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ABSTRACT

Functional foods and nutraceuticals developed with food protein

hydrolysates/peptides have received considerable attention for their

effectiveness in the prevention and treatment of chronic diseases. The aim

of this work was to identifii and characteríze bioactive peptides derived

from pea proteins. Utilization of pea proteins can greatly contribute to the

economic development of the prairie provinces.

First, sensory properties of an enzymatic pea protein hydrolysate

(PPH, <3 kDa) was evaluated using a human test panel. It was found that

bitterness of PPH decreased with decreased concentration until it reached

minimum response threshold (Z.S mg/mI-). Results of amino acid

composition showed that high percentage of hydrophobic amino acids may

contribute to the observed bitterness property.

Second, bioavailability and short-term influence of PPH (.3 kDa) on

levels of angiotensin converting enzyme GCE) and angiotensin II in

normotensive rats weïe examined. Results showed that in PPH fed rats

compared with control, ACE activity in lung was dose-dependently

inhibited, while there were decreased angiotensin II levels in lung and

plasma.

Third, the long-term effectiveness of PPH (<g kDa) on blood pressure

and renin-angiotensin system (RAS) was investigated. Development of

hypertension was attenuated in both groups treated with PPH compared



with that of casein-treated group, and plasma angiotensin II level was also

decreased in the PPH-treated groups.

Fourth, pea protein was hydrolyzed with alcalase and peptides

present in the <1 kDa PPH were separated and purified by solid phase

extraction (SPE) followed by two consecutive round.s of reverse-phase high

performance liquid chromatography (RP-HPLC). Amino acid sequences of

purified peptides were identified, and inhibitions of calmodulin-dependent

phosphodiesterase 1 (CaMPDEI), ACE and renin by synthesized

equivalent peptides were determined. Three multifunctional dipeptides, IR,

KF, and EF were identified, and shown to exhibit inhibitory activities

againstACE, renin, and CaMPDEI.

ln conclusion, this work presented a detaiied investigation of the

effectiveness and influence of PPH on hypertension and RAS in addition to

identification of multifunctionai bioactive peptides present in the active

PPH fractions. For the first time in the literature, bioavailability of PPH

was studied in a normotensive Long-Evans rat model, influence of PPH on

hypertension was investigated in a chronic renal disease rat model, and

multifunctional bioactive peptide sequences were identified from pea

proteins.
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CHAPTER 1

INTRODUCTION

1. 1 GENERAL INTRODUCTION

From nutritional point of view, proteins provide to human body

energy and amino acids which are essential and cruciai for growth and

maintenance. In the last two decades, functional properties of proteins

have attracted great attention of scientists and been widely discussed.

Among them is the role of proteins as physiologically active components

benefiting human health. Many proteins exert their physiological actions

either directly as an intact form or upon enzymatic hydrolysis in uivo or in

uitro.It has been commonly recognized that food proteins are rich sources

of biologically active peptides. These peptides are inactive within the raw

parent proteins, but can be liberated through gastrointestinal digestion or

during food processing and become physiologically active. In recent years,

various functions of these peptides have been recognized and understood,

such as anti-hypertensive, anti-oxidative, anti-microbial, anti-appetizing,

hypochoiesterolemic, immunomodulatoy, opiate, etc (Qian et al., 2008;

Cerovsky et a1.,2008; Fang et al., 2OO7; Kim et al., 20071Seppo et a1.,2003;

Shin eú a1.,200I).

Chronic diseases such as hypertension, chronic kidney disease, and

cancer are stiil the top health problems in Canada, Hypertension is directly
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connected to stroke, heart attack, and kidney failure. Cancer death rates

for both men and women have decreased from 1988 to 2005, but cancer

incidence rate has increased for women, due iargely to lung cancer and

breast cancer. Expenditure for treatment is huge, which makes prevention

crucial. As a result, consumer demand for healthy nutritious food with

additional health-promoting functions, such as functional foods and

nutraceuticals, increases. Bioactive peptides have been shown to be able to

provide specific beneficial efÊects going beyond basic nutrient supplyi

therefore, incorporation of these peptides as ingredients into functional

foods and nutraceutical products is of great potential with increased

consumer awareness and promotion of healthy eating and lifestyle.
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1.2 OBJECTIVES

The objectives ofthis research are:

1) Evaluation of bitterness properties of thermolysin-digested PPH (<3

KDÐ;

2) Determination of bioavailability of thermolysin-digested PPH (< 3 kDa),

and its short-term effects on ACE activity and angiotensin II levels in

the blood and organs of normotensive ratsi

3) Determination of long-term antihypertensive effects of

thermoiysin-digested PPH (< 3 kDÐ in a chronic kidney disease rat

model;

Ð Separation and purification of low molecular weight (< f kDÐ peptides

from an aicalase-digested PPH;

5) Determination of enzyme (ACE, renin, CaMPDEI) inhibitory activities

of the peptide fractionsi

6) Identification of amino acid sequences of the purified peptidesi

7) Determination of enzyme inhibitory activities and ICso values of

synthetic forms of the sequenced peptides.
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l.s TTTPOTHESES

1) Thermolysin digest of pea proteins contains high levels of hydrophobic

amino acids which contribute to the bitterness of PPH.

Ð Bioactive peptides in the PPH (<3 kDa) are bioavailable and can

influence blood pressure, ACE activity, and angiotensin II levels on both

short-term and long-term feeding basis.

3) PPI can be hydrolyzed by alcalase to produce smalÌ molecular weight

(<f kOa) peptides with inhibitory activities against ACE, renin, and

CaMPDE 1.
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CIIAPTER 2

LITERATIIRE RE\rIEW

2.T PEAPROTEINS

Pea is defrned as the small spherical seed of the legume plant Pisum

sativum. It is a natural edible plant traceable to thousands of years ago.

Pea seeds have relatively high protein content (Fan e¿ al., Igg4); however,

they contain at the same time a variety of anti-nutritional factors that may

negatively influence protein quality (Fredrikson et a1.,2001). Therefore,

obtaining high quality pea protein isolate with improved nutritional

property is of great importance. Total protein content of pea is between

18-30 wt%, and the technology for producing pea protein isolate has been

weil studied and documented (Adsute et a1.,1989; Gueguen & Barbot, 1988;

Schroeder, 1982). Pea protein is composed mainly of albumin (f g-Zfø) and

globulin (SS-øSolò as the major storage proteins (Gueguen & Cerletti, 1994).

Tïyptophan and sulphur-containing amino acids, such as methionine and

cysteine are deficient in pea proteins, while the levels of lysine and

arginine are quite high. The level of acidic acid (aspartic acid, asparagines,

glutamic acid, glutamine) is also high and is similar to that of other seed

storage proteins. Although nutritional values of pea proteins are less

studied compared to other food proteins, it has been demonstrated that

albumin and globulin fractions of pea protein are of good nutritional values
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for human, such as constituting highly digestible proteins and providing

essential amino acids. Some of them have been previously reviewed

(Mariotti et a1.,2001; Savage & Deo, 1989).

Peas represent the fifbh largest field crop of Canada after wheat,

barley, canola, and oat. Peas are mainly grown in Manitoba, Saskatchewan,

and Alberta. Majority of peas produced in Canada are yellow and green

peas, other types inciude marrowfat and maple peas. There's no difference

of nutrient content between yellow and green peas, however, there may be

some small difference between some varieties due to the size of pea and

thickness of the hulls (Pulse Canada). For example, maples peas have

smaller seed size than yellow, gteen, and marrowfat peas, and seeds of

marrowfat peas contain higher level of tannin and therefore usually used

for bird feed. Peas grown in Canada have an average of 23% crude protein

and 1.670/o high level of essential amino acid lysine (Pulse Canada).

z.?FIOACTIVE PEPTIDES

2.2.1Definition

As increased interest has been paid to identify biologically active

components that physiologically benefit human body, the term "bioactive"

needs to be clarified. According to Schrezenmeir et aI. (ZOOO), bioactive

components are food components that can affect biolog:ical processes or
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substrates and hence have an impact on body function or condition and

ultimately health. Besides, 7) for a dietary component to be considered

'bioactive' it should impart a measurable biological effect at a

physiologically realistic Level, and 2) the 'bioactivity'measured has the

potential (at leasÐ to affect health in a beneficial wa¡; thus excluding from

this defrnition potentially damaging effects.

2.2.2Food Sources of Bioactive Peptides

-'Bioactive 
substances in milk and colostrums is mother language

on a substrate basis"(Schrezenmeit et a1.,2000). By faï, bovine milk seems

to be the richest food source of bioactive peptides. A great number of

peptides with various physiologicai functions have been identified and

purifred from bovine milk. However, apart from milk, bioactive peptides

have been discovered from other food sources such as egg, animal meat,

gelatine, all kinds of frsh (tuna, salmon, sardine, herring, sole, mudfish,

shark, wakame, jelly frsh, etc), wheat, soybean, rice, rye, oat, pumpkin, pea,

sesame, spinach, etc. Table 1 lists a number of identified peptides and their

food sources.

2.2.3 Bioavailability of Bioactive Peptides

It is difficult to establish a direct relationship between in vivo and in uitro

activities of bioactive peptides because in vitro activities do not always

reflect their real activities in vivo. This is due to the bioavailability of these
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peptides after oral consumption. In order to exert in uivo effects, bioactive

peptides need to be absorbed from the gastrointestinal tract (GIT) and

reach target organs in minimum effective concentrations. It has long been

known that intact di- and tri-peptides can be easily absorbed through the

intestine. An early study provided evidence for the intact absorption of

dipeptides in the gut lumen (Adibi, 1971). Intact absorption of dipeptides

\ry was also investigated by Matsui and his team. After orai

administration, plasma vY ievel increased with dose administered,

indicating that exogenous VY couid be absorbed intact into human blood

(Matsui et a1.,2002).Intact tripeptide vPP was observed to be transported

across the Caco-2 cell monolayer in a significant amount, and this

transport was hardiy inhibited by any competitive substrate (Satake et aI

2002).

Actually, absorption of small peptides, mainly di- and tripeptides,

across brush border membrane are even faster than that of free amino

acids (webb, 1990). Peptide transporters PepTl and PepT2 were identified

to use a transmembrane electrochemical proton gradient as the driving

force and had broad substrate specificity (Matsui et al., 2002; Yang et al.,

1999). Other transport systems for intact small peptides such as

paracellular and transcellular routes have also been observed but are

under debate for their significance. Knowledge about the absorption of

bioactive peptides with large molecular weight is not very much known.
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Table 1. Food sources ofbioactive peptides.

Food

sources

Bioactive peptides example Reference

Milk VPP

IPP

Nakamura et a1.,1995

Bovine YXFLGLPGXT Fang et a1.,2007

placenta

ESS FFGRCVSP Fujita et a1.,2000

Pork VKKVLGNP Katayama et a1.,2007

Chicken LKP Fujita et a1.,2000

Royal jelly ry VY, IVY Tokunaga et a1.,2004

Squid YALPHA Wako et a1.,I996

Sardine KVLAGM Ariyoshi et aI., 1993

Mudfish RQRVEELSKFSKKGAÁr\RRRK Park et a1.,1997

Oyster LKQELEDLLEKQE Qian eú a1.,2008

Bonito LRP Matsumura et a1.,I993

Wakame YH, KY, FY, IY Suetsuna et a1.,2004

Broccoli YPK Lee et a1.,2006

Soy LLPHH Chen et a1.,I998

Wheat YPISL Fukudome et a1.,I993
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Rice

Sesame

Spinach

Rapeseed

Pea

lÙ'4,atze

Garlic

Fis

Sake lee

TQVY

LVY, LQP, LKY

MRWRD, MRW LRIPVA,

IAYKPAG

IY Rry \1M, VWIS

LKP

IRA

FY

LYPVK

YW

Li et a1.,2007

Nakano et a1.,2006

Yang et a1.,2003

Marcazk et a1.,2003

Vermeirssn, 2003

Miyoshi, 1991

Suetsuna, 1998

Ariyoshi et aI., 1993

Saito et a1.,7994
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However, in uivo potency of peptides decreases as the chain length

increases due to potential breakdown by gastrointestinai proteases. It is

not completely known if there is any chance that some of these peptides

can be absorbed integrally or in fact whether they are not absorbed in the

intestinal tract but act either directly in the intestinaÌ tract or through

certain receptors and cell signalling in the intestine. Further studies are

needed to add to the current state of knowledge on the relationship

between peptide size and bioactive potential following oral administration.

Once inside the enterocyte, peptides are hydrolyzed to free amino

acids by various intracellular peptidases. However, a significant amount of

small peptides can escape the digestion and enter the blood circulatory

system in intact form via two major transport routes: paracellular and

transcellular routes (Grimble, 2000; Gardner, 1984; Gardner, 1983). Large

water-soÌubie peptides are able to pass the tight junctions between cells

paracellularly, and highly lipid-soluble peptides can diffuse via the

transcellular route. Blood contains substantial activities of peptidasei

therefore half-life of some peptides can be very short (Gardner, 1998).

Masuda et a(. l^996) showed that six hours after oral administration

of Calpisrra sour milk (contained VPP and IPP) to spontaneously

hypertensive rats (SHR), ACE activity in abdominal aorta was

significantly lower than that of the rats given salinei VPP and IPP peptides

were detected by HPLC in aortal tissues, which confrrmed absorption. In
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another study, tissue distribution of the anti-hypertensive dipeptide VY

was investigated in SHR after single oral administration of 10 mg/kg body

weight (bw). For the first time, it was repoïted that VY was highly and

widely accumulated in the tissues, which included kidney, lung, liver, heart,

abdominal aorta, and mesenteric artery, rather than just in the circulatory

system (Matsui et a1.,2004).And the major accumulation of VY occurred in

the kidneys and lungs. Besides, the tyrosine residue of VY peptide was not

sulphated when incubated with a liver homogenate taken from the SHR,

implying that the dipeptide was not sulfated in the liver but was secreted

into the blood circulatory system in an intact form.

Various activities of bioactive peptides are influenced by their

bioavailability due to susceptibility to digestion, absorption, and

metabolism. Currently, few studies have been undertaken to investigate

the absorption and the metabolism of bioactive peptides. More research is

needed to elucidate mechanism of peptide metabolism with emphasis on -z¡

vivobtoavailability so as to make the peptides relevant for the formulation

of functional foods and nutraceuticals.

2.2.4 Classification of Bioactive Peptides

Bioactive peptides can usually be classified into 3 groups based on

their fate after oral consumption (Fu¡ita et aL.,2000).

1) TYue inhibitor type: these peptides are resistant to cleavage by
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target enzymes and gastrointestinal proteases, and inhibitory

concentration that reduced enzyme activity by 50o/o (ICso) values is not

affected after pre-incubation with these enzymes. Such peptides include It

IKP, LKP, and IWH from bonito, VPP and IPP from milk, and IKW from

chicken.

2) substrate type: these peptides are susceptible to degradation by

either gastrointestinal proteases or target enzymes, and release peptides

with lower or even no activity and higher IC¡o values. ICro value of peptide

FKGRYYP from chicken increased from 0.55 ¡rM to 34 ¡rM after incubation

with ACE, and the released peptide fragments showed no hypotensive

effect after oral administration in SHR.

3) Pro-drug type: these peptides, usually long-chain precursor

peptides, are hydrolysed by either gastrointestinal proteases or target

enzymes to produce peptides with true activities and lower ICso values.

Characteristics include bioactivity in vivo without sufficient activity rn

uitro and long-lasting effect after oral administration. The most well

known is peptide LKPMN (ICuo = 2.4 p;|t4) which produced LKP (IC¡o = 0.82

pM) and had prominent antihypertensive activity in sHR. Peptide

IVGRPRHQG did not have antihypertensive effect until it was digested in

the GIT by chymotrypsin to produce HQG and IVGRPR.
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2.2.5Yaúous Health Benefits of Bioactive Peptides

A wide range of health benefits of bioactive peptides has been

discovered, investigated and described in some details (Table 2), including

anti-hypertensive, anti-oxidative, anti-lipemic, anti-microbial,

anti-thrombotic, opiate, hypocholesterolemic, immunomodulating,

mineral-binding, growth promoting, etc.

2-2-5.lAnti-hypertensive bioactive peptides

Hypertension is one of the most common chronic diseases worldwide,

and the number one killer in North America. Over five million Canadians

have hypertension, and about 20o/o of the world's adult population suffer

from hypertension. ACE is an enzyme within the RAS that plays an

important role in regulating human blood pressure (BP). Witfrin RAS,

angiotensinogen is hydrolyzedby renin to yield angiotensin I, which is then

hydrolyzed by ACE to give angiotensin II, a very potent vasoconstrictor.

Excessive activities ofACE lead to undesirably high levels of angiotensin II

and development of hypertension (Segatl et al., 2007; Yang et al., 1970).

Therefore, ACE inhibitors are effective in lowering BP and prevent

cardiovascular diseases. The anti-hypertensive activity of ACE-inhibitory

peptides has been confrrmed both ,m vitro and in vivo through various

reports.

Isolation of this type of peptides was first reported by Ferreira (fgZO)

though at that time the ability of these peptides to act as ACE inhibitors

Page | 14



was not realized. ACE inhibitors were not reported until 1971 when

Ondetti and his colleagues frrst isolated ACE-inhibitory peptides from

venom of the snake Bothrops jararaca and designed a series of ACE

inhibitors based on known chemical and kinetic properties of the enzyme

(Ondetti et al., 1977; Ondetti et aI., lgzl). Since then a great number of

ACE-inhibitory bioactive peptides have been isolated and purified from

various sources, especially food proteins. Table 3 lists some of the

food-derived ACE inhibitory peptides and their in uitropotency while Tabie

4 shows hypotensive effects of ACE-inhibitory peptides after oral

administration to animals and human beings. As shown in Table 4, several

BP-lowering ACE-inhibitory peptides are small in size (usually iess than 8

amino acid residues) with low molecular weightsi most of them being di-

and tri-peptides. This is consistent with previous studies that showed di-

and tri-peptides could be absorbed intact and quickly through the small

intestine without being decomposed by digestive enzymes and were then

transported to various organs (Daniel, 2004; Matsui et al., 2004; Matsui eú

al., 2002i Webb, 1990). The data in Table 4 also agïee with the suggestion

that the active site of ACE can not accommodate large peptide molecules

(Natesh et al.,2003).
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Tabie 2. Health benefits of food protein-derived bioactive peptides.

Cardiovascular Gastrointestinal Immune Nervous

system system System system

Anti-hypertensive Anti-microbial Anti-microbial Opioid agonist

Anti-oxidative Anti-appetizing fmmunomodulatoy Opioid-antagonist

Anti-thrombotic Mineral binding Cytomodulatory

Anti-lipidemic Opioid agonist Opioid agonist

Hypocholesterolemic Opioidantagonist Opioidantagonist
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Table 3. Food protein-derived ACE-inhibitory peptides with in vitro ICso

values less than 50 ¡rM.

Peptide sequence Source ICso (pIvI) Reference
Bouine milk

VAP

ALKAWSVAR

YELQNKIHPFAQT
QSLVYPFPGPIPNS

FALPQY

FALPQYLK

IPP

KVLP\rP

FFVAP

GPAGAHyP

GPPGAHyP

\rPP

FVAP

GPHYPGTDGAHyP

GPHyPGAPHyP

FPQYLQY

TVY

AVPYPQP

TTMPLW

. /È- ^-\qSr-caseln \fzb-z'l )

Serum albumin
(f2oB-216)

B-casein

crs2-casein (fl7 4- 17 g)

ûs2-casein (ftZ¿-tSf)

B-casein (n+lø)

B-casein (ttøg-tz+)

qsl-casein (n3-27)

gelatine

geiatine

B-casein (fa¿-e0)

r-casein (fros-rro)
0s1-casein (fz+-zz)

gelatine

gelatine

os2-casein (fsz-gs)

0s2-casein (frsz-tg¿)

B-casein (ffZz-rSS)

ûsr-casein (rrg+-rgg)

Maruyama eú

al., 1987

Chiba et al.,
1991

Yamamoto eú

al., 1994
Tauzin et al.,

2002
Tauzin et al.,

2002
Nakamura eú

a|.,1995
Maeno et al.,

1996

Maruyama eú

aL.,1985
Oshima et al.,

r979
Oshima et al.,

1979
Nakamura et

al, 1995
Maruyama eú

al., 1987

Oshima et al.,
1979

Oshima et al.,
1979

Tauzin et al.,
2002

Tauzin et al.,
2002

Maruyama eú

a1.,7987
Maruyama eú

2.0

3.0

4.0

4.3

4.3

5.0

5.0

6.0

8.3

8.3

9.0

10.0

10.5

11.3

t4.0

15.0

15.0

16.0
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IHPFAQTQSLVYI

LLYQQPVLGPVRG
PFPIIV

YKVPQL

FAQTQSLVYP

PPQSVLSLSQSKV
LPVPE

HPFAQTQSL\ryP

GPIGSVGAHyP

PL\ry

GPAGAPGAA

KIHPFAQTQSLVYP

SKVLPVPE

SLVYP

QSL\TTP

ALPMHIR

VYP

LW

B-casein (f¿g-ar)

p-casein

osr-casein (f104-109)

B-casein (fsz-0r)

B-casein

B-casein (fso-0t)

gelatine

osl-casein (rrgz-rgg)

gelatine

B-casein (f48-61)

B-casein

p-casein (fsz-ar)

B-casein (fse-ar)

B-lactoglobulin
(n+z-l¿a)

B-casein (fsg-0r)

osr-casein
(fl98-199)

al.,1987
Kohmura et al.,

1990

Yamamoto eú

al., \994
Maeno et al.,

1996

Kohmura et al.,
1990

Yamamoto eú

a1.,1994
Kohmura et al.,

1990

Oshima et al.,

1979

Maruyama eú

a1.,1987
Oshima et al.,

t979
Kohmura et al.,

1990

Yamamoto eú

a1.,1994
Kohmura et al.,

1990
Kohmura et al.,

1990

Mullally et al.,
1997

Kohmura et al.,
1990

Maruyama eú

19.0

2r.0

22.0

25.0

25.0

26.0

31.8

36.0

37.0

39.0

39.0

40.0

41.0

42.6

44.0

50
a1..1987

Human milk
SFQPQPLIYP

VRP

TAP

IPP

YANPNWRP

human B-casein
G+s-sz)

human r-casein
(16B-65)

human r--casein
(flB-20)

human r-casein
(fe6-e8)

human r--casein
ffbz-65)

r.4

2.2

3.5

5.0

7.8

Kohmura et aI.,

1990
Kohmura et al.,

1990

Kohmura et al.,
1990

Kohmura et al.,
1990

Kohmura et al.,
1990
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KIYPSFQPQPLIYP human B-casein 8.6 Kohmura et al.,(ng-rz) leeo
MYY human rc-casein 9.6 Kohmura et al.,

ff24-zÒ 1e9o
PAWRP human r-casein 18.0 Kohmura et al.,

(f6o-65) leeo
NPAWRP human r-casein 19.0 Kohmura et al.,(rss-or) teeo

YYPQIMQY human crsl-casein 24.8 Kohmura et al.,
(f186-148) 1990

ANPNWRP human r-casein 25.0 Kohmura et al.,(rrs-os) leeo
QKTAP human r-casein 30.0 Kohmura et al.,(rro-zo) leeo
PTPAP human r--casein 33.0 Kohmura et al.,

Grre-l:Ð leeo
KTAP human rc--casein 37.0 Kohmura et al.,

$r7-2ù leeo
NNV1\4LQW human c¿sl-casein 41.0 I{im et al.,lggg

(nø+-tto)
Animal

LKP chicken muscle 0.3 Fujita et al.,
2000

LKP Bonito 0.32 Yoshikawa eú

a1.,2000
FKGRYYP chicken muscle 0.6 Fujita et al.,

2000
1.0 Matsumura eú

al., 1993
1.6 Fujita et aI.,

2000

LRP

IKP

Bonito

Bonito

IRP Bonito 1.8 Matsumura et
al., 1993

GI{I{VLQ porcine hemoglobin 1.9 }i4íto et aI
1996

fY Bonito 2.1 Fujita et aI.,
2000

FQI{WAK porcine hemoglobin 2.1 Mito et aI
1996

\IRP Bonito 2.2 Matsumura eú

aI., 1993
LKPMV Bonito 2.4 Yoshikawa eú

a1.,2000
IVGRPRHQG chicken muscle 2.4 Fujita et aI.,
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2000
GPL pollack skin gelatin 2.65 Byun et al.,

2002
LAP chicken muscle 3.5 Fujita et al.,

2000
IWH Bonito 3.5 Fujita et a1.,

2000
IWHHT Bonito 5.8 Fujita et al.,

2000
FQI{WA porcine hemoglobin 5.8 }.Ítto et al.,

1996
FQKWAG porcine hemoglobin 7.4 Mito et al.,

1996
LKA chicken muscle 8.5 Fujita et al.,

2000
YALPHA squid liver 9.8 Wako et aI.,

1996
LKVGVKQY Sardine 11 Ariyoshi et al.,

1993
FQKPKR chicken muscle 14 Fujita et al.,

2000
PANIKWGD Porcine 27 Ariyoshi et al.,

1993
WPEAAELMMEVDP tuna dark muscle 2L6 Qian et al.,

2007
CWLPVY dried tuna 22.2 Astawan et al.,

1995
GYALPHA squid liver 27.3 Wako et al.,

1996
KVLAGM Sardine 30 Ariyoshi et al.,

1993
VAWKL T\rna 31.8 Astawan et al.,

1995
Egg

FFGRCVSP Ovalbumin 0.4 Fujita et al.,
2000

ERKIKVYL Ovalbumin 1.2 Fujita et al.,
2000

FGRCVSP Ovalbumin 6.2 Fujita et al.,
2000

LW Ovaibumin 6.8 Fujita et al.,
2000

11.0 Fujita et al.,
2000

FCF Ovalbumin
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NIFYCP Ovalbumin 15.0 Fujita et al.,
2000

