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Psyllium, a type of dietary fiber, has been shown to have vatieatth
benefits including cholesterol lowering, hypoglycemic, cancer gmion, and
laxative effects. However, due to its extremely strong wabéding and gel-forming
capacities, incorporation of psyllium into food products on the required arpeunt
serving for health claim is difficult. This study evaluated effect of acid treatment
on water up-taking, swelling, gelling and bile acid binding capaciie psyllium
samples. The acid treatments were conducted at differentoreaetmperatures (25,
37.5, and 50 °C) with different psyllium — solvent ratios (1:2.5, 1:5, 1:7.514dd
g/mL). The result showed that reaction temperature influencedfteetiveness of
acid treatment on physical/chemical properties of psylliumpgzsnsignificantly,
while effects of different psyllium — solvent ratios were nagndicant. This
implicated the acid modification at a high temperature might jpesaible method to

improve the physical/chemical properties of psyllium for incorporation in food.
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Chapter 1: Review of Literatures

1.1 Introduction

In 1953, Hipsley first applied the term dietary fiber for the norestigle
components which constitute the plant cell wall (Hipsley, 1953), simee, tmore
concerns have been addressed by research in this area. Die¢asy which are
usually a component of plant cell walls, show various beneficiattsfion the human
body associated with their intake. Due to their physical/chenpioperties, dietary
fibers may exert many functions such as bacterial ferment@tang, Manoharan, &
Mickelsen, 1970; Prohaszka, Jayarao, Fabian, & Kovacs, 1990; Melcher, Eeviit,
Slavin, 1991; Rao, Chou, Simi, Ku, & Reddy, 1998; Arimochi, Kataoka, Kuwahara,
Nakayama, Misawa, & Ohnishi, 1999; Nakanishi, Kataoka, Kuwahara, & Ohnishi,
2003), water-holding capacity (Stephen & Cummings, 1979; Flourie, Vidorerijor
& Bernier, 1984; Braaten, Wood, Scott, Riedel, Poste, & Clooins, 1991; K8hig,
1996; Jekins, Vuksan, Kendall, Wursch, Jeffcoat, Wametgl, 1998; Muir, Yeow,
Keogh, Pizzey, Bird, Sharpet al, 2003), as well as absorption of some types of
organic compounds (Kelsay, Behall, & Prather, 1979; Reinhold, Garcia,rRoGa
1981; Fernandez & Philips, 1982; van der ARR, Fahey, Ricke, Allen, & Beir§@8;
Coudray, Demigne, & Rayssiguier, 2003). Positive correlations have foeead
between a higher intake of dietary fiber and promotion of health conslitBase on
this fact, the U. S. Department of Health and Human Services (HHS) leaswvtiet U.

S. Department of Agriculture (USDA) established a recommendadumption of



dietary fiber which is 14g/kcal (USDHHS & USDA, 2005). This maooendation
revealed that American should significantly increase their surwensumption of
dietary fiber to achieve the recommended amount.

As a type of dietary fiber, psyllium, which mainly grows in ki is known
as a mucilaginous material. Due to its strong water-holding tg@aw gel-forming
ability, psyllium has been used for treatment of constipation fdong time.
However, recent studies on psyllium implicated that the beneétfiatt associated
with consumption of psyllium as a dietary fiber source may not onlyrbied to its
laxative effect. Copious evidence showed that psyllium can alsonprisections
such as lowering cholesterol, hypoglycemia, as well as preventingers (Yu,
Lutterodt, & Cheng, 2009).

Much research has been conducted to investigate the effect atipsgih
health conditions, as well as the possible underlying mechanism, witlighovide a
more comprehensive view on this type of dietary fiber. Meanwhdapws efforts
have been made to improve physical/chemical properties and functemnabt well
as eliminate possible adverse effects of psyllium to achietterbapplications of
psyllium. In addition, a large number of studies have been done by tessaand
food manufacturers on developing food products fortified with psyllium tor offe
consumers an easy way to get this dietary fiber.

The following review will first start with the discussion oktiry fiber. The
definition, botanical functions, fiber chemistry, dietary fiber's gbgl/chemical
properties, as well as analytical methods of measuring digbanywill be covered,

in addition, source and consumption of dietary fiber will also be disgdus$en, as



an important type of dietary fiber due to its various health ldspesyllium will be
discussed in detail, with the focus on its beneficial healtbcesf and possible
underlying mechanisms. At last, effort on incorporating psylliura fobd products

will also be covered.

1.2 Dietary Fiber

1.2.1 Definition

Positive correlations between the consumption of dietary fiber adgbed
health condition have been studied for many years. Meanwhile, thatidefiof
dietary fiber has evolved by incorporating new scientific aceents of the time. In
1976, Trowell established a definition of dietary fiber which includies@igestible
polysaccharides (Trowell, Southgate, Wolever, Leeds, Gassull, &3erl@76). The
1976 definition rapidly gained wide acceptance and provided directionsstaroh
in the following 3 decades (Devries, 2003). Based on concerns on the 1976 definition,
in December 1999, the American Association of Cereal Chemist€(AAadopted a
definition of dietary fiber: “dietary fibre is the edible padf plants or analogous
carbohydrates that are resistant to digestion and absorption inuthanhsmall
intestine with complete or partial fermentation in the largestirte. Dietary fibre
includes polysaccharides, oligosaccharides, lignin, and associatedspbmtances.
Dietary fibres promote beneficial physiological effects udahg laxation, and/or
blood cholesterol attenuation, and/or blood glucose attenuation” (Jones, 2000). This
definition broadened the constituents of dietary fiber, including syizib

carbohydrate compounds as well as indigestible (‘resistant’) starch.



1.2.2 Botanical Functions of Fiber and Fiber Chemistry

Dietary fiber is mainly derived from plant foods. The major comptmef
dietary fiber include cellulose, hemicelluloses, pectins, and lighibstances.
Botanically, the primary functionality of fiber is to constittibe plant cell wall. For
some types of fiber which are not cell wall components, tha foaiction is to form
plant secretions such as gums and mucilages.

Chemically, the major components of dietary fiber are polysadgsa@nd
lignin. Cellulose, the most abundant organic compound in nature, is the most
important structural polysaccharide in plants. It is a linear homoplghain made-
up with B-1, 4-linked glucose units with a length from several hundred to omer te
thousand. Cellulose can be hydrolyzed in concentrated acid solution bub not i
concentrated alkali. Hemicellulose, along with cellulose, preserdsiost all plant
cell walls. Comparing with cellulose, hemicellulose is a senaflize branched
heteropolymer chain with backbones [BfL, 4-linked pyranoside sugars. Differing
from cellulose, the random, amorphous structure of hemicellulose onlg htke
strength which means it can be easily hydrolyzed by dilu# @cialkali. Another
component of dietary fiber is pectins, which serve as plant edllinaaterials as well
as intercellular cementing substances. Pectins backbone is foynaelchear chair-

1, 4-linked D-galacturonic acid. In this chain, some of the D-galactummd units
are replaced by 1, 2-linked L-rhamnose. This replacement leatsnids in the
molecule. Many pectins have side chains formed by the linkagesutfal sugars. In
general, pectins are water-soluble and gel-forming. Lignia mon-polysaccharide

component of dietary fiber. It is a polymeric material composguhehylpropanoid



units such as coniferyl, sinapyl, and p-coumaryl alcohols. The prifnactions of
lignin in plants are imparting strength to cell walls, figaiing transportation of

water, as well as impeding the degradation of wall polysaccharides.

1.2.3 Bacterial Degradation and Fermentation

Dietary fiber is resistant to human digestion in the smalkimte. However,
in the large bowel, dietary fiber is susceptible to bactergéstion. In the human
cecum and colon, the bacterial population is humerous and various. Scieamsts
found more than 50 genera and 400 species of bacteria in human Hecesjdrity
of which are anaerobic bacteria (Topping & Clifton, 2001). Resedsthshowed
that these bacteria can constitute approximately 41% to 55% of eightwfeces
(Stephen & Cummings, 1980).

The colonic bacteria fermentative reaction to dietary fibemasly due to the
hydrolysis of polysaccharides. In an adult, the primary productsrioiefgation are
short-chain fatty acids (SCFA), gases (including,(@, and CH), and some heat.
The major SCFA are acetate, propionate, and butyrate.

As the products of bacterial fermentation, SCFA have many metadftdicts
in the large bowel. SCFA are weak acids with,pkalues about 4.8, thus, by
fermentation of dietary fiber, colonic pH values will decred$es was supported by
a study using healthy human subjects (Melckerl, 1991). The lowered pH may
exert a function of inhibiting some pH-sensitive pathogens. Results &oamimal
study in pig conducted by Prohaszéial. collaborates this finding. They reported
that a high concentration of SCFA, which leads to relatively lovopéblon content,

significantly lowered the number &almonella(Prohaszkaet al, 1990). It was also



found that, in colon, SCFA were metabolized by colonocytes and servedias
respiratory fuels (Yanget al, 1970).

In addition, a large body of evidence shows that short-chain faitis,ac
especially butyrate, can inhibit carcinogensis in the colon. In 2003, Ntkamnd
coworkers conducted aim vivo study using high amylase maize starch (HAS) in
azoxymethan (AOM) -induced aberrant crypt foci (ACF) formation rats
(Nakanishi, et al, 2003). HAS administered alone as well as together W@ith
butyricumstrain MIYAIRI588 (CBM588) showed the effectiveness of decreasiag
number of ACF.C. butyricumcan produce SCFA and has been used as a probiotic.
They also found that th@-glucuronidase activity in colonic content decreased
significantly in two HAS-administered groups. Previous study detraied that
there was a positive correlation between the number of AOM-induc&dii@e rat
and fecaB-glucuronidase activity level (Arimochet al, 1999). Results from another
study provided support to this function of SCFA. Ra@l. (1998) administered rats
with AOM-induced colonic ACF with dietary coffee fiber. Deged numbers of

ACF as well as fecgl-glucuronidase activity level was observed.

1.2.4 Water-holding Capacity

Many physiological effects of dietary fiber can be ascribedhe water-
holding capacity. Initially, when dietary fiber is exposed to an aggienedium, the
surface absorbs water molecules. The sugar residues withtyollapolysaccharide
provide a hydrophilic capacity to dietary fiber, whereas the irdkrrnlar bonds such

as ether cross-linkages present a hydrophobic effect. Meanviialpatticle size of



dietary fiber may also have some effect for water-holdingagply influencing the
internal space in fiber matrix for water molecules to be entrapped (Kay,. 1982)

By absorbing water molecules, dietary fiber becomes a viscateyial. This
property was demonstrated to have the effect of slowing thepdiosoof glucose in
many studies. Ann vivo animal study conducted by Kim and Shin (1996) used
chicory water-soluble extract resulting in a reduced ratéuabge absorption in rats’
jejunum. Studies in human subjects lent support to animal studies. In 12@terBr
and coworkers first showed faglucan-rich oat gum from oat bran had significant
effect of lowering the rate of glucose absorption in human (Bnaat al, 1991).
Later, a stronger inhibition of absorption of glucose in human by higlseosity
dietary fibers than by lower viscosity ones was found byidrecand colleagues in
1994. The mechanism of the effect of dietary fiber on glucose almsomas
suggested to be due to viscous soluble fibers that increase the shiaknéhe
“unstirred water layer” of the small intestine (Flouseal, 1984).

