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ABSTRACT 

Recent studies support the hypothesis that beyond meeting nutritional needs, diet 

may modulate various functions in the body, playing detrimental or beneficial roles in 

some diseases.  Concepts in nutrition are expanding from emphasis on preventing adverse 

nutrient deficiencies to actually increasing survival, to the use of foods to promote a state 

of well-being and better health by reducing the risk of pathogenic consequences.  These 

concepts are particularly important in light of the increasing cost of health care, the 

steady increase in life expectancy, and the desire of older people for improved quality of 

life in their later years.  Such changes in emphasis have stimulated and supported 

research on functional foods to address the physiological effects and health benefits of 

foods and their bioactive compounds.   Among the most promising targets for functional 

foods’ in vivo modulation are: redox and antioxidant, cardiovascular, and immune 

systems.  In addition, intense research interest has focused on identifying and 

characterizing biologically active components in foods from both plants and animals that 

potentially could reduce risks from a variety of chronic diseases or optimize health.    

Our hypothesis is that dietary consumption of food-derived bioactive compounds 

(protein-peptides, nutritional supplements, and plant extracts) will have significant in vivo 

effects on homeostasis within the cardiovascular, immune, and redox-antioxidant 

systems.  To address this hypothesis, the following specific aims are proposed: 1) to 

determine whether bioactive protein-hydrolysates will lower systolic blood pressure in 

the spontaneous hypertensive rat (SHR) model; 2) to evaluate the immunomodulatory 

effect of different doses of six nutritional compounds on an aged murine model with 
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impaired immunological system; and 3) to evaluate the effect of natural antioxidants 

derived from popular plant extracts (hop and borage) on oxidative stress and tissue -

tocopherol activity.   

 Antioxidant defense system and oxidative status methodology were optimized to 

facilitate these goals.  Also we conducted the validation and start-up of the tail-cuff 

plethysmography for the hypertension study.  We found that all protein-hydrolysates 

showed a tendency to lower systolic blood pressure over time in the SHR model. 

However, there was no significant difference between any of the protein hydrolysates 

tested and the control group.   Consumption of the six nutritional compounds tested gave 

no indication of effectiveness in preventing immune dysfunction caused by aging.  On the 

other hand, the Th1 and Th2 cytokine responses of the aging mice did show a significant 

difference from that of the young mice, consistent with previous immunological findings.  

The plant extracts from hop and borage, given as a dietary supplementation neither 

prevented oxidation nor enhanced the activity of tissue -tocopherol in a murine 

retroviral infection model.   
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CHAPTER 1: INTRODUCTION 
 
 In recent years, researchers have become interested in food-derived active 

compounds for the development of physiologically functional foods as important 

modulators of cellular homeostasis. 

 

1.1 IMPORTANCE OF FOOD-DERIVED BIOACTIVE COMPOUNDS 

 The primary role of diet is to provide enough nutrients to meet metabolic 

requirements while giving the individual a feeling of satisfaction and well-being.  Recent 

knowledge, however, supports the hypothesis that, beyond meeting nutrition needs, diet 

may modulate various functions in the body and may play beneficial or detrimental roles 

in some diseases.  Concepts in nutrition are expanding from emphasis on preventing 

adverse effects and survival to an emphasis in the use of foods to promote a state of better 

health and to help reduce the risk of pathogenic consequences.  These concepts are 

particularly important in light of the increasing cost of health care, the steady increase in 

life expectancy, and the desire of older people for improved quality of their later years.  

These changes in nutrition emphasis have stimulated and supported research on 

functional foods or food-derived bioactive compounds to try to understand the role of 

food components in modulating body functions, maintaining and improving health, and 

reducing the risk of major diseases.     

 As a working definition for the present investigation, a food is said to be 

functional if it contains a component that benefits certain physiological functions in the 

body.  That component must be relevant to either the state of health or even to the 
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reduction of disease risk.  The initial step in research of a functional food or food-derived 

bioactive compound is the identification of a specific link between one or a few 

components of this food and a biological function, (i.e. genomic cellular, biochemical, or 

physiological) that is potentially beneficial for health.  In our investigation of potential 

functional foods, we designed three studies to evaluate the functions that are susceptible 

to modulation by select food components (i.e. cardiovascular, immune, and antioxidant).  

These components are pivotal to maintain a healthy state and when altered, may be linked 

to a change in the risk of a disease.  Some of the most promising targets for functional 

foods are the following: 1) Cardiovascular system:  Many functional foods have been 

found to be potentially beneficial in the prevention and treatment of cardiovascular 

diseases, the leading cause of mortality in the United States.  An accumulating body of 

evidence suggests that consumption of certain foods or their associated physiologically 

active components, e.g. bioactive peptides, may be linked to decreased risk of 

cardiovascular disease by several potential mechanisms, among which is reducing the 

risk of high blood pressure.  2) Antioxidant defense systems: These systems require a 

balanced and satisfactory intake of antioxidant vitamins, as well as non-vitamin 

antioxidant ifood components such as polyphenols.  Redox activities and antioxidant 

protection are important for almost every cell and tissue, and their imbalance is thought 

to be involved in pathogenic processes of numerous diseases.  A sufficient supply of 

antioxidants from diet might help prevent or delay the occurrence of pathological changes 

associated with oxidative stress.   
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3) Immune system:  Its modulation by non-nutritive dietary components, such as some 

biologically active food components, e.g. polyphenols, and/or animal derived 

components, may have important implications for improvement in quality of life of the 

elderly population and for general defense functions.  For this dissertation the bioactive 

food components chosen to be investigated comes from plant and animal sources.  The 

rationale for their selection follows.  

 

1.2 BIOACTIVE MILK-PEPTIDES AS INHIBITORS OF ACE 

Angiotensin-I-converting enzyme (ACE) is a key protein in the regulation of 

blood pressure.  ACE, a dipeptide liberating carboxypeptidase (peptidyldipeptide 

hydrolase, EC 3.4.15.1), classically associated with the renin-angiotensin system, 

converts angiotensin I into angiotensin II, a highly potent vasoconstrictor (1).  Also ACE 

plays a key physiological role in the regulation of local levels of several endogenous 

bioactive peptides such as bradykinin, a vasodilatory molecule.  Exogenous ACE 

inhibitors having an antihypertensive effect in vivo were first discovered in snake venom  

(2).  Several food protein sources including fish, gelatin, and maize protein contain ACE-

inhibitory peptides (3).  Milk proteins are also precursors for a range of peptides which 

inhibit ACE  (4).  Casein-derived inhibitors of ACE are known as casokinins, whereas 

whey-derived inhibitors are know as lactokinins.  
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1.2.1 PHYSIOLOGICAL EFFECTS 

 ACE is widely distributed in mammalian tissues.  It is present in plasma, lung, 

kidney, heart, skeletal muscle, pancreas, spleen, placenta, arteries, testes, uterus, and 

brain.  Numerous studies in spontaneously hypertensive rats (SHR) have demonstrated an 

antihypertensive effect following intravenous and oral ingestion of casein-derived ACE 

inhibitory peptides. These peptides correspond to tryptic and Lactobacillus helveticus 

protease (5).  Oral ingestion of a tryptic digests of whole casein produced an 

antihypertensive effect in SHR (6).  A placebo controlled study in hypertensive humans 

definitively demonstrated a significant reduction in blood pressure following daily 

ingestion of 95 ml of Calpis sour milk which contains highly potent tripeptide inhibitors 

of ACE, i.e. β-casein f(84-86) and β-casein f(74-76) and κ-casein f(108-110) (7). 