Plant
LKP

LRP
LRIPVA

IVY

MRW

LGP

GGY

WV

AKYSY
IW

LSP
LQP
ry

MRWRD

ry

PRY

ry

ry
IAP

VW
FY
FY

LAY
PR

IAYKPAG

pea vicilin

maíze cr-zein
Spinach

wheat germ

Spinach

pea albumin

Sake

sake lees

red algae
Wakame

maíze o-'zeín
maize cr-zein
pea vicilin

Spinach

sake lees

sake lees

Wakame

red algae
wheat gliadin

Wakame
Garlic

Wakame

maize u'zeín
sake lees

Spinach

0.3

0.3
0.38

0.48

0.6

0.7

1.3

r.4

1.5

1.5

I.7
1.9

2.I

2.r

2.4

2.5

2.7

2.7
2.7

ù-¿l

¿). /

Õ./

3.9

4.1

6.2

Vermeirssn,
2003

Miyoshi, 1991
Yang et al.,

2003
Saito et aI.,

r994
Yang et al.,

2003
Vermeirssn,

2003
Saito et aI.,

r994
Saito et al.,

t994
Suetsuna, 1998
Sato eú aL.,2002
Miyoshi, 1991
Miyoshi, 1991
Vermeirssn,

2003
Yang et al.,

2003
Saito et al.,

1994
Saito et al.,

r994
Suetsuna &

Nakano,2000
Suetsuna, 1998

Motoi et aI.,
2003

Sato eú a1.,2002
Suetsuna, 1998

Suetsuna &
Nakano, 2000
Miyoshi, 1991

Saito et al.,
1994

Yang et aI.,
2003

Page | 21



LYPVK

DLP

HHL

LRY
VY

ry
IRA
VY

MKY
w\rY

I\?R

YW

VY

VSP
RY

YW

DG

DG

VK

I,AA
VAA

A\¡NPIR

KY

L\rR
AF

VAY
YPR

fig tree latex

soy

soy

red algae
wheat germ

Wakame
maize u-zein

Sake

red algae
sake lees

sake lees

pea albumin

pea albumin

maize a-zeín
sake lees

sake lees

pea albumin

soy

pea vicilin

maíze a-zein
maize a-zeín
frg tree latex

wakame

fig tree latex
pea vicilin

maíze a-zeín
sake lees

Ariyoshi et al.,
1993

Wu & Ding,
2002

Shtn et al.,
200r

Suetsuna, 1998

Saito et al.,
1994

Sato eú aL.,2002
Miyoshi, 1991

Saito et al.,
1994

Suetsuna, 1998

Saito et aI.,

r994
Saito et al.,

r994
Vermeirssn,

2003
Vermeirssn,

2003
Miyoshi, 1991

Saito et al.,
1994

Saito et al.,
t994

Vermeirssn,
2003

Wu & Ding,
2002

Vermeirssn,
2003

Miyoshi, 1991

Miyoshi, 1991

Ariyoshi et al.,
1993

Suetsuna &
Nakano, 2000
Ariyoshi, 1993

Vermeirssn,
2003

Miyoshi, 1991

Saito et al.,

4.5

4.8

5.0

5.1

5.2

6.1

6.4
7.r

net.d

9.4

10.0

10.0

10.0

10.0

10.5

10.5

12.o

12.3

13.0

13.0

13.0
13.0

13.0

14.0
L5.2

16.0
16.5
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YPRY

LY

TQVY
FWN

AW
YNKL

FY
Iry

KF

NY
LNP
YKY

MF

KFY

NF

77.4

18.0

18.2

18.3

18.8
21.0

25.0
26.7

28.3

32.6
43.0
43.5

45.0

45.0

46.3

sake lees

pea albumin

rice protein
sake lees

Wakame
Wakame

maize a-zeín
sake lees

Wakame

Garlic
maíze a-zein

Wakame

pea albumin

Wakame

Garlic

1994
Saito et al.,

7994
Vermeirssn,

2003
Li et a1.,2007
Saito et al.,

r994
Sato eú a1.,2002

Suetsuna &
Nakano,2000
Miyoshi, 1991

Saito et al.,
r994

Suetsuna &
Nakano, 2000

Suetsuna, 1998
Miyoshi, 1991

Suetsuna &
Nakano,2000
Vermeirssn,

2003
Suetsuna &

Nakano, 2000
Suetsuna, 1998

*: ICso refers to peptide concentration that inhibits 50o/o of A,CE activity.
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Table 4. Hypotensive effects ofACE-inhibitory protein hydrolysates and peptides in animal and human beings.

Human studies
Source

Whey protein
hydrolysate

Sour milk
powder

Sour milk

Casein
hydrolysate

Casein
hydrolysate

Peptide

VPP
IPP

30 subjects with
borderline

hypertension
40 subjects with high
normal BP (HN), 40
subjects with mild
hypertension (MH)

96 subjects with
hypertension

144 subjects with
hypertension

131 subjects with
hypertension

(4 groups)

Subjects

VPP
IPP
VPP
IPP

VPP
IPP

Sour milk

Sour milk

Dose (oral)

20 gld for 6 wks

12 gld for 4 wks

VPP
IPP
VPP
IPP

BP chanse (mmHe)

250 mL twice/d
for 10 wks

200 mL test
drink/d 0.+t mg

VPP+1.6 mg IPP)
a. 0 mg for 6 wks

b. 1.8 mg for
6 wks

c. 2.5 mg for
6 wks

d. 3.6 mg for
6 wks

160 g/d for 4 wks
(-z ml.lkgnw)

Study I: 5 dl-/d for
8-10 wks

sBPis
DBPl5.5

HN: DBPJ5
MH: SBPJ11.2,

DBPJ6.5

sBPJ5.1
DBPI1.1

SBP|5.9 at 12 wks
DBPJ3.2 at 12 wks

a. SBPJ1.7
b. SBPJ6.3
c. SBPJ6.7
d. SBPJ10.1

46 male with
hypertension, 23-59 y
36 male and24 female

with hypertension

References

Pins &
Keenan,

2006
Ãlhara et
a|.,2005

Jauhiainen
et a|.,2005
Sano et al.,

2005

Mizuno eú

aL.,2005

II: 5 dl-/d

sBPj5.2
DBPJ2.0

Study I: SBPJ15.8,
DBPJ10.3

Mizushima
et a1.,2004
Ttromilehto
et a1.,2004
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Liquid yogurt

Sour milk

Sour milk

Sardine muscle

VPP
IPP
VPP
IPP

VPP
IPP

VY

Dried bonito

34 male and72 female
with hypertension
39 subjects with

hypertension, 32-61 y

17 subjects with mild
hypertension

12 male subjects with
mild hypertension,

39-59 y
61 subjects with

borderline and mild
hypertension

29 subjects with high
normal or mild
hypertension

30 subjects with
hypertension or

borderline hypertension
30 subjects, 40-86 y

28 subjects with mild
hypertension

Sardine muscle

Dried bonito

LKPNM

Sour milk

Casein
hydrolysate

5 wks
150gxZldfor

12 wks
150 mL (s.zs mg

peptide)/d for
21 wks

150 mL (r.zs-e mg
peptide)/d for

8 wks
a.6mg

b. 12 mg
in 100mL drink

/-r'b g \b mg
peptide)/d for

5 wks
3 mg x 2ldfor

4 wks

3 g/d for 8 wks

95 ml-/d for 8 wks
(-z ml,lkg uw)
10 g x Zldfor

4wks

VY

Animal studies

LKPNM
LKP

VPP
IPP

Porcine skeletal
muscle

SBPJ10.5, DBPJ5.7
sBPJ6.1
DBPJ3.8
sBPl6.7
DBPJ3.6

sBPJlo.1
DBPJe.4

No significant or
marked BP reduction

observed
sBPl11.7
DBPl6.e

SBPJe.T& DBPJ5.3 at
1wk; SBPJ9.3&

DBPJ5.2 at 4 wks
SBPJ12.7

sBPJ14.1
DBPJ6.e
sBPJ4.6
DBPJ6.6

VKK\ILGNP

Nakamura
et a|.,2004

Seppo et al.,
2003

Seppo et al.,
2002

Matsui eú

a|.,2002

Fujita et al.,
2001

Kawasaki eú

al.,2000

Fujita &
Yoshikawa,

1999

Hata et al.,
1996

Sekiya e/
al., 1992

Male SHR, 12 wks 10 mg/kg bw SBPJ24 at 3 h Katayama
et a1.,2007
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T\rna dark
muscle

hydrolysate
Sesame protein

hydrolysate

Porcine muscle
hydrolysate

a. Captopril
b. Sour milk

Casein
hydrolysate

Whey

WPEAAELMME
VDP

LVY
LQP
LKY

Male SHR, 10 wks

Male SHR, 13 wks

Male SHR, 10 wks

Male SHR

SHR

SHR

XP
and
XPP

WEsOBG
(commercial

product),
@-lactosin B

(alpnii)
VYSardine muscle

Wakame

Royal jelly
hydrolysate

Spinach

10 mg/kg bw

a. 1 mg/kg bw
b. 10 mg/kg bw

a.210 mg/kg bw
b. 2100 mg/kg bw

17wks

a. 9.6 mg/kg bw
b. 32 mg/kg bw
c, 96 mg/kg bw

2 mglmL

YH, I{Y, FY IY

SBPJ-l8 at 3 h

a. SBPJ-3O at 8 h
b. SBPJ-25 at 8 h

a. SBPJ15.8 at 6 h
b. SBPJ16.3 at 6 h,

22.9 at t h
a. SBPJ111, DBPJ112

b. SBPJ37, DBPJ17
a. SBPJ 14.4 at 5h
b. SBPJ25.1 at 5h
c. SBPJ31.0 at 5h

SBPJ21.2 at 6 h
SBPJ21.4 at 8 h

ry
VY
IVY

a. MRW

Male SHR, 18 wks

SHR

Male SHR, 10 wks

Male SHR, 16-24 wks

Qían et al.,
2007

Nakano eú

aL.,2006

Nakashima
et a1.,2006

Miguel eú

a|.,2005
Mizuno eú

aL.,2004

Murakami
et a1.,2004

10 mg/kg bw

50 mg/kg bw

a. 10 mg/kg bw
b. 50 mg/kg bw
c. 100 mg/kg bw
a. 20 mg/kg bw

SBPJ13.8 at t h,
SBPJ44 at t h
SBPJ5O at 3 h

a. SBPJO.8 at t h
b. SBPJ8.9 at t h
c. SBPJ18.4 at I h

a. SBPJ2O

Matsui eú

a|.,2004

Suetsuna e/
aL.,2004

Tokunaga eú

a|.,2004

Yang et al.,
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Wakame

Wakame
hydrolysate

Royal jelly
hydrolysate
Sour milk

b. MRWRD

a. VY
b. IY
c. FY

Peptide mixture

a. Sour milk
b. Purified

peptides
Soy protein
hydrolysate

Dried bonito

Peptides mixture

VPP
IPP

Male SHR, 18 wks

Male SHR, 7 wks

VPP
IPP

Peptide mixture

b. 30 mg/kg bw

10 mg/kg bw

a. 0.Io/o

hydrolysate
b. 1% hydrolysate

for 10 wks
1 g/kg bw

(0.+ mg IPP + 0.6
mg VPP)/d for

14 wks
2.5-3.5 mg/kg/d for

12 wks

a. 100 mg/kg bw
forl mon

b. 1000 mg/kg bw
for I mon

a. 125 mg/kg bw
b. 250 mg/kg bw
c. 500 mg/kg bw

5 mgikg bw
(i.v.)*B with

interval of 20 min
5 mglkg bw (i.v.)

Male SHR, 10 wks

SHR, 6 wks

F emale Wistar rats,
10- 11/group

Female SHR, 7 wks

Soybean paste

Wheat germ

LKPNM

at 2h
b. SBPJ15 at 4h

a. SBPll8 at t h
b. SBPJlg at t h
c. SBPJ Zlat9h

a.. SBPJ17
b. SBPJ17

compared to control
at 10 wks

SBPJzz.7 at 2h

sBPJ2l

a. SBPJ17
b. SBPJ12

a. SBPJ37.8 at 1 mon
b. SBPJ39 at l mon

a. SBPJT at 4h
b. SBPJ9 at?h
c. SBPJIS at 4h
SBPJ61 after 3"d

injection

Mean BPJ19.2 at 8 min

HHL

IVY

SHR

2003

Sato et al.,
2002

Sato et al.,
2002

Male SHR

SHR, 12 wks

Matsui eú

a[,,2002
Sipola eú

a1.,2002

Sipola et al.,
2001

Wu & Ding,
2001

Fujita et al.,
2001

Shtn et al.,
2001

Matsui e/
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hydrolysate

Wakame

Chicken
muscle

A[YK, YKYY
KFYG, YNKL

Ovalbumin
hydrolysate

Gouda cheese
peptides

c¿'Lactalbumin

a. LAP
b. IKW
c. LKP

a. LW
b. FFGRCVSP

a. RPKHPIKHQ
b. YPFPGPIPN

YGLF

Maie SHR, 15 wks

SHR

Dried bonito

Ovalbumin
hydrolysate

Red alga

Whey protein

SHR

Male SHR, 12-16 wks

Male SHR, 18'26 wks

LKPNM
LKP

RADHP

IY AKYSY
LRT MKY

a. Proteinase K
hydrolysate

b. Actinase E
hydrolysate

c. Tïypsin

50 mg/kg bw

10 mg/kg ¡w (i.v.)

Male SHR, 16-25 wks

SHR, 15-30 wks

Female SHR

MaIe SHR, 12 wks

SBPJ40-50 at 1-2 h for
all peptides

a. SBPJ4O
b. sBPl5O
c. SBPJ75

a. SBPJ4O
b. SBPJ5O

a. SBPJ9.3 at 6h
b, SBPIT at 6h

a. SBPJ23, DBPJ 17 at
50'100 min

b. SBPJ21, DBPJ 15 at
50-100 min

a. LKPNM,SBPJS at
4h

b. LKP, SBP !7 at 2h
BPJ12.5 at 6 h

BPj53 at t h

a. SBPJ55 at 6 h

b. SBPJ55 at 6 h

c. SBPJ51 at 6 h

10 mg/kg bw (i.v.)

6.t'7.5 mg/kg bw

a.. 0.lmg/kg bw
b. lmg/kg bw

a. 8 mg/kg bw
b. 2.25 mglkgbw

20 mg/kg bw

200 mgikg bw

8 mg/kg bw

a|.,2000

Suetsuna &
Nakano,

2000
Fujita et al.,

2000

Fujita et al.,
2000

Saito et al.,
2000

Nurminen eú

aL.,2000

Fujita &
Yoshikawa,

1999

Matoba et
aL.,1999

Suetsuna,
1998

Abubarka eú

al., L998
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hydrolysate
d. Papain
hydrolysate
e. Pepsin
hydrolysate
Thermolysin
hydrolysate

Chymotrypsin
hydrolysate

VPP
IPP

Sour milk

Sour milk

Casein
hydrolysate

a. I{VLPVPQ
b. LQSW

c. RELEEL
d. TKVIP

e. AMKPW
f. Yr{vPQL

s. MKPWIQPK
h. LLYQQPV
i. AYFYP

J AMKPWIQPK
a. FQKWA
b. GKKVLQ

Swine
hemoglobine

SHR

Maie SHR

Male SHR, 18-25 wks 2 mg/kg bw

d. SBPJ47 at 6 h

e. SBP|47 at 6 h

f. SBPJ42 at 6 h

s. SBPJ4O at 6 h

SBPJ26.4 at 6 h10 ml/kg bw

SHR, 12-13 wks 50 mg/kg bw

sBPJ1e.1

a. SBPJ24.1 at 6 h
b. SBPJ1.6 at 6 h
c. SBP11.3 at 6 h
d. SBPJg.z at 6 h
e. SBPJ4.6 at 6 h
f. SBPJ L2.5 at 6 h
s. SBPJ2.9 at 6 h
h. SBP11.2 at 6 h
i. SBPJ4.3 at 6 h
j SBPJ0.6 at 6 h

a. SBPJSO at 180 min
b. SBPJ3O at 180 min

Masuda eú

al., 1996
Nakamura
et al., L996

Maeno et al.,
1996

Míto et al.,
1996
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a. Sour milk
b. Purified

peptides

Sardine
muscle

Sour miik

VPP
IPP

Casein
hydrolysate

Sake and sake
lees

VY

IPP
VPP

Male SHR

SHR, 12 wks

SHR, 20 wks

25 peptides
mixture

Bonito

Maíze a-zein

a. 5 ml/kg bw
b. 0.6 mg/kg bw

VPq
0.3 mg/kg bw iPP
a. 20 mg/kg bw
b. 50 mglkg bw

a. 5 ml/kg bw
sour milk

b. 0.6 mg VPP/kg
bw

c. 0.3 mg IPP/kg
bw

a. 75 mg/kg bw
b. 15 mg/kg bw

100 mg/kg bwa. IYPRY
b. YGGY

c. fY
d. YP
e. RY

GVYPHK
IRPVQ

LRP

SHR, 20-23 wks

a. SBPJ I7.7 at t h
b. VPP: SBPJ26.7

atShl
IPP: SBPJ28.3 at I h

a. SBPJ7.2, DBPJ28.8
b. SBPJ18, DBPJ35

a. SBPJ2O at 4Ìn,2I.8
at6h, 17.7at8h;
b. SBP}24.6 at 4h,

32.1 at 6 h, 26.7 at 8 hi
c. SBPJ16.2 at 41n,

2I.7 at 6 h, 24.1 at 8 h
a. SBPJ29.8 at 4h,

24.I at I0 h
b. SBP|14.2 aL 4h,

16.8 at 10 h
a. SBPJ21 at 6 h

b. SBP had no change
c. SBP]18 at 6 h
d. SBPJl3 at 6 h
e. SBP}17 at 6 h

BP depressor effects

SBPJ15 at 2 min

SHR, 9 wks

SHR

SHR, 11 wks

Nakamura
et al., 1995

Matsufuji eú

al., 1995
Nakamura
et al., 1995

100-200 mg/kg bw

30 mg/kg bw (i.v.)

Yamamoto
et al., I994

Saito et al.,
r994

Karaki et
al, 1993
Miyoshi,

1991
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2.2.5.zAnti-oxidative bioactive peptides

certain bioactive peptides derived from food proteins have been

confirmed to be able to prevent enzymatic and non-enzymatíc peroxidation

of essential fatty acids. Kim and co-workers purified from hoki frame

protein a peptide, ESTVPERTHPACPDFN, which inhibited lipid

peroxidation, decreased free radical-mediated cytotoxicity on MRC-5 cells

and protected free radical-induced DNA damage (Kim e¿ aL.,2007).Another

peptide with sequence HGPLGPL was purified from trypsin digested hoki

skin gelatine hydrolysate, and was proved to act as an antioxidant against

iinoleic acid peroxidation and increased anti-oxidative enzyme levels in

cultured human hepatoma cells (Mendis eú al., 2005). Peptide fragments

with anti-oxidative activities have been identified from soybean, milk, and

other frsh proteins as wetl (Kim et a1.,2001; Rival et a1-, 200lai RivaI et al.

200lb; chen et al., 1998). Table 5 lists some anti-oxidative protein

hydrolysates and peptides from food souïces.
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Table 5. Food protein-derived bioactive peptides with anti-oxidative

activities.

Peptide Food source IC¡o (rrM) Reference
Protein waste hydrolysate algae

LKQELEDLLEKQE oyster

LEELEEELEGCE bullfrog skin

H-LNLPTA\TY}4VT-OH tuna dark
muscle

LEQQVDDLEGSLEQEKK bullfrog
muscle

ESTVPERTHPACPDFN hoki

NADFGLNGLEGLA
NGLEGLK

squid muscle

HGPLGPL hoki

FDSGPAGVL
NGPLQAGQPGER

YFYPEL

jumbo squid

casein

superoxide:
7.5

hydroxyl: 8.3
DPPH: 58

superoxide:
78.97

hydroxyl:
28.76

superoxide: 34
hydroxyl: 12.8
peroxyl: 32.6
DPPH: 16.1

superoxide:
65.5

hydroxyl: 29.4
DPPH:40.1
superoxide:

176.t
hydroxyi:

162.7
superoxide:

172.r
hydroxyl:

17.77
peroxyl: 18.99

superoxide:
669.34, 573.83

hydroxyl:
497.32, 429.54
superoxide:

28.8
DPPH: 156.8

hydroxyl:
90.9, 100.72
superoxide:

79.2
hydroxyl: 251

DPPH: 98

Sheih et al.,
2009

Qian et al.,
2008a

Qtan et al.,
2008b

Je et a1.,2008

Je et a1.,2007

I{im et al.,
2007

Rajapaske eá

aL.,2005

Mendis et al.,
2005a

Mendis et al.,
2005b

Suetsuna eú

a1.,2000
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2.2.5.3 Anti-lipidemic and hypocholesterolemic bioactive peptides

A hydrolysate from bovine hemoglobin was indicated to act as lipase

inhibitor (Kagawa et al., 1996). Peptide WYP, which was one of the

constituents, possessed most of the observed lipase-inhibitory effects.

V\¡YP significantly decreased postprandial triglycerides in human subjects

(Kagawa et al., 1998). several animal studies also demonstrated the

anti-lipidemic effects of other types of food-derived bioactive peptides. After

feeding a fish protein hydrolysate to zucker (falfa) rats, lower total

cholesterol level, higher HDL proportion, and lower acyl-CoA:cholesterol

acyltransferase (ACAT) activity were observed compared to those fed a

casein diet (Wergedahl et aI., 2004). Same effects weïe reported in other

studies (sirtori et a1.,2004; Tsutsumi et a1.,2000; Tani eú al., rgg4i Borei eú

aI., 7989, satouchi et al., 197Ð as shown in Table 6. Lipases and co-lipases

are essential for the cleavage of triglycerides and absorption of fatty acids

in the GIT; therefore, inhibition of these enzymes can impede trigiyceride

digestion and absorption, and lead to decreased lipid level in blood.

Bioactive peptides with hypochoiesterolemic effect have been

reported for milk protein-derived peptides as weil as for soybean and other

protein derived peptides (Nakade et a1.,2009; Hori G et a1.,2001; Nagaoka

et al., 2001; Nagaoka et al., 1999). Although it has been suggested that

possible mechanisms include suppression of cholesterol absorption by

direct interaction between cholesterol-mixed miceìles and bioactive
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peptides, and the inhibition of absorption of bile acid in the ileum as well,

further studies are needed to clarifii the exact mechanisms.

2.2.5.44nti-microbial bioactive peptides

Anti-microbial peptides have been identifred and isolated from many

food proteins, especially milk. The mostly well-understood is lactoferrin,

which is found in human and bovine milk. Lactoferrin is a good bioactive

peptide precursor as it can be hydrolyzed by gastric acid and pepsin to

lactoferricin (Chan & Li-Chan, 2005; Wakabayashi eú a1.,2003), which is a

bioactive peptide. Lactoferrin is also present in various frsh, such as

sardine and tuna. Initially, anti-microbial activity was associated with

iron-sequestering activity, and later it was discovered that anti-bacterial

peptides at the N-terminal fragment 1-47 of human lactoferrin and 17-4I of

bovine iactoferrin represented domains with anti-microbial activity

(Bellamy, I99Ð. Misgurin and pardaxin are anti-microbial bioactive

peptides identified from loach and moses sole fish (Park et al., 1997; Oren

& Shai, 1996; Shai, 1994). Anti-microbial bioactive peptides are also found

in many plants such as pumpkin, barley, rye, wheat, and oats (Segura et al.,

1999; Garcia-Olmedo, 1998). Some of the food-derived peptides with

anti-microbial activities are listed in Table 7.

Anti-microbial activity is usually related with the disintegration of

cell membrane where the bilayer of the cell membrane is the major target

of the active peptide. A previous study showed that cr-helix structure and
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cationic character contribute to the anti-microbial activity of peptides

(Epand & Vogel, 1999). Cationic property enables the peptides to bind with

the anionic phospholipids-rich membrane which then triggers cell lysis.

2.2.5.5 Anti-thrombotic bioactive peptides

Bioactive peptides with anti-thrombotic activity are not properly

understood and few reports exist on their properties. Several were reported

to be encrypted within the glycomacropeptide that was released from

r-casein through cleavage by rennin, a milk clotting enzyme (Chabance eú

al,, r995i Fiat et al., 7993i Joltès et al., 1986). They inhibited blood platelet

aggregation and dose-dependently inhibited binding of frbrinogen y-chain

binding to platelet surface fibrinogen receptors. The main anti-thrombotic

peptide corresponds to position 106-116 of r-casein with the amino acid

sequence as MAIPPKKNQDK, and some smaller fragment can be found at

position 106-112, 112-176, and 113-116.

2.2.5.6 Immunomodulatory bioactive peptides

Many peptides, especially those derived from milk, display

immunomodulatory functions, measured as lymphocyte proliferation,

antibody synthesis, cytokine regulation and natural killer cell activity

(Horiguchi et al.,2OO5; Matar et a1.,2003; Meisel & FitzGerald, 2003; Giil

et aI., 2000; Meisel, 1997; Fiat et aI., lgg3). After intravenous

administration, peptides derived from sr-casein stimulated phagocytosis of

sheep red blood cell and protected the mice from Klebsiella pneumoniae
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infection (Migliore-Samour et aI., 1989). Hydrolysis of B-casein released a

hexapeptide PGPIPN (residue 63-68) which promoted antibody formation

and accelerated phagocytosis in vitro, and a tripeptide LLY (residue

191-193) which in addition to promoting antibody formation and

accelerating phagocytosis, also enhanced antigen-dependent T-cell

proliferation (Jollès et al., 1988; Jollès & Migliore-Samour, 1986). Murine

humoral immune response of mice was found enhanced after feeding fed

hydrolysed c¿-Iactalbumin from whey, and this effect invoived modulation of

both B lymphocyte and T helper cell activities (Bounous & Kongshavn,

1985). From bovíne placenta, Fang et al. (2001) isolated a thermostable

peptide which dose-dependently stimulated lymphocytes proliferation. It

has been revealed that these peptides may aÌleviate allergic reactions in

atopic humans and enhance mucosal immunity in the GIT, in which way

they may regulate the development of the immune system in newborn

infants (Korhonen & Pihlanto, 2003). Additionally, immunomodulatory

peptides have been suggested to have anti-tumor effects. Structure-activity

relationship and the mechanism by which food protein-derived peptides

exert their immunoregulatory effects are not clearly known. Some of the

immunoregulatory peptides are listed in Table 8.
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Table 6. Anti-lipj.demic and hypocholesterolemic effects of food protein'derived bioactive peptides.

