work we have shown that EL exerts its antimetastatic breast cancer
activity by suppressing invasion, migration, colonization in-vitro; via
inhibition of uPA/Plasmin/MMPs mediated ECM remodeling and by
reverting TGF-β induced EMT via modulation of ERK-NFκB-Snail sig-
naling pathway in triple negative MDA-MB-231 human breast cancer
cells (Mali et al., 2017, 2018). It is important to note that EL was re-
ported to show estrogen receptor dependent as well as estrogen re-
ceptor independent mechanisms in different breast cancer cell lines
(Bigdeli et al., 2016a; Brooks and Thompson, 2005; Chen and
Thompson, 2003; Di et al., 2018; Mali et al., 2017, 2012, 2018; Pianjing
et al., 2011). Collectively most of these in-vitro human cell culture
studies provide strong evidence in support of strong anticancer and
antimetastatic potential of EL in several cancers.

6. Conclusions

Due to the high incidence and mortality rates and lack of new
therapeutic agents targeting novel therapeutic strategies, cancer im-
poses a great burden of disease and challenges worldwide not only to
the care providers but also to scientists. As mentioned earlier, diet,
nutrition and physical activity are some of the most important de-
terminants of cancer risk in humans through their in-part contribution
to obesity, which is considered as a known risk factor for many ma-
lignancies (Mayne et al., 2016). By advance in nutrition-based research,
it is now well accepted fact that diet not only plays a fundamental role
in cancer prevention, but also contributes to the reduced treatment
associated complications and the patient’s well-being (World Cancer
Research Fund and American Institute for Cancer Research, 2007). One
of the important categories of potential nutrients having chemopre-
ventive action is dietary lignans and their metabolites (enterolignans).
In this review, we focused on EL which is a prime, nutrition-derived,Ta
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Table 3
In vitro studies investigating the effect of EL in several human cancer cell lines.

Activity Cancer Experimental Human
Cell Culture Model

Dose and Treatment
Period of EL

Mechanistic Endpoints of EL Investigated Potential Mechanism(s)
of EL

Ref

Chemopreventive
activity

CC JEG-3 1, 10 and 100 µM • EL inhibited intracellular aromatase
activity.

EL acts as an aromatase
inhibitor.

(Adlercreutz and
Vickery, 1993)

BC MDA-MB-468 100 µM EL for
30min.

• Reduced TPA-induced c-fos
transcription.

• IC50 of EL was 41 µM in MDA-MB468
BC cells.

EL interfere with TPA-
induced signal
transduction pathway.

(Dale et al., 1998)

CoC Colo 205 0.001 and 10 µM for
48 h

• EL significantly carried out conc.
dependent induction of QR activity.

• EL significantly induced QR mRNA

• At high conc. EL inhibited the cell
growth by showing toxicity.

EL is capable of QR
induction in Colo205
cells by promoting QR
mRNA expression.

(Wang et al., 1998)

BC MCF-7 1–50 µM for 6 h to 5
days

• EL significantly decreased the amount
of estrone (E1) produced via the
aromatase pathway.

• EL significantly inhibited estradiol
(E2) production via 17β-HSD
pathway.

• EL reduced MCF-7 cell proliferation

EL modulates E2
synthesis via inhibiting
aromatase and 17β-HSD
in estrogen receptor +
BC cells

(Brooks and
Thompson, 2005)

BC T-47D 10 µM for 24 h • EL showed the highest inhibitory
effect on ERE activation by E2.

EL possesses
antiestrogenic activity.

(Pianjing et al.,
2011)T47D-KBluc

ChoC JEG-3, BeWo 10–100 µg/ml over
72 h

• EL downregulated the expression of
estrogen receptor α and progesterone
receptor in a dose dependent manner
in MCF-7 cell line.

• EL inhibited estradiol secretion in
JEG-3 cells while induced in BeWo
and MCF-7 cells in a dose dependent
manner.

EL may exhibit
chemopreventive
activity in estrogen
receptor + BC.

(Schröder et al.,
2016)BC MCF-7

Antiproliferative
activity

CoC LS174T, Caco-2,
HCT-15, T-84

100 µM for 8–10
days

• EL reduced the proliferation of all cell
lines.

• EL was more than twice as effective as
ED at same conc.

