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General introduction
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Chapter 1

Obesity has become a global epidemic and a public health crisis, particularly in recent
decades, and the prevalence of obesity is still increasing at an alarming rate!. The
worldwide growth in being overweight or obese is largely due to dietary and lifestyle
changes. As such, defining diets and dietary habits that mitigate obesity risk is of great
public health importance. Recently, the intake of foods rich in phytoestrogens, including
lignans, has emerged as an interesting dietary strategy for combating obesity?3.
Moreover, the effect of different processing techniques on the bioaccessibility of lignans
and conversion to gut microbial metabolites is relatively nascent. In this chapter, a
general introduction to the thesis is provided by addressing the definition of
phytoestrogens and lignans, the effect of processing on lignan content, their
bioaccessibility and conversion into microbial metabolites in the human large intestine,
the occurrence of obesity globally and specifically in Malaysia, as well as the relationship
of lignan intake and obesity. Finally, the objectives of this thesis will be presented.

PHYTOESTROGENS: DEFINITION AND MAIN CLASSES

In recent years, research has focused on the characterization of phytoestrogens and their
metabolites in various biological fluids as well as on their potential health-promoting
properties*¢. Phytoestrogens are phytochemicals that exhibit weak oestrogenic activity
and are found in plants or derived from plant precursors. They comprise four major
chemical compounds (lignans, isoflavones, coumestans and prenylflavonoids) that are
structurally similar to endogenous oestrogens; hence they can have both oestrogenic
and anti-oestrogenic effects’ 11,

LIGNANS:
Chemical structure, biosynthesis, and food sources

Lignans are phenolic secondary metabolites derived from the phenylpropanoid
biosynthetic pathway and are also known as monolignol-derived dimers. Lignans are
derived from the oxidative dimerization of two coniferyl alcohol (CO) molecules,

forming an 8,8' bond, as presented in Figure 1.
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Figure 1: Schematic of the biosynthesis of lignans

The coupling of the two coniferyl alcohol (CO) residues by enantioselective
dimerization with the aid of dirigent protein leads to pinoresinol (PINO) formation.
PINO is believed to be a central intermediate leading to the different synthesis of
lighans!2. Pinoresinol is then reduced by pinoresinol/lariciresinol reductase via
lariciresinol (LARI) to secoisolariciresinol (SECO), which is in turn oxidized to form
matairesinol (MATA) by secoisolariciresinol dehydrogenase!3-15,

Lignans occur in edible plants!® where they have been detected in different
parts, including roots, leaves, wooden parts, flowers, fruits, and seeds'’. Oilseeds
(flaxseed, sesame, linseed, and sunflower) are particularly rich in lignans, and flaxseed is
the richest dietary source of lignans, with an average content of 300 mg/100g. Other
foods contain moderate to low amounts®. Dietary surveys have found that whole grains
(particularly rye), legumes, fruits, vegetables, nuts, and some beverages, such as tea and
coffee, are important dietary sources of these compounds!s1°.
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Effect of bioprocessing

Bioprocessing refers to technologies to extract and/or produce food or ingredients
using enzymes or living systems such as microorganisms. Food bioprocessing research
encompasses a wide range of topics, including the characterization of modifications
induced by food bioprocessing and their effect on their functionality and quality?.
Pickling, germination, and fermentation are bioprocessing techniques that have recently
attracted consumers seeking more "natural," health-promoting, and sustainable food
products?!> 22, The content of lignans in foods may be affected by the food processing
techniques?’, and germination, fermentation, and pickling have been shown to influence
lignan content?*,

Germination is the physiological process by which seeds develop an embryonic
root and stem within a set time frame®. It can improve the nutritional properties of
edible seeds?®, and germination is highlighted as a potential bio-processing trend in food

science for producing functional germinated foods?’.

Fermentation is a process that relies on microorganisms' biological activity to
produce a variety of metabolites that can inhibit the growth and survival of undesirable
microflora in foodstuffs?s. It is a traditional bioprocessing method that increases food
shelf-life, food nutritional properties®, the bioactivity of phytochemicals, flavour,
stability, and digestibility?’3!. Fermented foods are produced by the controlled growth

and enzymatic activities of microorganisms via four main processes, i.e., lactic, acetic,
alcoholic, and alkaline32 33,

Pickling is a natural fermented food of food preservation and used as
fermentation method of fruits and vegetables3*. It has been a viable method of
preserving foods, particularly seasonal foods, prior to the invention of modern
preservative equipment such as the refrigerator. It preserves foodstuffs using acid
without refrigeration in two ways: anaerobic fermentation in brine, or immersion in
vinegar and salt’> 3¢, Naturally occurring bacteria grow over 1 to 2 weeks to produce
lactic acid, inhibiting the growth of food poisoning bacteria and other spoilage
microorganisms30. However, a detailed description of the metabolic changes associated
with pickling, particularly after prolonged storage, is still lacking.

10
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Absorption, metabolism, distribution, and excretion of lignans in the human
body

Digestion comprises a series of physiological, mechanical, and biochemical processing
steps that break down the food structures in order to release its constituents, allowing
for nutrient absorption and utilization by the body?”*. The composition and structure
of foods play an important role in the kinetics of food digestion®-#1.

The gastrointestinal tract (GI) is complex, with multiple layers of control
involving four distinct compartments, namely the mouth, stomach, small intestine, and
large intestine’’. The disintegration mechanism varies by food and is related to the
original food structure and how it changes during digestion. Although most of the
disintegration of solid foods occurs in the mouth, the remainder occurs during transit
through the digestive system, particularly in the stomach*>#. The kinetics of food
disintegration are influenced by physiological conditions such as mechanical forces, pH,
temperature, level of digestive enzymes, as well as food/meal properties such as
composition, amount, texture, structure, and viscosity*2444,

The health effect of food often depends on the fraction that can be absorbed.
Bioavailability refers to a relative amount of phytochemicals that are digested, absorbed,
and becoming available to reach the circulatory system and act on specific sites of the
body##7. Food technology research has increased the attention to designing various
foods to modulate food digestibility and release rate of active compounds*. Several
post-harvesting processing procedures, such as de-branning, milling, bran fractionation,
grinding, and crushing, can impact bioaccessibility*->. Bioaccessibility is the release of
an active compound from its matrix so it can be absorbed in the intestine®'. However,
as far as we know, there are relatively few reports on the effect of various processing
techniques on lignans' bioaccessibility from food.

The large intestine has an anaerobic environment and is colonized by a
community of microorganisms (approximately 10!/g), primarily composed of obligate
anaerobic microbiota. The gut microbiota has a key role in the metabolism of lignans.
It has been shown that the intestinal microbiota metabolizes lignans to enterolignans,
namely enterodiol (END) and enterolactone (EL)>>54.

The metabolism process of lignans includes deglycosylation of glycosylated
lignans and the subsequent demethylation and dehydroxylation of SECO to produce
END. Then END is presumed to be oxidized to produce EL>>. No metabotypes can
be defined, but a gradient of END and EL allows distinguishing among producers,
which are produced to varying degrees and allow classification of low or high producers
of END and EL in human3-58. Ruminococcus bromii, Bacteroides ovatus, and Eggerthella lenta,

11
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among many other bacterial species, have been identified as being involved in the

metabolism of lignans, through zz-vitro approaches>-62.

Lignan aglycones and enterolignans are efficiently absorbed in the small
intestine or colon. Then, they are conjugated to glucuronides and/or sulfates by
enterocytes>. Finally, the lignan aglycones, enterolignans, glucuronides, and sulfates are
detected in blood and excreted via urine, enterohepatic circulation, and feces>. Figure
2 describes the absorption, metabolism, distribution, and excretion of dietary lignans.

12
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Chapter 1

The role of the food matrix and the original source of plant lignans should not
be underestimated since they may also explain differences, mainly in the production
yield of enterolignans®. Mechanically disrupting food structure such as particle size
reduction allows surface area increase for interactions with digestive enzymes, which
may improve its bioaccessibility®*. A study showed that the crushing and milling of
flaxseed significantly increases enterolignans production compared to ground
flaxseed®. An 7n-vitro fermentation study reported that the production of enterolignans
varies among plant foods such as berries, vegetables, and potatoes. Berries showed the
highest enterolignans production compared to other foods®. Thus, food structures and
composition influence the production of enterolignans.

Individual variability in the conversion of plant lignans

Classification of humans in metabotypes or stratification in high /low producers is a way
to represent inter-individual differences in microbiota functionality®t ¢7. Metabotypes is
a broad concept that can refer to microbial and host metabolism in the gut and
subsequent biological activity (e.g., synthesis, transport, and receptor interaction)é 6870,
The metabolism of lignans is highly variable between individuals, as evidenced by the
presence of a metabolite production gradient that gives rise to "high producers" and
"low producers" of enterolignans’.2. An zn-vitro fermentation study of flaxseed extract
using human feces from low and high enterolignan producers showed a clear distinction
in EL production’. Similarly, another study showed that the individual gut microbiota
could influence the lignan metabolism as microbiota diversity was significantly
associated with EL production in premenopausal women’.

The differences in enterolignan production can be explained by various factors,
including gender, age, genetics, lifestyle, physiological status, gut microbiota, and dietary
factors such as food matrix and processing and dietary patterns®7>76, Thus, the
conversion rate and maximal yield as a result of microbiota metabolism must be
carefully considered when investigating the gut conversion of plant lighans into
enterolignans.

14
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OBESITY

In 2016, more than 1.9 billion or 39% of adults aged 18 years and over were
overweight”’. Obesity has been shown to reduce health-related quality of life’s, as well
as overall life expectancy™. In 2010 a worldwide study showed that obesity accounted
for 0.7% to 2.8% of each country’s total health care expenditures®’. Type 2 diabetes®!,
hyperlipidemia, hypertension, coronary artery disease®?, gallbladder disease®, and
several cancers® are among the most common obesity-related comorbidities. In
addition, it has become clear that obesity is also a risk factor for an increased risk of
hospitalization, admission to intensive care units, and an increased need for invasive
mechanical ventilation, due to COVID-19%5,

Obesity is primarily caused by excessive energy consumption and/or
insufficient energy expenditure. Excessive food/energy intake causes adipose tissue
expansion, including an increase in fat cells (adipogenesis) and the size of individual
adipocytes (hypertrophy). Mammals have at least three types of adipocytes: white, beige,
and brown adipocytes®. White adipose tissue (WAT) depots are widely distributed
intra-abdominally or subcutaneously and are composed of WAT with a large unilocular
lipid droplet for energy storage in triglycerides form, which is their primary function.
Lipolysis and energy release from WAT as free fatty acids are triggered by appropriate
systemic stimuli of starvation or lack of energy. WAT also secretes adipokines such as
adiponectin and leptin to modulate organismal energy homeostasis®”. 88,

On the other hand, brown and beige adipocytes have multilocular intracellular
lipid droplets and are rich in mitochondria that stimulate heat production. Thus, they
are also called thermogenic adipocytes®t. Due to the energy-consuming feature of
thermogenic adipocytes, it has been suggested that promoting brown/beige
adipogenesis would be an advantageous approach to treat obesity®’.

Relation of dietary lignans with obesity

Phytochemicals in foods may stimulate adipogenesis and exhibit anti-obesity activity®’.
Phytoestrogens are one of the potential phytochemical groups that affect lipid
metabolism by promoting adipogenesis®#. The ability of phytoestrogens to activate or
inhibit PPAR signaling in adipocytes determines whether they are pro- or anti-
adipogenic®. Since phytoestrogens can influence adipose tissue distribution, their intake
may reduce the amount of visceral fat and, as a result, the risk of metabolic
complications associated with obesity?!. Several mechanisms have been proposed that
support the role of lignans in combating obesity?>?3. Flaxseed is an excellent source of

15



Chapter 1

lignans!”> %4 %5 and has been used to reduce obesity-related disease conditions such as
hypertension, cardiovascular disease, and diabetes?®"7.

Recent studies investigated the association between lignan intake and obesity.
A cross-sectional study showed a significant negative correlation between lignan intake
and body mass index (BMI) (-1.85 kg/m? per mg/d; CI:-12.10,-0.40) in 404 Iranian
women®. Another study on sesame lignans reported that 3 ug/ml of lignans could
decrease serum triglycerides and alleviate cellular oxidative stress. In addition, it was
demonstrated that lignans participated in hepatic lipid metabolism via the AMPK and
PPAR signalling pathways, which regulated various cellular activities such as fat
synthesis and fat oxidation?. Thus, both human studies as well as molecular studies
suggest that dietary lignans can affect obesity and related lipid metabolism.

ZOOMING ON THE DIETARY INTAKE AND OBESITY SCENARIO IN
MALAYSIA

In Malaysia, approximately 15.7% of adults are obese!™. According to World Health
Organization (WHO) statistics from 2016, more than 42% of Malaysians are
overweight. Furthermore, Malaysia has the second-highest obesity rate among children
and adolescents in Asia, at around 12.7%101. Globalization affects Malaysia, causing a
change from traditional diets and lifestyles to more Westernized versions.

Despite three nationwide lockdowns, Malaysia's confirmed COVID-19 cases
continued to rise. Restricted movement, unhealthy eating habits, and a decrease in
moderate-to-vigorous intensity physical activity due to limited access to exercise
amenities during the lockdowns can significantly impact body weight and body
composition!>1%4 A" recent study found a marginal increase in the prevalence of
overweight/obesity among Malaysian adults after a year of the COVID-19 pandemic
(pre-pandemic 48.4%, versus pandemic 49.2%)105.

Many developing countries, including Malaysia, fail to ensure that their
populations consume adequate amounts of fruits and vegetables'?°. The Malaysian Non-
Communicable Disease Surveillance highlighted the rapid rise of obesity!?” due to the
low intake of fruits and vegetables. Vegetable intake, for example, decreased by around
5% between 2003 and 2014198, On top of that, research reported that education, income,
and residence location are significant predictors of fruits and vegetable intake!®.
Additionally, 68.1% reported consuming high sugar-sweetened beverages and calorie-
dense local foods, depending on gender and ethnicity!!".

16
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Recognizing the importance of the growing obesity problem, the Ministry of
Health, the Academy of Medicine, and several specialist medical societies collaborated
to develop and publish Clinical Guidelines for the Management of Obesity!!l. The
Malaysian Association for the Study of Obesity published an obesity prevention strategy
in 2005. Aside from elucidating the role of diet and physical activity, the report
acknowledged that obesity management should be a collaborative effort involving
government, industry, professional bodies, non-governmental organizations,
communities, and individuals!!2,

It was also concluded that a national approach needs to be in place to help
prevent, treat and manage obesity in Malaysia, and to fill research gaps, potential new
foods or compounds should be investigated to help prevent obesity. Lignans are a good
candidate for this, although there is currently no data on lignan intake in Malaysia,
particularly in relation to obesity. Furthermore, the knowledge gained on the
bioavailability of compounds such as lignans from, e.g., Malaysian foods, could be
applied more globally.

AIM AND THESIS OUTLINE

Evidently, expanding the data on the lignan content of foods could improve dietary
assessment in future studies and help to clucidate the mechanisms of actions that
underpin the health benefits of dietary lignans. A better understanding of the role of
the food matrix, as modulated by processing, on the fate of lignans in the
gastrointestinal tract would help to further explore the relationship between different
food properties and differences in microbiota. In addition, the relationship between
food properties and microbiota would help better interpretation of the associations
between lignan intake and health in population-based studies and, most importantly,
design proper strategies to fully exploit the potential of lignans in combating obesity.
The research described in this thesis aims to assess the bioaccessibility and conversion
of lignans by using simulated zz-vitro digestion experiments. Subsequently, a human
population-based study investigates lignan intake in association with obesity.

The sequence of the research is presented in Figure 3. In Chapter 2, a
systematic review of the literature is performed on the potential beneficial role of dietary
phytoestrogens regarding weight loss. In Chapter 3, the effect of bioprocessing on the
lignan content of various foods consumed in Malaysia is investigated. In addition,
flaxseed is included since it is known as a major lignan source. The lignans were
measured by a validated extraction method and quantified by LC-MS/MS. In Chapter
4, the bioaccessibility of flaxseed that was bio-processed by different techniques and

17
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particle sizes and tea brew are assessed by the simulated gastro-intestinal zz-vitro
digestion (INFOGEST). Then, the effect of the food matrix on the conversion of lignhan
to enterolignan is evaluated by the /z-vitro batch fermentation. In Chapter 5, lignan
intake in the Dutch population is assessed in the NQplus study using multiple 24-hour
recalls, and associations between dietary lignan intake and obesity indicators are
evaluated. Finally, in Chapter 6, the main outcomes across all studies are synthesized
and discussed, placed in a larger context, and recommendations for further research are

being made.

In-vitro bioaccessibility
and conversion of lignans

Influence of processing
on lignan content

= 1

Lignan intake & association
between obesity

Free-living Dutch adults

Figure 3: Schematic overview of the different goals addressed in this thesis and their
interconnection

18



General introduction

REFERENCES

1.

10.

11.

12.

D. J. Hoffman, T. L. Powell, E. S. Barrett and D. B. Hardy, Developmental
origins of metabolic diseases, Physiological reviews, 2021, 101, 739-795.

C. R. Cederroth, M. Vinciguerra, F. Kuhne, R. Madani, D. R. Doerge, T. J.
Visser, M. Foti, F. Rohner-Jeanrenaud, J. D. Vassalli and S. Nef, A
phytoestrogen-rich diet increases energy expenditure and decreases adiposity
in mice, Environmental Health Perspectives, 2007, 115, 1467-1473.

S. Bashir, S. Ali and F. Khan, Partial reversal of obesity-induced insulin
resistance owing to anti-inflammatory immunomodulatory potential of
flaxseed oil, Immunological Investigations, 2015, 44, 451-469.

A. Crozier, J. Burns, A. A. Aziz, A. J. Stewart, H. S. Rabiasz, G. 1. Jenkins, C.
A. Edwards and M. E. Lean, Antioxidant flavonols from fruits, vegetables
and beverages: measurements and bioavailability, Biological Research, 2000, 33,
79-88.

J. A. Rothwell, J. Perez-Jimenez, V. Neveu, A. Medina-Remon, N. M'hiri, P.
Garcia-Lobato, C. Manach, C. Knox, R. Eisner and D. S. Wishart, Phenol-
Explorer 3.0: a major update of the Phenol-Explorer database to incorporate
data on the effects of food processing on polyphenol content, Database, 2013,
2013.

A. V. Sirotkin and A. H. Harrath, Phytoestrogens and their effects, Ewuropean
Journal of pharmacology, 2014, 741, 230-236.

Cassidy, Potential risks and benefits of phytoestrogen-rich diets, International
Journal for Vitamin and Nutrition Research, 2003, 73, 120-126.

C. R. Cederroth, J. Auger, C. Zimmermann, F. Eustache and S. Nef, Soy,
phyto-oestrogens and male reproductive function: a review, International jonrnal
of andrology, 2010, 33, 304-316.

I. Paterni, C. Granchi, J. A. Katzenellenbogen and F. Minutolo, Estrogen
receptors alpha (ERa) and beta (ERB): subtype-selective ligands and clinical
potential, Steroids, 2014, 90, 13-29.

I. M. Rietjens, A. M. Sotoca, J. Vervoort and J. Louisse, Mechanisms
underlying the dualistic mode of action of major soy isoflavones in relation to
cell proliferation and cancer risks, Molecular nutrition & food research, 2013, 57,
100-113.

L. Molina, F. A. Bustamante, K. D. Bhoola, C. D. Figueroa and P. Ehrenfeld,
Possible role of phytoestrogens in breast cancer via GPER-1/GPR30
signaling, Clinical Science, 2018, 132, 2583-2598.

R. Consonni and G. Ottolina, NMR Characterization of Lignans, Molecules,
2022, 27, 2340.

19



Chapter 1

13.

14.

15.

16.

17.

18.

19.

20.

21.
22,

23.

24,

25.
20.

M. Yousefzadi, M. Sharifi, N. A. Chashmi, M. Behmanesh and A.
Ghasempour, Optimization of podophyllotoxin extraction method from
Linum album cell cultures, Pharmacentical biology, 2010, 48, 1421-1425.

V. Beejmohun, O. Fliniaux, C. Hano, S. Pilard, E. Grand, D. Lesur, D.
Cailleu, F. Lamblin, E. Lainé and J. Kovensky, Coniferin dimerisation in
lignan biosynthesis in flax cells, Phytochermistry, 2007, 68, 2744-2752.

S. Suzuki and T. Umezawa, Biosynthesis of lignans and norlignans, Journal of
Wood Science, 2007, 53, 273-284.

M. Saleem, H. J. Kim, M. S. Ali and Y. S. Lee, An update on bioactive plant
lignans, Natural product reports, 2005, 22, 696-716.

I. E. Milder, 1. C. Arts, B. van de Putte, D. P. Venema and P. C. Hollman,
Lignan contents of Dutch plant foods: a database including lariciresinol,
pinoresinol, secoisolariciresinol and matairesinol, British Journal of Nutrition,
2005, 93, 393-402.

J. M. Landete, Plant and mammalian lignans: A review of source, intake,
metabolism, intestinal bactetia and health, Food Research International, 2012, 46,
410-424.

F. L. Miles, S. L. Navarro, Y. Schwarz, H. Gu, D. Djukovic, T. W. Randolph,
A. Shojaie, M. Kratz, M. A. Hullar and P. D. Lampe, Plasma metabolite
abundances are associated with urinary enterolactone excretion in healthy
participants on controlled diets, Food & function, 2017, 8, 3209-3218.

Y. Zhang and B. Simpson, Editorial overview: Food bioprocessing, Current
Opinion in Food Science, 2022, 44, 100810.

M. O’Callaghan, in Natural food colorants, Springer, 1996, pp. 80-111.

M. V. Copetti, Fungi as industrial producers of food ingredients, Current
opinion in food science, 2019, 25, 52-56.

L. P. Meagher and G. R. Beecher, Assessment of data on the lighan content
of foods, Journal of food composition and analysis, 2000, 13, 935-947.

H. Wang, J. Wang, X. Guo, C. S. Brennan, T. Li, X. Fu, G. Chen and R. H.
Liu, Effect of germination on lignan biosynthesis, and antioxidant and
antiproliferative activities in flaxseed (Linum usitatissimum L.), Food Chemistry,
2016, 205, 170-177.

M. R. Paulsen, in Soybeans, Elsevier, 2008, pp. 151-192.

H. Shi, P. K. Nam and Y. Ma, Comprehensive profiling of isoflavones,
phytosterols, tocopherols, minerals, crude protein, lipid, and sugar during
soybean (Glycine max) germination, Journal of Agricultural and Food Chemistry,
2010, 58, 4970-4976.

20



27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

General introduction

R.-Y. Gan, W.-Y. Lui, K. Wu, C.-L. Chan, S.-H. Dai, Z.-Q. Sui and H. Corke,
Bioactive compounds and bioactivities of germinated edible seeds and
sprouts: An updated review, Trends in Food Science & Technology, 2017, 59, 1-14.
R. P. Ross, S. Morgan and C. Hill, Preservation and fermentation: past,
present and future, International journal of food microbiology, 2002, 79, 3-16.

U. Holker and J. Lenz, Solid-state fermentation—are there any
biotechnological advantages?, Current opinion in microbiology, 2005, 8, 301-306.
R.-L. Heinio, K. Katina, A. Wilhelmson, O. Myllymiki, T. Rajamiki, K.
Latva-Kala, K.-H. Liukkonen and K. Poutanen, Relationship between sensory
perception and flavour-active volatile compounds of germinated, sourdough
fermented and native rye following the extrusion process, LW I-Food Science
and Technology, 2003, 36, 533-545.

M. Salmenkallio-Marttila, K. Katina and K. Autio, Effects of bran
fermentation on quality and microstructure of high-fiber wheat bread, Cerea/
Chemistry, 2001, 78, 429-435.

A. K. Anal, Quality ingredients and safety concerns for traditional fermented
foods and beverages from Asia: A review, Fermentation, 2019, 5, 8.

M. L. Marco, D. Heeney, S. Binda, C. J. Cifelli, P. D. Cotter, B. Foligné, M.
Ginzle, R. Kort, G. Pasin and A. Pihlanto, Health benefits of fermented
foods: microbiota and beyond, Current opinion in biotechnology, 2017, 44, 94-102.
A. Mani, P. K. Paul and 1. Wilson, Effect of sodium substitution on Lactic
Acid Bacteria and Total Bacterial population in Mango pickle, International
Journal of Current Microbiology and Applied Sciences, 2017, 6, 2199-2205.