Peptide Food source Subject Dose (oral) Anti-Iipidemic &
Hypocholesterolemic

Effect
Human

Protein
hydrolysate

WYP

AnimaI
Protein Cattle heart

hydrolysate

soy

Giobin

21 Male with
serum total

cholesterol> 220
mg/dI,

22Healthy male,
20-24y

Protein extract

Protein

3 g/d for 3 mon

White lupin

Salmon

Male Wistar rats,
5 wks

Lor4g

Total
cholesterolll1%,

LDLIZ7.7%,
(LDL/HDL) 147.4%

Increase in
chylomicron
triglyceride

concentration was
significantly lower
than control group

Total cholesterol,
(r-nl+vi,nl-), and
liver total lipidJ

compared to casein
group

(wol-+lnL)Jso%

CholesteroIIS4%

Male
Sprague-Dawley

rats
Male Zucker Galfa)

116.6 g/kg for 7 d

Reference

IJorí et a1.,2001

50 mg/d for 2

wks

20 g per 1009

Kagawa et al., 1998

Nakade et al.,2009

Sirtori et aL.,2004

Wergedahl et al.,
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hydrolysate

B-Lactoglobulin Milk
hydrolysate

(IIAEK)

Water extract of
defatted rice bran

rats crude protein for Hepatic lipid
22-23d IeveIJ36%

Male Wistar rats, 30 % (w/w) for 3d Compared with
4 wks control, serum total

cholesterol was 39
mg/dl lower,

(vlnl+LnI,) was 5z
mg/dl lower, HDL

was 18.5 mg/dl
higher

WYP

Rice bran Male
Sprague-Dawley

rats, 4 wks

Globin Male ICR mice, 6

wks
Male Wistar rats,

6 wks
Male and femaie

Beagle dogs,

8-10 ke

a.0.5 glmLlkg
bw

b. 1glmI,/kg bw
c. l0 % for 4 wks

250 mg/ml
mixed with olive
oil (250 mg for

mice, lgforrat,
20 g for dog)

2004

Nagaoka et al.,
2001

a. triglycerides[2
mg/dl,

b. triglyceridesJ 10

mg/dI,
c. Visceral fat weight

was reduced
Dose dependent

hypotriglyceridemic
effect

Tsutsumi et al.,
2000

Kagawa et al., 1996
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a. Isoiated soy
protein (ISP)

b. Soy protein
concentrate (SPC)

Ex Vivo
FWNATSN

FKTNDRPSIGN
SSPDTYNPQAGS

DTPMIGT
WGAPSL

IA\?GEVA

IIAEK
GLDIQK
ALPMH

\TYVEELKPTPEG-
DLEILLQK

LRVPAGTTFYVV-
NPDNDENLRMIA

soy

soy

29 Male golden
Syrian hamster

soy

Soy globuiin

Miik B-lactoglobuli

25 glt00 g
protein for 35

Soy globulin Increased
LDL-receptor
mediated LDL

Serum total
cholesterol Jin ISP
and SPC compared
with casein group

Stimulated
LDL-receptor
transcription

Inhibited cholesterol
micellar solubility

Inhibited cholesterol
uptake

Inhibited cholesterol
uptake

Potter et al., 1996

Choe et aL.,2008

Zhong et a1.,2007

Pak et a|.,2005

Nagaoka et al.,
2001

Lovati et a|.,2000
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Table 7. Food protein-derived peptides with anti-microbial activities.

Peptide
a: IKHQGLPQE
b: VLNENLLR

c: SDIPNPIGSENSEK

Cpl: LRLKKYI{VPQL

Cp2: VYQHQKQMKPWIQ-
PKTKVIPWRYL

IVSDGDGMDAW
HGLDNYR

Oncorhyncin III

Food source
Casein a: MIC* of 0.05 mM against E. coli

b: MIC of 0.22 mM against E. coli
c: MIC of 1.0 mM against

E. coli

Casein

Anti-microbial activi

Cpl: MIC of 125 pg/ml against
Gram-positive, and 125

to >1000pglmL against
Gram-negative

Cp2: MIC of 21 pg/ml against
Gram-positive, and 332 to >664
pg/ml against Gram - negative

Inhibited most Gram-negative

MIC of 0.06 to 0.5pM against
Gram-positive,

MIC of 0.25 to >0.5pM against
Gram-negative

Rooubb

Rainbow trout

Hayes et a1.,2006
Reference

McCann et a1.,2006

Mine et a1.,2004

Fernandes et a1.,2003
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Mfu\P: a polypeptide with 94

amino acid residues

K: GL\A/SKIKAAGKEAAKA-
AA I&\r\H I{r\r\L NAVS E AV

L: ALWKTLLKNVGKAAGK.
AALNAKTDM\TNQ

Q1: ALWKNMLKGIGKLAG-
QAALGA\T(TKVGAES

Snakin-1: a polypeptide with
63 amino acid residues

Loach

Frog

RQRVEELSKFSKKGAJ^V\.
RRRK

Inhibitory activity against E. coli,
B. subtilis, and Staphylococcus

carnosus

K: MIC of 0.6pM against E.coli,
and 4.7pM against Staphylococcus

carnosus
L: MIC of 2.5 pM against E.coli,

and 1.3 pM against Staphylococcus
carnosus

Q1: MIC of 1.3 pM against E.coli,
and2.7 pM against Staphylococcus

carnosus

Antimicrobial activity against
bacterial and fungal pathogens

from potato at concentration
<10 pM

MIC of 8 pg/ml against most
Gram-posítive and negative,
aiso inhibited fungi growth

MIC of 13 pM against E.coli,
3 UM against A.calcoaceticus,

5 pM against B.subtilis,
25 pM against Paeruginosa

GFFALIPKIISSPLFKTLL-
SAVGSALSSSGEQE

Potato

Loach

Dong et al.,2002

Sole fish

Batista et al., 1999

Segura et al., 1999

Park et a]., 1997

Oren & Shai, 1996
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KTKLTEEEKNRLNFLKKIS-
QRYQKFALPQYLKTVYQH-

QK

RSGRGECRRQCLRRHEGQ-
PWETQECMRRCRRRG

Lactoferrin

*, MIC: minimum inhibitory concentration.

Casein-c¿.2

Maize

Inhibitory activity against E. coli
and Staphylococcus carnosu s

Dose dependent antimicrobial
activity

Milk Effective against most
Gram-positive and negative at

concentration between 0.3 to 3

Zuchl et aL, 1995

Duvick et al., L992

Bellamy et al., 1992
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2.2.5.7 Opioid bioactive peptides

opioid peptides, which were first discovered in the late 1970s play

an active role in the nervous system. After absorption into the blood, opioid

peptides can travel to the brain and other olgans, bind to opiate teceptors,

and exert effects similar to opium or morphine. However, this effect can be

reversed by opiate antagonist. Milk, wheat, and spinach have been shown

to be able to release opioid peptides (Pihlanto et al., 2004; Teschemacher et

a1.,20031Paroli, 1988; Loukas et a1.,1983; Branl et al., 1979; Henschen eú

al., 1979). First characterized opioid peptides from milk wele

B-casomorphin-7 ffpppCpf) and B-casomorphin-5 ffPFPG) with

B-casomorphin-5 being about 5 times more active than B-casomorphin-7

(Henschen et al., 1979). Fragments from human B-casein showed opiate

activity as well (Brantle, 1984). Wheat gluten was able to release opioid

peptides with very low ICso values in guinea pig ileum (GPI) and mouse vas

deferens (MVD) assays and with resistance toward some proteolysis

enzymes (Fukudome & Yoshikawa, 1993, I99Ð. Tlvo ô-selective opioid

peptid,es, rubiscolin-5 and rubiscolin-6, were isolated from spinach, and

proved. to enhance learning petformance, memoly consolidation, and

showed anxiolytic effect in mice through mediating ô-opioid receptor

(Hirata et a1.,2007; Yoshikawa et a1.,2003; Yang et a1.,2003, 2001). some

other peptides produced by the breakdown ofr-casein, on the other hand,
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Table 8. Food protein-derived peptides with immunoregulatory activities.

Peptide
YXFLGLPGXT

(partial sequence)
Wheat gluten
hydrolysate

EVFGK

YG
YGG
PNSL

Pancreatin and trypsin
digest

TTMPLY
TTMPLY
PGPIPN

LLY

Hydrolysed
c¿-lactalbumin

Food source

Bovine placenta

Wheat

Bovine milk

Bovine milk

B-Casein

Casein-c¿"r

Casein-c¿.r

Casein-cr"l

B-Casein

B-Casein

Whey

Dose-dependently stimuiated
Iymphocyte proliferation

JNK cell activity

Response to Klebsiella pneumoniae
infection

f Proliferation of human peripheral blood
Iymphocytes

JMice resistance to Klebsiella
pneumoniae infection

IProliferation of lymphocYtes

! Klebs ieÌl a pneu m oniae infection

fAntibody formation and phagocytosis

fAntibody formation and phagocytosis

JAntibody formation and phagocytosis,

fantigen dependent T cell proliferation

fMice immune response by modulating

Immunoreeulatorv activi

Abbreviation: NK, natural killer.

Fang et a1.,2007
Reference

Horiguchi et a1.,2005

Meisel, 1997

Fíat et al., L993
Jollès et aL.,1992

Kayser & Meisel, 1996

Kayser & Meisel, 1996

B lymphocyte and T helper cell activities

Otani & Hata, 1995

Schlimme & Meisel, 1995

Jollès et al.,1992
Jollès & Migliore-Samour,

1986

Jollès & Migliore-Samour,
1986

Bounous & Kongshavn,
1985
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act like opioid antagonists, and inhibit the effect of morphine like

substances. Three fragments from K-casein, YPSYGLN, YPYY, and

YIPIQWLSR showed opioid antagonist activity at 200, 100, and 5 irM,

respectively (Chlba et al., 1989). Peptides with opioid antagonist activity

were also isolated from human lactoferrin (Tani et a1.,1990). Table 9 shows

some food-derived peptides with opioid or opioid antagonist activities.

Although structure-activity relation has not been fully defined, it is

indicated that peptides with opioid activities usually exhibit a tyrosine

residue at N-terminal and the presence of another aromatic residue in the

third or fourth position from N-terminal (Hartmann & Meisel, 2007).

Furthermore, proline residue at second position is also important for the

three-dimensional orientation of the tyrosine and phenelalanine

sidechains.
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Table 9. Food protein'derived peptides with opioid effect activities.

Rubiscolin-6: YPLDLF

Gluten exorphins A5: GYYPT
Rubiscolin-6: YPLDLF
Rubiscolin-5: YPLDL

Rubiscolin-6: YPLDLF

RYLGYL
YPFPGPI
SRYPSY
YPISL

Gluten exorphins A5: GYYPT
Gluten exorphins A4:GYYP

Gluten exorphins B5:YGGWL
Gluten exorphins B4:YGGW

YLGSGY
RYYGY

KYLGPQY
Casoxin A:YPSYGLN

Casoxin B: YPYY
Casoxin C:YIPIQWLSR

RYLGYLE
RYLGYL

tide sequence Food source

Spinach

Wheat gluten
Spinach
Spinach

Casein'c¿"r

B-Casein
r<-Casein

Wheat gluten

Wheat gluten

Enhanced memory consolidation and
showed anxiolytic effect in mice
mediated by ð-opioid receptor

Improved learning performance in mice
at 300 and 100 mg/kg, respectively

ICso of 51 and 24.4 pM in MVD assay,

IC¡o* of 2.09 and 0.93 pM in receptor
binding assay
Opioid activity

IC¡o of 40 and 13.5 pM in GPI and MVD
assays, respectively

Gluten exorphins B5 showed ICso of 0.5

pM in GPI, and 0.017pM in MVD assay

Showed opioid antagonist activity with
ICso* of 15, 10, and 23pM, respectively

Showed opioid antagonist activity at
200, 100, and 5 pM in GPI, respectively

Opioid effect activi

Human
lactoferrin

rc-Casein

Hirata et aL,2007
Yang et aÌ.,2003

Reference

o-Casein

Yoshikawa et ai.,
2003

Yang et a1.,200I

Pihlanto-Leppälä
et al., 7994

Fukudome &
Yoshikawa, 1993

Fukudome &
Yoshikawa, L992

Tani et al., 1990

Opioid activity with resistance toward
t

Chiba et al., 7989

Loukas et a1.,1983
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YLGYLE
YLGYL

B-casomorphin- 5 : YPFPG

B'casomorphin- 7 : YPFPGPI

*, ICso, peptide concentration required to inhibit eH-ligand binding by 50%'

Abbreviation: GPI, guinea pig ileumi MVD, mouse vas deferens.

c¿-Casein

B-Casein

Opioid activity with resistance toward
trypsin

Showed opioid activity with high
resistance toward proteolysis,
was 1.1 and 14 uM, res ectivel

Loukas et al., 1983

Henschen et al., L979
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2.2.6.8 Mineral-binding bioactive peptides

Peptides with minerai binding abilities are summarized in Table 10.

Majority of these peptides have been reported from casein, and hence

named caseinophosphopeptides (Cpps). CPPs contain clusters of

phosphorylated seryl residues, which are responsible for the interaction

between the casein and calcium phosphate that lead to the formation of

casein micelles. CPPs retain the abiiity of whole casein to stabilize calcium

and phosphate ions through the formation of complexes, thus enhancing

their general bioavailability- With binding, CPPs solubilize many other

ions besides Ca and Fe, such as Mg, Fe, Zn, Ba, Cr, Ni, Co, and Se. A

previous rat study showed that CPPs enhanced calcium absorption by

increasing passive calcium transport in the distal small intestine (Erba e¿

al., 2002). CPPs were also reported to enhance vitamin D-independent

bone calcification in rachitic infants (Mellandea 1950). However, data on

the effects of CPPs are inconsistent.

Major CPPs include fragments from cx,sl-câsêirì, crsz-câseir, and

B-casein. Because of varied degree of phosphorylation of casein, CPPs

mineral chelating affinity is direct related to the degree of phosphorylation,

with cr"z-casein having the highest affinity and B-casein having the lowest

(Kitts & Weiler, 2003). CPPs vary in size and phosphoseryl groups, and are

reported to resist further proteolytic digestion. Characterization of

peptides from whey revealed that they are less in number and less specific

in their actions (Vegarud et a1.,2000).
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Table 10. Food protein-derived peptides with mineral binding activities.

B-Lactalbumin digest

43-59
48-58
59-64
59-79
66-7 4

r-25

Lactoferrin digest
c¿'Lactalbumin digest

t-28
33-48
CPPs

Food source

B'Lactalbumin

Casein-cr"r

Casein-cr"z

B-Casein

Lactoferrin
o-Lactalbumin

B-Casein

Casein

Mineral bindi
Fe

Fe, Ca

Ca
Ca, Fe

Fe
Ca, Fe, Cu,Zn

Ca

Svenning & Vegarud,
1998

Gaucheron et al., L996
Schlimme & Meisel, 1995

Schlimme & Meisel, 1995
Reynolds et al., 1994
Bouhallab et al., I99I
Kawakamí et al., 1993

Hirai et a1.,1992
Juilerat et al.,1989

Reference

a, Fe Mn Cu Se Brulé & Fau 1982
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2.2-5-9 Bioactive peptides with multiple functions

Many milk protein-derived peptides have more than one function.

Peptide derived from B-casein sequence 60-70 showed anti-hypertensive,

opioid, and immunostimulatory activities (Migliore-samour & Jollès, 1988).

c¿"r-Casein fraction 194- 199 showed both anti-hypertensive and

immunomodulatory functions (Migliore-Samouï et al., 1989). Furthermore,

the opioid peptides ct- and B-lactorphin have shown ACE-inhibitory effects.

Peptides with multiple functions can be used in patients to target multiple

disease conditions or by consumers who have more than one health

concerns. For example, peptides with multipie functions of

antihypertensive, antioxidant, anti-lipidemic and hypocholesterolemic

effects can contribute to the treatment of cardiovascular disease much

more than peptides with only one function. Peptides with both

immunoregulatory and anti-cancer activities can work more effi.ciently

than immunoregulatory peptides in cancer treatment. TVpe II diabetes

patients can look for peptides with both immunoregulatory and

antihypertensive effects. When lifestyle-related diseases are not simple

anymore and can lead to one another, there certainly is a potential for the

appiication of bioactive peptides with multiple functions.

2.2.6Release and Production of Bioactive Peptides

Bioactive peptides are usually inactive when encrypted in the amino

acid sequence of the parent protein. However, when the parent protein is

acted upon by an appropríate enzyme or microbial enzyme, bioactive

peptides can be reìeased in an intact form and become active. Naturally,
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parent protein in the diet can be degraded by digestive enzymes and

digestive microbial enzymes in the GIT. Or, parent protein can be degraded

in vítro durtng food processing to rel"ease active peptides. The most

common way is through enzymatic hydrolysis of whole protein molecules.

Many of the human digestive enzymes including pepsin, trypsin, and

chymotrypsin are frequently used in the production of bioactive peptides.

Microbial enzymes such as thermolysin and alcalase as well as several

other proteases from bacterial and fungi sources are also widely utilized.

Many industries use dairy starter cultures which contain highly proteolytic

microorganisms. Bioactive peptides can be generated by the starter and

non-starter bacteria used in the manufacture of fermented dairy products

(Korhonen & Pihlanto, 2006). Lactic acid bactería, Lactococcus lactis,

Lactobacillus helveticus, and Lb. delbrueckii ssp. bulgaricus are well

known for their proteolytic activities. When amino acid sequence is known,

bioactive peptides can be synthesized via three approaches: chemical,

enzymatic, or recombinant DNA technology. Chemical synthesis is the most

widely used in the laboratory on a small scale basis, and rapid production

of peptide libraries for screening puposes (Korhonen & Pihlanto, 2006).

Recombinant DNA technology is the preferred choice for relatively large

peptides, and peptides can be obtained in a large quantity from very

inexpensive starting materials.

Production of bioactive peptides in the laboratory is usually on a

small-scale, but commercialization of these peptides needs suitable

large-sca1e technologies in order to produce in large quantities. After
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hydrolysis, peptides in the hydroiysate are fractionated and enriched

through various methods. Currently, selective membrane ultrafiltration

and ion-exchange chromatography are the most commonly used

technologies for the enrichment of peptides. Empioyment of membrane

ultrafiltration is able to obtain peptides with specific molecular weight

range. Using membranes with small molecular weight cut-offs is very

useful in separating small peptides (as low as 30 Da) from peptides with

large molecuiar mass, and can enhance isolation of small-size peptides that

have higher possibility to be effectively absorbed ¡¿ ujvo. Ion-exchange

chromatography is a method for the isolation of purified peptides of

interest. After ultrafrltration, peptides mixture with certain molecular

weight range is injected into a chromatographic column. Unbound peptides

are washed out first (or collected as separate fractions), and then bound

peptide fractions are eluted from the column. The advantages of this

process are that peptide fractions of interest can be easily separated from

the inactive peptides, production can be relatively large, and it provides

possibilities for enriching the products with small molecular weight

peptides.

2.2.7 C ommercia I i zation of Bioactive Pep tides

There is a considerable commercial interest in developing functional

foods and nutraceuticals containing bioactive peptides. Up till now, many

peptides, especially those released from milk, have been added or enriched

as ingredients into food materials by modification of the usual

manufacturing process. They are also introduced into non-food materials to
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provide certain health benefits. Table 11 summarizes some commercialized

functional foods and nutraceuticals that have been formulated to contain

bioactive peptides.

2.2.8 Future Applications of Bioactive Peptides

Although some food-derived bioactive peptides have already been

applied in functional foods and nutraceuticals, there still is a great

potential and opportunities for the incorporation of these peptides into

other health products, such as skin care and medical products. Commercial

peptides are currently limited to cardiovascular and digestive application

but other areas such as cancer, obesity, diabetes, Alzheimer's, kidney

failure, etc, need further research. Because of their natural and health

promoting characters, bioactive peptide-enriched foods, nutraceuticals, and

pharmaceuticals have received wide attention especially by health

conscious people. However, suitable technologies for massive commercial

production need further exploration. Functional properties of bioactive

peptides and their mechanisms of action need more extensive studies for

better understanding and corresponding quality monitoring and

regulations.
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Table 11. Commercialized functional foods and nutraceuticals that contain

bioactive peptides.

Manufacturer Product Food type Bioactive
peptides

Health claim

Calpis, Japan Caipico MiIk and
concentrate lactobacilli

concentrate

Calpico Soft drink

VPP
IPP

Capsule,
tablet

Fermented
milk

Capsule,
tablet, bar,
beverage,
Capsule,

tablet
Beverage

Softdrink FFVAPFPEVFGK

Beverage, YLGYLEQLLR
chocolate,

cookie,
dairy

product
Supplement Highly purified

whey protein
hydroiysate

containing small
peptides mixture

Capsules Mixture of 9
bonito-derived

peptides

Valio,
Finland

Ameai bp

Evolus
Double
Effect

Campina, C72
Netherlands Peption

ACE
c72

Peption AA
C12

Peption B
Kanebo, Peptio
Japan

Ingredia Prodiet
Nutritional, F200

France

Davisco Biozate
Foods

International,
USA

Natural PeptACE
Factors,
Canada

VPP Lowers
IPP choiesterol,

helps control
blood pressure

FFVAPFPEVFGK Helps
regulating

blood pressure

Support
healthy

cardiovascular
function

Decrease
anxiety,

reduce stress

Lowers
cholesteroi
and blood
pressuÏe

Lowers
cholesterol,
lowers blood

pressure,
increase blood

flow
Improves
calcium
reserves
Imnroves

Aria Foods, Capolac
Denmark

Ingredient CPP

DMV Glutamine Supplement Wheat protein
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Netherlands peptide
WGE 80

GPN

hydrolysate
containing

peptides mixture

rmmune
response and

gut
performance,
fewer clinical

infections
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2.3 PROTEIN IIYDROLYSIS

Protein hydrolysis can be accomplished by acid, alkali or enzyme.

However, enzymatic hydrolysis is preferred over strict chemical methods for

producing hydrolysate in nutritional applications (Lahl & Braun, 1994).

Enzymatic hydrolysis is preferred because it produces hydrolysates with

well-defined peptide profiles, while acid and alkali hydrolysis may lead to

toxic products, destroy L-form amino acids and form D-amino acids (Finot e¿

al., 1978). Enzymatic hydrolysis can produce peptides with ACE inhibitory

activities, immunomodulatory, antithrombic, ion binding and opioid

properties (I{im et al., 2OOL Yamanoto, 1997; Meisel, 1997). Previous work

from Dr. Aluko's lab demonstrated the hydroiysis of pea proteins into

peptide fractions that inhibited calmodulin-dependent protein kinase II

(CaMKID activiry (l,l g Aluko, 2005).

Peptide composition of a protein hydrolysate is dependent on

hydrolysis parameters which include substrate concentration,

enzyme:substrate ratio, pH, temperature, and duration of hydroiysis.

Different combinations of these parameters can be used to optimize protein

hydrolysis and produce preferred peptides.

2.4 ENZYME -DEPENDENT METABOLIC DISORDERS

Enzymes are proteins that catalyze about 4000 chemical and

biochemical reactions (Bairoch, 2000). They accelerate the rate by lowering

the activation energy of the reactions. They are involved in almost all
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processes in ceils to keep the reactions at specific rates. Like all other

proteins, an enzyme is composed of amino acids which are connected

through peptide bonds, and folded into a unique structure- The region

where the enzyme binds the substrate and catalyzes the reaction is called

active site. In addition to binding the substrate, the active site also binds

cofactor(s), which is (are) required for enzyme activity. Cofactors can be

either inorganic, such as ions, or organic, such as heme. Take CaMKII for

example, it needs both Ca2* and calmodulin (CaM) for activity. Enzymes

are neither consumed in the reactions, nor do they change the equilibrium

of the reaction. However, they are very specifrc for a reaction: each reaction

needs a specific enzyme, and an enzyme only catalyzes one specific reaction.

This property of specificity depends on many characters of enzyme, which

include structures/shapes, electric charges, hydrophobicityihydrophilicity,

etc. There are more than one model that have been suggested to expiain

this property but with one point in common, that is, the enzyme structure

is changed in response to binding the effectors, after which the enzyme

activity is influenced too. The activity of enzyme is also affected by

environmental elements such as temperature and ' pH. Because of the

critical roles enzymes play in all reactions happening in human body, any

malfunction of enzyme activity may lead to a disease. However, using

bioactive components of naturai foods to correct the enzyme malfunction

has become a mainstream thought of the food and nutrition scientists. In

this way, diseases can be prevented and alleviated at the same time with

nutrient ingestion. For example, CaMKII is a key enzyme in cell
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proliferation and. overexpïession may lead to excessive proliferation of cells,

and thus, the resulting disease such as cancer. Previous in uitro studies

from Dr. Aluko's lab found out that peptides from pea protein could inhibit

CaMKII activity and therefore, in theory, are potential therapeutic agents

(Li & Aluko, 2005). ACE and renin are two key enzymes in the RAS, and

malfunction of these two enzymes will lead to hypertension. Consumption

of bioactive peptides derived from food source can lower BP in both animal

and human.

2.4.I Anstotensin l-converting enzyme GCE)

ACE is a membrane-bound dipeptidyl carboxypeptidase that

catalyzes the conversion of angiotensin I to its active form, angiotensin II,

which is a vasoconstrictor by removing a carboxy-terminal (C-terminal)

His-Leu dipeptide. Also, ACE can inactivate the blood vessel dilating

enzyme called bradykinin leading to increased vasoconstriction- Therefore,

ACE plays a vital role in maintaining blood pressure control as part of the

RAS, and is a potent target for prevention and treatment of hypertension,

cardiovascular diseases, kidney failure and diabetics (JohnsLon et al., I98li

Johnston et a1.,1979). ACE is produced by monocytes under influence fuom

CD4lymphocytes, and has a signal peptide that directs it to an extracellular

Ìocalization which positions it optimally for interaction with its substrate

angiotensin I. There are two isoforms ofACE in the human body transcribed

from the same gene, somatic and testicular (Riordan, 2003). Somatic ACE is

expressed in virtually all tissues, especially strong in capillaries of the lung.

Testicular ACE, with only half the size of somatic ACE, is found only in
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developing and mature sperms in testes.

Somatic ACE is a membrane-bound protein consisting of à

28-residue C-terminal cytosolic domain, a 22-residue hydrophobic

transmembrane domain, and a 1277-restdue extraceliular domain that is

glycosylated (Riordan, 2003). The extracellular part is further divided into

the N- and C-domains. Structure studies revealed that it is composed of

o-helix for most part that incorporates a zinc ion and two chloride ions.