EL inhibits the growth of
colon cancer cells
through a mechanism
other than
antiestrogenic activity.

(Sung et al., 1998)

OS MG-63 0.01–10mg/ml for 7
days

• EL inhibited the growth of cells. EL exhibits
antiproliferative effect
on OS cells.

(Feng et al., 2008)

PC PC-3, DU-145,
LNCaP.

10–100 µM for 72 h • EL significantly inhibited the growth
of all cell lines.

• EL was a more potent growth inhibitor
than ED.

• IC50 of EL was 57 µM in LNCaP cells.

EL suppresses the
growth of PC cells via
hormonally dependent
and independent
mechanisms.

(Lin et al., 2001)

PC LNCaP 0–100 µM for 24 h to
6 days

• EL reduced cell density, metabolic
activity, secretion of PSA and induced
apoptosis.

• EL beneficially regulated several key
genes in PC.

EL exhibits an
antiproliferative effect
as a consequence of
altered expression of cell
cycle associated genes.

(McCann et al.,
2008)

PC RWPE-1, WPE1-
NA22, WPE1-NB14,
WPE1-NB11, WPE1-
NB26, LNCaP, PC-3

0.01–10 µM for
24–72 h

• EL inhibited the abnormal
proliferation of the WPE1-NB14 and
WPE1-NB11 cell lines by decreasing
expression of abnormal chromatin
licensing and DNA replication factor 1.

EL exhibits
antiproliferative effect
on PC cells.

(Mccann et al.,
2013)

PC RWPE-1, WPE1-
NA22, WPE1-NB14,
WPE1-NB11, WPE1-
NB26, LNCaP

10 to 100 µM over 48
h

• EL reduced the viability, restricted cell
cycle and induced apoptosis in mid to
later stage PC cell lines.

• EL altered the expression of DNA
licencing genes in mid to later stage
PC cell lines.

• EL repressed the expression of the
miR-106b cluster leading to increased
PTEN Expression.

Antiproliferative effects
of EL in earlier stages of
PC are mediated, in part,
by microRNA-mediated
regulation.

(McCann et al.,
2014)

BC MCF-7 1 × 10-3 to 1 × 10-7

mol/l for 24 h
• EL inhibited cell growth in both cells. EL inhibits proliferation

in BC cells.
(Abarzua et al.,
2012)BT-20

BC MCF-7 1–100 µM for 48 h • EL decreased cell viability, hTERT
protein levels and telomerase activity
(at 100 µM).

High concentration of EL
inhibits the expression
and activity of
telomerase in BC cells to
decrease viability.

(Ilbeigi et al.,
2017)

NSCLC A549 0–100 µM for 24 to
72 h

• EL inhibited both short term and long
term proliferation of NSC LC cells
while did not affect the proliferation
of normal lung cells.

• EL suppressed LC cell proliferation
through G1-phase cell cycle arrest by

EL inhibits cell
proliferation by
inducing G1-phase cell
cycle arrest in NSCLC
cells by down-regulating

(Chikara et al.,
2017b)H441

H520
Hs888Lu

(continued on next page)
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Table 3 (continued)

Activity Cancer Experimental Human
Cell Culture Model

Dose and Treatment
Period of EL

Mechanistic Endpoints of EL Investigated Potential Mechanism(s)
of EL

Ref

modulating G1-phase cell cycle
regulatory genes and proteins.

cyclins and cyclin-
dependent kinases

Apoptotic
activity

CoC Colo 201 1–200 µM for 24–72
h

• EL suppressed colo 201 cell growth
(IC50 for 72 h: 118.4 µM) in vitro.

• EL down-regulated apoptosis
suppressing protein (Bcl-2) while up-
regulated apoptosis-enhancing protein
(cleaved form of Caspase-3) .

EL Induces apoptosis
and inhibits growth of
Human CoC cells.

(Danbara et al.,
2005)

CoC SW480 0–200 µM for
24–72 h

• EL showed dose and time dependent
decrease in cell number.

• EL arrested the cell cycle at S-phase.

• EL increased percentage of apoptotic
cells.

EL inhibits CoC cell
growth via cytostatic
and apoptotic
mechanisms.

(Qu et al., 2005)

CoC CaCo-2 50–150 µM for
24–72 h

• EL caused a significant increase in
apoptotic cells and decrease in cell
Proliferation.