The water-holding ability of dietary fibers can also affénet stool bulk and
content. As early as 1979, Stephen and Cummings tested Witeo water-holding
capacities and fecal bulking abilities in 18 different dietébers (Stephen &
Cummings, 1979). The water uptake was determined by centrifugation emgd us
liquid capsules with dialysis tubing containing the materials. Thagd an inverse
correlation between the water-holding property and fecal bulkingyamlidietary
fiber samples, which suggested that the fecal bulking effechatasnly ascribed to
the water uptaking capacity. In addition, they also demonstrateththaresence of

charged group and the uronic acid content were related to thehwoéderg property,



while the particle size only had a little effect on ittdran vivo studies showed the
collaborative results. Furthermore, they suggested that theargsisarch also
presented the ability of increasing fecal bulk. Jenkinal. (1998) demonstrated the
effect of resistant starch on increasing fecal bulk in human, while Muir and lersor
showed that the combination of resistant starch and wheat bran avaseffective

than wheat bran alone on fecal indexes (Metigl, 2003).

1.2.5 Absorption of Organic Compounds

When passing the gastrointestinal tract, various organic compoundsndan bi
to dietary fiber. The reversibly bound compounds include bile acids, toxic
compounds, and some bacteria.

Several studies showed the ability of dietary fiber on binding diftemineral
elements. Binding mechanism might not be same for differentegits. In 1979,
Kelsayet al. conducted a study in human to investigate the effect of diatsydn
calcium, magnesium, iron, and silicon balances (Kelstg), 1979). Subjects were
administered with high fiber content diet or low fiber content dletsignificant
decrease in calcium, magnesium, and silicon balance was obsaryeghi fiber
group compare with low fiber group.

Dietary fiber’'s ability of binding to iron is well studied. Fernamndand
Phillips (1982) proposed that fiber components have a potential binding thitkigh
affinity but low capacity. Later studies suggested the phy@teent in dietary fiber
might be mainly ascribed to its iron binding capacity as welfoa other mineral
elements (Coudrayet al, 2003). Further study on iron-binding property was

conducted by Reinhold and colleagues (Reinhetdal, 1981). Thein vitro study



showed that the binding of iron rose rapidly when pH changed from 5.0 t@ Qea
Meanwhile, binding to iron by dietary fiber could be interfered é&yain inhibitors,
such as ascorbic, citric and phytic acids, EDTA, as well ag somno acids such as
cysteine.

The effect of dietary fiber on other mineral elements watedein chick by
van der Arr and coworkers (van der Aat,al, 1983). They asserted that for different
elements, the mechanisms are various. For zinc, the absorptionbmigletause of
the phytate content, bulk-providing property, as well as alterebfiuia in the gut
by fibers. The effect on copper might be due to fibers’ phytatdent and also the
chelating properties.

Although dietary fiber showed negative effect on the absorption of many
mineral elements, recent studies found that the magnesium absevpsamhanced
by consuming dietary fiber (Coudragt al, 2003). Several mechanisms were
postulated to explain this effect on magnesium. One mechanism wdy¢jest the
fermentation of dietary fiber resulted in the production of SCFA ardifigation of
luminal contents, which had effects on microflora in the large intestine mynd lead
to the presence of a large magnesium pool. Another mechanismgelteti SCFA to
the enhancement of magneisum absorption involves a cation exchange fumction. |
addition, the rich content of magnesium in dietary fiber maycaffee reduction in

magnesium absorption.

1.2.6 Methods of Measuring Dietary Fiber

In order to establish a labeling regulation for consumers torhettierstand

and receive beneficial health effects from dietary fiber, &nel@ analytical



methodology for dietary fiber measurement in foods is needed. Tet the
requirements of the definition, the method should also be applicable ipetem
laboratories worldwide. Critical characteristics of the reguimgethod include the
ability to accurately simulate the enzymes-involved human dogestehaviors as
well as the capacity of being performed with acceptable precision (82\2003).
Several AOAC (Association of Official Analytical Chemistdjicial methods
have been developed based on aforementioned Trowell’'s 1976 definition of dietar
fiber. The most widely accepted and used enzymatic gravinmé&ibods are AOAC
985.29 and AOAC 991.43. Since the AOAC 985.29 does not allow the separation of
soluble and insoluble fiber content, it can only be applied for the nesasnt of
total fiber content of foods. The later one, AOAC 991.43, evolved from theefor
method and can be adapted for both soluble and insoluble fiber contestmethod
uses MES-TRIS buffer and briefly includes steps as removinghséerd protein by
enzymatic treatment, precipitation of soluble fiber using ethanitation and
weighing of the dietary fiber residue, and determination of pr@ethash in residue
for correction (Association of Official Analytical Chemis®)00; method 985.29;
Association of Official Analytical Chemists, 2000; method 991.43). &@hmasthods
are well applied, however, problems with filtration step was eneocemtwhen the
sample has strong gel-forming ability (such as psyllium). @dification of AOAC
985.29 and AOAC 991.43 was made by Lee and coworkers by using sonaadion
high-speed centrifugation to separate the soluble dietary féerdns from insoluble

fractions (Lee, Rodriguez, & Storey, 1995).
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With the adaption of AACC’s definition of dietary fiber, non-digetibl
oligosaccharides and resistant starch are now considered a$ @f jlietary fiber
because of their physiological functionalities. It is becomingeisingly clear that
modifications of previous analytical methods must be made to acocdaten the
newer definition.

The most commonly available non-digestible oligosaccharides include{r
oligosaccharides, trans-galacto-oligosaccharides, polydextrose, and fibersol 2
(McCleary, 2003). Hoebregs developed a method using enzymatic hysrolysi
combined with high performance anion-exchange chromatography (HPAEC)
pulse amperometric detection to analyze the fructo-oligosadeheontent in food
products (Hoebregs, 1997). Another method of measuring the fructo-
oligosaccharides, based on the hydrolysis by specific enzymassgestablished by
McCleary and coworkers (McCleary, Murphy, & Mugford, 2000). The ake
enzymatic hydrolysis together with HPAEC was also appliederanalysis ofrans
galacto-oligosaccharide (De Slegte, 2002) and polydextrosey(@f#1). Fibersol 2
was measured by using a modification of AOAC method 985.29, in which high
performance liquid chromatography was used to analyze the cdmhiioé ethanol
solution and washings (Gordon & Okuma, 2002). Although the analytical methods of
determination for a particular non-digestible oligosaccharide wstablished, no
universally adaptable method has been developed yet.

For the measurement of resistant starch, the method establishcCieary
and Monaghan offered result in accordance with data obtained fromoyse vivo

study. Amyloglucosidase and-amylase were used to digest the soluble starch

11



fraction in this enzymatic method. Afterward, the resistaatcht fraction was
separated. The digestion of this fraction was conducted in admiffer with the
addition of potassium hydroxide (KOH) and amyloglucosidase. Then tjestatin
product, glucose, was incubated with glucose oxidase-peroxidase (GQO&@D

analyzed using spectrometric method (McCleary & Monaghan, 2002).

1.2.7 Source of Dietary Fiber

The main source of dietary fiber is plants. The content and ichkm
composition of dietary fiber can be various in different plant rmedse In 1988,
Anderson and Bridges investigated the dietary fiber content irctedleoods
(Anderson & Bridges, 1988). The tested foods included cereal producitables,
legumes, and fruits. It was seen that in cereal products, corm&dathe highest total
dietary fiber (85.19%) while oat bran had the most soluble didtaey (7.84%).
Frozen kale was the richest in total fiber (33.48%) and frbreccoli was the richest
in soluble fiber (13.63%) among the tested vegetables. In legwaased green
beans contained most total dietary fiber (33.97%), dried raw pinto lceartained
most soluble fiber (8.15%). Canned pear contained more total digtary(32.18%)
than all other tested fruits, while canned purple plum was thestian soluble fiber
(9.92%).

Studies have also been conducted to determine the dietary fiber content
diet. Anderson and colleagues investigated a simulated Americafodiis total
fiber content (Anderson, Bridges, Tietyen, & Gustafson, 1989). Tmelated

American diet was made on the basis of household Nationwide Food Coimmsumpt
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Survey data. The result that the stimulated diet provided 5.6 tetalrylifiber/1000

kcal suggested a lower dietary fiber level than recommended.

1.2.8 Consumption of Dietary Fiber in Different Populations

The consumption of dietary fiber has been measured in different popslat
A total dietary fiber intake of 19.9 + 5.3 g/day in the British papah was found by
Bingham and coworkers (Bingham, Cummings, & McNeil, 1979). This result
matched the calculated value of 19.7 g/day from the Nation Food Scoweycted
in 1976 in Britain. Data from the Second National Health and NutrExamination
Survey (NHANES Il) was analyzed by Lanetal. for dietary fiber intake in United
States adult population (> 19 years age) (Lanza, Jones, Block, & Kessler, TI987)
reported a value of 13.3 g/day dietary fiber intake according to Saathvglues.
They also found that in every age groups, women consume more dib&ryhfan
men, on a per 1000 kcal basis. Another study was conducted to investeyatents
from 1965 to 1996 of US adolescent (11-18 years of age) on food intaked{i@ava
Siega-Riz, & Popkin, 2000). The studied data was collected from foionaby
representative United States Department of Agriculture surveys éiienWide Food
Consumption Survey 1965 and 1977, and the Continuing Survey of Food Intake by
Individuals 1989-91 and 1994-96). The dietary fiber intake per day sligictigased
from 13.5+0.3 g in 1965 to 15.0 £ 0.4 g in 1994-96 in the tested age group.

In the Dietary Guideline for Americans, 2005 published by U.S. Depattm
of Health and Human Services and U.S. Department of Agricultur®©idbS&

USDA, 2005), the currently recommended dietary intake is 14 g per d#16fe

13



consumed. It is realized that this objective might be hard for somericans to

achieve, but more consumption of fiber-rich foods can be helpful.

1.3 Psyllium

1.3.1 History and Natural Source of Psyllium

There are over 200 species in gemlantago,a number of plants in this
genus are commonly known as psyllium. The seeds of psyllium, which are
commercially used for production of mucilage, are mainly deriveth fPlantago
afra L. and Plantago indicaL.. The husks are derived from the seed$®laintago
ovata Forsskaol The common name d?lantago ovatain India, ispaghula, comes
from the words “isap” and “ghol”, with the meaning of “horse earPersian, which
describes the shape of tRlantago ovats seeds.

Plantago ovatas an annual herb mainly cultured in North Gujarat in India.
The plant is normally 12 to 18 inch in height, with numerous smallewftotvers.
The seeds are enclosed in capsules. Generally, psyllium useclfor its mucilage
content, which is a white fibrous material with hydrophilic propeftye mucilage
can be obtained by mechanical milling/grinding, and is usually referred to as husk.