S.-Y. Lee and D. Kang, Microbial safety of pickled fruits and vegetables and
hurdle technology, Internet Jonrnal of food safety, 2004, 4, 21-32.

S. S. Behera, A. F. El Sheikha, R. Hammami and A. Kumar, Traditionally
fermented pickles: How the microbial diversity associated with their
nutritional and health benefits?, Jowrnal of Functional Foods, 2020, 70, 103971.
A. Mackie, in Interdisciplinary approaches to food digestion, Springer, 2019, pp. 11-
27.

I. Sensoy, A review on the food digestion in the digestive tract and the used
in vitro models, Current research in food science, 2021, 4, 308-319.

D. Dupont, S. Le Feunteun, S. Marze and I. Souchon, Structuring food to
control its disintegration in the gastrointestinal tract and optimize nutrient
bioavailability, Innovative Food Science & Emerging Technologies, 2018, 46, 83-90.
G. M. Bornhorst, Gastric mixing during food digestion: mechanisms and
applications, Annual review of food science and technology, 2017, 8, 523-542.

A. Mackie, Food: More than the sum of its parts, Current Opinion in Food
Science, 2017, 16, 120-124.

21



Chapter 1

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

K. C. Drechsler and M. J. Ferrua, Modelling the breakdown mechanics of
solid foods during gastric digestion, Food Research International, 2016, 88, 181-
190.

G. M. Bornhorst and R. P. Singh, Kinetics of in vitro bread bolus digestion
with varying oral and gastric digestion parameters, Food bigphysics, 2013, 8, 50-
59.

A.-I. Mulet-Cabero, A. R. Mackie, P. J. Wilde, M. A. Fenelon and A.
Brodkorb, Structural mechanism and kinetics of in vitro gastric digestion are
affected by process-induced changes in bovine milk, Food Hydrocolloids, 2019,
86, 172-183.

M. J. Ferrua, F. Kong and R. P. Singh, Computational modeling of gastric
digestion and the role of food material properties, Trends in Food Science &
Technology, 2011, 22, 480-491.

F. Shahidi and H. Peng, Bioaccessibility and bioavailability of phenolic
compounds, Journal of Food Bioactives, 2018, 4, 11—-68-11-068.

S. Kamiloglu, A. A. Pasli, B. Ozcelik and E. Capanoglu, Evaluating the in
vitro bioaccessibility of phenolics and antioxidant activity during
consumption of dried fruits with nuts, LW T-Food Science and Technology, 2014,
56, 284-289.

E. Capuano, T. Oliviero, V. Fogliano and N. Pellegrini, Role of the food
matrix and digestion on calculation of the actual energy content of food,
Nutrition reviews, 2018, 76, 274-289.

N. Mateo Anson, A. M. Aura, E. Selinheimo, 1. Mattila, K. Poutanen, R. Van
Den Berg, R. Havenaar, A. Bast and G. R. Haenen, Bioprocessing of wheat
bran in whole wheat bread increases the bioavailability of phenolic acids in
men and exerts antiinflammatory effects ex vivo, The Journal of nutrition, 2011,
141, 137-143.

A. Kuijsten, I. C. W. Arts, P. van't Veer and P. C. H. Hollman, The Relative
Bioavailability of Enterolignans in Humans Is Enhanced by Milling and
Crushing of Flaxseed, The Journal of Nutrition, 2005, 135, 2812-2816.

W. Stahl, H. Van Den Berg, J. Arthur, A. Bast, J. Dainty, R. M. Faulks, C.
Girtner, G. Haenen, P. Hollman and B. Holst, Bioavailability and
metabolism, Molecular aspects of medicine, 2002, 23, 39-100.

A. Peiroten, P. Gaya, I. Alvarez, D. Bravo and ]. M. Landete, Influence of
different lignan compounds on enterolignan production by Bifidobacterium
and Lactobacillus strains, In# | Food Microbiol, 2019, 289, 17-23.

Y. Li, F. Wang, J. Li, K. L. Ivey, J. E. Wilkinson, D. D. Wang, R. Li, G. Liu,
H. A. Eliassen and A. T. Chan, Dietary lignans, plasma enterolactone levels,

22



54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

General introduction

and metabolic risk in men: exploring the role of the gut microbiome, BMC
miterobiology, 2022, 22, 1-13.

J. M. Hall, H. A. Powell, L. Rajic and K. S. Korach, The role of dietary
phytoestrogens and the nuclear receptor PPARYy in adipogenesis: An in vitro
study, Environmental Health Perspectives, 2019, 127, 037007-037001-037007-
037013.

T. Clavel, J. Doré and M. Blaut, Bioavailability of lignans in human subjects,
Nutrition research reviews, 2006, 19, 187-196.

A. Senizza, G. Rocchetti, J. I. Mosele, V. Patrone, M. L. Callegari, L. Morelli
and L. Lucini, Lignans and gut microbiota: An interplay revealing potential
health implications, Molecules, 2020, 25, 5709.

E. Halldin, A. K. Eriksen, C. Brunius, A. B. da Silva, M. Bronze, K.
Hanhineva, A. M. Aura and R. Landberg, Factors explaining interpersonal
variation in plasma enterolactone concentrations in humans, Molecular nutrition
& food research, 2019, 63, 1801159.

C. L. Frankenfeld, Cardiometabolic risk and gut microbial phytoestrogen
metabolite phenotypes, Mo/ Nutr Food Res, 2017, 61.

L. Roncaglia, A. Amaretti, S. Raimondi, A. Leonardi and M. Rossi, Role of
bifidobacteria in the activation of the lighan secoisolariciresinol diglucoside,
Applied Microbiology and Biotechnology, 2011, 92, 159-168.

J.-S. Jin, Y.-F. Zhao, N. Nakamura, T. Akao, N. Kakiuchi, B.-S. Min and M.
Hattori, Enantioselective dehydroxylation of enterodiol and enterolactone
precursors by human intestinal bacteria, Biological and Pharmacentical Bulletin,
2007, 30, 2113-2119.

T. Clavel, D. Borrmann, A. Braune, J. Doré and M. Blaut, Occurrence and
activity of human intestinal bacteria involved in the conversion of dietary
lignans, Anaerobe, 20006, 12, 140-147.

T. Clavel, G. Henderson, W. Engst, ]J. Doré and M. Blaut, Phylogeny of
human intestinal bacteria that activate the dietary lignan secoisolariciresinol
diglucoside, FEMS microbiology ecology, 2006, 55, 471-478.

C. Fuentealba, F. Figuerola, A. M. Estévez, J. M. Bastias and O. Mufioz,
Bioaccessibility of lignans from flaxseed (Linum usitatissimum I..) determined
by single-batch in vitro simulation of the digestive process, Journal of the science
of food and agriculture, 2014, 94, 1729-1738.

G. Velderrain-Rodriguez, H. Palafox-Carlos, A. Wall-Medrano, J. Ayala-
Zavala, C. O. Chen, M. Robles-Sanchez, H. Astiazaran-Garcia, E. Alvarez-
Parrilla and G. Gonzalez-Aguilar, Phenolic compounds: their journey after
intake, Food & function, 2014, 5, 189-197.

23



Chapter 1

65.

66.

67.

68.

69.

70.

71.

72.

73.

E. Bartkiene, G. Juodeikiene, L. Basinskiene, K.-H. Liukkonen, H.
Adlercreutz and H. Kluge, Enterolignans enterolactone and enterodiol
formation from their precursors by the action of intestinal microflora and
their relationship with non-starch polysaccharides in various berries and
vegetables, LW I-Food Science and Technology, 2011, 44, 48-53.

S. Bolca, T. Van de Wiele and S. Possemiers, Gut metabotypes govern health
effects of dietary polyphenols, Current opinion in biotechnology, 2013, 24, 220-225.
C. Manach, D. Milenkovic, T. Van de Wiele, A. Rodriguez-Mateos, B. de
Roos, M. T. Garcia-Conesa, R. Landberg, E. R. Gibney, M. Heinonen and F.
Tomas-Barberan, Addressing the inter-individual variation in response to
consumption of plant food bioactives: towards a better understanding of their
role in healthy aging and cardiometabolic risk reduction, Molecular nutrition &
Jfood research, 2017, 61, 1600557.

A. Cortés-Martin, M. V. Selma, F. A. Tomas-Barberian, A. Gonzalez-Sarrias
and J. C. Espin, Where to look into the puzzle of polyphenols and health?
The postbiotics and gut microbiota associated with human metabotypes,
Molecular Nutrition & Food Research, 2020, 64, 1900952.

M. Palmnis, C. Brunius, L. Shi, A. Rostgaard-Hansen, N. E. Torres, R.
Gonzalez-Dominguez, R. Zamora-Ros, Y. L. Ye, J. Halkjer and A.
Tjenneland, Perspective: metabotyping—a potential personalized nutrition
strategy for precision prevention of cardiometabolic disease, Advances in
Nutrition, 2020, 11, 524-532.

J. C. Espin, A. Gonzalez-Sarrias and F. A. Tomas-Barberan, The gut
microbiota: A key factor in the therapeutic effects of (poly) phenols,
Biochemical pharmacology, 2017,139, 82-93.

S. Possemiers, S. Bolca, E. Eeckhaut, H. Depypere and W. Verstraete,
Metabolism of isoflavones, lignans and prenylflavonoids by intestinal bacteria:
producer phenotyping and relation with intestinal community, FEMS
mitcrobiology ecology, 2007, 61, 372-383.

U. Knust, B. Spiegelhalder, T. Strowitzki and R. Owen, Contribution of
linseed intake to urine and serum enterolignan levels in German females: A
randomised controlled intervention trial, Food and chemical toxicology, 20006, 44,
1057-1064.

E. Eeckhaut, K. Struijs, S. Possemiers, J.-P. Vincken, D. D. Keukeleire and
W. Verstraete, Metabolism of the lignan macromolecule into enterolignans in
the gastrointestinal lumen as determined in the simulator of the human
intestinal microbial ecosystem, Journal of agricultural and food chemistry, 2008, 56,
4806-4812.

24



74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

General introduction

M. A. Hullar, S. M. Lancaster, F. Li, E. Tseng, K. Beer, C. Atkinson, K.
Wihild, W. K. Copeland, T. W. Randolph and K. M. Newton, Enterolignan-
producing phenotypes are associated with increased gut microbial diversity
and altered composition in premenopausal women in the United States,
Cancer Epidemiology and Prevention Biomarkers, 2015, 24, 546-554.

D. Milenkovic, C. Morand, A. Cassidy, A. Konic-Ristic, F. Tomas-Barberan,
J. M. Ordovas, P. Kroon, R. d. Caterina and A. Rodriguez-Mateos,
Interindividual variability in biomarkers of cardiometabolic health after
consumption of major plant-food bioactive compounds and the determinants
involved, Advances in Nutrition, 2017, 8, 558-570.

F. A. Tomas-Barberan and J. C. Espin, Effect of food structure and
processing on (Poly) phenol—gut microbiota interactions and the effects on
human health, Annual Review of Food Science and Technology, 2019, 10, 221-238.
WHO, World Health Organization obesity and overweight fact sheet. Journal,
2020.

K. Fontaine and I. Barofsky, Obesity and health-related quality of life, Obesity
reviews, 2001, 2, 173-182.

A. Peeters, J. J. Barendregt, F. Willekens, J. P. Mackenbach, A. A. Mamun, L.
Bonneux, t. N. E. for NEDCOM and D. C. o. M. R. Group*, Obesity in
adulthood and its consequences for life expectancy: a life-table analysis,
Annals of internal medicine, 2003, 138, 24-32.

D. Withrow and D. A. Alter, The economic burden of obesity worldwide: a
systematic review of the direct costs of obesity, Obesity reviews, 2011, 12, 131-
141.

P. Zimmet, K. Alberti and J. Shaw, Global and societal implications of the
diabetes epidemic, Nature, 2001, 414, 782-787.

M. Todd Miller, C. J. Lavie and C. J. White, Impact of obesity on the
pathogenesis and prognosis of coronary heart disease, Journal of the
cardiometabolic syndrome, 2008, 3, 162-167.

G. W. Dittrick, J. S. Thompson, D. Campos, D. Bremers and D. Sudan,
Gallbladder pathology in morbid obesity, Obesity surgery, 2005, 15, 238-242.

L. Yang, B. F. Drake and G. A. Colditz, Obesity and other cancers, Journal of
Clinical Oncology, 2016, 34, 4231-4237.

M. W. Tsoulis, V. L. Garcia, W. Hou, C. Arcan and J. D. Miller, Comparing
body mass index and obesity-related comorbidities as predictors in
hospitalized COVID-19 patients, Clinical Obesity, 2022, e12514.

M. A. Ambele, P. Dhanraj, R. Giles and M. S. Pepper, Adipogenesis: a
complex interplay of multiple molecular determinants and pathways,
International Journal of Molecular Sciences, 2020, 21, 4283.

25



Chapter 1

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

J. Zhao, A. Zhou and W. Qi, The Potential to Fight Obesity with
Adipogenesis Modulating Compounds, International Journal of Molecular Sciences,
2022, 23, 2299.

P. E. Scherer, Adipose tissue: from lipid storage compartment to endocrine
organ, Diabetes, 2006, 55, 1537-1545.

S. J. Bhathena and M. T. Velasquez, Beneficial role of dietary phytoestrogens
in obesity and diabetes, The American journal of clinical nutrition, 2002, 76, 1191-
1201.

E. Calleri, G. Pochetti, K. S. Dossou, A. Laghezza, R. Montanari, D. Capelli,
E. Prada, F. Loiodice, G. Massolini and M. Bernier, Resveratrol and its
metabolites bind to PPARs, ChenBioChernz, 2014, 15, 1154-1160.

A. Kurylowicz, M. Cakatla-Jakimowicz and M. Puzianowska-Kuznicka,
Targeting abdominal obesity and its complications with dietary
phytoestrogens, Nutrients, 2020, 12.

G. Moss, Nomenclature of lignans and neolignans (IUPAC
Recommendations 2000), Pure and applied chemistry, 2000, 72, 1493-1523.

T. Umezawa, Diversity in lignan biosynthesis, Phytochemistry Reviews, 2003, 2,
371-390.

Y. Rhee and A. Brunt, Flaxseed supplementation improved insulin resistance
in obese glucose intolerant people: A randomized crossover design, Nutrition
Jonrnal, 2011, 10.

S. Horita, G. Seki, H. Yamada, M. Suzuki, K. Koike and T Fujita, Insulin
resistance, obesity, hypertension, and renal sodium transport, International
Journal of hypertension, 2011, 2011.

A. Paula Santos, M. M Rogero and D. HM Bastos, Edible plants, their
secondary metabolites and antiobesogenic potential, Recent patents on food,
nutrition & agriculture, 2010, 2, 195-212.

K. Singh, D. Mridula, J. Rehal and P. Barnwal, Flaxseed: a potential source of
food, feed and fiber, Critical reviews in food science and nutrition, 2011, 51, 210-222.
Y. Aali, S. Ebrahimi, F. Shiraseb and K. Mirzaei, The association between
dietary polyphenol intake and cardiometabolic factors in overweight and
obese women: a cross-sectional study, BMC endocrine disorders, 2022, 22, 1-9.
L. Shi, E. Karrar, R. Liu, M. Chang and X. Wang, Comparative effects of
sesame lignans (sesamin, sesamolin, and sesamol) on oxidative stress and lipid
metabolism in steatosis HepG2 cells, Journal of Food Biochemistry, 2022, e14180.
K. Benchoula, M. S. Vohra, 1. S. Parhar and W. E. Hwa, Metabolomics based
biomarker identification of anti-diabetes and anti-obesity properties of
Malaysian herbs, Metabolomics, 2022, 18, 1-12.

WHO, Obesity and over-weight, 2018.

26



102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

General introduction

N. Stefan, Causes, consequences, and treatment of metabolically unhealthy fat
distribution, The lancet Diabetes & endocrinology, 2020, 8, 616-627.

S. T. Tan, C. X. Tan and S. S. Tan, Changes in dietary intake patterns and
weight status during the COVID-19 lockdown: A cross-sectional study
focusing on young adults in Malaysia, Nutrients, 2022, 14, 280.

S. T. Tan, C. X. Tan and S. S. Tan, Physical activity, sedentary behavior, and
weight status of university students during the covid-19 lockdown: A cross-
national comparative study, International Journal of Environmental Research and
Public Health, 2021, 18, 7125.

S. T. Tan, S. S. Tan and C. X. Tan, Weight trajectory during the COVID-19
pandemic: A cross-sectional study in Malaysia, Open Health, 2022, 3, 44-49.

J. N. Hall, S. Moore, S. B. Harper and J. W. Lynch, Global variability in fruit
and vegetable consumption, Awerican journal of preventive medicine, 2009, 36, 402-
409. e405.

A. K. Tan, R. A. Dunn, M. I. A. Samad and M. 1. Feisul, Sociodemographic
and health-lifestyle determinants of obesity risks in Malaysia, .Asza Pacific
Jonrnal of Public Health, 2011, 23, 192-202.

MANS, The National Health and Morbidity Survey 2014, 2014.

S.T. Yen and A. K. Tan, Who are eating and not eating fruits and vegetables
in Malaysiar, International journal of public health, 2012, 57, 945-951.

C. W. Eng, S. C. Lim, C. Ngongo, Z. H. Sham, 1. Kataria, A. Chandran and F.
I. Mustapha, Dietary practices, food purchasing, and perceptions about
healthy food availability and affordability: a cross-sectional study of low-
income Malaysian adults, BMC Public Health, 2022, 22, 1-9.

L. K. Ghee, A review of adult obesity research in Malaysia, Med | Malaysia,
2016, 71, 7.

M. 1. Noor, P. B. Koon and Z. Hashim, Strategy for the prevention of obesity-
Malaysia, Malaysia Association for the Study of Obesity, 2008.

27

P






CHAPTER 2

Beneficial role of dietary lignans and
isoflavones in weight reduction:
A review

Umi Kalsum Hussain Zaki
Laura Trij sbufg
. Anneleen Kuijsten

Edoardo Capuano
Edith J.M. Feskens

(Submitted)




Chapter 2

LIGNANS
15 reviews

CAB Abstract, n=1048
Scopus, n= 3266 [ncluded‘
for analysis
Pubmed, n= 384

ISOFLAVONES
13 reviews

Record searching, n=4698
2010 to April 2022

30



Systematic review

ABSTRACT

The epidemic of obesity represents a rapidly growing global trend, with an estimated
38% of the world's adult population will be overweight, and another 20% will be obese
by 2030. Phytochemicals have been shown to affect energy metabolism and possibly
weight loss. Lignans and isoflavones are two major phytoestrogens classes, basically
being biologically active plant-derived compounds with a chemical structure similar to
estrogen. They exist in the plant as glycosides and are converted to active forms by
intestinal microbiota in the colon. The present work describes the occurrence of lignans
and isoflavones in foods, as well as their bioavailability and metabolism, including
absorption in the gut. In addition, a systematic review of dietary interventions that
address the link between lignans and isoflavones intake and weight loss and the
proposed underlying mechanisms is presented. The systematic review included 28
observational and experimental studies. Significant beneficial effects of dietary lignans
and isoflavones on weight reduction were observed in both human and animal studies
and in normal weight and obese subjects. This effect is mediated by nuclear
transcription factors, such as PPARs and SREBPs, which are the central modulators of
lipid metabolism. These nuclear transcript factors possibly suppress adipose tissue
growth, thus inhibiting adipogenesis and increasing energy expenditure, reducing
adipose tissue mass. In conclusion, lignans and isoflavones could be a potential
alternative dietary source in preventing and treating obesity. Future studies that focus
on how processing impacts lignan content and its bioaccessibility and conversion are
needed to understand the role of lignan associated with obesity.

Keywords: lignans, isoflavones, weight reduction, microbiota, bioavailability
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INTRODUCTION

The continuous rise in average body mass and its associated prevalence of obesity in
adults and children has been one of the most dramatic changes in modern society!. The
WHO Expert Consultation held in 1997 cautioned this epidemic would escalate, and
the prevalence statistics have increased rapidly since that date in almost all countries?.
An estimated 38% of the world's adult population will be overweight, and another 20%
will be obese by 20303. The large increase in obesity has been mainly attributed to the
change in dietary patterns characterized by high-energy foods in combination with
reduced physical activity*.

Searching for effective dietary strategies for mitigating excessive weight gain
has become essential. Certain phytochemical classes have gained more attention, i.e.,
phytoestrogens. Lignans and isoflavones are two major groups of phytoestrogens with
estrogenic properties. They occur in the plant as glycosides and are converted to active
forms by intestinal microbiota in the colon® Some studies found that lignan-rich diets
increase energy expenditure in mice®’. Furthermore, soy-based isoflavones were shown
to have favorable effects on reducing weight and fat composition, lower triglycerides,
and positively affecting glycemic control®. These compounds were reported to correlate
positively with weight reduction observed in healthy and experimental animals, healthy
humans, and obese subjects®12.

The bioavailability of lignans and isoflavones, i.e., the fraction of ingested
bioactive compounds absorbed by the intestinal epithelium and transported to the
active sites, probably modulates the health effect of these compounds. This
bioavailability depends on the food matrix wherein phytochemicals occur and on the
host's physiological factors, including the gut microbiota's metabolism8. The colonic
microbiota are responsible for converting the parent compounds into more bioactive
metabolites that can be absorbed by the colon epithelium!3. The gut microbiota
composition, in turn, is affected by several factors such as genetics'4, gender!>, and age's,
including long and short-term habitual dietary intake!”.

Based on the existing evidence, the mechanism of action of lignans and
isoflavones on body weight and fat metabolism remains unclear. Therefore, this review
scrutinizes the information on the possible role of dietary lignans and isoflavones in
weight loss. Then, the chemistry and biochemistry, availability and food source, and the
effect of processing will be summarized. In addition, the bioavailability, including the
fate due to microbial metabolism in the gut as well as the putative mechanisms
responsible for weight reduction, will be discussed.
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MATERIAL AND METHODS

This review aims to summarise information on phytoestrogens occurrence in foods,
their bioavailability, and metabolism, as well as the role of gut microbiota metabolism
on their health effect. Finally, we investigate the association of these phytoestrogens
with weight reduction. For this latter part of the aim, a literature search was conducted
within three databases: CAB Abstracts, Scopus, and PubMed. Title-abstract-keywords
were included in three different search strings, one on obesity-related terms; (“losing
weight” OR “weight reduction” OR obesity OR overweight OR “weight management”
OR “overnutrition” OR “body mass index”), the second including food-related terms
(food OR beverages OR “raw food” OR “cooked food” OR diet OR “processed food”)
and the third, on phytoestrogen related compounds (phytoestrogens OR lignan OR
coumestan OR isoflavone OR polyphenol OR flavonoid). The operator AND
combined the search strings. The searches were limited to English journal articles and
publications from 2010 to April 2022. Initially, 4,698 articles were found (1,048 CAB
Abstract, 3,266 Scopus, Pubmed 384); after deduplication, 3,762 articles were included
(Figure 1).

Identified publications were screened based on the title and abstract by the
2009 Preferred Reporting Items for Systematic Reviews and Meta-analyses (PRISMA)
guidelines'®. The exclusion criteria were: not related to weight reduction, and
subsequently: 1: an active compound that is not associated with weight loss, 2: broad
and general discussion on weight loss, 3: food without compound mentioned or only a
single compound without the food being analyzed, 4: not a phytoestrogen compounds
(vitamin, fatty acids, mineral, acetic acid, etc.) and 5: other programmes related to weight
loss (physical activity, diet regimes) with no active compound being investigated.

