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Abstract

Quercetin is a naturally occurring flavonol found abundantly in vegetables and fruits as
single- or multi-glycosylated forms. Dietary quercetin and its glycosides reportedly have a
promising anti-diabetic effect. Conversely, this beneficial effect was limited due to the poor
intestinal absorbability and degradation by commensal bacteria. Improvement of the
bioavailability could be valuable to further promote beneficial effects of quercetin on the body.
A previous study reported that a non-digestible oligosaccharide promoted intestinal absorption
a flavonoid. This raises the possibility that some kinds of dietary fibers improve quercetin
bioavailability. Thus, the objective of the study was to investigate the ability of dietary fibers
in promotion of quercetin bioavailability, and whether certain combination of quercetin and a
dietary fiber improves quercetin bioavailability and glucose tolerance in rats fed with an
obesogenic diet.

The first experiment aimed to examine the effects of several dietary fibers on the
bioavailability of the water-soluble quercetin glycosides, a-glycosyl-isoquercetin (AGIQ).
Male Wistar/ST rats were fed a test diet containing 0.7% of AGIQ with or without 5% of each
dietary fiber (pectin, soybean fiber, and guar gum) for 9 weeks. The quercetin bioavailability
and degradation were evaluated every two weeks by collecting plasma, urine, and feces. At
weeks 6 and 8, the soybean fiber supplemented group showed higher concentrations of total
quercetin derivatives in plasma and urine, than control. Intestinal degradation of quercetin,
calculated from differences between ingestion of aglycone and the sum of excretion in urine
and feces, was suppressed by dietary fiber supplementations. From this experiment, soybean
fiber showed the best potential to enhance the quercetin bioavailability after a long-term
feeding, which may promote the beneficial effects of quercetin.

The second experiment aimed to clarify whether the combined feeding of soybean fiber
and AGIQ could enhance quercetin bioavailability, subsequently affecting glucose metabolism
in a rat model of diet-induced obesity. Male Wistar-ST rats were individually fed an AIN-93G
diet as the control, a high-fat high-sucrose (30% fat and 40% sucrose; H) diet, H diet with
soybean fiber (HS), H diet with AGIQ (HQ), or H diet with both soybean fiber and AGIQ
(HSQ) for 9 weeks. Plasma, urine, feces, and tissue samples were similarly collected as the
first experiment. Meal tolerance tests (MTTs) were conducted every 4 weeks in the feeding
period to assess postprandial responses of glucose, insulin, and a gastrointestinal hormone
glucagon-like peptide-1 (GLP-1). The HSQ group had higher levels of total quercetin

derivatives in plasma, urine, feces, and cecal contents than the HQ group at the late period of



the experiment. These results demonstrated that the ability on enhancing quercetin
bioavailability of soybean fiber under an obesogenic condition, possibly via promotion of cecal
fermentation. In addition, the HSQ group had lower postprandial glycemia than the H group,
indicating the improvement of glucose tolerance by the combination of quercetin and soybean
fiber. Furthermore, a significantly positive correlations were observed between plasma GLP-1
concentrations and plasma quercetin derivative concentrations, suggesting promotive effect of
quercetin on GLP-1 secretion.

In conclusion, contentious ingestion of soybean fiber can increase quercetin
bioavailability in rats, possibly through enhancing intestinal fermentation. The combination of
soybean fiber and AGIQ could be beneficial for reducing the risk of glucose intolerance,
possibly via enhanced quercetin bioavailability and GLP-1 secretion. These findings might
help to establish a new diet composition that combines functional flavonoids with dietary fiber

to minimize the risk of diabetes and other related diseases.
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Chapter 1: General introduction

Flavonoid and quercetin

Flavonoids are a group of naturally occurring polyphenolic compounds, which
backbone structure is shown in Figure 1.1. The structure consists of a common C6—C3—-C6
structure as two aromatic rings (diphenylpropane; A and B rings) with a three-carbon bridge
(heterocyclic ring with oxygen, the C ring). Flavonoids can be divided mainly into six
subclasses according to the position of substituted group on the backbone structure [Cosme,
2020];

1) Flavones have the nearest structure to the flavonoid backbone with a ketone group at
position 4 (4-one), but lack the hydroxyl group in the 3-position on the C ring (e.g.,

apigenin, tricetin, luteolin, sinensetin);

2) Flavonols are a flavone backbone with a hydroxyl group at the 3-position (e.g.,

kaempferol, myricetin, quercetin);

3) Flavanones have an unsaturated carbon-carbon bond in the C ring of the flavonoid

skeleton (e.g., eriodictyol, hesperidin, naringenin);

4) Flavanols are compounds lacking both a unsaturated carbon-carbon bond in the C ring

and a 4-one in the C ring (e.g., catechin, theaflavin, theaflavins);
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5) Anthocyanins are characterized by the presence of an oxygen cation, oxonioum, on the C

ring. (e.g., cyanidin, maldivian, pelargonidin);

6) Isoflavones are distinguished by the B ring, which is attached to the C ring in the 3-position

rather than the 2-position as in other flavonoids (e.g., daidzein, genistein, glycitein).

The biological functions of flavonoids, such as potent antioxidants, are determined by
their structural properties. More than a thousand compounds with flavonoid structures have
identified [Tungmunnithum, 2018]. In plant, these compounds are an important factor for

protecting from UV radiation, pathogens, and herbivores [Mierziak, 2014].

Among discovered flavonol subclasses, quercetin is one of the most common and well-
studied compound. The structure of quercetin is consisting of a pentahydroxyflavone with five
hydroxy groups placed at the 3-, 3'-, 4'-, 5- and 7-positions as an aglycone form (Figure 1.2a).
In fact, quercetin is commonly presented in glycosylated forms with one or more sugar groups
linked to the aglycone (Figure 1.2b). This glycoside of quercetin can be found mainly in onions,
broccoli, apples, and berries [ Anand, 2016]. The advance of research contributed to developing
an enzymatically modified form of quercetin, well-known as a-glycosyl isoquercitrin (AGIQ;
Figure 1.2c¢), which is used in various quercetin supplement products. According to the
abundance and variety of its structures, quercetin and its glycosides urge an interest of scientists
to investigate their advantageous usages for functional food having beneficial effects in the
health aspects [Ezati, 2021; Haohai, 2020; Lopez, 2021; Ulusoy, 2020]. It has been reported
that a low dose of quercetin (1-10 uM) exerted an anti-cancer ability to suppress the growth
and number of cancer cells in human breast cancer cell lines [Jeong, 2009]. The mechanism on
neuroprotective effects in in vitro and in vivo studies from quercetin was summarized by
Suganthy and colleagues, this protection is also related to anti-inflammatory effect of quercetin
[Suganthy, 2016]. The antioxidant abilities of quercetin play a vital role to maintain oxidative
balance against various environmental and toxicological factors. Xu and colleagues also
reviewed these useful effects in the medical application [Xu, 2019]. The meta-analysis on
animal studies treated with quercetin at doses of 10, 25, and 50 mg/kg revealed a decrement in
serum glucose level, which suggested anti-diabetic effects of quercetin [Bule, 2019]. In women
with type 2 diabetes, 500 mg/day of quercetin significantly reduced tumor necrosis alpha and

interleukin-6 markers which are risk factors for cardiovascular disease [Zahedi, 2013].



The number of glucose units may vary from 1 to 8 (n=0-7)

Figure 1.2 The structure of a) quercetin aglycone; b) isoquercetin (Q3G); c¢) a-glycosyl-
isoquercitrin (AGIQ), in another name: Enzymatically modified isoquercitrin or EMIQ.

Quercetin absorption and its degradation

The bioavailability of quercetin can be influenced by various factors, the most
important factors are physicochemical properties and gut microbial degradation [Cai, 2013].
Quercetin with a glycoside was considered as a low hydrophilic molecule that is unable to
instantly absorbed by passive diffusion in the small intestinal epithelial cells [Crespy, 2002].
To absorb this glycoside, the intestinal brush border enzyme, lactase-phlorizin hydrolase (LPH),
hydrolyzes and liberates an aglycone. The aglycone up taken into the small intestinal epithelial
cells are either directly transported into the hepatic portal vein, or metabolized intracellularly
before transported. For this reason, the small intestine is thought to be the main site of quercetin
absorption into the body [Walle, 2004]. The absorbed aglycones are transformed (methylation,
sulfation, and/or glucuronidation) into a variety of metabolites, mainly in the liver, before
distribution to other organs or tissues [ Thilakarathna, 2013]. Conjugated metabolites that reach
the kidney are finally excreted into the urine. Conversely, unabsorbed aglycone and re-secreted
metabolites through the bile in the small intestinal lumen, flow into the large intestine, which
is the main site of quercetin degradation by the commensal bacteria [Mullen, 2008; Zhang,
2014]. Behind this degradation, the commensal bacteria possess various enzymes to activate
single or multiple of following reactions: heterocyclic ring fission (especially cleavage of C-
ring), demethylation, dehydroxylation, ester bond cleavage, carbon double bonds cleavage, and
decarboxylation [Braune, 2001; Braune 2016; Schneider, 1999; Schneider, 2000]. Several
products that resulted from the breakdown of quercetin are including 3.4-

dihydroxyphenylacetic acid, taxifolin, alphitonin, phloroglucinol, acetate, and butyrate



(Figurel.3) [Almeida, 2018]. Clostridium perfringens and Bacteroides fragilis were found to
be the most capable of degrading quercetin [Zhang, 2014]. A portion of the undegraded
quercetin metabolites is excreted into feces, or probably reabsorbed in the large intestine and
circulated back to the liver via the hepatic portal vein [Thilakarathna, 2013].

The degradation in the digestive tract makes quercetin bioavailability less than 10%
[Clifford, 2004; Hollman, 2009; Scalbert, 2000]. In human studies, the dosage of quercetin
ranges from 1 to 1200 mg/day were tested [Patel, 2018]. Some of these studies failed to take
advantage of quercetin. According to this statement, the absorption of quercetin has been
determined by using ligated loops of rat small intestine perfused with [2-!*C] Quercetin-4'-
glucoside, a radiolabeled quercetin glycoside. The result showed that only 1.5% of quercetin
perfused radioactivity can cross the small intestinal wall [Carbonaro, 2005]. A similar
experiment that monitoring radiolabeled products in body tissues, plasma, feces, and urine of
rats was performed [Mullen, 2008]. The trace amount (0.5%) of radioactivity was detected in
tail vein plasma 1 h after oral gavage with [2-'*C] Quercetin-4'-glucoside. Interestingly, the
ingested radioactivity was not detected in plasma while 96% of the radioactivity was recovered
as degraded product forms of quercetin in feces, urine, and the cage washes after 72 h of oral
gavage. These studies revealed that as it passes through the gastrointestinal tract, ingested
quercetin was absorbed only a small portion while almost of the unabsorbed quercetin was
rapidly degraded and excreted into urine or feces. Thus, the degradation of quercetin by the
commensal bacteria in the large intestine conceivably impacts its bioavailability. For this
reason, the quercetin bioavailability is a critical factor to determine their biological activity
because the degree of absorption has a positive correlation to the bioactivities of quercetin on

target responsive cells or tissues [Dabeek, 2019].
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Figure 1.3 Schematic representation of quercetin degradation and its degraded products
(Almeida et al., 2018).

Dietary fiber and cecal fermentation

The CODEX Alimentarius Commission describes the word “dietary fiber” as edible
carbohydrate polymers or oligomers that are not digested or absorbed by endogenous enzymes
in the human digestive tract [Jones, 2014]. Dietary fibers are roughly classified into
fermentable and non-fermentable fibers. Fermentable fibers are easily fermented by bacteria in
the colon (e.g. pectin, soybean fiber, guar gum), while non-fermentable fibers are resistant to
bacterial degradation (e.g. cellulose, lignin, and some of hemicelluloses) [Berer, 2018]. The
potential health benefits of dietary fiber have received considerable attention in the last several
decades. Two health claims for dietary fiber have been approved by the Food and Drug
Administration (FDA). The first claim states that the increment of dietary fiber along with a
decreased consumption of fats (<30% of calories), may reduce some types of cancer [FDA,
2008]. This claim is supported by several studies that report the inverse relationship between
dietary fiber and the growth of a variety of cancers, including colorectal, small intestine, dental,
laryngeal, and breast cancer [Nomura, 2007; Park, 2009; Schatzkin, 2008]. However, their

responsible mechanisms are still unclear. The second claim of the FDA states that diets high in



fermentable fiber components have a decreased risk of coronary heart disease [FDA, 2008].
Although the FDA has only approved and supported two claims, several other potential claims
have been thoroughly investigated and reported [Dahl, 2017; Ogden, 2006; Swann, 2020;
Singh, 2021; Weickert, 2008]. In addition, when dietary fiber reaches the large intestine, it is
fermented by the colonic microflora followed by productions of short-chain fatty acids
(SCFAs; primarily acetate, propionate, and butyrate), gases (methane, hydrogen, carbon
dioxide), and biomass [Patterson, 2014]. The SCFAs are then absorbed through the epithelium
and contribute to its energy generation [Inoue, 2014; LeBlanc, 2017]. The sufficient amount of

SCFAs affect the health and wellbeing of the host [Bugaut, 1987].