Each of the two domains contains an active site with a conserved HEMGH

zinc-binding motif, where histidine is the zinc ligand (Natesh et a1.,2003;

Soubrier et aL.,1988) (Figure 1). Testicular ACE, with lower MW, has 701

amino acids.

The extracellular C- and N-terminal domains have different

functions, substrate specificities, inhibitors, and chloride active profiles

(Wei e¿ al.,Ig92). Although the active sites of both domains have a similar

efficiency in the hydrolysis of angiotensin I and bradykinin, studies

indicate that C-domain is the dominant angiotensin I-converting domain.

The C-domain is indispensable for maintaining sufficient blood pressure

regulation and cardiovascular functions, whereas N-domain inhibition does

not affect angiotensin I induced vasoconstriction (Van Esch et aL.,2005;

Natesh et al., 2003; Junot et aI., 2007; Esther et al., 1997). Current

ACE-inhibitory drugs act by inhibiting both domains. Testicular ACE is

identical, foom residue 37 to its C terminus, to the second half or

C-terminal domain of the endothelial ACE sequence (Ehlers et al., 1989).
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Figure 1. ACE structure.

(Anthropology.net)
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The exact functions of testicular ACE is not cleari however, it is believed

that it can be served as a 'template' for the design of next-generation,

domain-selective ACE inhibitors with the potential for greater efficacy,

fewer side effects and new treatment indications for hypertension. ACE is a

zinc (Zn) metallo-enzyme. Antihypertensive diuretics may decrease ACE

activity by increasíngZn excretion (Lockett et aL.,1983). On the other hand,

ACE inhibitors may cause Zn depletion (Goiik et al., 1998; Golik et aI

1ee0).

Since 1980s, ACE inhibitors have achieved great success as the

choice for first-line treatment of cardiovascular diseases. ACE inhibitors

are "a group of pharmaceuticals that are used primarily in treatment of

hypertension and congestive heart failure, in most cases as the drugs first

choice" (Wikipedia). Numerous articles have been published, discussing

characters, inhibition mechanisms and effects of ACE inhibitors. ACE

inhibitors have both acute and iong-term effects (Rasmussen eú al., Ig85,

McGrath et aI., 1980; Johnston et al., 1979). They can lower arteriolar

resistance and increase venous capacitance, increase cardiac output and

cardiac index, stroke work and volume, Iower renovascular resistance, and

lead to increased natriuresis. The mostly used ACEI drugs include:

benazepril, captopril, cilazepril, enalapril, fosinopril, lisinopril. Together

with the discovery and further understanding of ACEI inhibitory drugs is

the upsurge of ACE inhibitory nutraceuticals. A large number of bioactive

components from natural foods, especially peptides with ACE-inhibitory

activities have been reported. Compared with ACE inhibitory drugs, food
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protein-derived peptides are less studied and less understood, but more

natural and safer, and can be used in clinical therapy as well as preventive

treatment. It has been reported that ratios of incidence of CVD in male and

female with high-normal blood pressure were 1.6 and 2.5-foid higher than

those with optimal blood pressure (vasan et aI., 2001), and the risks of

developing CVD doubles with every 20 mmHg rise in SBP and 10 in DBP

(Lewington et al., 2002). Hence, early management by taking nutritional

supplements is very important in the prevention of hypertension and CVD.

2.4.2Renin

Renin, which is also called angiotensinogenase, is a pepsin-Iike

enzyme circulating in the blood and working together with ACE in the RAS

that helps control blood pressure (Figure Z). ttre main responsibility of

renin is to convert angiotensinogen to angiotensin I by cleaving

angiotensinogen between its 1Oth ¿¡fl llth amino acids. Renin is mainly

synthesized and released by juxtaglomerular cells in kidney in response to

low blood volume and iow Na+ content.

Renin is composed of 406 amino acids with MW of 45KD. It has T

o-helices and 26 ß-sheets. Based on studies using antibodies directed to N-

or c-teminus of prosegment of prorenin it was proposed that the

N-terminus was hidden within the conformation of the molecule, whereas

the C-terminus (activation site) was on the surface (Dzau, 1g8Z).

The conversion of angiotensinogen to angiotensin I by renin is the

rate-limiting step in angiotensin II production. An overactive renin ieads to

the over production of angiotensin I and angiotensin II, and subsequent

Pase | 62



increased blood pressure. Besides, conversion of angiotensinogen to

angiotensin I is the only known function of renin so far, which makes the

inhibition of renin very specific and do not cause other side effects.

Therefore, inhibition of renin activity can potentially be a better strategy

than ACE inhibition for the treatment of hypertension and associated

symptoms.

As early as 1970s, peptide-like renin inhibitors were synthesized to

test their efficiency in regulating RAS. Structure study using NMR showed

that formation of hydrogen bond between an inhibitory peptide and

neighbouring residues in the active site of renin was an important

requirement (Sarma et aL.,200ù. Besides, extended structure is necessary

for peptides to enable both cyclic and linear parts interact with residues in

the active part of renin, as revealed by both NMR and x-ray diffoaction

studies (Sarma et al., 2002; Dhanaraj et al., 1992). Till now, most

researches have still stayed at the level of synthesizing inhibitors for

medication purposesi few of them have explored the renin inhibitors from

natural food sources. Due to the fact that treatment with renin inhibitors

can induce reduced blood pressure and renal vasodilation both in humans

and animals (Van Paassen et a1.,2000; Van Paassen et al.,I995i McMahon

et aI., 1995; Azízi et al., 1994; Van den Meiracker et al., 1990), and that

peptide-based molecules of sizable molecular mass can be absorbed intact

into the system circulation (Kleinert et aL, 1992), it seems that

renin-inhibitory peptides from natural food protein may provide a wide

fieid for nutritional applications for antihypertensive purpose.
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Figure 2. Renin-angiotensin-aldosterone system.
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2-4.3 Calmodulin-dependent cyclic nucleotide phosphodiesterase 1

(CaMPDEI)

Cyclic nucleotide phosphodiesterases (PDEs) are involved in the

degradation of cyclic nucleotides which regulate a variety of cellular

activities. Mammalian PDEs are categorized into 11 families based on

sequence homology, enzymatic properties, and sensitivity to inhibitors

(Omori & Kotera, 2007), and a number of splice variants are identified in

each PDE family. Their tissue expression patterns, molecular

characteristics, and regulations are diverse and related to their functional

roles in cells.

Calmodulinicalcium-dependent cyclic nucleotide phosphodiesterase

1 (CaMPDEI) was first discovered in rat brain and bovine simultaneously

by Kakiuchi and Yamazaki and Cheung (Kakiuchi & Yamazaki, I97O;

Cheung, 1970), and has been found encoded by at least 3 subfamily genes,

PDE1A, PDE1B, and PDEIC. The PDEIs consist of 2 N-terminal CaM

binding domain, an inhibitory domain sitting between Llne 2 CaM-binding

domains, and a conserved C-terminal catalytic domain (Sonnenburg et al.,

1995). The inhibitory domain may interact with a site near the C-terminal

catalytic domain so that to keep the enzyme at an inactive conformation.

Activation of CaMPDEI requires a physiologicai concentration of

Ca2* and CaM (Wang et a1., 7975; Teo and Wang, 1973; Cheung, I}TI;

Kakiuchi & Yamazaki, 1970; Kakiuchi et al., 1970; Cheung, 1970).

Activation of PDEl is initiated by binding of Ca2* to CaM and converting it

from inactive to an active conformation (Caz*-CaM*). CaMPDEI then binds
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to the active site of caM to become active (caz*-caM*-pDEl"). caMpDEl

isozymes differ in their caM affinities (sharma & Kalra, rgg4; sharma,

1991; Sharma & wang, 1986; Hansen & Beavo, 1986), and this difference

in affinity for CaM may be related to the relative concentration of CaM in

the different tissues. For example, PDElA1 has about 10-20 fold higher

affinity than PDE1B1 and PDE1A2 (sharma et al., rg97; sharma & Kalra,

L994; Hansen & Beavo, 1986; Keravis et aL, 1986; Mutus et a1.,1985). The

difference in CaM affinity to isozymes extracted from different tissues

indicates that the isozymes accommodate intraceliular CaM concentrations

of the respective tissues. As for many other CaM-dependent enzymes,

activation of PDE1 needs a synergistic interaction of Ca2+ and CaM

(sharma & Kalra, 1994; Huang et aI., 1981). The ca2+ concentration

required for half-maximal activation is decreased when the CaM

concentration is increased. When excess amount of CaM is present, ECso

(concentration of agonist that provokes a ïesponse halfway between the

baseline and maximal response) for activation by csz+ varies from 0.2T pM

(PDE1A1) ro 3,02 pM (pnnrcr) (Bender, 2007).It is suggesred rhat rhe

differentiar ca2* affinity of the tissue-specific isozymes may be a

mechanism by which CaM regulatory reactions aïe adapted in the

respective tissues (Kakkar et aÌ., 1999). However, some PDE 1 isozymes are

not activated by general mechanisms (Wang et al., lgzS). These isozymes

contain CaM as a subunit, and therefore, a change in CaM concentration

does not influence Ca2* concentration.

Expression of CaMPDEI isozymes has been observed in different
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human tissues. Expression of PDE1A1 and PDtr1A4 is ubiquitous and high

in kidney, liver, pancreas, and thyroid gland, PDEiAS and PDE1A6

expression is brain specific, and PDE1A10 is only expressed in testis

(Fidock et al., 2002; Michibata et al., 2001). PDEIB1 expression is

predominant in the caudate nucleus and putamen of brain, and low in

heart and skeletal muscle, whereas PDEIB2 is mostly found in spinal cord

(Fidock et a1.,2002; Yu eú al., 1997). Human PDElCl expression is high in

brain and heart, and PDE1C2 is high in olfactory epithelium (Loughney ef

al., l99€íYan et al.,Igg5). PDEICl and PDE1C4i5 mRNA are also present

in the testis (Yan et al., Igg6).

PDEIs regulate multiple cellular functions. PDE1A1 was reported

to be up-regulated in rat aorta with the development of nitrate tolerance

(I{im et al., 200I). Study by Jiang et al. showed that PDE1B1 mRNA was

expressed in RPMI-8392 cells but not in normal resting human peripheral

biood lymphocytes (HPBL), and inhibition of its activity led to RPMI-8392

apoptosis (Jiang et aI., 1996). PDElB mRNA is induced in

phytohemagglutinin (PIIA) or anti-CD3/CD28-activated human

T-lymphocytes and participate in IL-13 regulation implicated in allergic

diseases (Kanda & Watanabe, 2001). Reed eú al. QOOZ) demonstrated that

PDElB knock-out mice exhibited exaggerated locomotor hyperactivity in

response to dopamine agonist and displayed impaired spatial learning,

indicating the role of PDElB in dopaminergic signaling. As it is expressed

in the central nervous system (CNS) regions, PDE1B may also contribute

to other neural functions. PDEIC is absent in quiescent muscle smooth
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cells (MSC), and can be induced by MSC proliferation (Rybalkin et al.,

2002). Inhibition of PDElC results in suppression of MSC proliferation.

Study suggested that PDElC aiso piayed a role in insulin secretion. It was

found that inhibition of PDE1C in BTC3 insulinoma cells augmented

glucose-stimulated insulin secretion in a dose-dependent fashion thus

demonstrated that PDElC was the major PDE counteractino

glucose-stimulated insulin secretion from BTCS insulinoma cells (Han eú

al., 1999).

CaMPDEI is a good target for therapeutic purposes not only because

of its tight connections with various physiological functions in the body, but

also due to the fact that regulation of degradation of second messenger can

make a larger and quicker change in concentration than comparable

regulation of the rates of synthesis. CaMPDEI inhibitors can either

interact directly with the catalytic site of CaMPDEI or with CaM binding

site or on Caz+lCaM during activation (Ichimura et a1.,1996; Nokin eú a1

1989; Lugnier et al., 1984). Early inhibitors aïe more likely to inhibit the

activity of most, if not all, PDEs. Today, there is still no CaMPDEI

inhibitor that is both reaily effective and selective. For example,

vinpocetine inhibits differently the various subtypes of PDEls, and it

inhibits PDETB at the same time (Sasakí et al., 2OOO: Yan et al., Igg6).

Since there is a large number of CaMPDEI isozymes, each of which with

distinct structure and function, it should be possible to develop highly

seìective inhibitor that targets specific isozymes, and therefore functions

and pathological conditions without causing non-specific side effects.
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CHAPTER 3

EVALUATION OF BITTERNESS PROPERTIES OF AN ENZYMATIC

PEA PROTEIN }ITDROLYSATE PRODUCT

3.1 INTRODUCTION

Proteins from food origins are subjected to hydrolysis during food

processes which may cause excessive bitterness and decreases the sensory

quality of the products. In 1952, Murray and Baker (tgsz) noticed that the

hydrolysate made from gelatin and casein developed à bitter and

unpleasant taste, and the debittering treatment suggested that peptides

rather than free amino acids were responsible for the bitter taste. After

that abundant studies have demonstrated that hydrolysis significantly

influences the functional and sensory properties of the resultant

hydrolysates (Seo et a1.,2008; Humiski & Aluko, 2007; Jung et al., 2005;

Spellman et al., 2005; Aubes-Dafau et aI., Igg1i Kukman et al., lggb;

Bumberger & Belitz, 1993). Because food protein hydrolysates have a wide

range ofapplication in food production, their sensory properties are ofgreat

importance to consumer acceptability. However, many proteins such as

casein, whey, soy, and pea release bitter tasting peptides during the

hydrolysis process, which is a major concern and even an obstacle against

the acceptance of novel products (Humiski & Aiuko, 2007; okat et al., 7g7gi

Matoba et a1.,1970; Arat et aI., 7970).
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Structure-activity relationship studies have partially revealed the

structural aspects related to bitter taste. It is shown that bitterness was

associated with the hydrophobic amino acids of released peptides. Ney

(tgZt) concluded that peptides <6 kDa having a high content of Leu, Phe,

Pro, Tyr, Ile, and Trp residues were more likely to be bitter. Matoba and

Hata (1972) reported that bitterness developed in peptides with high

content of hydrophobic amino acids, which contributed independently and

irrespective of their sequence and steric confrguration. Bulky hydrophobic

amino acids at the C-terminal and bulky basic amino acids at the

N-terminal being highly related to bitterness were reveaied by quantitative

structure-activity relationship (QSAR) study ßim & Li-Chan, 2006). Cho

et al. (2004) reported that bitterness of fractionated peptides was related to

molecular mass. In their study, maximum bitterness was observed at

approximately 4 kDa in one soy protein hydrolysate and 2kDa in another.

Peptide fraction with molecular mass of <1 kDa showed lowest bitterness.

It has been shown that the bitter taste exhibited by a peptide is also

affected by the number of carbons or the hydrophobicity of the side chain

(Ishibashi et a1.,1988). For a peptide to exhibit bitterness, the side chain of

the amino acid should contain at Ieast 3 carbon atoms. Bitterness formation

during the hydrolysis seems to be related with the type of enzyme used as

well (Humiski & Aluko, 2007; Í{im et al., Igg2).In a previous study, it was

Page | 70



reported that alcalase led to the highest bitterness property of some food

protein hydrolysates, whereas trypsin and neutrase gave relatively low

bitterness scores (Humiski & Aluko, 2007; Kim et al., 1992). It was

reported that alcalase produced highest content of hydrophobic amino

acids in the hydrolyzed peptides. Thermolysin is an enzyme with high

specificity for hydrolyzing peptide bonds at the N-terminal of hydrophobic

amino acids, and hence produce bitter peptides. In order to determine

potential levels of incorporation of the thermolysin hydrolysate into food

products, it is important to obtain information on the degree of bitterness

of various aqueous concentrations.

The objective of this study was to evaluate the bitterness property of

different concentrations of a thermolysin-hydrolyzed pea protein and to

examine the relationship between the bitterness and the composition of

amino acids.
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3.2 MATERIALS AND METHODS

3.2.1 Production of Pea Protein Hydrolysate

3-2-l.L Materials

Pea protein isolate (PPI, PropulserM) was a gift from Nutri-Pea Ltd.

(Portage la Prairie, Manitoba, Canada) and contained 82o/o protein, < 12%

carbohydrate, < 3% lipid, < 4o/o ash, and 6% moisture, according to the

manufacturer's analysis results. Pea protein isolate was exclusively made

from a mixture of seeds from the following varieties: Eclipse, Midas and

Golden (Nutri-Pea Ltd, personal communication, 2009). Production of PPI

involves a similar procedure to the one described by Sosulski and McCurdy

(tgSZ). In brief, the peas are dehulled and ground into flour which is

passed through a screen to separate the coarse fiber particles. The

flow-through flour is then extracted with a alkali solution, centrifuged and

the supernatant used for isoelectric protein precipitation. Thermolysin

(BacilLus thermoproteolyticus rokko) was purchased from Sigma (Sigma

Chemicals, St. Louis, MO., USA) and has an activity of 40 units/mg enzyme

powder.
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3.2.1.2 Methods

PPH was prepared in a reactor with temperature and pH control

devices. PPI was dispersed in distilied water to obtain a 6.0% (wiv) protein

slurry. After the slurry was heated to 55'C and adjusted to pH 8.0, O.5o/o

thermolysin (w/w, on the basis of protein weight) was then added to initiate

protein hydrolysis. The temperature and pH of the slurry was maintained

at constant values for 3 h. The hydrolysis was stopped by heating the

slurry at 95'C for 15 min. The hydrolysate was then centrifuged at

10,000xg for 25 min. The supernatant was further passed through a 3,000

Da molecular weight cut-off (MWCO) ultrafiltration membrane, and the

resulting permeate was collected and freeze-dried for later use.

3.2.2 Determination of Bitterness Scores

Bitterness evaluation was carried out using a human taste panel

with ethics approval obtained from the Joint-Faculty Research Ethics

Board of the University of Manitoba.

The evaluation was done according to a previous method (Edans e¿

al., 2005) which was slightly modified as foliows. A taste panel consisting of

six trained volunteers recruited from among the University of Manitoba

staff and students was used to determine the bitterness score of each

protein hydrolysates using quinine sulfate solution as a reference. Panel
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members were trained using a 30 min session to correctly score the

bitterness of 15 mL quinine sulfate solution at 3 different concentrations: 1)

0.5 mg/ml; Ð I mg/mli 3) 5 mg/ml. During actual test evaluation, PPH

solution at six different concentrations (0.625, I.25, 2.5, 5, 10, and 20

mg/ml-) were prepared, identified with 3-digit numbers, and presented to

the panel in random order using 5 mgiml quinine suifate solution as

anchor point. Each panei member was given 15 mL PPH solution and

instructed to put the solution in their mouth and swirl it around for 5 sec

before expectorating into a sanitary cup. Bitterness was then scored in

relation to that of the anchor solution using a 15 cm line scale. Tap water

and unsalted crackers were always provided to the panel members to rinse

their mouths between the samples and to be expectorated after rinse. Each

sample was evaluated in duplicate on each session for two separate

sessions to make a total four evaluations per sample per person.

3.2.3 Amino Acid Composition of Pea Protein Hydrolysate

The analysis was performed at the Department of Animal Science,

University of Manitoba according to the Association of Ofñcial Analyticai

Chemists (AOAC) Official Method 994.12. An HPLC system was used to

determine the amino acid compositions of PPI and PPH after the sample

was hydrolyzed with 6 M HCI according to the method of Bidlingmeyer et
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al. Og8ù. The cysteine and methionine contents were determined after

performic acid oxidation (Gehrke et aL, 1985) and tryptophan content was

determined after alkaline hydrolysis (Landry et al-,1992)'

3.2. 4 Statistica-l analysis

Data was analyzed using general linear model of ANovA followed

by Duncan's multiple range test using SAS (SAS, USA). P < 0.05 was

considered as statisticaliy signifrcant.
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3.3 RESIILTS

3.3.1 Bitterness Property of Pea Protein Hydrolysate

The ideal way for quantification of hydrolysate bitterness is to use

sensory evaluation panels (Kim e¿ al., 2008i Edans et a1.,2005; Spellman eú

al., 2005), even though this is a time and labour consuming method and

requires appropriate numbers of panel members and training to detect

bitterness in order to obtain statistically relevant data (FitzGerald &

O'Cuinn, 2006).

Figure 3 shows that bitterness of enzymatic PPH decreased with

reduced hydrolysate concentration. According to their concentrations,

sample A, B, C, and D each was significantly bitter than the lower

concentrated one. However, when concentration was reduced to 2.5 mgiml

(sample D), which could be the minimum ïesponse threshold (MRT) in this

study, no bitterness difference among the lower concentrated samples

(sample D, E, and F) could be detected. At the highest concentration of 20

mg/ml, bitterness score was 6.0 when compared to 15 for the 5 mg/ml

quinine solution.

NALPE is a strong bitter peptide derived from soybean with MRT of

0.074 mM, and its analogues, NALPL, NALPW, NALPS, and NALPR were

reported to have MRT values of 0.149, 0.105, 0.25, and 0.42 mM,
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respectively (Ki* et aI., 2008). Structural analysis revealed that the

presence of a polar group and hydrophobic bitter amino acids, the

composition of hydrophobic regions, the spatial orientation of the polar

group and hydrophobic regions may be the major determinants for the

taste type and bitterness intensity. Three bitter peptides, namely I4e-N68,

J4e-Ke7, and G203-V20e, were identified from ß-casein hydrolysate. Threshold

of the hydrolysate and the peptides \¡/as 2.67, I.0, 1.5, and 0.175 mgiml

respectively (Bumberger & Belitz, 1993). It is interesting to notice that the

more hydrophobic peptide I4e-N68 was less bitter than las-Ke7, and this may

suggest that hydrophobicity alone does not responsible for bitter potency.

ln another study reported by Toelstede and Hofmann (ZOO8), a large

amount of bitter peptides were formed by proteolysis of casein, among

which 12 showed pronounced bitter taste with recognition threshold

between 0.05 and 6.0 mM. Bovine hemoglobin hydrolysate with different

enzymes exhibited a strong bitter taste concentrated in the fraction of

molecular weights between 0.5-5 kDa which matched with Ney's theory

that bitter peptides had a molecular weight below 6 kDa (Aubes-Dufau &

Combes, 1997; Aubes-Dufatt et aI., IggS). One bitter peptide corresponding

to fragment 32-40 of the ß-chain of bovine hemoglobin was identified as

V\,'YPWTQRF, and exhibited bitterness at 0.25 mM equivalent to 0.073

mM quinine suiphate or 21mM caffeine (Aubes-Dufau et al., 1995). In a
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previous study conducted in Dr. Aluko's lab, bitterness scores of PPH (3%

wiv) catalyzed by o-chymotrypsin, trypsin, papain, flavourzyme, and

alcalase were reported to be about 4.5, 7, 3, 8, and 11, respectively

(Humiski & Aluko, 2007). In a similar study comparing the effects of

different enzymes on bitterness, neutrase and papain did not produce

bitter hydrolysates from bovine hemoglobin, whereas aicalase produced

hydrolysate with most bitter taste followed by pepsin and proctase

(Aubes-Dufau & Combes, 1997). Alcalase hydroiysate of soy protein was

detected to have highest bitterness compared to soy protein hydrolysate

produced by neutrase, bromelain, protamex, papain, whereas flavourzyme

hardly produced any bitterness (Seo et aL.,2008).

PPH produced from current study exhibited moderate bitterness

compared with hydrolysates/peptides from other food proteins reported in

previous studies. When compared with PPH produced from other enzymes,

thermolysin resulted in less bitter hydrolysate than alcalase, similar ones

with trypsin and flavorzyme, and more bitter ones than o-chymotrypsin

and papain. Thermolysin specifically catalyzes hydrolysis of peptide bonds

containing hydrophobic amino acids, which may be responsible for the

formation of hydrolysate containing peptides with hydrophobic amino acid

residues, and hence moderate bitterness of the whole hydrolysate.
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3.3.2 Amino Acid Composition Analysis

Amino acid compositions of PPi and PPH are determined and shown

in Table 12. Like in other seed proteins, aspartic acid and glutamic acid

constitute a large portion of pea protein. Lys and Arg present in high

concentration in pea, as previously stated in Chapter 2. Percentage of ali

amino acid residues was found similar in PPH and PPI which indicated

that enzymatic hydrolysis did not significantiy alter amino acid

composition of pea protein. This is in agreement with previous studies that

different enzymatic hydrolysis resulted in significantly altered peptide

fragments but only slightly changed amino acid composition (Cheng et al.,

2009; Humiski & Aluko, 2007; Byun & Kim, 2001; I{im et al.,20OI).

Previous research showed that hydrophobic and aromatic amino

acids contribute to the bitterness of enzymatic hydrolysate. Such amino

acids are known to include Leu, Ile, Phe, Pro, Val, Tyr, and Trp. Gordon

and Speck (fg6S) isolated bitter peptide fractions from whey protein, and

components were identifred to include hydrophobic amino acids Leu, Ile,

Phe, Pro, and Val. The bitter peptide isolated by Carr et al. (fgS6) from

tryptic hydrolysates of casein contained Val, Pro, Tyr, Leu, Ile, and Ala.

Ichikawa et al. (tgSg) isoiated a bitter peptide after treatment of casein

with a proteinase from B. subtilis, and this peptide mainly contained Leu,

Met, Pro, Phe, Tyr, and Thr. Fourteen low molecular mass hydrophobic
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Figure 3. Bitterness evaluation of thermolysin catalyzed pea protein

hydrolysate (<g kDa) at various aqueous concentrations.
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bitter peptides containing 3-6 amino acid residues were isolated from

soybean protein, and sequence analysis identified that they were

predominantly composed of hydrophobic amino acids such as Leu, Val, and

Tyr (Kukman et al., 1995). One bitter peptide isolated from bovine

hemoglobin had a high number of hydrophobic amino acid residues and a

Phe locating at the C-terminal, which met the requirements for tasting

bitter (Aubes-Dufau et al.,Igg5).

The results of the present study are comparable to those of previous

works. It is obvious that except Trp, which is less than I% in both PPI and

PPH, other hydrophobic amino acids (Leu, Ile, Val, Phe, Pro, Tyr) are all

present at a relatively high concentration, especially Leu, which is 9.91%

in PPH. Therefore, it confirms that hydrophobicity is a major factor

contributing to the bitterness ofpeptides.
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Table 12. Amino acid composition of PPI and PPH.