 The antihypertensive potential of milk protein-derived peptides is dependent on 

the ability of these peptides to reach their target site without being degraded and as a 

consequence inactivated by the action of intestinal or plasma peptidases.  Resistance to 

peptidase degradation may be a prerequisite for an antihypertensive effect during the oral 

ingestion and the intravenous infusion of ACE inhibitory hydrolysates/peptides.  For 

example, s1-casein f(104-109), a potent ACE inhibitor in vitro, was shown to have no 

hypotensive effect in vivo (5).  On the other hand, peptide degradation or fragmentation 

may result in more potent ACE inhibitory activities.  For example, removal of C-terminal 

glutamine from β-casein f(169-175) increased the in vitro ACE inhibitory potency; 

however, both β-casein f(169-174) and f(169-175) had strong antihypertensive activities 
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in SHRs (5).  These results emphasize the necessity of performing in vivo studies in all 

cases. 

 The majority of milk protein-derived peptides reported to date (for example: s1-

casein f (104-109) IC50 = 22 µmol/l; β-casein f (169-175) IC50 = 1000 µmol/l) do not 

have ACE inhibitory potencies approaching that of captopril (IC50 = 0.006µmol/l).  

However, as naturally derived peptides, they would not be expected to have the side-

effects associated with synthetically produced drugs used in the control of hypertension, 

i.e. cough and alterations in serum lipid metabolism.  

 Milk protein-derived peptides represent a group of bioactive peptides that have 

significant potential as naturally-derived agents for the prevention/control of blood 

pressure and related diseases.  The use of these peptides in functional foods requires 

ongoing studies, including extended clinical trials, to demonstrate their long-term 

efficacy and safety.   

 

1.3 BIOACTIVE FOOD COMPONENTS AND THE IMMUNE SYSTEM 

 The immune system acts to protect the host from infectious agents that exist in the 

environment (viruses, bacteria, fungi, parasites) and from other noxious insults.  The 

system is a complex and highly interactive network of cells and their products.  The 

immune system has two functional divisions: the innate and the acquired.  Both 

components involve various blood-borne factors (complement, antibodies, and cytokines) 

and cells.  The immune system regulates itself by means of helper and suppressor cells 
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and soluble products.  Nutrients and other food and food-derived components of the diet 

have the potential to affect almost all aspects of the immune system (8).   

 The relation of single nutrients to immune function (9), as well as the effect of 

nutrient-nutrient interactions (10) in humans and in animal models, has been reviewed 

comprehensively.   Several of the vitamins associated with diets high in fruit and 

vegetables have been shown to improve immune status, particularly in older individuals.  

In a placebo-controlled, double-blind trial, 12 mo of supplementation with an over-the 

counter multivitamin- and –mineral supplement improved delayed-type hypersensitivity 

skin responses in subjects aged 59-85 y, an effect that was not detected after 6 mo of 

supplementation (11).  This effect w as associated with significant increases in serum 

concentration of ascorbic acid, β-carotene, folate, vitamin B-6, and -tocopherol at 6 mo, 

12 mo, or both.  Vitamin supplementation alone also improves response to delayed-type 

hypersensitivity tests in healthy individuals >65 y of age (12).  Subjects received a 

placebo or 60, 200, or 800 mg all-rac--tocopherol daily for 235 days.  The group given 

200 mg/day had the greatest increase in delayed –type hypersensitivity and antibody titer 

to hepatitis B compared with the placebo and the other 2 -tocopherol doses.   

 Peripheral blood mononuclear cells produce cytokines, e.g. ILs and TNF-, that 

assist in the activation of T cells and enhance NK cell activity (10).  Supplementation 

with -tocopherol and ascorbic acid results in transient increase in cytokine production 

(13).  Ascorbic acid (1 g), all-rac--tocopherol acetate (400 mg), ascorbic acid and -

tocopherol, or placebo were provided for 28 days as part of a randomized trial.  On day 

14, the combination of ascorbic acid and -tocopherol increased IL-1β and TNF- 
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production 1.8 and 1.5 fold, respectively; small increases were also detected with -

tocopherol, but ascorbic acid alone had no effect.  However, by day 28, there was no 

difference in response among the supplement and placebo groups.  Other cytokines not 

measured in this study may be influenced by sustained vitamin supplementation to 

modulate immune balance, resulting in the transient changes in IL-1β and TNF- that 

were observed (13). 

 Natural killer (NK) cells, one of the types of immune cells, play an important 

function in immune surveillance, and NK cell activity is a component of the antitumor 

host defences, during tumor growth (14) and metastasis.  It appears that nutrients and 

phytochemicals tend to affect NK cell activity without influencing cell number.  

Supplementation for 10-12 years with β-carotene (50 mg on alternate days) resulted in 

1.6-fold greater NK cell activity in elderly men (aged 65-85 years) relative to placebo 

without an increase in the percentage of NK cells or an increase in interleukin 2 receptor 

expression or IL-2 production; no effects of supplementation were observed in middle-

aged men (aged 51-64 years) (15).  Similarly, in healthy male college-student volunteers 

aged 20-25 years, 9 mo of β-carotene supplementation (60 mg/d) did no alter NK cell 

numbers or virgin T cell, memory T cell, or cytotoxic T cell numbers (16). 

 

1.3.1 DIETARY ANTIOXIDANTS  

 The immune system is highly reliant on accurate cell-cell communication for 

optimal function, and any damage to the signaling systems involved will result in an 

impaired immune responsiveness.  Oxidant-mediated tissue injury is a particular hazard 
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to the immune system, since phagocyte cells produce ROS as part of the body’s defense 

against infection.  Adequate amounts of neutralizing antioxidants are required, therefore, 

to prevent damage to the immune cells themselves.  Many antioxidants can be obtained 

directly from the diet.  Numerous epidemiological studies have found strong associations 

between diets rich in antioxidant nutrients and a reduced incidence of cancer, and it has 

been suggested that a boost to the body’s immune system by antioxidants might, at least 

in part, account for this (17).  In addition, antioxidative factors such as tea polyphenols 

and flavonoids have been found to exert an inhibitory effect on chemical mediator release 

in vitro  (18); hence, some of these immunoregulatory activities of bioactive antioxidant 

compounds could be expressed in vivo. 

 

1.3.2 PROBIOTICS 

 Probiotics have several immune-enhancing effects that have been documented in 

different studies by different research groups (19).  An enhancement of the circulating 

IgA secreting cell response has been observed in infants supplemented with Lactobacillus 

casei, and correlated with a shortened duration of diarrhea in the study group when 

compared with a placebo group (20).  An improvement of the non-specific immune 

phagocytic activity of granulocytes has been shown in the blood of human volunteers 

after consumption of Lactobacillus acidophilus and Bifidobacterium bifidum (20). 

Ingestion of yogurt has been reported to stimulate cytokine production, including 

interferon-γ in human blood mononuclear cells (21).  It has also been reported that the 

consumption of yogurt stimulates cytokine production by monocytes (22).  
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 Perhaps the most intriguing aspect of probiotic modulation of immune response is 

through its effects on cytokine production.  Cytokines and their regulation of the immune 

system have been studied intensively in the last several years in cell lines and primary 

cells of both rodents and humans (23-27).  Several studies have shown that cytokine 

production by cells of the immune system can be altered by probiotic use.  For example, 

the effects of four commercial strains of Streptococcus thermophilus found in yogurt on 

cytokine production were evaluated with a macrophage cell line and a T-helper cell line 

and compared with active strains of L. bulgaricus, Bifidobacterium adolescentis, and B. 

bifidum (24).  All cytokines studied, TNF-, IL-6, IL-2, and IL-5, were affected by heat-

killed S. thermophilus in a strain- and dose-dependent fashion.  All bacteria induced 

significant increases of IL-6 production in the macrophage cell line with S. thermophilus.  

The four S. thermophilus strains also strongly induced TNF- production.  IL-6 and, to a 

lesser extent, TNF- production were also increased when the macrophages were 

costimulated with LPS and cells fthe three groups of lactic acid bacteria.  After 

concurrent stimulation of a T cell line with phorbol 12-myristate-13-acetate, seven of the 

eight strains enhanced IL-2 and IL-5 production significantly (24).   