Type 2 diabetes mellitus and glucagon-like peptide 1 (GLP-1)

Nowadays, type 2 diabetes mellitus (T2DM) is an increasingly prevalent disease that
causes serious public health issues on a global scale [Lin, 2020]. The symptoms of T2DM
presented as hyperglycemia, hyperinsulinemia, and insulin resistance [Cersosimo, 2018]. In
addition, diabetic patients have an increased risk of other complications such as stroke,
myocardial infarction, and coronary artery disease [Tang, 2008]. The impaired glucose
represents that the body unable to control the blood glucose level [David, 2007]. Advancement
in pharmaceutical research has developed many synthetic reagents (such as metformin,
sitagliptin, saxagliptin, etc.) for the treatment of this chronic disease [Dowarah, 2020].
However, these synthetic compounds may have some side effects such as diarrhea, dizziness,
headache, and vomiting [Chaudhury, 2017]. Researchers are looking for therapeutic methods
to lessen these side effects. Thus, the search for effective and safer anti-diabetic strategies draw
attentions in this recent decade.

GLP-1 is an incretin hormone released from intestinal L-cells, mainly in the distal ileum,
in response to nutrient ingestion [Tolhurst, 2009]. This secreted hormone has a wide range of
physiological actions, including inhibition of glucagon release, gastric emptying, and food
intake, and activation of glucose-stimulated insulin secretion, enhancement of B-cell growth,
and survival [Holst, 2007]. From these advantages, GLP-1 was considered as one of the targets
on incretin-based diabetes therapies. Two major anti-diabetic drug classes, which are
augmented in this therapy, are agonists of the GLP-1 receptor and inhibitors of the GLP-1
degrading enzyme dipeptidyl peptidase 4. Some naturally occurring flavonoid compounds have
also been reported to potentiate incretin actions and acted as an agonist to the GLP-1 receptor

[Rehman, 2019; Wang, 2020; Wootten, 2011]. A recent study reported that the flavone



hispidulin could stimulate the secretion of GLP-1 in GLP-1-producing cell models and the
mouse ileum crypts. In addition, daily oral gavage of this flavone in streptozotocin-induced
diabetic mice improved insulin release, and B-cell survival [Wang, 2020]. These results

highlight the potential impacts of dietary flavonoids on incretin hormones.

Aim of studies

The bioavailability of quercetin primarily determines its beneficial effects. Since
quercetin has a poor absorption rate in the intestine, increasing its bioavailability could be
valuable to promote its beneficial effects with long-lasting changes in the health of the host
body. A previous study reported that non-digestible oligosaccharides, such as
fructooligosaccharide and difructose anhydride III, promote the absorption of flavonoids
[Matsukawa, 2009]. This improvement of flavonoid bioavailability by oligosaccharide
treatment raises the possibility of improvement of flavonoid bioavailability by dietary fibers.

Thus, the objective of the first study was to investigate the ability of selected dietary
fibers on promoting the bioavailability of quercetin, AGIQ form. It was expected that different
physicochemical properties, such as fermentability, of each selected dietary fiber may give a
diverse degree on the absorption of quercetin. Along the feeding period for 9 weeks, quercetin
and its derivatives were monitored every two weeks in plasma, urine, and feces. Results from
this study may shed some light on the characteristics of ideal dietary fiber on the enhancement
of flavonoid bioavailability.

In the next phase, it was speculated that the promotion of quercetin bioavailability gives
health-beneficial effects. The second study was aimed to clarify whether the combination of
AGIQ and the best candidate dietary fiber from the first experiment is able to enhance quercetin
bioavailability, consequently affecting glucose metabolism accompanied with increased GLP-
1 secretion in diet-induced obese (DIO) model rats. The DIO rats were employed because this
model is closely related to the pathophysiology of human metabolic syndrome, rather than
genetically obese models [Pinyo, 2019; Preguica, 2020]. In this experiment, quercetin
bioavailability and degradation were quantified in plasma, urine, feces, and cecal content
samples. To observe the changes in postprandial glycemic-, insulin-, and GLP-1-responses,
meal tolerance tests were performed every four weeks of the feeding period (totally for 9
weeks). Correlations between various parameters were evaluated to identify specific
relationships between experimental endpoints (quercetin bioavailability, glucose tolerance,

GLP-1 levels) and parameters measured.



Chapter 2: Water-soluble dietary fibers enhance bioavailability of
quercetin and a fiber derived from soybean is most effective after

long-term feeding in rats

Abstract

To investigate the effects of water-soluble dietary fibers (pectin, soybean fiber, and
guar gum) on the bioavailability of quercetin from the a-Glycosyl isoquercitrin (AGIQ)
ingestion. Male Wistar/ST rats were fed a test diet containing 0.7% AGIQ with or without 5%
of each dietary fiber for 9 weeks. Total quercetin derivatives were evaluated with liquid
chromatography-tandem mass spectrometry (LC-MS/MS) as total quercetin derivatives after
enzymatic deconjugation in plasma, urine, and fecal samples on weeks 2, 4, 6, and 8. The
excreted quercetin derivatives in feces were also measured. Results showed that fiber feeding
elevated the whole cecal weight and reduced the cecal pH, indicative of cecal fermentation
promotion. Changes in plasma and urinary quercetin levels revealed three phases of quercetin
metabolism, including cumulative, transient, and stable phases. At weeks 2, total quercetin
derivatives were higher in plasma samples from three fiber-fed groups than those control
groups; however, urinary excretion increased in fiber-fed groups at weeks 4. Soybean fiber
upregulated plasma and urinary quercetin levels on weeks 6 and 8. Intestinal degradation of
quercetin by bacteria, calculated from differences between aglycone ingestion and the sum of
urinary and fecal excretion, was suppressed after dietary fiber supplementation especially in
pectin fiber, which may partly contribute to the increase in quercetin bioavailability. Fecal
quercetin glucuronide excretion was high in soybean fiber-fed rats, suggestive of the reduction
of B-glucuronidase in the colon. In conclusion, water-soluble dietary fibers, especially soybean
fiber, enhanced quercetin bioavailability after chronic feeding and may promote beneficial

effects of quercetin on disease prevention.



Introduction

Quercetin is an abundant natural flavonoid belonging to the class of flavonol. It is usually
present in fruits and vegetables in glycosylated forms (sugar-bound) such as quercetin-3-O-f3-
d-glucoside (isoquercetin; Q3G). Several studies have demonstrated the biological activities of
quercetin on the prevention of diseases such as colon cancer, cardiovascular diseases, and
diabetes [Chen, 2016; Gee, 2002; Li, 2016; Vessal, 2003]. The bioavailability of quercetin and
its glycosides is low, limiting their beneficial effects [Guo, 2015]. Furthermore, the
bioavailability of quercetin varies depending on coexisting food ingredients.

There are two mechanisms related to quercetin glucoside absorption in the intestine. In
the first mechanism, lactase-phlorizin hydrolase (LPH) cleaves sugar moieties from quercetin
glucosides. [Day, 2003] The resulting aglycone was absorbed into intestinal epithelial cells by
simple diffusion. In the second absorptive pathway, quercetin glucosides are transported via a
glucose transporter [Chabane, 2009; Wolffram, 2002] and the absorbed quercetins are
conjugated as glucuronides and sulfates, or methylated in the epithelial cells. Quercetin
derivatives can further be conjugated and methylated at the liver. These quercetin conjugates
in the blood are excreted into the urine and bile. The excreted quercetin conjugates into the bile
are reabsorbed in the intestine. Urinary excretion under stable condition reflects the intestinal
absorption rate of quercetin [Vrie, 1998]. The unabsorbed quercetin glycosides and aglycones
in the small intestine flow into the cecum and colon. In these sites, the quercetin can be
absorbed into the epithelium or broken down by the intestinal bacteria [Keppler, 2006; Manach,
1997; Marin, 2015]. The degradation of quercetin aglycone in the large intestine is a reason for
the low bioavailability of quercetin [Rich, 2017; Thilakarathna, 2013]. Conjugated forms of
quercetin excreted into the bile also reach into the large intestine, wherein these molecules are
usually degraded by the bacterial -glucuronidase. The high activity of this enzyme is known
to increase the risk of colon cancer [Maruti 2008; Shiau, 1983].

Dietary fibers are non-digestible polysaccharides that prevent the onset of several
metabolic diseases through physicochemical properties and intestinal fermentation. Being
resistant to the digestive enzymes in the small intestine, dietary fibers increase the fermentation
and production of organic acids, mainly short-chain fatty acids (SCFAs), in the large intestine
[Andoh, 2003; Koh 2016]. Clinical studies have demonstrated that the consumption of dietary
fibers attenuates severe increases in blood glucose, cholesterol, and triglyceride after a meal

and lowers the risk of disease development [Lattimer, 2010; Threapleton 2013].



In recent studies, the bioavailability of quercetin glycosides was shown to be increased by
co-ingested saccharides, including non-digestible oligosaccharides, depending on the intestinal
bacterial metabolism [Matsukawa, 2009; Shinoki, 2013; Tanaka, 2016]. In the preliminary
study, I performed two sets of feeding experiments by using male Wistar/ST rats to compare
the effect of water soluble dietary fiber on Q3G absorption by the hypothesis that dietary fiber
can enhance quercetin absorption. Fiber sources in these experiments were composed of acacia
gum and pectin for the first experiment and partially hydrolyzed guar gum and soybean fiber
for the second experiment. By these two cohort studies, the result suggested that pectin and
soybean fiber can be used as supplement ingredients to promote quercetin absorption. These
studies suggest that water-soluble dietary fibers can promote the bioavailability of dietary
flavonoids. However, the effects of chronic feeding of water-soluble dietary fibers on quercetin
bioavailability have not been studied.

For this reason, pectin was used in this investigation as representative vicious and low
fermentable dietary fibers. Soybean fiber, a highly fermentable fiber with low viscosity was
included as aforementioned on its ability. In addition, guar gum is another candidate dietary
fiber from the different physicochemical property from the other two fibers. The experimenter
hypothesized that the continuous ingestion of dietary fibers may increase quercetin
bioavailability by promoting intestinal fermentation and/or the difference in physicochemical

property of fibers may affect the intestinal absorption of quercetin.

Materials and methods

Materials

The a-Glycosyl isoquercitrin (AGIQ, kindly given by San-Ei Gen F.F.L., Inc., Osaka,
Japan) consisted primarily of quercetin-3-O-glucoside (Q3G, 31.8%) and mono (23.3%) and
di (20.3%) glucose adducts of Q3G with a-1,4-linkages. AGIQ was used as a quercetin source
because the absorption of this quercetin glucosides is higher than Q3G (natural compound)
[Matsukawa, 2009] and already used as a food additive with granted generally recognized as
safe (GRAS) status in Japan. WSSF, a highly fermentable fiber with low viscosity, was kindly
donated by Fuji Oil Co., Ltd (Osaka, Japan). Soybean fiber, a highly fermentable fiber with
low viscosity, was kindly supported by Fuji Oil Co., Ltd (Osaka, Japan). Pectin from citrus and
guar gum were purchased from Wako Pure Chemical Industries, Ltd (Osaka, Japan) and Tokyo

chemical industry Co., Ltd (Tokyo, Japan), respectively. As deconjugating enzymes, [-
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glucuronidase (> 100,000 units/mL) and sulfatase (> 2,000 units/mL) from Helix pomatia
extract (Cat. No. S9751) and sulfatase (10-20 units/mL) from Aerobacter aerogenes extract
(Cat. No. S1629) were purchased from Sigma Aldrich (Saint Louis, USA). Two sources of
sulfatases were applied because insufficient hydrolysis of sulfate conjugates by the only Helix

pometia enzyme. Other reagents were provided by Wako unless specified.

Animals and diets

Male Wistar/ST rats, weighing about 120-140 g (5 weeks old) purchased from Japan SLC,
Inc. (Hamamatsu, Japan), were housed in an individual stainless-steel cage with a wire mesh
bottom. Rats were maintained in a controlled environment (12 h light/dark period, relative
humidity 40-60%, and temperature 22°C + 2°C) with ad libitum access to diet and water. Rats
were assigned to five groups (n = 7 rats/group) after 1-week acclimation with a sucrose-based
diet based on AIN-93G formulation [Reeves, 1993]. For 9 weeks, five groups of rats were fed
with different diets as follows; sucrose-based AIN-93G diet for control (C) group, sucrose-
based AIN-93G diet mixed with 0.7% AGIQ (Q) as a basal diet. The basal diet mixed with 5%
of each test fiber, pectin (as QP), or soybean fiber (as QS), or guar gum (as QG). In the diet
component, sucrose is replaced by supplemented AGIQ and cellulose is replaced by the test
fibers for fiber treatment groups. The percentage (0.7%) of AGIQ used in the present study
was equivalent to 0.5% of quercetin aglycone. The experimental diet composition was shown
in Table. 2.1. The bodyweight and food consumption of rats were measured daily. Tail vein
blood was collected at 10.00 - 11.30 a.m. on weeks 2, 4, 6, and 8 after feeding test diets. Urine
and feces were collected for 2 and 3 days, respectively, in the same week before blood
collection day to evaluate quercetin bioavailability. For urine collection, 0.05% sodium azide
was added to prevent the degradation of quercetin metabolites by bacterial growth. Collected
urine samples were filled up to 100 mL, and 15 mL of samples were stored at —40°C. Fecal
samples were stored at —80°C. At the end of the feeding period, rats were anesthetized with
sodium pentobarbital injection (Somnopentyl, Kyoritsu Seiyaku Corporation, Tokyo, Japan)
and killed by the withdrawal of the aortic blood followed by exsanguination after overnight
fasting. The liver and epididymal fat pad were collected and weighed. The cecum and its
contents were collected for measurements of pH, SCFAs, and other organic acids.