Interest in psyllium arose due to a variety of health bendfitaorld market,
India is the primary country that produces and exports psylliumgwhe United
States is the largest importer of psyllium, and over 60% of ireggrsyllium husk is

used in pharmaceutical products.
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1.3.2 Chemical Composition and Structures

Many studies have been done to investigate the chemical composition of
psyllium’s polysaccharide chain. As early as 1950s, LaidlawRerdival extracted
the polysaccharide obtained frddtantago ovatawith first cold water, then hot water
and reported two components as a polyuronide and a neutral arabinoxylan (Laidlaw &
Percival, 1949; 1950). Later, Kennedy and coworkers reported a single
polysaccharide chain in psyllium, which was a highly branched arabaroxy
(Kennedy, Sandhu, Southgate, 1979). More recently, Fischer and colleagues
conducted a study on the chemical composition and structure of thermatd
fraction of psyllium (Fischer, Yu, Gray, Ralph, Anderson, & Marle@Q4). They
applied compositional and methylation analysis, associated with BidéBtroscopy,
on the gel-forming fraction, which is so-called fraction B. Theult provided a
figure of a highly branched arabinoxylan main chain, with denselytisitbd 1, 4 —
linked xylopyranose residues, some carrying single xylose unpsséion 2, as well
as some carrying trisaccharide branches at position 3, witstriinture as L-Araf-

1,3-D-Xylp$-1, 3-L-Araf.

1.3.3 Cholesterol Lowering Effect

It is a widely accepted statement that elevated plasma tolekevel is a
major factor leading to development of several lethal diseasds,as cardiovascular
disease (CVD) and coronary heart disease (CHD). Although aieichnologies
improved rapidly in past many years, CHD is still the leadizagse of death in the
United States and other western countries. According to the guidplifséished in

1994 by the National Cholesterol Education Program (NCEP), an uaddeskrigh
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serum cholesterol level was found in approximate 30% of Americtaussti®al data
from the American Heart Association showed that mortality f@WwiD accounted for
36.3% of all deaths in 2004, or one of every 2.8 deaths in USA (Amerieart H
Association, 2008).

A copious body of evidence elicited the strong linkage betweeReinmé
psyllium and lowering cholesterol level. An vivo animal study conducted by
Anderson and coworkers used 10 different types of dietary fiber ingyudyllium to
feed male Sprague-Dawley rats for 3 weeks (Anderson, JonesddelRMason,
1994). The result showed significantly decreased serum and liver tenoles
concentrations in rats fed soluble fiber-rich diets, especiallyp&yllium, which
reduced the most cholesterol levels. A conclusion that intake of sdiobls has
more effect of lowering cholesterol level than intake of insoldiblers was drawn.
Another animal study with rats showed similar function of psyllivnmterms of
reducing cholesterol level (Matheson, Colon, & Story, 1995). Differberd were
fed to 10 male rats for 4 weeks and activity of cholestardiydroxylase, which is
the rate-limiting step in bile acid synthesis, was measitledated enzyme activity
was found in the psyllium hydrocolloid-feeding group in contrast Wiéhcellulose-
feeding group. This result lent support to the hypothesis that thesté@l lowering
effect of soluble fibers was affected by increasing synthesis of bils.aci

In 1997, Arjmandiet al. determined that psyllium which was partially
hydrolyzed by storage had comparable ability of lowering cholesteval with
native psyllium (Arjmandi, Sohn, Juma, Murthy, & Daggy, 1997). The susbd

male Sprague-Dawley rats as animal subjects. After feedgllylose, native
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psyllium, as well as psyllium with various storage temperatases’C and 40°C for
21 days, liver total cholesterol and total lipid concentrations twessed. No
significant differences of reducing cholesterol level abdigenong native and stored
psyllium were observed. Meanwhile, serum triglyceride and HDLestetol levels
showed no significant change among groups.

The aforementioned studies were all conducted in male rats xp#riment
length from 3 weeks to 4 weeks. To investigate the hypocholestecodfact of
psyllium for a longer period, Terpstra and coworker performedaaeks psyllium-
feeding experiment using female rats (Terpstra, Lapre, tes V& Beynen, 2000).
Lowered plasma cholesterol and liver cholesterol concentrationsolvseeved in the
psyllium-fed group, and plasma cholesterol was determined to be manylyfow-
density lipoprotein (VLDL). The psyllium in diet in this study was a lower
concentration as 3% than previous studies. A less striking hypocholesie effect
on liver cholesterol level in female rats than in male rats also found. This was
asserted to be an indication that male rats store excesstenollen liver rather than
in plasma. In this study, the cholesterol lowering effect of psyllium washed to its
association with a higher excretion of bile acid, which is becatiiee viscosity of
psyllium.

Besides rats, hamster was also used in many studies the somilarities in
cholesterol metabolism between it and human, as well asspenge of plasma LDL
levels to various dietary and pharmaceutical treatments (TuDkygy, & Dietchy,
1994). Furthermore, the biliary bile acid composition in hamster isnmn with

that in human, which is mainly glycine conjugated cholic acid and
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choenodeoxycholic acid. Whereas in rat, it is cholic acid and sewvenricholate
isomers conjugated to taurine (Daggy, O’Connell, Jerdack, Stinson, éeflet
1997). Studies in hamster showed results which lend support to theoéfesstlium
on lowering cholesterol level. In addition to investigate this effect, in 199@twWein
and coworkers tested the changes in the circulating bile acid poblamster
administered psyllium (Trautwein, Kunath-Rau, & Erbersdobler, 1998paring
to hamsters fed cholestyramine, psyllium-fed hamsters showeiicgigtly higher
glycine to taurine conjugation and cholate to chenodeoxycholate matinge acid
pool.

The hypocholesterolemic effect of psyllium was also studied mshers
when combined with cholestyramine, which is a well-known bile acidirgnesin.
Daggyet al. and Turleyet al. showed an augmentation of the cholesterol lowering
effect of psyllium when used together with cholestyramine. Furtbes, they
asserted that the effects of psyllium and cholestyramine onstéwaklowering were
conducted by different underlying mechanisms (Turkgyal., 1994; Daggyet al.,
1997).

Guinea pig was also used to study the cholesterol reducing efffesyllium.
This animal model was considered to be appropriate since not hie abimals,
guinea pig, similar to humans, has lower level of HDL than LDL, tedlowered
plasma cholesterol level induced by dietary fibers mainly happetie tatherogenic
LDL (Fernandez, Ruiz, Conde, Sun, Erickson, & McNamara, 1995). Studies in this
species offered collaborative results with studies on other amwdgls, in aspect of

the hypocholesterolemic effect of psyllium (Fernandez, 1995; FernaN@egara-
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Jimenez, Conde, Behr, & Abdel-Fattah, 1997; Eomero, West, Zern, & Fernandez
2002).

In addition to the cholesterol lowering effect of psyllium, Vergiiraenez
and colleagues found an increased stability of LDL to oxidation yhliys-fed
guinea pigs (Vergara-Jimenez, Furr, & Fernandez, 1999). Afterngtering a
psyllium containing diet for 4 weeks, LDL oxidation susceptibilityg, veell asa-
tocopherol (a lipid soluble antioxidant) concentration in LDL from individual samples
were tested. The LDL showed highe#tocopherol concentration and was more
resistant to oxidation. The results showed that by feeding psyllhemumber and
cholesterol concentration of LDL particles were reduced, and thaimeng time of
LDL in circulation was shortened.

A copious body of evidence from studies using human subjects lends supports
to the hypocholesterolemic effect of psyllium. In 1988, Arbaham arehtd
conducted a study which involved 7 healthy males to investigate hiblesterol
lowering effect of psyllium (Abarham & Mehta, 1988). Subjectsen@dministered
21 g/day psyllium husk incorporated into their basal diet for 3 wel&s l@aving
control diet for the first 3 weeks. After 10 days and after kweé psyllium intake,
reduced total cholesterol as well as LDL cholesterol and HbDblesterol were
observed, which demonstrated the effect of psyllium supplementation astemol
lowering. In 1993, another study involved 24 healthy men showed similaltsres
(Stoy, LaRosa, Brewer, Mackey, & Meusing, 1993). In the same gestudy done
by Sprecher and coworkers involved as many as 118 healthy men areh wotin

primary hypercholesterolemia, while the treatment of psyliaomg with high-fat or
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low-fat diets was as long as 16 weeks (Sprecher, Harris, Goldkeagrson, Bayuk,
Russell,et al., 1993). In the high-fat group, the total cholesterol level and LDL
cholesterol level decreased 5.8% and 7.2% respectively, while in thati@roup,
the reductions were 4.2% and 6.4%, respectively. The lowerecchatigsterol level
and LDL cholesterol level indicated that psyllium could provide a moslege still
significant hypocholesterolemic effect in subjects on either highrfatwefat diets.

The evaluations of the reducing cholesterol effect of psylliumewaso
conducted in human subjects with hypercholesterolemia. Twenty sixuittiemild
to moderate hypercholesterolemia were administered 3.4 g psytiuBtimes per
day for 8 weeks after 2 weeks of base line period. The serum tenoldsvel, LDL
cholesterol level, as well as LDL cholesterol to HDL ch@edtratio were found to
be reduced by the psyllium treatment comparing to the control wheth aglulose
(Anderson, Zettwoch, Feldman, Tietyen-Clark, Oeltgen, &Bishop, 1988).r Late
studies conducted within similar subjects with mild to moderap@ttyolesterolemia
with time lengths from 40 days to 24 weeks offered collaborativdtses terms of
the hypocholesterolemic effect of psyllium supplementation (Beléctdtin,
Reynolds, & Hunninghake, 1990; Everson, Daggy, McKinley, & Story, 1992;
Davidson, Maki, Kong, Dugan, Torri, Hadif al.,1998).

High serum cholesterol level is an important risk factor ofliocaascular
disease (CVD). Studies have been done to explore the effecylidimpson patients
with CVD. In 2007, Sola and coworkers administered the soluble fracton f
psyllium incorporated into a low-fat diet to 28 men with CVD, whi¢eng insoluble

fiber for control. After a time period of 8 weeks, plasma lipid peoftas measured.
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Comparing with the control group, the results showed an enhancemerblof H
concentration, as well as lowered total to HDL ratio and LDL Bd_Hatio. Thus, a
conclusion that soluble fraction of psyllium presented a more beadedifect than
insoluble fiber for CVD secondary prevention was drawn (Solar, Gdelislta,
Vallve, Girona, Anguereaet al.,2007).

Whether psyllium, as a hypocholsterolemic supplementation, providéarsim
effect in children was also investigated by scientists. Davisod coworkers
conducted a double-blind study involved 25 children with hypercholestercéeyath
from 6 to 18 years to test the efficiency of psyllium (Davidsongdh, Burns,
Sugimoto, Story, & Drennam, 1996). After the diet stabilization fawe8ks, subjects
were administered either psyllium-rich cereal or control ¢doea®b weeks, followed
with a 6-week wash out period, then a 6-week crossover treatmenpa@ogithe
time period of consuming control cereal, significant drops in total l&Dd-
cholesterol concentration were noted when consuming psyllium-rigalcdt was
concluded that psyllium was an efficient adjunction to low-fat ohethe pediatric
population due to its easy incorporation into a variety of food producssitRérom
another study in 1995 lent support to this conclusion. Williams and go#sa
demonstrated that psyllium can enhance the hypocholesterol#eut & the Step |
Diet in 2 to 11 years old children in terms of treating hypeegtetolemia (Williams,
Bollella, Spark, & Puder, 1995).