 More recent studies have assessed the effects of probiotics on cytokine gene 

transcription.  For example, there was no effect of repeated oral exposure to viable or 

nonviable L. acidophilus, L. bulgaricus. L. casei or S. thermophilus on basal cytokine 

mRNA expression in Peyer’s patches, spleen or lymph nodes of mice, after 14 days of 

exposure (27).  In another study, human peripheral blood mononuclear cells were 

stimulated with three nonpathogenic Lactobacillus strains and with one pathogenic 
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Streptococcus pyogenes strain.  All bacteria strongly induced IL-1β, IL-6 and TNF- m 

RNA expression and secretion of the cytokine protein.  S. pyogenes was the most potent 

inducer of secretion of IL-2 and IFN-γ, and two of the Lactobacillus strains induced IL-

12 and IFN-γ production.  All strains induced IL-18 protein secretion (25).  Additional 

effects of probiotics have been to reverse the age-related decline in the production of 

cytokines.  For example, supplementing the diet of aging mice with several probiotic 

species restored IFN-γ levels compared with control mice (28).  The mechanism of this 

reversal is unknown but may involve the ability of lactic acid bacteria to adhere 

selectively to M cells of Peyer’s patches. 

 

1.4 BIOACTIVE FOOD COMPONENTS AND ANTIOXIDANT DEFENSE 

1.4.1 POLYPHENOLS  

Phytochemicals or plant derived chemicals are to be found both among nutrients 

and non-nutrients.  The non-nutrient phytochemicals refer to every naturally occurring 

chemical substance present in plants, usually in small amounts, and especially to those 

phytochemicals that are biologically active.  Phytochemicals occur in all higher plants as 

an array of secondary plant substances, varying quantitatively and qualitatively with the 

plant anatomy.   The major phytochemicals are polyphenolic compounds like flavonoids, 

phenolic acids, and phytoestrogens. 

Polyphenols derived from various plant sources are the most abundant 

antioxidants in our diets (29).  The varying biological sources are reflected by a diversity 

of structures: flavonoids, anthocyanins, coumestane, stilbenes and lignans; see Figure 1.1 
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and Figure 1.2 for chemical structures.  Several thousand natural polyphenols with 

diverse chemical structures have been identified so far  and they are classified into at 

least 10 chemical groups (30).  Flavonoids account for about two-thirds of the total 

polyphenol intake, and phenolic acids make up the remaining one-third.  Few single 

compounds, however, reach significant concentrations in vivo.  The pharmacokinetics of 

the even fewer polyphenols so far assessed are as diverse as their chemical structures.  

Usually, less than 1 -26 % of ingested flavonoids are found in human urine (0.4 -1.4% for 

flavonols, 0.5 – 6% for catechins, 2.5 – 26% for isoflavones, and 1 – 7% for anthocyanins 

(31).  This implies that the intestinal absorption of most polyphenols is rather limited 

and/or that polyphenols undergo substantial metabolism either in the body tissues or by 

the colonic flora (29).  Polyphenols absorbed in the gut may also be secreted in the bile in 

metabolized and un-metabolized form and further metabolized by the colonic flora.  

Many polyphenols are glycosylated (31).  Removal of the glycosides residues by 

intestinal glycosidase is expected to enhance intestinal uptake by diffusion.  Some 

glycoside residues can only be cleaved by the colonic microflora.  Metabolism and/or re-

uptake in the colon may result in prolonged half-lives.  The colonic microflora is also 

responsible for the cleavage of esterified polyphenolic acids.  Extensive metabolism and 

antioxidant capacities of metabolites complicate estimates of dose-related antioxidant 

properties.  

 The research database indicates that polyphenols may have actions that include 

antioxidant, cancer prevention, anti-infection, and hormonal.  Polyphenols may also 

induce our chemical defense enzymes, and act on blood clotting and on the vascular 
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system.  However, solid evidence that they positively influence human health is lacking, 

and adverse effects have also been reported for certain polyphenols.  A renewal of the 

interest in flavonoids arose from the work of Hertog and co-workers who in 1993 

reported a preventive action of flavonoids against fatal outcomes of heart disease in 

humans (32).  In the following years this observation has been repeated in other studies 

(33;34), but not uniformly (35).  The research in recent years has focused on the 

antioxidant actions of flavonoids and other polyphenols. Their action on the vascular 

system is now being reviewed and investigated by modern techniques.  The polyphenols 

are generally outstanding antioxidants, and their abundance in fruits and vegetables has 

nourished the idea that they may partly explain the positive health effects of plant foods 

by their antioxidant actions, e.g. their ability to quench potentially damaging radical 

reactions.  There is little doubt that polyphenols are indeed able to affect our capacity to 

deal with radicals; however, their ability to decrease damage to tissue components in 

humans needs to be further investigated. 

 

1.4.2 EPIDEMIOLOGICAL EVIDENCE FOR PREVENTIVE ACTION 

 Epidemiological studies promote the notion that an increased consumption of 

plant products is an important factor in reducing the risk of degenerative diseases like 

heart diseases and cancer (36-38).  Accordingly, there is evidence that high intake of 

various soy products, rich in isoflavonoids and lignans, protects against breast cancer and 

prostate cancer.   This claim is supported by the fact that subjects with breast cancer or at 
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high risk of breast cancer excrete low amounts of lignans and isoflavonoids, but subjects 

living in areas with low risk of hormone-dependent cancers have higher levels (39).   

 The pleiotropic effects of dietary polyphenols has been emphasized especially in 

relation to degenerative diseases (40).  Several epidemiological studies suggest that black 

tea consumption is associated with a reduced risk of degenerative diseases such as 

cardiovascular disease(35;41).  It have been reported that the incidence of coronary 

mortality and lung cancer is higher among a population with low dietary intake of 

flavonoids (33;42).   

 In 1992 a fascinating hypothesis was postulated: the so called “French Paradox” 

(43).  It claims that French subjects who have similar intakes of saturated fatty acids, 

similar risk factors and comparable plasma cholesterol levels exhibit a much lower 

incidence of death from CHD than U.S. or West European subjects with comparable 

intakes of fat.  In subsequent reports the effects of red wine have been confirmed (44-46).  

The essential questions remains unanswered: whether alcohol per se (47) or the non-

alcoholic fraction of wine represented mainly by polyphenols, is the primary factors 

responsible for the protective effect.  Indeed, a recent study showing antioxidant 

properties of alcohol-free red wine, is an actuating notion in this respect (46).   

 In conclusion, there is little doubt that the preventive effects of plant products are 

intrinsically related to the presence of phytochemicals.  Longitudinal dietary changes 

indicate that an increasing share of the population responds positively to current health 

management suggestions to include to more fruits and vegetables in their diets (48).  

Recently, positive associations of exercise and fruit consumption with cardiovascular 
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health have been reported in female adolescents and adults (49).  Available data reinforce 

the advantages for human health of a diet containing plenty of fruits, vegetables, cereals, 

and reduced amount of fat.  Based on available epidemiological studies, the U.S 

Government recommends a consumption of 400-600 g of vegetables and fruits daily, 

which comprises three to five portions of vegetables, and two to three portions of fruit 

(50).    

 

1.4.3 PREVENTIVE ACTION OF BIOLOGICALLY ACTIVE FOOD     
COMPONENTS 
 
 During the last 30 years, research in the field of nutrition and chronic disease 

causation has led to significant progress in providing an understanding of specific risk 

factors and chemopreventive agents.  The major health problems considered are 

cardiovascular and nutritionally related cancers.  One aspect involved in the initiation and 

development of both cardiovascular diseases and cancer is abnormal oxidative processes, 

leading to the generation of hydroxyl radicals and peroxyl compounds.  In part, the 

protective role of vegetables, fruits, and tea is thus, to provide antioxidant vitamins and 

specific phytochemicals that display a powerful inhibitory effect in oxidative reactions.  