After the title-abstract screening, 102 articles remained for full-text reading
using the mentioned exclusion criteria. After reading the full text, 28 articles were
selected for further evaluation, 15 and 13 on lignans and isoflavones, respectively. Data
were extracted on the phytoestrogen content of foods, chemical structure, microbial
activity, bioavailability, and mechanisms of action on weight reduction. The flow
diagram in Figure 1 describes the process for the literature selection of the review on
the phytoestrogens associated with weight reduction.
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RESULTS
LIGNANS
Chemistry and biochemistry of lignans

Lignans are a class of polyphenolic substances derived from phenylalanine through
dimerization of substituted cinnamic alcohols, found abundantly in plants as esters,
aglycones, or glycosides. Lignans are phenylpropanoid dimers linked by the central C8
carbon of their side chains®. Lignans can be categorized into eight chemical groups and
several subgroups based on how oxygen is integrated into the skeleton and the
cyclization pattern!®. Secoisolariciresinol (SECO) is the most abundant lignan, whereas
matairesinol (MATA), pinoresinol (PINO), and lariciresinol (LARI) occur as minor
components?. LARI and SECO are derived from PINO, while SECO is the common
precursor of MATAS,

Occurrence in food, dietary intake, and effect of processing of lignans

Lignans occur in edible plants?® where they have been detected in different parts,
including roots, leaves, wooden parts, flowers, fruits, and seeds??. Table 1 reports the
content of the main lignans in different food sources. The foods shown were selected
based on the availability of occurrence data for the main lignans and are listed in
descending order of total lignan concentration. Flaxseed is the richest source of lignans,
with an average content of 300 mg/100g. Sesame seeds have the second-highest
concentration of lignans with approximately 40 mg/100g. Brassica vegetables such as
cabbage, brussels sprouts, and kale also have a high level of lignans ranging from 1-2
mg/100g. The richest lignan source among fruits is noni?, widely cultivated in tropical
areas?t,

Furthermore, food processing is known to affect the content of lignans.
Simbalista et al. (2012) found that 89% of the original lighan content of defatted flaxseed
flour was maintained in bread after baking’!. Lignans are stable in the bread-making
process because they are relatively heat stable32. Another study showed that the amount
of lignans in doughs, breads, cookies, and muffins remain stable during baking at 225°C,
with recovery ranging from 73-99% and relatively stable during storage®. In addition,
processing affected the bioavailability of lignans. For example the bioavailability of
lignans was 28% and 43% higher in ground and crushed flaxseed, respectively,
compared to whole flaxseed!®. All in all, there are relatively few reports on the effect of
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various processing and storage conditions on lignan stability, and further investigation
is required.

The median lignan intake in a representative sample of the Dutch population
was calculated to be 1.0 mg/day, based on the sum of four lignans (PINO, LARI,
SECO, and MATA)?. Moteover, in a French study (58,049 women), the median total
lighan intake was 1.1 mg/day®. In addition, a study was conducted to estimate the
lignan intake in five European countries (Denmark, Finland, Italy, Sweden, United
Kingdom) among men and women using a lignan database by Milder et.al?>. The result
showed that the dietary lignan intakes ranged from 1 to 2 mg/day; Swedish men had
the highest lignan intake (1.95 mg/day); and Finnish women had the lowest lignan
intake (1.04 mg/day)**. Similatly, the EPIC-Spanish cohort study found that lignan
intake was 1.0 mg/day.

In most western countries, cereals are the major sources of lignans because of
their regular daily consumption?. The different dietary habits of total lignan intake vary
among countries’. For instance, the main sources of lignan intake in U.S. women were
fruit, berries, and bread3¢, while in German women, breads, nuts, and seeds contributed
the most to lignan intake’. Furthermore, oilseeds, nuts, cereals, vegetables (Brassica
species), fruits, and beverages (tea, coffee, beer, and wine) are the major sources of
lignans in the European diet®.
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Bioavailability of lignans and microbial metabolism in the gut

The bioavailability of lignans varies between individuals and the study population®. At
least 40% of lignans starts to be absorbed and appears in the blood circulation 8-10
hours after ingestion*’. Hydrolysis of the glycosides by the de-glycosylating activity of
membrane-bound enzymes in the small intestine contributes to the increase of
bioavailability of flavonoids in the upper intestine. Still, specific information on the
bioavailability on lignans is missing®. Under strictly anaerobic conditions, intestinal
microbiota convert lignans to enterolignan metabolites enterodiol (END) and
enterolactone (EL). Serum levels and urinary excretion of lignan metabolites are used
as bioavailability markers for lignans intake- 4. The conversion of lignans to END and
EL is initiated by removal of the sugar moiety from the glycosides by bacterial -
glucosidases, followed by several metabolic steps which include reduction,
demethylation, dehydroxylation and oxidation?0.36.42-44,

Secoisosolariciresinol diglucosidase (SDG), the predominant lignan in food, is
metabolized in the gut to SECO, then converted to END and finally to EL, the so-
called enterolignans. Ruminococcus productus, Eubecterium limosum., Clostridium scindes, and
Egoerthella lenta are the common bacteria that convert SECO to END#. 45 46, The
metabolism of MATA to ENL occurs directly in the gut by Peprostreptococcus productus*',
and the bacteria E./enta is involved in converting PINO to LARI and LARI to SECO#*.
Enterolignans can be directly excreted from the colon via feces or absorbed into the
bloodstream#’48 conjugated into glucuronides, sulfoglucoronides, monosulfates, and
disulfates in the epithelium* or in the liver®®. Some of the enterolignans may be re-
excreted in the intestinal tract through bile, then leave the body through feces or are
reabsorbed into the bloodstream and thus enter the enterohepatic circulation®' or are
excreted via the urine as glucuronides and disulfates*->2,

Variations in the composition and activity of the colonic gut microbiota,
intestinal transit time, colon redox state, types of lignans present in the diet, processing
the lighan containing foods undergo; grinding (milling, crushing), and cooking, and the
uses of antibiotics are all factors affecting the extent of lignans conversion into ENL by
gut microbiota!> 3.4 and ultimately the health effect associated with lignan intake*>33.
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Dietary interventions of lignans

We retrieved 15 studies on lignans and body weight, seven human studies, and eight
animal studies, summatized in table 2.

Two observational studies were found. In a human cross-sectional survey from
National Health and Nutrition Examination Survey in the U.S., with 6,806 individuals
studied from 2003 to 2008, enterolighans and creatinine were measured from a spot
urine sample. High-enterodiol concentration was associated with 18% and 42% lower
probability of being overweight and obese, respectively, and 48% lower high-risk waist
circumference among adults. Moreover, high-enterolactone concentration was
associated with a 24% and 64% lower probability of being overweight and obese,
respectively’. A study involving 3,438 young Spaniards between 2 and 24 years old
investigated the prevalence of obesity with lignan intake. It found a strong association
between dietary lignan intake and the prevalence of obesity for boys, with an odds ratio
of 0.34 (CI: 95%, 0.17-0.70) for comparison of the highest versus lowest quartile of
lignan intake>.

A 10-year prospective cohort study on weight change of U.S. women was
performed to examine the association with baseline urinary excretion of enterolactone
(EL) and enterodiol (END). The study observed that in multivariable adjustment
models, women in the highest quartile of EL. and END had an average BMI of 24.6
(CL:95%, 23.9 - 25.3) and 25.5 (CI:95%, 24.8 — 26.2), respectively, compared to women
in lowest quartile had an average of BMI 27.5 (CI1:95%, 26.8 - 28.2) and 26.6 (CI:95%,
25.9 — 27.3), respectively. Moreover, the study investigated the prospective annual
weight change rate during 10-years follow up period. Women in highest quartile of
END gained 0.27 kg/year less (C1:95%, -0.41, -0.12) compared to the lowest quattile.
No significant weight gain change was observed in the EL excretion (P = 0.12). The
data suggested that higher urinary enterolignans excretion was significantly associated
with lower baseline BMI and modestly slower weight gain during a 10-year follow up
period®.

In a randomized crossover trial, 60 overweight or obese women consumed
30 g/day of milled lignan flaxseed for three months. The placebo group received
30g/day of milled rice. The study reported a significantly higher reduction in waist
circumference (WC) and waist-to-hip ratio (WHR) by 5 cm and 0.3 cm, respectively,
compared to the placebo group®. In another randomized trial, Barre et al. (2012) found
significant waist circumference gain in 24 participants by 0.6 cm in treated compared to
2.1 cm in placebo participants. They were given 600 mg of total SDG daily for three
months®. The study showed that the consumption of SDG would help in waist
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circumference management. A third randomized controlled clinical trial of 17 subjects
comparing the effect of flaxseed fiber drink and flaxseed bread for seven days showed
that fecal fat and energy excretion in feces considerably increased by 50% and 23% with
flaxseed drink compared to control. On the other hand, no significant difference was
found comparing the effect of flaxseed drink and bread®s.

On the other hand, a single-blind randomized study showed no significant
reduction in body weight and body composition in a study of 75 adolescents between
13.7 and 21 years that consumed 28 g/d of brown flaxseed, golden flaxseed, or the
equivalent amount of wheat bran for 11 weeks. The low compliance to the food intake
protocol may be one of the reasons why no physiological effect was observed. The
adolescents consumed about half the daily amount provided, which may not have been
adequate to exert the health benefits of flaxseed. In addition, no study has been done
to test the beneficial effects of flaxseed on younger individuals>.

Eight different animal studies were included in the final review. T'wo researches
were done on the effect of SDG on weight reduction in mice on high-fat and high-
fructose diets (HFFD). Supplementation with 40 mg/kg of body weight/day SDG for
12 weeks, showed significantly lower body weight gain (35.8%) compared to the control
group®. Similarly, a study on high fat-fed obese mice given SDG (50 mg/kg of body
weight/day) for eight weeks showed a significant decrease in body weight by 6.1%
compared to the control group®!. Moreover, a study reported that 60 days intake of 3
mg/kg body weight of total extract of HMRLignan™, a purified dietary supplemental
form of 7-Hydroxymatairesinol from Picea abies extract, significantly lowered both body
weight and fat mass by 11% in mice on a high-fat diet®2.

A study on mice investigated whether flaxseed intake could attenuate weight
gain by modulation of obesity gene expression. Both diets with 6% (w/w) defatted
flaxseed and 4% (w/w) flaxseed oil for eight weeks on high-fat diet mice significantly
lower body weight gain by 16.5% in defatted flaxseed and 31.7% in flaxseed oil
compared with a control group '°. Another experimental study by Biasiotto et al. (2014)
investigated the effect of sesame and flaxseeds flour on metabolic parameters on high-
fat diet mice. A decrease in body fat in mice was shown when consuming 20% of sesame
or flaxseed flour®. In addition, a high-fat fructose diet mice study on the intake of 35%
of flaxseed powder for 12 weeks showed a significantly lower body weight gain by 104%
compared 119% to control group®.

Eucommia nlmoides (EU), a small native plant cultivated abundantly in China, also
proved to have beneficial health effects of reducing weight in mice. Twenty-eight
different types of lignans have been isolated from the bark, seeds, and leaves®>%.
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Fujikawa et al. also found that treatment with EU leaves with high lignan content
significantly lowered body weight by 12-23% when EU leaf extract and 14-22% when
EU green leaf powder were consumed by rats on a high-fat diet compared to the control
group. In addition, the result showed that the treatment with both extract and powder
enhanced metabolic function in organs, including diminishing the adenosine
triphosphate (ATP) production in white adipose tissue, accelerating $-oxidation in the
liver, and the use of ketone bodies or glucose in skeletal muscle®’.

Furthermore, a metabolic study of a lignan-rich diet containing Picea abies
extract on obese mice for 60 days, showed a significantly lower body weight of 13%
and fat mass of 18%. This extract is rich in 7-hydroxymatairesinol, as it is found at high
concentrations in the heartwood of branches and knots of the Norway spruce trees
(Picea abies)®?. Table 2 shows the summary of studies evaluating the association of lignans

with weight reduction.
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Mechanism of action on weight reduction of lignans

Studies on lignans have tried to explain the mechanisms responsible for weight
reduction and lipid metabolism.%. Lignans may suppress adipose tissue growth, inhibit
differentiation of preadipocytes, stimulate lipolysis, and induce apoptosis of existing
adipocytes, thus reducing adipose tissue mass in the cell studies?7".

PPARy has been identified as one of the key transcription factors primarily
expressed in adipose tissue, promotes adipocyte differentiation, and activates the
transcription of genes that regulate fatty acid metabolism in the liver’?76, Enterolignans
act as PPARy agonists and regulate the expression of adipogenesis” by effectively
inhibiting the SREBPs receptor that blocks adipogenesis’. PPARs and SREBPs
promote the expression of lipid metabolism enzymes such as adipocyte binding protein,
lipoprotein lipase (LPL), and fatty acid synthetase during adipogenesis (FAS)™. Through
these mechanisms enterolignans regulate the process of lipogenesis and lipolysis, the
two primary metabolic events in adipose tissue functioning to maintain lipid
homeostasis. Lipolysis is the hydrolysis mobilizing triglycerides, while lipogenesis is the
process of synthesis and storage of esterified fatty acids. Both these metabolic pathways
are regulated by the integration of endocrine and neural mechanisms, which is critical
for progression to the final stages of adipocyte differentiation” and should cooperate
in order to diminish fat stores, thereby combating obesity¢3 70 80-82,

ISOFLAVONES
Chemistry and biochemistry of isoflavones

Isoflavones are secondary plant metabolites produced by the leguminous plant®3.
Isoflavones are flavonoids with a basic structure that consists of two benzene rings (A
and B) linked by a heterocyclic pyrone C ring®8>. The benzenoid B ring position of
isoflavones is in the 3-position of the pyrone C ring, which is different from the 2-
position of other flavonoids$*#. Isoflavones are considered nonsteroidal estrogens due
to their structural similarities to estrogens®’. Approximately 98% of isoflavones are
present as glucosides, which are less estrogenic than their respective aglycones.
Aglycone of isoflavones is the biologically active form #. The main isoflavones aglycons
are genistein, daidzein, and glycitein, each of which has three possible glycoside forms:
B-D-glycoside, 6''-O-malonyl-glycoside, and a 6''-O-acetyl-glycoside, respectively.
However, they are primarily present in foods in their 3-D-glycoside form as genistin,
daidzin, glycitin®.
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Occurrence in food, dietary intake, and effect of processing of isoflavones

Isoflavones are found primarily in members of the ILeguminosae family and occur
abundantly in legumes. More than 300 plants contain isoflavones, particularly seeds and
roots™. Soy, lentils, beans, and chickpeas are some of the richest food sources of
isoflavones. The US Food & Drug Administration reported that soybean and soybean
products are the richest food sources of isoflavones®-2. Table 3 summarizes the main
isoflavones content in different food sources. The foods were selected based on the
main isoflavones' data availability and are reported in descending order of abundance.
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Soybean products containing high levels of isoflavones, such as tofu, natto,
soymilk, and fermented foods such as doenjang, soy sauce, tempeh, and miso, are widely
consumed in Asial%®% where the average intake of isoflavones is reported to range
between 8 mg/day and 50 mg/day!®.

Food processing may alter the concentration of isoflavones in foods. A study
reported that cooking soybeans increased genistein content by 60 to 80%. Moreover,
soybean fermentation (tempeh) produced the most significant increase in isoflavones
content by 77 to 93%!110. Germination proved to be one of the processing approaches
to enhance the isoflavone content. A study reported an increase of isoflavones on
sprouted soybean up to 100% from 5 to 7 days of sprouting!!!.

Another finding showed that high temperature and pressure reduced the
total isoflavones content in corn-soy mixtures!!2. This finding was in agreement with a
previous study by Mahungu (1999), who reported a decrease in the overall isoflavones
concentration of soy protein isolates and corn mixtures with three different temperatures of
extrusion (110°C, 130°C, and 150°C)"3. Others have reported that thermal
treatments reduce isoflavone content in food!!4.

Bioavailability of isoflavones and microbial metabolism in the gut

Isoflavones glycosides are not absorbed intact across the enterocyte in the gut due to
their higher hydrophilicity and molecular weights!’>. Isoflavones glycosides are
converted to genistein and daidzein via intestinal membrane-bound enzymes such as
lactase-phlorizin hydrolase (LPH) or intestinal microbiota enzyme B-glucosidase838+116,
The absorption of the resulting aglycons typically ranges between 10 and 50% of the
isoflavones present in the food!'”. Once absorbed, aglycones undergo phase II
metabolism in the epithelial cells of the small intestine epithelium!!120 and the
enterohepatic circulation transports them to the liver, where the conjugation is
completed. Aglycones derivatives from the liver are distributed through the body by the
bloodstream or secreted to the intestinal lumen by bile!!s.

In the large intestine, genistein is metabolized to dihydrogenistein, which can
be further metabolized to p-ethyl phenol. In contrast, daidzein is metabolized to
dihydrodaizen and further metabolized to equol and O-demethyangolensin (O-
DMA)$>121.122 These steps will significantly alter the bioavailability and bioactivity of
isoflavones!>. Equol is absorbed more efficiently than daidzein through the colon
epithelium!?? and remains in the plasma relatively longer than genistein and daidzein!?4.
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Individuals who can metabolize isoflavones into equol are “equol producers”.
Approximately 30-50% of the total population has bacteria that can metabolize equol
in the Asian population, whereas only approximately 20% of people living in Western
countries are equol producers. Bacterial composition in the intestinal tract, pH, and
redox potential in the small and large intestine play a role in the formation of equol'?.
Some strains of intestinal microbes are capable of converting daidzein to equol, which
are Eggerthella lenta, Enterococcus faecium, Adlercrentzia equolifaciens, Slackia equolifaciens,
Lactobacilus mucosae, Bifidobacterium spp., Slackia isoflavoniconvertens, Bacteroides ovatus spp.,
Streptococcus intermedins spp., and Ruminococcus productus spp., among the others!26-134, In
addition, the diet influences the microbiota diversity and its metabolism of isoflavones.

Dietary intervention of isoflavones

We retrieved 13 studies on isoflavones and body weight, three human studies, eight
animal studies, and two zz-vifro studies, summarized in table 4.

One systematic review and meta-analysis was included among the final papers
included. It reported on 24 studies were soy protein was consumed between 1-3m vs.
4-24m, with an intake ranging <40mg/day and >40mg/day. The lower doses (<40
mg/d of) soy protein intake significantly decreased the waist circumference in women
of older ages (MD:-0.31cm; 95% CI: -0.57, -0.05; P = 0.02). On the other hand, there
were no significant effects on BMI and fat mass. In 17 studies, women consumed
isoflavones between 2-6m vs. 10-12m, with an intake ranging between <100 mg/day
and >100mg/day. The high isoflavones intake decreased BMI (MD: -0.26; 95% CI: -
0.55, 0.04; P = 0.085). In addition, the result showed that lower doses (P = 0.02) and
shorter intervention lengths (P = 0.053) were more effective in weight reduction. No
significant difference was found in waist circumference or fat mass'®. All in all, the
aforementioned findings showed that although soy is the major source of isoflavones,
soy and isoflavones may have different impacts on weight status.

An epidemiological study performed by Roccisano and Henneberg (2012)
observed a relationship between soy consumption and the prevalence of obesity using
data from WHO and FAO in 167 countries. The result showed that soy consumption
significantly reduced approximately 10% to 21% of obesity. Unfermented soy products
are an excellent source of anti-obesity nutrients!®. A double-blind, randomized
crossover trial involving 45 obese participants was carried out and showed that gene
expression involved in fatty acid oxidation in skeletal muscle was significantly reduced
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after consuming 50 mg/day of isoflavone capsule (genistein). In addition, no significant
differences was observed in BMI and waist circumference!l.

Eight different animal studies were included in the final review. Four animal
studies were conducted on the consumption of isoflavones and soybean extracts. An
animal study using a soybean embryo extract showed that two weeks of treatment of
high-fat diet mice resulted in a significant reduction in body fat composition by 100%!37.
Rockwood et al. also investigated whether the intake of genistein in soybean affects
weight gain by studying diabetic obese mice for 4 weeks with a 600 mg genistein/kg
diet. The genistein diet significantly reduced body weight by 12% in females and 9% in
male mice compared to a standard rodent diet 138, Similarly, the intake of 2.5% of soluble
soybean polysaccharides (SSPS), 0.5% of insoluble genistein, and their mixture in a
normal diet mice for 12 weeks was reported to reduce their fat weight by 4.5%, 13.4%,
and 17.9%, respectively’®. Another study in which three different dosages of soy
isoflavones extract (low, medium, high) were given for 13 weeks to obese rats. The
results found a significant reduction in body weight gain by 21.8% in low, 23.1% in
medium, and 25.6% in high dosage of extracts compared to the control group!'4.

Three animal studies were conducted on the consumption of isoflavones and
soybean products. A group of high-fat diet rats was given 10% (w/w) of 4 different
fermented soybeans named gochujang for 8 weeks. The result showed a decrease in
weight ranging from 9.5% to 22%. This experimental animal study can potentially
reduce fat accumulation and thus obesity!#!. Furthermore, a study of mice fed a high-
fat diet with a high soy-containing diet of fermented soy-powder milk (FSPM) with
Lactobacillus Plantarum P1201 showed a significantly reduced body weight (10.7%) and
liver white adipose tissue (32.8%) compared to the control group!#. A study by Kwak
et al. suggested that the daily intake of 16.2% steamed and 20% fermented soybean for
8 weeks in high-fat diet rats could prevent diet-induced visceral fat accumulation in
mice. The study showed that weight declined significantly by 1.9% when consuming
steamed and 2.8% when consuming fermented soybean. Fermented soybean also
significantly reduced total visceral fat weight (35.5%), epididymal adipocyte size (26.0%
and perirenal fat weight (46.1%) compared with high-fat diet group!43.

Despite the fact that soybean-based products are the most common source of
isoflavones, one animal study investigated whether the root of Pueraria montata extract
containing isoflavones has anti-obesity effects. Two different dose groups of the extract
with 0.8 g/kg body weight and 0.4 g/kg body weight per day for two weeks were
employed on high-fat diet rats. They found a significant reduction in body weight gain
by 7.5% in 0.4 g/kg and 5.0% in 0.8 g/kg of extract compared to the control group. In
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addition, the results showed that the extract induced brown adipocyte activity and
triggered the formation of brown-like cells'2.

Two in-vitro studies were included in this review. A study of soybean embryo
extract significantly reduced lipid content in adipocytes by 20% in 80 ng/ml and 30%
in 160 pg/ml, respectively’?. A 3T3-L1 cell study examined the influences of genistin
and genistein on adipogenesis and lipogenesis. In a dose-dependent manner, 50 and 100
M genistin and genistein significantly inhibited lipid accumulation by 21.7% and 69.2%,
respectively!#4,
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Mechanism of action on weight reduction of isoflavones

The mechanisms underlying the anti-obesity effect of isoflavones is not fully elucidated
yet. Several studies point at a role in adipogenesis and lipid metabolism, although also
some studies suggest that modulation of energy expenditure via the central nervous
system plays a role!#. Specific binding affinity to estrogen receptors (ER)s enables
isoflavones to elicit both estrogenic and antiestrogenic effects depending on the tissue,
as well as on isoflavone and endogenous estradiol levels!®. The interaction of aglycones
with nuclear transcription factors (PPAR) plays an important role in adipogenesis!6: 147,
which improves lipid levels by activating and modulating the PPARs and sterol
regulatory element-binding proteins (SREBP)s!48-150,

Moreover, isoflavones would increase the energy expenditure!® by the
increment of AMPK enzymes (AMP-activated protein kinase) and acetyl-CoA signaling
cascades, which are responsible for the inhibition of adipogenesis!>.152. AMPK can
switch from anabolic to catabolic pathways by suppressing the expression of genes
involved in adipogenesis, such as PPARy!>.

Isoflavones also have been shown to have bioactivity that regulates lipid
generation and thermogenesis through improved lipogenesis!4$-150, It suppresses cell
proliferation and induces cell cycle arrest, subsequently decreasing lipid accumulation in
the cartly stages of adipogenesis!'>*. Another study showed that daidzein and genistein
induced uncoupling protein 1 (UCP-1) expression in brown pre-adipocytes to promote
cell proliferation, differentiation, and activation'?, which depleted energy depots!®.

CONCLUSION

This review summarizes the occurrence of lignans and isoflavones in plant-based foods,
their bioavailability and microbial metabolism in the gut, and their mechanism of action
on weight reduction. Flaxseed is the richest source of lignans, while soybean and
soybean products are the richest food sources of isoflavones. In addition, processing
affects the type and amount of lignans and isoflavones of final products.

The variability in intestinal microbiota activity may play an important role in
further metabolism; thus, the transformation might be essential for these functions to
be manifested. Since intestinal bacteria are essential for lignans and isoflavones
bioavailability and are associated with health effects, nutritional strategies that promote
the production of active metabolites via the microbiota appear very appealing. However,
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to date, there is no evidence for a diet-driven optimization of microbial conversion of

lighans and isoflavones.