This study was approved by the Hokkaido University Animal Committee, and the animals
were maintained under the Guide for the Care and Use of Laboratory Animals of Hokkaido

University.
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Table 2.1 Experimental Diets Composition

Ingredient C(zrét)r ol A(%I)Q ch‘;;n Song;an Ganr ;um
(QP) (QW) (QG)
g/kg of diet
Sucrose 609.5 602.5 602.5 602.5 602.5
Casein ¢ 200 200 200 200 200
Soybean oil 70 70 70 70 70
Cellulose ? 70 70 20 20 20
Mineral (AIN-93G-MX) ¢ 35 35 35 35 35
Vitamin (AIN-93-VX) ¢ 10 10 10 10 10
AGIQ“ - 7 7 7 7
Pectin ¢ - - 50 - -
Soybean fiber/ - - - 50 -
Guar gum ¢ - - - - 50
L-cystine 3 3 3 3 3
Choline bitartrate 2.5 2.5 2.5 2.5 2.5

¢ Acid casein (Fonterra, Ltd., Tokyo, Japan)

b Avicel PH102 (Asahi Kasei Chemicals Corporation, Tokyo, Japan)

¢ Mineral and vitamin mixtures were prepared according to the AIN-93G formulation

4 a-Glycosyl isoquercitrin (AGIQ; kindly supplied by San-Ei Gen F.F.I., Inc., Osaka, Japan)
¢ Pectin from citrus (Wako Pure Chemical Industries, Ltd., Osaka, Japan)

/Soybean fiber (kindly supplied by Fuji Oil Co., Ltd., Osaka, Japan)

¢ Guar gum (Tokyo chemical industry Co., Ltd., Tokyo, Japan)

Sample treatments

Plasma or diluted urine sample (100 pL) was acidified with 10 pL of 0.58 mol/L acetic
acid and treated with 7.5 pL of each deconjugation enzyme, B-glucuronidase and sulfatase
[Tanaka, 2018]. Both enzymes treated- and untreated-samples were incubated at 35°C for 1 h
and naringenin (2 umol/L as an internal standard; IS) was added to all samples. The mixture
was centrifuged (9,300g at 4°C for 5 min) and the supernatant was collected; the precipitate
was re-extracted with methanol. The supernatant was loaded onto a C18 cartridge (Oasis HLB,
Waters Co. LTD, Milford, MA, USA) and eluted with 1 mL methanol. After drying and
reconstitution in a 50% methanol solution, quercetin and methylquercetin with enzyme-treated

(aglycone form) and quercetin and methylquercetin metabolites without enzyme treatment
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(conjugated form) were measured by liquid chromatography-tandem mass spectrometry (LC-
MS/MS).

Fecal samples were freeze-dried and milled and their dry weights measured. Powdered
fecal samples (0.1 g) were suspended in 1 mL of 80% methanol solution and treated with 100
pL of 10 pmol/L naringenin as IS [Tanaka, 2016]. Mixtures were homogenized using an
ultrasonic homogenizer (VP-050, Saitama, Japan) and incubated at 60°C for 1 h before
centrifugation (2,300g for 10 min at 4°C). Methanol (1 mL) was added to the precipitate and
homogenized with Teflon homogenizer (42W, ULTRAS homogenizer, Taitec Co. Ltd.,
Nagoya, Japan). The mixture was centrifuged to precipitate insoluble materials, including
proteins. The entire procedure was repeated twice. The obtained supernatant was evaporated
and the concentrations of total quercetin derivatives were measured as the same as plasma and

urine extracts.

Quercetin measurement by LC-MS/MS

Quercetin and its metabolites were determined [Tanaka, 2018] using LC-MS/MS system
(TSQ Quantum Access Max with Accela High-Speed LC System, Thermo Fisher Scientific
Inc., MA, USA) with electrospray ionization (ESI) source with SRM mode. The analytical
column was a 1.9 um C18 column (Inertsustain Swift C18, 2.1 mm x 100 mm GL Sciences
Inc., Tokyo, Japan) set at 40°C. The mobile phase was water, methanol, and formic acid
(70:30:0.1, solvent A), and methanol with formic acid (100:0.1, solvent B). The ratio of solvent
A and B was delivered through a linear gradient (90:10 for 1 min; 90:10-20:80 for 8 min; 90:10
for 1 min) at a flow rate of 0.2 mL/min. The quercetin aglycone and its derivatives were
identified according to their m/z (mass to charge ratio) value (Table 2.2). Structures of
quercetin aglycone and its derivatives are shown in Table 2.3. Concentrations of total quercetin
derivatives and their metabolites were calculated from the calibration curve of standard

compounds.
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Table 2.2 The Chemical Formulation and Mass to Charge Ratio of Quercetin and Its
Metabolites

Chemical Mass to Charge
No. Compound formula (m/z) Ion
Parent Product
1 Naringenin C15H1205 273.069 | 273.069 +
2 Quercetin Ci5H1007 303.043 | 303.043 +
3 Quercetin sulfate Ci1sH10010S | 381.000 | 301.043 -
4 Quercetin disulfate Ci5sHi10013S2 | 460.956 | 301.043 -
5 Quercetin glucuronide sulfate C21H13016S | 557.032 | 301.043 -
6 Methyl quercetin sulfate Ci16H12010S | 395.015 | 315.058 -
7 Methyl quercetin glucuronide sulfate | CoH20016S | 571.047 | 315.058 -
8 Quercetin diglucuronide sulfate C27H26022S | 733.064 | 301.043 -
9 Q3G (isoquercetin) C21H20012 465.096 | 303.043 +
10 Q3G2 C27H30017 627.148 | 303.043 +
11 Q3G3 C33H10022 789.201 | 303.043 +
12 Q3G4 C39H50027 951.254 | 303.043 +
13 Q3G5 Ca5He0O32 1113.307 | 303.043 +
14 Q3G6 Cs1H70037 1275.36 | 303.043 +
15 Q3G7 Cs7HgoO42 1437.412 | 303.043 +
16 Q3G8 Ce3H90047 1599.465 | 303.043 +
17 Methyl quercetin Ci16H1207 317.058 | 317.058 +
18 Quercetin glucuronide C21H13013 479.075 | 303.043 +
19 Quercetin diglucuronide Ca7H26019 655.107 | 303.043 +
20 Methyl quercetin glucuronide C22H20013 493.09 | 317.058 +
21 Methyl quercetin diglucuronide CasH25019 669.123 | 317.058 +

Cecum treatment for pH and SCFAs measurement

Cecal contents and tissues were isolated and separately measured after frozen cecum
samples were thawed. The contents of the cecum were diluted with four times the weight of
deionized water, and the pH was determined using a pH meter (B-211 twin waterproof pH,
Horiba, Ltd., Kyoto, Japan). Diluted samples (700 uL) were mixed with 200 pL of IS and a
mixture of 25 mM crotonic acid in 50 mM sodium hydroxide (NaOH) and centrifuged. The
supernatants were mixed with the same volume of chloroform and centrifuged again. The
supernatant was filtrated through a 0.2 pm membrane, and concentrations of organic acids,
including SCFAs, were measured with high-performance liquid chromatography (HPLC)
constructed with two shim-pack SCR-102H (8§ mm L.D. X 300 mm L Shimadzu Corp.) and
conductivity detector CCD-6A (polarity: +, response: slow, temperature: 45°C; Shimadzu
Corp.). The flow rate of the mobile phase (5 mM aqueous p-toluenesulfonic acid) and buffer

(5 mM p-toluenesulfonic acid solution containing 100 uM ethylenediaminetetraacetic acid
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Table 2.3 The Chemical Structure of Quercetin and Its Metabolites

Substitution group

No. Compound Rl D R3 R4 G
1 Naringenin H OH H OH OH
2 Quercetin OH OH OH OH OH
3 Quercetin sulfate OH OH Sulfate OH OH
4 Quercetin disulfate OH Sulfate OH OH Sulfate
Quercetin glucuronide
5 sulfate ( Quercetin 3- OH OH Glucuronide OH Sulfate
glucuronide-3'-sulfate)
Quercetin glucuronide
sulfate ( Quercetin 3- Sulfate OH Glucuronide OH OH
glucuronide-7-sulfate)
Methyl quercetin
6 OH OH Sulfate OH O-Methyl
sulfate
7 Methyl quercetin Sulfate OH Glucuronide OH O-Methyl
glucuronide sulfate
8 Quercetln . OH Glucuronide Sulfate OH | Glucuronide
diglucuronide sulfate
9 Q3G (isoquercetin) OH OH Monoglucoside [ OH OH
10 | Q3G2 OH OH Diglucoside OH OH
11 | Q3G3 OH OH Triglucoside OH OH
12 | Q3G4 OH OH Tetraglucoside OH OH
13 ] Q3G5 OH OH Pentaglucoside | OH OH
14 | Q3G6 OH OH Hexaglucoside OH OH
15 | Q3G7 OH OH Heptaglucoside [ OH OH
16 | Q3GS8 OH OH Octaglucoside OH OH
17 | Methyl quercetin OH O-Methyl OH OH OH
(Tamarixetin)
Methyl quercetin
(Rhamnetin) OH OH OH OH O-Methyl
Methyl quercetin O-Methyl | OH OH OH OH
(Isorhamnetin)
18 | Quercetin glucuronide OH OH Glucuronide OH OH
19 Quercetln . OH OH Glucuronide OH | Glucuronide
diglucuronide
20 Methyl quereetin OH OH O-Methyl OH | Glucuronide
glucuronide
21 Methyl quercetin O-Methyl | Glucuronide OH OH | Glucuronide
diglucuronide
R1
Rz
Rs O
R3
Ry O
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[EDTA] and 20 mM Bis-Tris) was 0.8 mL/min. The concentration of each organic acid was
calculated from the peak area of a chromatogram and the calibration curves of standard

compounds.

Statistics

Data are presented as means with standard errors of the mean (SEM). Statistical
significance was assessed using one-way analysis of variance (ANOVA) with Tukey-Kramer’s
test. Two-way ANOVA was carried out to verify the effect of the duration of feeding test (week
i.e., weeks 2, 4, 6, and 8) and diet treatment (group i.e., Q, QP, QS, and QG) on values of
plasma, urine, feces quercetin aglycone as well as quercetin aglycone degradation. P < 0.05
was considered as significant. Statistic calculation was performed by JMP version 13.0 (SAS

Institute Inc., Cary, NC).

Results

Food intake, body weight, and organ and dry fecal weights

In Table 2.4, the final body weight in the QP group tended to be slightly lower than the
other groups. The lower amount of daily food intake appeared in dietary fiber-fed groups,
however, there was no difference between the groups. A relative weight (grams per 100 g body
weight) of the livers showed no change following dietary fiber treatment, but that of the

epididymal fat pad was lower in the QS group than the control group.

Table 2.4 Initial and Final Body Weight, Average Food Intake, and Organ Weights of Rats Fed
a Sucrose-Based AIN-93G Diet (C) with 0.7 % AGIQ (Q) with 5% Pectin (QP) or Soybean
Fiber (QS) or Guar Gum (QG).

Gow BW opw  Podike e TR
(8) (8) (g/100g BW)

C 162 £3 426 £11 19.46 £ 0.58 0.79+ 0.02 1.51+ 0.16a
Q 162 £2 432 +14 19.53 £ 0.66 0.80+ 0.01 1.31+ 0.03ab
QP 162 £2 405 £15 18.31 £0.38 0.71+ 0.01 1.34+ 0.07ab
QS 162 £2 425 +£13 18.52 £ 0.56 0.73+0.02 1.12+ 0.07b
QG 162 £2 432 + 14 18.87 +£0.53 0.78+ 0.02 1.34+ 0.05ab

Values are mean = SEM (n = 7) and not sharing a common letter differ significantly (P < 0.05)
by Tukey-Kramer’s post hoc test.
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Weights of cecum tissues and cecum contents were significantly higher in QS and QG
groups, but not in the QP group, than the non-dietary fiber supplemented groups (C and Q).
Maximum weight was reported for the samples from the QS group (Table 2.5). The pH of cecal
contents for samples from dietary fiber supplemented (QP, QS, and QG) groups was
significantly lower than the non-dietary fiber supplemented groups (C and Q) groups. These
results suggested that cecal fermentation was promoted by these dietary fibers. The amounts
of total organic acids, which are the sum of succinic, lactic, acetic, propionic, iso-butyric, and
n-butyric acids. According to this result, the acetic and propionic acids were higher in the QS

group than other groups (Figure 2.1).

Table 2.5 Whole Cecum, Cecum Tissue, and Content Weight and pH Value of the Cecal’s Rats
Fed a Sucrose-based AIN-93G Diet (C) with 0.7 % AGIQ (Q) with 5% Pectin (QP) or Soybean
Fiber (QS) or Guar Gum (QG).

Whole cecum ) ) Content
: Cecum tissue weight :
Group weight (2/100 g BW) weight pH
(2/100 g BW) gl e (2/100 g BW)
c d c a
C 0.77+0.01 0.23+0.01 0.54+ 0.07 6.7+ 0.1
Q 0.82+0.04 0.27+0.01 0.55+0.05 6.640.1
be be c b
QP 0.97+0.07 0.30+0.01 0.67+0.12 6.1+£0.0
a a a b
QS 3.35+0.45 0.41+0.01 2.94+0.25 6.1+0.1
b b b b
QG 1.88+0.15 0.35+£0.02 1.53+0.12 6.1+£0.0

Values are mean = SEM (n = 7) and not sharing a common letter differ significantly (P < 0.05)
by Tukey-Kramer’s post hoc test.
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Figure 2.4 Pools of organic acids in cecal contents of rats fed a sucrose-based AIN-93G (C) diet
with 0.7 % AGIQ (Q) with 5% pectin (QP) or soybean fiber (QS) or guar gum (QG). Total
organic acids (sum of succinic, lactic, acetic, propionic, iso-butyric and n-butyric acids). Values
are mean + SEM (n = 7) and not sharing a common letter differ significantly (P < 0.05) by
Tukey-Kramer’s post hoc test.
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Dry weights of feces (Table 2.6) collected on weeks 2, 4, 6, and 8 showed lower values
in QP, QS, and QG groups than C and Q groups, suggesting that dietary fibers added to diets

were similarly degraded by intestinal bacterial fermentation.