Another topic which should be paid attention to is whether psyllium baist
administered with other foods to offer the hypocholesterolemictefféoleveret al.

explored this question by administering hypercholesterolemic &gbjeth psyllium
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mixed with food or between two meals (Volever, Jenkins, MuelleriddoRansom,
Patten.et al.,1994). Significant reductions in total, LDL, and HDL cholesterol were
observed between the group administered psyllium mixed with food arwbnivel
group, which was administered wheat-bran cereal. However, noficagmi
differences were found between the control group and the psylliumetened
groups when psyllium was given between two meals. It showed dhbhave a
maximum effect of cholesterol lowering, psyllium must be miwatth other foods.
Psyllium is thought to act as a hypocholesterolemic supplemenot disefainction of
inhibiting fat absorption, as well as increasing bile acid exgre Since fat
absorption and bile acid excretion is meal-related, psylliumpesaform the most
effect when combined with meal.

Gender difference and hormonal status may also influence theupsygffect
on hypercholesterolemia. Scientists have postulated that plaamadiycerol, HDL
and VLDL concentration are gender dependent (Cobb, Greenspan, Timmons, &
Teitelbaum, 1993). In addition, in men, high plasma LDL-cholesterol otrat®n is
closely related with cardiovascular disease risk, while in wgpmew HDL-
cholesterol concentration and high triacylglycerol concentratienhaghly related
(Castelli, 1988). Furthermore, Bonithon-Kopp and coworkers, based on thayr st
found that comparing with premenopausal women; postmenopausal women have a
higher risk for coronary heart disease due to significantghdr plasma LDL
cholesterol, triacylglycerol, as well as apo B concentration (BoniKopp,

Scarabin, Darne, Malmejac, & Guize, 1990).
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To investigate whether the response to a high cholesterol dietlaasathe
effect of lowering cholesterol by soluble dietary fiber includpgyllium differ by
gender, Fernandeet al. conducted a study in guinea pigs (Fernandez, Vergara-
Jimenez, Romero, Erickson, & McNamara, 1995). They found that feguahea
pigs were more responsive to the challenge of high dietary cliaeghan males,
which lead to a reduction in the cholesterol lowering effect aftdeldietary fiber
when taking high cholesterol diet. However, with low cholesterolsdi¢te
hypocholesterolemic effects of dietary fiber were found to belasi. In 1999, Roy
and coworkers published results from their study which was conducteglore the
gender effect on soluble dietary fiber intake (Roy, Vega-LofeZzernandez, 1999).
Male and female guinea pigs were involved, as well as menopamseking
females by ovariectomy. Higher HDL-cholesterol concentration lange LDL
particle size were found in female guinea pigs. Furthermore, posfrausal guinea
pigs were observed to have higher plasma cholesterol, apo B aoddiycerol
concentration compared to males and premenopausal females,nettea group
which consumed soluble dietary fibers. Meanwhile, the reduction of tbeislity
to oxidation of LDL in males and premenopausal females by adenimigtsoluble
dietary fiber was not found in postmenopausal females. The discyephtie LDL
oxidative susceptibility between postmenopausal female guineaptgsthers was
interpreted to be lead by estrogen deprivation. Sack and colleaguesdstiaw by
infusing the estradiol into postmenopausal women to mimic the premenbpausa
women’s serum estradiol concentration, the LDL oxidative susclytibecreased

significantly (Sack, Rader, & Cannon, 1994).
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Human studies on the influence of gender and hormonal status on the
hypocholesterolemic effect showed collaborative results (Vegad,op/idal-
Quintanar, & Fernandez, 2001; Vega-Lopez, Conde-Knape, Vidal-Quintanar,
Shachter, & Fernandez, 2002; Vega-Lopez, Freake, & Fernandez, 20G8) thaft
intake of soluble dietary fiber such as psyllium, enhanced triglycerideviasiound
in postmenopausal women, while it decreased in men, and no significagechas
observed in premenopausal women. In human, apo C lll and apo E plagataim
role on influencing plasma triglyceride concentration (Vega-Labed.,2003). Apo
C Ill, which is a major component of VLDL, has the function of inhibitihg
hydrolysis of triglyceride by lipoprotein lipase, while apo E dbotes to
hypertriglyceridemia by both promoting VLDL synthesis and impgi VLDL
hydrolysis. In postmenopausal women, it was found that the concentratiape &f
lIl and apo E in plasma elevated in response to psyllium, which ro@hkiue to the
influence from gender and hormonal status. In addition, estrogen, whéakiisg in
postmenopausal women, was postulated to have the function of providingerl bett
lipoprotein profile with enhanced HDL-cholesterol level and reduced -LDL
cholesterol level (Vega-Lope al.,2001).

From the aforementioned studies, it could be concluded that psylliaweis
useful dietary fiber in terms of lowering cholesterol with grgaplication potential.
The underlying mechanisms of the hypocholesterolemic effect wfiuns were
explored for many years. It was found that psyllium does not fumets a bile acid
sequestrant which is the main function of cholestyramine. Indeedsipvoved that

psyllium does not show a bile acid binding capatrityitro (Anderson, Floore, Geil,
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O’Neal, & Balm, 1991). However, the results from several studiesskaiv that
psyllium presented the function of altering hepatic cholesterol bsia&s and
stimulating bile acid synthesis (Fernand¢al.,1995; Daggyet al.,1997; Eversoret
al., 1992). It was postulated that this effect might be due to the intemupt the
enterohepatic circulation of bile acid and decreased the absoopbiolesterol lead
by psyllium’s viscosity (Fernandez al., 1995). A study done by Satchithanandam
and coworkers showed that intake of psyllium may lead to increasgels lof gastric
in lumen and colon (Satchithannadam, Klurfeld, Calvert, & Cassidy, 199&)ink
are responsible for the gelling properties of mucus, which can prioveteal organs
with lubrication and protection, enhance the removal of microorganssneell as
act as intestinal bacteria substrates.

Besides, another mechanism was considered to be of more importdace. B
acids is thought to be the primary form for cholesterol to beeted from human
body, thus, altered bile acid metabolism is considered to be one ofettieanisms
for dietary fibers’ hypocholesterolemic effect. In human, thelnatéing enzyme of
the synthesis of cholesterol is known to be 3-hydroxy-3 methytglutoA (HMG-
CoA) reductase, while for the catabolism of cholesterol, itchelesterol d@-
hydroxylase. The changes in activities of these two enzymeslagss the mRNA
levels by feeding psyllium were tested by Buham and cowo(Bersam, Furumoto,
Konkin, & Story, 2000). They observed that after administered payllthe activity
of cholesterol @-hydroxylase was significantly higher than the control group kwvhic
was fed cellulose. This change was correleated with the ehangholesterol o-

hydroxylase mRNA level. Interestingly, an increased level ofG4®bA reductase
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had also been observed, which indicated an up-regulated HMG-CoAtaseu
activity. This phenomenon was reported in another study done by Fexretndie
(Fernandezt al., 1995). Intake of a diet rich in cholesterol will lead to a feeklbac
inhibition of HMG-CoA reductase activity. However, they found that in cuipigs,
intake of psyllium together with a high-cholesterol diet enhancedHii&-CoA
reductase activity to the level which was comparative withitt@ke of a low-
cholesterol diet. This implicated a more complex interaction gfips with HMG-
CoA reductase as well as cholesterhgdroxylase. One possible explanation is that
the increased cholesteral-ydroxylase activity and bile acid excretion lowering the
serum cholesterol level, which enhanced the HMG-CoA reductase tyactovi
potentially synthesis more cholesterol as a complement. Simdezase of HMG-
CoA reductase activity was observed in guinea pigs administetess @ectin
(Fernandez, Sun, Tosca, & McNamara, 1994). More studies are requitdd topic
to further reveal the mechanism.

Besides, scientists found that by intake of psyllium, the activity of hepalic ac
CoA: cholesterol acyltransferase (ACAT) was suppressed. Theanyrifunction of
ACAT is catalyzing the intracellular cholesterol esteafion and cholestryl esters
formation. A positively correlation between ACAT activity and hepéaotal
cholesterol concentration was reported in previous studies (Fernahddz,1994).
An increased hepatic cholesterol concentration could lead to argulatest ACAT
activity, whereas a suppressed ACAT activity indicates alemhepatic cholesterol
pool size. It implicated the interruption of the enterohepatiailation of bile acid

and decreased the cholesterol absorption due to psyllium intake.
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A lowering level of LDL-cholesterol was found as an apprecialiecebdf the
intake of psyllium in many studies. LDL level has been receghip have a close
relationship with the risk of cardiovascular disease (Goldstein&&vB, 1983). LDL
is the main carrier of cholesterol, which comprises approximate @0#tal serum
cholesterol. It has the function of delivering cholesterol to tissuB4 can be
recognized by the LDL receptor on cell surfaces via the apobpaiprB (apo B)
embedded in the LDL particle. Thus, the number of apo B of hepatibraasmmay
strongly influence the LDL level. An up-regulation of apo B receptorscased with
intake of psyllium together with high cholesterol diet in guineggs pvas reported by
Fernandez and coworkers (Fernandgal.,1995).

It was also found that large particles of very low-density liptgsn (VLDL)
rich in cholestryl esters associated with high cholesterol ingakemore readily
converted to intermediate-density lipoprotein, and then LDL. By adtarimng
psyllium, secretion of smaller particles of VLDL was observHus alternation of
VLDL was postulated to lead to a better plasma cholestedalxi (Fernandet al.,
1995, 1997).

Taken together, psyllium produces the hypocholesterolemic etbgct
interrupting enterohepatic bile acid circulation and absorption of deabdsup-
regulating the activity of HMG-CoA reductase as well ashydroxylase while
suppressing ACAT activity, enhancing apo B receptor, and inducingetiretion of

smaller VLDL particles.
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1.3.4 Hypoglycemic Effect

Diabetes mellitus is considered as a major factor which salisability and
hospitalization all over the world lead to big financial loss @©st994). Type 2
diabetes, which is also referred as non-insulin-dependent diabet&apws) to
significantly increase the risk of atherosclerosis as wellother macrovascular
diseases (Laakso & Lehto, 1997). Studies show that psyllium mag s a
hypoglycemic agent in health human subjects as well as patients witkediabe

In 2001, 10 healthy female volunteers were involved in a study which was
conducted by Sierra and colleagues to investigate the effeptylotim husk as well
as guar gum on postprandial glucose and insulin concentrations in haatbjlegts
(Sierra, Carcia, Fernandez, Diez, Calle, Sahagtiral., 2001). After an overnight
fasting, glucose was administered orally associated with boutiiiber. Afterwards,
serum concentrations of glucose and insulin were monitored. A semifreduction
in mean serum insulin concentration was detected when both fibers wer
administered, while psyllium significantly decreased the areger the curve (AUC)
of glucose concentration, compared to guar gum.

