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Lignans are secondary plant constituents with dibenzylbutane skeletons found in cereals, oilseeds, and nuts. Two members
of this class, syringaresinol (Syr) and secoisolariciresinol (Seco), occur at relatively high levels in cereals and processed
food products as well as in coniferous trees. In vitro studies have shown that Seco and its metabolites enterodiol (END)
and enterolactone (ENL), which are formed by intestinal microbes, exhibit strong antioxidant activity because of their
phenolic character. The biological activity and discussion of dietary supplementation with these substances led to ques-
tions about the potential adverse health effects of these compounds, which are explored here. Syr and the metabolites

I;%:;Zsmol END and ENL were investigated by combining structural information generated in silico with practical testing in vitro.
Lignans An in silico structure-activity analysis was performed using ToxTree and NexusPrediction to suggest plausible mechanisms
In silico of toxicity and estimate toxicological endpoints of these compounds. Structural alerts were generated based on the pres-
Cytotoxicity ence of phenolic units with coordinating substituents that could potentially form quinoid structures, promote reactive
DNA damage oxygen species (ROS) formation, bind to cellular structures, or damage chromosomes. To assess the in silico results, the

cytotoxicity and genotoxic potential of the studied compounds were tested in vitro using the resazurin reduction and
comet assays, respectively. Incubating HepG2 and HT29 cells for 1 h or 24 h with 0-100 pM Syr, END, or ENL induced
no cytotoxic effects. Additionally, even the highest tested concentrations of END and ENL showed no modulation of
background and total DNA damage. The initial in silico screen thus generated structural alerts linked to toxicological end-
points, but experimental assessments of the studied compounds revealed no detectable toxicity, demonstrating the need
for individual mechanistic experimental verification of in silico predictions. This approach makes it possible to connect
known biological activity, such as reported antioxidative effects, to underlying mechanisms such as proton abstraction
or donation. This in turn can yield insights — for example, that a compound's tendency to act as a pro- or anti-oxidant

(and hence to exert adverse or beneficial health effects) may depend on its concentration and the cellular state.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Lignans are secondary plant constituents that occur, inter alia, in
cereals, oilseeds, and nuts but also in high amounts in coniferous trees
(Milder et al., 2005). The biosynthesis of their dibenzylbutane skeleton
involves the dimerization of two coniferyl alcohols (Jenab et al., 1999). In
structural terms, they are diphenolic derivatives exhibiting diverse patterns
of oxidation, hydroxylation, methylation, and/or condensation. They thus ex-
hibit striking structural similarity to the basic building blocks of the polyphe-
nolic cell wall polymer, lignin (Touré and Xueming, 2010; Ford et al., 2001).
The polyphenol content of foodstuffs correlates with their fibre content, and
Begum and coworkers (Begum et al., 2004) identified lignin as a precursor of
the enterolignans. The enterolignans enterodiol (END) and enterolactone
(ENL), which do not occur in plants, are produced by metabolic degradation
of lignans by bacteria in the intestinal tract as shown in Fig. 1. Ford et al.
(2001) identified two genes encoding enzymes catalysing the biosynthesis
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of two lignans, pinoresinol (Pin) and lariciresinol (Lari), and showed that
they were formed by the coupling of two monolignol radicals.

A study on the Dutch population found that the main dietary sources
of lignans are beverages (37%), followed by vegetables (24%), nuts and
seeds (14%), bread (9%), and fruit (7%) (Milder et al., 2005). Conversely,
French women consumed lignans mainly through vegetables and fruits
(Touillaud et al., 2007). Diet composition strongly affects the amount and
identity of the lignans people consume. The daily intake of Seco and
mataresinol (Mat) in western countries, was estimated to be 0.15-1.1
mg/person/day (Horn-Ross et al., 2000). Flaxseed was found to have the
highest lignan content of the tested foodstuffs (about 30 mg/kg), with
secoisolariciresinol (Seco) being the most abundant individual lignan
among the analysed substances (Milder et al., 2005; Thompson et al.,
2006). Grain-based intermediate products such as brewers' spent grains
(BSG), a by-product of beer production with the potential for further
valorisation, are also rich sources of lignans. During beer production, the
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Fig. 1. Syringaresinol (Syr), its diglucoside (Syr-DG), and its metabolites enterodiol (END) and enterolactone (ENL), which are formed via multi-step processes.

more water-soluble lignans in the fermented grains are transferred to the
beer, while the more lipophilic and otherwise bound grains remain in the
grain. The most abundant lignans in dried BSG are Syringaresinol (Syr)
and Seco, which account for 73% and 17%, respectively, of its total lignan
content (Niemi et al., 2012). The content and composition of BSG will be
significantly changed by further processing, and particularly by steps
such as protease treatment and alkaline extraction. For example, the total
lignan content of alkaline BSG extracts was 6.3 times higher than that in
the original material, which was attributed to the degradation of lignin.
This illustrates the influence of processing steps (especially those that
increase solubility or involve heating) on lignan content and composition,
which must be accounted for evaluating lignan-rich ingredients used
in food.