Emerging evidence and reviewed data from human and animal studies support
the recently increased interest in lignans and isoflavones to combat obesity. The
beneficial effects of dietary lignans and isoflavones are observed in healthy and
experimental animals, healthy humans, and obese subjects. The mechanism of action of
these compounds on weight reduction is quite similar as they affect the expression of
nuclear transcription factors, namely PPARs and SREBPs, which are the central
modulators of lipid metabolism. Nevertheless, the full mechanism on how these
compounds affect body weight and obesity is unclear, and this topic needs further
investigation.

In addition, studies on lignans and isoflavones, and their association with
microbial metabolites are crucial for understanding their role and effect on weight
reduction. Similarly, little is known on the role of inter-individual differences in
bioavailability and microbial conversion to achieve the potential effect on weight
reduction. In summary, lignhans and isoflavones may be an alternative dietary resource,
with great potential in preventing and treating obesity possibly through a personalized
diet approach.
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ABSTRACT

This research assessed the influence of pickling, fermentation, germination, and tea
brewing on lignan content of a variety of food highly consumed in Malaysia. Lignans
have been measured by a validated LC-MS/MS method. Secoisolariciresinol (SECO)
was the most abundant compound in fermented and germinated samples. Pickling
significantly decreased larisiresinol content by approximately 86 %. Fermentation
increased lignan content in a mixture of flaxseed and mung beans (799.9 + 67.4
mg/100g DW) compared to the unfermented counterpart (501.4 + 134.6 mg/100g
DW), whereas the fermentation of soybeans and mung beans did not significantly affect
the SECO content. Germination increased lignan content, which reached its peak on
day 6 of germination for all the tested matrixes. In tea brew, lignans concentration
increased with brewing time reaching its highest concentration at 10 minutes of
brewing. The results of this study expand the knowledge on the effect of processing on
lighan content in food.

Keywords: LC-MS/MS, lignans, pickling, fermentation, germination, brewing, plant foods
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INTRODUCTION

Lignans are a class of diphenolic compounds derived from combining two
phenylpropanoid C6-C3 units at the § and B' carbon atoms!. Secoisolariciresinol
(SECO) is the most abundant lignan, whereas matairesinol (MATA), pinoresinol
(PINO), and lariciresinol (LARI) occur as minor components? Oilseeds, nuts, cereals,
vegetables (Brassica species), fruits, and beverages (tea, coffee, beer, and wine) are the
major sources of lignans in the Buropean diet?, whereas leafy vegetables and beverages
(tea and coffee) are the main contributors to lignan daily intake in Malaysia*. Some
epidemiological studies have suggested that lignans reduce the risk of cardiovascular
diseases and other chronic diseases (e.g., breast cancer), as well as reduce body weight

and fat accumulation?.

In Malaysia, The Malaysian Non-Communicable Disease Surveillance
highlighted the rapid rise of obesity due to, among other factors, the low intake of fruits
and vegetables. This vital challenge must be tackled because it will aid in preventing
undesirable health conditions in society. In Malaysia, there is a research gap on the
factors affecting the consumption of fruits and vegetables®. These dietary changes lead
to a high prevalence of obesity. According to the Malaysian Adults Nutrition Survey
(MANS) 2014, the consumption of “processed foods” to which salt and condiments
are added, had increased, and it appears among the top ten most consumed foods’. The
intake of these food groups is positively associated with lignan intake, thus may lower
the risk of obesity.

Food processing is known to affect the content of lignans in foods® and may
influence bioavailability and antioxidants of several compounds®. Bioprocessing refers
to a group of sustainable technologies for extracting, purifying, and producing food and
food ingredients through enzymes and/or microorganisms!®. Fermentation is one of
the bioprocessing methods traditionally applied to extend food shelf-life. "Tempeh' is a
traditional process of fermentation of soybeans, which provides many health benefits,
including enhancing digestibility. Tempeh is a precooked fungal fermented bean, or
cereal, bound together by the mycelium of a living mould (mostly Rhizopus spp.)'L.

Pickles are made by naturally fermenting fruits and vegetables. Pickling is the
process of preserving edible products by immersing them in brine containing vinegar
(acetic acid) and salt, followed by a heat treatment. When vegetables are brined at salt
concentrations of up to about 8 % (w/v) and allowed to ferment naturally, the brine
solution supports fermentation by a sequence of different types of microorganisms!2.

80



Lignan composition

Germination is the physiological process through which seeds produce an
embryonic root and stem within a specified time frame!3. It noticeably modifies the seed
microstructure, digestibility, and profiles of active compounds'.

Tea is the most popular beverage globally. Malaysians drink an average of 160
mL of tea per day, making it the second most popular beverage after plain water” and
the highest contributor to lignan intake in the Dutch population!>. Tea consumption is
linked to positive effects on human health, with polyphenols being the responsible
constituents!®,

To properly tackle the challenge of growing obesity in the Malaysian
population, a dietary approach based on diets rich in lignans may be a suitable strategy.
For it to be successful, an accurate database of lighan content in the food items most
consumed by Malaysian is necessary and, at the moment, lacking. In addition, new
bioprocessing techniques are gaining popularity worldwide and are commonly used in
the Malaysian diet. Studying the effect of those techniques on lighan content may help
optimizing the conditions for the highest lignan intake. Thus, the current work aimed
to determine the effect of pickling, fermentation, germination on the lighan content of
various foods the Malaysian population mostly consumes. In addition, the tea brewing
process has been investigated, given its high contribution to lignan intake in the diet.
For this purpose, the lignans were extracted and hydrolyzed, and the extracts were
analyzed with LC-MS/MS for lignan content and composition.

MATERIALS AND METHODS
Chemicals and Reagents

Analytical grade acetonitrile (HPLC grade), methanol, acetone, sodium acetate, sodium
hydroxide, glacial acetic acid, formic acid, analytical standards of matairesinol,
secoisolariciresinol, lariciresinol, pinoresinol, secoisolariciresinol diglucoside and
glycocholic acid (glycine-1 13C, 13C-GA) were purchased from Sigma-Aldrich Chemie
NV (Zwijndrecht, Netherlands). For the enzymatic hydrolysis, 3-glucuronidase with an
activity of = 300,000 units/g solid and a sulfatase activity of = 10,000 units/g solid type
H-1 from Helix pomatia were purchased from Sigma-Aldrich Chemie GmbH
(Schnelldorf, Germany). The Rhizopus oryzae fungus for fermentation of flaxseed, mung
beans, and soybeans was obtained from Startercultures.cu/starterculturen.nl.
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Sample collection

The selection of plant-based foods was based on data from The National Health
Morbidity Survey, Malaysia Adult Nutrition Survey (MANS) conducted in 20147. The
most consumed plant-based foods (leafy green vegetables, green vegetables, legumes,
other types of vegetables, and beverages) with unknown lignan content and
composition were selected. Fresh shallot, celery, green Chinese mustard, long bean were
purchased at three different locations (fresh products). In addition, for fresh products,
a minimum of 100 g or 3 units were sampled at each location: an outlet of a nationwide
supermarket chain, a local grocery, and an open-air street market. Flaxseed, mung beans,
and soybeans were purchased at the local market. The commercial Malaysian black tea
sample used was from the brand “Boh Tea”. Flaxseed has high lignan content (3
mg/2)15, and therefore, it was selected to evaluate lignan extractability.

Pickling, germination, fermentation, and brewing were applied to specific
subsets of the samples, as indicated in table S1.

Sample treatments

Celery, green Chinese mustard, and long bean were cut into cubic pieces of 2 cm
whereas shallot was sliced into slices of 2 mm of thickness. Then, the samples were
freeze-dried using the freeze-dryer (Christ, Alpha 1-4 LD Plus, Salmenkipp, the
Netherlands). The final moisture content of freeze-dried samples were between 1-4 %.
Subsequently, the samples were stored at -20 °C (Liebherr, Comfort, the Netherlands)
until further analysis.

Preparation of pickled samples

Shallot, celery, green Chinese mustard, and long bean samples were selected for pickling
using a traditional domestic fermentation. Salt (25 g) was dissolved in water (200 mL)
and vinegar (200 mL) with a final concentration of 1:16, w/v and mixed (74 °C, 15 min).
Fresh samples were rinsed with water, cut, and placed in a clear jar (Fido 250 mL clamp
jar, Bormioli Rocco, IKEA, Sweeden) with the cooled pickling solution. Then, the
samples were stored indoors (10-20 °C) for natural pickling. Samples were collected
after 5 weeks of pickling.
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Preparation of fermented samples

Mung beans and soybeans were fermented following a procedure previously described
with some modifications!”. Samples were rinsed and macerated to water (1:3, w/v, 12h,
room temperature (RT)). Following maceration, the samples were drained, dehulled,
and split in half. The dehulled samples were placed in boiling water (1:2, w/v, 30 min,
100 °C). After boiling, the samples were drained, cooled down (<36 °C), and transferred
to a container with vinegar (20 mL). Afterwards, the samples were inoculated with the
fungi Rhizopus oyrzea at the level of 0.1 % (w/w) of boiled samples. Finally, the samples
were packed in perforated polyethylene bags, and they were incubated (24-48 h, 25-30
°C) or until the formation of a compact white mycelium.

For the preparation of the mixture of mung beans and flaxseed, a similar
procedure was followed. In brief, mung beans were rinsed and macerated in water (12h,
RT). After removing the excess water, the mung beans were dehulled and split in half,
drained again, and boiled in demineralized water (1:2, w/v, 30 min). Subsequently, the
flaxseed was rinsed, drained, and boiled in demineralized water (1:2, w/v, 3 min).
Flaxseed and mung beans were mixed (1:1, w/w) to form a white layer of compact
mycelium around the beans. The sample was let to cool down (36 “C). The fermentation
followed the same procedure as the fermentation of mung and soybeans described
above.

Preparation of germinated samples

Mung beans, soybeans, and flaxseed were selected for the germination process. Firstly,
the mung beans and soybeans were rinsed and were macerated in water (1:3, w/v, 12
hours, 20 °C). Flaxseed was soaked with water for 1 h. After removing the excess water,
the seeds were placed into a container (60 x 150 mm, 20 g) and kept in the dark (RT)
for germination. The sprouts were rinsed with water every 12 h to avoid microbial
growth. The germination period lasted 7 days, and samples were collected every day.
The collected sprouts were freeze-dried and milled using a commercial waring blender
(model 34BL 99, Dynamic Corporation, USA) into a fine powder (0.5 mm sieve) and
stored in the dark (RT) until further analysis.
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Preparation of tea brews

Tea brew was prepared by placing one tea bag in boiling tap water (1:100 , w/v). The
tea was infused for different time intervals (2, 5, 7, 10 min), and the various samples
were let to cool down before 50 mlL of each sample was filtered through a 1.2 um
Acrodisc filter (Gelman Sciences, Ann Arbor, USA). For each brewing period, two
different tea bags were used. The samples were stored at -20 °C until analysis.

Lignan extraction

Fresh, pickled, fermented and germinated samples were freeze-dried, ground and stored
at -20 “C until analysis. Lignans were extracted according to Milder et al., Norskov et al.
and Penalvo et al. with slight modifications (Figure S1)!8-20. In brief, dry samples (20
mg) were extracted in alkaline conditions (1 mL, 0.3M NaOH in methanol/water, 8/2,
v/v) and were spiked with ?C-GA (10 pl, 50 pg/mL). Afterwards, the samples were
vortexed for 2 minutes and incubated in a vortex incubator (60 °C, 1 h). The samples
were cooled, and the pH was adjusted to 5 with glacial acetic acid. The samples were
further vortexed for 1 minute prior to centrifugation (4 °C, 20800 g, 15 minutes). The
supernatant was transferred to a plastic tube and evaporated under a nitrogen flow at
60 °C. This extraction was not performed for tea samples. The supernatants from
extractions and the tea samples were subjected to hydrolysis by adding 0.6 mL of §3-
glucuronidase/ sulfatase (2 mg/mL in 50 mM sodium acetate buffer, pH 5) to the dried
samples and to brew tea (1 mL) using a vortex incubator (37 °C, 16 h). The hydrolysis
was stopped by adding 0.5 mL of 0.4 % formic acid, and the samples were centrifuged
(4 °C, 20800 g, 15 minutes). After centrifugation, 300 uL. of acetonitrile was added to
the supernatant. Finally, the samples were filtered through a Whatman 0.45 um PTFE
filter (Gelman Sciences, Ann Arbor, USA) and transferred to an amber HPLC vial for
LC-MS/MS analysis.

LC-MS/MS Analysis of lighans

Sample analysis was carried with a Nexera UPLC system (Shimadzu Corporation,
Kyoto, Japan) coupled with a LCMS-8050 triple quadrupole mass spectrometer
(Shimadzu Corporation, Kyoto, Japan). The UPLC unit consisted of a SIL-30AC
autosampler, a LC-20ADXR solvent delivery module, DGU-20ASR degassing unit, a
CTO-20AC column oven, and a FCV-20AH; valve unit. The samples (5 pL) were
injected on an Acquity Premier BEH C18 Column, 1.7 um, 2.1 x 100 mm BEH,
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connected to an Acquity UPLC BEH C18 VanGuard Pre-column, 130A, 1.7 um, 2.1
mm X 5 mm (Waters Chromatography B.V., 4879 AH Etten-Leur, the Netherlands).
The flow rate was set at 0.3 mL/min and the column temperature at 40 °C. The mobile
phases consisted of 0.1 % formic acid (solvent A), acetonitrile with 0.1 % formic acid
(solvent B) with the following elution profile (t in [min]/[%B]): (0.0/5), (0.5/5),
(2.0/25), (5.0/50), (7.0/95), (8.5/95), (8.6/5) and (12.5/5). MS data was collected for
12.5 minutes. Negative ionisation mode was used for the MS analysis of all analytes
except pinoresinol, which was analyzed in positive mode. The voltage of the turbo ion-
spray ionization was 4.0 kV. The temperature of the electrospray ionization probe,
desolvation line, and heat block were set at 300 °C, 250 °C, and 400 °C, respectively.
The pressure of the collision-induced dissociation gas was 4 kPa, whereas the flow rates
of the drying gas, nebulizer gas, and heating gas were set at 10 mL./min, 3 mL/min, and
10 mL/min, respectively. The electrode voltage of Q1 pre-bias (collision cell energy
entrance potential), Q2 collision cell (collision energy), Q3 pre-bias (collision cell energy
exit potential), parent and fragment ion m/z of the multiple reaction monitoring
transitions were optimized (Table 1) using the support software (LabSolutions,
Shimadzu Corporation, Kyoto, Japan). The dwell time ranged from 3 msec to 8 msec
for single reaction monitoring (SRM) of the analytes. The signal of the most abundant
fragment ion was selected for quantitation.

Method validation
Calibration curves

All standards were dissolved in 100 % acetonitrile and kept at -20 °C. A working solution
(50000 ng/mlL) consisting of all the lignans and 13C-GA in watet/acetonitrile (1:1, v/v)
was prepared on the day of the analysis and used for the preparation of the calibration
curves. A standard curve in the range of 1000 - 10000 ng/mL (LARI), 12.5 - 10000
ng/mL (MATA), 200 - 5000 ng/mL (PINO); and 125 - 7500 ng/mL (SECO).
Calibration curves were obtained by plotting the peak area against the concentration of
the calibration standard and consisted 6 to 8 points depending on the analytes. Each
calibration standard was injected three times, and the average value of the peak areas
was used to construct the calibration curves. The standard curves showed good linearity
with regression coefficients not lower than 0.997. In addition, the coefficient of
variations (CV %) of calibration curves intra-day was determined.

The limit of quantification (LOQ) and the limit of detection (LOD) were
calculated from the standard deviation of the intercept (S) and slope (s) of the calibration
curve (LOQ =10 X S/s and LOD = 3.3 X S/5s).
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Extraction efficiency

BC-GA was used to evaluate the extraction efficiency of lignans by spiking the plant
samples after adding the extraction solvent and the tea samples after filtration with a
BC-GA solution (10 ul, 50 pg/mL). The efficiency was calculated as a concentration of
BC-GA measured by LC-MS/MS compared to the estimated 13C-GA concentration
(357.14 ng/ml). Lignan content values were corrected according to the determined
extraction efficiency percentages.

Matrix effect

The matrix effect (ME), as an indicator of the ionization suppression or enhancement,
was calculated as follows: ME(%)= (B/A), where A is the peak area for each analyte in
a standard solution of known concentration and B is the peak area for each analyte
spiked in an extracted sample at the same concentration. Samples from various matrices
were spiked with a lignan standard solution (10 ul, 2.5 ng/ml) was used to assess the
matrix effect.

Statistical analysis

Data were presented as mean + standard deviation (SD) from duplicate analyses of two
independent samples. Results were statistically analyzed among samples using one-way
analysis of variance (ANOVA) and Tukey HSD multiple comparison post-hoc test. P-
values < 0.05 were regarded as statistically significant. Statistical analyses were
performed using IBM SPSS Statistics version 25 software (IBM Corp).

RESULTS AND DISCUSSION
Selection of plant food

Eight foods including flaxseed were selected for this study. Plant foods were selected
that are most commonly consumed according to the data from The National Health
Morbidity Survey, Malaysia Adult Nutrition Survey (MANS) conducted in 2014. The
chosen foods were among the ones for which the highest intake (g/day) is reported in
each of the following food groups: leafy green vegetables, green vegetables, legumes,
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other types of vegetables, and beverages. Pickling, germination, fermentation, and
brewing, was applied to specific subsets of the samples as indicated in Table S1.

Chromatography

A mixture of lignan standards (1250 ng/mlL) was used to optimise the chromatographic
conditions. Good chromatographic separation was achieved for SECO (retention time:
6.2 mins), LARI (6.4 mins), PINO (6.9 mins) and MATA (7.3 mins) (Figure S2). The
short analysis time allows the screening of large sample sets. After several injections of
the solution with the lignan standard mix, the analysis of blank samples showed no
carry-over effects.

Mass spectrometry

The optimisation of the MRM conditions (Table 1) was performed by flow injection
analysis of individual lignan standard solutions (20 ng/ml.-50 ng/mlL). The negative
ionisation mode was the most suitable for analysing SECO, LARI and MATA in
agreement with other studies 1820, However, PINO generated signal only when positive
ionisation mode was used. LARI generated lower signal compared to the signal of the
other analytes in comparable concentration. This is demonstrated by the different
concentration range compared to those for PINO, MATA and SECO. Thus, the
positive mode was used for PINO, which was discovered to be different from other
studies.
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Table 1. Compound-dependent LC-MS/MS parameters
Precursor  Product  Dwell Q1 Pre Collision Q3 Pre
Compound ion (m/z) ion(m/z)  time  Bias (V) Energy Bias (V)

(ms) (CE) V)

LARI 359.1000 329.1500 8 -28.0 28.0 15.0

175.1000 8 -21.0 -21.0 24.0

159.9000 8 -25.0 -25.0 -32.0

MATA 357.1000 83.0000 8 -18.0 28.0 14.0
121.9500 8 28.0 35.0 26.0

PINO 358.7000  269.9000 3 -19.0 -23.0 -13.0
226.9000 3 -11.0 -39.0 -25.0

SECO 361.0000 165.0000 5 27.0 25.0 18.0
346.0500 5 28.0 21.0 27.0

121.0500 5 27.0 41.0 12.0

BC-GA 465.3000 75.0000 5 23.0 42.0 27.0
402.4000 5 23.0 36.0 11.0

382.5000 5 18.0 41.0 18.0

* Q1 Pre Bias= collision cell energy entrance potential; CE= collision energy, Q3 Pre
Bias= collision cell energy exit potential; LARI= lariciresinol; MATA= matairesinol,
PINO= pinoresinol; SECO= secoisolariciresinol; *C-GA= glycocholic acid (glycine-1
13C)

Method validation
Qunantitation

Calibration curves of lignan standards were used to quantify the concentrations of
lignans in the samples and were constructed from calibration points for SECO, PINO,
MATA and LARI (Table S2). The calibration curves consisted of 8 points in SECO,
PINO and MATA, while LARI consisted 6 points. The results showed an excellent
correlation between peak area and concentration of the lignan standard solutions within
the used concentration range for each lignan. The LOD was 1.06 ng/mlL and LOQ was
3.23 ng/ml, for LARIL, the LOD was 0.26 ng/mL and LOQ was 0.79 ng/mlL for
MATA; the LOD was 0.13 ng/ml. and LOQ was 0.38 ng/mlL for PINO; and the LOD
was 0.20 ng/mlL and LOQ was 0.60 ng/mL for SECO (Table S3).

The coefficient of variations (CV %) of calibration curves intra-day were range
of 1.4-3.4% (PINO), 1.9 - 2.6 % (MATA), 4.8 - 6.9 % (SECO) and 2.3 - 2.5 % (LARI)
(Table S4).
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Extraction Efficiency

The extraction efficiency of BC-GA varied vary from 70.9 to 108.2 %, and the CV
values ranged from 0.3 to 19.9 % (Table S5). The 13C-GA efficiency values were used
to normalise the concentrations of the extracted lignans. The findings indicate that the
extraction method implies that signal suppression due to matrix effects is the primary
source of the deviation from the expected target of 100 %. In general, the acceptable
range of extraction efficiency is 70 — 120 %021

Matrix effect

An overview of matrix effects (ME) in selected samples is depicted in Table S6. The
ME were range of 99.1 — 125.4 % (PINO), 101.1 — 126.6 % (MATA) and 87.8 — 112.9
% (SECO). Our findings denoted a slight MS enhancement (ME>100 %). The result
indicated the influence of possible ionization competition between the analyte and

components in the sample matrix?2.

Influence of pickling on lignan contents

Figure 1 shows the lignan contents in fresh celery, Chinese mustard, long beans, and
shallot and the lignans content after 5 weeks of storage when pickled. The level of
lignans in fresh samples ranged from 0.5 to 2.0 mg/100g DW. Only LARI was detected
in these samples. LARI in celery showed the most significant decrease (about 86 %0)
after pickling compared to the other products. Moreover, the LARI content significantly
dropped by approximately 80 % in the pickled compared to the fresh Chinese mustard.
No LARI as detected in shallot and long beans after pickling.

So far, little is known about the changes in the lignan content during the
pickling process. One study has reported that only PINO was identified in pickled
olive?. Nevertheless, a plethora of studies found that phenolic content decreased after
pickling. Brining with salt and pickling with vinegar over three weeks led to a decline of
up to 69 % in the phenolic contents of vegetables?*.
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Figure 1. Lignan (LARI) content of selected foods before (blue bars) and after 5 weeks
of pickling (red bars) (mean + SD, n=2). In each sample type, different lowercase letters
indicate significantly different lignan content between fresh samples and samples
pickled. LARI= lariciresinol

The decline of lignan contents in our findings was in line with the reported
decline in phenolics described above. Given the relatively high thermo-stability of
lignans?, its decline in the plant tissues could partially be explained by either degradation
by endogenous polyphenol oxidase? or leaching out to the brine?” after prolonged
storage in acid and salt solution. Further investigation on lignan stability in acid and salt
solution is needed to fully understand the mechanism of lignan decrease in pickled
vegetables. Nevertheless, the observation that lighan content could decrease during the
pickling process is important when developing products high in lignans.

Influence of fermentation on lignan contents

A mixture of flaxseed and mung beans has been used since the flaxseed seed coat's
polysaccharides at the epidermal cell layer becomes viscous with water?® and forms
mucilage, a gel-like layer that forms when the seed is soaked in water. The mucilage
halted the formation of a compact white mycelium; hence the fermentation was
unsuccessful. Therefore, we used mung beans as a supplementary ingredient with a ratio
of 1:1 to reduce the mucilage viscosity and form a white layer of compact mycelium
around beans, binding them into a dense, firm cake.
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The mixture of fermented flaxseed and mung beans presented by far the
highest lighan content among the analyzed samples (799.9 + 67.4 mg/100g DW, Table
2). This represents a 37 % increase compared to the unfermented mixture. Moreover,
both fermented and unfermented soybeans exhibited 0.3 mg/100g DW, being the
lowest lignans content of the analyzed foods.