EL inhibits proliferation
and induces apoptosis in
CoC cells.

(Bommareddy et
al., 2010)

PC LNCaP 0–100 µM for
24–72 h

• EL decreased cell viability.

• EL induced cell apoptosis.

• EL Disrupted mitochondrial
membrane potential and leads to
cytochrome-c release.

• EL induced cleavage of caspase-3 and
PARP.

• EL inhibited Akt activation.

• EL promoted p53 expression and
inhibited MDM2 Expression

EL suppresses LNCaP
cell growth by the
induction of apoptosis
via a mitochondrial
mediated, caspase-
dependent pathway
which may be mediated
by the inhibition of Akt-
dependent
phosphorylation and
promotion of p53
expression.

(Chen et al., 2007)

Antimetastatic
activity

BC MDA-MB-435, MDA-
MB-231

1 to 10 µM for 24 h • EL reduced human BC cell adhesion,
invasion and migration in vitro.

EL, ED and TAM, alone
or in combination, can
inhibit the steps
involved in the
metastasis cascade.

(Chen and
Thompson, 2003)

PC PC-3 0–80 µM for 20–24 h • EL inhibited IGF-1–induced tyrosine
phosphorylation of insulin-like growth
factor-1 receptor (IGF-1R) and
downstream signaling of insulin-like
growth factor-1 receptor.

• EL inhibited IGF-1–stimulated
proliferation and migration of PC-3
cells.

EL suppresses
proliferation and
migration of PC cells
through inhibition of
IGF-1/ insulin-like
growth factor-1 receptor
signaling.

(Chen et al., 2009)

BC MCF-7 25–75 µM for 24–48
h

• EL inhibited cell migration of MDA-
MB-231 cell line.

• EL disrupted actin cytoskeleton in
MDA-MB-231 cell line.

• EL downregulated MMP-2, 9 in both
cell lines while MMP-14 in MDA-MB-
231 cell line.

EL exhibits in-vitro
antimetastatic activity in
BC cells.

(Mali et al., 2012)
MDA-MB-231

BC MDA-MB-231 0–400 µM over 48 h • EL showed an antiproliferative effect
(IC50 = 261.9 ± 10.5 µM for 48 h) by
reducing the expression of cell
proliferation related genes; Ki67,
PCNA, and FoxM1.

• EL arrested the cell cycle in S phase,
and a lower expression of Cyclin E1,
Cyclin A2, Cyclin B1, and Cyclin B2
genes.

• EL interfered with the cytoskeleton by
downregulating phosphorylation of
the FAK/paxillin pathway, inhibiting
migration and invasion of cells.

EL shows antitumor
effect by regulating the
expression of genes
associated with cell
proliferation and the cell
cycle.

(Xiong et al.,
2015)

EL shows antimetastatic
effect by blocking the
FAK/paxillin signaling
pathway.

BC MDA-MB-231 25–75 µM for 24–72
h

• EL exhibited anticancer and
antiproliferative effects on metastatic
BC cells (IC50 = 73.00 ± 2.83 μM for
48 h).

• EL inhibited colony formation and
migration of BC cells in-vitro.

• EL down-regulated the expression of
uPA, MMP-2, MMP-9 genes while up-
regulated PAI-1, TIMP-1, TIMP-2
genes.

• EL also reduced the proteolytic
activities of gelatinases MMP-2 and

EL suppresses
proliferation, migration
and metastasis of MDA-
MB-231 breast cancer
cells by inhibiting uPA
induced plasmin
activation and MMPs
mediated ECM
remodeling

(Mali et al., 2017)

(continued on next page)
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Table 3 (continued)

Activity Cancer Experimental Human
Cell Culture Model

Dose and Treatment
Period of EL

Mechanistic Endpoints of EL Investigated Potential Mechanism(s)
of EL

Ref

MMP-9 in BC cells to inhibit ECM
remodeling.

BC MDA-MB-231 25–75 µM for 48 h • EL arrested the growth of BC cells in
the ‘S’ phase and triggered apoptosis
via caspase-3 activation.

• EL inhibited TGF-β-induced migration
and invasion in BC cells, in-vitro.