After consumption, lignans undergo two major biotransformation
processes. The first transformation occurs in the intestinal lumen caused
by intestinal bacteria. Inter- and intraspecific differences in lignan absorp-
tion depend on diet composition, intestinal transit time, and intestinal
redox status, but are primarily related to the composition and activity of
the intestinal microbiota (Landete, 2012). Upon incubation with microbi-
ota from human faeces for 24 h, Seco as well as the glycosidic compounds
syringaresinol diglycoside (Syr-DG) and pinoresinol diglycoside (Pin-DG)
underwent 72%, 4%, and 55% conversion, respectively, into END and
ENL (Heinonen et al., 2001). The reactions by which lignans are degraded
depend heavily on the bacteria prevalent in the intestinal tract. Conse-
quently, lignan metabolism exhibits variable kinetics and can generate
many different products. Intestinal bacteria can be classified as slow,
moderate, or fast END or ENL producers (Setchell et al., 2014). In general,
O-deglycosylation of glycosidic lignans occurs in the intestinal lumen. ENL
can be formed by the oxidative lactonization of END, which can itself
be formed from various lignans via O-hydroxylation, O-demethylation,
reduction, and dehydrogenation reactions. The diversity of the intestinal
microbiome suggests that these metabolites may be formed by many differ-
ent metabolic pathways; Fig. 1 shows a highly simplified version of one
such pathway (Touré and Xueming, 2010; Ford et al., 2001; Xie et al.,
2003). Once the microbiotic products are absorbed into the intestinal
epithelium, their distribution depends on their hydrophilic or lipophilic
character. In humans, lignan metabolism occurs primarily in enterocytes,
the liver, and the cells of the colon. Lignans and their metabolites undergo
a series of hydrolyses and conjugations that form O-glucuronides, sulfate
esters, and O-methyl ethers (Rechner, 2004; Jansen et al., 2005). Although
seco-diglycoside (Seco-DG) is highly soluble in water, sesaminol-
triglycoside (Ses-TG) becomes more lipophilic after deglucosylation. This
influences its toxicokinetics, i.e. its absorption, distribution, metabolisation
and excretion (ADME) in the human organism. Certain unconjugated
lignans including lariciresinol and matairesinol as well as END and ENL
have been detected at low nanomolar concentrations in human serum
from healthy individuals not consuming any special diet (Grace et al.,
2003; Morton et al., 2002; Smeds et al., 2006; Valentin-Blasini et al., 2003).

Lignans reportedly have diverse biological effects. In vitro studies
indicated that Seco, END and ENL all reduce the levels of reactive oxygen
species and thus act as antioxidants (Prasad, 2000). They were also
found to protect against DNA damage and lipid peroxidation, which
was attributed to the abstraction of benzylic hydrogens and the potential
resonance stabilization of phenoxy radicals in aqueous environments
(Hu et al., 2007). Because of their antioxidative activity, the therapeutic
effects of lignans against inflammatory symptoms such as hypercholes-
terolemia, hyperglycaemia, and atherosclerosis have been investigated
(Prasad, 2000). In addition to their ability to capture reactive oxygen
species (ROS), lignans have been shown to affect various signalling
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pathways. For instance, in vitro treatment with 20-60 pM ENL inhibited
proliferation and migration of prostate cancer cells by interfering
insulin-like growth factor signalling, indicating possible anticarcino-
genic activity (Chen et al., 2009). In vivo in mice with established
human breast cancer ENL suppressed the extracellular vascular endo-
thelial growth factor (VEGF), an important influencing factor while
carcinogenesis (Dabrosin et al., 2002). Lignans may also exhibit anticar-
cinogenic effects resulting from their phytoestrogenic potential. This
activity is probably related to their underlying diethylstilbestrol skele-
ton, whose conformation resembles that of 17f-estradiol, enabling it
to bind to the estrogen receptor. By acting as endocrine modulator,
these compounds could have positive estrogenic effects as seen in post-
menopausal women. Accordingly, flaxseed supplementation was found
to shift estrogen metabolism from the 16-a-hydroxylation pathway to
the less cancerogenic 2-hydroxylation pathway (Brooks et al., 2004;
Brooks and Skafar, 2004). However, some adverse effects were also
seen, including an elevated risk of prostate cancer in men (Jackson
et al., 2010). The antiviral and cytotoxic activity of podophyllotoxin-
derived lignans has been discussed in relation to their potential as
therapeutic agents against hormone-dependent cancers (Petersen and
Alfermann, 2001).