Table 2.6 Total Dry Fecal Weight of Rats Fed a Sucrose-based AIN-93G Diet (C) with 0.7 %
AGIQ (Q) with 5% Pectin (QP) or Soybean fiber (QW) or Guar Gum (QG).

Total dry fecal weight (g/3days)

Group
Week 2 Week 4 Week 6 Week 8
C 522 £0.36 5.46 £ 035 538 £0.25 551 £0.15
Q 493 £0.19 5.49 +0.30 5.64 £0.29 5.87 £0.24
QP 259 £0.26 323 £0.16 310 £024 3.53 4020
Qs 2,00 £0.18" 228 £0.15 331 £020 3024019
QG 223+014 323 £0.08 3014039 3424029

Values are mean = SEM (n = 7) and not sharing a common letter differ significantly (P < 0.05)
by Tukey-Kramer’s post hoc test.
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Total quercetin derivatives in plasma

In plasma, the concentrations of methylquercetin derivatives were higher than those of
quercetin derivatives (Figure 2.2). On week 2, a combination of AGIQ and each dietary fiber
elevated the concentrations of the plasma quercetin derivatives. From weeks 2 to 6, plasma
total quercetin derivatives gradually decreased in all groups. On weeks 6 and 8, all groups of
quercetin-fed rats showed steady levels of total quercetin derivatives, with the highest value
reported for the QS group. Two-way ANOVA results revealed that both duration of feeding
the test diets and each diet treatment influenced the plasma concentrations of total quercetin

derivatives and showed significant interaction (Week x Group: P < 0.0001).

Two-way ANOVA

Week <0.0001
M Group <0.0001
120 - a a Week*Group  <0.0001
—_ a
2 100 |
[72]
(0]
2 80 a
2 b a
S 60 - b
£ b b b b
3 40 - b
(]
=
i)
0
Q QP QS QG Q QP QS QG Q QP QS QG Q QP QS QG
Week 2 Week 4 Week 6 Week 8

OQuercetin derivatives @ Methyl quercetin derivatives

Figure 2.5 Plasma concentration of quercetin and methyl quercetin derivatives in the tail blood
of rats fed the sucrose-based AIN 93G diet with 0.7 % AGIQ (Q) with 5% pectin (QP) or
soybean fiber (QS) or guar gum (QG). Values are mean = SEM (n = 7) and not sharing a
common letter differ significantly (P < 0.05) by Tukey-Kramer’s post hoc test.
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Total quercetin derivatives in urine

In the urine samples collected on week 2, the level of total quercetin derivatives was
significantly higher in the QG group than the Q group. Both QS and QG groups had
significantly higher levels of total derivatives in urine than the Q group on week 4 (Figure 2.3).
From weeks 4 to 8, urinary levels of total quercetin gradually decreased in all groups. Urinary
quercetin level in the QS group was higher than that in all other groups on weeks 6 and 8. The
fluctuation in total quercetin excretion was influenced by both feeding period and dietary
treatment, as per two-way ANOVA results, and showed significant interactions (Week x

Group: P =0.0066).

Two-way ANOVA
. Week <0.0001
Urine Group <0.0001

Week*Group 0.0066
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Figure 2.6 Urinary excretion of quercetin and methyl quercetin derivatives of rats fed the
sucrose-based AIN-93G diet with 0.7 % AGIQ (Q) with 5% pectin (QP) or soybean fiber (QS)
or guar gum (QG). Values are mean = SEM (n = 7) and not sharing a common letter differ
significantly (P < 0.05) by Tukey-Kramer’s post hoc test.
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Total quercetin derivatives in feces

During an 8-week feeding period, significantly higher total quercetin derivatives excretion

than the Q group was observed in the QP group, while ingestion of soybean fiber (QS group)

improved total quercetin excretion from week 4 to week 8 (Figure 2.4). QG group showed an

increasing tendency of fecal total quercetin throughout the experiment. According to two-way

ANOVA results, dietary treatment, but not the feeding period, influenced the fecal total

quercetin derivatives.

Two-way ANOVA
Week 0.7898

M Group <0.0001
—~ 50 - Week*Group __0.2569
>
g a
g 40
2
(/2]
g 30
£
®
2 bc
g H- ‘
£
©
2 0
[
= Q QP QS QG Q QP QS QG Q QP QS QG Q QP QS QG
s Week 2 Week 4 Week 8
°

m} Quercetln derivatives

mMethyl quercetin derivatives

Figure 2.4 Fecal excretion of quercetin and methyl quercetin derivatives of rats fed the
sucrose-based AIN-93G diet with 0.7 % AGIQ (Q) with 5% pectin (QP) or soybean fiber
(QS) or guar gum (QG). Values are mean = SEM (n = 7) and not sharing a common letter

differ significantly (P <0.05) by Tukey-Kramer’s post hoc test.
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In addition, quercetin glucuronides in feces were almost undetectable in the Q group, but
were detectable in QP and QS groups (Figure 2.5). In particular, total glucuronide levels
(quercetin glucuronides and methylquercetin glucuronides) gradually increased in the QS

group and were higher than in the other groups.

Two-way ANOVA
Week 0.0667
M Group <0.0001

Week*Group 0.0005

Total quercetin glucuronides (umol/day)

2
a
ab b
c @ be b b e b
. 4 - Kl .
Q QP QS QG Q QP QS QG Q QP QS QG Q QP QS QG
Week 2 Week 4 Week 6 Week 8

Figure 2.5 Fecal excretion of quercetin and methyl quercetin monoglucuronide metabolites
of rats fed the sucrose-based AIN-93G diet with 0.7 % AGIQ (Q) with 5% pectin (QP) or
soybean fiber (QS) or guar gum (QG). Values are mean = SEM (n = 7) and not sharing a
common letter differ significantly (P < 0.05) by Tukey-Kramer’s post hoc test.

Degradation of quercetin and methylquercetin derivatives

The amounts of quercetin and methylquercetin derivatives excreted in urine and feces
samples were lower than the levels of ingested quercetin, suggestive the large amounts of
quercetin aglycones were degraded by intestinal bacteria (Table 2.7). The amount of quercetin
and methylquercetin derivatives degraded was calculated by subtracting the sum of aglycone
excreted in urine and feces from the total ingested aglycone. The difference between ingested
and degraded aglycone is excreted aglycone that survived from intestinal bacteria degradation.
The dietary fiber-fed groups (QP, QS, and QG) had, at least, nearly two times of excreted
aglycone percentage as the individually feeding AGIQ group. The values of the QP group were
the highest in the experiment (approximately five times higher than the Q group). Notably, the
degradation ratio was suppressed in all dietary fiber supplemented groups and the lowest value
was reported for the QG group. These differences were maintained during the 8-week feeding
period, which was supported by the absence of any significant interaction between period and

dietary treatment as analyzed with two-way ANOVA.
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Table 2.7 Amount of Quercetin Aglycone Degraded per Day and Rate (%) of Excreted
Aglycone in Rats Fed Test Diet Containing a Sucrose-based AIN-93G diet with 0.7 % AGIQ
(Q) with 5% Pectin (QP) or Soybean Fiber (QS) or Guar Gum (QG).

Ingested Excreted Excreted Degraded
Group aglycone aglycone* aglycone** aglycone***
(umol/day) (umol/day) (%) (%)
Week2
Q 195.91+5.44 6.69+1.67 3.42+0.85 96.58+0.85"
QP 177.42+ 7.46" 33.65+4.97" 18.97+2.82" 81.03+2.82"
QS 171.72+ 5.07° 11.37+2.64" 6.65+1.60" 93.35+ 1.60°
QG 169.73 + 3.60° 12.77+ 1.66° 759+ 1.07° 92.41+1.07°
Week4
Q 202.77+7.75 6.22+0.99° 3.12+0.53° 96.88+ 0.53"
QP 187.39+ 4.57 32.76+ 3.43" 17.63+ 1.98" 82.37+1.98°
QS 188.23+ 5.54 17.10+2.72° 9.20+1.57" 90.80+ 1.57"
QG 189.62+ 4.74 13.59+2.88" 7.13£1.52" 92.87+1.52"
Week6
Q 206.87+7.51 6.23+1.20° 2.97+0.53° 97.03+ 0.53"
QP 193.36+ 5.18 26.14+3.59" 13.52+1.72° 86.48+ 1.72°
QS 193.75+5.71 19.40+1.30"  10.08+0.78" 89.92+ 0.78"
QG 197.56+ 5.22 11.38+2.99™ 5.84+1.57" 94.16+1.57"
Week8
Q 209.19+ 7.54 5.40+ 1.02° 2.55+0.43" 97.45+ 043"
QP 195.79+ 4.80 3428+ 591" 17.33+2.86" 82.67+2.86
QS 197.60+ 6.05 17.75+2.29° 9.13+ 131 90.87+1.31"
QG 20156+ 5.02 10.03+ 3.45" 498+1.71" 95.02+1.71"
Two-way ANOVA
Week <0.0001 0.8679 <0.0001 0.6599
Group 0.0004 <0.0001 <0.0001 <0.0001
WeekxGroup 0.9299 0.4457 0.8832 0.4099

Values are mean = SEM (n = 7) and not sharing a common letter differ significantly (P <0.05)
by Tukey-Kramer’s post hoc test.

* Excreted aglycone (umol/day) = Total aglycone in urine + Total aglycone in feces

** Excreted aglycone (%) = (Excreted aglycone/ Ingested aglycone) x 100

*#* Degraded aglycone (%) = [100 - (Excreted aglycone / Ingested aglycone)] x 100
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Discussion

The effects of three water-soluble dietary fibers on the bioavailability of a quercetin
glucoside in rats were determined by monitoring improvements in quercetin derivative
concentrations in plasma, urine, and feces samples. The results of plasma and urine quercetin
levels suggest three phases in quercetin metabolism, including cumulative (~week 2), transient
(week 4), and stable (week 6-8) phases. At chronic feeding of test diets, soybean fiber showed
the greatest improvement in plasma quercetin derivatives among all three supplemented dietary
fibers. This increase was due to the reduction in quercetin degradation. It was expected that
cecal fermentation is an important factor behind this change. In addition, fecal quercetin
glucuronide excretion was high in soybean fiber-fed rats, suggestive of the reduction of 3-
glucuronidase in the colon. These results may construct the new strategy on promoting the
quercetin health beneficial effects.

In this experiment, the daily intake of quercetin glucoside (AGIQ) with individual dietary
fibers for 2 weeks increased the plasma concentrations of total quercetin derivatives, suggestive
of the enhanced intestinal absorption of the ingested quercetin. However, urinary excretion of
total quercetin derivatives, which usually reflects the bioavailability of ingested flavonoids,
failed to increase in the QP and the QS groups. On week 2, quercetin absorption may increase
after water-soluble fiber feeding and the absorbed quercetin accumulated in blood and tissues
in these groups. Mullen et al. have reported the accumulation of radio-labeled quercetin in
tissues [Mullen, 2008]. In contrast, urinary excretion of quercetin derivatives in QG-fed rats
largely increased on week 2. Quercetin in the body was probably saturated in the QS group
earlier than other dietary fiber groups due to higher absorption of quercetin. The greater effect
of guar gum on the absorption of quercetin glycosides is not known, however, the fermentable
rate of guar gum was expected to be faster than pectin and soybean fiber on at the early phase
(week 2). On week 4, urinary excretion of quercetin in the supplemented dietary fiber (QP, QS,
and QG) groups tended to be or was largely increased, but the increased plasma quercetin
concentrations disappeared on week 6 except in the QS group. These results suggest that week
4 is a transient phase of increased total quercetin derivatives. From week 6 to 8, levels of plasma
quercetin and urinary excretion reduced but stabilized, with significantly higher levels
observed in the QS group than the Q group. On week 6 of all groups, the reduction of quercetin
derivatives in both plasma and urinary levels suggests the reduction of quercetin bioavailability
that possibly be associated with the increasing degradation of quercetin aglycone. However,

the increment in fecal excretion of quercetin from week 4 to week 6 in the QS group was found.
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The reduction of intestinal absorption of quercetin through prolonged feeding of AGIQ by a
feedback mechanism was thought to be associated with the reduction of quercetin in plasma
and urinary excretion on week 6.

In recently, some intestinal bacteria catabolize are able to convert quercetin aglycone to
phenolic acids such as 3-(3,4-dihydroxyphenyl) propionic acid and 3,4-dihydroxy-
phenylacetic acid through the ring scission process [Aura, 2002; Marin, 2015]. These degraded
products are known to have strong anti-oxidative properties and also effective for the
prevention of many diseases, which depend on anti-oxidative ability [El-Ansary, 2013; Raneva
2001]. However, quercetin has more various actions independent of anti-oxidative properties
such as strong interaction with cell-signaling proteins [Suzuki, 2009]. Some researchers
reported that phenolic acids possessed a lower ability to suppress carcinogenesis compared
with quercetin aglycone [Kern 2007; Skrbek, 2009]. However, an adaptation of intestinal
bacteria to long-term feeding of quercetin may increase the levels of the enzymes that
decompose quercetin aglycone mainly in the cecum [Moco, 2012; Wu, 2011].