• EL inhibited the TGF-β-induced EMT
program by down-regulating vimentin
and N-cadherin while up-regulating E-
cadherin and Occludin in BC cells.

• EL reduced the formation of actin
stress fibers by inhibiting the
expression of CD44 and MAPK-p38.

• EL inhibited the ERK/NF-κB/Snail
signaling in TGF-β-induced BC cells.

EL exhibits an
antimetastatic activity in
triple-negative BC via
inhibiting the ERK/NF-
κB/Snail signaling
pathway to revert TGF-
β-induced EMT.

(Mali et al., 2018)

LC A549H460 0–100 µM for 24–48
h

• EL inhibited migration and invasion of
LC cells in-vitro.

• EL affected cytoskeleton in LC cells by
decreasing the % of polymerized F-
actin fibers and average length of F-
actin fibers.

• EL also reduced the number and size
of focal adhesions in LC cells.

• EL altered the expression of key
transcripts associated with cell
motility.

• EL modulated FAK-Src signaling and
inhibited phosphorylation of paxillin
and Rho proteins in LC cells.

EL shows antimetastatic
potential by altering
FAK-Src signaling and
suppressing invasion,
migration of LC cell
lines.

(Chikara et al.,
2017a)

OC ES-2 10−3 to 10−6 mol/L
for 24–72 h

• EL inhibited the ovarian malignant
properties including cancerous
proliferation, invasion, and metastasis
(EL was more effective than ED).

EL possesses a more
effective anti-cancer
capability and less side
effects than ED.

(Liu et al., 2017)

Immunomodulat-
ory Activity

ML PBL 1–1000 µM for
24–72 h

• EL decreased a LPS induced TNF-α
and IL-10 release in PBL (IC50 for TNF-
α release was 430 µM).

• EL suppressed anti-CD3 plus anti-
CD28 monoclonal antibody-induced
lymphocyte proliferation.

• EL showed dose-dependent inhibition
of cell proliferation and cytokine
production in all cells.

• EL prevented I-κB degradation and NF-
κB activation which in turn decreased
TNF-α in THP-1 cells.

EL modulates the
immune response by
acting on NF-κB
signaling.

(Corsini et al.,
2010)CoC THP-1

CaCo-2

Radiosensitizing
activity

BC MDA-MB-231 0–500 µM over 48 h • EL significantly enhanced
radiosensitivity of cells by abrogating
G2/M arrest, impairing DNA repair,
and increasing radiation-induced
apoptosis.

• EL increased chromosomal damages
and aberrations in cells treated with
EL combined with X-rays than X-ray
alone.

EL acts as a novel
radiosensitizer for BC
irrespective of estrogen
receptor status.

(Bigdeli et al.,
2016b)T47D

Chemosensitizing
activity

BC MDA-MB-231 3.12–1,000 µM for
72 h

• EL decreased the IC50 values of
docetaxel in both cells while 50 µM EL
significantly reduced cell viability
when combined with 0.3mM
metformin.

EL acts as a novel
chemosensitizer for BC
irrespective of receptor
status.