These observations raise questions about the potential cytotoxic and
other biological effects of lignans as pure substances. Lignans as secondary
plant constituents in complex food matrices will inevitably be consumed as
part of any plant-rich diet (Milder et al., 2005). However, because the en-
richment of processed foods with these substances has been mooted,
there is a need for thorough toxicological screening of these compounds.

In silico methods are powerful tools for screening compounds to
prioritise for further testing in cases where toxicological data are lacking.
They are particularly useful for implementing the 3R principles (reduce,
refine, and replace) for animal testing, which have been integrated into
European law via the REACH regulations. Some programs can also perform
quantitative comparisons to better-characterized substances, making it
possible to assign specific target endpoints and supporting the development
of hypotheses regarding underlying reaction mechanisms. In this work,
assessments of toxicological potential were performed using the program
ToxTree, and the Nexus software package was used to identify mechanisms
that might contribute to the predicted toxicity. Knowledge generated in this
way can be used to guide and support targeted in vitro testing (Myatt et al.,
2018; Hasselgren et al., 2019).

2. Materials and methods
2.1. Inssilico testing

A two-step computational testing procedure based on the chemical struc-
tures of the target compounds was adopted. The program ToxTree (version
v2.6.13) was initially used to assign the tested compounds into Cramer clas-
ses by querying a decision tree based on relevant structural characteristics.
Compounds belonging to Cramer class I are considered to be of no/low con-
cern, while compounds assigned to class III have structural features associ-
ated with high toxicological potential, such as unsubstituted aromatic
carbohydrates. The Cramer classification is embedded into the threshold of
toxicological concern (TTC) concept, which ranks food ingredients with in-
sufficient toxicological data based on their chemical structures and levels of
human exposure. It should be noted that substance groups with a risk of
health hazard above 1 in 10° (e.g chlorinated dioxins or N-nitroso com-
pounds) are excluded from the outset. The estimates are based on linearised
low-dose extrapolations (Kroes et al., 2004). Organophosphates are assigned



V. Kirsch et al.

a threshold of 18 pg/person/day; all other compounds are assigned a conser-
vative threshold of 1.5 pg/person/day as an initial evaluation level. The in-
take of compounds allocated to Cramer classes I, II or III should not exceed
1800, 540 or 90 pg/person/day, respectively. These values are based on
NOEL data from chronic animal studies on rats multiplied by a safety factor
of 100. There is a > 95% probability that intakes below these thresholds
will be below the 5% confidence interval for the NOEL of the substance in
question (Kroes et al., 2005).

For quantitative analysis Derek Nexus (version 5.0.1), Sarah Nexus (ver-
sion 2.0.1; model version 1.1.19), and the ICH M7 tools of Nexus Prediction
(version 2.1.0) was used. Derek Nexus Prediction does not provide a thresh-
old for a daily intake but is considerably more specific in its ability to relate
structural features to defined toxicological endpoints. It identifies com-
pounds structurally similar to those studied in order to suggest potential
mechanisms of action based on literature from the Lhasa database. The
degree of structural conformity (expressed as a percentage) enables gradual
assignment of specific toxicological endpoints. Other structure-based
parameters are also calculated, such as the skin permeability coefficient
(log K;), which depends on the molecular weight and the estimated
distribution coefficient (log P), as benchmark for its lipophilicity. Sarah
Nexus Prediction focuses even more specifically on potential mammalian
mutagenicity in vitro, and generates a quantitative estimate of the percent-
age probability of mutagenicity by comparing similar (relevant) structural
components.

Summary reports of the outputs of Derek Nexus and Sarah Nexus were
generated using ICH M7 Nexus Prediction.

2.2. Invitro testing

2.2.1. Substances and cell lines

All chemicals and solvents used in this work were of analytical grade
or compliant with standards required for cell culture experiments.
Formamidopyrimidine glycosylase (FPG) was kindly provided by Prof.
Andrew Collins (University of Oslo, Norway).