Studies conducted in human subjects with diabetes offered sdagaription
of psyllium’s postprandial hypoglycemic effects. In differensags, psyllium was
administered via various ways. Pastors and coworkers gave psyfiumadiately
before breakfast and dinner (Pastors, Blaisdell, Balm, Asplinpil, 21991), while
Clark et al.incorporated psyllium into meals (Clark, Gardiner, MuBurney, Anderson,
Weatherspoon, Henret al., 2006). However, intake of psyllium lead to reduced

postprandial glucose concentration and insulin concentration independehé of t
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methods of taking. Furthermore, Pastetsal. found that the glucose and insulin
lowering effect of psyllium in diabetes patients who were écaby oral
hypoglycemic drugs or diet alone did not differ significantly. addition to the
postprandial hypoglycemic effects of psyllium for the firstaireagdter intake, psyllium
also reduced serum glucose and insulin concentrations aftertake of second meal
in several studies (Pastorst al., 1991; Anderson, Allgood, Turner, Oeltgen, &
Daggy, 1999).

The mechanism of the hypoglycemic effect of psyllium wastulated to be
similar with other soluble dietary fibers. One major functiop®fllium may due to
its viscosity which leads to a more difficult access of gludosemall intestine and
slower absorption. Meanwhile, this viscous dietary fiber may alew gastric
emptying as well as carbohydrate uptake (Pastetsal., 1991, Hannan, Ali,
Khaleque, Akhter, Flatt, & Abdel-Wahab, 2006). Dikeman and coworkers tiésted
effects of different types of dietary fibers on the viscositgolutions and simulated
human gastric and small intestinal digesta (Dikeman, Murphy, l&eyar., 2006)
offered support to this demonstration. Among all tested fibersliypayShowed the
highest viscosity of fiber solutions, as well as viscous chernatits during small
intestinal simulation which implicated the potential of psylliumattenuate blood
glucose. The second-meal effect of psyllium may involve margshamesms. Pastors
and coworkers postulated that by smoothing the significant change praaial
glucose concentration, especially for diabetes patients, psyliam provide an

improved insulin response to later meals (Pasétral.,1991).
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1.3.5 Cancer Prevention

Many studies have shown that psyllium may also possess aatiogenic
properties, especially for colon cancer and breast cancer. Althbeghnderlying
mechanisms of psyllium’s cancer prevention capacity arenstilthoroughly clear, a
large body of research has been done to reveal the possible effects.

Short chain fatty acids (SCFA), the fermentation products of rlidifaers,
have been found to benefit colon health (Cummings, 1981). Among S&kiAyrate
was reported to have the function of slowing the proliferation of caredkyr (Kim,
Tsao, Siddiqui, Whitehead, Arnstein, Benredtal., 1980). In addition, studies have
shown that most tumors occur in the distal colon in both human and egp&im
animal models. However, the main fermentation sites of dietaey &re cecum and
proximal colon (Cummings & Englyst, 1987). This fact implicatee potential
importance of developing a method to shift the fermentation Giteetary fibers to
the distal colon thus enhancing the productiom-bltyrate. Morita and coworkers
conducted an assessment to test whether psyllium can presantdherf of shifting
the fermentation site of high-amylose cornstarch in rats (MokKasaoka, Hase, &
Kiriyama, 1999). They reported that the concentration of butyrate inetiem was
significantly enhanced by feeding rats with high-amylose cawctstaith or without
psyllium. However, the concentration of butyrate as well as S@&#&eased along
the colon in the rats fed a diet without psyllium. The psyllium-faid exhibited
concentrations of butyrate and SCFA, which elicited that psyllius aide to shift
the fermentation site of high-amylose cornstarch to distal ciblos providing the

cancer prevention effect.
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Psyllium’s cancer prevention effect may also be due to its ikmabn
enzymes related to cancer promotion. Sphingomyelin (SM), a typehofgelipid,
can be hydrolyzed sequentially by two enzymes, sphingomyelirgdasg) and
ceramidase. The hydrolysis products are ceramide and sphingosire arei
reported to have the anti-proliferation function towards tumor ¢dbsmnun & Bell,
1989). The effect of psyllium in diet on the activities of sphingomgsks and
ceramidase has been investigated (Cheng, Ohlsson, & Duan, 20t&t)fekding
mice with psyllium containing diet or high-fat diet for 4 weeks, dhgvities of acid,
neutral and alkaline SMase as well as the activity of delasa were determined.
Previous studies showed that primary enzymes responsible for sphidgofipihe
gut are alkaline SMase and neutral ceramidase, and micewited psyllium-
containing diet exhibited enhanced activities of alkaline SMase rasdral
ceramidase, which indicated that psyllium can promote the adiwfighese anti-
proliferation related enzymes. In contrast, a high-fat diet teguppressions of
alkaline SMase and neutral ceramiase activities.

Many studies have also been conducted to reveal the possible cancer
prevention effects of psyllium towards breast cancer. Estrogehdsasfound to be
closely related to the development and growth of breast camiie, free estrogens
entered circulation are mainly the products of bacterial hysilpf estrogen
conjugates in colon. In additiofi;D-glucuronidase is also of great importance since
it has been found to be a key enzyme of diet-responsive estrogamtamting
(Cohen, Zhao, Zang, Wynn, Simi, & Rivenson, 1996). Whether psyllium, alone or

mixed with wheat bran in different percentages, has effectsrounlating estrogen
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and p-D-glucuronidase activity have been tested in rats induced nymigtbsourea
(MNU) (Cohen,et al.,1996). After 19 weeks of feeding period, the tumor number in
rats as well ag-D-glucuronidase activity decreased in MNU induced rats. Thetresul
indicated that psyllium, with properties similar with other insolubétary fibers, can
suppress the activity gi-D-glucuronidase which led to a reduction of circulating
estrogen, and thus reduce the tumor cell number.

In addition, scientists hypothesized that the reversible inhibition apf g
junctional intercellular communication (GJIC) as well as apopfais an important
role in tumor promotion, thus the prevention of the down regulation of Gali€ed
by tumor promoting chemicals as well as the restoration o @GJtumor cells with
GJIC-deficient could be possible strategy of cancer preventiotharapy (Trosko &
Ruch, 1998). Since many chemical compounds, such as carotenoids, lovastatin, and
caffeic acid, have been demonstrated to prevent the inhibitionIGf & restoring
GJIC, the functionality of psyllium in this aspect has alsenb&sted (Nakamura,
Yoshikawa, Hiroki, Sato, Ohtsuki, Changt al., 2005). In this study, the ethanol
soluble part of psyllium seed husks was extracted, purified, and ¢ktad tfor its
functions. The purified compounds showed the abilities of restoring GJE&JIC-
deficient cells. Furthermore, the compounds were analyzed by gasatbgraphy,
and showed to primarily contafhsitosterol, which has been reported to have the
function of preventing the uncontrolled cancer cell proliferationait lse concluded
that the antitumor ability of psyllium may partially due tofitsitosterol component.

In conclusion, although the mechanisms of psyllium’'s effect on cancer

prevention still remain unclear, scientists have offered mansilpesexplanations.
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This function may due to psyllium’s ability to shift the fermetatsite to distal
colon, its effects on certain enzymes closely related to canosrotion, and certain

chemical components present in psyllium.

1.3.6 Laxation

For many years, psyllium has been used as an effectivengeatowards
irritable bowel syndrome due to its laxative effect. Manylsts have been conducted
to assess the effectiveness of psyllium, and the results eenete be collaborative.
In 1987, Prior and Whorwell conducted a double blind study involving 80 patients
with irritable bowel syndrome (Prior & Whorwell, 1987). Besides tkported
improved abdominal pain and bloating in both placebo and psyllium-admidistere
group, the latter group also presented a significant improvemenonistigation
compared with the former one. In the same year, a study conduyct€dntar and
associates showed similar effect of psyllium on amelioratimgable bowel
syndrome. In addition, they tested the optimum dosage of psyllium farehisent
using three different doses: 10g, 20g, and 30g daily. The test wdedlivito two
parts. In part |, patients were administered 10g psylliumyeday for 17 days, and
then the dosage increased to 20g, for subsequent 17 days, finally, 30grpsidie
given to patients daily for the last 17 days. In part I, to avoightdssible “spill over”
from one dose to the next one, three different dosages of psylliumaderieistered
in a random order and a one week wash out period was included between two
dosages. By clinical assessments of irritable bowel syndrompatients, a dosage of
20g psyllium per day was postulated to be the optimum dosage (KumaarKuin

Sarin, & Anand, 1987). Furthermore, for the treatment of chronic constipati

33



psyllium’s effect was evaluated to be superior to other matksteol softener
laxatives, such as docusate sodium (McRorie, Daggy, Morel, Diersimgr, &
Robinson, 1998).

The laxative effect of psyllium was considered to be mainly dugstwater
soluble and gel-forming capacity. Marlett al. showed that the intake of psyllium
may lead to increase viscosity and moisture of stool, as welioal weight (Marlett,
Kajs, & Fischer, 2000). This effect was ascribed to the unfermgatecf psyllium
which was caused by the inaccessibility of microbial enzysoesto the structure of
psyllium-formed gel. Although many dietary fibers may decre¢hsegastrointestinal
transit time thus alleviating irritable bowel syndrome (Bigkekuris, Knottnerus,
Hoes, & De Wit, 2004), whether psyllium may present this capa@tygains
controversial. In the studies conducted by Magétal. and Kumaret al.,no change
in transit time was detected, while Prior and Whorwell repogesignificantly
decreased transit time in psyllium-treated group. However, by takeigse look at
Prior and Whorwell's study, it can be seen that the decreasstttiane most likely
happened in patients possessing high initial transit time. In pat#otse transit time
was relative short, reduction in transit time was not sigmficampared with the

placebo group.

1.3.7 Food Products Fortified with Psyllium

Due to psyllium’s various health benefits, many efforts have beele g
nutritionists and food manufacturers to develop methods for incorporatirig food
products. According to the Dietary Guideline for Americans, 2005, temmended

consumption of dietary fiber is 14g/kcal, which means the curreny addke of
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dietary fiber of Americans needs to be doubled. Park and cowokezkodes a type
of fortified bread incorporated with wheat fiber and psyllium huskrfibe ratio of
7:3 (w/w), as well as three antioxidants, which were fat-cbaseorbic acid, protein-
encasedp-carotene, and cold-water-dispersible rat-a-tocopherol acetate (Park,
Seib, & Chung, 1997). By calculation, one serving size of this kind of bread (28g) can
provide 2.1g of dietary fiber, which approximately equals 8% afmeaended daily
value. Meanwhile, this type of product was found to have good reternmenfdr -
carotene and-tocopherol, but not ascorbic acid.

Psyllium has also been incorporated into ready-to-eat desesl Ringe and
Stoll (1991) developed a type of psyllium-fortified ready-to-eateal bar which
contained about 2% to 37% psyllium with the minimum content of solubée 6f
3g/oz. Compared to former ready-to-eat cereal products fdrtifieh dietary fiber,
this product contained a higher proportion of soluble fiber, which will deowore
health benefits. Furthermore, they claimed that this type of pradfered a more
pleasing organoleptical effect.