Epidemiological studies (vide supra), as well as laboratory experimentation have yielded 

solid data and evidence in support of the fact that vegetables, fruits, tea and specific 

antioxidants therein account mechanistically for the inhibition (51-54).   
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1.4.4 THE ANTIOXIDANT HYPOTHESIS 

 The hypothesis that dietary antioxidants prevent chronic disease is well 

established and remains interesting to the scientific community.  This may be because it 

seems immediately plausible.   It is very likely that aging in humans is partly caused by 

free radical reactions just like aging and rancidity of foods.  It is also known that radical 

reactions are involved in plaque formation in the intima of blood vessels (55)  

Furthermore, radicals may react with DNA to cause damage, some of which can lead to 

mutation, the putative initiating event in cancer.  Thus, radical reactions are likely 

involved in aging, atherosclerosis, and cancer. As such, antioxidants should in theory be 

able to partially prevent these conditions.  The idea that the preventive action of fruits and 

vegetables towards chronic disease, which has been observed in many epidemiological 

studies, was caused by the high levels of antioxidants in these food items, has given 

further plausibility to the antioxidant hypothesis.  Most research has been directed 

towards some antioxidant vitamins and pro-vitamins in plant foods, including vitamin E 

and beta-carotene.  However, large human intervention studies with these nutrients have 

not given immediate support to the antioxidant hypothesis and these nutrients seem either 

neutral or even harmful in controlled human studies (56).  Thus, an increase in any 

antioxidant does not necessarily lead to decreased health risk.  Some antioxidants may 

even be detrimental to health at doses above physiological levels.  However, it may still 

be true that specific antioxidants are preventive, and since polyphenols act as potent 

antioxidants and are abundant in plant foods, they are likely candidates for fulfillment of 

the antioxidant hypothesis.  The available methodology to evaluate such a hypothesis 



 

 

27

consists of animal and human intervention studies using a combination of biomarkers for 

oxidative damage and antioxidative defense.   

 

1.4.5 FREE RADICALS  

 Free radicals are highly-reactive molecules containing one or more unpaired 

electrons.  Several potentially damaging species, such as reactive oxygen, nitrogen and 

chlorine species (ROS/RNS/RCS), as well as superoxide (O2.-) and hydroxyl (OH*) 

radicals arise as by-products of normal metabolism and from chemical accidents (57).  

Superoxide is a one-electron reduction product of molecular oxygen that is formed during 

normal respiration in mitochondria and by auto-oxidation reactions.  The hydroxyl radical 

is an extremely reactive oxidizing radical that will react with most biomolecules at 

diffusion-controlled rates.  It therefore will not diffuse a significant distance within a cell 

before reacting and has an extremely short half-life but is capable of causing great 

damage within a small radius of its site of production. 

 Hydrogen peroxide (H2O2) is a non-radical reactive species formed during normal 

metabolism and its main significance lies in its being a source of hydroxyl radicals in the 

presence of reactive transition metal ions (e.g. Fe2+).  One example is the Fenton 

reaction: 

Fe2+  + H2O2 → Fe3+ + OH- + OH 
 

 

 Not all ROS/RNS/RCS production is accidental, since the body can use these 

substances for its own benefit.  Nitric oxide (NO*) finds a multiplicity of uses, for 
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example as a regulator of vascular tone and as a messenger in the central nervous system 

(58).  Reactive species produced by activated neutrophils, macrophages and several other 

cell types are active in killing bacteria.  Indeed ROS/RNS/RCS may have a variety of 

functions including regulation of gene expression (59) and induction of apoptosis (60).  

The ability of radicals such as NO* and O2.-    to kill invading bacteria means that these 

substances are also capable of damaging normal tissues.  All the major classes of 

biomolecules may be attacked by free radicals but lipids are probably the most 

susceptible.  Polyunsaturated fatty acids (PUFAs), major components of cell membrane,  

are readily attacked by oxidizing radicals.  

 The oxidative destruction of PUFAs, known as lipid peroxidation, is particularly 

damaging because it proceeds as a self-perpetuating chain-reaction.  The general process 

of lipid peroxidation can be envisaged as in the scheme below, where LH is the target 

PUFA and R* the initiating, oxidizing radical.  Oxidation of the PUFA generates a fatty 

acid radical (L*) that rapidly adds oxygen to form a fatty acid peroxyl radical (LOO*).  

The peroxyl radicals are the carriers of the chain-reaction; they can oxidize further PUFA 

molecules and initiate new chains, producing lipid hydroperoxide (LOOH) that can break 

down to yet more radical species and to a wide range of compounds, notably aldehydes 

(61). 
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In summary, lipid peroxidation is of particular significance as a damaging 

reaction consequent to free radical production in cells because: (i) it is a very likely 

occurrence, given the availability and susceptibility of PUFA in membranes; (ii) it is a 

very destructive chain-reaction that can directly damage the structure of membranes and 

indirectly damage other cell components by the production of reactive aldehydes.  

Therefore, lipid peroxidation alters functional properties of membranes and delivery of 

lipids to tissues (62).  Thus, ROS/RNS/RCS may have extremely deleterious effects 

which under normal circumstances are counteracted by the antioxidant defenses in 

healthy individuals. 

Polyphenols can scavenge free radicals involving LOO* and OH*, depending on 

the number and site of the hydroxyl group and double bonds in their structures.  

Furthermore, some polyphenols possess a capacity to chelate the transition metal ions 

responsible for the generation of reactive species and to inhibit lipoxygenase reaction 

(63).  It is therefore likely that polyphenols act as preventive antioxidants, as well as 

chain-breaking antioxidants.  

 

 

LH + R*          L* + RH 
 
L* + O2           LOO* 
 
LOO* + L’H          LOOH + L’* 

LOOH         LO*, LOO*, aldehydes 



 

 

30

1.4.6 ANTIOXIDANT DEFENSES 

 Since reactive species are produced in vivo, organisms have evolved antioxidant 

defense systems either to prevent the generation of reactive species or to intercept any 

that are produced; see Figure 1.3 for antioxidant defence system in the cell.  They exist in 

both the aqueous and membrane compartments of cells and can be enzymes or non-

enzymes.  Catalase and glutathione peroxidase are enzymes which can safely decompose 

peroxides, particularly H2O2 produced during the respiratory burst involved in microbial 

killing in phagocytic cells, while superoxide dismutase intercepts or “scavenges” free 

radicals.  Most free-radical scavengers are not enzymes, and many are obtained through 

the diet.  In cell membranes the most important is -tocopherol, the major member of the 

vitamin E family.  This molecule is known as a “chain-breaking antioxidant”, because its 

function is to intercept lipid peroxyl radicals (LOO*) and to terminate lipid peroxidation 

chain reactions.  

 

LOO* + -tocopherol – OH → LOOH + -tocopherol – O* 

 

 Another group of lipid-soluble compounds that can act as antioxidants are the 

carotenoids, such as β-carotene, lycopene, and lutein, found in highly pigmented fruits 

and vegetables.  The polyene structure of these compounds allows the molecules to 

quench, or inactivate, singlet oxygen and free radicals.  A major water soluble free 

radical scavenger is ascorbic acid, which also plays a role in “sparing” vitamin E, by 
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regenerating -tocopherol from the oxidized tocopheroxyl radical (64).  More recently, 

attention has focused on the antioxidant properties of dietary plant polyphenols (65;66).  