Syringaresinol  (4,4’-(1S,3aR,4S,6aR)-Tetrahydro-1H,3H-furo[3,4-c]
furan-1,4-diylbis(2,6-dimethoxy-phenol); Syr) was purchased from BOC
Science (NewYork, USA). Enterodiol ((2R,3R)-2,3-bis[(3-hydroxyphenyl)
methyl]butane-1,4-diol; END), enterolactone ((3R,4R)-3,4-bis[(3-
hydroxyphenyl) methyl]oxolan-2-one; ENL), dimethyl sulfoxide (DMSO)
99,6%, sodium dodecylsulfate (SDS), absolute ethanol (=99.8%),
trypan blue solution, resazurin, and ethidium bromide were obtained from
Sigma-Aldrich (Munich, Germany). Low and normal melting agarose were
obtained from Bio-Rad (Munich, Germany), and trypsin was obtained from
Serva (Heidelberg, Germany). Cell culture media (RPMI 1640, DMEM)
were purchased from Thermo Fisher Scientific (Dreieich, Germany) while
the supplements fetal calf serum (FCS) and penicillin/streptomycin (P/S)
were obtained from Invitrogen (Karlsruhe, Germany). Cell culture materials
(petri dishes, flasks, etc.) were acquired from Greiner Bio-One (Essen,
Germany). The cell lines HepG2 and HT29 were purchased from DSMZ
(Braunschweig, Germany).

2.2.2. Cell culture and incubation procedure

HepG2 and HT29 cells were cultured in 175 cm? flasks using RPMI
1640 and DMEM as base media, respectively. Both media were supple-
mented with 10% FCS and 1% P/S to stimulate proliferation after
subcultivation. The cells were frequently subcultured by washing with
PBS, trypsination, and dilution with fresh media. For use in assays, the
subcultivated cells were seeded in fresh flasks, incubated for 24 h, washed
with PBS, then transferred to the appropriate incubation media; (i.e. the
base media was supplemented with 5% FCS and 1% P/S). The cells were
maintained at 37 °C under a humidified atmosphere with 5% CO, at all
times. All assays were performed using both cell lines. The confluence
was 80-90%, and trypan blue assays were performed before each comet
assay to verify that the cell vitality was >80%.
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2.2.3. Determination of cytotoxicity

Cytotoxicity was evaluated using the resazurin reduction assay accord-
ing to Page et al. (1993) with slight modifications. Here the intracellular
redox state is determined to assess cellular vitality. In vital cells, reducing
equivalents such as NAD(P)H/H™" reduce the non-fluorescent resazurin to
the photometrically detectable fluorescent compound resorufin. Any
damage-induced reduction in the cells' metabolic activity thus also reduces
the conversion to resorufin. Cytotoxicity was expressed in terms of vitality
relative to a negative control.

Briefly, 180,000 cells per well were seeded on a 48 well plate and then
after 24 h exposed separately to 0.1, 1, 10, 100 uM Syr, END, or ENL for 1 h
or 24 h. For this purpose, stock solutions of the compounds to be tested in
DMSO were diluted 1:100 with incubation media to obtain media with
the desired compound concentration. On each plate, each combination of
compound and cell type was tested on triplicate alongside negative controls
(1% DMSO), positive controls (0.1% SDS), media controls, and blanks
(media without cells). After incubation, the cells were washed with PBS,
500 pL resazurin working solution was added to each well, and the cells
were left to stand for an hour. The resazurin working solution was prepared
by adding 5 mL resazurin stock solution (11.05 mg resazurin, 100 pL
dimethylformamide, 900 mg NaCl, 14.4 mg KH,PO,, 52.8 mg Na,HPO,,
and 100 mL H,0) to 45 mL basic media containing 1% P/S.

Photometric measurements were performed using excitation and
emission wavelengths of 544 nm and 590 nm, respectively, with a fluoroscan
ascent FL (labsystems Thermos Fisher scientific, Dreieich, Germany). Relative
vitality was calculated by relating the measured values to those for the nega-
tive control after subtracting the blank value and is expressed as a percentage.

2.2.4. Determination of DNA damage

The comet assay was performed according to Collins et al. (1996) and
Bakuradze et al. (2010, 2019), with slight modifications. Alkaline gel electro-
phoresis (pH 13) was conducted to measure DNA damage in the form of DNA
strand breaks. Initially, one million cells per petri dish (10 mm) were exposed
24 h to 10, 100 uM END or ENL dissolved in DMSO and diluted 1:1000 in
incubation media. A 0.1% DMSO solution was used as a negative control.
For positive controls, cells were carried along untreated and then exposed
to 10 J/m? UVC radiation (254 nm) immediately after incubation with the
test substances. Aliquots of 70,000 cells were centrifuged (10 min,
2000 rpm, 4 °C), then the pellets were resuspended in 65 pL low melting aga-
rose (0.5%) and placed on microscope slides pre-coated with normal melting
agarose (1.5%). After overnight lysis at 4 °C, the slides were covered with
50 mL of either enzyme buffer or a solution of the enzyme
formamidopyrimidine-DNA-glycosylase (FPG) to differentiate between back-
ground DNA strand breaks and total damage (background strand breaks and
oxidized bases). After DNA unwinding (pH 13.5, 20 min, 4 °C) and horizontal
gel electrophoresis (20 min, 25 V, 300 mA), slides were washed and fixed
with ethanol (95%, 3 min) and stored at room temperature in the dark. There-
after, the slides were stained with ethidium bromide and analysed using a
fluorescence microscope (Imager, Al, filter set 15, Zeiss, Germany) and com-
puterized image analysis (Comet Assay IV, Perceptive Instruments, Suffolk,
GB), scoring 2 x 50 cells per slide. DNA migration was calculated as mean
tail intensity (TI%: DNA in the comet tail in percent of total DNA).