Table 2. Lignan content (mg/100g DW) in unfermented and fermented samples (mean
+ SD, n=2)

Sample MATA SECO PINO total lignans
Soybeans

unfermented 0.3+ 0.1 0.3+ 0.1
fermented 0.3+0.0 0.3+ 0.0
mung beans

unfermented 0.4 + 0.0 0.4 + 0.0
fermented 0.4 + 0.1 0.4 +0.1
Flascseed + mung beans

unfermented 0.1+0.1 501.0 + 1344 04+ 0.1 501.4 + 134.6
fermented 0.1+0.1 799.1+67.3°  08+0.1" 7999 + 67.4"

*indicates a significant difference in lignan content between the fermented and the
unfermented sample. MATA= matairesinol; SECO=secoisolariciresinol; PINO=
pinoresinol

MATA, SECO, and PINO were detected in the mixture of both unfermented
and fermented flaxseed and mung beans samples. SECO represented the major
contributor of total lignans. Lignan levels were not significantly different in the
fermented and unfermented soybean and mung bean samples.

To the best of our knowledge, no data are available on the changes in the lignan
content during fermentation using Rhigopus oyrzae. Nevertheless, several studies found
that fermentation influenced phenolic content. A study proved the fermentation by
Rhizopus oryzae significantly increased phenolic acids content from rice bran®.

In grains, bioactive compounds, including lignans, are mainly located in the
outer parts of the grain®. Prior to the fermentation of soybeans and mung beans, the
hulls were removed, leaving the relatively lignan-depleted cotyledons, which may
explain the low lignan content of unfermented and fermented beans.
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Conversely, flaxseed was not dehulled; therefore, the lignans were higher in
unfermented and fermented flaxseed. Endogenous enzymes and indigenous microbes
are found concentrated in the outer layers of grains’!, and the microbes frequently
express significant hydrolytic enzyme activities. Moreover, these cell wall-degrading
enzymes' actions produced during fermentation may cause an increase in the release of
phenolic compounds?2.

All'in all, these findings demonstrate that fermentation with filamentous fungi
could be considered a potential process for increasing the release of lignans, thereby
contributing to the production of food products with added value.

Influence of germination on lignan contents

Figure 2 illustrates the change in lignan contents during germination of mung beans,
soybeans, and flaxseed. SECO, MATA, PINO, and LARI were detected in all samples.
SECO was the most abundant lignan in flaxseed. Overall, the lignan content increased
during germination and reached its peak on day 6. Subsequently, the lignan content
decreased at day 7 of germination. Germinated flaxseed showed the highest lignan
content, which reached approximately 1500 mg/100g DW, while germinated mung
beans showed the lowest lignan content (0.3 mg/100g DW). As far as we know, these
are the first data on the effect of germination on soybean and mung beans. The highest
level of lignans was found on day 6 for all germinated samples.

A study showed that the SECO content was increased by 4.5-fold in 8-day
germinated flaxseed compared to ungerminated flaxseed®. Similarly, Makowska
demonstrated that the total amount of lignans in triticale variety of Madilo grain
increased by about 17 % — 32 % in germinated grain over 72 h34. Moreover, another
study reported that lignan content in germinated rye grain was 80 % higher than in
native grain®.
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Figure 2. Lignan content during germination of A) soybean, B) mung bean, and C)
flaxseed (mean + SD, n=2). Different lowercase letters indicate a significant difference
in lignan content.
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The germination process is known to activate endogenous enzymes in seeds,
resulting in noteworthy changes in the lignan content30. The biosynthesis of lignans
begins with two coniferyl alcohol (CA) molecules as precursors’”. The enzymes
phenylalanine ammonia lyase (PAL), chalcone synthase (CHS), dirigent-protein oxidase
(DPO), pinoresinol-lariciresinol reductase (PLR), and glucosyl transferase (GT) are
involved in the biosynthesis of lignans. PAL, and CHS enzymes are up-regulated during
the germination of flaxseeds; hence it might partly explain the accumulation of lignans?.

Influences of black tea brewing on lignan concentration

Figure 3 illustrates the content of total lignans in tea brews over four different brewing
times (2, 5, 7, 10 minutes). As expected, the content of total lignans in the brew
increased with prolonged brewing. The total lignan concentration was around 0.03
mg/100 mL at 2 minutes and increased more than two-fold at 10 minutes of the brewing
(approximately 0.1 mg/100 mL). The lignan concentration increased 5 and 7 minutes
of brewing, but no significant difference was observed between 7 and 10 minutes.

0.12
0.10
0.08
0.06

0.04

o
o
[

Total lignan concentration (mg/100mL)
o

o
o
s}

0] 2 4 6 8 10

time (minute)

Figure 3. Total lignan concentration during the brewing time of black tea (mean +
SD, n=2 of independent brewing). Different lowercase letters indicate a significant
difference in total lignan concentration.

PINO was the most abundant lignan detected in our tea sample. The presence
of PINO in tea brew is in agreement with Milder et al.!?. Moreover, a comprehensive
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study of plant foods commonly consumed in the Netherlands reported that the lignan
concentration in black tea brews ranged between 0.06 - 0.08 mg/100 mL after five
minutes of brewing!>. These two aforementioned studies are in agreement with our
findings. Despite no report on the influence of tea brewing time on the lignan
concentration could be found, a study on flavonoids and other polyphenols of
commercial tea bag products (typical of those used in the UK, US, continental Europe,
and the Middle East) reported that total phenolics, flavonoids, catechins, and theaflavins
in brews were up to 35-55 % of the total available phenolics and that longer brewing
times gave higher polyphenol concentration in tea brew3s.

In addition, it has been reported that tea infusion time and temperature both
contribute to the concentration of bioactive compounds in the tea brew®. A study on
tea brewing parameters showed that the longer the brewing time, the higher the
concentration of total polyphenols®. The aforementioned studies corroborate our
findings, revealing a continuous increase in lighan concentration with prolonged
brewing. A higher concentration content might be achieved when brewing tea for longer
than 10 minutes.

Water temperature used to make the infusion may affect the content in thermo-
labile compounds. However, heating at 100 °C for 10 to 40 min has been reported not
to change the lignan concentration, indicating that brewing temperature may have a

modest effect on lignan content of brewed tea?.

CONCLUSION

In summary, fermentation and germination increased the lignan content in food
products, as did a prolonged brewing for tea. Further research into the causes of lignan
accumulation in fermented foods it is necessary to establish the optimal design of
fermentation conditions. The data produced widen the range of known lignan content
data in foods. In addition, the selection of foods was based on data from the Malaysia
Adult Nutrition Survey with unknown lignan content to investigate whether these foods
could be a potential source of lighan. On top of that, this study provided insight into
how different processing methods, especially bioprocessing techniques, can affect
lignan content, thus providing a basis for further investigations.

Globalization is affecting Malaysia, causing a change from traditional diets and
lifestyles to more Westernized eating patterns, leading to an increase in obesity and non-
communicable diseases. The health of the Malaysian population is likely to deteriorate
further as the transition to a more developed economy has been fast over the last
decade. Therefore, the bioprocessing approaches we used may enrich foods with
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lignans, increasing total lignan intake in the general population with potential beneficial
effects on health. This discovery would encourage the consumption of fermented and
germinated food as a better source of lignans for a healthy diet. Moreover, we could
promote how to brew tea to get an optimal lignan content. These approaches are low-
cost yet time-saving, and the food can be simply prepared at home.

Other processing approaches to increase lignan content of foods need to be
investigated. A national strategy needs to be in place to help prevent, treat and manage
obesity and non-communicable diseases in Malaysia, despite the fact that research on
these areas is very much in its infancy.
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SUPPLEMENTARY MATERIAL

200 mg of the sample & addition 1 mL 80% of methanol in 0.3M NaOH

-

Addition 10 pL of glveocholic acid (internal standard)

:

Vortex for 2 minutes & mcubation (vortex imcubator) for 1 hour at 60'C

-

pH adjustment to 5-6 with 2 droplets of 100% glacial acetic acid

-

Vortex for | minute

.

Centrifugation for 15 minutes at 4'C, 20800 x g

v

Supernatant collection in a new 5 mL tbe

-

Evaporation to dryness by N, flow at 60°C I mL of tea brew

- -

Addition of 0.6 mL of Fglucuronidase/sulfatase enzyvme (2 mg/mL in 50 mM
sodium acetate buffer, pH 5)

-

Incubation (vortex incubator) for 16 hours at 37°C

-

Addition 0.5 mL 0.4% of formic acid

.

Addition 300 pL of acetonitrile

|

Yortex | minute & transfer to HPLC vial

Figure S1. Flowchart of the lignan extraction from food samples
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Figure S2: Typical chromatogram of lignan standard mix at 1250 ng/ml.. Peaks: 1,
matairesinol, RT 7.3 min; 2, pinoresinol, RT 6.9 min; 3, secoisolariciresinol, RT 6.2 min;
4, lariciresinol, RT 6.4 min.

Table S2: Information on calibration curves constructed with lignan standards in

solvent
Compound  Linear range Linear regression equation Correlation
(ng/mL) coefficient (79)
LARI 1000-10000  y= 1.1215x — 407.37 0.998
MATA 200-10000 y= 2000000x+ 537260 0.998
PINO 12.5-5000  y=190120x + 3124.9 0.999
SECO 125-7500 y= 43390x + 27.169 0.998

y= peak area, x= concentration

Table S3: Limits of Detection (LODs) and Limits of Quantification (LOQs) for lignans

Compound LOD (ng/mL) LOQ (ng/mL)
LARI 1.06 3.23
MATA 0.26 0.79
PINO 0.13 0.38
SECO 0.20 0.60
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Table S4: Coefficients of intra-day variations (CV %) of calibration curves

CV (%)
Low (200 Medium (1000 High (5000
Compound ng/mlL) ng/mlL) ng/mL)
LARI - 2.3 25
MATA 2.6 2.1 1.9
PINO 2.4 1.4 3.4
SECO 0.9 5.2 4.8

Table S5: Extraction efficiency (EE %) and coefficients of variations (CV %) of 13C-
GA in lignan extracts

Extraction Coefficients of

efficiency (EE %)  variations (CV %)
Pickling 95.3 — 108.2
Fresh sample 105.7 7.6- 18.8
Pickled shallot 81.5 15.1
Pickled celery 101.5 3.5
Pickled chinese mustard 74.9 15.0
Pickled long beans 4.0
Fermentation 73.8—-87.8
Unfermented soybean, mung bean,
flaxseed 73.2-89.2 3.5-125
Fermented soybean, mung bean,
flaxseed 7.2-15.0
Germination 70.9 —100.2
Mung bean 82.4-83.2 49-19.9
Soybean 79.4 — 80.5 0.5—-14.9
Flaxseed 0.3-11.9
Tea brew 72.7-107.1 1.8-75
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Table S6: Values of matrix effect determined for lignans

Sample Matrix effect ME, %)
SECO PINO MATA

Unfermented flaxseed 112.9 121.2 117.1
Fermented flaxseed 118.0 116.0 101.1
Unfermented soybean 103.7 99.1 113.1
Fermented soybean 86.0 125.4 107.6
Unfermented mung bean 111.2 110.8 126.6
Tea brew 87.8 101.2 114.2
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In-vitro bioaccessibility and colonic fermentation

ABSTRACT

This research assessed the influence of fermentation and germination as well as of
particle size on lignan bioaccessibility from flaxseed by simulated zz-vitro gastrointestinal
digestion. In- vitro simulated colonic fermentation was used to study the release and
conversion of lignans in enterolignans. In addition, tea was included as a representative
sample to investigate the stability of lignans in the gastrointestinal tract. Only
secoisolariciresinol (SECO) was detected in flaxseed samples. SECO bioaccessibility in
fermented flaxseed was the highest among all the matrices but limited to = 1 % (P <
0.001). Lignan bioaccessibility was significantly influenced by particle size too (P < 0.001
for both). In the colon fermented flaxseed produced the highest SECO release among
all flaxseed samples, (= 65 %), and the highest conversion of enterolignan (= 1.0 %)
whereas the conversion of lignans in tea brew was relatively high (= 15 %). Lignan
conversion varies greatly among donors due to inter-individual differences in
microbiota activity. Food fermentation could be a viable strategy for increasing lignan

release and conversion to enterolignan.

Keywords: lignans, bioaccessibility, fermentation, germination, brewing, zz-vitro digestion
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INTRODUCTION

Lignans are phenolic compounds that belong to the class of non-flavonoids
polyphenols that can exert both oestrogenic and anti-oestrogenic effects!. Some lignans
can be metabolized into enterolignans, i.e. enterodiol and enterolactone, by the human
intestinal microbiota? through deglycosylation, oxidation, and demethylation3. These
metabolites have been reported to have beneficial health effects. Epidemiologic studies
have shown that the intake of lignan-rich foods aid in lowering the risk of several
cancers* and cardiovascular diseases®, demonstrating antioxidant properties as well as
estrogenic activity’. Differences in microbiota composition may lead to differences in

absorption and excretion patterns of enterolignans?.

It is widely known that not all of the constituents in a food matrix are fully
bioavailable. The fraction of a nutrient or non-nutrient available to the human body for
physiological functions and/or storage is known as bioavailability?. As a result,
investigating the bioavailability of a food component is essential to predict its biological
activitys.

Food processing affects the lignan content of foods® and the levels and
bioavailability of bioactive compounds!®. Reducing particle size of plant tissue for
instance, increases the fraction of broken cells thus increasing the fraction of potentially
bioavailable intracellular compounds!!. However, most lighans, as phenolic compounds
in general, are covalently or physically bound to plant cell walls and thus have low
bioavailbility'2. As a result, enzymatic treatments, and fermentation processes targeting
bran structure have been investigated to improve the bioavailability of lignans'. In
addition, germination, and fermentation, are also reported to affect lignan content!4!5,
but how these processing methods affect the bioavailability of lignans is unknown.

Since animal and human studies are time-consuming and expensive and may raise
ethical concerns, zn-vitro approaches that predict the behaviour of phytochemicals during
GI digestion have been developed. This approach enables the screening of a relatively
large number of samples and/or conditions to study the separate and combined effects
of each phase of digestion on the release and availability of phytochemicals, which
would be impossible with zz-vivo approaches®. Bioaccessibility is the fraction of a
potentially available compound released from its matrix in the gastrointestinal (GI) tract
and thus becomes available for intestinal absoption't. Furthermore, it has been
demonstrated that bioaccessibility as determined using zz-vifro models can be well
associated with bioavailability determined in human studies and animal models'”.
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In-vitro bioaccessibility and colonic fermentation

To date, there are relatively few reports on the effect of various processing
techniques on on the bioaccessibility of lighans from food. Thus, the present study
investigated lignan bioaccessibility from fresh, fermented, germinated flaxseed, and the
effect of particle size using simulated zz-vitro digestion models. In addition, tea was used
to study the stability of lignans under zz-vitro simulated gastrointestinal conditions.
Moreover, the release of lignans and their conversion in enterolignans was investigated

through zn-vitro colonic fermentation with human fecal inoculums.

MATERIAL AND METHODS

Chemicals and reagents

Porcine pepsin (P6887), porcine pancreatin (P1750, 4X USP), and porcine bile salt
preparation (B8631) were purchased from Sigma-Aldrich (Merck KGaA, Germany).
KCl, KH>PO4, NaCl, MgCl,'(H20)s, and CaCly(H20)2, and pure ethanol were
purchased from VWR International B.V. (Netherlands). KH>PO4, NaCl, (NH4)>COs,
NaHCOs, NaOH, HCI, and Tween 80 were purchased from Sigma-Aldrich Chemie
B.V. (Netherlands), as well as the yeast extract, peptone, mucine, and L-cysteine HCL.

Acetonitrile, methanol, sodium acetate, sodium hydroxide, glacial acetic acid,
formic acid, pure standards of pinoresinol (PINO), matairesinol (MATA),
secoisolariciresinol (SECO), enterolactone (EL), enterodiol (END) and glycocholic
acid (glycine-1 C, 13C-GA) were purchased from Sigma-Aldrich Chemie NV
(Zwijndrecht, Netherlands). For the enzymatic hydrolysis, B-glucuronidase with an
activity of = 300,000 units/g solid and a sulfatase activity of 210,000 units/g solid type
H-1 from Helix pomatia were purchased from Sigma-Aldrich Chemie GmbH
(Schnelldorf, Germany). The Rhizopus oryzae fungus for fermentation of flaxseed, mung
beans, and soybeans was obtained from Startercultures.eu/starterculturen.nl. All of the
chemicals used are of analytical and chromatographic grade.

Preparation of samples
Preparation of fermented flaxseed

Flaxseed was fermented following a procedure previously described with some
modifications's. Flaxseed produces mucilage; a gel-like layer formed when the seed is
soaked in water. Water causes the polysaccharide in the seed coat's epidermal cell layer
to become viscous!?. The mucilage halted the formation of a compact white mycelium.
Therefore, mung beans were used as a supplementary ingredient with a ratio of 1:1 to
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form a white layer of compact mycelium around the beans and bind them into a dense,
firm cake. Mung beans were rinsed and soaked in water for 12h, then were dehulled,
split in half, and boiled in demineralized water (1:2, w/v) for 30 minutes. Subsequently,
the flaxseed was rinsed, drained, and boiled for 3 minutes. Then, flaxseed and mung
beans were mixed (1:1, w/w) to surround the beans with a white layer of compact
mycelium. The sample was let to cool down to below 36 °C and transferred to a
container with vinegar (20 mL). Next, the samples were inoculated with the fungi
Rhizopus oryzea at the level of 0.1 % (w/w) of boiled samples. Finally, the samples were
placed in perforated polyethylene bags and incubated for 24 - 48 hours at 25 - 30 °C, or
until a compact white mycelium formed.

Preparation of germinated flaxseed

Flaxseed was soaked with water for 1 h. The seeds were placed in a container (60 x 150
mm), 20 g/cup, and kept in the dark and at room temperature (RT) for germination.
The sprouts were rinsed with water every 12 hours to prevent microbial growth. The
germination process took 6 days.

Preparation of tea brews

To make the tea brew, one tea bag was placed in boiling tap water (100 mL/g tea leaves).
After infusing the tea for 10 minutes, the various samples were allowed to cool before
50 mL of each sample was filtered through a 1.2 m Acrodisc filter (Gelman Sciences,
Ann Arbor, USA). The samples were kept at -20 °C until analysis.

Sample milling

The collected fresh, fermented, and germinated flaxseed were milled to obtain a coarse
(> 2.5 mm mesh/sieve) and fine (< 0.5 mm mesh/sieve) fraction, freeze-dried and
stored at -20 °C until further analysis.

Simulated in-vitro gastrointestinal digestion

All samples were digested using a static zz-vitro digestion system consisting of a simulated
oral, gastric, and intestinal phase, with modifications22l. The compositions (%, w/w)
of the simulated salivary fluid (SSF), simulated gastric fluid (SGF, pH 3.0 £ 0.05), and
simulated intestinal fluid (SIF, pH 7.0 £ 0.05) were as reported?.
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For the oral phase, flaxseed samples (5 g) or tea brew (5 mL) were mixed with
SSF electrolyte stock solution (3.5 mL, 37 °C), CaCl, (0.025 mL, 0.3 M), and Milli-Q
water (1.475 mL) (Veolia water, Veolia Water Solutions, and Technologies Netherlands
B.V.). The final volume was 10 mL.

Subsequently, an oral bolus (10 mL) was mixed with SGF (7.5 mL, 37 °C) to start
the gastric phase. The pH was adjusted to 3 with HCI (0.2 mL, 1 M). Then, CaCl, (0.005
mlL, 0.3 M) was added. Finally, the Milli-QQ water was added to obtain the final 20 mL.
(approximately 0.698 mL). Porcine pepsin stock solutions (1.6 mL, 25 000 units/mL,
37 °C) (2000 units/mL in final chyme) was added in SGF. Then, the chyme was shaken
for 2 h (37 °C). At the end of the gastric digestion step, NaOH (0.15 mL, 1 M) was
added to reach pH 7.0, inhibiting the gastric enzyme activity.

Thereafter, NaOH (0.15 mL, 1 M) was added to the 20 mL of gastric chyme to
reach pH 7.0. Subsequently, SIF (11 mL, 37 °C), fresh bile stock solution (2.5 mL, to
reach a final concentration of 10 mM in the intestinal chyme), CaClz (0.04 mL, 0.3 M)
were added. Then, Milli-QQ water (1.31 mL) water was added. Finally, a pancreatin
solution (5 mL, 1600 U/mL of amylase activity) was added to reach a final volume of
40 mL. At the end of the intestinal step, samples were incubated for 2 hours (37 °C) on
a rotating device.

In parallel, control samples with no digestive enzymes added were tested to see
if these enzymes affect lighan bioaccessibility. Milli-QQ water was filled to replace the
enzyme solutions. All gastric and intestinal digests were centrifuged (4 °C, 20000 g, 10
minutes) to stop the enzymatic reaction. Supernatants (5 mL) were collected and filtered
through a 0.22 um membrane filter (Phenomenex, Netherlands) for the lignan analysis.
Then, the remaining pre-digested samples were freeze-dried for further use in zz-vitro

colonic fermentation.

The bioaccessibility of lignans was defined as the content of lignans that were
detected in the supernatants after digestion, divided by the total lignans initially present
in the samples before digestion.

Bioaccessibility (%) =  Lignans in the supernatant after digestion, pg X 100

Lignans in the samples before digestion, ug
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In-vitro colonic fermentation

Fresh fecal samples were donated by three healthy adults (one Malay and two Dutch,
aged 25 — 40 years old, with a body mass index (BMI) of 18.5—23.9), who declared no
smoking and no antibiotic consumption for 6 months before the beginning of the study.
The fecal samples were prepared according to protocols previously reported, with
modifications?? 23, Briefly, feces (20.0 g) of feces were dissolved in anaerobic phosphate
buffer (100 mL) before homogenization in a stomacher bag. The phosphate buffer
contained 8.8 g/L KoHPOy, 6.8 g/L of KH2PO4 and 0.1 g/L of sodium thioglucolate.
The resulting fecal suspension was filtered and considered as the fecal microbiota
supernatant. The colon medium, consisting of 5.22 g/T. KoHPOy, 16.32 g/L KH2POy,
2.0 g/L. NaHCO:s, 2.0 g/L yeast extract, 2.0 g/L peptone, 1.0 g/L mucine, 0.5 g/L L-
cysteine HC, and 2.0 mL/L tween 80. Both phosphate buffer and colon medium were
flushed with nitrogen (30 minutes) before autoclaving.

Fecal supernatant (7 ml) was added to a penicillin bottle containing a buffered
colon medium (43 mL). Then, pre-digested fresh, fermented, or germinated flaxseed (1
@) or tea sample (10 mL) was added, and sterile water was added to make up the mixture
of fecal supernatant and the colon medium of 70 mlL. The fermentation started with
continuous shaking (60 rpm, 37 °C) under anaerobic conditions. In parallel, one control
without the fecal supernatant was included to determine the release of lignans from the
food matrix. All incubations were duplicated, and supernatants were collected in time
intervals (2, 8, and 24 h). All supernatants were centrifuged immediately when sampled
and stored at -20 °C until further use. For the zz-vitro colonic fermentation, only the pre-
digested samples with fine particle size were used. Two replicates were performed of
two independent samples.

The release of SECO was defined as the content of SECO detected in the
supernatants after fermentation, divided by the total SECO present in the pre-digested
samples after in-vitro gastrointestinal digestion. Then, the conversion yield was defined
as the content of enterolignans that were detected in the supernatants after colonic
fermentation, divided by the total lignans initially present in the pre-digested samples
after zn-vitro gastrointestinal digestion.

SECO in the supernatant after colonic
Release of SECO (%) = fermentation, pg

X 100
SECO in pre-digested supernatant after

gastrointestinal digestion, pug
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Enterolignans in the supernatant after colonic
Conversion yield (%) = fermentation, pug

. . . X 100
Lignans in pre-digested supernatant after

gastrointestinal digestion, pug

Lignan extraction

Lignans were extracted using alkaline hydrolysis as suggested by Pefialvo et al., Milder
et al., and Norskov et al. with slight modifications?+2¢, In brief, 20 mg of coarse and fine
fresh, fermented, and germinated flaxseed were extracted in alkaline conditions (1 mL,
0.3M NaOH in methanol/water, 8/2, v/v) at 60 °C for 1 h. Samples were centrifuged,
and the supernatants were transferred to plastic tubes and evaporated under Nz flow at
00 °C. The extracts from pre-digestion and zz-vitro fermentation treatments were
subjected to hydrolysis by adding 0.6 mL of B-glucuronidase/ sulfatase (2 mg/mlL in 50
mM sodium acetate buffer, pH 5) and to brew tea (1 mL, without alkaline extraction)
using a vortex incubator (37 °C,16 h). The hydrolysis was stopped by adding formic acid
(0.5 mL, 0.4 %), and the extracts were centrifuged. Subsequently, 300 uL. of acetonitrile
was added, and the samples were transferred to an HPLC vial for LC-MS/MS analysis.