Many plant polyphenols inhibit lipid peroxidation and lipoxygenase enzymes in 

vitro (67;68) and thus, may be important dietary antioxidants (32;33;69).  It has been 

speculated that polyphenols in red wine could explain the “French paradox”.  On the 

other hand, some polyphenolics are pro-oxidant in vitro if mixed with copper or iron 

ions (68;70).  More data are needed on absorption and bioavailability of polyphenols, 

but there is a growing body of evidence that many dietary polyphenols can be absorbed 

(71); and the proof of polyphenols’ bio-activity must come from application of reliable 

in vivo models where markers of baseline oxidative damage are examined from the 

standpoint of how they are affected by changes in diet or by antioxidant 

supplementation. 

 

1.4.7 DIETARY -TOCOPHEROL (VITAMIN E)  

Studies of human subjects and animals, in either states of deficiency or at supra 

dietary levels, suggest strongly that -tocopherol is involved in maintaining immune cell 

function.  As mentioned above, vitamin E is the most effective chain-breaking lipid 

soluble antioxidant present in cell membranes; therefore, it is considered likely that it 

may play a major role in maintaining cell membrane integrity by limiting lipid 

peroxidation by reactive species.  Vitamin E deficiency states are associated with 

depressed B-cell antibody production  and T-cell proliferation in response to mitogenic 

stimulation, and with an increased rate of infection (72).  As with other dietary 
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antioxidants, a marked improvement in immune indices can be seen in the elderly 

following supplementation with vitamin E (72).  There is also evidence that increased 

intakes can modulate the function of immune cells in younger individuals.  For example, 

supplementation with 300 mg vitamin E/day depressed the bactericidal activity of 

leucocytes from a group of healthy young men (73).   

Recently, Deveraj et al. (74) examined the effect of high dose -tocopherol 

supplementation (1200 mg/day) on ex vivo monocyte function.  After 8 weeks of 

supplementation, the in vitro release of reactive species and lipid oxidation was 

decreased, both in the resting state and in lipopolysaccharide stimulated cells compared 

to both baseline and a 6-week washout period (when levels had returned to baseline).  A 

similar effect was observed after culturing the cells in the presence of the protein kinase 

C (PKC) inhibitor, Calphostin C, suggesting that inhibition of PKC activity  might be a 

mechanism by which -tocopherol can inhibit reactive species release and lipid 

oxidation.  It is also possible that vitamin E, as well as other antioxidant nutrients, can 

influence a variety of inflammatory processes by inhibiting the activity of the redox-

controlled transcription factor nuclear factor-κβ (NF-κβ) (75).  NF-κβ is required for 

maximal transcription of many cytokines, including interleukin-1β, and it is thought that 

the generation of reactive species is a vital link in mediating NF-κβ activation by a 

variety of stimuli (76;77).   

 Several studies have examined the effect of vitamin E in cigarette smokers.  

Cigarette smoke contains millions of free radicals per puff, and other compounds present 

can stimulate the formation of other highly reactive molecules (78).  Circulating 
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phagocytes from smokers produce high levels of free radicals, which probably in part 

account for the depressed immune function observed in smokers (79).  There is some 

evidence that vitamin E supplementation can reduce the over-production of reactive 

species by phagocytic cells from current smokers (80). 

 

1.4.8 OXIDATIVE STRESS AND DIET 

Because production of reactive species and antioxidant defenses is approximately 

balanced in vivo, it is easy to tip this balance in favor of the reactive species and create a 

situation of oxidative stress (81).  Oxidative stress may occur in several ways: (i) by 

inadequate diet-derived antioxidants, and (ii) by excess production of O2*- and H2O2 , 

e.g. by exposure to drugs or toxins that are metabolized to produce free radicals, or by 

excessive activation of “natural” radical-producing systems (e.g. phagocytes in chronic 

inflammatory diseases). 

Damaged tissues undergo more free radical reactions than healthy ones (82;83).  

In most human diseases, oxidative stress is a secondary phenomenon, not the primary 

cause of the disease (82).  This does not mean that oxidative stress is not important; for 

example, secondary oxidative damage to lipids in blood vessel walls is a significant 

contributor to the development of atherosclerosis (84).  DNA damage by reactive species 

(ROS and RNS) probably contributes to the age-related development of cancer (85).  

Oxidative stress contributes to tissue damage in rheumatoid arthritis (86) inflammatory 

bowel diseases and Parkinson’s disease (87).  There is growing evidence supporting the 

fact that the major human killers, cardiovascular diseases and cancer, can be prevented or 
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delayed to some extent by dietary changes, such as an increased consumption of fruits 

and vegetables, and reduction in fat intake (38;88).  Since our endogenous antioxidant 

defenses are not 100% efficient, it is reasonable to propose that dietary antioxidants are 

important in diminishing the cumulative effects of oxidative damage over the human 

lifespan, and that they account for some of the beneficial effects of fruits and vegetables.  

For example, if continuous free radical damage to DNA and inefficient repair are 

involved in the development of spontaneous cancers, then a good intake of dietary 

antioxidants should be preventative (38;85).   
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1.5 LIST OF FIGURES AND TABLES 

 

Figure 1.1 Chemical structures of the principal classes of polyphenols.   
The examples shown are of polyphenols with hydroxyl groups in the 7- and 4”-positions. 
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Figure 1.2 Chemical structures of various flavonoids.   
The flavone heterocyclic ring can be reduced or oxidized in various ways, which leads to 
different structures.   
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Figure 1.3 Antioxidant defence systems in the cell. 
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CHAPTER 2: EFFECT OF PROTEIN HYDROLYSATES ON HYPERTENSION 
IN SPONTANEOUSLY HYPERTENSIVE RATS 
  
 

2.1 INTRODUCTION   

High blood pressure, commonly known as hypertension, is one of the most 

common cardiovascular diseases.  In terms of dietary intervention, any food component 

with the capacity to reduce blood pressure is a potential candidate in the 

prevention/treatment of cardiovascular disease (CVD).   

The seventh Joint National Committee report by the National Heart, Lung, and 

Blood Institute recommended changes to the pre-existing guidelines used to classify adult 

blood pressure (89).  Due to the fact that the risk of heart disease and stroke increases at 

blood pressures above systolic blood pressure/diastolic blood pressure values of 115/75 

mm Hg, health experts have now decreased the previously accepted blood pressure range 

in order to encourage a more proactive and earlier treatment of high blood pressure.  The 

new guidelines divide blood pressure into 4 categories as follows: (i) normal, with a 

systolic blood pressure (SBP) of  <120 mmHg, and diastolic blood pressure (DBP) of  

<80 mmHg; (ii) prehypertension, with a SBP 120-139 mmHg, and DBP 80-90 mmHg; 

(iii) stage 1 hypertension, with a SBP of 140-159 mmHg, and DBP 90-99mmHg; and 

stage 2 hypertension, with a SBP ≥ 160 mmHg, and DBP ≥ 100 mmHg.  As a result of 

these changes many individuals whose blood pressure was previously considered normal 

or borderline will now fall into the “prehypertension” category.   

Hypertension is a controllable risk factor in the development of a number of 

CVDs including stroke, coronary infarct, heart failure, and end-stage diabetes (1;90).  
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According to a recent report, hypertension, affect approximately 25% of the U.S. 

population (91).  The annual drug costs associated with the treatment of hypertension and 

related diseases is estimated to be $15 billion annually in the U. S. (92).  The risk of 

developing CVD is directly related to the reduction of the blood pressure level.  It is 

estimated that for each 5 mmHg reduction in blood pressure the risk of CVD is drop by 

about 16% (93;94).  Two main strategies are currently recommended for the regulation of 

blood pressure: changes in lifestyle and drug treatments.  Studies such as the Dietary 

Approaches to Stop Hypertension (DASH) trial have shown that a diet rich in fruits, 

vegetables, and low fat dairy products is an effective means of lowering blood pressure 

(95).  Alternatively, a range of targeted drug treatments may be employed including 

angiotensin-I-converting enzyme inhibitors, angiotensin II receptor blockers, calcium 

channel blockers, vasodilators, and diuretics.  