2.2.5. Statistics

Results are presented as means + SD of three independent experiments.
For reason of just screening the FPG treated samples were measured in two
independent experiments. Data were analysed for significant differences
between control and samples by unpaired two-sided student's t-test
(OriginLab Corporation, Northampton, MA, USA, version 2019).

3. Results and discussion
3.1. Inssilico testing

To screen the toxicological potential of the three entero — /lignans, struc-
tural alerts were identified using ToxTree and interpreted in accordance with
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the TTC concept. Then, specific target endpoints and underlying mechanisms
were characterized using Nexus Prediction.

ToxTree assigned the studied lignans to Cramer class III based on their
structural features, indicating that they have a high toxicological potential.
This assignment was based on the presence of phenolic units with complex
substituents such as the lactone of ENL, which were identified as reactive
structures. Heterocyclic aromatic structures contributed particularly
strongly to these assignments. In the absence of additional toxicological in-
formation, Cramer class III compounds are assumed to have a TTC of 0.09
mg/person/day, corresponding to a NOEL of 0.15 mg/kg BW based on
the fifth percentile of the cumulative NOAEL distribution. Nexus Prediction
generated structural alerts based on the presence of 1,2-dihydroxy and
alkylphenol motifs in the studied compounds; these motifs are associated
with the formation of quinoid structures and ROS generation. As a result,
Syr was assigned a skin-sensitizing potential, while END and ENL were at-
tributed chromosome damaging potential. The compounds' n-octanol
water distribution coefficients of log P < 3 represent lipophilic reluctance
which enables drug-likeness. Plausible mechanisms for the formation of
reactive intermediates from Syr can be drawn up, involving an initial O-
dealkylation of the methoxy group on the aromatic group to form an 1,2-
dihydroxybenzene that could then be oxidized to the corresponding qui-
none. This oxidation could occur as a result of a ROS-generating reaction
with oxygen or it could be catalysed enzymatically by CYP2E1 (Seaton
et al.,, 1994). There are thus two ways by which O-demethylated Syr
could exert a skin-sensitizing effect. Oxidation of the prohaptenic catechol
moiety would generate a haptenic quinone that can form covalent bonds
with nucleophiles because it is an electrophilic Michael acceptor (Aptula
and Roberts, 2006). The interaction of such antigens with endogenous car-
rier proteins can trigger an immune reaction in accordance with the hapten-
carrier principle (Giinther et al., 2007). The formation of a quinone methide
structure is a less important activating mechanism: while Syr does have
benzylic methine groups whose CH bonds could be cleaved to generate a
quinone methide, the formation of such a structure would be hindered by
the steric demands of the substituted bis-tetrahydrofuran ring system. The
opening of this ring system due to intestinal metabolism generates more re-
active alkylphenol structures such as Seco and the dihydroxylated
enterolactone precursors. Another way in which Syr and its metabolites
could exert tissue-damaging effects is by promoting ROS generation, lead-
ing to increased cellular stress (Attia, 2010). All the studied compounds
can undergo homolytic hydrogen abstraction to form phenolic radicals
that are stabilized by the adjacent aromatic ring. Upon interacting with
other cellular components, these phenolic radicals can initiate radical
chain reactions involving ROS, with deleterious effects on cellular structure
and metabolic pathways due to phenomena such as lipid peroxidation.
Since END is an m-alkylphenol derivative, it cannot form reactive o- or p-
quinone methide derivatives. However, as a phenol, it can undergo radical
hydrogen abstraction from the hydroxyl group, generating ROS. Because it
lacks an o- or p-hydroxy or ketone group, the resulting radical does not ben-
efit from any mesomeric stabilization, unlike in the case of quinones. If ROS
are not intercepted by the endogenous redox system, there is a risk of
oxidative damage to the DNA via processes such as 8-hydroxyguanine for-
mation (Gill and Tuteja, 2010). Despite the reported antioxidative activity
of lignans, they have also been observed to induce ROS generation
(Prasad, 2000). These contradictory results may indicate that their antioxi-
dative and prooxidative effects are concentration-dependant. Both effects
can be attributed to hydrogen abstraction from aromatic hydroxy groups.
Since ENL is formed from END by oxidative condensation, the two struc-
tures differ only in that the former features a lactone formed from the two
methylene hydroxy groups of the latter. The structural alerts generated
for END are unaffected by this transformation, so the theoretical arguments
for END can be applied directly to ENL. No structural alerts were found in
silico for mutagenicity with a confidence of 39% for Syr, 35% for END
and 26% for ENL. This shows that despite the presence of structural features
associated with genotoxicity (determined using Derek Nexus Prediction)
quantitative whole-structure comparisons (performed using Sarah Nexus
Prediction) indicated that the studied compounds lack mutagenicity.
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3.2. Invitro testing