Amino Acid PPI (%) PPH (%)

Aspartic acid

Glutamic acid

Serine

Glycine

Histidine

Arginine

Threonine

Alanine

Proline

Tyrosine

Valine

Methionine

Cysteine

Isoleucine

Leucine

Phenylalanine

Lysine

Tryptophan

11.81

16.54

5.72

4.09

t.7 4

8.6

3.48

4.34

5.49

3.78

5.19

T.T2

0.87

4.73

8.79

5.49

7.35

0.83

13.79

13.92

6.2

.f./o

1.61

6.83

3.6

5.01

5.15

3.87

5.63

0.91

0.24

5.43

9.91

7.4L

6.1

0.68
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3.4 CONCLUSION

Bitterness of PPH decreased with lowered concentration until 2.5

mg/ml, under which no more bitterness change was detected. PPH had a

relatively high content of hydrophobic and aromatic amino acids, such as

Leu, Ile, Phe, Pro, Tyr, which contribute to its bitterness. It is concluded

that thermolysin hydrolyzed PPH has a moderate bitterness compared to

the hydrolysates/peptides derived from other food proteins, or PPH

catalyzed by other enzymes, and this bitter taste arises from the

hydrophobic character of the peptides within PPH.
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CIIAPTER 4

BIOAVAII,ABILITY AND SHORT.TERM INFLUENCE OF PEA PROTEIN

TIYDROLYSATE ON ACE AND ANGIOTENSIN II IN NORMATENSIVE

RATS

4.1 INTRODUCTION

In vitro activity of bioactive peptides does not necessarily equai to in

uivo actlity. Bioavailability, from certain aspects, determines the efficacy of

bioactive peptides in vivo. There is plenty of scientific evidence that small-

size bioactive peptides are capable of resisting digestive enzymes during

passage through the GIT, and being absorbed and delivered intact to target

organs to exert their efficacy. However, bioavailability should always be

confrrmed before conclusions about potential in uivo efficacy can be drawn.

Many studies have been conducted to investigate the short-term

antihypertensive effects of bioactive peptides derived from food proteins

(Katayama et al., 2007; Li et al., 2007) Nakano et aL.,2006). Because of the

rapid digestion, absorption, and metabolism system of the rats, decreased BP

can be monitored just hours after oral administration and effects can last up

to 24 h. Inhibition of key disease biomarkers, enzymes, and presence of

peptides in tissues can be detected as well.

Long-Evans rat model was developed by crossing Wistar female with

wild gray male rats. It is a general multipurpose model which is frequently
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used in behavior and metabolism studies. This study was the first one of its

kind to use this rat model to exam the bioavailability of bioactive peptides

from pea protein and their short-term effects on ACE activity and

angiotensin II level in uivo.

The objective was to determine the bioavailability of PPH peptides by

measuring the ACE activity and levels of angiotensin II in the plasma and

major organs. If peptides present in the pea protein hydrolysate were

bioavailable, it would be reflected as changes in the levels of measured

parameters of treated rats when compared to the control rats that did not

receive the PPH treatment. This experiment was necessary before we could

embark on a long-term study to determine antihypertensive effects of the

PPH in an animal model.
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4.2 MATERIALS AND METHODS

4.2.1 Pea Protein Hydrolysate Preparation

PPH was prepared as described in section 3.2.I.

4.2.2 Animal Treatment

All animal procedures were approved by the University of Manitoba

Committee on Animal Care and were in accordance with the guidelines of the

Canadian Council on Animal Care.

Eighteen adult Long-Evans rats were maintained on standard chow

diet for one week with free access to food and water before the experiment.

Prior to oral administration of the PPH, rats were fasted for 6 h to minimize

interference by peptides that might be arise from digestion of protein in the

animal feed. However, during the fasting period, rats had free access to water.

Treated rats were divided into two groups. One group was given 1 mL of 500

mg/ml PPH, which was dissolved in saline solution, by oral gavage whereas

the other group received 1 mL of 1000 mg/ml hydrolysate. Rats in the control

group were given oniy 1 mL of the saline solution. Rats were euthanized 2 h

after oral administration. Brains, hearts, lungs and kidneys were collected,

weighed, and frozen at -80'C until use. Blood was collected into heparinized

tubes through heart puncture immediately prior to death, centrifuged at

1,500xg for 15 min, and plasma was collected and stored at -80'C until use.

Page I 86



4.2.3 Preparation of Tissue Extract

4.2.3.1Materia-ls

Rat organs were obtained as indicated in section 4.2.2. Tris-HCl (50

mM, pH 7.Ð containing 0.3 M NaCl, and Tris-HCI (SO mM, pH 7.9)

containinS 0.5% Triton X-100 were prepared and stored appropriately before

use.

4.2.3.2 Methods

Tissue extract v/as prepared according to Takai et aI. (ZOOf) with the

following modifrcations. The frozen rat organs were weighed, chopped into

small pieces and then homogenized using an ultra disperser in 50 mM cold

Tris-HCl (pH 7.9) containing 0.3 M NaCl for 30 sec (4 mLlg organ), put on ice

to chill, and homogenized for 30 sec again. The two steps (homogenization

and chilling on ice) were alternated until the tissue became liquefied. Tissues

'were then rested on ice for 1 min to chill. Suspension was filtered through

cheesecloth, and the frltrate was collected in a container buried in ice. The

fi.ltrate was centrifuged at 44,000xg for 90 min at 4"C, and the supernatant

was discarded. The pellets were then suspended in the same cold Tris-HCI

buffer Ø mLlg of original organ), centrifuge d at 44,000xg again for 90 min at

4"C and supernatant discarded. The pellets were suspended in the 50 mM

cold Tris-HCl buffer (pH 7.9) containing 0.5% Triton X-100 @ mLtg of original

organ) and chilled on ice. After t h the suspension was centrifuged at 1,000xg
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for 10 min at 4"C and the supernatant, which was called the rat tissue extract,

was ready to be used for further assays.

4.2.4 Determination of Protein Content in Animal Tissues

4.2.4.1Materials

Rat tissue extract was obtained from step 4.2.3. Reagent Ae% NazCOs,

O.4% NaOH, 0.16% sodium tartrate, 1% sodium dodecyl sulfate) and reagent

g (+Y, CuSO¿.5HzO) were prepared and stored at room temperature. Reagent

C (100 parts reagent A mixed with 1 part reagent B) was prepared on the day

of analysis. Bovine serum albumin (BSA) and Folin'Ciocalteu phenol reagent

were purchased from Sigma (Sigma Chemicals, St. Louise, MO., U.S.A.).

4.2.4.2 Methods

Standard solutions containing 10-100 pg/ml BSA protein

concentration were prepared. An aliquot (10 ¡rL) of tissue extract was taken

and diluted to 1 mL using phosphate buffered saline (PBS). An aliquot (S mL)

of reagent C was added to each of the standard and tissue extract and

incubated at room temperature. After t h, 0.3 mL diluted Folin-Ciocalteu

phenol reagent (t:t mixed with MilliQ water) was added and mixed

vigorously using a vortex. The standards and samples were allowed to stand

at room temperature for 45 min before absorbance was measured at 660 nm.

A standard curve was drawn with standard concentrations on the X-axis

versus absorbance on the Y-axis. An equation was obtained from standard
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curve and used to calculate the real concentration of samples. Protein content

of rat tissue extract was calculated from the equation.

4.2.5 ACE Inhibition Assay

4.2.5.I Materials

Rat tissue extract

histidinyl-leucine (I{Hl-)

Louise, MO., U.S.A.).

4.2.5.2 Methods

was obtained from step 4.2.3. ACE and hippuryl-

were purchased from Sigma (Sigma Chemical, St.

ACE activity was determined according to Cushman and Cheung

(Cushman & Cheung, 1971) with modifications. HHL was prepared at

concentration of 4.15 mM using 0.1 M sodium borate buffer containing 0.3 M

NaCl (pH S.3). At 37'C, 100 ¡rL rat tissue extract was pre-incubated for 10

min. For control, rat tissue extract was replaced with 100 ¡-rL of PBS

containing 10 mU commercial ACE. HHL was pre-incubated at 37'C for 3

min before an aliquot of 150 ¡rL was added into animal tissue extract (sample)

or PBS (control) and incubated at 37"C. The reaction was terminated after 30

min by adding 250 ¡rL of 1 M HCl. Ethyl acetate (SOO ¡it-) was then added to

the reaction mixture and vortexed vigorously for 1 min to extract hippuric

acid (FIA) liberated by ACE. After centrifugation at 5,000xg for 10 min, 200

pL of the upper layer was transferred into a clean tube and dried by nitrogen

flow. Then 1 mL MilliQ water was added into the tube to dissolve the residue

and absorbance at 228 nm was measured. Absorbance of animal tissue
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extract was compared with that of commercial ACE, and relative ACE

activity in the tissue (per mg protein) was calculated.

4.2.6 Angiotensin II Assay

4.2.6.I Materials

Rat tissue extract was obtained from step 4.2.3. HPLC grade

acetonitrile and trichloroacetic acid (TCÐ were purchased from Fisher

(Fisher Scientific, Ottawa, ON, Canada). Ang:iotensin II and HPLC grade

trifluoroacetic acid (TFÐ was purchased from Sigma (Sigma Chemical, St.

Louise, MO., U.S.A.).

4.2.6.2 Methods

Rat tissue extract was first heated in boiling water for 5 min and

cooled to room temperature. An aliquot of animal tissue extract was

combined with an equal volume of 50 g/L TCA solution, centrifuged at

10,000xg for 10 min and the supernatant was analyzed for angiotensin II

level by an HPLC method with modifrcations as follows (Takai et a1.,2001).

Detection of angiotensin II level in the animal tissues was conducted

using a HPLC method. 1) After injecting 10 pL of 450 ¡rM commercial

angiotensin II or 200 pL of rat tissue extract into a Symmetry@ 3.0 x 150 mm

5 pm C18 column which was coupled to a Waters HPLC system (Waters,

Mississauga, ON), elution was carried out with a linear gradient of

acetonitrile (ZO-+Ty" over 20 min containing 0.05% v/v TFA). Intensity was

monitored and recorded at 210 nm. Column was \À/ashed between each
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injection by increasing acetonitrile to 100% and kept for 10 min ensuring no

prominent peak was ever detected during the regeneration of the column. 2)

Angiotensin II spiking test: About 0.5 mg commercial angiotensin II was

added to the rat tissue extract, and then 200 ¡rL was injected and eluted on

the column using the same methods as previously described. Retention time

and integrated area were obtained using the software (Empower 2) to

compare the peaks and do the calculations.

4.2.7 Statistical analysis

Data was analyzed using general linear model of ANOVA followed by

Duncan's multiple range test using SAS (SAS, USA). P < 0.05 was considered

as statistically significant.
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4.3 RESULTS

 .3.LEffect of Pea Protein Hydrolysate on ACE Activity

Results were similar for both kidneys with about IT% Iower ACE

activities in rats fed with PPH compared with those fed with saline only.

There was a significant decrease (p<0.05) m aCn activities in brains of rats

fed hydrolysate compared to those fed saline, although significant difference

was not observed between the two hydrolysate groups e.e8 + 0.11, 3.05 t

0.39, and 3.98 x 0.26 mU/mg protein in 500 mg, 1000 mg, and saline,

respectively). ACE activities were decreased by about 28 and Izyo,

respectively, in 500 mg and 1000 mg treated rats compared with the saline

treated rats. ACE activity in lung was still high even after inhibition with the

PPH, about twice the activity compared to that in the other organs, which

was in accordance with the fact that lung is one of the primary organs where

ACE is abundant. Compared with the rats given saline, ACE activities in the

lungs of rats given hydrolysate were significantly lower (p<0.05) and dose-

dependent, with about 18% and 26% lower when fed 500 and 1000 mg

hydrolysate (8.29 t 0.48, 7 .5L ! 0.68, and 10.38 + 0.99 mU/mg protein in 500

ng, 1000 mg, and saline, respectively). ACE activities in the hearts and

plasma of rats treated with PPH \¡rere not signifrcantly different from those
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that received saline. Effects of PPH on ACE activities in each of these organs

were shown in Figures 4-9.

Many previous studies demonstrated that food protein

hydrolysates/peptides were bioavaiìable and could exert effects in a relatively

short term (Matsui et al., 2004; Fujita et al., 2001; Shin eú al., 2007, Suetsuna

& Nakano, 2000; Fujita et a1.,2000; Saito et a1.,2000). Katayama et al. (ZO0l)

and Qian et al. QOOI) each reported that after administration of 10 mg/kg bw

peptides derived from porcine skeletal muscle and tuna dark muscle to SHR,

systolic blood pressure (SBP) was decreased by 24 mmHg and about 18

mmHg, respectively, at 3 h. Sesame protein hydrolysate could reduced SBP

by 30 mmHg 8 h after 1 mg/kg bw administration in SHR (Nakaono et al.,

2006). A sample of WE8OBG derived from whey protein showed a strong

hypotensive activity (SBP reduced by 2I.2 mmHg after 6 h) at 2 rrrglmL

(Murakamt et al., 200Ð. Tokunaga et aI. (ZO0+) reported dose-dependent

antihypertensive effect of royal jelly hydrolysate in SHR after t h of

administration (Sgp decreased 0.8, 8.9, and 18.4 mmHg after administration

of 10, 50, and 100 mg/kg bw). Antihypertensive effects (mean BP reduced by

19.2 mmHg) showed as early as 8 min after injecting SHR with 5 mg/kg bw

wheat germ hydrolysate (Matsur et a1.,2000).

Studies detecting ACE activities in animal tissues after administration of

bioactive peptides are few. Masuda et aI. (fgge) observed signifrcantly lower

ACE activities in lung and aorta extract from SHR given Calpisttvt sour milk
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than activities from those given saline 6 h after oral administration, but not

in the other organs. In normotensive WKY Wistar-Kyoto rats, no difference

was detected. In Long-Evans rats in our study, significant differences of ACE

activities were only detected in lung and brain tissues, which were organs

that have abundant level of ACE. Previous studies showed that aorta was a

significant target organ for hypertension by ACE inhibitors (Takai et al.,

2004; Masuda et al., 1996). However, we did not collect the rat aorta in this

study.

Page I 94



Figure 4. Effects of pea protein hydrolysate on ACE activity in ieft kidney of

Long-Evans rats 2h aft,er oral gavage.
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Figure 5. Effects of pea protein hydrolysate on ACE activity in right kidney of

Long-Evans rats 2h after oral gavage.
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Figure 6. Effects of pea protein hydrolysate on ACE activity in brain of Long-

Evans rats 2 h after oral gavage.
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Figure 7. Effects of pea protein hydrolysate on ACE activity in lung of Long-

Evans rats 2 h after oral gavage.
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Figure 8. Effects of pea protein hydrolysate on ACE activity in heart of Long-

Evans rals 2 h after oral gavage.
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Figure 9. Effects of pea protein hydrolysate on ACE activity in plasma of

Long-Evans rats 2h after oral gavage.
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4.3.2 Effect of Pea Protein Hydrolysate on Angiotensin II Level

Figure 10, 11, and 12 shows the HPLC chromatographs of commerciai

angiotensin II, angiotensin II from rat tissue extract, and rat tissue extract

with added commercial angiotensin II (spiked sample), respectively.

Retention time of commercial angiotensin II and angiotensin II from rat

tissue extract was 6.364 and 5.856 min, respectively, which were very close

but not identical. This is because the pure angiotensin has no interfering

compounds whereas the rat tissue extracts also contain other peptides which

could have shifted the elution time to be slightly different from that of

commercial angiotensin II that was dissolved in pure buffer. Result from

spiking test showed the same retention time of tissue extract with added

commercial angiotensin lI as that of pure rat tissue extract. Therefore, it is

evident that the peak showing at 5.856 min is angiotensin II. However,

spiking with 0.5 mg commercial angiotensin II could overload the peak and

caused the peak to be eluted out earlier. Further confirmation of angiotensin

II can be performed using LC-MS/I\{S by looking at the molecular weight and

amino acid sequence of the compound.

Angiotensin II level in kidneys, lung, brain, heart, and plasma is

shown in Figures 13-18. Generally, angiotensin II level followed similar

pattern as that of ACE activity. In kidneys and brains, although 500 and

1000 mg hydrolysate gïoups showed lower angiotensin II level than that of
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saline group, it was not signifrcant. In lung, there was a dose-dependent

decrease of angiotensin II level with a significant difference between saline

and 1000 mg groups (rgz.z + II.79, 787.47 + 11.98, and 255.39 t 19.82

¡rmol/mg protein in 500 mg, 1000 mg, and saline groups, respectively).

Angiotensin II level in plasma was similar as that in lung, with 4.6% and

17 -3% decrease of angiotensin II level in 500 and 1000 mg groups, and the

reduction in 1000 mg group was statistically significant (8.78 + 0.45, 7.61 +

0.53, and 9.2 ! 0.33 pmol/ml plasma in 500 mg, 1000 mg, and saline groups,

respectively). These results agree with previous ACE activity results and the

facts that angiotensin II is converted from angiotensin I under the action of

ACE, and after production it is released and primarily circulates in blood.

Similar studies have provided scanty information on the level of angiotensin

II in organs after administration of bioactive peptides, which makes it

diffrcult to compare our results with previous works.
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4.4 CONCLUSION

Results from this study showed that 2 h after administration of pea

protein hydrolysate, ACE activities in rat lung tissues were dose-dependently

inhibited and led to decreased angiotensin II level in both lung and plasma.

Interestingly, the PPH was more effective against ACE in the lungs, which is

the location where most of the enzyme is synthesized. The PPH seems to be

less effective in organs that do not contain high levels of ACE. It is indicated

that thermolysin hydrolyzed pea protein contained peptides mixture that was

abLe to escape GIT enzyme-dependent digestion, pass through GI barrier, be

absorbed into the circulation, and reach target organs to exert effects. We

confirmed that the actions of these peptides could induce in vivo ACE

inhibition and subsequent reduction of angiotensin II level on a short-term

basis. Therefore, the potential therapeutic effects in a disease model were

examined in the next series of experiments as documented in Chapter 5 of

this thesis.
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Figure 10. HPLC chromatogram of 10 pL of 450 ¡"LM commercial angiotensin

II.
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Figure 11. HPLC chromatogram of 200 pL lung tissue extract of Long-Evans

rats.
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Figure 12. HPLC chromatogram of lung tissue extract of Long-Evans rats

with 0.5 mg added commercial angiotensin II.
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Figure 13. Effects of pea protein hydrolysate on angiotensin II level in left

kidney of Long-Evans rats 2 h after oral gavage.
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Figure 14. Effects of pea protein hydrolysate on angiotensin II level in right

kidney of Long-Evans rats 2 h after oral gavage.
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Figure 15. Effects of pea protein hydrolysate on angiotensin II level in brain

of Long-Evans rats 2 h after oral gavage.

Angiotensin II Level in
Brain

)-r
. F.{

o-P
oc,

P.
ho
H

o
-1ì-t

200

150

100

50

0

saline 500mg 1000mg

Page | 109



Figure 16. Effects of pea protein hydrolysate on angiotensin II level in lung of

Long-Evans rats 2h aft,er oral gavage.
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Figure 17. Effects of pea protein hydrolysate on angiotensin II level in plasma

of Long-Evans rats 2 h after oral gavage.
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Figure 18. Effects of pea protein hydrolysate on angiotensin II level in heart

of Long'Evans rats 2h aft,er oral gavage.
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CIIAPTER 5

LONG-TERM A}]TIITTPERTENSIYE EFFECTS OF PEA PROTEIN

TTTDROLYSATE IN POLYCYSTIC KIDNEY DISEASED RATS

5.1 INTRODUCTION

Chronic kidney disease (CKD) is always accompanied by elevated Bp

and approximately 80% of CKD patients wiìl develop hypertension at some

point. From one aspect, fluid retention can be caused by reduced kidney

function due to poor controi of sodium and fluid. More importantly, injured

kidney can lead to activated RAS, which is responsible for BP regulation in

human body. As a result more renin and ACE proteins are made, which leads

to increased production of angiotensin II and elevated BP.

The Han:sPRD-cy rat is a rat model that geneticaily develops

autosomai dominant polycystic kidney disease (ADPKD) in which

heterozygotes develop progressive cystic change, renal interstitial fibrosis,

inflammation, hypertension, and uremia in adult life (Cowley et al., rgg3).

Fema1e rats show much slower progression of histological and functional renal

injury than the male rats. Therefore, male rats which are moïe seriously

affected are preferable than females to be studied in a relatively short period

of time. Previous studies that investigated antihypertensive activities of

bioactive peptides have used SHR. This study is the first one to use PKD rat
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model to study the effects of bioactive peptides on hypertension caused by

renal disease.

As stated in chapter 2, several bioactive peptides derived from pea

proteins have been shown to possess in uitro inhibition of ACE activity.

Research from Dr. A-luko's lab has shown renin and ACE inhibitory activities

of a PPH obtained from thermolysin-catalyzed hydrolysis of PPI. Thermolysin

is a heat-stable microbial proteinase which specifically hydrolyzes peptides on

the N-side of hydrophobic residues such as Phe, Leu, Ile, and val. These

hydrophobic amino acids, as substrates or inhibitors and when present at the

C-terminal, appear to be preferred by ACE (Cheung eú aL, 1g80). Therefore,

thermolysin is widely selected to release antihypertensive peptides from food

proteins. Thermolysin hydrolysates from many food proteins have been

reported to contain bioactive peptides with .¿¡ vivo antihypertensive effects

(Nakashim a et aI., 2002; Fujita et aI., 1995).

The objective was to investigate the long-term antihypertensive

effectiveness of PPH. In this study, thermolysin hydrolyzed pea protein was

fed to PKD rats for 8 weeks. Blood pressure, ACE, and angiotensin II level in

the tissues were examined to determine the hypotensive effects of PPH.
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5.2 MATERIALS AND METHODS

5 -2-L P ea Protein Hydrolysate Preparation

PPH was prepared as described in section 8.2.1_

5-2.2 Arljmal Diet Formulation

F'our different rat diets, 'casein', 'PPI', 'hydrorysate b (h5)', and

'hydrolysate 10 (hfO)', weïe prepared. AIl diets contained 3g.7bolo cornstarch,

L3.2% dex cornstarch, 10% sucrose, 7o/o corn o1I, 5o/o fiber, 3.5% mineral mix,

1% vitamin mix, 0.3% L-cystein, 0.25c'/o choline bitart, and 0.0014%o tertiary

butylhydroquinone (TBHQ), Besides, 'casein', 'PPI', 'hb', and.'h10' diets each

contained 20% casein , 20 % PPI, 19.5% casein with 0.b% ppH, and 1g% casein

with 1% PPH as protein sources, respectively. Diets were formulated based on

the AiN (American institute of Nutrition)-gBG guidelines for rodent diets to

meet gestation, lactation, and growth requirement, Compositions of the 4

different diets are summarized in Table 13.
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Table 13. Diet ingredients (%) of the 4 different diets.

Diet Group

Ingredient Casein Pea protein isolate Hydrolysate b Hydrolysate 10

Corn starch

Casein

Pea pro. iso.

Hydroìysate

Dex cornstarch

Sucrose

Corn oil

Fiber

Min. mix

Vit- mix

L-cys

Choline bitart

TBHQ

Total

39.75%

20%

73_2%

70%

nott/0

5%

3.5%

7%

0.3%

0_25%

0.0014%

700%

39.75%

20%

13.2%

10%

7%

5%

3.5o/o

7%

0,3%

0.25%

0_0074%

100o/o

39.75%

L9.5%

0.5%

13.2o/o

I0o/o

7%

5%

3.5%

7%

0.3%

0.25o/o

0_00L4%

too%

39.75%

79%

7%

13.2%

70%

7%

5%

3.5%

1%

0.3%

0.25o/o

0.0014o/o

700%
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5.2.3 Anima-l Treatment

All animal procedures were approved by the University of Manitoba

Committee on Animal Care and were in accordance with the guidelines of the

Canadian Council on Animal Care.

All Han:SPRD-cy rats \¡/ere obtained from the breeding colony

maintained by Dr. Harold Aukema, Department of Human Nutritionai

Sciences, University of Manitoba, Winnipeg. At 3 weeks of age, 72 weanling

male Han:SPRD-cy rats were randomly divided into 4 groups with 18 rats in

each group (5 normai, 13 diseaseÐ and fed one of the 4 diets for 8 weeks.

Rats were housed individually in hanging transparent plastic cages,

and kept in a controlled environment with temperature aL 2I-23C, 55yo

humidity, and 14 h light:tO h dark cycle. Food and water were provided ad

líbitum.

All rats were weighed weekiy. From week 4 to 8, 8 rats per group (3

normaì., 5 diseased) were randomly selected to measure BP using the tail cuff

method (IITC Mode] 29ssp, IiTC Life Science, Woodland Hills, CA., U.S.A.).

All rats used for BP measurement were trained 3 times within 1 week before

the experiment to get used to the experimental conditions, Ten rats per group

were randomly selected and placed in metabolic cage for 24 h at week 4 and 7.

Food and water intake were recorded, urine and feces were collected for other

analysis. At the end of 8 weeks, rats were anesthetized with a mixture of
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katemine and xylazine (9:0.9 mg/per 100 g bw) and blood was collected into

heparinized tubes through heart puncture- Lungs, kidneys, and livers were

collected, weighed and stored in -80"C freezer for analysis.

5.2.4 Preparation of Tissue Extract

Rat lungs and plasma \Ã/ere obtained as described in section 5-2.3. Rat

tissue extract was prepared as described in section 4.2.3.

5.2.5 Deternination of Protein Content in Animal Tissues

Rat tissue extract was obtained fuom step 5.2.4, Protein content in rat

tissue extract was determined as described in section 4-2-4.

5-2.6 ACE Activity Assay

Rat tissue extract was obtained from step 5.2.4. ACE activity assay was

performed as described in section 4.2,5.