An increase in the fecal excretion of quercetin derivatives following pectin (QP) and
soybean fiber (QS) diet feeding was found, this probably due to the suppression of quercetin
degradation. The amount of excreted aglycone, the restoration rates of quercetin aglycone
through the avoidance of bacteria degradation in rats, largely increased in the QP and the QS
groups on weeks 6 and 8. A possible explanation for this observation is that dietary fibers were
used as an energy source instead of quercetin by cecal bacteria [Hervert, 2011; Palafox, 2011].
Bacteroidetes spp. are known to upregulate the expression of several genes related to
carbohydrate-metabolizing enzymes and may use ingested dietary fiber as substrate [Flint,
2012]. The suppression of bacterial degradation of quercetin aglycone may be responsible for
the constant high levels of quercetin in plasma and urinary excretion in the QS group. In the
pectin-fed group, no increase in quercetin levels in plasma and urine was observed for the
maximum amount of available aglycone. The high viscosity property of pectin in the intestinal
lumen possibly suppressed quercetin absorption in the small intestine, and this property might
also contribute to the low bioavailability in guar gum-fed rats during the late phases.

Supplementation with fibers, especially soybean fiber, largely and gradually increased the
fecal excretion of quercetin and methylquercetin glucuronides. This finding indicates that
soybean fiber suppressed the deconjugation of quercetin glucuronides. Cermak et al. reported
the transformation of the conjugated metabolites of quercetin to aglycone by certain strains of
Pediococcus spp., Streptococcus spp., Lactobacillus spp., Bifidobacterium spp., and

Bacteroides spp [Cermark, 2006]. Rowland et al. also found a significant increase in f-
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glucuronidase activity in rats fed with a 5% pectin diet [Rowland, 1983], consistent with the
results of the present study that glucuronide levels in feces reduced from week 4 to 6 in the
pectin group (QP). In the QS group, fecal glucuronide levels were higher than those in other
groups and further increased after long-term dietary fiber ingestion. Bacterial B-glucuronidase
activity in the large intestine is one of the strong inducers of colon cancer [Kim, 2001]. Ingested
soybean fiber may suppress the proliferation of -glucuronidase-producing bacteria or inhibit
B-glucuronidase activity in the large intestine. Therefore, feeding soybean fiber may serve as a
strategy to prevent colon cancer.

In the present study, it was hypothesized that ideal dietary fibers may enhance quercetin
bioavailability by increasing cecal fermentation and suppressing quercetin degradation. Pectin
showed the highest ability to suppress bacterial degradation of quercetin aglycone and seemed
to be the best candidate for enhancing blood levels of quercetin, but it was true only in the early
phase of feeding (week 2). Among the three water-soluble and fermentable dietary fibers
experimented herein for long-term feeding, soybean fiber is the most efficient at increasing
quercetin bioavailability. Soybean fiber is known to increase mucosal surface area with the
expansion of the cecal wall [Hara, 2010], consistent with the increase in cecal contents and
tissue weight observed in the present study. Soybean fiber has relatively low viscosity as
compared with pectin and guar gum [Rideout 2008; Takahashi, 1999] that may have
contributed to the prolonged effects on quercetin bioavailability.

In summary, this study provides novel insights into the potential of water-soluble dietary
fibers, especially soybean fiber, to enhance quercetin bioavailability following the long-term
feeding of rats. Duration of feeding is an important factor to modulate these abilities of dietary
fibers. The findings of the present study suggest that dietary fibers may promote the actions of

quercetin on prevention of diseases.
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Chapter 3: Combination of a-glycosyl-isoquercitrin and soybean
fiber promotes quercetin bioavailability and glucagon-like peptide-1
secretion and improves glucose homeostasis in rats fed a high-fat
high-sucrose diet

Abstract

The present study examined the effects of a combination of soybean fiber and a-glycosyl-
isoquercitrin (AGIQ) on improving quercetin bioavailability and glucose metabolism in rats fed
an obesogenic diet. For 9 weeks, rats were individually fed a control diet, a high-fat high-sucrose
(H) diet, H with soybean fiber (HS), or with AGIQ (HQ), or with both (HSQ). Quercetin
derivatives in plasma, feces, urine, and cecal content were quantified by high-performance liquid
chromatography to assess the bioavailability of quercetin, and meal tolerance tests were performed
to assess postprandial glycemia and glucagon-like peptide-1 (GLP-1) responses. The HSQ group
had higher plasma quercetin levels than HQ. The postprandial glycemia was attenuated in the HSQ
group when compared to the H group. The basal plasma GLP-1 concentrations positively
correlated with plasma quercetin derivative concentrations. Hence, the combination of soybean
fiber and AGIQ could be beneficial for reducing the risk of glucose intolerance, possibly involving

enhanced quercetin bioavailability and GLP-1 secretion.
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Introduction

Quercetin is a flavonoid belonging to the flavonol class and is widely distributed in various
kinds of vegetables and fruits, mainly in glycosylated form [Wach, 2007]. Reportedly, quercetin
possesses protective effects against numerous diseases such as cancer in in vitro and animal
studies; [Srivastava, 2016] cardiovascular diseases in animal and human studies;[Patel,
2018] obesity in in vitro high-fat diet-fed animal and obese human studies; [Seo, 2015; Zhao,
2017] and diabetes in db/db mice and streptozotocin-induced rat studies [Shi, 2019]. Numbers
of in vitro and animal studies suggest the beneficial potential of quercetin, but studies
demonstrating its efficacy in human subjects are limited [Gao, 2011; Zhao, 2017].

After ingestion, hydrolysis of glycoside into aglycone by the intestinal enzyme is thought
to be an essential step for its absorption into intestinal epithelial cells. After absorption, the
conjugation for quercetin metabolites mainly occurred in the liver. However, intestinal
absorbability of quercetin is known to be low [Gao, 2011; Patel, 2018; Seo, 2015; Shi, 2019;
Srivastava, 2016; Zhao, 2017]. Concomitantly, unabsorbed quercetin aglycone and some
metabolites were transported to the large intestine, the main site of gut fermentation [Mullen, 2008].
In here, the intestinal bacteria with various enzymatic activities can deconjugate (transform)
quercetin metabolites and further degrade the quercetin aglycone, which results in loss of
biological activities from the original compound [Almeida, 2018]. An in vitro fermentation study
revealed that quercetin can be degraded by anaerobic pathogens. Along with this degradation, a
reduction in antioxidant activities and an increment in a degraded product of quercetin, 3,4-
dihydroxyphenylacetic acid, were demonstrated [Peng, 2014]. Thus, the degradation by large
intestinal bacteria and poor intestinal absorption of quercetin limit the bioavailability of quercetin
and the health beneficial effects of this flavonol.

From previous chapter, it was found that soybean fiber is the best candidate, among other
tested water-soluble dietary fibers such as pectin and guar gum, to improve quercetin
bioavailability in a long-term feeding study performed in rats [Trakooncharoenvit, 2020]. This
study has revealed that cecal fermentation promoted by feeding the dietary fiber is linked with the
bioavailability of quercetin. Accordingly, it was expected that the increased quercetin
bioavailability would prevent the impairment of glucose homeostasis induced by chronic excessive

energy intake.
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Currently, type 2 diabetes is turning into an epidemic worldwide. [Murakami, 2020] This
disease gradually develops owing to impaired glucose homeostasis, composed of glucose
intolerance and insulin resistance [Cavaghan, 2000]. For the treatment of type 2 diabetes, incretin-
based therapy has been developed and successfully used [Drucker, 2010]. Glucagon-like peptide-
1 (GLP-1) is an incretin hormone released by enteroendocrine L-cells in response to luminal
nutrients [Holst, 2007]. GLP-1 plays a crucial role in glucose homeostasis by enhancing insulin
secretion in a glucose-dependent manner and possibly promoting the beta-cell mass [Drucker,
2018]. Furthermore, we have demonstrated the protective role of enhanced GLP-1 secretion during
the development of glucose intolerance in diet-induced obese rats [Pinyo, 2019a]. Recently,
manipulating GLP-1 secretion by various strategies has been gaining momentum as a promising
strategy for preventing glucose intolerance [Tsuda, 2015; Tolhurst, 2009]. In previous study using
rats, the combination of a fructo-oligosaccharide and quercetin-3-O-B-d-glucoside (isoquercitrin)
demonstrated an improvement in glucose tolerance and insulin sensitivity, with increased GLP-1
secretion and plasma quercetin concentration [Phuwamongkolwiwat, 2014].

Thus, this study aimed to clarify whether the combined ingestion of a-glycosyl-
isoquercitrin (AGIQ) and soybean fiber promotes quercetin bioavailability, affects GLP-1
secretion, and prevents glucose intolerance in rats continuously fed an obesogenic high-fat high-

sucrose diet.

Materials and Methods

Animals and Diets

Thirty-five male Wistar-ST rats 5 weeks old, weighing about 130-150 g (purchased from
Japan SLC, Inc., Shizuoka, Japan), were housed in individual stainless-steel cages with wire mesh
bottoms. Rats were maintained in a temperature-controlled room (22 + 2 °C) with a 12 h light—
dark cycle (light period 08.00-20.00) and fed using a modified American Institute of Nutrition-
93G (AIN-93G) diet [Reeves, 1993] by changing the cellulose content from 5 to 7% (2% of
cellulose substituted with corn starch, Table 3.1). In the test diet, a-glycosyl isoquercitrin (AGIQ,
kindly provided by San-Ei Gen F.F.L., Inc., Osaka, Japan), mainly consisting of quercetin-3-O-f3-
d-glucoside (Q3G, 31.8%), mono (23.3%), and di (20.3%) D-glucose adducts with an a-1,4-
linkage, was used as a quercetin source. Soybean fiber (kindly provided by Fuji Oil Co., Ltd.,

Osaka, Japan), a low viscosity highly fermentable fiber, was used as supplemental fiber. After 1

29



week of acclimation, the rats were divided into five groups (n = 7) based on body weight and basal
plasma glucose concentration. For 9 weeks, each group of rats was, respectively, fed the modified
AIN-93G as a control (C) diet, a high-fat high-sucrose (H) diet containing 30% fat and 40%
sucrose, [ Nakajima 2015; Pinyo, 2019a] a high-fat high-sucrose diet with either soybean fiber (HS)
or AGIQ (HQ), and high-fat high-sucrose with both soybean fiber and AGIQ (HSQ) ad libitum.
The supplementary doses of AGIQ and soybean fiber were selected based on a previous study
[Trakooncharoenvit, 2020]. In addition, the usage of higher concentrations (0.7%) of quercetin in
both mice and human studies had been reported [Stewart, 2008; Williamson, 2005]. Body weights
and food intakes were measured every 1 or 2 days. Nine weeks after the start of test feeding, rats
were fasted overnight and euthanized by whole blood withdrawal. Furthermore, the visceral
adipose tissue (mesenteric, retroperitoneal, and epidydimal adipose tissue) was carefully dissected
and weighed. The whole cecum was collected and stored at —80 °C until measurement. The
experiments were conducted according to the guidelines of the Hokkaido University for the care
and use of laboratory animals, and the study was approved by the Hokkaido University Animal
Committee (approval reference number: 19-0072).

This study was designed to elucidate the impact of soybean fiber on quercetin
bioavailability and glycemic response in a diet-induced obesity rat model, together with the role
of GLP-1 in insulin secretion that is well established under normal conditions. Therefore, the effect
of soybean fiber and/or AGIQ was examined only in a high-fat high-sucrose diet (not in the control

diet-fed rats).
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Table 3.1 Experimental Diets Composition

. Normal diet High-fat high-sucrose diets
Ingredients (g/kg)
C H HS HQ HSQ
Corn starch * 3717.5 - - - -
Casein 200 200 200 200 200
Dextrinized corn starch 132 - - - -
Soybean oil 70 70 70 70 70
Sucrose 100 379.5 379.5 372.5 372.5
Lard oil - 230 230 230 230
Cellulose 70 70 20 70 20
Mineral (AIN-93G-MX) © 35 35 35 35 35
Vitamin (AIN-93-VX) ¢ 10 10 10 10 10
L-Cystine 3 3 3 3 3
Choline bitartrate 2.5 2.5 2.5 2.5 2.5
Tertiary butylhydroquinone 0.014 0.014 0.014 0.014 0.014
AGIQ (Q) - - - 7 7
Soybean fiber (S) g : : 50 } 50
Total 1000 1000 1000 1000 1000
Energy per gram diet (kcal/g) 4.04 5.19 5.19 5.16 5.16

¢ Amylalpha (Chuo Foods Co., Ltd., Aichi, Japan)
b Acid casein (Fonterra, Ltd., Tokyo, Japan)
¢TK-16 (kindly supplied by Matsutani Chemical Industry Co., Ltd., Hyogo, Japan)
4 Avicel PH102 (Asahi Kasei Chemicals Corporation, Tokyo, Japan)
¢ Mineral and vitamin mixtures were prepared according to the AIN-93G formulation.
Ja-Glycosyl isoquercitrin (AGIQ; Q, kindly supplied by San-Ei Gen F.E.L, Inc., Osaka, Japan)
¢ Soybean fiber (kindly supplied by Fuji Oil Co., Ltd., Osaka, Japan)
Cecal Content Treatment for pH and Short-Chain Fatty Acid Measurement

The frozen cecum was separated into cecal tissue and contents. The contents were diluted
with four times weight of deionized water, and the pH was measured using a pH meter (B-211
twin waterproof pH, Horiba, Ltd., Kyoto, Japan). The remaining diluted sample (700 puL) was
mixed with 200 pL of the internal standard (25 mM crotonic acid in 50 mM sodium hydroxide)
and centrifuged at 15600g for 10 min at 4 °C. The supernatant (600 uL.) was mixed with the same

volume of chloroform and centrifuged again. The supernatant was filtrated through a 0.2 pm
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membrane followed by short-chain fatty acid measurement using high-performance liquid
chromatography (HPLC) [Hara, 1994; Hira, 2018] with two shim-pack SCR-102H (8 mm L[.D. X
300 mm L, Shimadzu Corp., Kyoto, Japan) and a conductivity detector CCD-6A (polarity: +,

response: slow, temperature: 45 °C; Shimadzu Corp., Kyoto, Japan).