Because of their predicted toxicological potential, Syr, END, and ENL
were tested in HepG2 and HT29 cells, which originate from human carci-
noma of the liver respectively the colon. They were chosen because hepato-
cytes, enterocytes, and colonic cells are believed to be the main locations of
lignan metabolism in the human body. Although permanent cell lines only
reflect limited aspects of complex tissues, they are suitable for investigating
mechanistic questions at the cellular level and have been used successfully
to study the metabolism of (entero-)lignans (Jansen et al., 2005;
Adlercreutz et al., 1992). The in silico prediction of skin-sensitizing effects
was based on the formation of quinoid or quinone methide units that
could potentially react with nucleophilic functional groups in proteins. Re-
active units of these kinds can deactivate proteins, cause depletion of detox-
ifying compounds such as glutathione, or induce immunological reactions
according to the hapten carrier principle. Since that mechanism is not lim-
ited to skin irritation, the basic effects of the three compounds on cell vital-
ity were evaluated using the resazurin reduction assay. The results (Fig. 2)
show no significant reductions of the relative vitality of HepG2 or HT29
cells after incubations of 1 h or 24 h with concentrations of 0-100 pM
Syr, END or ENL. Because the in silico analysis indicated that END and
ENL might cause chromosomal aberrations, the comet assay was used to as-
sess their DNA damaging effects in HepG2 and HT29 cells (see Fig. 3). No
significant modulation of background DNA-strand breaks was observed
after 24 h incubation with END and ENL (10-100 uM). The screening for
total DNA strand breaks with FPG treatment caused no significant modula-
tion in %-TI, indicating that cells treated with 100 uM ENL for 24 h exhib-
ited no more oxidative DNA damage than untreated controls.

Syr, END, and ENL induced no detectable direct cytotoxicity or DNA
strand breaking when applied to HepG2 and HT29 cells at concentrations
of 0.1-100 pM for 24 h. In comparison to literature, the chosen test
model and therefore the metabolic competence of it plays an important
role. As discussed in silico, the biological activation of benzoid structures
usually takes place via CYP2E1. However, the enzyme is expressed to a
lesser extent in HepG2 and HT29 cells, the metabolic activation can be re-
duced accordingly (Hart et al., 2010; Altay et al., 2017). In human myelo-
cytic HL-60 leukemia cancer cells, a significant concentration-dependent
decrease in cell vitality after incubation with 0.5-40 pM Syr was observed
by MTT assay (Park et al., 2008). However, a high CYP2E1 gene expression
could also be measured in HL-60 (Nagai et al., 2002). This supports the as-
sumption that metabolic activation is necessary for toxic effects in pM con-
centrations ranges of the investigated lignans. So as the skin-sensitizing and
DNA damaging potentials cannot be strictly excluded by the negative
effects regarding cytotoxicity and DNA damage in vitro, the observations
are consistent with similar studies. In the human ovary carcinoma cell
line ES-2 neither END nor ENL had shown a decrease in vitality after 48 h
incubation in the concentrations used here. Only at 1 mM a significant
decrease in vitality was observed (Liu et al., 2017). Testing the potential
to induce DNA strand breaks using comet assay, Pool-Zobel and coworkers
(Pool-Zobel et al., 2000) incubated HT29 clone 19A human colon tumor
cells with phenolic phytoprotectants. Whereas after 15 min incubation
with 100 pM END and ENL no differences to the negative control
were detected, other phytoestrogens like genistein induced highly signifi-
cant (p < 0.01) DNA strand breaks. But both metabolites of Syr even
reduced the oxidased pyrimindine DNA bases while only ENL had such
an impact on oxidized purine DNA bases as well.