5.2-7 Angtotensin II Assay

5-2.7.I Materiaìs

Rat tissue extract was obtained from step 5.2.4. Chemicals, buffers, and

HPLC system were the same as described in section 4.2.6.
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5.2.7.2 Methods

Rat tissues extract was heated in boiling water for b min and cooled to

room temperature. An aliquot of animal tissue extract was combined with an

equal volume of 50 g/L TCA solution, centrifuged at 10,000xg for 10 min and

the supernatant was analyzed for angiotensin II level by an HPLC method

with modifications as follows (Takai et a1.,2001). After injecting 10 ¡.iL of 4b0

pM commercial angiotensin II or 200 pL of animal tissue extract into a

Symmetry@ 3.0 x 150 mm 5 pm c18 column which was coupled to waters

HPLC system (waters, Mississauga, oN), a linear gradient Qo-qo6) ot

acetonitrile in water (with 0.05% v/v TFA) was used for elution at flow rate of

1 ml/min. Intensity of eluate was monitored and recorded at 210 nm. Column

was washed between each injection by increasing acetonitrile to 100% and

holding for 10 min to ensure no prominent peak was detected during

regeneration of the coìumn. Integrated areas of animal tissues were compared

with that of known concentration of commercial angiotensin II, and used to

calculate angiotensin II levels in the animal tissue extracts.

5.2.8 Statistical ana-lysis

Data was analyzed using general linear mode] of ANOVA followed by

Duncan's multiple range test using sAS (sAS, usA). p<0.05 was considered

as statistically significant.
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5.3 RESTILTS

5.3.1 Long-term Effects of Pea Protein Hydrolysate on the Development of

Blood Pressure of PKD Rats

The rats fed PPI did not gain adequate weight in comparison with those

in the other diet groups, and therefore, data was not used for analysis.

Possible reason could be that trypsin inhibitors, which exist in raw legume

proteins, reduced trypsin and chymotrypsin activity and bioavaiiability of the

pea proteins, and hence, interfered with the essential nutrition absorption.

However, trypsin inhibitors can be destroyed by heating and therefore was not

a problem in the diets that contained the PPH.

The effect of long-term intake of thermolysin catalyzed PPH on the

development of hypertension was compared in PKD rats fed with either casein

or hydrolysate diet- Figure 19 is a line chart showing systolic blood pressure

(SBP) changes for PKD rats fed casein and hydroiysate groups from week 4 to

8. For both hydrolysate (0.5 and 1%) groups, SBP values increased fuom week

4 to 5, which is probably due to the fact that the intensity of PKD has started

to increase but the hydrolysate had not been ingested long enough to suppress

BP increase.
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At the beginning of the experiment, all 3 groups displayed similar SBP

values (casein i48.8 t 5.4 mmHg, h5 138 + 4.2 mmHg, and h10 144 x 4.8

mmHg). It is obvious that ingested PPH started to suppress BP elevation from

the 6th week after administration. At week 6, significantly higher (p<0.05)

SBP was observed in casein group than that in the hydrolysate groups. This

hypotensive effect of pea protein hydrolysate was consistent for another 2

weeks till the end of the study. At week 7 and 8, SBP of both hydrolysate

groups kept being significantly ì.ower (p<0.05) than that of casein group. At

week 8, SBP was 170.4 + 3, 141 + 5.4, and 139.8 + 3 mmHg for casein, h5, and

h10 group, respectively- Decreases in SBP of 29.4 and 30.6 mmHg (more than

77o/o compared to casein group) were observed for group h5 and hlO,

respectively, at the end of the study. Thus, the thermolysin hydrolyzed PPH

was able to mitigate the development of hypertension that is associated with

PKD rats.

Figure 20 shows the diastolic blood pressure (DBP) changes in PKD

rats belonging to casein and hydroìysate groups from week 4 to 8- DBP

changes over this period of time resembled the trend as that for SBP. No

signifrcant difference was observed among the 3 groups during the frrst 2

weeks. However, at week 6, the casein group exhibited significantly higher

DBP than h10 group but not h5 group (Ag.S + 10.94, 73.73 t3.04, and62.7 +

1.88 mmHg for casein, h5, and h10, respectively), et week 7 and 8, DBP of
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casein group was significantly higher than both h5 and h10 groups (at week 7,

DBP was II2.2 + 8.42,86.88 + 6.95, and 85.8 t 6-38 mmHg for casein, h5, and

h10, respectivelyi at week B, DBP was 109.5 + 8.85, 84.8 t 2.95,83.34 + 4.98

mmHg for casein, h5, and h10, respectively). Compared to casein group,

hydrolysate groups reduced DBP about 23o/o-

After SHR were given sour milk for 17 weeks, SBP was reduced by 37

mmHg and DBP was reduced 17 mmHg (Miguel et a1.,2005). Sato ef al. (ZOOZ)

observed 17 mmHg decrease of SBP after feeding the male SHR either 0-1 or

1% wakame hydrolysate for 10 weeks. Sipola et al. (2002) gane male SHR 0.4

mg IPP and 0.6 mg VPP per day for 14 weeks and observed decreased SBP by

21 mmHg. When a mixture of iPP and VPP was given to normal female

Waistar rats at 2.5-3.5 mg/kg/d, SBP was detected to be 12 mmHg lower after

12 weeks (Sipola et al., 2001). When female SHRs were fed soy protein

hydrolysate at 100 and 1000 mg/kg bw for 1 month, theìr SBP were lowered by

37,8 and 39 mmHg (Wu & Ding, 2001). Astawan et al. (J995) reported that the

SBP of SHR was signifrcantly decreased when as much as 5 g of crude peptide

from Indonesian dried-salted fish/kg of bw/d was fed orally for 16 d- Though

we used a different rat disease model, our results are similar or better than

those reported for SHR in terms of BP reduction.

Page | 722



5.3.2 Effect of Pea Protein Hydrolysate on ACE Activities in Tissues

The ACE activities in lung and plasma of PKD rats are shown in Figure

21 and Figure 22. 
^CE 

in lung showed much higher activities than that in

plasma, and this agrees with the fact that ìungs are one of the major tissues

that produce ACE protein molecules. In lungs, the casein group showed higher

ACE level than the hydrolysate groups, though the ùifferences were

statistically not significant (p>0.05), In plasma, the h10 group showed highest

ACE activity but not significant from the other 2 groups either.

ACE is a key enzyme in the RAS, together with renin, regulating

human BP- It was found that renin gene expression was decreased in the

kidneys of PKD rats fed PPH compared to those fed casein (Dr. Aluko,

personal communication)i therefore, it was possible that ACE activities

increased to compensate for the down-regulation of the RAS caused by lowered

renin expression. It was also observed that ACE gene expression in the

kidneys of PKD rats fed hydrolysate was elevated compared with that of the

rats fed casein (Dr. Aluko, personal communication), which may be

responsible for the elevated plasma ACE Ìevel obtained in this work.

Previous studies have showed inconsistent results regarding ACE

activities in different organs after peptides administration (Nakano et al.,

2006; Masuda et a1.,1996). In addition to the ACE assay method, other factors
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Figure 19, Sysiolic blood pïessure of polycystic kidney disease rats fed casein or two levels of pea protein

hydrolysate, All diets contained same \evel(20%) of protein.
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Figure 20. Diastolic biood pressuïe of polycystic kidney disease rats fed casein or two leveÌs of pea protein

hydrolysate. All diets contained same level QOyò of protein'
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such as rat model, health status of rats, feed dosage, duration of feeding,

etc. may also influence the results

5-3.3 Effect of Pea Protein Hydrolysate on Angiotensin II levels in Tissues

Figure 23 shows that angiotensin II level in lungs was higher in

PKD rats fed casein than those fed hydrolysate (g.Zg + 0.19 pmoVmg

protein in casein vs.2.57 t 0.25 and 3,08 t 0,19 pmoVmg protein in h5 and

h10, respectively), though the differences weïe statistically not significant

(p>0-05). However, in the plasma, PKD rats fed casein diet had

significantly higher (p<0.05) angiotensin II level than the hydrolysate

groups but there v/as no difference between the two hydrolysate groups

0+.ø+ t 0.45, 8.66 + 0.24, 8.2L + 0-36 pmol/mg protein in casein, h5, and

h10 groups, respectively, Figure 24)- As a vasoconstrictor, angiotensin II

circulates in the blood and its level is directly related to the BP level. The

lower levels of angiotensin II in the PPH groups agree with the SBP results

that showed both hydrolysate groups led to significantly lower (p<0.05) BP

values than the casein group after 8 weeks of diet consumption.
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Figure 21. ACE activities in lung of polycystic kidney disease rats at week

g*.
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Figure 22. ACtr activities in plasma of polycystic kidney disease rats at

week 8*-.
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Figure 23- Angiotensin II level in lung of polycystic kidney disease rats at

week 8".
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Figure 24. Angiotensin II level in plasma of polycystic kidney disease rats

at week 8".
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5.4 CONCLUSION

PPi can be hydrolyzed by thermolysin to produce a protein

hydrolysate with anti-hypertensive activities confirmed in a rat modei. The

development of hypertension in PKD rats rvas significantly attenuated in

both groups receiving the PPH, whereas the casein-only diet did not affect

BP- The effect was detectable after 5 weeks of administration, and

continued till the end of the study. ACE activities in both lung and plasma

were not significantly different among the groups probably because of the

compensating effects due to the decreased renin expression. In accordance

with the suppression of elevated BP of hydrolysate-fed rats was the

decreased angiotensin II Ìevel in plasma of the hydrolysate groups in

comparison with that of the casein group. However, there was no difference

in angiotensin lI levels in lung of rats from the 3 experimental groups.

This study indicates thai PPH contains peptides mixture that has

anti-hypertensive activities by suppressing expression of enzymes involved

in the RAS and leading to decreased angiotensin II level. This

anti-hypertensive activity is not reduced by GIT enzyme digestion after

oral administration, and can decrease BP on a long-term basis. Therefore

this PPH has the potency to be used as a hypotensive therapeutic agent in

diseased conditions, such as hypertension and CKD. To the best of our

Page | 131



knowledge this is the first study of its kind to demonstrate hypotensive

effects of a food protein-derived hydrolysate in a cKD animal model.
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CIIAPTER 6

PURIFICATION AND IDENTIFICATION OF BIOACTIVE PEPTIDES

FROM PEA PROTEIN IITDROLYSATE

6.1 INTRODUCTION

In addition to their nutritional contributions, food proteins are

increasingly being expected to make contributions in the area of functional

foods and nutraceuticals. Bioactive functional properties of proteins

determine their performance and behavior in the process of influencing

human health. Many studies have demonstrated that enzymatic hydrolysis

of food proteins can release peptides exhibiting various bioactivities and

lead to improved health status (Chan & Li-Chan,2007; Aihara et a1.,2005;

Horiguchi et a.1., 2005; Fujita et al., 2001; Kawasaki et a1.,2000; Kagawa et

al., 19961 Chabance et al., 1995). Functional properties of proteins can be

modified by changing its conformation and structure through physical,

chemical or enzymatic treatment. Particular attention has been devoted to

enzymatic hydrolysis using selective proteases compared with physical or

chemical modifications because of the more moderate hydrolysis conditions

as well as less or no undesirable side reactions and by-products associated

with enzyme-catalyzed reactions. Furthermore, enzymatic hydrolysis leads

to the breakdown of peptide bonds, and resultant peptides have smaller
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molecular size and less secondary structures than original intact proteins

and are expected to have increased permeability which is crucial for the

absorption in GIT. Functional properties depend on both the specifrcity of

the enzyme and the hydrolysis condition(s). Such conditions include pH,

temperature, enzyme:substrate ratio, duration of hydrolysis, substrate

concentration, and any interactive effects between these parameters.

Alcalase, which is produced by a selected strain of Bacillus Licheniformis,

cleaves peptide bonds with broad specificity and was shown to hydrolyze

peptides with hydrophobic amino acids such as Phe, Tyr, Trp, Leu, Ile,Val,

and Met at the C-terminal (Markland & Smith, 1971).It has been used in

several previous studies to produce protein hydrolysates (Seo et a1.,2008;

Li & Aluko, 2006i Li & Aluko, 2005i Aubes-Dufau & Combes, 1997).

As discussed in Chapter 2, multifunctional peptides are especiaily

important because they can be used to target multiple pathological

situations or to offer addictive beneficial effects for one situation. Manv

studies have been done to compare the effects of single versus dual

blockade of RAS using ACE inhibitors and angiotensin II receptor blockers

GRB) in the treatment of diabetic hypertension and nephropathy

(Schjoedt et a1.,2005; Jacobsen et al., 2004; Jacobsen et aL.,2003). It has

been shown that this treatment could offer synergistic blockade of RAS and

reduce both BP and aibuminuria, which was not obtainable with either
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monotherapy. In patients with essentiai hypertension, dual blockade tends

to be a safe and more effective treatment to lower BP from both long-term

and short-term aspects (Chrysant et a1.,20081Pool eú al.,2OO7, Waeber eú

al., 200I). Dual blockade treatment was also proved to benefit chronic

heart failure (McMurray et al., 2003). In non-diabetic renal disease

superior effects of duai blockade compared to single blockade were reported

in some studies (Mori-Takeyama et al., 2008; Campbell et al., 2003;

Ruilope et al-, 2000). It has been demonstrated that dual blockade can

decrease proteinuria more than single blockade, and long-term combined

therapy may be more renoprotective than monotherapy. However, it is

irrefutable that protection by combination of ACE inhibitor and ARB is

stiil incomplete and can lead to hyperkalemiai therefore, the most recent

emergence of combining renin inhibitor and ACE inhibitor (or ARB) may

afford a new strategy for RAS blockade (Epstein et al., 2009; Doulton &

MacGregor, 2009). Studies from Dr. Aluko's lab showed that a flaxseed

protein hydrolysate fraction could inhibit both ACE and renin activities

(Udenigwe et al., 2009). However, the current work is the first to report

natural food protein-derived peptides with inhibitory activities against

ACE, renin, and CaMPDEI.

Mass spectrometry (iVtS) is a powerful method for the

characterizatíon of biological molecules. After early reports of using MS to

Page | 135



obtain sequence information back to 1965, tandem MS (MS/I4S) combined

with database searching has become an attractive tool to identifu amino

acid sequence of unknown bioactive peptides derived from proteolytic

digestion (Gómez-Ruiz et a1.,2008; Quirós et a1.,2006; Tessier et aÌ.,2005;

Hernádez-Ledesma et al., 2005; Curtis et aI., 2002; Barber et al., lg6Sai

Barber et al., 1965b; Wulfson et a1.,1965). Tandem MS provides a way for

fragmenting mass-selected ions and measuring the m/z value of the

product ions that are produced by the fragmentation (Kinter & Sherman,

2000). However, sequencing is generaliy limited to low molecular weight

peptides. Purifrcation of individual peptide prior to analysis is required due

to the presence of large amounts of non-anaiyte peptides within the protein

hydrolysate and contamination with other proteins which may occur in any

phase of the experiment. Besides, compared with the other ionization

sources, electrospray ionization (ESI) requires considerable sample

purifrcation because it is overly sensitive to impurities. Therefore,

purifrcation procedures such as membrane filtration and HPLC are

necessary- Typically, after digestion and initiai separation, the hydrolysate

is separated and purified by HPLC and further purification is applied if

necessary. Next, the sample is chromatographically separated by liquid

chromatography and then directly introduced into the ESI source on a

mass spectrometer, which converts the aqueous phase ions to multiple
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protonated molecules in a gas phase. The MS records the mass to charge

ratío (mlz) value of the ions and allows selected ions to pass to the second

MS, where the ions undergo fragmentation to produce daughter ions for

sequence information.

Quantitative structure-activity relationship (QSAR) modeiing has

been extensively used in food science to estimate and predict the

activities/properties of peptides and proteins. It is particularly useful for

ACE-inhibitory peptides, antimicrobial peptides, and peptides with bitter

taste (Foltz et a1.,2009; Kim & Li-chan, 200G; strøm et al., 2o0r; Rekdal eú

al., 1999). wu eú at. (zooø) performed a QSAR study of ACE-inhibitory

peptides using a database constructed of 168 dipeptides and l4o

tripeptides, and concluded that amino acid residues with butky side chains

and hydrophobic side chains were preferred for dipeptides. The C-terminal

of tripeptides preferred aromatic amino acids while positively charged

amino acids were preferred for the middle position and hydrophobic amino

acids were preferred at N-terminal. Hydrophobic amino acids at

C-terminal and bulky amino acid residues adjacent to the C-terminal were

determined to be the major determinants of the intensity of bitterness of

di- and tripeptides using QSAR modeling (wu & Aluko, 2007). Basic idea

about QSAR is based on the fact that biological activitiesiproperties are

related to molecular variables, such as hydrophobicity, electronic
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attributes, steric properties, etc. Therefore, it can translate experimental

information on particular peptide and protein properties into more general

knowledge about physiochemical or biological mechanisms (Pripp et al.,

2005). Molecuiar structure of peptides and proteins in the database need to

be translated into numeric values that characl,eríze the molecules, and

identifrcation of amino acid sequences of the peptides and proteins is one of

the approaches to provide such useful information. Therefore,

identification of peptides and protein sequences is of great value for QSAR

modeling not only for estimate, but more importantly to predict and

develop more potency peptides and proteins.

Objectives of this study weïe to, 1) optimize the enzymatic

hydrolysis with alcalase to produce low molecular weight peptides (.1OOO

Oa); Z) obtain multi-functional cationic peptide fractions with activities

against ACE, renin, and CaMPDEI; 3) purifu pea protein-derived bioactive

peptides and identify amino acid sequences of the peptidesi 4) characterrze

the inhibitory activities of the purified peptides against ACE, renin, and

CaMPDE 1.
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6.2 MATERIALS AND METHODS

6 -2.L Pea Protein Hydrolysate Preparation

6.2.L.1Materials

PPI was the same as described in section 3.2.1.1.

6.2.1.2 Methods

PPH was prepared in a reactor with temperature and pH control

devices. PPI was dispersed in MilliQ water to obtain a 5% (wlv) protein

slurry. After the slurry was heated to 50'C and adjusted to pH 9.0 with I M

NaOH, 4o/o alcalase (w/w, on the basis of protein weight) was then added to

initiate the hydroiysis. The temperature and pH of the slurry was

maintained at constant values for 6 h. The hydrolysis was stopped by

adjusting the reaction mixture to pH 4.0. The hydrolysate was then

centrifuged at 10,000xg for 25 min- The srrpcrnatant was further passecl

through a 1,000 Da MWCO ultrafiltration membrane, and the resulting

permeate was collected and freeze-dried for later use.

6.2.2 Solid Phase Extraction (SPE)

6.2.2.L Materials

PPH (1 kDa permeate) was prepared as described in section 6.2-1.

The cation-exchange system (Bond Elut SCX cartridge, 60 mL column
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volume) was purchased from varian (varian Canada, Mississauga, oN).

The following elution solvents were prepared from analytical reagents:

0.5% (equal amount of methanol and 0.5% ammonium hydroxide), r.oo/o

(equat amount of methanol and 1.0% ammonium hydroxide), 7.5o/o (equai

amount of methanol and 1.5Yo ammonium hydroxide), z.oN (equal amount

of methanol and 2.0%o ammonium hydroxide), and 5.0% (equal amount of

methanol and 5.0o/o ammonium hydroxide).

6.2.2.2 Methods

sPE methods were provided by varian (varian canada, Mississauga,

ON). Ammonium hydroxide concentration in the elution solvents were

increased to increase the pH ofthe solvents so that cationic peptides can be

eluted out from the cartridge. PPH freeze-dried powder was prepared into

50 mg/ml in MilliQ water, and mixed with equal amount of 2o/o phosphoric

acid. The cation-exchange cartridge was activated by adding 40 mL of

methanol followed by 40 mL of MilliQ water. For peptide separation, first,

40 mL of PPH solution was loaded onto the cartridge, washed with 40 mL

2o/o formic acid thrice to remove any unbound peptides and then twice with

methanol to remove formic acid residues. Secondly,40 mL of each elution

solvent from lowest @.5%) to highest gradient (5olo) was loaded

consecutively onto the cartridge to elute the samplesi the eluted fraction

from each solvent was collected separately. After the highest (5Ø gradient,
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40 mL of 30o/o ammonium hydroxide was added to remove any remaining

compounds from the cartridge. The eluted fractions were each collected

evaporated, and freeze-dried. Cartridge was re-activated by washings with

methanol followed by MilliQ water before next use.

6-2.3Protein Content Determination of SPE Fractions

6.2.3.L Materials

Reagent A e% NazCOs, 0.4% NaOH, 0.16% sodium tartrate, 1%

sodium dodecyl sulfate) and reagent B (4o/o cuso¿.5Hzo) were prepared

and stored properly. Reagent C (100 parts reagent A mixed with 1 part

reagent B) was prepared on the day of analysis. Bovine seïum albumin

(BSÐ and Folin-Ciocalteu phenol reagent weïe purchased from Sigma

(Sigma Chemicals, St. Louise, MO., U.S.A.).

6.2.3.2 Methods

Standards (BSA) containing 10-100 pglmL of protein concentration

were prepared. Samples containing 10-100 pglml. of PPH was also

prepared. An aliquot (g mL) of reagent C was added to each of the standard

and PPH sample and incubated at room temperature. After t h, 0.8 mL

diluted Folin-ciocalteu phenol reagent (1:1 mixed with MilliQ water) was

added and mixed vigorously using a vortex. The standards and samples

were allowed to stand at room temperature for 45 min before absorbance
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was measured at 660 nm. A standard curve was drawn with standard

concentrations on the X-axis versus absorbance on the Y-axis. An equation

was obtained from standard curve and used to calculate the real

concentration of samples. Protein content was calculated as,

Real concentration
Protein content %= x 100%

Weighed concentration

6.2.4 AcB-Inhibitory Activity Assay of SPE Fractions

6.2.4.L Materials

six sPE fractions were obtained as described in section 6.2.2. ACE

and HHL were purchased from sigma (sigma chemical, st. Louise, Mo.,

u.s.A.).

6.2.4.2 Methods

ACE activity was determined according to cushman and cheung

(cushman & cheung, 1971) with modifications. ACE and HHL were

prepared with 0.1M sodium borate buffer (pH 8.3) containing 0.8 M NaCi

into 20 mU/mL and 4.15 mM, respectively. The final reaction mixture

contained 1 mg/ml sample, 4 mU ACE, and 3.875 mM HHL. At BZ.C, 50

pL of each sample was mixed with 50 pL ACE and pre-incubated for 10 min.

For control, 50 pL borate buffer was used instead of sample. HHL was

pre-incubated at 37'C for 3 min before 150 pL of it was added into the

samples and incubated together at 37'C for 30 min. The reaction was
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terminated after 30 min by adding 250 ¡ù 1 M HCt. The mixture was

mixed with 500 pL of ethyl acetate and vortexed immediately for 1 min to

extract HA liberated by ACE. After centrifuging at 5,000xg for 10 min, 200

pL of the upper solvent iayer was transferred into another tube and dried

by nitrogen. Then 1 mL MrlliQ water was added into the tube to dissolve

the residue and absorbance at 228 nm v/as measured. Percentage of

inhibition was calculated as,

Abs. of control - Abs. of sample
Inhibition %= x 100%

Abs. of control

6.2.5 Renin-Inhibitory Activity Assay of SPE Fractions

6-2-5.l Materials

Six SPE fractions were obtained as described in section 6.2.2. Renin

assay buffer (tOX), renin (human recombinant), and 95 pM renin substrate

(Dabcyl-gaba-Ile-His-Pro-Phe-His-Leu-Val-Ile-His-Thr-EDANS) were

provided in the Renin Inhibitor Screening Assay Kit purchased from

Cayman Chemical (Cayman Chemical, Michigan, USÐ. Corning Costaro

black poiystyrene 96-well microplate was purchased from Fisher (Fisher,

Ontario, Canada).

6.2.6.2 Methods

Renin inhibition assay was done according to the instructions

provided with the Renin Inhibitor Screening Assay Kit of Cayman. Prior to
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assaying, renin assay buffer (iOÐ was diluted 10 times with MilliQ water

to get the flrnal assay buffer which was 50 mM Tris-HCl, pH 8.0, containing

100 mM NaCl. Renin solution was diluted 1:20 with assay buffer before use.

Assay buffer was pre-warmed at 37'C right before reaction which was

carried out at 37'C. Total volume of reaction solution was 190 pL. Before

the reaction, 1) 20 p,L of substrate, 160 pL of assay buffer, and 10 ¡-rL of

MiltiQ water were added to the background wellsi Ð 20 ¡rL of substrate,

150 pL of assay buffer, and 10 pL of MilliQ water were added to the control

wellsi 3) ZO pt of substrate, 150 pL of assay buffer, and 10 prl. of peptide

fractions were added to the corresponding inhibitor wells. Final

concentration of peptide samples in the reaction solution was 1 mg/ml.

Reactions were then initiated by adding 10 pL of renin each to the control

and inhibitor wells. Microplate was carefully shaken for 10 sec to mix,

incubated at 37"C for 15 min, and then the fluorescence intensity (FI) was

recorded using excitation wavelength of 340 nm and emission wavelength

of 490 nm on a spectrofluorimeter (Spectra MAX Gemini, Molecular

Devices, Sunny'wale, CA). Percentage of inhibition was expressed as,

FI of control well - FI of inhibitor well
Inhibition %= xI00%

FI of control well
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6.2.6 CaMPDEl-Inhibitory Activity Assay of SPE Fractions

6.2.6.I Materials

Six SPE fractions were obtained as described in section 6.2.2.

CaMPDEI assay buffer (O.gO 14 Tris-HCi, 0.36 M imidazole, and 0.045 M

magnesium acetate, pH 7.5), 4.5 mM CaCIz, reducing agent (12% sodium

bisulfite, 1.2% sodíum sulfite, and 0.25% 1-amino-2-naphthol-4-sulfonic

acid), 10 units/ml 5'-nucleotidase in 10 mM Tris-HCl containing 0.5 mM

magnesium acetate (pH 7.0), 10.8 mM cyclic adenosine monophosphate

(cAMP, pH 7.0), 0.31 units/ml CaMPDEI, 55% TCA, 0.55% ammonium

molybdate in 0.55 M HzSO¿, and 50 units/ml CaM were prepared and

stored appropriately before use.