The physiological control of blood pressure is carried by a number of different 

interacting biochemical pathways.  Classically, blood pressure control has been 

associated with the renin-angiotensin system (RAS).  The RAS  is one of the major 

regulators of blood pressure, electrolyte balance, renal, nueronal, and endocrine functions 

associated with cardiovascular control in the body (96).  As seen in Figure 1, RAS begins 

with the inactive precursor angiotensinogen (ATN).  ATN is the only known precursor of 

angiotensin I as well as the only known substrate for renin.   

Renin is an asparctic acid proteinase.  The main source of renin is the 

juxtaglomerular cells of the kidney.  It is generated from the inactive precursor prorenin, 

by the action of kallikrein.  Several factors influence the release of renin, including renal 
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perfusion presure, salt depletion, and stimulation of β2-receptors by aldosterone (97).  

Renin is responsible for liberation of angiotensin I from ATN.  Inhibition of renin activity 

may be achieved as a result of angiotensin II production and by pharmacological agents.   

Angiotensin I is the decapeptide released from the N-terminal portion of ATN by 

the action of renin.  Angiotensin-I-converting enzyme (ACE) regulates the balance 

between the vasodilatory and natriuretic properties of bradykinin and the vasoconstrictive 

and salt-retentive properties of angiotensin II.  ACE inhibitors alter this balance by 

decreasing the formation of angiotensin II and the degradation of bradykinin.  The 

formation of angiotensin II from angiotensin I results in a number of responses within the 

body.  The major effects of angiotensin II are the control of blood pressure, fluid volume 

and neurotransmitter interactions, as well as the control of gonadotropic-releasing 

hormones and pituitary hormones activities (98;99).  Angiotensin II is a substrate for the 

angiotensinase group of enzymes resulting in the generation of other biologically active 

peptides; see Figure 2.1 for ACE inhibitors mechanism.   

Various side effects are associated with the use of ACE inhibitory drugs in the 

control of blood pressure.  These effectss include hypotension, increased potassium 

levels, reduced renal function, and cough (100-102).  Natural inhibitors of ACE have 

been identified within the primary sequences of a range of proteins derived from food 

(yeast, casein, tuna and sardines), which could ultimately influence blood pressure 

without side effects.   

A limited number of human studies have associated milk protein-derived peptides 

with hypotensive effects.    The double blind placebo controlled study of Hata et al., was 
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the first to demonstrate that a fermented sour milk drink could significantly reduce SBP 

and DBP following oral ingestion of 95 ml Calpis per day by mildly hypertensive human 

volunteers (7).  In this study, 30 elderly male and female patients were divided into two 

groups and administered either the Calpis soured milk or acidified milk as a placebo.  In 

the test group, significant SBP reductions of -9.4 and -14.1 mm Hg were recorded at 4 

and 8 weeks after initiation of the trial, respectively.  DBP was reduced by 6.9 mm Hg at 

the end of the trial.  No significant changes in blood pressure were observed in the 

placebo group.  In addition, ingestion of the test material or the placebo had no effect on 

heart rate, body weight or blood serum variables, i.e. HDL.  In another study, the 

ingestion of fermented milk, containing similar quantities of the bioactive peptides as 

those found in Calpis, resulted in a larger hypotensive effect at 8 weeks following 

ingestion of the fermented milk (103). 

Another material which has been studied in humans for its potential hypotensive 

properties is the Katsuobushi oligopeptide. This material is derived from Katsuobushi, 

dried tuna (a fish from the tuna / mackerel family), by thermolysin catalyzed hydrolysis. 

The manufacturer of this hydrolysate, Nippon Synthetic Chemical Industry, Co., Ltd., has 

conducted and published three separate clinical trials on mildly hypertensive adult 

volunteers using this material (104-106). The first two trials using the raw material 

(labeled KO Type L) induced a clinically significant decrease in both systolic (~ 12 - 13 

mm Hg decrease) and diastolic (~ 6 - 7 mm Hg decrease) blood pressure after consuming 

a daily dose of 3 grams of the hydrolysate for 8 weeks. The studies were conducted in a 

blinded crossover design. In the first study, the Katsuobushi oligopeptide was tested raw 
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(104), while in the second study (105), the same ingredient was part of a soup.   A 

follow-up study was done using an enriched product derived from the original material 

treated by ultrafiltration (labeled KO type S) and enriched with the active material 

(Katsuobushi oligopeptide) (106).  This study was also a crossover design, and showed 

similar effects as the previous two studies using a daily dose of 1.5 grams.  These effects 

were also shown in the generally used spontaneously hypertensive rat model (SHR) 

(106), and compared to the previously used Katsuobushi oligopeptide material (KO Type 

L). Intragastric gavage of either type "L" (1000 mg/kg) or type "S" (500 mg/kg) material 

in an SHR model produced an ~ 15 mm Hg drop in systolic blood pressure within 2-4 

hours, which persisted for at least 6 hours post gavage and this effect was dose 

dependent.  An active peptide sequence, LKPMN (Leu-Lys-Pro-Asn-Met, was claimed 

by Fujita’s group (2001).  

Evidence is also begining to emerge suggesting that consumption of whey protein 

hydrolysates may result in significant reductions in blood pressure.  In a recent study, a 

whey protein hydrolysates (20 g/d) and a whey protein isolate control (20 g/d) were 

orally ingested by 30 male and female, borderline hypertensives over a 6 weeks period 

(107).  The study indicated that significant reductions in SBP (-11.0 mm Hg) and DBP (-

7.0 mm Hg) occurred 1 week after ingestion of the hydrolysate and that these blood 

pressure reductions persisted for the remaining 5 weeks of the study.   

A most recent study carried out by Abbot Pharmaceutical: Ross Products 

Division, used a hydrolysate generated from corn, which produced a pronounced effect in 

the SHR model using an intragastric gavage of 0.15 g/kg. The effect was maximal at 
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about 2 - 4 hours post gavage, and showed a tendency to regress toward baseline values 

by 8 hours post-treatment; however, the effect was still significant at that point. In 

addition, a normotensive, genetically related rat (WKY) was completely unaffected by 

this treatment and the control material (casein, 0.15g/kg) had no effect. 

An important observation from the in vivo studies is that a consumption of 

specific hydrolysates or fermented dairy products has no effect on blood pressure in 

either normotensive rats or humans (104;106;108).  Futhermore, dose-dependent effects 

are generally observed and there is a lag time between consumption of a given test 

sample and the appearance of hypotensive effects; hypotensive effects are observed 

between 1-5 hours in 24 hours studies and from 1-4 weeks in long-term studies.  Finally, 

no adverse effects have been reported following oral consumption of the different 

materials. 

In summary, these data suggest that there is a strong potential to identify food-

derived components beyond nutrients such as mineral (Na+, K+, Ca++, Mg++) that could 

modulate blood pressure without side effects, and specifically dairy –based peptides.  In 

our study, the main aim was to determine the influence of four protein hydrolysates on 

blood pressure in the SHR model. 
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2.2 MATERIALS AND METHODS 

Experimental Design, Animals, and Treatment 

All animal studies were performed with the approval of  the University of Arizona animal 

review committee. 

Animals, Care and Initial Testing - Hypertensive rats (SHR, n = 48) exhibiting systolic 

blood pressures of approximately 180-200 mm Hg by the time they are 10 weeks of age 

were used in this study.  Animals were purchased from a Taconic, Germantown, New 

York.  Individual rats were labeled by tail marking. After a period of quarantine and 

acclimation to the animal care facility (12 hour light/dark cycle, ad libitum access to 

rodent chow and water), animals (3 per cage) were subjected to blood pressure 

measurements taken 2 times (ie. 8 am and 4 pm), twice a week (ie. Monday and 

Thursday) for a run-in period of 2 weeks. During this period body weights and food 

intake were also recorded.  