Sample Treatment for Quercetin Measurement

At weeks 2, 4, 6, and 8 of the feeding periods, urine and feces were collected for 2 and 3
days, respectively. On the day after feces collection, tail vein blood samples were collected into a
tube containing heparin (final concentration of 50 IU/mL blood; Ajinomoto Company, Inc., Tokyo,
Japan) and aprotinin (final concentration of 500 kallikrein inhibitor units (kIU)/ml blood; Wako
Pure Chemical Industries, Ltd., Osaka, Japan). The collected blood samples were centrifuged at
2300g for 10 min at 4 °C to separate the plasma before storage at —80 °C. During urine collection,
bacterial degradation of quercetin metabolites was prevented by adding 0.05% sodium azide
(Sigma Aldrich, Saint Louis) into a collection tray. After 2 days, the collected urine was filled up
to 100 mL, and 15 mL of diluted urine samples was stored at —40 °C. Fecal samples were collected
by placing a steel sieve mesh under the rat cage for 3 days followed by storage at —80 °C. After
the urine and feces were collected, the rats were rested for 1 day before overnight fasting, and the
meal tolerance test (MTT) or plasma collection was performed on the next day as mentioned above.

On extraction, plasma and urine samples (100 pL) were acidified with 10 pL of 0.58 mol/L
acetic acid. In both samples, quercetin and its metabolites have been detected in substantial
amounts as conjugate metabolites [Manach, 1997]. To obtain quercetin and methylquercetin
aglycone derivatives, 7.5 puL of B-glucuronidase and sulfatase (from Helix pomatia extract; Sigma
Aldrich, Saint Louis) and 7.5 pL of sulfatase (from Aerobacter aerogenes; Sigma Aldrich, Saint
Louis), were added and incubated at 37 °C for 1 h. The reaction mixture was mixed with 100 pL
of the internal standard (naringenin, 10 uM at final), heated at 100 °C for 1 min, and centrifuged
at 9300g for 5 min at 4 °C. The supernatant was collected, and the precipitate was twice re-
extracted with methanol to recover aglycone of quercetin derivatives in the precipitant. The
collected supernatant was loaded into a CI18 cartridge (Oasis HLB; Waters Co. Ltd.,
Massachusetts) and eluted with 1 mL of methanol.

For feces, frozen samples were dried and milled into a powder. The feces powder (0.1 g)

was mixed with 1 mL of 80% methanol and 100 pL of internal standard (naringenin, 50 uM at
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final) and then homogenized using an ultrasonic homogenizer (VP-050, ULTRAS homogenizer;
Taitec Co. Ltd., Nagoya, Japan) with 30% power for 20 s. The homogenized sample was incubated
at 60 °C for 1 h and centrifuged at 2300g for 10 min at 4 °C. This extraction procedure was repeated
twice. In the case of cecal contents, 1 g of the content was suspended in 5 mL of deionized water.
The suspended sample (100 pL) was mixed with 100 pL of internal standard (naringenin, 40 pM
at final) and heated at 100 °C for 1 min. The supernatant was collected by centrifugation at
9300g for 5 min at 4 °C. This extraction procedure was repeated two times by adding methanol
instead of the internal standard as in the previous step. The accumulated supernatant, feces, or
cecal content was loaded into a C18 cartridge similar to plasma and urine samples. As fecal and
cecal contents usually appear in aglycone form, these samples were extracted without
deconjugation enzyme treatment. All eluted samples were dried by evaporation and then

reconstituted with 50% methanol on the measurement day.

Quercetin Measurement by HPLC

The sum of quercetin aglycone and methylquercetin aglycone was considered as the total
quercetin derivative, which was quantified by HPLC [Stefova, 2001] (Thermo Scientific Dionex
UltiMate 3000 HPLC system; Thermo Fisher Scientific Inc., Massachusetts). The analyte was
separated using a ZORBAX RRHD Eclipse Plus Phenyl-Hexyl C18 (2.1 x 100 mm, 1.8 um;
Agilent Technologies Japan, Ltd., Tokyo, Japan) column with a setting temperature at 50 °C. The
mobile phases were methanol with formic acid (99.99:0.01 as solvent A) and water with formic
acid (99.99:0.01 as solvent B). For measurement, the linear gradient started with solvents A and B
at a ratio of 70:30, steadily changed to solvent B 100% in 5 min (0—5 min), isocratically held for
I min (5-6 min), and then decreased back to 70:30 within 1 min (6—7 min) followed by re-
equilibration for 1 min (7-8 min). Naringenin and quercetin (quercetin aglycone and
methylquercetin aglycone) were detected at 280 and 370 nm, respectively. The concentrations of
quercetin derivatives were calculated from the peak area based on the calibration curve of standard

compounds.
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Meal Tolerance Test

An MTT was performed instead of an oral glucose tolerance test because nutrients from a
mixed meal can provide relevant postprandial responses regarding glycemia, GLP-1, and insulin
secretions [Pinyo , 2019a; Pinyo, 2019b; Pinyo, 2020].

During the feeding period, the MTT was performed after overnight fasting (16 h) every 4
weeks (at weeks 4 and 8). Here, tubes containing anticoagulants, as described in plasma collection
for quercetin measurement, were used. Blood samples from the tail vein of rats were collected
before (0 min) and after (15, 30, 60, 90, and 120 min) oral gavage administration of the liquid meal
(15 kcal/10 mL per kg body weight; Ensure H, Abbott, Japan). The collected blood samples were
centrifuged, and then the plasma was separated and stored at —80 °C. The collected plasma was
used for glucose, insulin, and total GLP-1 measurements using the Glucose CII Test Kit (Wako
Pure Chemical Industries, Osaka, Japan), Insulin ELISA Kit (U-E type; Shibayagi Company
Limited, Gunma, Japan), and Total GLP-1 ELISA Kit (Wako Pure Chemical Industries, Osaka,
Japan), respectively. All analytical procedures, using the respective test kits, were performed in

accordance with the instructions provided with the assay kit.

GLP-1 Measurement in Cecal Tissue

GLP-1 concentrations in cecal tissue were measured as described before [Pinyo, 2020].
Briefly, a segment of cecal tissue was homogenized in a mixture of ethanol:water:12 M HCI
(74:25:1, 5 mL/g tissue) and extracted at 4 °C for 24 h. The homogenized sample was centrifuged
at 2000g for 20 min at 4 °C. Then, the supernatants were collected and diluted (500-fold) with
saline to measure the total GLP-1 concentrations by Multi Species GLP-1 Total ELISA kit
(EZGLP1T-36K; Merck Millipore, Darmstadt, Germany).

Statistical Analysis

All data are expressed as mean + standard error of the mean (SEM). Before analyses with
statistical tests, the normal distribution of variables and the homogeneity of variances were
checked. Differences among treatment groups were analyzed with the Tukey—Kramer’s test or
Student’s 7 test (described in the legend of each figure) after one-way ANOVA. A P value of less

than 0.05 was considered significant. Pearson’s correlation coefficients (7) and the significance of
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correlations were analyzed between various parameters. The area under the curve (AUC) for
postprandial glucose, insulin, and GLP-1 was calculated using the trapezoidal rule. Additionally,
the AUC of HOMA-IR [Cacho, 2008; Pinyo, 2019b] was calculated to compute the degree of
insulin resistance resulting from the feeding diet as follows:
HOMA-IR AUC = (AUC postprandial glucose (mg/dLx2h) x AUC postprandial insulin
(LU/mLx%2h))/2430
where 1 mg insulin =26 IU.

All statistical analyses were performed using the JMP Pro version 13.0 software (SAS

Institute, Inc., North Carolina).

Results

Body and Tissue Weights, Energy Intake, and pH of Cecal Content

Although no difference was observed in the energy intake and the final body weight among
groups (Figure 3.1a,b), the highest visceral fat pad weight was observed in the H group (Figure
3.1c). Rats fed with a soybean fiber supplemented high-fat high-sucrose diet demonstrated a
markedly decreased accumulation of visceral fat when compared with the H group (P < 0.05;
Tukey—Kramer’s test).

Soybean fiber-fed groups (HS and HSQ) had higher cecal tissue and cecal content weights
as well as reduced pH of the cecal content (Figure 3.1d—f) when compared to groups without
soybean fiber (C, H, and HQ). These results suggested that cecal fermentation was promoted by

soybean fiber supplementation.

35



(o

a 120

. N.S. 600 - N.S.
3 5
E S
£ 3
()] 60 =
x >300 4
3 <)
£ -
§ 30 T 150 +
2 ic
L
0 0
O T w O <O
¢ ¢ g NN
T
Cc 60 d 20 ;
S 2
® o
o S
g 40 =
3 3
5 E
©
— w
s 20 2
€
3 3
0 3
O T 0
2 2 3
T
e f
— s 1
s 5 0
o
2 4
o
= 7
2 3
-~ T
(]
= 2 [}
8 4
[$]
1S
=
[§]
(]
o

HSQ

Figure 3.7 (a) Energy intake, (b) final body weight, (c) visceral fat pad weight, (d) cecal tissue
weight, (e) cecal content weight, and (f) pH of cecal content after feeding test diets for 9 weeks.
Values represent means with standard errors indicated by vertical bars (n = 7). Mean values not
sharing a common alphabetical letter differ significantly (P < 0.05, Tukey-Kramer’s post hoc test).
N.S. indicates the absence of a significant difference among treatments.
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Short-Chain Fatty Acids (SCFAs) in Cecal Content

The amount of SCFAs (Figure 3.2) represents the degree of cecal fermentation and
metabolic activity of the intestinal microbiota [Holota, 2019]. A diet with soybean fiber increased
the amount of both acetic and propionic acids, with the highest amounts of acetic acid (53.4 + 2.3
umol/total cecum) and propionic acid (16.6 = 2.6 umol/total cecum) observed in the HSQ group.

Correspondingly, an extensive elevation of total SCFAs was also observed in both soybean fiber-

fed groups (HS and HSQ).
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Figure 3.8 Amount of individual/total SCFA(s) of cecal content after feeding test diets for 9 weeks.
Values represent means with standard errors indicated by vertical bars (n = 7). Mean values not
sharing a common alphabetical letter differ significantly (P <0.05, Tukey-Kramer’s post hoc test).

Total Quercetin Derivatives in Plasma, Urine, Feces, and Cecal Content

Quercetin and its derivatives were not detected in C, H, and HS groups (data not shown).
The total quercetin derivatives represent the sum of quercetin aglycone and methylquercetin
aglycone (isorhamnetin and tamarixetin) derivatives. In rats fed the diet containing AGIQ, almost
all the quercetin derivatives detected in the plasma were in methylated form. From week 2 to 8 of
the feeding period, the HSQ group showed higher total quercetin derivative levels than the HQ

group (Figure 3.3a).
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Figure 3.9 Concentrations or amounts of total quercetin derivatives (quercetin aglycone and
methylquercetin aglycone) in the (a) plasma, (b) urine, and (c) feces of rats fed with AGIQ-
containing diets (HQ and HSQ) after 2,4, 6, and 8 weeks. Values represent means with standard
errors indicated by vertical bars (n = 7). Asterisks indicate a significant difference between mean
values of HQ vs HSQ (*P < 0.05, **P < 0.01, and ***P < 0.005, Student’s t test).
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Rats fed with HSQ demonstrated a higher urinal quercetin level from week 4 to 8 (Figure
3.3b) than the HQ group. Regarding the fecal sample, higher quercetin levels were observed in the
HQ group from week 2 to 4 than in the HSQ group. The decreased tendency in fecal quercetin
derivatives of the HQ group was observed in a later period, while the HSQ group demonstrated a
reciprocal trend with a five times greater level than the HQ group at week 8 of the feeding period
(Figure 3.3c).

The quercetin content of cecum in HSQ-fed rats was greater (Figure 3.4) than that in the
HQ group at the end of the experimental period. In HQ-fed rats, quercetin aglycone levels (0.34 +
0.18 pmol/cecum) were considerably lower than those observed in HSQ-fed rats (6.5 £ 0.75

umol/cecum).
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Figure 3.10 Concentration of total quercetin derivatives (quercetin aglycone and methylquercetin
aglycone) in the cecal content of rats fed AGIQ-containing diets (HQ and HSQ) after 9 weeks.
Values represent means with standard errors indicated by vertical bars (n = 7). Asterisks indicate
a significant difference between mean values of HQ vs HSQ (*P < 0.05, **P < 0.01, and ***P
< 0.005, Student’s t test).

Degradation of Quercetin and Methylquercetin Derivatives

The effect of test diets on quercetin degradation was calculated as described in Table 3.2
[Matsukawa, 2009]. To determine the precise aglycone levels ingested, we averaged the diet intake
data from the day before urine and feces collection until the day after plasma collection (complete
week period) for the calculation. In addition, the ingested aglycone weight is calculated by

subtracting glycoside weight from ingested quercetin glycoside weight. The sum of excreted
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aglycone (quercetin aglycone + methylquercetin aglycone of urine and feces) can be considered
as quercetin that escaped from degradation by intestinal bacteria [Hollman, 2004].