Methods were established to add psyllium into aqueous food products. In
1984, Colliopoulos and colleagues filed a patent on developing a psyllium
hydrophilic mucilloid with increased mixablility as well as displility
(Colliopoulos, Paul, & Young, 1984). This was achieved by coating psyllium
particles with a film which can be made from various typeshwgdrolyzed

carbohydrates.
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1.4 Research Statement

The health condition of Americans may benefit from an increased
consumption of psyllium as a source of dietary fiber. Incorporating psylliumaotb f
products might be a good way via which a sufficient intake oflipaylwill be
accomplished. However, due to its strong water up-taking alaitity gel-forming
capacity, the addition of psyllium in food products, especially in aquemdicts
was is problematic. Many studies have been done to improve thiegdtgfgemical
properties of psyllium to achieve better applications in food industrg.following
study was conducted to investigate the effects of differextion temperatures (25
°C, 37.5 °C, and 50 °C) and psyllium — solvent ratios (1:2.5, 1:5, 1:7.5, and 1:10
g/mL) on swelling, water up-taking, gelling, as well as bdil &inding capacities of

psyllium samples modified by using hydrochloric acid.

36



Chapter 2: Acid Modification of Psyllium, A Prelimary Study

2.1 Introduction

Dietary fiber is a ubiquitous plant-derived material which isistant to
human digestion in gastrointestinal tract. It mainly containsilosk, non-cellulose
polysaccharides including hemicelluloses and pectic substances. hén t
gastrointestinal tract, dietary fibemay functionas a polymer matrix with properties
such as susceptibility to bacterial fermentation, water-holdiatipreexchange, and
absorptive functions (Kay, 1982).

Dietary fiber may have potential health benefits such as log/eserum
cholesterol level, lowering risk of coronary heart disease (Isajpry, & Csima,
1980; Morris, Marr, & Clayton, 1977), lowering risk of cholelithiasRoihare,
Heaton, Low-Beer, & Espiner, 1976; Watts, Jablonski, & Toouli, 1978; Meyer
DenBesten, & Mason, 1979), reducing blood pressure, reducing risk ahdgpes
of cancer (such as colon cancer) (Painter & Burkitt, 1975; Hi,4; Burkitt, 1975;
Silverman & Andrew, 1977), better glycemic index control and body heig
management (Jenkins, Leeds, & Gassull, 1976; Schwartz & Levine, 1980ar-as
Jones, Jones, & Owen, 1978; Holt, Heading, Carter, Prescott & Tothill, 1878)
improving gastrointestinal function (Stephen & Cummings, 1980). These Iseraaiit
be ascribed to a variety of functions of dietary fiber, includingeiasing stool bulk,

shortening transit time and enhancing fecal bile acid output. (K382; Anderson,
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Smith, & Gustafson, 1994). The recommended dietary fiber intakerdiiegdo the
“Dietary Guidelines for Americans 2005”, is 14 g per 1000 calocessumed
(USDHHS & USDA, 2005).
Psyllium is known as a mucilaginous dietary fiber material. pheary
source of psyllium is the seed husk from H@ntagogenus including but not limited
to P. ovata, P. indicaandP. psyllium which mainly grow in India and other sub-
tropical regions. The main mono sugar compositions in psyllium axgld3e, L-
arabinose, L-rammonose and D-galacturonic acid (Chakrabortty & Patel, 1992).
Recent evidence shows that psylium may have the health benefit of
cholesterol lowering. Scientists have demonstrated that, inetiho animal studies
and human subject studies, psyllium reduced blood cholesterol levelseandkt of
coronary heart disease (CHD) (Andersafettwoch, Feldman, Tietyen-Clark,
Oeltgen, & Bishop, 1988; Anderson, Allgood, Laurence, Altringer, Jerdack,
Hengehold, & Morel, 2000; Anderson, Davidson, Blonde, Brown, Howard, Ginsberg,
et al.,2000; Everson, Daggy, McKinley, & Story, 1992; Ganji & Kies, 1996; Gupta,
Agrawal, Singh, & Chatak, 1994; Olson, Anderson, Becker, Anderson, Hunninghake,
Jenkinset al.,1997; Pastors, Dlaisdell, Balm, Asplin, & Pohl, 1991; Roe, Kalkwarf,
& Stevens, 1988; Sola, Godas, Ribalta, Vallve, Girona, Angustraal., 2007,
Sprecher, Harris, Goldberg, Anderson, Bayuk, Russell.,1993; Turley Daggy, &
Dietschy, 1994 The mechanism of this function has not been dearly established. One
of the proposed underlying mechanisms is that psyllium has the abibinding bile
acid in the similar way of bile acids binding resins, which will inhibit treserption

of bile acids (Eversort al, 1992; Turleyet al., 1994; Wolever, Jenkins, Mueller,
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Boctor, Ransom, Pattert al., 1994). In addition, psyllium stimulates bile acids
synthesis by promoting cholesterak-liydroxylase activity, as well as suppressing
acyl CoA cholesterol acyltransferase (ACAT) activitiesl{Bian, Furumoto, Donkin,
& Story, 2000; Matheson, Colon, & Story, 1995; Fernandeaiz, Conde, Sun,
Erickson, & McNamara, 1995). Since bile acids are synthesized dhatesterol,
reduced reabsorption and increased production of bile acids wiltddadier serum
cholesterol levels.

Psyllium was also observed to have hypoglycemic effect. Résearanimal
and human subjects administered psyllium indicated the effectivefagsiucing
hyperglycemia (Anderson, Allgood, Turner, Oeltgen, & Daggy, 1999; Hannagn, A
Khaleque, Akhter, Flatt, & Abdel-Wahab, 2006; Song, Sawamura, Ikeda, ,Igawa
Yamori, 2000). The possible mechanism has been investigated and it tuthsitout
the capacity of suppressing gastrointestinal glucose absorptioa gsimary function
that leads to this health benefit of psyllium.

Furthermore, psyllium has been associated with cancer preweaspecially
for colon and breast cancers (Moyikasaoka, Hase, & Kiriyama, 1999; Nakamura,
Trosko, Chang, & Upham, 2004; Nkamura, Yoshikawa, Hiroki, Sato, Ohtsuki,
Chang,et al.,2005). The underlying mechanism is still not clearly explicatedat
proposed that the fermentation of psyllium by intestinal microflesults in the
formation of short chain fatty acids (SCFA) in the distal colehere colon cancer
usually occurs. SCFA was demonstrated to be associated withhibéion of the
cancer cell proliferation and promotion of mucosa cell differaatiaiMorita et al.,

1999). In addition, the laxative effect of psyllium has been observed ltorg time.
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It has large swelling volume in water and can form a lubricgeigwhich leads to a
larger stool bulk and facilitated bowel movement.

Due to its various health benefits, many efforts have been mau®enmwte
psyllium utilization and safety in food industry. However, inherent itis
physical/chemical properties are problems of adding psyllianfood products
(specifically in water or agueous media). Various approaches heen tested to
improve the physical/chemical properties as well as rechealtergenic effects of
psyllium to widen its application in food. In general, efforts have beademn
aspects of physical and mechanical approaches (Powell & Pa82; Rudin, 1985;
Wullschleger, 1993; Barbera, 1993, 1995; Barbera & Burns, 1993), chemical
modification (Kumar & Verma, 2007; MishraSrinivasan, & Gupta, 2003),
conventional enzymatic approaches (Nielsen, 1993; Yu, DeVay, Creek, Lai
Simmons, & Neisen2001), and solid-state enzymatic procedures (Yu, 2003a, b; Yu
& Perret, 2003 a, b; Yu, Perret, Parker, & Allen, 2003). Physical ardhaneal
methods might include changing the particle size, coating, andiolgaolg (Powell
& Patel, 1982; Rudin, 1985; Wullschleget,al.,1993; Barbera, 1993, 1995; Barbera
& Burns, 1993). However, none of them had remarkable improvements on gelling
and water up-taking properties of psyllium.

In terms of conventional enzymatic modification, in 2001, ¥u al.
successfully improved functionalities of psyllium, including gejliproperty by
carbohydrase treatment (Yet al., 2001). An earlier study conducted by Nielsen
(1993) also showed that the allergic effects of psyllium candwecesl by enzymatic

procedure, mainly hydrolytic reactions (Nielsen, 1993). The disadwantdg
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conventional enzymatic modification is that it requires a furttesy of freeze-drying
to remove the moister in psyllium induced by previous steps. It dvenath the wide
commercial realization of this method.

In 2003, Yu and othersleveloped a solid-state enzymatic procedure to
improve the functionalities of psyllium as well as avoid previous pnoblef
psyllium modification. This research was conducted with food-geadgmes, which
leads to no addition of chemicals and no generation of chemical wastddition,
the further freeze-drying processing step is not required. Toeified psyllium
showed improved water absorbing capacity and gelling property, aamdegbtthe
hypolipidemic effect (Yu, 2003a, b; Yu & Perret, 2003a, b;eYal.,2003).

The enzymatic modification methods showed several applicable prgpertie
comparing to conventional methods, however, the application of enzymatic
modifications in large industrial scale could be limited due to Higlh cost of
enzymes. Research on the modification of psyllium with lower dosincals and
reagents is still a possible approach. The present study wasctethcio use
hydrochloric acid (HCI) to modify psyllium samples and deternthme effects of
reaction temperature and psyllium-solvent ratio on water updakivelling, gelling,

and bile acid binding capacities of the acid-modified psyllium samples.

2.2 Materials and Methods

2.2.1 Materials

Psyllium husks used in this study were kindly provided by the Bio-Rtedu

Co (Joliet, IL). 34% - 37% hydrochloric acid (HCI) was purchasednfFisher
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Scientific (Pittsburgh, PA). All other chemicals and solventsewaf the highest

commercial grade and used without further purification.

2.2.2 Sample Preparation

The solvent used for psyllium husks treatment was ethanol with tdrimc
acid (HCI) at the concentration of 0.72% (v/v). The study was coedutd
investigate the effect of psyllium — solvent ratio and reactemperature on
physical/chemical properties of the acid modified psyllium@am Three different
reaction temperatures (25, 37.5, and 50 °C) as well as four differgititipps—
solvent ratios (1:2.5, 1.5, 1:7.5, and 1:10 w/v, g/mL) were tested. Thuset2@ g
psyllium samples were divided into 3 groups for treatments witllerdiit
temperatures. Four samples in each group were designatedféverdifpsyllium —
solvent ratios. After the addition of the solvent, samples were iteditbar 48 hours.
Afterward, samples were vacuum filtered, rinsed with 95% ethanoll@@% for 2
times each, then dried and stored. Control group was treated withet@@%ol, and

follow the steps of preparation above.

2.2.3 Swelling Volume

The swelling volume assessment was conducted following the proceolure f
Zhouet al.(2006) and U.S. Pharmacopoeia (2006) with slight modifications. Briefly
35 mL of simulated intestinal fluid without enzyme was transteinto a 100 mL
graduated cylinder with 0.5 g psyllium sample. Afterward, thdwgated cylinder was
sealed and incubated at 37 °C for 8 h while gently shaking fomlex@ry 30 min

and then kept at ambient temperature for 16 h for the sedimentléo $ae volume
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of the sediment was recorded. The swelling volume capacity alaslated as

volume of the sediment/dried weight of sample (mL/g).