Blood Pressure Measurements - Blood pressure measurements were made using a non-

invasive tail cuff method (II TC, Model 179-2, Harvard Apparatus, Holliston, MA).  The 

179-2 model uses a pneumatic cuff and measures systolic and diastolic blood pressure 

from the tail.   

Treatment Groups - Blood pressure and body weight were measured before initiating the 

experiment (within 1 week of testing) and the rats were randomized (based on systolic 

blood pressure) into the following test groups: 
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Group Treatment 

1 0.9% saline (carrier) 

2 CPH (0.15 g/kg body weight, in 0.9% saline) - Positive Control #1 

3 Caseinate (0.15 g/kg body weight, in 0.9% saline) - Negative Control 

4 NZMP WPH (0.15g/kg body weight, in 0.9% saline) 

5 Biozate-1 (0.15g/kg body weight, in 0.9% saline 

6 SPH (0.15g/kg body weight, in 0.9% saline) 

7 FPH (0.15g/kg body weight, in 0.9% saline) 

8 Captopril (10 mg/Kg body weight, in 0.9% saline) - Positive Control #2 

 

 

CPH= corn protein hydrolysate; SPH= soy protein hydrolysate; FPH= fish protein 

hydrolysate; NZMP WPH= known only by sponsor.  Number of rats per group= 1.  

 

The test materials were administered by gastric gavage and blood pressure 

(systolic, diastolic, mean arterial pressure) and heart rate were measured at 0 

(immediately prior to gavage), 1, 3, 5, 7 and 24 hours post-dose.   
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Work Plan 

   

 
 

Statistical analysis - Statistical analyses were carried out using SAS (SAS Institute, Cary, 

NC, USA).  Variables were compared with One Way Anova; considered significant at p< 

0.05. 

 

HYPOTHESIS 

 Protein-hydrolysates will lower blood pressure in this rat model. 

 

2.3 RESULTS 

We tested whether a single dose of oral hydrolysates derived from different 

protein sources (soy, fish, Biozate 1 (Calpis), and NZMP WPH) could significantly lower 

blood pressure in a well established animal model for hypertension.   At 0, 1, 3, 5, 7, and 

24 hours after oral administration of the potential anti-hypertensive protein hydrolysates 

NZMP WPH, Biozate-1, soy protein, and fish protein the SBP of the animals was 

1 week prior to test
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measured. The major results for the four outcome measures are shown in Figures 2.2 

through 2.5.   All the cardiovascular parameters mean profile over time, shows a 

tendency to lower values, but once compared, there was no significant difference between 

any of the protein hydrolysates tested and the control group.  Time is the only result to be 

significant but test of the interaction between treatment/time was not significant.    The 

mean values and SEM are shown for the four outcomes measures in Table 2.1.  One Way 

ANOVA analysis to estimate the difference between groups is shown in Table 2.2. 

 

2.4 DISCUSSION  

 Over the past 10 years a vast amount of time and resources have been devoted to 

studying the potential hypertensive effects of milk protein derived peptides (109-111).  

The major purpose for screening these peptides is for their ability to inhibit angiotensin-I-

converting enzyme activity in vitro since this enzyme plays a central role in controlling 

blood pressure.  In vivo studies with spontaneously hypertensive rats and hypertensive 

human volunteers have shown a significant blood pressure reducing effect by consuming 

specific milk protein hydrolysates and fermented dairy products (7;104-106). 

The present study evaluated the effect of four protein hydrolysates on blood 

pressure in the SHR rat model.  Under this study design, treatment of SHR with the 

different protein hydrolysates did not significantly decrease blood pressure.  A number of 

factors could explain these results.  First, the ability to inhibit ACE in vitro is indicative 

of the potential of a given protein hydrolysates to act as a hypotensive agent in vivo.  

However, in order to mediate a hypotensive effect in vivo, the hydrolysates must reach 

the target organ.  Hydrolysates with potent in vitro ACE inhibitory activity did not show 
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a hypotensive effect in vivo, presumably due to degradation to inactive fragments during 

oral ingestion.  These peptides need to survive degradation by gastrointestinal proteinases 

and peptidases in order to be absorbed; therefore, they need to pass from the intestine into 

the serum where they may be susceptible to brush border and intracellular enzymatic 

activities.  The peptides also need to be resistant to degradation by serum peptidases.  In 

this study, the hydrolysates were administered orally and thus, the oral ingestion of the 

protein hydrolysates containing ACE inhibitory peptides could have affected the stability 

of the peptides therein.   

Besides, the peptide could have been transported intact to its target organ.  

However, the concentration transported could have been too low to exert an ACE 

inhibitory effect in vivo.  While valuable information can be obtained from in vitro model 

systems with respect to the proteolytic/peptideolytic stability and susceptibility to 

intracellular passage, it is only through in vivo studies that the hypotensive effects of a 

given peptide or peptide preparation can be reliably assessed so the results obtained in 

this study may be indicative of no hypotensive action from the tested protein 

hydrolysates.  

Finally, numerous rat studies have been performed to determine the hypotensive 

effects of milk protein derived ACE inhibitors.    The differences in the responses of SBP 

and other cardiovascular parameters  responses in this study and in the literature may not 

only relate to compositional differences in the test material investigated but also to the 

study design where the sample number, dosage, duration, route of administration, and 

choice of control differed. 
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More detailed studies are required for a better understanding of the blood pressure 

reducing mechanism(s) of food derived peptides as the hypotensive effect may not be 

entirely due to inhibition of ACE activity.  For example, it was recently shown that -

lactorphin (whey protein-derived opioid peptide), reduced blood pressure in 

spontaneously hypertensive rats and in normotensive Wistar Kyoto rats in a dose-

dependent manner following subcutaneous administration.  However, the blood pressure 

reducing effect was absent in the presence of naloxone, an opioid receptor antagonist, 

indicating that the hypotensive effect was mediated through the vasodilatory action of 

binding to opiate receptors (108).  The blood pressure reducing effect of complex systems 

such as fermented milk drinks and milk protein hydrolysates may only be in part due to 

ACE inhibition.  Furthermore, the hypotensive effects of fermented milk drinks may also 

be in part due to the high levels of biologically available calcium present in these 

products (103).  The hypotensive effects of high calcium, low fat dairy product diets have 

been well documented (95).  There is need for detailed conclusive evidence 

demonstrating the hypotensive effects of consuming specific milk protein based products. 
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2.5 LIST OF FIGURES AND TABLES 

 

Figure 2.1 ACE inhibitors - Mechanism  
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        Figure 2.2  Mean profile of systolic blood pressure over time.  
 
        n= 1/group;  for values and ±SEM refer to Table 2.1. 
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      Figure 2.3  Mean profile of mean arterial pressure over time. 
 
       for values and ±SEM refer to Table 2.1. 
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Figure 2.4: Changes in SBP of animals following administration of test materials. 
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Figure 2.5: Changes in mean arterial pressure of animals following administration  
 
of test materials. 
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Table 2.1   Cardiovascular parameters of animals treated with different protein 

hydrolysates; values are expressed as mean (± SEM); n= 6 – 7.           