In the present study, the HQ group had a higher ingested aglycone weight than the HSQ
group. At week 2, the HQ group showed a lower percentage of degraded aglycone, but it gradually
rose from week 4 to 8. Markedly, two-way repeated measures ANOVA for degraded aglycone
revealed a significant interaction between the duration of feeding period and the diet (P = 0.0034).

In contrast, the fluctuations in the degraded percentage in the HSQ group (80—86%) were
observed. In addition, the HSQ group demonstrated significantly lower percentage of degraded
aglycone compared to the HQ group at week 8 of feeding period. These results indicate that
soybean fiber supplementation in long-term feeding could potentially suppress quercetin

degradation induced by intestinal bacteria.

Table 3.2 The Amount of Quercetin Aglycone Degraded per Day, and the Rate (%) of Excreted
Aglycone Derivatives in Rats Fed with AGIQ-containing Diets (HQ, and HSQ) After 2, 4, 6, and
8 weeks.

Group Ingested Excreted Degraded Excreted Degraded
aglycone aglycone ¢ aglycone ’ aglycone ¢ aglycone ¢
(nmol/day) (nmol/day) (nmol/day) (%) (%)
Week 2 HQ 188.51+5.33 41.64+2.20 146.87+ 5.59 22.18+1.29 77.82+1.29
HSQ  167.33+6.91 **  23.84+1.69 *** 143.50+6.17 14.24+ 0.82 ***  85.76+ (.82 ***
Week 4 HQ 181.38+5.36 32.61+1.98 148.77+ 5.33 18.04+ 1.12 81.96+1.12
HSQ  167.20+6.86 * 31.23+£1.55 135.98+ 6.29 * 18.76+ 0.91 81.24+0.91
Week 6 HQ 177.82+ 4.84 21.68+2.35 156.14+5.51 12.25+1.37 87.75+1.37
HSQ  165.49+6.31* 26.09+ 1.67 139.39+ 6.50 ** 1591+ 1.10 * 84.09+1.10 *
Week 8 HQ 186.22+3.50 17.40+ 0.70 168.82+ 3.44 9.36+0.38 90.64+0.38

HSQ  164.83+6.39 * 29.83+£2.95**  135.00+ 5.29 *** 18.04+ 1.48 ***  81.96+ 1.48 ***

Values represent mean + SEM (n = 7). Asterisk indicate a significant difference between mean
values of HQ vs. HSQ (*P < 0.05, **P < 0.01 and ***P < 0.005, Student’s t test).

¢ Excreted aglycone (umol/day) = Total aglycone in urine + Total aglycone in feces

b Degraded aglycone (umol/day) = Ingested aglycone - Excreted aglycone

¢ Excreted aglycone (%) = (Excreted aglycone / Ingested aglycone) x 100

4 Degraded aglycone (%) = [100 - (Excreted aglycone / Ingested aglycone)] x 100
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Glycemic, Insulin, and GLP-1 Responses under the MTT

Because statistically significant differences were not detectable in time course changes of
glucose, insulin, and GLP-1 (Figures 3.5a, c, e and 3.6a, c, e), results are explained based on AUC
values (Figures 3.5b, d, f, g and 3.6b, d, f, g). At week 4 of the feeding period, the postprandial
glycemic response in the H group was significantly higher than that observed in the C group, while
the HSQ group showed a markedly lower glycemic response than the H group (Figure 3.5b). No
significant differences were seen in insulin responses between groups (Figure 3.5d). The highest
levels of basal and postprandial GLP-1 (Figures 3.5e, f) were seen in the HSQ group among
experimental groups.

Regarding the MTT at week 8, the HSQ group showed a reduction in the postprandial
glycemic responses when compared to the H group (Figures 3.6b). A significant elevation was
observed in the AUC of postprandial insulin in the H group compared to the C group (Figure 3.6d).
Among all treatments, the basal GLP-1 concentration in the HSQ group was the greatest (16.07 +
1.00 pM), while that in the H group was the lowest (11.24 = 0.58 pM) (Figure 3.6¢). The HSQ
group also maintained substantially higher postprandial GLP-1 AUC (Figure 3.6f). Rats fed the H
diet demonstrated significantly higher HOMA-IR AUC when compared with the C group,
indicating the development of insulin resistance after continuous feeding with a high-fat high-
sucrose diet. Markedly, the HSQ group had a HOMA-IR AUC value almost similar to that
observed for the C group (Figure 3.6).
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Figure 3.11. (a—g) Postprandial glucose, insulin, glucagon-like peptide-1 level, and homeostatic
model assessment of insulin resistance during the meal tolerance test after 4 weeks of feeding
the test diet. Values represent means with standard errors indicated by vertical bars (n = 7). Mean
values not sharing a common alphabetical letter differ significantly (P < 0.05, Tukey-Kramer’s
post hoc test) among all treatments (panels b, d, f, and g). N.S. indicates the absence of a

150 o

16 1

—o—C
—e—H
—A—HS
——HQ

—a—HSQ

0_ 60 90
Time (min)

120

o 4

30

60
Time (min)

90

120

=t

0

30

60
Time (min)

significant difference among treatments.

90

120

Insulin AUC (ng/ml x 2 h) Glucose AUC (mg/dL x 2 h)

GLP-1 AUC (pM x 2 h)

HOMA-IR AUC

500 -
a
400 { 4 ab ab
-
300 -+
200 A
100 +
0

HsQ [

50 -

[2]
I

HSQ

40 -

30 A

20 +

10 A

774

C
H
HS
HQ

]
2]
I

42



Week 8

a
250 - b 500 -
s = a ab
3 o400 { b ab
o 200 + ———
£ 3
2 2 300 {
o -
- B —o-C S
3 9 ]
0] H 2 200
100 ——HS @
—A—HQ S 100 1
—a—-HSQ 0]
50 r v T . 0
0 60 120 O T ®
Time (min) I g
c 12 d 20
S
= 10 A o~
E X 15 1
= =
& ° E .
5 6 o 10 - §
z S N
= < \
4 £ \
2 5 4 \
£
2 %
ok 0 N
0 30 60 90 120 ©c T 2 g g
Time (min) + T ‘i)
e 26 - f 50
i
g o~N
s 22 ; =
5 =
o 3
|
O 18 4 2
o
- |
14 | 0]
0 30_ 60 90 120 e = 2 ¢ g
Time (min) i =
g 100
80 -
(&)
2
x 60
S 40 1
I
20 -
0 o

(&) = 9]
2 ¢

Figure 3.12. (a—g) Postprandial glucose, insulin, glucagon-like peptide-1 level, and homeostatic
model assessment of insulin resistance during the meal tolerance test after 8 weeks of feeding
the test diet. Values represent means with standard errors indicated by vertical bars (n = 7).
Mean values not sharing a common alphabetical letter differ significantly (P < 0.05, Tukey-
Kramer’s post hoc test) among all treatments (panels b, d, f, and g). N.S. indicates the absence
of a significant difference among treatments.
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Cecal Tissue GLP-1 Content

No significant differences were observed in intestinal GLP-1 concentrations (Figure
3.7a). The total amount of GLP-1 in the cecal tissue was the highest in the HSQ group than HQ
and other groups, while the HS group had almost the same level as the H group (Figure 3.7b).
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Figure 3.13 (a) Concentrations and (b) amounts of GLP-1 contents in cecal tissue of rats after feeding
test diets for 9 weeks. Values represent means with standard errors indicated by vertical bars (n = 7).
Mean values not sharing a common alphabetical letter differ significantly (P < 0.05, Tukey—Kramer’s

test). N.S. indicates the absence of a significant difference among treatments.

Correlation between the Concentrations of Basal GLP-1 and Total Quercetin Derivatives

in Plasma or Cecal Tissue GLP-1 Content

Correlations between plasma quercetin concentrations and various parameters,
including basal and postprandial glucose/insulin/GLP-1, were analyzed. Basal GLP-1
concentrations (Figure 3.8a,b) were positively and significantly associated with the total
plasma quercetin derivatives at weeks 4 (» = 0.60, P = 0.0289) and 8 (» = 0.77, P = 0.0081).

Correlation analyses were performed between basal plasma GLP-1 at week 8 and tissue
GLP-1 content (total amount in the cecum), separatory in Q-fed groups (HQ and HSQ), and
non-Q-fed groups (H and HS). A significant and positive correlation was observed for data

from Q-fed groups, but not for data from non-Q-fed groups (Figure 3.8c,d).
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Figure 3.14 Correlation between basal GLP-1 concentrations and total quercetin derivative concentrations
in the plasma at (a) week 4 and (b) week 8 in rats fed AGIQ-containing diets (HQ and HSQ). Correlation
between basal GLP-1 at week 8 and amount of GLP-1 contents in cecal tissue of rats fed (c) non-AGIQ-

containing diets (H and HQ) and (d) AGIQ-containing diets (HQ and HSQ).

Discussion

From previous chapter, a substantial elevation in the total quercetin derivatives were
detected in the plasma of rats fed a diet supplemented with a combination of soybean fiber and
AGIQ was discovered [Trakooncharoenvit, 2020]. This study was conducted to determine the
impact of combined soybean fiber and AGIQ supplementation on quercetin bioavailability in
rats fed an obesogenic high-fat high-sucrose diet, as well as whether this supplementation
exerts a preventive effect against glucose intolerance. At the end of this study, the combination
of soybean fiber and AGIQ in a high-fat high-sucrose (HSQ) diet gave the highest
concentration of total quercetin derivatives in plasma and promoted cecal fermentation. The
combined supplementation of soybean fiber and AGIQ also attenuated the glucose intolerance
induced by the continuous feeding of the high-fat high-sucrose diet. Furthermore, plasma

quercetin concentrations were positively associated with plasma GLP-1 concentrations. These
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results indicated that the co-ingestion of soybean fiber promotes quercetin bioavailability
followed by enhanced GLP-1 secretion even under an obesogenic dietary status to prevent the
development of glucose intolerance.

Although apparent effects of experimental diets on body weight were not observed in
the present study, visceral fat accumulation caused by high-fat high-sucrose diet has been
mitigated by soybean fiber or AGIQ or both components. Consistent with these findings, there
is downregulation of leptin and TNF-alpha genes in mice fed a high-fat diet containing soybean
fiber, resulting in reduced epididymal adipose tissue weight [Matsumoto, 2007]. Another study
has demonstrated that quercetin improves energy expenditure and reduces fat accumulation in
mice fed a high-fat diet by promoting white adipocyte browning [Choi, 2018].

Elevated cecal fermentation from soybean fiber ingestion was confirmed by an increase
in SCFAs and a decrease in pH [Farmer, 2014; Taciak, 2015]. As mentioned in the previous
chapter, soybean fiber supplementation can increase quercetin bioavailability, which resulted
from enhances cecal fermentation in normal rats. This modification in the large intestine can
reduce the degradation of luminal quercetin, increasing the available quercetin that can be
absorbed in the large intestine.

In the present study, total quercetin derivatives in fecal and cecal samples were higher
in the HSQ group (Figures 3.3 and 3.4), which correlated with the percentage of quercetin
degradation that was lower than the HQ group in the later experimental period (Table 3.2).
These results revealed that the proposed mechanism by which soybean fiber enhances quercetin
bioavailability is maintained even under an obesogenic dietary condition. Notably, the
proposed mechanism is not related to the absorption rate but possibly depends on the absorptive
capacity with the expansion of the cecal tissues and the available amount of quercetin and its
derivatives in the intestine.

Previous studies demonstrated that a diet containing a high percentage of lard oil (17%)
increased quercetin bioavailability [Lesser, 2004] and that quercetin can be transported into
lymph circulation along with fat [Chen, 2010; Makino 2018]. One possible mechanism
underlying these findings was the increased formation of chylomicrons that incorporates
quercetin together with fat in the diet [Murota, 2013]. In the present study, quercetin
degradation gradually increased over time in the HQ group, which may be linked with
increased quercetin-degrading bacteria such as Bacteroides fragilis [Zhang, 2014]. In lard-fed
mice, increases in Bacteroides and Bilo-phila bacteria have been reported [Singh, 2017].
Enhancement of quercetin bioavailability by soybean fiber could relate to the modification of

intestinal microflora. The promotive effect of dietary fiber on the growth of intestinal bacteria
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such as Bifidobacteria and Lactobacilli has been shown [Gibson, 1995]. This, in turn, controls
or reduces the growth of harmful bacteria such as Clostridium perfringens and Escherichia
coli that are known as quercetin-degrading bacteria [Zhang, 2014].

At the beginning of the experimental period (week 2), the higher percentage of aglycon
degradation in the HSQ group than in the HQ group seems inconsistent with the proposed
mechanism for increasing plasma quercetin (quercetin bioavailability). However, amounts of
degraded aglycon are very similar in these groups, indicating that both of groups had almost
equivalent “degradation capacity”. Therefore, in this case, higher percentage of degradation in
HSQ than the HQ group is owing to the lower intake of aglycon in HSQ than in the HQ group.
After 4 weeks, amounts of degraded aglycon gradually increased in the HQ group while
decreased in the HSQ group accompanied with significant differences between two groups
(P <0.05 at week 4, P <0.01 at weeks 6 and 8) and resulted in a significant interaction between
the duration and the diet (P = 0.0034 by two-way repeated measures ANOVA). The former is
likely a chronic effect of a high-fat diet, and the latter is a chronic effect of soybean fiber
supplementation. Thus, the supplementation of soybean fiber is an alternatively effective
approach to enhance quercetin bioavailability even under a chronic feeding of a high-fat diet.