6.2.6.2 Methods

Before the assay, each of the SPE fractions was mixed with CaM to

make a 1 mL solution (CaM-SPE mixture), Final concentration of SPE

fraction in the reaction solution was 1 mg/ml. To the assay tube, each of

the following reagents was added: 100 pL assay buffer, 20 pL CaClz, 400

pL MiniQ water, 30 pL 5'-nucleotidase, 50 pL CaMPDEI, and 200 pL

CaM-SPE mixture solution. For control, 200 pL CaM at concentration of 50

units/ml was added instead of 200 pL CaM-SPE mixture. The added

components were mixed thoroughly and incubated in water bath at 30'C

for 10 min. And then 0.1 mL cAMP was added to initiate the reaction.
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Reaction was stopped after 90 min by adding 0.1 mL 55% TCA. Protein

precipitate was removed by centrifuging at 5,000xg for 10 min. Into a new

test tube, 0.5 mL supernatant was pipetted and 0.5 mL ammonium

molybdate was added followed by 50 pL reducing agent. All components

were mixed thoroughly by vortexing and transferred to a Costar microplate.

Absorbance was read at 660 nm using a Varian Cary 50 MPR microplate

reader. Percentage of inhibition (inhibition %) was calculated as:

Abs. of control - Abs. of sample
Inhibition %= x 100%

Abs. of control

6.2.7 HPLC Separation of Fraction SPE 1%

6.2.7.L Materials

Fraction SPE 1% was prepared as described in section 6.2.2 and

used for further purification because it was the most abundant species.

Buffer A (MilliQ water with 0.05% TFA) and buffer B (methanol with

O.O5% TFÐ were prepared from analytical solvents. HPLC system (Waters

717 plus autosampler, Waters 600 controller, Waters 2996 photodiode

aïray detector, and Water fraction coliector III) were from Waters (Waters,

Milford, MA, U.S.A.).

6.2.7.2 Methods

As will be discussed from section 6.3.1 to 6.3.4, SPE 1% foaction

showed moderate inhibitory activities against the enzymesi besides it was
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able to be steadily produced with the highest yieid and contained the

highest protein amount. Considering limited time and intensive labour

requirements, it was decided that fraction SPE 1% would be used in the

subsequent studies.

SPE 1% fraction sample was dissolved in 0.05% (v/v) TFA water

soÌution at a concentration of 50 mg/ml,. The separation was conducted on

a Waters SymmetryrM C18 column (5 ¡tm, 19x150 mm, Wateïs, MA, USA)

coupled with Waters 717 plus autosampler, Waters 600 controller, and

Waters 2996 photodiode arcay detector. The injection volume was 2 mL,

flow rate was 5 ml/min, and absorbance was monitored at 210 nm'

Fraction was automatically collected every minute by Waters fraction

collector III. After sample injection, the column was eluted with a gradient

of 0-60% methanol containing 0.05o/o TFA within 90 min, returned to 0%o

methanol (f OOX buffer A) within 5 min, and maintained at 100% buffer A

for 15 min before the next sample injection. HPLC fractions were collected

into different pooled foactions, evaporated and aqueous residue was

freeze-dried. Eluate was collected into six pooled fractions that were

analyzed for inhibitory activities towards ACE, renin and CaMPDEI.

Fraction #3 was the most abundant and most feasible to collect for the

puïpose of further purification. Therefore, the fraction was named SPE

7% #3 and used for a second round of HPLC separation.
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6.2.8 Protein Content Determination of SPE 1% Fractions

Protein content determination was performed as previously stated

in section 6.2.3.

6.2.9 AcE-Inhibitory Activity Assay of SPE 1% Fractions

ACE-inhibitory assay was performed as previously stated in section

6.2.4.

6.2.70 Renin-Inhibitory Activity Assay of SPE 1% Fractions

Renin-inhibitory assay was performed as previously stated in

section 6.2.5.

6.2.LL CaMPDEI-Inhibitory Activity Assay of SPE 1% Fractions

CaMPDEI-inhibitory assay was performed as previously stated in

section 6.2.6.

6.2.12 HPLC Separation of Fraction SPE 1%-#3

6.2.L2.1 Materials

Fraction SPE 1%_#3 was obtained from HPLC separation of fraction

SPE 1% as described in section 6.2.7. Buffer A (MilliQ water with 0.05%

TFA) and buffer B (methanol with 0.05o/o TFA) were prepared and stored
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properly. HPLC system was from

described in section 6.2.7.I.

6.2.72.2 Methods

Waters (Waters, Milford, MA, U.S.A.) as

Because limited amount of each fraction obtained from HPLC

separation of SPE lo/o, fractíon SPE Io/o-#3, which was the one with largest

quantity, was used in the subsequent studies. Fraction SPE 1%_#3 was

dissolved in 0.05% (v¡v) TFA water solution at a concentration of 10 mg/ml.

The separation was conducted on a Water SymmetryrM Crs column (5 pm,

19x150 mm, Waters, MA, USA) coupled with Waterc 717 plus autosampler,

Waters 600 controller, and Waters 2996 photodiode array detector. The

injection volume was 2 mL, flow rate was 5 ml/min, and absorbance was

monitored at 210 nm. Fraction was automatically collected every minute

by Waters fraction collector III. After injection, column was eluted at a

gradient from 15-25 % methanol containing 0.05% TFA within 40 min, kept

at 25o/o for 5 min, then returned to I5% methanol within 1 min, and

maintained at 15% methanol for another 10 min before next sample

injection. After being concentrated, each fraction was evaporated,

freeze-dried and ready for further use. This second round of HPLC

separation yielded 3 peaks namely SPE 1%_#3-1, SPE I%_#3'2, and SPE

1%_#3-3, each of which was analyzed for enzyme inhibitory properties
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followed by peptide identification and determination of amino acid

sequence.

6.2.L3 ACE-Inhibitory Activity Assay of SPE 1%-#3 Fractions

ACE-inhibitory assay was performed as previously stated in section

6.2.4.

6.2.L4 Renin-Inhibitory Activity Assay of SPE l%_#3 Fractions

Renin-inhibitory assay was performed as previously stated in

section 6.2.5.

6.2.L5 CaMPDEI-Inhibitory Activity Assay of SPE I%_#3 Fractions

PDE-inhibitory assay was performed as previously stated in section

6.2.6.

6.2.16 Peptide Sequence Analysis by Ultra-Performance Liquid

Ch¡omatography-Tandem Mass Spectrometry (Ilpl,C-MS/1US)

6.2.16.1Materials

Peaks SPE 1%_#3-1, SPE Io/o-#3-2, SPE 1%-#3-3 were prepared as

described in section 6.2.12. Buffer A MiliiQ water) and buffer B (100%

methanol) ìMere prepared and stored properly. UPLC-MS/IVIS system
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(Waters Acquity@ UPLC, and Waters Quattro microrM API MS) was from

Waters (Waters, Milford, MA, U.S.A.).

6.2.16.2 Methods

Amino acid sequence analysis was done using a Waters Acquity@

UPLC system coupled with a Waters Quattro microrM API MS/N4S system.

Peaks SPE 1%_#3-1, SPE l%_#3-2, and SPE 1%_#3-3 were each dissolved

in buffer A at t mg/ml concentration and eluted at 0.2 mlimin through a

Waters Acuity UPLC@ HHS T3 1.8 ¡rm column (Z.t"tOO mm) with

gradient of buffer B increased from 10 to 15%, 10 to 20%o, and I5 to 25o/o

within 15 min for peak SPE 1%_#3-1, SPE l%*#3-2, and SPE lyo_#3-3,

respectively. Eluate was electrosprayed directly into the mass

spectrometer with nitrogen used as collision gas. Capillary voltage was set

to 1.5 kV, cone voltage was 40 V, and collision energ-y was 38 V. Amino acid

sequence of each peptide was analyzed from the mass of daughter ions and

compared with pea protein sequence using search tools available on the

Internet website called Expasy (www.expasy.ch/toolsl.

6.2.77 Peptide Synthesis

Predicted peptide sequences from the MS/1\4S data of each peak were

synthesized by GenScript USA Inc. (GenScript USA Inc, Piscataway, NJ.,

u.s.A.).
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6.2.r8lnhibitory Activity of Synthesized Peptides against ACE, Renin and

CaMPDEI

ICso (nam maximal inhibitory concentration) was used as a

measurement of effectiveness of synthesized peptides. Determination of

ICso values of synthesized peptides for ACE and renin was done in the

same procedures as that of inhibitory activities assays except samples were

prepared to give 4 different final concentrations of 0.25, 0.5, 1, and 2

mg/ml in the ACE assay, and 0.5, 1, 2, and 3 mg/ml in the renin assay.

Final concentration referred to sample concentration in the total reaction

volume. Because of limited amount of peptides and their low inhibitory

activity against CaMPDEI, CaMPDEI-inhibition assay at frnal

concentration of 1 mg/ml of synthesized peptides \ryas conducted instead of

IC¡o determination.

6.2. I9 Statistical analysis

Data was analyzed using general Linear model of ANovA followed

by Duncan's multiple range test using SAS (SAS, USA). p<0.05 was

considered as statisticaily significant.
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6.3 RESIILTS

6.3.1 Protein Content Determination of SPE Fractions

Six fractions were obtained after SPE using cation exchange

cartridge. Fraction SPE 0.5% had the least positively charged peptides and

SPE 30% had the most positively charged peptides. Peptide yields were

0.42,38.17,3.75,2.25,2.83, and 6.58% for fractions eluted with solvents

0.5, 1, 1.5, 2, 5, and 30%, respectively. Compared with either flaxseed

protein hydrolysate (<1 kDa) which protein yield was between 5.4% to

I8.5% (Udenigwe et al., 2009) or other SPE fractions in current study,

fraction SPE 1% had a very high protein yield (38.I7%). SPE fractions 0.5,

1, 1.5, 2,5, and 30% each showed protein content of 22.37,I00,77.26, 49.17,

55.58, and 22.17%. This is close to the protein content of cation-exchange

fast protein iiquid chromatography (FPLC) fractions of flaxseed protein

hydrolysate (<1 kDa) which contained 70.6-95.5% (Udenigwe et a1.,2009).

Impurities may include mostly carbohydrates (soluble sugars) and minor

polyphenolic compounds that are present in the original protein isolate.

Table 14 shows the protein content and yield of the SPE fractions.
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6.3.2 ACE-Inhibitory Activity Assay of SPE Fractions

A previous study from Dr. Aluko's lab showed that thermolysin

hydrolysis of flaxseed protein exhibited concentration-dependent ACE

inhibition with inhibition of 20o/o and 61% ACE activity at 0.00625 and 0.05

mg protein/ml, respectively (udenigwe et a1.,2009). cheng et al. reported

(ZOOS) alcalase hydrolysate of chicken bone protein showed ACE inhibitory

activities after 4 and 8 h digestion (ICso of 1.g6 and 0.945 mg/ml,

respectively). Water extract of caprine kefir and its B kDa permeate each

showed low IC¡o of 0.365 and 0.38 mg/ml (Quirós et a1.,200b). Mung-bean

hydrolysate generated with neutrase displayed ACE inhibitory activity

while those obtained with alcalase exhibited high inhibitory activity with

ICso value of 0.64 mg/ml (Li et al., 2005). Alcalase hydrolysate of Alaska

Pollock skin displayed ICeo values of 0.892, 0.84, O.GZ9, 0.65, and 0.759

mg/ml after digestion of I, 2, 6, 12, and 24 h, respectively (Byun & Kim,

2001). In the present study, ACE-inhibitory activity was not detected in

fraction SPE 0.5%. For the other fractions, inhibition against ACE ranged

from 12% to more than 45%. SPE 5% showed highest inhibition of 45.45%,

and sPE 30% showe d r2.r2o/o inhibition which was the lowest. compared
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Table 14. Protein content and yield of SPE fractions.

Sample Protein Content (%) Yield (%)

SPE 0.5%

SPE 1%

SPE1.5%

SPE 2%

SPE 5%

SPE 30%

oo o4AL.ù I

100

77.26

49.r7

55.58

22_17

0.42

38.17

3.75

2.25

2.83

6.58
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with previous studies, SPE 5% displayed moderate inhibitory activity

against ACE, whereas other SPE fractions showed relatively low activities.

Figure 25 shows the inhibition percentage of all SPE fractions against ACE.

Generally, inhibitory activities of SPE fractions increase with their

increase in elution time from the column (higher net positive charges). This

is in accordance with the structure-activity study result that positive

charges on the side chain of amino acids contribute substantially to the

ACE-inhibitory potency of peptides (Ferrefua et aL.,20071Meisel, 2008). It

has also been postulated that distinct from the catalytic site, positively

charged ACE inhibitors can interact with an anionic binding site on the

enzyme protein (Vermeirssen et aJ., 2004, Pihlanto & Korhonen, 2008).

However, other than positive charges, other factors may influence the

inhibitory activities of peptides, such as binding with the catalytic site

resulting in exclusion ofthe substrate.

6.3.3 Renin-Inhibitory Activity Assay of SPE Fractions

Figure 26 shows the renin inhibition percentage of SPE fractions.

Fractions from SPE 0.5% and 2% exhlbited no inhibitory activity against

renin. Moderate to high activities were observed in the other fractions.

sPE 5% showed strongest activity of almost 70% inhibition at I mgiml,

while others showed moderate activities. It is diffrcult to compare with
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Figure 25. Percentage inhibition of solid phase extraction fractions against

ACE*.
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*: Final concentration of each fraction was 1 mgiml.
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other results because there is only one study (from Dr. Aluko's group)

reporting renin inhibition from food protein hydrolysate. Results from that

study showed lower renin inhibitory activities of flaxseed protein

hydrolysate (ICso values ranged from 1.25 to 2.75 mg/mI-) compared with

fraction SPE 5% and 30%, and similar with other SPE fractions.

6. 3. 4 CaMPDE 1 -Inhibitory Activity Assay

SPE fractions exhibited strong to moderate CaMPDEl-inhibitory

activities which are shown in Figure 27. Fraclion SPE 5% exhibited

strongest activity of 62.220/o inhibition and lowest inhibition of 19.36% was

observed in fraction SPE 1%. There are not many reports of CaMPDEI

inhibition by food protein hydrolysate except Kizawa et al. (lggS) who

described some peptides isolated from c¿-casein shown to inhibit

CaM-dependent PDE activity. Flavonoids, on the contrary, have been

widely described as CaMPDEI inhibitors. Dioclein, which originated from

the plant Dioclea grandiflor4 strongly inhibited CaMPDEI with IC¡o

values of 2.47 and L44 pM, respectively, in basal- and CaM-activated

states (Gonçalves et al., 2009). IC¡o values of flavones and isoflavones on

CaMPDEI ranged from 14.4 to more than 100 pM (Ko et al., 2004).

It seems that inhibitory activity increased with increase in positive

charge intensity of the fractions. It has been weli documented that
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inhibition of CaMPDEI can be achieved through two meansl direct

inhibition of CaMPDEI by interacting with the catalytic site, and

inhibition during activation by interacting with binding site of CaM or

Ca2*lCaM complex. Study about CaM revealed that for a compound to

inhibit CaM it shouìd carry a positive charge, presumably to interact with

the negative charges on the highly acidic CaM (Weiss eú aI., 1982). We

reported before that cationic peptide fractions from pea protein could bind

to CaM and inhibited the activity of CaM-dependent protein kinase II (Li &

Aluko, 2006; Li & Aluko, 2005). Omoni and Aluko (ZOO0) found that

inhibition of CaM-dependent neuronal nitric oxide synthase was correlated

with the degree of positive charges of peptide fractions from flaxseed.

Hence, whether direct or indirect, a positive relationship between

CaMPDEI inhibition and positive charges does exist.

6.3-5 HPLC Separation of Fraction SPE 1%

Figure 28 shows the HPLC chromatogram of fraction SPE I%

separation. The chromatogram showed that most peptides were eluted out

around 30 min. We further separated fraction SPE 1% into 6 major groups,

namely SPE 1%_#1 to #6, collected at 5-9, 10-25, 26-37, 38-48, 49'62, and

63-84 min, respectively. It is clear to see that the third fraction, SPE 1%_#3,

was the most abundant, and SPE 70/o_#6 was the least. Because the
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separation was based on hydrophobicity, the latter the fractions were

eluted, the stronger their hydrophobic properties. Therefore, fraction SPE

10/o_#6 contained most hydrophobic peptides, whereas SPE I% #I

contained most hydrophilic peptides.

6.3.6 Protein Content Determination of SPE 1% Fractions

Table 15 shows the protein content of 6 SPE lo/o fractíons. Fraction

SPE 1%-#5 had the highest protein content which was 100% followed by

SPE 1%-#1 which was 94.58%. Protein content in the other fractions

ranged between 73o/o and 87%o, which was higher compared with that of

sPE fractions and that of flaxseed protein hydrolysate Oo.øyo Lo 95.5%)

(Udenigwe et al., 2009).
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Figure 26. Inhibition percentage of solid phase extraction fractions against

renin*-.

Renin'l nhibitory Activity

60

O
.Ë 40.a

2t¿

SPE 0.5% SPE 1% SPE 1.5% SPE 2% SPE 5% SPE 30%

": Final concentration of each fraction was I mgiml.

Renin is a temperature sensitive enzyme. Its activity decreases fast even

when buried in ice. In this experiment, spectrofluorimeter with only one

cuvette holder was used, and loss of renin activity was observed between

each measurement. Therefore, we decided that each sample was only

measure once to reduce the loss of renin activity. As a result, only one

reading was recorded for each sample and no statistical analysis was done.
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Figure 27. Inhibition percentage of solid phase extraction fractions against

CaMPDEI*.

*: Final concentration of each fraction was 1 mglmL.
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Figure 28. Reverse-phase HPLC chromatogram of fraction SPE 1% separation.
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Table 15. Protein content of SPE 1% fractions.

Samples Protein Content (%)

sPE 1%_#1

SPE Io/o-#2

sPE 1%_#3

sPF' t%_#4

sPE 1%_#5

SPE 1% #6

94.58

72.8

86.89

85.67

100

83.6
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6.3.7 ACE-Inhibitory Activity Assay of SPE 1% Fractions

Strong ACE inhibitory activities with more than 50% inhibition of

ACE activity were observed in SPE Io/o fractions at concentration of 1

mg/ml. SPE [o/o_#7 had the hig'hest activity against ACE with 70%

inhibition whereas SPE 1%_#2 had the lowest inhibition of 53.66%. Except

SPtr 1%-#5, which showed 54.25% inhibition, all other fractions exhibited

more than 60% inhibition against ACE. Figure 29 shows the inhibition

percentage against ACE of each fraction. Similar results were observed in

fractions (0.5 mg/mI,) separated from mungbean alcalase hydrolysate with

5.36% to 56.19% inhibition of ACE activity (l-i et a1.,2006). Some other

studies showed food protein hydrolysate fractions with higher

ACE-inhibitory activities. Guang and Phillips (ZOOS) reported 6 RP-HPLC

fractions from peanut flour alcalase hydrolysate and these fractions

inhibited ACE activity from less than 5 to about 45% at concentration of

45.5 y,glml. An HPLC separation of chicken bone protein hydrolysate

discovered a number of fractions with ACE inhibitory activities, among

which 5 of them exhibited strong activities (IC¡o values of 0.207,0.097,

0.I23, 0.066, and 0.073 mg/ml, respectively, Cheng et al., 2009). Eight

fractions with low ACE-inhibitory activities (ICso values from 21.8 to 416

mgiml.) from caprine kefir were separated by preparative HPLC (Quirós e¿

a1.,2005).
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Compared with previous results that SPE I% showed 27.27o/o

inhibition of ACE at concentration of 1 mg/ml, it seems that each fraction

from SPE 1% separation on HPLC has stronger ACE-inhibitory activity

than when they are mixed together. The results may indicate that

increased purity ofpeptides can contribute to higher activity against target

enzymes when compared to their parent protein or crude peptide mixtures.

6.3.8 Renin-Inhibitory Activity Assay of SPE 1% Fractions

This assay utilizes a synthetic peptide substrate which is linked to a

fluorophore (EDANS) at one end and to a nonfluorescent chromophore

(Dabcyl) at the other (Wang et al., 1993). After cleavage by renin, the

product can give fluorescence and be detected at excitation wavelength of

340 nm and emission wavelength of 490 nm. Figure 30 shows the

inhibition of renin activity by each of the SPE 1% fractions. AII fractions

except fraction SPE 1%_#6 showed strong to moderate inhibitory activities

with the highest inhibitory activity observed in fraction SPE I%_#2

OSJeyò and lowest inhibitory activity in fraction SPE 1%_#5 (35.06%).

Compared with previous results that SPE 1% inhibited 29.4o/o of renin

activity at the same concentration, each fraction of SPE 1% showed higher

inhibitory activities. This may be explained by the reason that each

fraction of SPE 1% is more purified than SPE 1% itself, and hence show
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Figure 29. Inhibition percentage of sPE 1% fractions against ACE*-.

*: Final concentration of each fraction was 1 mg/ml.
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stronger activities. Literature about renin inhibition by food protein is

scarce and hence difñcult to obtain data for comparison with findings from

this study.

6.3.9 CaMPDEl-Inhibitory Activity Assay of SPE 1% Fractions

At a final sample concentration of 1 mg/ml, CaMPDBl-inhibitory

assay showed no activity from fraction SPE r%_#1. Fraction SPE ro/o #4

showed highest caMPDEl-inhibitory activity ßø.s%") compared with the

others followed by SPE 7%_#2 (gt.gl%ò. Fractions SPE 1% #B and #5

exhibited reiatively low activity against CaMPDEI which were 20.32o/o and

20.43%, respectively. Figure 31 shows the CaMPDEI inhibitory activities

of each SPE 1% fractions. Compared with unpublished data from Dr.

Aluko's lab that 2 cationic fractions from flaxseed protein hydrolysate

inhibited 33.5% and25% CaMPDEI activity at 0.1 mg/ml, and the cationic

peptide fractions from alcalase hydrolysis of egg white lysozyme showed a

iittle bit higher caMPDEl inhibition (26.9o/o to 48.6%), spE 1% fractions

from pea protein exhibited lower activities. However, different assay

systems and CaMPDEI units were used in these studies.

Again, when compared with precursoï fraction SPE 1% which

showed 19.360/o inhibition against caMPDEl, each sPE l% fraction

exhibited higher activities due to their higher purity. It is observed that
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the relationship between cationic character and inhibitory activities

disappeared after RP-HPLC separation. This is because HPLC separation

is based on hydrophobic properties unlike the SPE fiactionation that is

based on charge properties.

6.3.10 HPLC Separation of Fraction SPE 1%_#3

Figure 32 shows the HPLC chromatograph of SPE l%_#B further

separation. There were two reiatively small peaks at 18 and 23 min each,

and the biggest peak appeared at 28 min. Three peaks were collected

separately from 17-21 min, 22-24 min, and 26-8I min, and named SPE

1%:#3-7, SPE 1%_#3-2 and SPE 1%_#3-3. After SPE and 2 steps of HPLC

separation, all 3 peaks were presumed to be of very high purity and

composed mostly of peptides with little or no contaminating compounds.

Page | 169



Figure 30. Inhibition percentage of SPE 1% fractions against renin*.
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*: Finai concentration of each fraction was 1 mgiml.

Statistical analysis was not done because of the same reason mentioned

before.
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Figure 31. Inhibition percentage of SPE 1% fractions against CaMpDEl"
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*: Final concentration of each fraction was 1 mg/ml.
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Figure 32. HPLC separation of SPEl%_#3.
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6.3.11ACE-Inhibitory Activities of SPE 1%_#B peaks

Figure 33 shows that peak sPE 1%-#B-2 had the highest inhibitory

activity with 35.34% inhibition of ACE activity at concentration of 1 mg/ml.

Peaks sPE r%-#B-1 and -B showed the same inhibition el.go6). Att B

peaks had lower inhibitory activities in comparison with their precursor

fraction, fraction SPE 1%-#3, which exhibited 65.070/o inhibition against

ACE. A synergistic inhibitory effect of the peak mixture compared to the

activity of each individuai peak is presumed. In addition, because of

limited amount and the purity of these peaks, protein content of each peak

was not determined but assumed to be 100% during the assay which may

be higher than the actual protein content, and therefore, the inhibition

percentage may be a little bit lower than the true value.

compared with our results, Guang and philrips (zooo) reported 4

peaks with stronger ACE inhibitory activities after secondary Rp-HpLC

separation of peanut flour hydrolysate with ICso values of BB. r, 27.L, 24.5,

and 16.9 pglm]- each. In a study conducted by Li et al. (zooo), an

ACE-inhibitory fraction separated from mung-bean alcalase hydrolysate

was further purified by RP-HPLC and 3 subfractions exhibited more than

50% inhibition at concentration of 0.1 mg/ml. Two fractions with potent

ACE-inhibitory activities (ICso of B.l pgiml for both) were separated from

caprine kefrr after 2 steps of preparative HPLC (euirós et aL.,200b). From
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Alaska Pollock skin hydrolysate, Byun and Kim (zoot) discovered an

ACE-inhibitory peptide fraction (lCeo of 0.85 pglmI,) after several steps of

separation (gel filtration, cationic exchange chromatography, and 2

RP-HPLC). In comparison, all 3 peaks showed relatively low inhibitory

activity against ACE.

6.3.12 Renin Inhibitory Activities of SPE Lo/o_t3 Peaks

Peak SPE I%-#3-I exhibited highest inhibitory activity (40.3+o/o

inhibition), and SPE 7%-#3-3 exhibited the lowest activity (B}.z7o/o

inhibition). Compared with precursor fraction SPE 1%-#3 which showed

36.14% inhibition, it seems that these 3 peaks contain peptides that

neither enhance nor weaken each other's inhibitory activities against renin

when present as a mixture in the precursor peak. Therefore,

renin-inhibitory abiiity of SPE 7o/o-#3 comes from the mixed effects of the

peptides present in the 3 subsequent peaks. Inhibition percentages ofthe 3

peaks are shown in Figure 34.

6.3.13 CaMPDEI Inhibitory Activities of SPE L%_#B Peaks

As shown in Figure 35, peak SPE 7o/o-#B-B had the highest

percentage of inhibition against CaMPDET ß2.74%ó), and fractions SPE

Lo/o-#}-l and -2 had ciose inhibition percentage 1ø.syo and 17.95%,

respectively). ttte difference between peak SPE 7%-#3-g and peaks SPE

Page I I74



Io/o-#ï-L and -2 was significant, but no significant difference was observed

between peaks SPE 1%-#3-1 and -2. Compared with our results,I{o et al.