2.2.4 Water Up-Taking Rate

According to the method described by Yu and Perret (2003), 1.0 lupsyl
sample was equilibrated in 10% relative humidity (RH) desiccatod8 h. After
accurately weighing, all the samples were transferred i®@% RH desiccator and
exposed to moisture for 30 min. The moisture-absorbed samples eeractturately
weighed and the weights were recorded. The amount of the absedbted was
presented as weight change of the dry matter after expmshigh RH environment.
The data were reported as the average amount of water takeneaptbgram of the

psyllium samples per minute (mg/(gxmin)).

2.2.5 Gelling Property

Gelling property assessment was performed using the method described by
and Perret (2003). Psyllium samples were prepared by mixing d@sgligum into 20
mL of water and then settled for 24 h. All samples were analygedTA-XT PLUS
texture analyzer (Texture Technologies Corp., Scarsdale, NY) double
compression test. All the experiments were conducted in duplicatéhemhta was

expressed as the mearsD in gram force for hardness and adhesiveness.

2.2.6 Bile Acid Binding Capacity

The bile acid binding capacities of acid modified samples meestigated as
described by Zhouet al. (2006) and Camire and Dougherty (2003) with a slight

modification. Briefly, 100 mg psyllium sample was incubated withl1ah0.01 N
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HCIl at 37 °C for 1 h with continuous shaking. Then, the pH of sampleadyasted
to 7.0 with 0.1 N sodium hydroxide (NaOH). The suspension was mixed with 5
of 0.01 M phosphate buffer (pH 7.0) and 5 mL of 40@ individual bile acid
standards (cholic acid and chenodeoxycholic acid) prepared in 0.01 M phosphate
buffer (pH 7.0). The mixture was then vortexed and incubated at 30r°C h.
Afterward, the mixture was centrifuged at 2,000 rpm for 10 minarabient
temperature. The supernatant was carefully collected for bile acid quaiatifica

The quantification of each bile acid (cholic acid and chenodeoxychaili)
in the supernatant was conducted using a commercial kit from S\gnah (St.
Louis, MO). The final assay mixture contained 200 of supernatant or bile acid
standards, 0.25 mL of 2.5 mM nicotinamide adenine dinucleotide (NAD), 0.2& mL
0.61 mM nitro blue tetrazolium salt (NBT), 0.2 mL of 625 units/k Bydroxysterol
dehydrogenase (3-HSD) and 0.2 mL of 625 units/L diphorase. The eixtas
incubated at ambient temperature for 1 h. To stop the reactionyl200 1.33 M
phosphoric acid was added into the mixture. The absorbance at 503 nm was
spectrometrically determined. The cholestyramine was usega@sitave control and
the 0.01 M phosphate buffer (pH 7.0) without bile acids was used forgantea
control. The levels of the unbound bile acids were determined byndastacurve
prepared with each bile acid standard. The bile acid binding casaottipsyllium

samples were expressed as mg bile acid/g psyllium sample.

2.2.7 Statistical Analysis
Data were reported in the form of mea8D. One-way analysis of variance

and Tukeys honestly significant difference tests were conductedtébliBitatistics
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Software, Version 15.1.1.0., 2007, Minitab Inc., State College, PA) to datermi

differences among means. Statistical significance was declaked @.05.

2.3 Result and Discussion

There is growing research and consumer attention to functional vwaadh
may help people to reduce the risk of certain diseases asasvill improve health
conditions (Salon, 2000; Drecher, 1997). It is a widely held convictionathagh
dietary fiber intake may lead to several favorable effectseattth Psyllium is well
known as a good source of both soluble and insoluble dietary fiber. Ovgryewns,
scientists and manufactures have been trying to incorporateupsytito functional
food products. However, due to its extremely strong water up-takiiligy aand
gelling capacity, the addition of psyllium into foods is silbig challenge, because a
required quantity of soluble fiber of psyllium must be incorporatedderaio have a
health claim on the label according to the regulation of U.S. Food and D
Administration (U.S. FDA). These facts severely limit theetyd food which can be
enriched with psyllium and arise a high demand of improvements otiupsyl
modification on physical/chemical properties as well as sastyes. This study was
conducted with the purpose of investigating the effects of reactiopetature and
psyllium-solvent ratio on water up-taking, swelling, gelling, dmleé acid binding

capacities of acid-modified psyllium samples.

2.3.1 Swelling Volume
The psyllium samples were incubated with 0.72% hydrochloric actid

different volumes of ethanol with the psyllium — solvent ratio of 1:2.5,1t%5, and
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1:10 (g/mL). The control group was treated with pure ethanol, withpsiium —
solvent ratio as 1:2.5 (g/mL). The swelling volumes of psylliumas (Fig 2.1)
with same psyllium — solvent ratio increased significantlyemhthe reaction
temperature increased from 25 °C to 37.5 °C, and then decreased angiyifichen
the temperature was increased from 37.5 °C to 50 °C. Swelling voluthe @b °C
control sample was significantly lower than the 37.5 °C control, but mas
statistically different from the 50 °C control. A similar ltegswas found for the
samples treated with the psyllium — solvent ratio of 1:7.5 (w/vLp/in groups with
psyllium — solvent ratios of 1:2.5, 1.5, and 1:10 (w/v, g/mL), comparinigy samples
treated at 25 °C, changes in swelling volume at reaction temoperof 50 °C were
significant, but not as big as changes at 37.5 °C.

The effect of different psyllium — solvent ratios was also itigated at 25
°C, 37.5 °C, and 50 °C. At the reaction temperature of 25 °C, the swellimgneslof
samples treated with psyllum — solvent ratios of 1:2.5, 1.5, 1:7.5, and 10 (w
g/mL) were significantly reduced comparing with the control grodfhen the
reaction temperature was 37.5 °C, comparing with the control group, mécsigt
difference was detected among different psyllium — solvent moups. At the
reaction temperature of 50 °C, significant difference was found batwentrol and
all tested groups. In conclusion, the swelling volumes of acid modasgtium
samples were affected stronger by different temperaturasthdifferent psyllium —

solvent ratios.
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Figure 2.1 Swelling Volume of Acid Modified Psyllium Samples Columns
represent different incubation temperatures (25, 37.5, and 50 °C) fdumpsy
samples, while the x axis represents different psyllium — sohatios (w/v, g/mL) as
control, 1:2.5, 1:5, 1:7.5, and 1:10. Control contains no acid and with a psyllium —
EtOH ratio of 1:2.5 (w/v, g/mL). Data are reported in form of mea®D (n = 2).
Different capital letters represent statistical signifma (P < 0.05) among same
psyllium — solvent ratio groups, while different small letterpresent statistical
significance (P < 0.05) among samples with the same reactigetature. In each
different psyllium — solvent ratio groups, the swelling volume irggdady increasing

temperature from 25 °C to 37.5 °C, and then decreased from 37.5 °C to 50 °C.
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2.3.2 Water Up-Taking Rate

The effect of reaction temperatures on water up-taking ratdeaeen from
Figure 2.2. In the control group, no significant decrease ofrwgt¢aking rate was
seen by increasing reaction temperature froniQ%o 50°C. In the group with the
psyllium — solvent ratio of 1:2.5 (g/mL), no significant differenasviound between
the samples treated at 26 and 37.5°C, while a significant reduction in water up-
taking rate was observed when samples were treated°&.3@hen the psyllium —
solvent ratio was 1:5 (w/v, g/mL), comparing with samples treated &€ 2bater up-
taking rate of sample treated at 37(5decreased but not significantly, while samples

treated at 50C showed a significant reduction. In the group with the psyllium

solvent ratio of 1:7.5 (w/v, g/mL), similar reductions of water algstg rate were
observed, samples treated at 37 and 50°C, although showed no significant
difference between each other, all presented significantrelifes with samples
treated at 25C. A very similar result was seen when psyllium — solvenb nats
1:10 (w/v, g/mL). No significant difference between samplestéck at 37.5C and
50 °C, while they were all significantly reduced in water up-tgkiate comparing to
samples treated at 2&.

The effects of different psyllium — solvent ratios on the water up-taking rate of
psyllium samples were also investigated at three differetiom temperatures: 25
°C, 37.5°C, and 50°C. When the reaction temperature was°€5 no significant
reduction was observed between the control group and psyllium — satientX:2.5
(w/v, g/mL) group, while comparing with the control group, samplegdctewith the

psyllium —solvent ratio 1.5 (w/v, g/mL) and lower ratios showed Baant
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reductions in water up-taking rate. At 37@, samples with psyllium — solvent ration

of 1:2.5 and 1:5 (w/v, g/mL) did not show any significant decrease cargpaith

the control group, while water up-taking rates reduced significamtroups with
psyllium — solvent ratio of 1:7.5 and 1:10 (w/v, g/mL). When the reaction temperature
increased to 50C, water up-taking rates of psyllium samples in differentljpsyl—
solvent ratios did not reduce significantly comparing with the cognmlp. Taken
together, in a selected psyllium — solvent ratio, increasingioeatemperature from

25 °C to 50°C reduced the water up-taking rate of acid modified psyllium ssnpl
However, at a selected reaction temperature, effect of diffgrgyllium — solvent

ratio on reducing water up-taking capacity of psyllium was not significa
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Figure 2.2 Water Up-Taking Capacities of Acid Modified Psyllium Samples

Columns represent different incubation temperatures (25, 37.5, and 50 °C) for
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psyllium samples, while the x axis represents different psylk solvent ratios (w/v,
g/mL) as control, 1:2.5, 1.5, 1:7.5, and 1:10. Data are reported in forraaf-mSD

(n = 2). Different capital letters represent statistgighificance (P < 0.05) among
same psyllium — solvent ratio groups, while different smallrettepresent statistical
significance (P < 0.05) among samples with the same reaetigretature. Water up-
taking rate decreased by increasing temperature in eachediffgsyllium — solvent
ratio groups. Meanwhile, at each specific temperature, sligleityeased water up-
taking rate was seen by lowering the psyllium — solvent redio fL.:2.5 to 1:10 (wl/v,

g/mL).

2.3.3 Gelling Property

The gel hardness is shown in Figure 2.3. In the control group, theelsarfim
the gel decreased by increasing the reaction temperatur&ad@ to 50 °C. In the
control group, comparing with samples treated at 25 °C, sampétsdrat both 37.5
°C and 50 °C showed significant reduction in gel hardness. When theaupsyl
solvent ratio were 1:2.5 and 1:7.5 (w/v, g/mL), by increasingehetion temperature
from 25 °C to 37.5 °C, gel hardness decreased slightly but still isgymitfy.
Comparing with this, when the reaction temperature shifted from 37t6 50 °C,
large and significant reductions were observed in gel hardness. Whesyllium —
solvent ratio was 1:7.5 (w/v, g/mL), the gel hardness increaseddogasing the
reaction temperature from 25 °C to 50 °C, and similar to other syl solvent
ratios, a large and significant reduction was found at the osatdmperature 50 °C.
No significant difference was found in gel hardness in sampldstigt psyllium —

solvent ratio of 1:10 (w/v, g/mL) when reaction temperature inctefieen 25 °C to
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37.5 °C, while a large and significant reduction was also found wheertiperature
increased to 50 °C.