Significant differences in energy consumption were not detected by the Tukey—
Kramer’s test (Figure 3.1a), but the HSQ group had approximately 10% lower energy intake
than the HQ group, which resulted in significant differences in aglycon ingestion between the
HQ and HSQ groups, when calculated by Student’s ¢ test (Table 3.2). Such a small difference
in energy intake might also contribute improved glucose tolerance in the HSQ group compared
to the HQ group. Lack of comparison under iso-energetic conditions such as pair-fed design
may be one of the limitations of the present study. However, it is a valuable finding that the
quercetin bioavailability is higher in HSQ than the HQ group, even though HSQ had slightly
lower quercetin intake than the HQ group.

The long-term feeding of an HSQ diet can increase GLP-1 secretion, especially at the
basal level, but the lower concentration of glucose in plasma may not be sufficient to activate
the function of GLP-1 to enhance insulin secretion in a glucose-dependent manner. According
to this assumption, the combination of AGIQ and soybean fiber also improved glucose
tolerance and insulin sensitivity in rats fed a high-fat high-sucrose diet (Figures 3.5 and 3.6).
Relatively, but insignificantly, lower energy consumption and visceral fat accumulation cannot
be used for explanation because both HS and HSQ groups have shown similar results for these
parameters (Figure 3.1). Soybean fiber supplementation has been shown to mitigate plasma

glucose and triglyceride levels without body weight changes in both male random-bred albino
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control and streptozotocin-induced diabetic rats [Madar, 1983]. Reportedly, quercetin acts on
5" AMP-activated protein kinase stimulation and glucose transporter type 4 translocation,
promoting glucose uptake in skeletal muscle and liver [Eid, 2015]. These data partly explain
the preventive effects of combined soybean fiber and AGIQ against metabolic impairments
induced by excessive energy intake. Possibly, an extension on the feeding period may show
clearer effects; therefore, a longer chronic feeding of this combination diet is needed in the
future.

There was a strong positive association between basal GLP-1 levels and total quercetin
derivatives in plasma (Figure 3.8) during the experiment. The basal GLP-1 level was possibly
promoted by increased methylquercetin metabolites because a high concentration of these
metabolites was detected in the plasma, cecum, urine, and feces of AGIQ-fed rats (Figures 3.3
and 3.4). It is well-known that methylquercetin metabolites are resistant to degradation by
intestinal bacteria, [Matsukawa, 2009; Spencer, 2003] and long-term quercetin consumption
can extend the methylation of quercetin [Manach, 1999]. The stimulatory effect of AGIQ on
GLP-1 secretion has been demonstrated following an acute infusion into the rat small intestine
as well as following acute exposure in a murine GLP-1-producing cell line (GLUTag cells)
[Phuwamongkolwiwat, 2014]. Luminal amounts (Figure 3.4) and concentrations (0.62 + 0.17
mM in HQ, 5.57 £ 0.67 mM in HSQ) of quercetin in the cecum were much higher in the HSQ
group than the HQ group, but significant correlations between plasma GLP-1 concentrations
were not observed (= 0.36, P = 0.2080 for the amount of luminal quercetin; » = 0.37, P =
0.1869 for the concentration of luminal quercetin). Although, the luminal quercetin in the small
intestine were not measured, it was speculated that the luminal quercetin in the ileum might be
involved in the increment of basal GLP-1 secretion. Another possible explanation is the
involvement of increased mass of the cecal tissue for the increment of GLP-1 secretion. There
were no differences in tissue GLP-1 concentrations among treatments (Figure 3.7a); however,
the amount of GLP-1 in the whole cecum was higher in the HSQ group than in the HQ group
(Figure 3.7b). This suggests that the number of GLP-1-producing cells was simultaneously
increased together with the increased mass of cecal tissue (Figure 3.1d). The correlation
analysis (Figures 3.8c,d) revealed the significant and positive correlation between plasma GLP-
1 concentrations and total amount of cecal tissue GLP-1 (»=0.72, P =0.0037) in data from Q-
fed groups (HQ vs HSQ) but not in the data from non-Q-fed groups (H vs HQ). Therefore, not
only tissue expansion by soybean fiber but also the presence of quercetin (in the intestinal

lumen and/or plasma) could be responsible for the increased basal GLP-1 secretion. Further
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studies are needed to clarify the molecular mechanisms by which quercetin and its metabolites
promote GLP-1 secretion.

In this work, the supplementation with soybean fiber promoted quercetin bioavailability
in rats fed a high-fat high-sucrose diet by enhancing cecal fermentation. The combination of
soybean fiber and AGIQ prevented the high-fat high-sucrose diet-induced glucose intolerance,
accompanied by an increase in plasma GLP-1 levels. Furthermore, plasma GLP-1 levels
positively correlated with plasma quercetin concentrations. These findings reveal the effects of
soybean fiber and quercetin (AGIQ) on reducing the risk of glucose intolerance and subsequent

diabetes.

49



Chapter 4: General discussion

The results throughout the study clearly showed that quercetin bioavailability can be
augmented by chronic feeding with a combination of the AGIQ and the soybean fiber. In
addition, this combination maintained the ability even under an obesogenic status induced by
the high-fat high-sucrose diet. From this discovery, it can be suggested that the high amounts
of digestible carbohydrate and fat in the diet are unable to deteriorate the capability of the
combination of AGIQ and soybean fiber to promote quercetin bioavailability. According to
Neilson et al. [Neilson, 2009], sucrose in chocolate can increase the bioavailability of catechin
and epicatechin in humans. Another research using Sprague-Dawley rats found that plasma
concentrations of total flavan-3-ol were highest in chocolate containing high-sucrose as
compared to reference dark chocolate with low-sucrose which yielded intermediate plasma
concentrations of the total flavan-3-ol [Neilson, 2010]. With regard to dietary fat, when
overweight men and postmenopausal women consumed quercetin with a fat-free (0.5 g), low-
fat (4.0 g), or high-fat (15.4 g) diet, plasma quercetin concentrations increased more than 40%
by the high-fat diet compared to the fat-free diet [Guo, 2013]. In agreement with the results in
the third chapter, methylated metabolites of quercetin were mainly increased during the high-
fat diet treatment. Behind this increment, it has been suggested that dietary fat may increase
the quercetin micelle formation in the upper small intestine, so that promoted its intestinal
absorption [Guo, 2013]. Protein is another macronutrient that was not examined in this thesis.
In a recent study, the effect of dairy products on the bioavailability of cherry flavonoids was
investigated in in vitro, the gastrointestinal digestion. The researchers found that the
bioavailability of rutin and cyanidin-3-O-glucoside was suppressed when combined with
protein-based food matrices including cowmilk, soymilk, and yogurt [Oksuz, 2019]. The
reduction from protein-based food raised a further question that whether the combination of
quercetin and soybean fiber still be able to promote bioavailability under protein-rich diets.

Under the same macronutrients composition, it is no exaggeration to claim that dietary
fibers, particularly soybean fiber, are an important factor in promoting quercetin bioavailability.
As revealed in the second chapter, differences in supplemented dietary fibers can cause a
diverse promotive effect. Dietary fibers employed in this thesis are water-soluble dietary fibers.
Advantages from these dietary fibers were thought to be dependent on viscosity, and
fermentability. A diet containing water-soluble polysaccharide increases the viscosity of the
intestinal contents. Among all three chosen dietary fibers, pectin and guar gum represent

viscous dietary fiber, by the latter has a higher viscosity [Saha, 2010], while soybean fiber
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represents low viscous dietary fiber [Mitamura, 2003]. Reportedly, absorption rates of
carbohydrate, protein, and fat linearly declined as concentrations of guar gum or the chyme
viscosity increased, in humans [Brenelli, 1997]. Continuous (6 weeks) feeding with a diet
containing pectin (from apple skin) showed an increase in absorption rate of orally given
quercetin and rutin, in rats [Nishijima, 2009]. The data in the second chapter partially agree
with this statement. Pectin supplementation showed the highest excreted percentage of
quercetin aglycone during the feeding period, but the plasma concentrations appeared no
significant difference from weeks 4 to 8 of the study compared to no supplemented fiber group.
Daily feeding the combination of pectin and AGIQ may attribute to the protective effect of
pectin against the degradation of quercetin but did not promote absorption.

The results in this thesis implied three possibilities in the promotion of quercetin
bioavailability by the cecal fermentation of dietary fiber.

1) The enlargement in cecal tissue weight increases the surface area of the cecum as well as
absorptive capacity;

2) The extension in an available bolus in the cecal lumen can prolong the duration for
absorption;

3) The high amount of quercetin in bolus may reduce the quercetin degradation by
suppressing the growth or degraded activity of commensal bacteria.

Difructose anhydride III, and fructooligosac-charides are reported to modify a cecal
fermentation in a dose-dependent manner. This modification resulted in suppressing the
degradation of rutinoside of quercetin in the large intestine [Matsukawa, 2009]. Ohta and
colleagues discovered that dietary short-chain fructooligosaccharides enhanced recovery from
iron deficiency in rats. In that analysis, they also discovered increased net iron absorption and
soluble iron in cecal contents [Ohta, 1995]. A similar study by treatment with potato fiber in
rats showed an increase in cecal fermentation and mineral absorption [Pastuszewska, 2010]. In
both studies in this thesis, it may possible that quercetin degraded products led to the formation
of organic acids. However, quercetin catabolites are not the majority of the cecal organic acids
when compared to organic acids produced from the fermentation of dietary fiber [Dhingra,
2012; Pastuszewska, 2010]. This statement is confirmed by the cecal organic acids result. In
both studies, organic acids or SCFAs of the quercetin group were lower than that of the soybean
fiber-treated group. This suggests that cecal organic acids were mainly caused by cecal
fermentation of dietary fibers and not quercetin degradation. In addition, SCFAs at higher
concentrations in the large intestine have been demonstrated to increase the weight of cecal

tissue by stimulating the proliferation of epithelial cells and augmented the absorptive surface
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area [Busserolles, 2003; Inagaki, 2005; Sakata, 1987]. These studies supported the results in
this thesis, and they raise another question on the enhancement of the bioavailability for other
flavonoids by the combination with certain dietary fiber.

Studies on the antidiabetic ability of flavonoids have been variously reported. Some of
the flavonoids' anti-diabetic effects are due in part to their antioxidative properties and ability
to modulate several cellular signaling. The study done by rutin treatment in streptozotocin-
induced diabetic rats showed a reduction of plasma glucose level by suppression of NF-kB and
activation Nrf-2 expression in sciatic nerves and dorsal root ganglions (DRG, L4-L6) [Tian,
2016]. This evidence suggests the beneficial effect of rutin on diabetic neuropathy. Several
flavonoids, including tiliroside, quercetin, epigallocatechin gallate, and epicatechin gallate, are
reportedly able to inhibit carbohydrate digestion and absorption in the small intestine [Goto,
2012]. Regulation of glucose production in the liver is another function that can be affected by
flavonoids. In a human HepG2 cell line and the isolated hepatocytes from obese mice, a
reduction in hepatic gluconeogenesis with suppressed hepatic pyruvate carboxylase activity
was found by kaempferol treatment [Alkhalidy, 2018] In addition, the positive effects of
flavonoids on preserving pancreatic islet and increasing beta-cell mass against oxidative
pancreatitis induction have been elucidated [Prasath, 2013]. In an in vitro study using rat L6
myotubes, quercetin treatment activated the JAK2/STAT pathways through IRS1/PI3K/Akt
signaling. The activation of the mentioned pathway has resulted in the translocation of the
glucose transporter 4 (GLUT4) to promote glucose uptake in the myocyte [Eid, 2015]. This
study suggested the promotion of glucose uptake in the skeletal muscle by flavonoids.
Furthermore, the secretion of several gastrointestinal hormones, such as GLP-1 and GIP
(Glucose-dependent insulinotropic polypeptide), can be augmented by flavonoids
supplementation [Kwon, 2019].

The current results and previous studies mentioned above may hint at some beneficial
effects provided from the combination of AGIQ and soybean fiber on the ability to prevent
T2DM in humans. Although, it has been described in the individual effect of quercetin in cells,
animal, and human studies [Arias, 2014; Salehi, 2020; Seiva, 2012; Shi, 2019; Peng, 2017] or
soybean fiber [Chang, 2008; Hosokawa, 2016; Nam, 2012; Nguyen, 2019; Xu, 2001] in animal
and human studies on diabetes prevention. The combination of AGIQ and soybean fiber
revealed the synergistic effect on improving glucose homeostasis as seen in the third chapter.
This modification was accounted for the increase in GLP-1 secretion. Furthermore, the

correlations between total quercetin derivatives and the basal level of GLP-1 in plasma have
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appeared positively. This may shed some light on the next step of flavonoids and the regulation
of incretin hormones which will be useful for disease prevention.

To the best of my knowledge, this thesis provides the first evidence for the benefit of
the combination of quercetin and soybean fiber on the promotion of quercetin bioavailability
and prevention of glucose intolerance in rat models. Future studies should investigate the

underlying molecular mechanism of quercetin on the enhancement of basal GLP-1 secretion.
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Conclusion

Results from this study provide evidences that quercetin bioavailability can be
promoted by long-term feeding of the combination with AGIQ and dietary fibers, particularly
with soybean fiber. Furthermore, this combination also provided the promotive effects on basal
GLP-1 secretion in a positive correlation to the total quercetin derivatives in plasma. These
findings would contribute to the development of a novel diet composition employing the
combination of functional flavonoids and dietary fibers to reduce the risk of metabolic diseases

including T2DM.
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