LC-MS/MS analysis of lignans

A Nexera UPLC system (Shimadzu Corporation, Kyoto, Japan) was used, coupled with
a LCMS-8050 triple quadrupole mass spectrometer (Shimadzu Corporation, Kyoto,
Japan). 5 uL. of samples were injected into an Acquity Premier BEH C18 Column, 1.7
pm, 2.1 x 100 mm BEH (Waters Chromatography B.V., 4879 AH Etten-Leur, the
Netherlands). The flow rate was set at 0.3 mL/min and the column temperature at 40
°C. The mobile phases consisted of 0.1 % formic acid (solvent A) and acetonitrile with
0.1 % formic acid (solvent B) with the following elution profile (t in [min]/[%B]):
(0.0/15), (9.0/75), (11.0/75), (13.0/15), (18.0/15). MS data was collected for 18

minutes.

All analytes were analyzed in positive ionisation mode. The turbo ion-spray
ionization voltage was 4.0 kV. The electrospray ionization probe, desolvation line, and
heat block were all set to 300, 250, and 400 degrees Celsius, respectively. The collision-
induced dissociation gas had a pressure of 4 kPa, and the flow rates of the drying gas,
nebulizer gas, and heating gas were set at 10 mL/min, 3 mL/min, and 10 mL/min,
respectively. The electrode voltage of Q1 pre-bias (collision cell energy entrance
potential), collision cell Q2 (collision energy), Q3 pre-bias (collision cell energy exit
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potential), parent and fragment ion m/z of the multiple reaction monitoring transitions
were optimized using the support software (Shimadzu Corporation, Kyoto, Japan). The
dwell time ranged from 11 msec to 16 msec for the analytes for single reaction
monitoring (SRM). The most abundant fragment ions for SECO, 13C-GA, PINO,
MATA, EL, ENT were 363.2->137.05 (collision energy:-24V), 467.20->413.3 (collision
energy:-18V), 359.2->341.15 (collision energy:-9V), 359.2->137.10 (collision energy:-
27V), 299.2->133.0 (collision energy:-16V), 303.0->107.0 (collision energy:-25V)
respectively, and therefore were selected for quantitation. The representative
chromatograms of fresh flaxseed, intestinal phase of the simulated 7#-vitro digestion, 2h
and 24h of zn-vitro simulated colonic fermentation of fresh flaxseed were provided in
the Figure S1.

Method validation
Calibration curves

All standards were dissolved in 100 % acetonitrile and kept at =20 “C. A working
solution (50 pg/mlL) consisting of all the lignans and 3C-GA in water/acetonitrile (1:1,
v/v) was prepared on the day of the analysis and used for the preparation of the
calibration curves (12.5 - 2500 ng/mL).

Matrix effect

The matrix effect (ME) was calculated as an indicator of ionization suppression or
enhancement. The known amounts of lignan standard solution (10 ul, 2.5 mg/L) were
spiked to tea and digested supernatants (method without extraction), pre-digested tea,
fresh, germinated, and fermented flaxseed (total method). For pre-digested fresh,
germinated, and fermented flaxseed, the standards were added immediately after the
extraction solvent; and, for tea and digested supernatants, immediately before the
addition of B-glucuronidase/ sulfatase was added. SECO, PINO, MATA, and
enterolactone recoveries were relatively high (111- 134 %). The results showed that the
extraction method effectively extracts the analytes from all samples.

Statistical analysis

Data of bioaccessibility are presented as mean * standard deviation (SD) from duplicate
analyses of two independent digestions. Data of release of SECO during 7z-vitro colonic

fermentation, and conversion into enterolignans are averages from 3 donors. Each -
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vitro fermentation was performed in duplicate. One-way analysis of variance (ANOVA)
was used to assess the significant differences in the bioaccessibility of fresh, fermented,
and germinated flaxseed and tea brew among different digestion phases. An additional
ANOVA was used to test the differences in bioaccessibility values obtained with or
without the inclusion of digestive enzymes in the simulated zz-vitro digestion. Two-way
ANOVA followed by Tukey HSD multiple comparison tests was used to test the effect
of type of processing (fresh, fermented and germinated flaxseed), particle size (fine and
coarse) and their interaction on lignan bioaccessibility. Pearson’s correlation was used
to identify the correlation between the amount of SECO released and its conversion to
EL by correlating each donor's data at all fermentation times. Then, a repeated measure
ANOVA followed by the Tukey HSD multiple comparison post-hoc tests was applied
to test the difference in SECO release and conversion yield into enterolignans during
in-vitro colonic fermentation of fresh, germinated and fermented flaxseed and tea brew
among 3 donors. An additional repeated measure ANOVA followed by the Tukey HSD
multiple comparison post-hoc tests was used to test the differences in SECO release
and conversion yield into enterolignans of fresh, germinated, and fermented flaxseed
and tea brew within three time points. P-values < 0.05 were regarded as statistically
significant. Statistical analyses were performed using IBM SPSS Statistics version 25
software (IBM Corp).

RESULTS AND DISCUSSION

Effect of processing and particle size on lignan bioaccessibility during
simulated in-vitro gastro-intestinal digestion of flaxseed matrixes

In the present research, the effect of fermentation and germination as well as particle
size reduction on lignans bioaccessibility were assessed using simulated zn-vitro
gastrointestinal digestion. In addition to the flaxseed matrixes, tea brew was included as
a representative sample to study the stability of lighans in the gastrointestinal
environment and their interactions with the digestive fluids. SECO was detected in
fresh, germinated, and fermented flaxseed. Only PINO and MATA were found in tea
brew (Table 1). The SECO content was the highest in germinated flaxseed, with values
of 15.6 £ 1.1 mg/g dry weight (DW) and 14.6 + 0.6 mg/g DW in fine and coarse
particles, respectively. Fermented flaxseed showed the second highest content of SECO
with values of 11.1 + 2.1 mg/g DW and 9.8 + 0.6 mg/g DW in fine and coarse particles,
respectively. The fresh flaxseed has the lowest SECO content with values of 3.0 £+ 0.5
mg/g DW and 2.1 + 0.4 mg/g DW in fine and coatse particles, respectively.
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Table 1. Bioaccessibility (%) of lignans during simulated zz-vitro gastrointestinal
digestion of fine and coarse particles of fresh, germinated, and fermented flaxseed and
tea brew (mean + SD, n= 2)

Fine* Coarse
Oral Gastric Intestinal Oral Gastric Intestinal
Flascseed (SECO)”
0.67 £ 0.074  0.72 +£0.054 0.87 £ 0.094 0.61 £0.124  0.69 +£0.084 0.67 £ 0.024

Germinated flaxseed (SECO)’

0.47 + 0.10A  0.52 + 0.054  0.55 + 0.04A 0.37 + 0.054  0.50 + 0.04*  0.53 + 0.04A

Fermented flaxseed (SECO)*

0.70 £ 0.06*  0.72 £ 0.014 1.03 + 0.04B 0.63 +£ 0.06*  0.69 +0.084 1.00 + 0.22B

Oral Gastric Intestinal
Tea brew (PINO and MATA)
88.5 + 8.424 (7.0 +3.518B 244 + 4.15€

Different lowercase within samples (fresh, germinated, and fermented flaxseed),
uppercase within the digestion phase, and * within particle size indicate a significant
difference in bioaccessibility (P < 0.05). SECO= secoisolariciresinol; PINO=
pinoresinol; MATA= matairesinol.

As a general observation, bioaccessibility of lignans from the flaxseed food
matrixes very low (1 % and less). Our findings are in accordance with a study on flaxseed
that showed no lignans were released during zz-vitro simulated gastrointestinal
digestion?’.

Both type of processing and particle size significantly affected the bioaccessibility
of SECO (P < 0.001 for both). No interaction between particle size and samples was
observed (P = 0.142). The bioaccessibility was the highest in fermented flaxseed,
reaching around 1.03 %, while it was 0.87 % and 0.67 % in fine and coarse particle of
fresh flaxseed, respectively. Germinated flaxseed presented the lowest bioaccessibility
of SECO (0.5 %) for both particle sizes.

Fresh flaxseed showed a significant difference in SECO bioaccessibility between
the digestion phases in fine and coarse particles, P = 0.047 and P = 0.002, respectively.
Similarly, the fermented flaxseed showed a significant difference in SECO
bioaccessibility among digestion phases in fine and coarse particles, P = 0.019 and P =
0.024, respectively. While, in the germinated flaxseed, coarse size showed a significant
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difference in SECO bioaccessibility between the digestion phases (P = 0.017), but not
for fine size (P = 0.060).

In the tea brew, the lignan content was 330.5 + 29.7 ng/mlL. In tea brew, the
bioaccessibility of lignans was about 88 % after the oral phase and decreased to
approximately 70 % after the gastric phase (P = 0.04), and further decreased to around
25 % after the intestinal phase.

In addition, the addition of digestion enzymes did not significantly affect the
bioaccessibility of SECO in flaxseed samples for fine (P = 0.640) and coarse sizes (P =
0.261). Similarly to the flaxseed samples, digestion enzymes did not significantly affect
the bioaccessibility of MATA and PINO in tea brew (P = 0.062).

Our finding is in line with previous research that showed that milling and
crushing of flaxseed, i.e. decrease of particle size, enhance bioavailability?s. To the best
of our knowledge, no data are available on the bioaccessibility of lignans during
fermentation using Rhizopus oyrzae. Fungi of the genus Rhzzopus have been traditionally
used for food fermentation, specifically of tempeh in South-East Asia including
Malaysia, since centuries. Oryzae is considered GRAS by FDA but not by EFSA, which
mostly raises an issue related to mycotoxins presence?. The chance that the fungus may
survive the passage through the gastrointestinal tract, as well as colonize and thrive in
the large intestine ecology is negligible. Nevertheless, a study on the fermented raw
pumpkin oil cake proved an effective release of bound phenolics which may indicate an
increase in bioaccessibility?’. Likewise, a study on fermented rice bran with Rbzzopus
oryzae reported an increased phenolic content compared to the unfermented samples!
by releasing insoluble bound of phenolic compounds by the activity of exogenous

enzymes2.

To the best of our knowledge, there is no published data on the bioaccessibility
of lignans in germinated food. However, one study has shown that the content and
bioavailability of phenolic compounds increased in germinated compared to non-
germinated grains®3. This would be due to the activity of endogenous enzymes releasing
the bound phenolic compounds, which increased bioaccessibility34.

The particle size of foods affects the bioaccessibility of phytochemicals. A study
showed that the bioaccessibility of the antioxidant and total phenolic content of carob
flour improved with a reduction of the particle size®. Similarly, another study proved
that the reduction in particle size in wheat bran increased ferulic acid bioaccessibility.
Grinding breaks down plant cells, increasing yield and bioaccessibility?’.

All in all, our findings indicate that the SECO bioaccessibility from the food
matrix may be altered according to the way foods are processed.
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The results show here for the first time that lignans are unstable under simulated
gastrointestinal conditions by using tea brew. Other studies have reported that
polyphenols may be unstable under simulated in vitro gastrointestinal digestion, with
only 20% remaining intact at the end of the intestinal phase®. Degradation,
epimerization, hydrolysis, and oxidation of polyphenols are significant transformations
during digestion, particularly after the transition from the gastric to the intestinal
environment®. Furthermore, a study speculated that the presence of bile salt in the
intestinal phase would reduce the campesterol, -sitosterol, and sitosterol in beverages
due to reduce solubility of sterols* which may have impacted the bioaccessibility of
lignans as well. However, the observation that lighans could be degraded during gastric
and intestinal digestion is relevant when designing strategies to optimize the health
effect of lignans.

The net amount of parent lignans were calculated that would be available to our
body when the simultaneous effect of fermentation and germination on content and
bioaccessibility is considered. The amount of SECO available for absorption was the
highest in fine and coatse fermented flaxseed, with values of 113 ug/g DW and 98 ng/g
DW, respectively. Germinated flaxseed showed the second higher of SECO content in
the intestinal phase with values of 85.8 ug/g DW and 77.4 ng/g DW in fine and coarse
size, respectively. Then, the fresh flaxseed has the lowest SECO content in the intestinal
phase, with values of 26.1 pg/g DW and 14.1 ng/g DW in fine and coatse, respectively.

From the findings mentioned above, it was concluded that fermentation and
germination could increase the amount of circulating lignans. During fermentation, the
endogenous and bacterial enzymes could modify the grain constituents, thus affecting
the absorption and bioavailability of bioactive compounds*!. While, during germination,
the soaking process activated the enzymes to break down the active compounds*2.
Fermentation and germination are relatively simple technologies yet widely used to
increase the nutrient density in bioactive compounds by releasing the bound fraction in
the food matrix, thereby increasing the bioaccessibility*.

Lignans Released from the Food Matrix During In-vitro Colonic Fermentation

Next, the release of lignans in the #z-vitro colonic fermentation phase were further
investigated. Only pre-digested fine particles was used since this particle size showed a
higher bioaccessibility than the coarse size. The release of SECO from fine particles of
fresh, germinated, and fermented flaxseed during #-vitro colonic fermentation is shown
in Figure 1. A control was added, where the flaxseed samples were dissolved in the
fermentation medium without fecal inoculum.
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Notably, the SECO can be already detected in the supernatant after 2 hours of
fermentation. A significant increase was found in SECO released in fermented flaxseed
from 2 to 24 hours of fermentation. The SECO released was significantly increased
from 8 to 24 h in flaxseed and germinated flaxseed. After 24 hours of in-vitro
fermentation, fermented flaxseed produced the highest SECO release among all
samples, approximately 65 %, showing that the metabolic activity of the fungus Rhizopus
oryzae may help the release of lignans in the colon. The SECO released was comparable
between fresh and germinated flaxseed (approximately 10%). However, a significantly
lower percentage of SECO was released in the control (approximately 2.5 %). This
clearly demonstrates that microbiota activity in the large intestine aids in releasing
SECO from the plant matrix.
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Figure 1. Release of SECO (% of the pre-digested samples) in the supernatant during
in-vitro colon fermentation of fine particles of fresh, germinated, and fermented flaxseed.
Data are from 3 donors (mean + SD, n= 3). Different lowercase letter within samples
indicates a significant difference in the % SECO released during three time points (2, 8,
24 h) in the supernatant (P < 0.05). SECO= secoisolariciresinol.
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Lignans Conversion to Enterolignan During In-vitro Colonic Fermentation

In the present study, the conversion of lignans to enterolignans were also investigated.
Only enterolactone (EL) was detected in the samples after the colonic fermentation,
probably because of the rapid dehydrogenation of END into EL#. SECO conversion
to EL during zn-vitro colon fermentation of fresh, germinated, and fermented flaxseed is
presented in Figure 2. The conversion of EL was significantly higher in fermented
flaxseed at all times, ranging from 0.5 % to 1.0 %. In-vitro colonic fermentation of fresh
and germinated flaxseed produced a lower conversion to EL of approximately 0.1 %
after 24 hours of fermentation, with no significant difference between the samples.

The fermentation time did not significantly affect the conversion of SECO in ELL
in fresh (P = 0.881) and germinated flaxseed (P = 0.801). While the production of EL
was significantly increased from 8 to 24 hours of fermentation in the fermented flaxseed
(P = 0.024). As expected, no EL was detected in the control samples, because
microbiota is necessary for the conversion of SECO to EL.

Furthermore, the correlation between SECO release and conversion to EL in
fresh, germinated and fermented flaxseed at 24h of fermentation were evaluated. SECO
release in all flaxseed samples was significantly positively correlated with EL conversion
at 24h of fermentation (r = 0.999, P < 0.029). It was concluded that the more lignans
released, the higher the conversion in EL because there is more available substrate.
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b mfresh flaxseed

1.2 A
germinated flaxseed

1.0 H

fermented flaxseed
0.8 b

0.6 [
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02 - . a \ \ a
0.0 K2 i L T i -
2 8 24
time (h)

Conversion SECO to EL (%)
o

Figure 2. Lignan (SECO) conversion to EL during zn-vitro colon fermentation of fresh,
germinated, and fermented flaxseed. Data are from 3 donors (mean + SD, n= 3).
Different lowercase letter within samples indicates a significant difference in the SECO
conversion during three time points (2, 8, 24 h) in the supernatant (P < 0.05). SECO=
secoisolariciresinol; ELL.= enterolactone.

124



In-vitro bioaccessibility and colonic fermentation

The net amount of EL available to our body when the simultaneous effect of
fermentation and germination on content and conversion of SECO are considered were
calculated. The EL content produced after colonic fermentation was by far the highest
in fermented flaxseed, with a value of 116.6 ng/g DW, followed by the germinated
flaxseed with a value of 10.9 pg/g DW. The EL production in the flaxseed had the
lowest value of 4.0 pg/g¢ DW. The fermented flaxseed had approximately a 29-fold
difference compared to fresh flaxseed. In addition, the germination of flaxseed would
substantially increase EL production with a nearly 3-fold difference compared to the
fresh flaxseed. According to the aforementioned results, it was concluded that food
fermentation and germination could significantly enhance EL production from flaxseed.

The inter-individual differences were looked further and reported the data for
the single donors in Figure 3. Donor 3 had the highest EL conversion rate of all the
samples, around 1.5 % in fermented flaxseed. Nearly a 5-fold difference in EL
production was observed in fresh and fermented flaxseed between the highest and
lowest producers.

2.0 M donor 1
M donor 2
M donor 3

15—

1.0-

Conversion SECO to EL (%)

0.5

0.0

fresh flaxseed germinated flaxseed fermented flaxseed

Figure 3. Lignan (SECO) conversion to EL at 24 hours in zz-vitro colon fermentation
of fresh, germinated flaxseed, and fermented flaxseed. Data are from two replications
(mean + SD, n= 2). Different lowercase letters indicate a significant difference in SECO
conversion to EL among the three donors in each sample. SECO= secoisolariciresinol;
EL= enterolactone.

The gut microbiota pathway for the formation of enterolignans begins with
demethylation and dehydroxylation of SECO, followed by oxidation of ED to EL#.
Factors such as diet, genetics*®, gender?$, and age* affect the conversion of lignans to
EL by modulating microbiota*. In the present research, the variability observed in the
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lighan conversion among donors is high, clearly due to differences in the individual
microbiota. It was suggested that microbiota dehydrogenation of lignans to generate EL
is a crucial step in the colon that could explain major variation in EL production®. The
ability of gut microbiota to metabolize lignans to EL is determined by the presence of
a metabolite production gradient that gives rise to "high producers" and "low
producers" of metabolites>. To date, only a few microbiota species have been identified
as enabling the production of EL. In particular, EL. production has been related to the
abundance of Ruminococcus>, Bacteroides, and Eggerthella species®. Thus, microbiota
differences are a factor that influences the outcome of the health effects of lignans#.
Furthermore, a study hypothesized that if high lignan products are consumed for an
extended period of time, the microbiota will most likely adapt to metabolizing lignans,
increasing the plasma concentration of the resulting enterolignans?’.

Only PINO and MATA were detected in the tea brew in colonic fermentation.
The conversion of lignans (PINO and MATA) in tea brew was relatively high,
approximately 15 % (Figure 4A), which was much higher than the conversion rate
observed from flaxseed matrixes. The most likely explanation for this difference in
conversion yield may be the different level of lignans to which microbiota has been
exposed during the fermentation experiments. This amount would be the highest when
germinated flaxseed was fermented with a value of 15.1 mg lignans (in 1 g of fermented
material), followed by fermented flaxseed, with a value of 11.1 mg. The lowest lignan
content after the colonic fermentation was fresh flaxseed, with a value of 3.0 mg.
Compared to the flaxseed matrixes, the amount of lignans in 10 mL of tea brew used in
the fermentation was several orders of magnitude lower, i.e. 0.003 mg. We can speculate
that the high lignan concentration may have saturated the capacity of the microbiota for
the lignan conversion to enterolignans. Furthermore, the presence of fibre and its
fermentation in the flaxseed may have delayed microbial metabolism of lignan as
suggested elsewhere?’. Another possible explanation for the higher conversion of
lignans in tea is that MATA can be directly converted to EL, whereas SECO needs to
be converted to MATA or END prior to EL production®.

The influence of inter-individual differences on the lignans' conversion to EL
were further examined (Figure 4B). Donor 3 significantly showed again the highest
production of EL (approximately 25 %) compared to others.
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Figure 4. Lignans (PINO and MATA) conversion to EL during zz-vitro colon
fermentation of tea brew. A) Data are from 3 donors (mean + SD, n= 3) at different
fermentation time; B) Data are from two replications of tea brew (mean + SD, n= 2)
of 3 donors. Different lowercase letters indicate a significant difference (P < 0.05) in
lignans conversion to EL. ELL= enterolactone.

CONCLUSION

In the current study, for the first time, a systematic investigation of lignans
bioaccessibility during gastrointestinal digestion, their release, and conversion to EL in
colonic fermentation from differently processed flaxseed were reported. Our findings
highlight that only a limited fraction of lignans are released in the small intestine and
that processing and particle size reduction have a limited effect on the bioaccessibility
of lignans. Fermentation, however might represent a potential strategy for enhancing
lignan release and conversion to EL in the large intestine. Further research into further
particle size reduction can be conducted to assess the impact on lignan bioaccessibility
and conversion to EL.
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Figure S1: Representative chromatograms of A) fresh flaxseed, B) fresh flaxseed at the
end of the intestinal phase of the simulated in vitro digestion, C) fresh flaxseed after 2h
of in-vitro simulated colonic fermentation, and D) fresh flaxseed after 24h of in-vitro
simulated colonic fermentation. In all the panels peak 1 represents secoisolariciresinol
and peak 2 represents enterolactone.
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ABSTRACT

This study aimed to assess whether lignan intake is associated with lower body
mass index (BMI) and waist circumference in a Dutch population. Data on
lignan content of foods was extracted from a lignan database of Dutch plant-
based foods and complemented with three other references to estimate lignan
intake in 1012 Dutch men and women participating in the NQ-plus prospective
cohort study. The association between lignan intake and BMI and waist
circumference was assessed using linear regression analysis. Three multivariate
models were used to investigate the association of BMI and waist circumference with
total lignan intake. Model 1 included adjustments for lifestyle variables, in model 2
adjustments were made for energy intake and nutrients, and in model 3 these adjustment
were combined. The median lignan intake was 3226 pg/day (mean 4763 pg/day,
SD 5386 pg/day). Lignan intake was strongly skewed towards higher values,
ranging from 40-50500 pg/day. The major sources of lignans were bread,
which contributed 52%, nuts, seeds, and snacks (21%), and vegetables (12%)
to the lignan intake. After adjustments lignan intake was associated with a
lower waist circumference (-0.93 c¢cm, 95% CI: -0.88; -1.00). No association
between BMI and lignan intake was observed. A higher lignan intake is
significantly associated with a smaller waist circumference in Dutch adults. To
what extent a high lignan intake can reduce waist circumference in obese
patients or can prevent onset of abdominal obesity remains to be tested in
future intervention studies.

Keywords: lignan intake, body mass index, waist circumference, plant-based food, NQ-
Plus data, Netherlands
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INTRODUCTION

The global obesity epidemic has tripled rapidly in various populations and all age
groups!. Obesity increases the risk of chronic diseases such as type 2 diabetes,
cardiovascular diseases, certain cancers, dyslipidemia, poor mental health, and
osteoarthritis?. Furthermore, obesity is one of the main factors for respiratory tract infections and
functional capacity, impacting pulmonary function due to specific inflammation and immunological
conditions. In addition, novel findings indicate that visceral obesity and characteristics of
impaired metabolic health such as hyperglycemia, hypertension, and subclinical
inflammation are strong and independently associated with a high risk of morbidity and
mortality from severe SARS-CoV-2 infection/COVID-195.

