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Abstract

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 

mammalian 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, colorectal, 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 antimetastatic mechanisms of EL in several cancers. This comprehensive 
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review supports an idea of projecting EL as a promising candidate for developing anticancer drug 

or adjunct dietary supplements and nutraceuticals.
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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 indicated 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 unresponsive 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 

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 molecular and cellular mechanisms involved in malignancy and the 

aggressive 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 environment (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 
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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 American Institute for Cancer Research (WCRF/AIRC) have released 

evidence based preventive recommendations including physical activity, avoidance of 

energy-dense foods, consumption of variety of fruits, vegetables, whole grains and pulses, 

and avoiding consumption of alcohol (World Cancer Research Fund and American Institute 

for Cancer Research, 2007). In last few decades, a large number of scientific efforts have 

been made to discover effective dietary phytochemicals for instance; phenolic acids, 

monophenols, polyphenols, complex carbohydrates 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 lignans 

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 carcinoma. 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 mammalian lignans); enterodiol 

(ED) and enterolactone (EL) in various enzymatic 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, Eubacterium and Eggerthella 
lenta (Högger, 2013). Since EL appears to be the prime circulating enterolignan, its serum 

levels and urinary excretion 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 pharmacokinetic (PK) studies have been carried out using 
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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 ingestion 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 absorption 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 independent 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 absorbed from the gut (Clavel et al., 2006a; Miles et al., 2017). A 

recent study in humans has shown that, following single-bolus oral administration of SDG, 

the SECO appeared rapidly in serum with peak concentrations 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 concentrations 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 study involving three human colon epithelial cell lines 
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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 metabolism 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 enterohepatic 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, education, 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 association 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 reported 

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 estrogen 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 

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 interaction 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., 
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2006). However 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 studies 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 estrogen 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, 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 chemopreventive 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 evidence 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 mechanisms of EL against novel therapeutic targets in different types 

of cancers. EL was found to exhibit a host of activities including chemopreventive, 

antiproliferative, apoptotic, antimetastatic, immunomodulatory, 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, 
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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 signaling pathway in 

triple negative MDA-MB-231 human breast cancer cells (Mali et al., 2017, 2018). It is 

important to note that EL was reported to show estrogen receptor dependent as well as 

estrogen receptor 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 imposes 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 determinants of cancer risk in 

humans through their in-part contribution to obesity, which is considered as a known risk 

factor for many malignancies (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 chemopreventive action is 

dietary lignans and their metabolites (enterolignans). In this review, we focused on EL which 

is a prime, nutrition-derived, bioactive circulating metabolite of most of the dietary lignans 

and considered as having potential, nutritionally significant anticancer activity 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, endometrial cancer and gastric cancer associated with 

higher exposure to dietary lignans and their metabolites (enterolignans), expressed as either 

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 

intervention 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 
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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 

considering its ability to inhibit tumor growth and angiogenesis, to lower tumor burden, to 

promote tumor cell apoptosis, and to reduce metastasis. 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 carcinogenesis 

and metastasis by inhibiting adhesion, invasion, migration, proliferation, ECM remodeling, 

EMT, etc. Thus several in-vitro studies also provide a strong evidence to support anticancer 

and antimetastatic 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), 

metabolomics 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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Fig. 1. 
Metabolism of dietary lignans obtained from the major food sources to produce 

enterolignans in humans.

Mali et al. Page 16

Eur J Pharmacol. Author manuscript; available in PMC 2020 June 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
Anticancer activities of EL with several molecular targets and mechanistic endpoints 

investigated in breast, prostate, colon, lung, osteosarcoma, monocytic leukemia human 

cancer cell lines.
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Fig. 3. 
Major signaling pathways modulated by Enterolactone to arrest carcinogenesis and 

metastasis, particularly in breast cancer and lung cancer.
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