(ZO0Ð reported stronger CaMPDEI inhibition by quercetin and myricetin

with IC50 values of 27.8 and 24.9 pM, respectively, and moderate inhibition

(ICso >100 pM) by 2 flavanones (eriodictyol and hesperetin). Interestingly,

in another study hesperetin was found to preferentially inhibit CaMPDEI

isoiated from bovine aorta with ICso value of about 74 ptM (Orallo et aI-,

200Ð. When compared with precursor fraction SPE lo/o'#3 which inhibited

20.32o/o of CaMPDtrl activity, it seems that the effect of peaks SPE 1%-#3-1,

-2, and -3 is neither synergistic nor antagonist.
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Figure 33. Inhibition percentage of SPE 1%-#3 peaks against ACE*.

*: Final concentration of each fraction was 1 mg/ml.
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Figure 34. Inhibition percentage of SPE 1 o/o-#3 peaks against renin*.

*: Final concentration of each fraction was 1 mg/ml.
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Figure 35. Inhibition percentage of SPE 1%-#3 fractions against

CaMPDEI*.

*: Final concentration of each fraction was 1mg/ml.
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6.3.14 Amino Acid Sequence Determination

6.3.14.1 SPE 1% _#3-1

Figure 36 and 37 show the chromatograms of upLC and MS scan of

sPE 1%-#3-1. Major peak of sPE 1%_#B-1 was eluted out at 1.68 min, and

high total ion count was detected at 1.68 and 1.gB min, respectively. Figure

38 contains the spectrum acquired at a retention time of I.724 min in this

analysis. This spectrum was evaluated instantaneously by the data system

to determine that the two most abundant ions in the spectrum were mlz

85.7r, and 288.35. Because mlz 85.7r could not possibly be a peptide of any

size, mlz 288.35 was chosen as the expected peptide, and the recorded

product ion spectra (MS/lvIS), which is shown in Figure Bg, was subjected

for analysis using Expasy. Peptide was identified as IR.
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Figure 36. UPLC chromatogram
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Figure 37. MS scan chromatogram of fraction SPE 1%-#B-1.
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Figure 38. MS spectrum of fraction SPE 1%-#3-1 recorded at retention time

of 1.724 mtn.
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Figure 39. MS/I\{S spectrum of ion mlz 288.35.
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6.3.14.2 SPE' t%_#3-2

Figure 40 and 41 show the chromatograms of UPLC and MS scan of

SPE 1%-#3-2. Major peak of SPE 1%_#3-2 was eluted out at 2.31 min, and

high total ion count was detected at 2.36 and 3.2 min, respectively. Figure

42 contatns the spectrum acquired at a retention time of 2.36 min in this

analysis. This spectrum was evaluated instantaneously by the data system

to determine that an ion mlz 294.31 was the most dominant product.

Spectrum of product ion of mlz 294.31 is shown in Figure 43, and the

peptide was identifred as KF using Expasy.
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Figure 40. UPLC chromatogram of fraction SPE lo/o-#3-2.
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Figure 41. MS scan chromatogram of fraction SPE 1%-#3-2
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Figure 42. MS spectrum of fraction SPE I %-#3-2 at 2.36 min.
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Figure 43. MS/IVIS spectrum of ion mlz 294.31
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Because the relative intensity of the impurity íon mlz 83.77 was very high,

intensity of other ions appeared to be very low and may not be visible in

this figure.
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6.3.14.3 SPE 1%_#3-3

Figure 44 and 45 show the chromatograms of UPLC and MS scan of

SPE l%-#3-3. Major peak of SPE 1%_#3-3 was eluted out at retention time

of 3.46 min, and high total ion count was detected around 3.69 min. Figure

46 shows the spectrum acquired at a retention time of 3.96 min in this

analysis. This spectrum was evaluated by the data system to determine

that an ion with mlz of 295.34 was the most dominant product. Spectrum of

product ion of mlz 295.34 is shown in Figure 47, and the peptide was

identified as EF using Expasy.
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Figure 44.UPLC chromatogram of flaction SPE 1o/o-#3-3.

6.0e-f
-

5.5e-f
:

5.0e-f

4.1e-f-

4.0e-f

:

3.5e-f
:

3.0e-1,

:

:

2.5e-f.
:

:

2.Oe-f:

1.5e-Í

1.0e-

5.0e

0
2.00 6.00 10.004.000.00 12.00 14.00

Page | 190



Figure 45. MS scan chromatog:ram of fraction SPE 1%-#3-3.
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MS spectrum of fraction SPE 1%-#3-3 at 3.976 min.
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Figure 47. MS/1\4S spectrum of ion mlz 295.34
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Because the relative intensity of the impurity ton mlz 85.72 was very high,

intensity of other ions appeared to be very low and may not be visible in

this figure.
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6.3.15 Determination of ICso Values of Synthesized Peptides against ACE,

Renin, and CaMPDEI

IC¡o is commonly used to measure the effectiveness of a compound in

inhibiting a biological or biochemical function. It is the concentration of a

substance that provides 50% inhibition of a certain reaction. Almost all

reiated studies use ICso to represent the effectiveness of the compounds

that are studied (Tauzin et a1.,2002; Fujita et a1.,2000;Maeno et aL.,1996;

Yamamoto et al., 1994). ICso values of synthesized peptides against ACE

and renin are summarized in Table 16. Inhibition percentages of

synthesized peptides against ACE, renin, and CaMPDEI are listed in

Table 17.

In ACE assay, IR has the lowest ICso value of 2.25 mM which

represents the highest inhibitory activity against ACE. KF, on the contrary,

shows the highest ICso and therefore lowest inhibitory activity. Two

peptides (NOyRl- and KLPAGWLF) derived from mung-bean showed ICso

values of 26.5 and 13.4 irM (Li et a1.,2006). Byun and Kim (ZOOt) reported

2 peptides (GPM and GPL) isolated from Alaska Poltock with ICso values of

17.13 and 2.65 pM, respectively. Compared with previous studies which

have shown a large amount of peptides with ICso values lower than 50 pM,

peptides derived foom alcalase hydroLyzed PPH displayed low activities

against ACE (Yan g et a1.,2003; Motoi et a1.,2003; Sato et al., 20021Tauzin
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et al., 2002; Fujita et a1.,2000; Saito et al., 1994). When compared with 168

dipeptides with IC¡o values ranged from 1.41 to 16982.44 mM coilected in a

database by Wu et al. (2006), IR, EF, and KF have shown strong

ACE-inhibitory activities. Compared with 2 KFs in the database with ICso

values of 28.18 and 114.82 mM, KF identified from pea protein in this work

exhibited lower ICso value (Z.ZS mNI). The dipeptide, IR, with ICso value of

0.696 mM was also identified in pea protein by Vermeirssen (ZOOS);

however in that study, the dipeptide and its ICso value were predicted

using a database and sofbware. For the first time, current study isolated

this dipeptide from pea protein and its rn vitro ICso value was examined.

EF was not observed in previous studies, and therefore was first identified

in the current work.

In most cases, determination of the ICso value of the peptide is

based on the hydrolysis of the substrate HHL; however, with the use of

various modifrcation of the method by Cushman and Cheung (Cushman &

Cheung, I97l), and continuously-deveioped new method, comparison of

ICso values among different studies have become more difficult and

unreiiable. Furthermore, ACE inhibitory activities of peptides vary

considerably depending on assay conditions. Murray et al. (2004) showed

that increasing ACE activity level in the assay from 155 to 2lI units/L

resulted in a corresponding increase in the ICso value of Captopril@ from
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9.1 to 39.4 nM, and the same trend was observed for a whey protein

hydrolysate sample (ICso vaiue of whey protein hydrolysate ranged from

52.3 to 124.28 mg protein/L when ACE activity level ranged from 114 to

234 unitsil). Therefore, careful control of ACE activity during the assay is

required in order to obtain comparable and reproducible values for the

inhibitory potency of ACE inhibitors. Suetsuna and Nakano (ZOOO)

reported an ICso value of 28.3 pM for a fragment, KF, of the tetrapeptide

derived from wakamel however, they did not provide details of the amount

of ACE units used in their analysis, and therefore, cannot be compared

with our results.

IR showed the highest inhibitory activity against renin among the 3

peptides with ICso value of 9.2 mM. KF and EF each showed lower

activities compared with IR. There is currently no report of

renin-inhibitory food protein-derived peptides that can be used to compare

with our results. However, many synthesized peptides have been used as

renin inhibitors. Kokubu et aI. (t968) first described that methyl or ethyl

esters of synthesized peptide LLVY and LLVF acted as competitive

inhibitor of renin. Peptide PHPFHFFVYK based on hog angiotensinogen

sequence inhibited human renin with a micromolar concentration (Corvol

al., 1990). A synthesized peptide,

Boc-PF-N(Me)H-Lry[CHOHCHzìVI-Amp, was reporred to inhibit human
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renin with ICso value of 0.26 nM (Thaisrivongs et aI., 1986). A series of

modified forms (incorporation of hydrophilic end groups) of this peptide

showed increased solubility and remained strong inhibitory activities

against human renin with IC¡o values ranged from 0.28 to 2.5 nM, and

some of these peptides exhibited improved pharmacological efñcacy in uivo

(Thaisrivongs et al., 1991; Bundy et al., 1gg0). Kokubu et al. (fgg¿)

synthesized some small peptides with IC50 values ranging from 0.08 to 0.82

pM. Compared with the data of synthesized renin inhibitory peptides,

peptides derived from pea protein exhibited low activities. When iooking at

the structure of all 3 synthesized dipeptides, at N-terminal I is a very

hydrophobic amino acid while K is partly hydrophobic and E is

non-hydrophobic. At C-terminal, both R and F are buiky amino acids. The

presence of a hydrophobic amino acid at the N-terminal with a bulky

aromatic group at the C-terminal seem to be the most effective

arrangement for high potency of dipeptides against renin activity. Such

structural character also seems to be preferred by a CaMPDEI inhibitor.

However, such pattern does not exist for ACE inhibitor.

For inhibitory activities against CaMPDEI, results weïe opposite to

those in ACE and renin assays. At 1 mg/ml, EF and KF both showed

higher activities than IR, and EF inhibited about 4o/o more CaMPDEI

activity than KF did. This result is consistent with previous results that
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peak SPE lo/o-#3-3 had the highest inhibitory activity whereas peak SPE

Io/o-#3-I had the lowest activity. Previous studies have shown that a

number of natural compounds exhibit CaMPDEI inhibitory properties

such as alkaloids, terpenoids, coumarins, flavonoids, and lignans with

similar efficiency as medically used CaMPDEI inhibitors (Gonçalves et aI.,

2009; Maúínez-Luis eú al., 2007, Ko et al., 2004). Some peptides isoiated

from c¿-casein pepsin digest were shown to inhibit CaM-dependent PDE

activity over the range of 1-50 pM (Kizawa et a1.,1995). Several cyclo- and

linear peptides derived from Korean herbs Zizyphus vulharis var spinosus

and Z. jujube var inermis showed inhibitory effects on CaMPDEI with ICso

values widely ranged from 4-6 to 140 pM (Martínez-Luis et al., 2007;

Hwang et a1.,2001; Han et al.,lgg3). Some polypeptides from insect venom

inhibited CaMPDEI activity through binding calmodulin at the same

binding site of CaMPDEI in a competitive manner (Martínez-Luis et al-,

2007; Kataoka et al., 1989; Barnette et al., 19S3). Compared with former

studies, peptides produced in our study displayed low inhibitory activities

against CaMPDEI. From another aspect, comparison between previous

studies can be difficult due to the issues such as it is sometimes unclear

which of the purified or partially purified PDEl isozymes were used. For

example, ginsenosides, which is a pharmaceutical, inhibits brain PDElAz

but not brain PDElBl (Kakkar et a1.,1999).
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Table 16, ICro values of synthesized peptides against ACE and renin.

Peptide ACE

(ICso, mM)

Renin

(IC¡0, mM)

IR

KF

EF

2.25

t-7 q.)
I . Z¿t)

2.98

9.2

17.84

22.66
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Table 17. Inhibition percentage of synthesized peptides against ACE, renin,

and CaMPDEI.

Peptide ACE Renin CaMPDEI

(Inhrbition ø) (Inhibition ø) (Inhibition %)

IR

KF

EF

72.26

75.34

54.74

38.68

23.6r

29.24

3.51

9.52

_tÐ.ùJ

Peptide concentration was 1 mg/ml.
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Table 18. Position of IR, KF, and EF in pea protein sequences.

Peptide Position Parent protein
IR fr77-178

fl 68- 169

f172-r73
Í236-237
f72-73

lÐÐÐ-oD,1
kJ drj ù tJ'*

f397-398
Ð,44-245

f54-55
fr73-r74
f4r-42

fl59- 160

Legumin A
Legumin A2
Legumin B
Legumin B
Legumin J
Legumin J
Legumin J
Legumin K

Vicilin
Convicilin
Provicilin
Al,bumin-2

KF f503-504
f506-507

f42-43
f59-60

f269-270
f55-56

n62-263
f265-266
f57-58

f76r-162
n77-278
f382-383
f89-90
f82-83
f46-47

f253-254
f256-257

Legumin A
Legumin A2

Vicilin
Vicilin
Vicilin

Vicilin 47k
Vicilin 47k
Vicilin 47k
Vicilin 14k
Convicilin
Convicilin
Conviciiin

Albumin-1F
Albumin-2
Provicilin
ProviciLin
Provicilin

EF fl90- 19 I
f19r-r92
fit-12
f26-27

f1 94- 195

nß-244
f44-45
f93-94

Legumin A
Legumin A2
Legumin B
Legumin J
Legumin J
Legumin J
Legumin K
Legumin K
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n66-267
f366-367
f149- 150

f156- 157

Vicilin
Convicilin

Lectin
Nodule lectin

Protein primary sequences (position) were obtained from ExPasy

proteomics server of the Swiss Institute of Bioinformatics.
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6.4 CONCLUSIONS

It is concluded that PPI can be optimally hydrolyzed to produce

small peptides with positive charges as evidence by their ability to bind to

a cationic SPE matrix. These peptides show various inhibitory activities

against ACE, renin, and CaMPDEI. Inhibition of ACE and CaMPDEI was

positively related with electric charges. Two steps of further separation of

fraction SPE 1% by RP-HPLC led to the production of 3 purified peaks, and

were identifred as 3 dipeptides: IR, KF, and EF. Inhibition studies showed

that all 3 peptides were multifunctional and could inhibit ACE, renin, and

CaMPDEI activities. It was observed that a hydrophobic residue at

N-terminal and bulky amino acid residue at C-terminal was a preferred

structural anangement for renin inhibitor. Dipeptides IR and EF were

isolated form food proteins for the frrst time. These pea protein-derived

bioactive peptides will be potential therapeutic agent in the treatment of

hypertension and related pathological conditions, and they are superior

compared to the single function peptides. This is the first study to date to

report such multifunctional peptides derived from pea proteins.
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CHAPTER 7

GENERAL DISCUSSION, CONCLUSION, AND FUTURE PERSPECTIVES

7.I GENERAL DISCUSSION AND CONCLUSION

With the increased cost of health care and further desire to improve

quality of life, foods are consumed not only to satisfii hunger and basic

nutrient requirement but to prevent nutrition related diseases and provide

additional health values. With the increasingly higher life expectancy for

consumers, functional foods can play a major role in sustaining healthy living.

Global market of functional foods has been estimated to have increased from

at least 33 billion US$ in 2000 to nearly 61 billion US$ in 2004 with United

States being the largest market segment followed by Japan and Europe

(Benkouider, 2004; Hilliam, 2000). Not only food manufacturers, but also the

pharmaceutical industry has shown interest in this field. A subcategory of

functional foods is functional drinks fortifred with functional ingredients,

such as cholesterol-lowering drink (with combination of omega-S and soy),

eye-health drinks (with leutein), bone heatth drinks (with calcium). It was

estimated that consumption of functional drinks in Europe could reach 5.1

billion litres by 2009 which corresponds to 23%o increase compared with that

of 2005 (Siro et a1.,2009).

Hypertension is the leading risk for death in North America and a

signifrcant public health problem worldwide. Over 5 million Canadian have
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hypertension. However, small reduction in BP can signifrcantly decrease the

risk of death and stroke (Canadian Hypertension Society). Besid.e medication,

lifestyle modifrcation and diet therapy are also important tools to effectively

lower BP. Functional foods containing food protein derived ACE-inhibitory

peptides fit very weil into the role as dietary therapeutic agents. Some

functional foods and beverages containing ACE-inhibitory peptides are

already commercialízed as described in Chapter 2i however, none of them

originated from pea proteins. Pea seed is well established as part of the crop

rotation system in Canadian prairie provinces. Pea production in the prairies

reached 3.6 million tonnes in 2008 (Statistics Canada). Pea is a well balanced

source of amino acids and especially rich in essential amino acid lysine. It has

a 98% digestibility as high as milk. Moreover, pea is a low input crop as it is

capable of frxing the mast majority of its own N through symbiotic

relationship with Rhizobium bacteria (Johnston , 2002). Due to the economic

importance to the prairie provinces and especially Manitoba, pea v/as chosen

as the source of protein for this research work.

The ultimate goal of this work is to incorporate the bioactive

components derived from pea protein into food and drink products and

develop functional foods and drinks with hypotensive benefrts. Therefore,

consumer acceptability is of the most important. However, if sensory

characteristics do not frt expectations, there is no doubt that the prod.ucts will

not be welcomed. Peptides released from food protein by enzymaLíc hydrolysis
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tend to give bitter tastei hence we examined the bitterness of PPH. It is

indicated that if one wishes to know whether a population or consumer will

accept the food, one should take a sample from that same population because

a separate sample will not predict the behaviour (O'Mahony, 1991). Potential

consumers of PPH-incorporated food and drink products include the

population with both essential and secondary hypertension, and those who

have a family history of hypertension for a preventive purpose. General

population concerning hypertension can also be included. In our study, both

male and female University of Manitoba students aged 18 to 24 wete

recruited as testing panel members because of convenience. This represents

not the whole but part of the potential consumer population as hypertension,

either primary or secondâry, can happen in early life stage and population

prevalence of hypertension in the young is increasing (Falkner, 2009i Luma

& Spiotta, 2006). Furthermore, taste perception is affected by aging. Studies

have shown that signifrcant loss of taste is common in the elderly and is a

result of normat aging (Fukunaga et al., 2005; Schiffman, 1997; Murphy,

1993). Therefore, MRT identifred by older subjects may be higher than that

identified by younger subjects as a result of declined taste threshold

sensitivity and be less accurate. While a testing panel can provide the most

reliable information, it is stilt subjective. Electronic tongue (gt), as an

instrument measuring and comparing taste quantitatively, can be very

objective. Good correlation between human perception of taste and prediction
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by ET has been observed (Legin et aI., 2004; Uchida et a1.,2001). It would be

an asset evaluating bitterness of PPH using ET to further confirm and

compare with the results obtained from human trial testing. However, the

low level of MRT obtained in this work suggests that the PPH can be

incorporated into foods at physiologically effective concentrations without

imparting negative bitterness properties.

Currently several types of drugs are used to treat hypertension: ACE

inhibitors, ARBs, diuretics, calcium-channel blockers, and beta-blockers.

When monotherapy is not effective enough, combination therapy using 2

agents are usually used. Using combination therapy always leads to greater

efficacy than high-dose monotherapy, and side effects are similar or even

fewer in low-dose combination therapy (Neutal, 2006). Hence, both efficacy

and safety can be achieved in the management of hypertension. As stated in

Chapter 6, studies have shown that treatment with combination of ACE

inhibitors and ARBs works more effrciently than either one does alone

because it offers dual blockage of RAS (Schj oedt et al., 2005i Jacobsen et aI.,

20OÐ. However, the blockage is incomplete because an ACE-independent

pathway exists to form angiotensin II from angiotensin I via the action of

chymase. In Chapter 4, we observed significantly reduced ACE activities in

both treated rat groups (SO0 and 1000 mg); however, significantly decreased

angiotensin II level was only detected in the 1000 mg group. This can be

explained by the second alternative pathway involving chymase, which may

Page | 207



have only been overcome by the higher dose of PPH. Moreover, in patients

with autosomal dominant polycystic kid.ney disease GDPKD), plasma renin

activity is increased. Compared with ARB which does not alter BP in patients

with ADPKD and hypertension, ACE inhibitors not only decreases BP but

also more efficient than calcium channel blocker and diuretics (Schrier, 2009i

Schrier et aI., 2002; Ecder et a1.,2001). However, again because angiotensin

II generation can occur through chymase pathway in the presence of ACE

inhibitors, treatment using ACE inhibitors is not sufficient enough. Beside,

ACE inhibitors and ARBs can stimulate an increase in plasma renin activity

through a compensatory mechanism. Under such situation, renin inhibitors

which directly target the frrst and rate-Iimiting step of RAS may provide a

better choice by suppressing the effect of renin and leading to a reduced

plasma renin activity. Clinical studies reported antih¡lpertensive efficacy of

recently approved renin inhibitor, aliskiren, either using alone or combined

with other d.rugs (Sanoski, 2009; Thriller et al., 2008). PPH obtained from

thermolysin hydrolysis (<3 kDÐ exhibited inhibitory activities against both

ACE and renin, and hence are capable of blocking the first and second steps

of RAS pathway. Due to the reasons mentioned above, this dual blockade

should work better than that by ACE inhibitors and ARBs and be more

effîcient in patients with ADPKD. Compared with combination treatment

using two or multiple drugs, one major advantage of PPH is it offers dual

blockade by using only one agent and therefore has less side effect. Besides,
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because of its natural character, negative side effect of PPH is yet to be

reported when compared to those associated with synthetic drugs. In this

work, we demonstrated the bioavailability of PPH using a normotensive rat

model while the use of a PKD rat model confrrmed the antihypertensive

effectiveness in uivo.

In the PPH obtained from alcalase hydrolysis (<1 kDa), three

muitifunctionai peptides were identified that displayed inhibitory activities

against ACE, renin, and CaMPDEI in uitro. Like thermolysin hydrolyzed

PPH, they have the potential to be used to offer addictive effects in the

treatment of hypertension or other chronic disease conditions. For the first,

we isolated, purified and identified the amino acid sequence of food protein-

derived peptides that inhibited renin activity rn uitro. However, -zn vivo

bioavailability and effectiveness of the three peptides \üere not investigated

in this work because of the limited scope of this work.

Major accomplishments of this works include:

. Thermolysin hydrolyzed PPH (<g tOa) gave moderate bitter taste

with MRT of 2.5 mglmL, and this bitterness was related with

relatively high level of hydrophobic amino acid residues in the PPH

(Chapter 3);

. Thermolysin hydrolyzed PPH (<g kDÐ was proved to be

bioavailable using a normotensive rat modet. ACE activity was

dose-dependently inhibited in lung of treated rats. Angiotensin II
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level was decreased in both lung and plasma of treated rats

(Chapter Ð;

In uivo antihypertensive effectiveness of thermolysin hydrolyzed

PPH (<g kla) was confirmed in PKD rat model. Development of

both SBP and DBP \Mere attenuated by consumption of PPH.

Angiotensin II level in plasma was reduced in treated rat groups by

the end of the study (Chapter 5);

PPI could be hydrolyzed by alcalase to produce small molecular

weight peptides (<f kDa). Peptide fractions separated using cation-

exchange cartridge and RP-HPLC showed various inhibitory

activities against multiple enzymes: ACE, renin, and CaMPDEI.

Three multifunctional peptides were purified and identified as IR,

KF, and EF, and exhibited inhibitory activities against all three

enzymes (Chapter 6).

Figure 48 shows a schematic overview of the major accomplishments of

this work.

In conclusion, this work extensively investigated the bioavailability,

short-term and long-term effects of thermolysin hydrolyzed PPH. In order to

prepare the marketing of the future product containing PPH, sensory

characteristic was evaluated. Three peptides were identifred from alcalase

hydrolyzed PPH, and exhibited multi-functionalities with inhibitory activities

against ACE, renin, and CaMPDEI. This study is the first to report bioactive

Page | 210



peptides derived from food proteins with inhibitory activities against muì.tiple

enzymes. Bioavailability of food protein hydrolysate was first examined in a

normotensive Long-Evans rat model. And for the first time, Iong-term

antihypertensive effectiveness of food protein hydrolysate was investigated in

a chronic kidney diseased rat model. Results from this work can contribute to

the development of functional foods and nutraceuticals/therapeutic agents

using natural food peptides with health beneficial effects.
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Figure 48. Schematic overview of the major accomplishments.
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7.2 FLITURE PERSPECTIVES

ACE inhibitors have been safely used in the treatment of hypertension

and hypertension related diseases such as diabetes, congestive heart failure,

chronic kidney d.iseases, etc. In the last decade, many studies have revealed

that ACE inhibitors have more to offer. Moskowitz QOOZ) presented evidence

that ACE deletion/deletion (D/D) genotype was associated with a large

amount of common adult diseases, including cardiovascular disease, cancer,

and psychiatric diseases. It was also indicated that overactivity of ACE,

which was associated with ACE D/D genoty¡re, maybe involved in the

pathogenesis of common diseases. Indeed, angll may play a pivotal role in

cancer development (Yoshijí et a1.,2004).In this region, increased tumor cell

apoptosis was observed by treatment using anti-angiogentic agents (Yoshiji

et al., 2004). ACE inhibitors, which have anti-angiogenic activity, can

suppress experimental tumor growth even at clinically comparable doses

(Yoshiji et aI., 2002a; Yoshiji et aI., 2002Ù. Therefore, in view of the broad

range of actions of ACE inhibitory peptides, the application of food protein-

derived ACE inhibitory peptides may increase. Furthermore, multifunctional

peptid.es with both ACE and renin-inhibitory activities can offer addictive

anti-angiogeneic effects.

With respect of this work, dose-dependent antihypertensive effect was

not observed in the long term. Future studies should be developed to further

investigate the dose-response relationship and establish the minimum
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effective dose (MED) value, if possible, for humans. ppH (<g kla) was used

in this work as a whole sample. In the future work, it can be separated and

purified to identifii the effective peptides. In such way, QSAR can be studied

and contribute to the bioactive peptides database and future development of

potential bioactive peptides. Even though in vitro multi-functionality was

observed for alcalase hydrolyzed PPH (<1 kDÐ, in uivo effrcacy remained

unknown. If adequate amount can be produced in the future, in vivo

effectiveness can be further investigated and compared with that of

thermolysin hydrolysate. With increasing knowledge and improved

technologies, influence of the bioactive peptides on genes or the interaction

between bioactive peptides and genes (nutrigenomics) can be studied.
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