3.3. Further discussion

The apparently contradictory results obtained in silico and in vitro
indicate that a more comprehensive assessment of the limitations and
consistency of the applied methods is needed.

Regarding the in silico analysis, the decision tree of ToxTree identifies
structural features that could in principle participate in certain reactions.
However, some kinds of reactivity can have positive biological effects
under certain conditions and negative effects under other conditions, as
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Fig. 2. Relative vitality of HepG2 and HT29 cells after 1 h and 24 h incubation with A Syringaresinol (Syr), B Enterodiol (END) and C Enterolactone (ENL) using resazurin
reduction assay. Values are related to negative control 1% DMSO, as mean and SD of three independent experiments, each performed in triplicates.

exemplified by the equilibrium of the anti- and prooxidative features of
phenolic groups (Bellion et al., 2009). The structural alerts for Syr, END
and ENL related mainly to their phenolic units (which bear substituents
of varying complexity). While these structures were evaluated largely in
terms of their potential contributions to ROS formation, it is important to
note that compounds such as polyphenols can also have beneficial antioxi-
dative effects (Leopoldini et al., 2011; Fraga et al., 2010). This illustrates
the dependence of effects on concentrations and parameters such as the
oxidative state of the cell. Because predictive toxicological tools are
designed to search for adverse effects, they focus on worst-case scenarios.
Nexus Prediction compares larger structural units to known analogues.
Since small differences can have decisive effects on toxicity, related
compounds can have different effects even when they have very high
similarity percentages based on comparisons of structural groups. There-
fore, the transferability of the predicted mechanism of toxicity must be
evaluated on a per-compound basis. In the compounds studied here, the
relative positioning of the substituents of the aromatic ring plays a decisive
role because of its effects on mesomeric stabilization and hence the rings'
propensity to abstract or donate protons. While potentially reactive motifs
were found and analysed using Derek Nexus Prediction, their relevance
may be limited because Sarah Nexus Prediction indicated that the probabil-
ities of mutagenicity for the compounds in vitro were low or even negative
(albeit with low certainty). A limitation of in silico tools without specific
modulation such as those used here is that they do not generally
differentiate between enantiomers. However, chirality is indubitably
important in many enzymatic reactions and when steric effects are consid-
ered. For the prooxidative reaction mechanism involving the formation
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Fig. 3. Background and total DNA strand breaks of HepG2 and HT29 cells after 24 h
incubation using comet assay. (—) no treatment with FPG, (+) treatment with FPG.
As negative control 0,1% DMSO was used. For positive control cells were exposed to
10 J/m? UVC radiation. The values are presented as mean and SD of three
independent experiments, each performed in duplicates. For just screening the
FPG treated samples were measured in two independent experiments, each as
duplicates and the values presented as mean and range.
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of reactive quinoid or quinone methide structures, we do not anticipate
chirality to be an important factor. It should also be noted that Nexus
prediction was not explicitly designed to investigate natural compounds
in complex food matrices, which can lead to false positive outcomes. For
evaluation, it is crucial to screen for toxicological effects in an adequate
in vitro model. But to support more targeted testing, the ability of the
programme to generate hypotheses can be used (Raunio, 2011).

In vitro assays were performed to investigate specific toxicological
endpoints. While genotoxicity was assessed on a molecular level in this
work, the anticancerogenic effects mentioned in the introduction were
shown to be due to impacts on signalling pathways (e.g. VEGF) or endocrine
modulation (Brooks et al., 2004; Jackson et al., 2010). So, test systems
based on single cell lines capture only specific endpoints and partially
effects, especially those relating to absorption, distribution, metabolism
and excretion (ADME). However, the simplification of studying single cell
lines in mechanistic investigations has important advantages in that it
reduces overlap and the influence of compensation mechanisms. Two
human cancer cell lines were tested, one originating from the liver
(HepG2) and one from the colon (HT29). Both lines were previously
shown to be suitable for studying the metabolism of lignans and
enterolignans (Jansen et al., 2005; Adlercreutz et al., 1992). Incubations
were performed using the deglycosylated forms of the test compounds
Syr, END, and ENL. The in silico predictions were based on the unconjugated
versions because the active units of the substances are at least partly
blocked by the glycosidic bonds, and the aim was to test the ‘worst-case
scenario’. After intake, lignans undergo various de — /glycosylation steps.
Deglycosylation by the intestinal microbiota enables absorption and further
metabolization, which occurs mainly in the cells of the colon and liver.
Assuming no accumulation of the deglycosylated lignan (Rechner, 2004),
a 24 h exposure in vitro should significantly exceed the expected retention
time. The negative results obtained under these overload conditions thus
suggests that a safety factor of these compounds may be even higher.
Given the incubation conditions and the good agreement of our results
with literature data (see chapter 3.2), the negative effects observed
in vitro are neither unreliable nor incompatible with the in silico results.