(Di et al., 2018)
SKBR3

CC= Choriocarcinoma, BC= Breast Cancer, TPA= Phorbol Ester 12-O-tetradecanoylphorbol-13-acetate, IC50 = The half maximal inhibitory concentration, CoC=
Colon Cancer, QR = NADPH:quinone reductase, conc. = concentration, PC= Prostate Cancer, TAM= Tamoxifen, 17β-HSD= 17β-hydroxysteroid dehydrogenase,
ERE= Estrogen Responsive Element, PCNA= Proliferating Cell Nuclear Antigen, PARP= poly(ADP-ribose)-polymerase, OS= Osteosarcoma, PSA= Prostate Specific
Antigen, PTEN= Phosphatase And Tensin Homolog, hTERT= Human Telomerase Reverse Transcriptase, NSCLC= Non Small Cell Lung Cancer, IGF-1R= Insulin-
like Growth Factor-1 Receptor, ACC= adrenocorticocarcinoma, ML= Monocytic Leukemia, PBL= Peripheral Blood Leukocytes, I-κB= Inhibitory-κB, NF-κB=
Nuclear Factor-κB, TNF-α= Tumor Necrosis Factor-α, ChoC= Chorion Carcinoma, PR= Progesterone Receptor, LC= Lung Cancer, OC= Ovarian Cancer, MDM2=
Mouse Double Minute 2 homolog, IGF-1= Insulin-like Growth Factor-1, MMP= Matrix Metalloproteinases, PCNA= Proliferating Cell Nuclear Antigen, FoxM1=
Forkhead box protein M1, FAK= focal adhesion kinase, uPA= Urokinase Plasminogen Activator, PAI-1= Plasminogen Activator Inhibitor-1, TIMP= Tissue Inhibitor
of Metalloproteinases, ECM= Extracellular Matrix, TGF-β= Transforming Growth Factor β, EMT= Epithelial-Mesenchymal Transition, CD44= Cluster of differ-
entiation 44, MAPK-p38=mitogen-activated protein kinase-p38, ERK= Extracellular Signal-Regulated Kinase, NF-κB= nuclear factor kappa-light-chain-enhancer of
activated B cells, LPS= Lipopolysaccharide, TNF-α= Tumor necrosis factor, I-κB= Inhibitor kappa b alpha.
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bioactive circulating metabolite of most of the dietary lignans and
considered as having potential, nutritionally significant anticancer ac-
tivity in several cancers of both men and women. Initial preclinical and
clinical data based on several epidemiological studies supports the
chemopreventive role of EL, particularly in hormonal cancers. Whereas,
recent preclinical data based on mechanistic studies involving human
cell cultures and xenografts revealed the therapeutic potential of EL not
only in hormonal cancers but also in other types of cancer.

Several, but not all, epidemiologic studies report reduced risks of
breast cancer, prostate cancer, colorectal cancer, lung cancer, en-
dometrial cancer and gastric cancer associated with higher exposure to
dietary lignans and their metabolites (enterolignans), expressed as ei-
ther dietary intakes or as plasma, serum, or urinary EL concentrations.
These clinical evidence strongly support the chemopreventive role of EL
in respective cancers by considering its ability to play an important role
in reducing the risk of developing the cancer, lowering cancer related
mortality and better survival. However it is important to note that most
of these studies were carried out on breast and prostate cancer and very

few studies were conducted on other cancers, particularly in western
and European populations. We did not find any intervention clinical
trial of EL in cancer patients, however several flaxseed or SDG inter-
vention clinical trials are reported particularly in breast cancer (Calado
et al., 2018).

In the case of preclinical animal studies, we found that very few
studies were carried out by direct administration of EL to the cancer
animal models (summarized in this review) and many studies were
carried out on flaxseed or sesame seed diet supplementation to evaluate
their anticancer potential (not included in this review). Most of these
in-vivo studies of EL are based on human xenografts, particularly of
breast, liver, uterine and colon cancers and provide a strong evidence to
support the anticancer and antimetastatic potential of EL by con-
sidering its ability to inhibit tumor growth and angiogenesis, to lower
tumor burden, to promote tumor cell apoptosis, and to reduce metas-
tasis. On the other hand, the in-vitro studies based on different human
cancer cell lines provide deep insights into novel molecular and cellular
mechanisms of EL which are capable of interfering the steps of

Fig. 2. Anticancer activities of EL with several molecular targets and mechanistic endpoints investigated in breast, prostate, colon, lung, ovarian, choriocarcinoma,
osteosarcoma, monocytic leukemia human cancer cell lines.
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carcinogenesis and metastasis by inhibiting adhesion, invasion, migra-
tion, proliferation, ECM remodeling, EMT, etc. Thus several in-vitro
studies also provide a strong evidence to support anticancer and anti-
metastatic potential of EL. In this comprehensive review on EL and its
role in cancer we propose this molecule as a potential candidate for anti
cancer drug discovery or dietary supplements and nutraceuticals.

7. Future perspectives

In order to establish the protective and therapeutic association of EL
with breast, prostate and other cancers, there is strong need to conduct
more epidemiological studies and intervention trials in different ethnic
populations. Future studies with a new wave of technology, based on
novel approaches like genome-wide association studies (GWAS), me-
tabolomics and nutritional epigenetics will provide more scientific
clinical evidence to support the anticancer and antimetastatic potential

of the EL. Moreover, very few clinical studies of EL in Asian and other
populations project a great opportunity to both clinicians and scientists
to carry out research in this diet-cancer research field.
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