Lignans are plant-derived diphenolic compounds that belong to the
phytoestrogen class and are structurally similar to the estrogen hormone 17-estradiol*.
They occur in edible plants> and are abundantly found in flax and sesame seeds®.
Oilseeds, nuts, cereals, vegetables (Brassica species), fruits, and beverages (tea, coffee,
beer, and wine) are the major sources of lignans in the European diet’.
Secoisolariciresinol (SECO) is the most abundant lignan, whereas matairesinol
(MATA), pinoresinol (PINO), and lariciresinol (LARI) occur as minor components®.
Intestinal bacteria can convert some plant lignans to enterolignan metabolites:
enterodiol (END) and enterolactone (EL), under strictly anaerobic conditions. These
metabolites are inversely related to weight loss?. Studies on lignans have tried to explain
the mechanisms responsible for weight reduction and their relation to lipid

metabolism!0,

A study involving 3438 young Spaniards between 2—24 years old investigating
the prevalence of obesity-related to lignan intake found a strong association between
dietary lignan intake and prevalent obesity for boys, with an odds ratio of 0.34 (95 %
CI, 0.17-0.70) in the highest versus lowest quartile of lignan intake!l. Similarly, a 10-
year prospective cohort study on weight change of U.S. women observed that the
annual weight change rate among women in the highest quartile of total lignans intake
was 0.20 kg less (95 % CI: —0.36, —0.04) than that among women in the lowest
quartile!?. Previously, Milder et al. performed a study to estimate the intake of lignans
in a large, representative Dutch population sample using the National Food
Consumption Survey 1997-199813 by using the lignan database of Dutch plant foods
containing 83 solid foods and 26 beverages. In brief, the study showed that the amount
of lignan intake in the population had previously been underestimated!4. The survey
was conducted in 1998.
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Nevertheless, thete are some limitations of the aforementioned studies, which
only involved young participants aged 2-24'' or women!?, while the study from by
Milder was conducted more than ten years ago and only included 109 foods and
beverages!3. Hence, to estimate current intakes, our study aimed to assess lignan intake
from plant-based foods in a Dutch population aged 20-70 years using an updated
database, the Nutrition Questionnaires plus (NQ-plus) study conducted between 2011
to 2013. In addition, we assessed the association between lignan intake, body mass

index, and waist circumference as indicators of obesity.

MATERIAL AND METHODS

DESIGN AND STUDY POPULATION

The NQ-plus study is a prospective cohort study initiated by researchers of the division
of Human Nutrition of Wageningen University. This study started in May 2011 to
pinpoint the specific dietary factors responsible for obesity and adverse cardiometabolic
health outcomes. 1012 men and women aged 20-70 years living in Wageningen, Ede,
Renkum, and Arnhem, the Nethetrlands, were included!s 16,

Baseline measurements consisted of the assessment of dietary intake by
multiple telephone-based 24-h recalls (24hR), a physical examination, including
measurement of anthropometrics (e.g., weight, height, blood pressure), and general and
lifestyle questionnaires (education, health, and smoking habits). This study was
conducted according to the guidelines laid down in the Declaration of Helsinki. All
procedures involving human participants were approved by the Medical Ethics
Committee of Wageningen University and Research. Written informed consent was
obtained from each participant!®.

Dietary and lignan assessment

Multiple, telephone-based 24-h recalls (24hR) were administered by trained dietitians
using the five-step, multiple-pass method, which is a validated technique to increase
accuracy!7%. Dates were randomly selected evenly across the year and days of the week.
The foods recorded on the recalls were translated into food codes and food groups
using the 2011 Dutch Food Composition Table. All participants with at least two 24hR
were included in this study. The record days were equally distributed over the seven
days of the week. Average daily dietary intakes were calculated by multiplying the
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consumption frequency by the portion size and nutrient content in grams'¢. Out of 2082
reported food items for the 24hR, 290 foods were with known lignan content and thus
selected for inclusion in this analysis. The lignan data was extracted from a lignan
content database of Dutch plant based foods ¢ and complemented with data from three
published lignan database from United Kingdom, Canada and Japan®-22. Foods that
contained no lignans (0.0 pg), no intake from participants and unknown lignan content
or composition were excluded from the calculation. For each person, lignan intake was
calculated by multiplying the consumed amount of each food with its lignan content
(ug/g) for each recorded day.

Anthropometrics

Height was measured with a stadiometer (SECA, Germany) to the nearest 0.1 cm, and
weight was assessed with a digital scale (SECA) to the nearest 0.1 kg. Body mass index
(BMI, kg/m?) was calculated as a person's weight in kilograms divided by the square of
height in meters. Participants were categorised as normal weight (BMI < 25 kg/m?),
overweight (BMI = 25 kg/m?), and obese (BMI > 30 kg/m?)%. Waist circumference
was measured using a measuring tape (SECA 201) to the nearest 0.5 cm.

Demographic, lifestyle, and general health

The general and lifestyle questionnaires included demographics, education, work status,
smoking status, and physical activity. Most of these questions were derived from the
general questionnaires of the Lifelines study?*. The education status was divided into
three groups which were low, intermediate, and high. Participants with no education or
primary or lower vocational education as highest completed education were classified
as low. Meanwhile, lower secondary or intermediate vocational education participants
were classified as intermediate education. Participants with a high education level
completed higher secondary education, higher vocational education, or university.
Smoking status was classified into three categories: non, current, and former smoker.
Information about the participants’ usual physical activity was obtained using the Short
QUestionnaire to ASsess Health enhancing physical activity (SQUASH)?. The
SQUASH contains questions evaluating the participants’ compliance to the Dutch
physical activity guidelines, specifically, a physical activity pattern including at least 30
min of moderate-intensity physical activity on = 5 days/week?26.
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Statistical analysis

Statistical analyses were performed using IBM SPSS Statistics version 25 software (IBM
Corp). The initial sample consisted of 7437 participants having the required
information. We excluded participants who did not have complete information on all
nutrients. Then, we eliminated participants who only having one 24hR record. One
patticipant was excluded from the analyses, since she/he provided only nutrient
information. Thus, the complete data on all nutrients intake variables with at least 2
days of 24hR were available for 1012 participants. The generated dataset was checked
for duplicates and missing values for BMI, waist circumference, education, smoking
status and physical activity. Automatically generated values replaced all the missing
observations in the confounding database through multiple imputations. All the
variables were entered in the imputation model, and five imputations were carried out
with 10 iterations under a fully conditional specification imputation method. The
missing observation represented 5.6 % out of the entire data. Pooled data was used for
further analysis?’. The study population consisted of 1012 participants: 534 men and
478 women. Participant characteristics were reported as means with standard deviation
(mean + S.D.), median (IQR), or n (%). ANOVA tests were performed for normally
distributed continuous variables, Kruskal-Wallis tests were performed for skewed
continuous variables, and chi-square tests were performed for categorical variables to
compare the baseline characteristics over tertiles of total lighan intake. The energy intake
data was checked before proceeding to further analysis. The energy intake data was in
the normal range (804 — 4410 kcal), and the mean energy intake was 2105 kcal. In
addition, the food values of those participants with the lowest and highest energy intake
were checked, and no misreporting values were found. Thus, these participants were
included in the study. The energy intake was based on participants' total dietary intake,
and the value was used for the energy adjustment.

The contribution of individual foods and food groups to the mean lignan intake
was calculated, and the percentage of users of each food or food group was determined.
Mean lignan intakes for men and women, adjusted for age, and intakes in age categories
adjusted for gender, were compared using analysis of covariance after log
transformation of the individual lignan intakes. Similarly, mean lignan intakes stratified
by other selected lifestyle characteristics were adjusted for age and gender.

In addition, three multiple regression models were used to investigate the
association between BMI and waist circumference and total lignan intake. The waist
circumference was used an outcome variable as it is the simpler, most practical, and
accurate measure of abdominal obesity for practice in public health research?. 2. We
applied the Z-score calculation to standardize the variables with a 1-SD increase in
intakes of total lignan. The model with crude (unadjusted energy) and energy-adjusted
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results were compared with three multiple regression models. A list of potential
confounders was selected from published research on lignan intake in relation to
obesity. Ethanol intake, physical activity and education are listed as potential risk factors
for obesity and may be correlated with lignan intake. Smokers have greater oxidative
stress than non-smokers; thus, the lighans’ antioxidant effects might be more marked
in smokers. In addition, dietary fiber intake may influence the lignan bioavailability,
affecting intestinal transit time3’. Model 1 included adjustments to the lifestyle variable:
age, sex, education, smoking status, ethanol consumption, and physical activity with
energy adjusted. In model 2, adjustments were made for macronutrients, and fiber with
energy adjusted. Model 3 (full model) was the adjustment variables of models 1 and 2.
The residual method was used to adjust for energy intake. P-values were considered
significant if P < 0.05.

RESULTS AND DISCUSSION
LIGNAN INTAKE

Mean lignan intake of the study population was 4763 pg/day (ranging from 40 to 50500
pg/day) on the average days surveyed, and was strongly skewed towards higher values
(Fig. 1). The correlation of lignan intake between the two non-consecutive days of
recalls was low (r = -0.009, P = 0.69), indicating a large day-to-day variation.

There was no significant difference in total lignan intake between men and
women in this population (Table 1). Our finding is in accordance with the study of
Milder et al.13, reporting no significant difference in lignan intake according to gender.
In contrast, in a Finnish study total lignan intake was shown to be higher in men than
in women?!. Also, no differences according to age-category, educational level, smoking
or BMI were observed for all participants (data not shown). Participants in the highest
tertile of total lighan intake had a lower waist circumference than those in the lowest
tertile (P = 0.008) (Table 1). There was no significant difference in other selected

characteristics across the tertiles.
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Figure 1 Distribution of total lignan intake among 1012 participants in the NQ-Plus

study
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Chapter 5

The primary source of lignans intake was bread, which contributed 51.6 % of
the total lignan intake in this population. The contribution was mainly from multigrain
bread with seeds, contributing 48.5 % (Table 2). The second primary source of lignan
was the nuts, seeds, and snacks group (21 %), where flaxseed provided the highest lignan
mean intake (19.6 %), although the seeds were consumed only by a small part of the
population. The vegetable group was in third place of the total lignan intake,
contributing 11.9 %. Boiled kale curly was the major vegetable source of lignan (3.3 %),
followed by boiled broccoli, 2.8 %. Tea contributed a similar amount as boiled kale
curly, and was the beverage providing the largest contribution to total lignan intake (3.3
%). Fruits contributed to 4.3 % of the lignan intake, and berries were the major lignan
fruit source with a contribution of 1.0 %.

Furthermore, we examined 102 participants with more than 10,000 pg/day of
lignan intake to identify which foods contribute to this high intake level. Moreover, we
thoroughly checked the raw data but found no incorrect code or unusual values in the
dataset. Multigrain bread/roll/bun with seeds was an important source of these 102
patticipants , with an average intake of 110 g/day. Also, flaxseed bread, flaxseed, tea,
broccoli, sesame seeds, kale cutly boiled, Brussel sprouts boiled, sesame paste tahin,
contributed to the high lignan intake. The energy intake of participants with high lignan
intake (> 10000 pg/day) ranged from 1076 to 4410 kcal/day. The highest intake of
bread and flaxseed were 490 g/day and 18 g/day, respectively (data not shown). We
compared the food group intake of participants who consumed more than 10,000 g per
day to that of all participants. The high lignan group consumed more flaxseed and
multigrain bread than the general population. In addition, the gender of these
participants was evenly distributed (52 men, 50 women), and their ages ranged from 24
to 69.

Milder et al. studied the lignan intake and major food sources of lighans using
the Dutch Food Composition Survey from 1997 to 199813, She reported a mean intake
of lignan of only 1241 pg/day, which was far lower than our findings. This may be partly
due to the fact that they accounted for 109 foods while we included lignan intake for
290 foods. Moreover, we included multigrain bread, as this food was reported by our
study population studied in more recent years (2011-2013). As the lighan composition
of this food is relatively high, this may well account for the higher level of intake we
observed.

We concluded that the large variation of the lignan intake in the Dutch
population over the 10 years is due to the healthy diet transition to plant-based food.
More food in the study contributed to high lignan content, e.g.; flaxseed and multigrain
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bread. In addition, more lignan food data is available, thus increasing the accuracy of
lignan intake.
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Chapter 5

Another cross-sectional study of 301 Dutch women aged 60—75 years reported
a lignan intake ranging from 650 ug/day to 2300 ug/day for the lowest and highest
quartile’?. The most common lignan classes were SECO, MATA, PINO, and LARI. In
this study, only SECO and MATA were considered, while we and Milder et al. included
four individual lignans (SECO, MATA, PINO and LARI). However, PINO and LARI
only contribute small amounts to total lighan intake!3, thus we can compare these

tindings.

Other recent studies report a large range of lignan intake as well. For instance,
low mean lignan intake was reported in France (200 ng/day) in a study conducted from
2006 to 2007 (HELENA study)?. Similarly, EPIC cohorts observed a low lighan intake
in Italy (700 pg/day). Limited information was provided on the lignan content of the
products consumed, such as various types of coffee and herbal tea. Also, this estimate

was based on a single 24-h recall and the variation includes within-person variation3+.

Meanwhile, the Latvian population generally had a high lignan intake, with the
estimated mean lignan intake being 4300 ug/day. This could be explained by a high
intake of grain products (86 %), including seed breads which were most commonly
consumed®. Additionally, the highest lignan intake (9100 pg/day) was reported in a
vegetatian/vegan UK population consuming mainly plant-based foods3.

Our reported total lignan intake was in the range of the Latvian population.
Despite study variances, the existence of large multi-center studies such as the European
Prospective Investigation into Cancer and Nutrition (EPIC) and the Healthy Lifestyle
in Burope by Nutrition in Adolescents (HELENA) permits assessment of lignan intakes
across Europe using comparable methods?3 34 36, But differences in estimated lignan
intake can be due to differences in foods available over the years, population
composition, and the lignan food database used. We filled the data gaps in the existing
older Dutch database with lignan values with data from three published lignan database
from United Kingdom, Canada and Japan?*-22, hence we had few missing values.

The lignan sources in our study were similar to those found in a previous study
of women in the Netherlands and Germany, in which bread, nuts, and seeds contributed
the most to lignan intake®. We observed that flaxseed, multigrain bread, and seeded
buns contributed significantly to this population's lignan intake, similar to the main
lignan food sources in northern European countries, including Scandinavian and Baltic
countries including Latvia’. Moreover, in our study, Brassica vegetables such as broccoli,
kale curly, and Brussel sprouts were among the sources and contributed more to lignan
intake than Milder's previous study. In addition, tea and coffee also contributed to total
lignan intake.
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Cereals were the major lignans source in most Western countries because of
their regular daily consumption®. Furthermore, the study by Tetens concluded that
cereals and grain products are important contributors to lignan intake in all
Scandinavian countries’. Other findings showed that the total lignan intake varies
among countries due to the different dietary habits*.

ASSOCIATION OF BMI AND WAIST CIRCUMFERENCE WITH TOTAL
LIGNAN INTAKE

We next investigated the association between BMI and lignan intake adjusted for
lifestyle and nutrient variables (Table 3). A higher total lignhan intake was significantly
associated with a lower BMI in unadjusted analysis, and in model 2 (P < 0.05). No
significant association was observed when adjusting for lifestyle confounders (model 1)
and in the full model. All models significantly associated a higher total lignan intake with
a lower waist circumference (Table 3). Moreover, men are significantly associated with
a higher total lignan intake with a lower waist circumference in a lifestyle-adjusted and
full model. The regression coefficient adjusting for all potential confounders amount to
-0.93 (95 % CI: -0.88; -1.00), indicating that with a 1SD higher lignan intake waist was
0.93 SD lower.

So far, few studies have investigated the relationship between lignan intake and
obesity. An observational study of 115 postmenopausal women in Canada showed that
the high dietary lignan intake group had a significantly lower BMI and total body fat
mass than women in the low lignan intake group #.. One cross-sectional study indicated
that higher lignan intake was associated with less abdominal fat mass#. Similarly, a
Spanish study observed a strong association between dietary lignan intake and reduced
prevalence of obesity for 2 — 24 years old Spaniards boys'!. Overall, the aforementioned
studies were in line with our findings. They support the notion that increased lignan
consumption might potentially lead to less weight gain and reduced waist circumference,
an indicator of abdominal obesity.

Although the exact underlying biological mechanisms are not completely clear,
several studies have suggested that the enterolignans' estrogenic effects contribute to
weight reduction 1°. Lignans have been shown to suppress adipose tissue growth, inhibit
differentiation of preadipocytes, stimulate lipolysis, and induce apoptosis of existing
adipocytes, thus reducing adipose tissue mass in the cell 4. In addition, it has been
shown that the intestinal microbiota are responsible for metabolizing lignans to
enterolignans 44, and this may be one of the pathways through which they affect body
weight and fat mass 4.
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The present study results should be considered in light of some limitations. We
did not assess the habitual intake since at least participants with 2 days of 24HR were
included. Although no adjustment for within-person variation was made, the means of
the lignan intake remain valid. Residual confounding due to unknown or unmeasured
factors and confounding due to other dietary constituents cannot be completely
excluded. In addition, lignan intake was estimated by matching daily food consumption
and its lignan content obtained from a database, which may not reflect the actual
amount of the compounds reaching the target organs after digestion, absorption, and
metabolism, and as usual in this type of observational studies, metabolic conversion in
the body was not taken into account. Research on the impact of different food matrices
and synergy between various foods in determining bioavailability will be relevant for
future studies.

An important strength of our study was that we used a Dutch lignan database
14 that contained lignan data of more than 90 % of our selected foods, and this database
was exclusively developed to study the Dutch population. The dataset included all major
plant foods in the Netherlands, habitually processed and prepared. On top of that, all
values in this database were obtained using the validated LC-MS-MS lignan analysis
method 6 with identical sample preparation for all food items.
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CONCLUSIONS

In conclusion, the present study results add further evidence to earlier observations of
an association between a higher lignan intake and less obesity, as we observed an
associated decreased waist circumference in a Dutch population. Future studies,
including a prospective design and randomised controlled trials, are warranted to
confirm our results and provide additional information about the optimal dietary intake
of lignans required to achieve the expected positive health outcomes. Further
investigation of the metabolism of lignans to enterolignans by gut microbiota in the

colon will also be useful.
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Chapter 6

There is widespread agreement that the dynamics of modern food systems are a crucial
driver of unhealthy diets and related non-communicable diseases such as obesity, which
are major causes of death and disability worldwide!. The use of plant-based foods is an
important part of the current recommendations to improve health and, at the same
time, limit the diet’s impact on the environment. Phytoestrogens could be one of the
plant-based components that exert an anti-obesity effect>®. However, to further
understand the impact of phytoestrogens on health, their bioavailability, as well as the
role of food processing, needs to be investigated.

The aim of this thesis was to assess the intake and bioaccessibility of
phytoestrogen compounds as well as their relationship with overweight and obesity
indicators. Lignans were selected as the class of phytoestrogens for further investigation.
The influence of processes such as pickling, fermentation, germination, and tea brewing
at different time intervals on lignan content was evaluated. Several experiments and
studies were conducted. These included a systematic review of the literature to identify
the class of phytoestrogens that shows the most potential evidence in relation to obesity
(Chapter 2), the assessment of the lignan content in foods that Malaysians commonly
consume, and the effect of bioprocessing techniques (Chapter 3), zz-vitro models of
gastrointestinal digestion and colonic fermentation to study the behaviour of lignans in
the digestive tract (Chapter 4), and for a Dutch population-based dietary intake study
assessing lignans intake from the usual diet in relation to obesity indicators (Chapter

5).

The main findings from each chapter will be highlighted and interpreted in the
context of the broader literature. Main methodological issues will also be discussed.
Finally, potential future research directions will be discussed.

MAIN FINDINGS AND INTERPRETATION
Systematic review on phytoestrogens (lignans and isoflavones)

The findings of the studies described in this thesis are schematically summarized in
Figure 1. Lignans and isoflavones are two major groups of phytoestrogens whose intake
is associated to body weight reduction>1°. However, the mechanism of action of lignans
and isoflavones linked to obesity are still not completely clear. Thus, in Chapter 2, a
systematic review on lignans and isoflavones and their association with overweight and
obesity was carried out.

Lignans and isoflavones exist in the plant as glycosides, and are converted to
active forms by microbiota in the intestinal environment!!-13. The microbiota is required
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for lignans and isoflavones to exert their full bioactivity, which is linked to its beneficial
health effects. The effect of various processing techniques and particle size reduction
of lignans or isoflavones on their bioaccessibility, release, and conversion has been
further investigated in Chapter 4 using simulated zz-vitro digestion models.

In Chapter 2, data from human and animal studies were reviewed. Fifteen
studies on lignans and thirteen studies on isoflavones, including human, animal, and 7#-
vitro studies, were retrieved and reviewed on their association with body weight and
obesity. The reviewed studies demonstrated significant weight loss effects in both
human and animal studies. Lignans were selected for further investigation, as overall,
the review showed a greater potential for on weight reduction compared to isoflavones.
Thus, this chapter served as a starting point for evaluating lignan content in various
foods and assessing processing effects and its bioaccessibility.
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Expanding the knowledge of the lignan content of food and its effect on
processing

Interestingly, we discovered a lack of data on lignan content in Malaysia's most
commonly consumed foods. Plant-based foods were selected based on the National
Health Morbidity Survey, Malaysia Adult Nutrition Survey (MANS), conducted in
201414, The chosen foods were among the ones for which the highest intake (g/day)
was reported in each food group: leaty green vegetables, green vegetables, legumes,
other types of vegetables, and beverages. Pickling, germination, fermentation, and
brewing were applied to specific subsets of the samples. Lignans were measured by a
validated LC-MS/MS method!5-17.

Furthermore, we gathered information on the effect of processing on lignan
content in the systematic review (Chapter 3). We did not find available data on the
effect of several bioprocessing techniques on lignan content. Bioprocessing is a green
technology that uses enzymes and/or microorganisms to extract, purify, and produce
food and food ingredients's. Fermentation, germination, and pickling are some of the
traditional food bioprocessing methods that have been suggested to influence
phytochemical content!®-2!.

Bioprocessing is also a strategic approach for Malaysia since these methods are
low-cost while saving time, and the food can be easily prepared at home. Therefore, the
influence of different bioprocessing techniques on lighan content was further evaluated
in Chapter 3.

Shallot (Alium cepa), celery (Apinm graveolens), green Chinese mustard (Brassicca
Juncea), and long bean (igna unguiculata) were selected for pickling, and the samples were
collected after five weeks of pickling. Pickling showed a significant decrease in the
lariciresinol content by approximately 86%. To the best of our knowledge, this is the
first study to explore the lignan content of pickled foods.

The decline of lignan content in pickled foods could be due either through
degradation by endogenous polyphenol oxidase?! or through leaching out of the brine?2.
Further analysis of lighan stability in acid and salt solution after prolonged storage would
be useful to understand the mechanism of lignan reduction in pickled foods.

Other than bacteria, fungi are also involved in food fermentation. Meat, fish,
vegetables, milk, and cereals are some of the foods that are typically fermented with
fungi?. Tempeh is a precooked fungal fermented bean, bound together by the mycelium
of a living mould (mostly Rhizopus spp.), which provides many health benefits, including
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enhancing protein digestibility?*. Moreover, Rhizopus spp can produce extracellular
enzymes®>?. In addition, it could tolerate and grow in any adverse environment®.
Rhbizopus oryzae is one of the filamentous fungi used in fermentation of agricultural by-
products?’.

In our study, mung beans, soybeans, and a mixture of flaxseed and mung beans
were fermented with the fungi Rbizepus oryzae until a compact white mycelium was
formed. Our findings showed that fermentation increased lignan content in a mixture
of flaxseed and mung beans (799.9 + 67.4 mg/100g DW) compated to the unfermented
counterpart (501.4 + 134.6 mg/100g DW). In contrast, the fermentation of soybeans
and mung beans did not significantly affect the SECO content. As far as we know, no
data on the lignan content of fermented products by Rhizopus oryzae fermentation is
available. Nevertheless, a study proved that the phenolic acid level was remarkably
higher in oat fermented with filamentous fungi than in non-fermented oats?®. The
production of cell wall-degrading enzymes by fungi®* could explain the increase of
lignan content in fermented foods.

Germinated beans, also called bean sprouts, are common vegetables, mainly
used in Asian countries’. According to the Malaysian Adults National Survey 2014
(MANS 2014), the estimated mean intake of bean sprouts was 7.03 g/day and was listed
as 4% in the 'other vegetable group'*. Germination is a low-cost and effective
technology for improving the nutritional quality of grains or seeds3!.