The effects of different psyllium — solvent ratios on gel hardoégsyllium
samples were also investigated at reaction temperature of Z7.8C;C and 50 °C.
When the reaction temperature was 25 °C, comparing with the cantop, no
significant reduction in gel hardness was found in samples Wwehpsyllium —
solvent ratio of 1:2.5 (w/v, g/mL), while gel hardness was dserkaignificantly in
samples with the psyllium — solvent ratios of 1:5, 1:7.5, and 1:10 (WnhL)gAt the
reaction temperature of 37.5 °C, comparing with the control group, no santifi
differences were found in samples treated with psyllium — sohatiot of 1:2.5 and
1:5 (w/v, g/mL). Significant changes were found in samples witHipsy— solvent
ratios of 1:7.5 and 1:10 (w/v, g/mL). When the reaction temperatuse5@a°C,
comparing with the control group, significant reductions in gel hasdwese found
in tested samples.

The adhesiveness of the psyllium-formed gels was tested (Rgtieln the
control group, no significant changes were found in samples treatddfeaent
temperatures of 25 °C, 37.5 °C and 50 °C. When the psyllium — solvent raties w
1:2.5 and 1:5 (w/v, g/mL), no significant changes were observed wheeabiton
temperature increased from 25 °C to 50 °C while large and sigmifieduction were
found at 50 °C. In samples treated with psyllium — solvent ratios70% &nd 1:10
(w/v, g/mL), by increasing the reaction temperature from 25¢G0 °C, the gel
adhesiveness decreased significantly, and similar with other grihgpseductions

were large at reaction temperature of 50 °C.
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At the reaction temperature of 25 °C, comparing to the control gnoup,
significant effect of different psyllium — solvent ratios on gehesiveness were
found in samples with psyllium — solvent ratios as 1:2.5, 1:5, and 1:7.5 (wik),g/
while a significant change was found in samples treated witpgiium — solvent
ratio of 1:10 (w/v, g/mL). When the reaction temperature was 37.5d@paring
with the control group, no significant differences were found in sasrpéated with
psyllium — solvent ratio of 1:2.5 and 1:5 (g/mL). Significant changee\iound in
samples with psyllium — solvent ratios of 1:7.5 and 1:10 (w/v, g/mLjhéteaction
temperature of 50 °C, significant changes were found in sampmasedr with
psyllium — solvent ratios of 1:2.5, 1.5, 1:7.5, and 1:10 (w/v, g/mL), compariitig
the control group. In conclusion, the effects of different reaction teatypes were
significant, especially for a high temperature as 50 °C, whéaeeffects of different
psyllium — solvent ratios were not significant.

Previous studies showed that by enzymatic modification, the hardness
adhesiveness of psyllium formed gels can be reduced as high as 2386tHor
parameters in convention enzymatic treatment and 48% and 55% in tat#id-s
enzymatic procedure, respectively (Yu, 2001; Yu & Perret, J., 2@088Db). In this
study, the gel hardness and adhesiveness reduction of samples reactern
temperatures 25 °C and 37.5 °C appeared to be similar to psyllium whdestate
enzymatic modification. This observation may be due to HCI, understingy
conditions, having comparable ability with enzymes such as Viscozyme eakibg
polysaccharide molecule networks. The sharp decrease in both hammtss

adhesiveness of samples in 50 °C group may be due to the streacie between
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HCI and psyllium under 50 °C which may alter the molecular straaipsyllium

and inhibit the formation of junction zones.
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Figure 2.3 Gelling Properties of Acid Modified Psyllium Sampts — Gel Hardness
Columns represent different incubation temperatures (25, 37.5, and 50 °C) for
psyllium samples, while the x axis represents different psylk solvent ratios (w/v,

g/mL) as control, 1:2.5, 1.5, 1:7.5, and 1:10. Data are reported in forraaf-mSD

(n = 2). Different capital letters represent statistgighificance (P < 0.05) among
same psyllium — solvent ratio groups, while different smakisttepresent statistical
significance (P < 0.05) among samples with the same reactiopetature. Gel
hardness decreased by increasing temperature in eachrdifpsidlium — solvent
ratio groups except in sample with the psyllium — solvent ratio ofvits, g/mL).
Large and significant reductions were found at reaction temperafufsd °C.

Meanwhile, at each specific temperature, no appreciable trend pnfeshan gel
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hardness was observed by lowering the psyllium — solvent ratio Tr@ré to 1:10

(w/v, g/mL).
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Figure 2.4 Gelling Properties of Acid Modified Psyllium Sampts — Gel
Adhesivenes<Lolumns represent different incubation temperatures (25, 37.5, and 50
°C) for psyllium samples, while the x axis represents diffepmyllium — solvent
ratios (w/v, g/mL) as control, 1:2.5, 1:5, 1:7.5, and 1:10. Data are reportexan of
mean=SD (n = 2). Different capital letters represent staaognificance (P < 0.05)
among same psyllium — solvent ratio groups, while different sratéré represent
statistical significance (P < 0.05) among samples withdheegeaction temperature.
Gel adhesiveness decreased significantly when the reactipertsiore increased to

50 °C. At each specific temperature, no appreciable trend of changekhardness
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was observed by lowering the psyllium — solvent ratio from 1:2.5 to @19,

g/mL).

2.3.4 Bile Acid Binding Capacity

Effects of different reaction temperatures (25 °C, 37.5 °C, and 5@nq)
different psyllium — solvent ratios (1:2.5, 1:5, 1:7.5, and 1:10 w/v, g/mibileracid
binding capacities towards chenodeoxycholic acid of psyllium sam@es studied
(Figure 2.5). In the control group, no significant change was found asmngles
treated with different reaction temperatures. In the groups withiyss — solvent
ratio of 1:2.5, 1:5, and 1:10 (w/v, g/mL), no significant differencesewieund
between samples treated at 25 °C and 37.5 °C, while significant skesrgare found
in samples treated at 50 °C. In samples with psyllium — solvaotaftl:7.5 (w/v,
g/mL), no significant change was observed. In terms of effead#fefent psyllium —
solvent ratios, at 25 °C, no significant difference was found amonglesun control
group as well as samples treated with different psyllium — sbkatios. When the
reaction temperature was 37.5 °C, comparing with the control group, mécsigt
change was found in samples with psyllium — solvent ratio of 1:2.5 (yirvl.),
however, significant increases were found in samples with psyliwolvent ratios
of 1:5, 1:7.5, and 1:10 (w/v, g/mL), while no significant difference wasroede
among them. At 50 °C, comparing with samples in the control groupifisamt
changes were found in psyllium samples treated with differenliysay— solvent
ratios. Among these samples, bile acid binding capacities did not chigngeantly
between samples treated with psyllium — solvent ratios 1:2.5 and Az5gfwL), as

well as samples treated with psyllium — solvent ratios 1:7.5 and (WwAQ g/mL).
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However, enhanced bile acid binding capacities were found whenupswylisolvent
ratio decreased from 1.5 to 1:7.5 (w/v, g/mL). Taking together, lagta reaction
temperature as 50 °C, bile acid binding capacities of acid modifimples decreased
significantly, while no appreciable trend of effects of differpayllium — solvent

ratios was found.
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Figure 2.5 Bile Acid Binding Capacity for Chenodeoxycholic Acid CDCA) of
Acid Modified Psyllium Samples Columns represent different incubation
temperatures (25, 37.5, and 50 °C) for psyllium samples, while the xegxesents
different psyllium — solvent ratios (w/v, g/mL) as control, 1:2.5, 1:5, 1ah8 1:10.
Data are reported in form of meanSD (n = 2). Different capital letters represent
statistical significance (P < 0.05) among same psyllium — soha¢iot groups, while
different small letters represent statistical signifma (P < 0.05) among samples with

the same reaction temperature. Bile acid binding capacitiesaded significantly in
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different psyllium — solvent ratio groups when reaction temperatuses@&C, while
no appreciable trend of effects of different psyllium — solvent ratios was found.

The effects of different reaction temperatures and psylliusolvent ratios
were also tested for the bile acid binding capacity toward choidt (Figure 2.6). In
terms of effects on different reaction temperatures (25 °C, 37.&U50 °C), in the
control group, the bile acid binding capacities were enhanced sajtlff by
increasing reaction temperature from 25 °C to 50 °C. However, in groiips w
psyllium — solvent ratios as 1:2.5, 1.5, 1:7.5, and 1:10 (w/v, g/mL), theabite
binding capacities decreased significantly when reaction tetoperehanged from
25 °C to 50 °C. The effects of different psyllium — solvent ratiosevgéudied. When
the reaction temperature were 25 °C and 50 °C, significant differeaseobserved
between the control group and acid modified psyllium sample groups, however,
significant change in bile acid binding capacities was found armpsyijum samples
treated with different psyllium — solvent ratios. At 37.5 °C, no sigaift difference
was found among all psyllium samples. Meanwhile, the bile acidrigncapacities
of acid modified psyllium samples is stronger for chenodeoxychold than for
cholic acid. In conclusion, enhanced reaction temperature led to askednebile
acid binding capacities towards cholic acid of acid modified psylsamples. While
no significant effects of different psyllium — solvent ratios were observed.

The results showed that the acidic treatment of psyllium ey o a loss of
bile acid binding capacity toward chenodeoxycholic acid. Howeverpntrast, the
ability of binding cholic acid might be improved. This fact indicdtesd the bile acid

binding capacity assessment need to be done on more kinds of bile geith @
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comprehensive view of this method. Meanwhile, it can be deducted tivainges
binding ability towards one selected bile acid does not providet@rdg of stronger
binding affinity to other bile acids. Furthermone,vivo study might be necessary to
investigate the effectiveness of modified psyllium sample ompolipidemic

functionality, which partially due to the bile acid binding capacity of psyllium
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Figure 2.6 Bile Acid Binding Capacity for Cholic Acid Columns represent
different incubation temperatures (25, 37.5, and 50 °C) for psylliunplsanwhile x
axis represents different psyllium — solvent ratios (w/v, g/ad ontrol, 1:2.5, 1:5,
1:7.5, and 1:10. Data are reported in form of mea®D (n = 2). Different capital
letters represent statistical significance (P < 0.05) ansamge psyllium — solvent
ratio groups, while different small letters represent siedissignificance (P < 0.05)
among samples with the same reaction temperature. Bilebawilihg capacities

decreased significantly in different psyllium — solvent ratiougs by increasing the
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reaction temperature for 25 °C to 50 °C, while no significant effettdifferent

psyllium — solvent ratios were found.

2.4 Conclusion

In conclusion, this study reported the swelling volume, water upgdaidte,
bile acid binding capacity and gelling property of acidic modifsyllium samples
under different reaction temperatures and psyllium — solvent r&esults showed
although not as effective as enzymatic treatment, acidic matiific still can
improve the water absorbing property and gelling capacity, disasebile acid
binding capacity towards certain bile acids. Considering its loagrthan enzymatic
methods, acidic modification presents a competitive potential of beipiged in food
industry. Further research is necessary to investigate maectasof altered

physical/chemical characteristics and reveal the underlyinpanéems.
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