The physiological relevance of in vitro and in silico analysis must always be
considered carefully. Here, pure compounds were investigated from a strictly
structural point of view in silico and in an isolated test system on a cellular
basis in vitro. This approach is a great simplification of the real-world situation
in which the studied substances would most likely be ingested in complex
food matrices that would then undergo ADME in the human body. Care
should thus be taken when extrapolating the results presented here. In the ab-
sence of toxicological data, a TTC of 0.09 mg/person/day can be assigned by
classifying Syr, END and ENL as Cramer class III compounds. To relate this
value to the internal exposure, several factors must be considered. These in-
clude bioavailability, which is largely determined by the diverse intestinal mi-
crobiota that enable absorption through deglycosylation. The rate of this
process can differ substantially between related compounds: experiments
with human faecal microbiota yielded a turnover of 4% for Syr-DG but
55% for pinoresinol-diglycoside (Heinonen et al., 2001). After a correspond-
ingly reduced actual uptake, rapid glycosylation occurs (Rechner, 2004).
Conjugation tends to detoxify lignans by covering their reactive units, and
plays a major role in distribution and excretion, so that it drastically reduces
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adverse internal impacts. In comparison to the estimated daily consumption
of 0.15-1.1 mg/person/day lignans (Horn-Ross et al., 2000), up to 10 g flax-
seed was applied to postmenopausal women in a human study that showed a
positive impact on estrogen levels (Brooks et al., 2004). At an average lignan
content of 301 mg/100 g flaxseed (Milder et al., 2005), this would corre-
spond to a load of 83 pmol Seco (assuming for simplicity that Seco is the
sole lignan in flaxseed). According to Heinonen and colleagues (Heinonen
et al., 2001), intestinal microbiota is expected to convert 72% of Seco
to END and ENL. Conversion at this rate would result in exposures of 60
pumol for END/ENL and 23 pmol for Seco. For comparative purposes,
levels of lariciresinol, matairesinol, END, and ENL in the serum of non-
supplemented participants were 190, 24, 6 and 110 nM, respectively
(Grace et al., 2003; Morton et al., 2002; Smeds et al., 2006; Valentin-Blasini
et al., 2003). While the lowest tested concentration of 100 nM is thus of a
physiologically relevant magnitude (especially when considering potential
supplementation and/or the effects of polymorphisms in a worst-case sce-
nario), concentrations up of 100 pM in target cells are not considered realistic.
These high dosages tested in this work clearly exceed a realistic daily intake,
but even so no evidence of cytotoxicity or genotoxicity (indicated by single or
double strand breaks in DNA) was found.

Thus, different sensitivities depending on the metabolic activation
and an impact on the redox statue of cells are characteristics to be
discussed further. The goal would be to assess the cyto- and genotoxicity
of other common lignans, e.g. Seco. In addition, it will be necessary to
evaluate the wider impacts of these compounds on the human body
with respect to additional toxicological endpoints (e.g. endocrine signal-
ling) if processed foodstuffs are deliberately supplemented with the
studied compounds.

4. Conclusion

The in silico analysis emphasized structural features of Syr, END and ENL
that are associated with ROS generation and reactivity towards cellular nu-
cleophiles. The need to consider the impact of each mechanism identified in
the analysis individually revealed limitations in the transferability of the
hypotheses generated in the analysis and showed that potential negative
impacts do not exclude additional potentially positive effects resulting
from (for instance) antioxidative activity. These findings reinforce the
need to consider the effects of concentration and cellular conditions when
evaluating a compound's likely effects in vivo. The higher dosages tested
invitro corresponded to exposures higher than those that would be achieved
through daily intake or by supplementation in human studies, even before
taking ADME into account. Despite this, Syr, END, and ENL induced no
detectable cytotoxicity in vitro at concentrations up to 100 pM in HepG2
and HT29 cells for exposures of up to 24 h. No modulation of background
and total DNA strand breaks were observed in either cell line after exposure
to 10 or 100 pM END or END after 24 h. These results are consistent with
literature data, which suggests they have good reproducibility. Importantly,
the findings presented here show that mechanistic hypotheses generated
by in silico analysis based solely on chemical structure data can be used to
interpret cellular effects observed in vitro to clarify the biological activity
of lignans. Regarding the restrictions of in silico, for further evaluation a
sufficient verification by representative in vitro models is necessary. After
the initial screening in two cell lines, more complex 3D cell models are sug-
gested for further investigations.
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