In a study (Chapter 3), germination increased lignan content, which reached
its peak on day 6 of germination for all the tested matrixes. Our results are in accordance
with a recent study that found that the lignan content of germinated flaxseed increased
by approximately 6-fold on day 8 of germination32.

Based on our data, we calculated the lignan intake of fermented soybean
(tempeh) and germinated soybean (bean sprout) in Malaysia. For fermented soybean,
we arrived at a value of 0.01 mg/day, and for germinated mung beans (bean sprout),
this resulted in an estimate of 0.02 mg/day.

Furthermore, we investigated lignan content of tea brewing at different time
intervals. In Malaysia, tea is the second most popular beverage after plain water, with
an average of 160 mL consumed'“. Tea is one of the main contributors to lignan intake
in the United Kingdom* and the highest contributor to lignan intake in the Dutch
population®. Hence, tea could potentially be an important lignan source in the
Malaysian diet.
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We used black tea since this is generally consumed in Malaysia. As shown in
Chapter 3, lignan concentration increased with brewing time, reaching its highest
concentration at 10 minutes. Our results can be used to promote the best way to drink
tea while maximizing its potential health benefits. Based on our data, we calculated the
lignan intake in the Malaysian population. On average, the lignan intake from tea
consumed by the Malaysian population could increase to 0.05 mg/day with two minutes
of brewing time. Then, the lignan intake could be increased to 0.16 mg daily when the
brewing time reaches up to 10 minutes. Different types of tea may contain different
levels of lignans. A study showed that black tea has two times higher lignan content
than green tea®®. Nevertheless, we expect that the effect of brewing would be the same
irrespective of the type of tea investigated.

In summary, in Chapter 3, we provided evidence that fermentation and
germination are potential processing methods to increase the lignan content in food
products, as did a prolonged brewing time for tea. On the other hand, pickling decreased
the lignan content in foods. Our findings widen the range of known lignan content in
foods. Our data can contribute to the well-known Phenol-Explorer database, the first
comprehensive database on polyphenol content in foods (http://phenol-explorer.cu).

Moreover, our results fill the gap in knowledge on lighan intake in Malaysia by providing
data on some frequently consumed products. Aside from that, this information is useful
in educating farmers and consumers on how to increase the lignan content of the foods
that they have readily available, e.g., by selling and consuming germinated and fermented
products. Further study of other potential beans, seeds, or foods that can be fermented
or germinated to enhance their lignan content can also be recommended for foods
outside Malaysia.

The behaviour of lignans in the gastrointestinal tract and its effect on the food
matrix

In conjunction with findings obtained from Chapter 3, we studied the effect of
bioprocessing on bioaccessibility and gut microbiota conversion in enterolignans using
flaxseed as the most abundant source of lignans (Chapter 4). The idea is that processing
can affect not only the content but also the bioavailability of lignans. Therefore, in this
chapter, we reported a systematic investigation of lignans bioaccessibility from fresh,
fermented, and germinated flaxseed, and the effect of particle size using simulated -
vitro gastrointestinal models with 3 digestion phases (oral, gastric, and intestinal).

Moreover, the release of lignans and their conversion in enterolignans in the
large intestine was investigated via zz-vitro colonic fermentation with human fecal
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inoculums. In addition to the flaxseed matrixes, tea brew was used as a representative
sample to investigate lignan stability and interactions with digestive fluids.

Bioaccessibility refers to the quantity of bioactive compound released from the
food matrix in the gastrointestinal phase, which eventually becomes available for small
intestine absorption’¢. Chemical structure, food matrix properties, host physiological
conditions (gastric emptying and intestinal transit time), and food processing strategies
impact bioaccessibility?’. To our knowledge, there have been few studies on the effect
of processing on lignan bioaccessibility.

It has been reported that reducing particle size in plant foods substantially
increases the protein digestibility in yellow and black soybean pellets®. Another study
reported that the bioaccessibility of ferulic acid increased as the particle size of wheat
bran decreased®. Similarly, the total phenolic content and antioxidant activity
significantly increased for smaller particle sizes of carob flour#. Thus, it is suggested
that particle size reduction can improve the release of phytochemicals from the matrix
and possibly enhance their bioaccessibility in the gastrointestinal phase#!- 42. Reducing
particle size increases the fraction of broken cells, thus, allowing a greater proportion
of the intracellular content to be absorbed*3 4.

Our study found that SECO was detected in fresh, germinated, and fermented
flaxseed; PINO and MATA were detected in tea brew. The bioaccessibility of lighans
in fresh, germinated, and fermented flaxseed reached approximately 1% or less. The
particle size and processing significantly affected the bioaccessibility of SECO (P <
0.001). Conversely, no interaction between particle size and samples was observed (P =
0.142). In tea brew, the bioaccessibility of lighans was about 88% in the oral phase,
before decreasing to approximately 25% in the intestinal phase. A study of tea showed
a decrease in flavanols which are very prone to oxidation and disappear in the intestinal
phase during zn-vitro digestion®. Thus, the aforementioned study could explain the
lignan decrease in our findings, possibly due to oxidation in the intestinal phase.

Further investigation was done on the released lignans and conversion rate in
the zn-vitro colonic fermentation phase. Fermented flaxseed produced by far the highest
release of SECO, approximately 65%. Then, we further observed the conversion of
lignans to enterolignans. Only EL was detected in all samples. A study showed that ED
was rapidly converted to EL via oxidation. Similarly, other findings reported that
microbiota could metabolize SECO to ED and then quickly convert to EL#. Thus, our
findings are in accordance with the studies as mentioned earlier and could explain EL
detection, possibly due to rapidly conversion of ED to EL.
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Next, we observed that the fermented flaxseed has the highest EL at all
fermentation times, ranged between 0.5% to 1.0%. Moreover, the conversion of lignans
in tea brew was relatively high, approximately 15%. A possible explanation for the
higher lignan conversion in tea is that MATA can be directly converted to EL. In
contrast, SECO must be converted to MATA or ED before converting to EL*. In
addition, the low conversion of EL in flaxseed samples is probably due to soluble fibre.
The soluble fiber fermentation, such as mucilage, may have delayed the microbial

conversion of lignans*.

We further calculated the amount of lignans to which microbiota had been
exposed during the fermentation analyses. Germinated flaxseed gave the highest with a
value of 15.1 mg lignans, followed by the fermented flaxseed, with a value of 11.1 mg
lignans (in 1 g of fermented material). Fresh flaxseed had the lowest lignan content after
colonic fermentation, with a value of 3.0 mg. Our results could explain that the
difference in EL conversion yield could be due to the different matrix levels of lighans.
The amount of lignans in 10 mL of tea brew used in the fermentation was several orders
of magnitude lower (0.003 mg) compared to the flaxseed matrixes. Hence, we can
speculate that the microbiota capacity may have been saturated by the high lignan
concentration for the lignan conversion to EL.

Inter-individual differences are probably caused by the differences in
microbiota and, based on the amount of metabolites produced, can be classified as
“high producer”, “moderate producer,” and “low producer”#- . In the present study,
the variability observed in the conversion of lignans to enterolignans is high. There was
a nearly 5-fold difference in EL production between the highest and lowest producers
of fresh and fermented flaxseed. Another human study also reported that the variability

in lignan conversion is due to inter-individual differences in microbiota metabolism?’!.

Lignan intake and its association with obesity indicators

Beyond assessing the lignans' bioaccessibility in the zz-vitro study, we also assessed the
relationship between lignans and obesity indicators by exploring how the dietary pattern
of lignan food consumption was associated with obesity. In Chapter 5, the associations
between lignan intake and obesity indicators, body mass index for general overweight
or obesity, and waist circumference for abdominal obesity were examined using a real-

life prospective cohort study in the Netherlands, “Nutritional Questionnaire plus”

(NQplus).
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The lignan intake of the study population ranged from 40-50500 ug/day, which
was strongly skewed towards higher values. The median lignan intake was 3226 pug/day
(mean 4763 pg/day, SD 5386 pg/day). As expected, the values ate skewed due to some
foods being high in lignan content. Multigrain bread with seeds contributed nearly half
of the population's lignan intake. On top of that, flaxseed consumption resulted in a
high lignan intake with a contribution of 19.6%. In other studies, lignan intake ranged
from 200 to 9100 pg/day>>54, and our findings were comparable. The vegetatian and
vegan UK population reported the highest lignan intake since their intake is mainly
derived from lignan-rich plant-based foods®. The Latvian population also had a high
lignan intake, estimated at 4300 pg/day, as grain products accounting for 86% of it>.

Three multiple regression models were built to examine the association
between lignan intake and BMI and waist circumference. The results showed that a
higher lignan intake is significantly associated with a smaller waist
circumference in Dutch adults (P= 0.042 in the full model). The regression
coefficient adjusted for all potential confounders amounts to -0.93 (95% CI: -0.88; -
1.00), indicating that the waist circumference decreased with 0.93 cm upon a 1-standard
deviation (1-SD) (1.24 pg/day) higher lignan intake. No association between BMI
and lignan intake was observed. The inter-individual differences in converting
lignans to enterolignans, as reported in Chapter 4, could partly explain the low
associations between lignan intake and BMI. Notably, the findings in this
chapter could be valuable in exploring how dietary patterns of lignan food
intake impact health, particularly obesity.

Several studies have suggested that lignans reduce body weight and fat
accumulation®7. The mechanism responsible for the impact of lighans on weight
reduction and lipid metabolism includes suppression of adipose tissue growth,
inhibition of pre-adipocyte differentiation, stimulation of lipolysis, and induction of
apoptosis of existing adipocytes, thus reducing adipose tissue mass>® . Interestingly,
phytoestrogens, including lignans, are known to inhibit the activity of peroxisome
proliferator-activated receptor-gamma (PPARy) and activate the protein kinase
(AMPK) signaling pathway, associated with fat and energy metabolism®-63. The
molecular pathways need further elucidation.
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METHODOLOGICAL CONSIDERATIONS
Extraction and lignan analysis by LC-MS/MS

We followed the validated lignan analysis method by Milder et al., Norskov et al.; and
Pefalvo et al.'>!7 with slight modifications in Chapters 3 and 4. In our study, we
achieved good chromatographic separation for SECO (retention time: 6.2 mins), LARI
(6.4 mins), PINO (6.9 mins), MATA (7.3 mins), EL (7.5 mins), and ED (6.6 mins) ata
short run time of 12.5 mins compared to Milder’s method. Moreover, PINO generated
a signal only when positive ionisation mode was used, which was discovered to be
different from other studies. The PINO ionisation mode was found to be an added
value since it gave the high sensitivity of PINO detection.

We also calculated the matrix effects (ME) as an indicator of ionization
suppression or enhancement. The ME is defined as an unexpected suppression or
enhancement of the analyte response due to co-cluting matrix constituents. ME values
calculated from the peak area for each analyte spiked in an extracted sample is divided
by the peak area for each analyte in a standard solution of known concentration®. The
ME ranged from 99.1 to 126.6% in the dried samples, while the ME ranged from 111-
134% in the digestive fluids. The results indicate the influence of possible ionization
competition between the analyte and components present in the matrix6>.

Plant lignans occur bound to one or more sugar moieties as glycosides. Lignans
are usually measured after hydrolysis to aglycones since not all glycosides are known.
Enzymatic extraction with $-glucoronidase/sulfatase was performed to degrade the
glycosidic bonds and release the lighan aglycones. Thus, only aglycones could be
measured with this method. In regards of our study, the secoisolariciresinol diglucoside
(SECO glycoside) could not be detected since it had been degraded to SECO (aglycone
form). In addition, we combined alkaline hydrolysis and enzymatic extraction to
optimize the extraction recovery. Combining alkaline hydrolysis and enzymatic
extraction improved lignan yield!>.

Bioaccessibility of lignans during gastrointestinal digestion and fermentation
process

In Chapter 4, /n-vitro methods were used to investigate the bioaccessibility of lignans.
We applied a static simulated zz-vitro gastrointestinal digestion. Food samples are
digested sequentially simulated oral, gastric, and intestinal phases, with parameters such
as electrolytes, enzymes, bile, dilution, pH, and digestion time based on physiological
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data%’. The static zz-vitro digestion models are useful in forecasting /z-vivo digestion
outcomes. A study showed that 7z-vivo and zn-vitro protocols have a comparable peptides
profile; hence the /n-vitro digestion proved to be a good approximation to the
physiological of gastrointestinal digestion®s.

Nevertheless, the zz-vitro gastrointestinal digestion method has some
limitations. Firstly, the system lacks tissues such as epithelial mucosa and variable pH
throughout the gastrointestinal phase. Hence it can not mimic the dynamics of the
digestion process or the physiological interactions with the host®. Moreover, we used
Greiner tubes as the gastric and intestinal phase material, which is far from the actual
stomach. Soft materials such as silicone might be more suitable as an added value to
make zn-vitro gastrointestinal closer to the real one”.

Then, in-vitro simulated colonic fermentation protocol for further
understanding the release of lignans relates to the microbiota and conversion to EL. It
has been used to study gut microbiota fermentation of different food matrixes, giving
insight into their ability to degrade particular substances, which can contribute to
developing personalized nutrition strategies. Furthermore, batch fermentation can help
explain the metabolic routes and intermediate metabolites that appear by exposing gut
microbes to specific compounds. As a result, this could provide signs on how to direct
microbial metabolism toward a specific goal, thus, bringing gut microbiota modulation
through diet one step closer’!. The batch fermentation allows many samples to be
studied at once in a short time, at low cost, is simple to set up, and is handy for
determining metabolite profiles produced by fecal microbiota that consume diet
components’7, On top of that, no animal or human ethical clearance is needed.

But there are also some limitations which should be acknowledged. The host
colon function is only partially simulated due to the accumulation of some microbiota
waste products; hence, microbiota growth could probably be affected”.7>. In-vivo, the
intermediate metabolites can be absorbed and conjugated by enterocytes’ before they
are further converted; thus, the overall pathway could be different. Moreover, the
effects on microbiota composition and its metabolic activity are solely due to the applied
experimental treatment”’, therefore may influence the production of enterolignans.
Furthermore, even when using the same medium in the analysis, concentrations in the
buffering solutions, nutrients, fecal material source, and fecal slurry concentration vary
across experiments’!. Additionally, when the previous zz-vitro gastrointestinal digestion
is carried out using different protocols across analysis, it will result in different amounts
of digestion components available for colonic fermentation, which could influence the

results.
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Despite the fact that simulated 7z-vitro gastrointestinal digestion and colon
fermentation models cannot directly mimic zz-vivo conditions, these models may be
useful for investigating the effect of the food matrix bioaccessibility in order to obtain
critical data to support claims of the biological relevance of compounds in the context
of nutrition and human health’.

Dietary lignan intake and its association with obesity

Self-report dietary assessment methods are well known to suffer from measurement
errors, which reduce the precision of intake estimates and reduce statistical power to
access potential associations. The measurement errors will often lead to underestimating
diet-health outcomes”#8!. Random errors, such as day-to-day variation in food intake,
could be reduced by applying repeated measurements. Multiple 24hR recalls are an
example of repeated measurements. Consequently, we calculated the estimated lignan
intake in a Dutch populations in the Netherlands using repeated 24hR in Chapter 5.
Participants with at least two 24hR were included in this study.

Average daily dietary intake was calculated by multiplying the consumption
frequency by the portion size and nutrient content in grams®2. Only foods with available
lighan content was selected for inclusion in the dietary intake. We used the Dutch plant
base foods database’>, and to increase the accuracy of the result, we complemented the
lignan data with another three references (Gunter G.C. Kuhnle 2009, Thompson, 2006
and Penalvo, 2007)83-85. 90% of our 209 selected foods were extracted from the Dutch
lignan database solely developed for the Dutch population study. Moreover, a validated
LC-MS/MS method was used by Milder et al. to quantify the lignan in processed and
prepared foods'.

In the current thesis, the estimation of lignan food intake was achieved from
an existing free-living cohort (NQ-plus study), with distinct advantages and limitations
over an intervention approach. Using a free-living cohort with complex and
uncontrolled diets could be more efficient than conducting an intervention study for
each food of interest.

Nevertheless, the results should be considered in light of some limitations. The
metabolic conversion of lignans in the body was not considered, as this is a typical
observational study. It did not reflect the amount of compounds reaching the target
organ after digestion, absorption, and metabolism. Furthermore, residual confounding
from unknown or unmeasured factors, as well as confounding from other dietary

175



Chapter 6

constituents, cannot be completely ruled out despite the confounding factors for which
the regression models were adjusted.

Three multiple regression models were built to assess the association between
BMI and waist circumference with total lignan intake in Chapter 5. A number of factors
were considered in the adjustment of the models that could confound the association.
Age, gender, education, smoking status, ethanol consumption, physical activity, energy
intake, and intake of fat, protein, fibre, and carbohydrates were listed as potential risk
factors for obesity and may be correlated with lignan intake. The model adjusted for
confounding lifestyle variables was Model 1, while model 2 included energy intake and
nutrient variables. In the full model, model 3, the combination of all potential
confounders were used.

There was no association between BMI and lignan intake, while a higher lignan
intake was significantly associated with a smaller waist circumference. Several studies
are in concordance with our findings and reported that the intake of lignan has a
potential of waist circumference management> 6. There can be several interpretations
for these findings. Our baseline characteristic findings showed no significant difference
between persons with low, normal and high BMI and their lignan intake. The categories
of BMI could be more specific, e.g., underweight (BMI <18.5) and obese (BMI >39.9),
since these categories have different microbiota compositions that might influence the
lignan conversion. BMI is also affected by fat-free mass, not only fat mass, and hence
waist circumference may have been a better outcome meausure as this is related to
visceral or abdominal obesity. The use of a food frequency questionnaire (FFQ) could
also be a recommendation for future observational studies. The FFQ is one of the most
common dietary assessment instruments that might better capture the habitual food
and nutrient intake in large populations®’. Thus, the FFQ could help extend the
assessment of lignan intake associated with obesity.

The health benefits of lignan foods could be attributed to other components
in the food matrix such as carbohydrates, proteins, and lipids; we did not take the
bioavailability of lignans into account. Further research on the association between
lignan intake and enterolignan production using serum and urine could be explored to
investigate the bioavailability of lignans and the correlation between the intake and
health benefits. The potential mechanism of action undetlying this association might be
explained by the improvements observed in gut microbiota. Hence, a more
comprehensive database and consensus studies with obesity indicators in a longitudinal

design are warranted to delineate further the role of lignan intake in obesity.
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FUTURE RESEARCH AND CONCLUSION

This thesis adds to the current state of the literature on phytoestrogen compounds with
added information on lignans and their association with obesity. Simultaneously, several
knowledge gaps were revealed in enhancing the lignan content in various food
processing and influencing its bioaccessibility, release and conversion to enterolignans.
Moreover, the understanding of their intake in association with obesity was discovered.
Potential future research directions will be presented together with their implications
for public health, the food industry, and consumers.

Expending further food processing technologies, such as encapsulation, a
combination of germination and fermentation, fermentation of foods with other fungi
(eg; penicillium and monascus), and fermenting and germinating other seeds, beans, or
foods, could be further investigated to increase lignan content and its bioavailability
from selected foods. Encapsulation can improve bioaccessibility and bioavailability by
coating the compounds, targeting delivery to a specific part of the digestive phase, and
controlling its release®. The data generated expands the lignan content database for
more accurately estimating the dietary intake of enterolignan precursors. Documenting
the lignan content of new innovative fermented foods could open new research avenues
for understanding how their consumption affects health and diseases, specifically
obesity. Additionally, such information could benefit the food industry by developing
enhanced functionality products. Furthermore, we can manipulate the food matrix
through formulation or processing to modulate lighan conversion to EL in the large

intestine.

The variation in microbiota between individuals may be useful in future
personalized nutrition initiatives and tailored dietary advice. Further targeted studies are
needed to better understand the gut microbiota and its interactions with host health,
opening up new paths for personalized nutrition within plant-based diets. Moreover, a
comprehensive understanding of the role of specific gut-derived metabolites and gut
microbiota can lead to developing preventive strategies for obesity. Targeted microbiota
which acts specifically to inhibit the activity of PPARs and AMPK signalling pathway
on energy metabolism, could lead towards weight reduction.

Given that the NQ-Plus population is relatively healthy, investigation in a larger
cohort or nested case-control study would also present a larger gradient of obesity
indicators between participants, which may be helpful for observing associations
between food lignan intake and obesity. On top of that, a comprehensive study needs
to be implemented with an increased number of 24h recalls enhancing the correlation
between the day-by-day correlation of lignan intake. Moreover, further research could
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use the FFQ) since it is typically designed to measure the usual food intake. The present
study set up could also be repeated in Malaysia to investigate the lignan intake in
Malaysia associated with obesity and other health problems.

Allin all, the strategies mentioned above could only be implemented with good
teamwork between government, industry, professional bodies, non-governmental
organizations, communities, and individuals that could help battle obesity globally. As
a scientist, we need to educate the general population in a simple yet understandable
way on how to incorporate scientific knowledge into daily life. For example, on how to
increase lignan intake by promoting the consumption of fermented, germinated foods
and longer time of brewing. Apart from that, the present research on processing
techniques could help develop low-cost and time-saving food products with beneficial

properties.
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Summary

Obesity represents one of the most significant health and socioeconomic burdens to
modern society. Lignan foods are commonly consumed in diets worldwide and can be
an important part of an effective strategy to help prevent and manage obesity. However,
precise associations between the consumption of lignan foods and obesity have not
been reported extensively. Furthermore, the insight in the impact of different
processing methods on bioaccessibility and conversion to gut microbial metabolites that
are more bioactive is lacking. Therefore, this thesis aimed to look at the definition of
phytoestrogens, particularly lignans, the lignan content of various foods, their
bioaccessibility, and conversion into microbial metabolites in the human large intestine.
Further, we assessed the lignans food intake in relation to obesity indicators in a Dutch
population.

Firstly, to capture the existing phytoestrogen compounds in regard to obesity, a
systematic review was conducted, and the result is presented in Chapter 2. The lignans
and isoflavones studied showed significant weight loss effects in both human and
animal studies. As a result, lignans were chosen for further investigation since the review
revealed that they have a more significant potential influence on weight loss than
isoflavones.

In Chapter 3, the influence of different bioprocessing techniques on lighan content was
further evaluated. The plant-based foods were selected based on data from The
National Health Morbidity Survey, Malaysia Adult Nutrition Survey (MANS) conducted
in 2014: shallot, celery, green Chinese mustard, long bean, mung beans, soybeans,
flaxseed and tea. Pickling significantly reduced the content of lariciresinol by
approximately 86%. Conversely, fermentation and germination increased lignan
content. Moreover, the lignan content increased with prolonged brewing in tea. Thus,
fermentation, germination, as well as prolonged brewing of tea have shown to be
potential techniques to improve the lignan content in foods.

The analysis of the lighan foods was further expanded in Chapter 4, where the effect
of bioprocessing on bioaccessibility and gut microbiota conversion in enterolignans
using flaxseed were studied. In addition, tea brew was used as a representative sample
to investigate lignan stability and interactions with digestive fluids. The bioaccessibility
of lignans was very low (1% or less), and lignans are unstable in simulated zn-vitro
digestion conditions in all fresh, germinated, and flaxseed for both fine and coarse
particle sizes. The particle size and processing significantly affected the
secoisolariciresinol (SECO) bioaccessibility. Fermentation, on the other hand, could be
a viable strategy for increasing lignan release and conversion to enterolactone (EL) in

190



Summary

the large intestine. Moreover, the inter-individual microbiota influenced the conversion
of lignans to EL.

Finally, in Chapter 5, the lignan intake association with obesity indicators (body
mass index and waist circumference) were evaluated in a Dutch adult
population using a real-life prospective cohort study, “Nutritional Questionnaire plus”
(NQplus). Bread was the most common source of lignans, followed by nuts, seeds,
snacks, and vegetables. A higher lignan intake was associated with a smaller waist
circumference also when adjusted for potential confounders. Whether lignans can
reduce waist circumference in obese people or prevent the onset of abdominal obesity
must be evaluated in future intervention studies.

Collectively, the findings from these chapters indicate the potential for further exploring
the lignan content in foods, and processing techniques to increase the bioaccessibility
and conversion of lignans to enterolignans. The current research could aid in the
development of low-cost and time-saving food with manifold healthy properties.
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