SBP 
mean 
(0) SEM 

mean 
(1) SEM 

mean 
(3) SEM mean(5) SEM 

mean 
(7) SEM 

mean 
(24hr) SEM 

Compound             
Soy 212.28 8.35 205.28 10.95 197.11 6.46 202.89 6.94 191.06 9.74 202.78 8.07 
Fish 215.33 3.63 211.9 8.08 187.52 11.61 187.67 13.46 187.69 10.18 202.48 4.76 
Captopril 209.57 4 205.05 4.76 202.95 4.24 188.52 5.58 187.52 11.16 199.52 8.29 
CA 207.52 4.11 200.14 3.98 198.67 3.16 196.33 4.16 190.76 7.18 203.57 2.71 
NZMP 208.43 7.78 194.14 7.05 194.29 4.35 190.19 4.77 187.71 5.61 200.38 6.85 
Biozate1  217.67 4.44 203.19 4.72 203.57 5.98 197.1 6.07 196.43 5.24 197 3.31 
Corn 208 4.22 189.83 5.06 189.94 4.22 180.33 9.91 180.17 6.5 203.44 6.63 
Saline 207.67 6.49 193.4 6.31 188.13 4.96 198.07 4.51 192.67 6.26 208.73 2.82 
             
DBP             
Compound             
Soy 154.78 8.96 149.86 12.17 158.39 3.97 153.78 10.49 132.61 11.38 151.06 7.45 
Fish 155 3.22 155.95 9.7 144.43 11.8 136.1 10.36 139.26 11.26 141.79 7.56 
Captopril 159.95 4.71 147.95 6.9 142.71 7.45 137.36 6.23 130.24 17.77 148.38 7.18 
CA 154.81 6.9 135.4 9.61 148.48 6.97 138 9.75 136.36 9.63 140.52 6.94 
NZMP 156.76 8.85 141.17 11.8 149.05 6.77 139.19 7.32 134.1 8.76 145.62 3.06 
Biozate1  154.71 5.23 142.29 6.6 145.76 11.44 147.9 3.41 142.57 6.86 154.62 5.2 
Corn 152.44 4.79 142.78 6.1 143.33 4.44 119.22 9.94 133.33 5.22 158.67 8.64 
Saline 136.7 6.09 136.2 10.38 143.27 10.35 156.87 7.46 141 2.47 141.37 7.07 
             
MAP             
Compound             
Soy 174.11 8.51 168.53 9.91 170.5 5.17 168.67 7.64 152.06 9.91 168.31 6.63 
Fish 175.29 2.76 174.62 8.38 159.4 11.52 153.33 11.16 155.26 10.51 162.24 6.3 
Captopril 176.43 2.82 167.05 5.36 161.38 5.25 154.64 5.26 149.48 15.28 165.48 7.44 
CA 172.24 5.38 156.74 7.41 165.14 5.62 157.33 6.89 154.52 8.52 161.57 5.35 
NZMP 173.36 8.09 159.05 10.27 164.24 5.45 156.14 6.1 151.98 7 163.62 3.85 
Biozate1  173.17 4.71 162 4.76 165.05 9.16 164.29 3.49 160.48 5.32 168.79 3.68 
Corn 170.94 4.17 158.5 5.62 158.53 2.53 139.89 9.54 148.94 5.69 173.5 7.9 
Saline 160.57 5.05 155.4 8.29 158.2 8.49 170.77 6.32 158.27 1.56 163.63 5.01 
             
HR             
Compound             
Soy 395.06 12.23 368.06 11.01 343.5 44.64 375.56 19.68 368.28 9.83 363.83 15.82 
Fish 388.67 16.14 388.29 12.19 367.9 5.63 369.05 7.32 362.9 10.78 391.95 14.72 
Captopril 383.52 12.12 379.1 12.8 380.19 13.83 363 13.15 358.14 16.52 389.62 18.25 
CA 407.05 12.34 364.05 15.08 361 13.01 347.38 9.17 344.1 9.94 372.29 11.22 
NZMP 387.14 19.83 377.14 10.63 367.24 6.84 363.1 14.07 355.9 9.65 382.38 10.53 
Biozate1  373.24 13.1 392.43 15.55 372.62 11.17 370.52 14.9 347.05 8.02 383.33 11 
Corn 396.94 17.95 378.56 5.65 377.22 11.51 363.33 13.91 349.39 10.03 377.78 19.06 
Saline 393.33 8.38 397.4 21.07 370.87 13.68 373.6 8.45 350.8 5.65 388.47 9.53 
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Table 2.2   Comparison of the groups with One Way ANOVA; time is the only result 

to be significant but test of the effect of treatment*time interaction was not 

significant.  

 
 

Variable Effect Result 

 

Treatment NS 

Time <0.0001 

Systolic blood pressure 

Treatment*time NS 

Treatment NS 

Time <0.001 

Diastolic blood pressure  

Treatment*time NS 

Treatment NS 

Time <0.0001 

Mean arterial pressure 

 

Treatment*time NS 

Treatment NS 

Time <0.001 

Heart rate 

Treatment*time NS 
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CHAPTER 3: EVALUATION OF POTENTIAL IMMUNOMODULATORY                     
COMPOUNDS USING A MURINE MODEL FOR IMMUNE SUPRESSION 
 

3.1 INTRODUCTION 

 Immunomodulation is a process that can alter the immune response of an 

organism by interfering with its normal functions.  If the action of the compound results 

in an enhancement of immune reactions it is named an immunostimulative compound, 

which primarily stimulates a non-specific system, i.e. granulocytes, macrophages, 

complement, and T-lymphocytes.  Immunosuppression refers to reduced resistance 

against infections and stress, which arises from environmental or chemotherapeutic 

factors (112).   

Immunomodulation helps boost or prevent decline of the immune responses, as 

seen in aging.  Despite the recent development of new immunomodulatory drugs, there is 

need for less toxic and more widely applicable compounds (113).  Hence,  a search for 

better compounds exerting the above mentioned activities has become a field of major 

interest (114;115).  Once identified, one can evaluate compounds for their ability to 

immunomodulate, as well as for their effectiveness in reducing immune response 

dysfunction. 

The interrelationship between diet and the immune system has become the focus 

of increasing attention as an increasing number of bioactive food components are being 

identified as having immune-modulating function.  Amino acids such as glutamine, 

cysteine, and dimethylglycine, as well as the protein lactoferrin, may have 

immunomodulating activity.  Glutamine appears to be required to support proliferation of 
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mitogen-stimulated lymphocytes, as well as the production of interleukin-2 (IL-2) and 

interferon-gamma (IFN-gamma) Rohde T Scan J Immunol 1996; 44:648; same author 

Med Sci Sports Exerc 1998; 30:856].  It is also required for the maintenance of 

lymphokine-activated killer cells [  ].  Glutamine can enhance phagocytosis by 

neutrophils and monocytes [  ].  N-acetyl cysteine is a delivery form for cysteine, which 

serves as a major precursor for synthesis of glutathione, thus, cysteine 

immunomodulatory potential could relate to reduction of oxidative stress.  

Dimethyglycine (DMG) potential modulatory action comes from research were it 

enhanced both humoral and cell-mediated immune responses [Reap EA 1990; j lab clin 

med 115:481]. 

A few mechanisms are proposed for lactoferrin’s possible immunomodulatory 

activity.  Lactoferrin (LF) appears to bind uniquely in the region of major 

histocompatibility (MHC) proteins and the CD4 and CD8 determinant on T4 (helper) and 

T8 (suppressor) lymphocytes; it bears sequence homologies with MHC Class II 

determinant [Legrand D Biometals; 2004; 17:225).  LF also appears to play a role in the 

regulation of cytokines and lymphokines, such as tumor necrosis (TNF)-alpha and IL-6.   

Despite the development of antibiotics and vaccines, infectious diseases are a 

continuing threat to humans, especially the elderly where the age-associated decline of 

immune function contributes to the increased susceptibility to infection (116).  Changes 

in immune functions with aging include dysregulation of cytokines, including a change in 

T helper (Th) 1/Th2 cytokine balance (117).   
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Watson et al. (118-120) studied the effects of age on immune function in an aged 

mice model (C57BL/6, 12-20 months of age).  Their results shows a significant decrease 

(P<0.05) on splenocyte proliferation due to aging, which could be overcome by  

nutritional intervention with vitamin E and dehydroepiandrosterone.  Similar responses 

had also been observed in human studies (11;121).   

Since data support a role of nutrition in enhancing the immune response in the 

aged mice model, in the current study, the same model was used to assess diets 

containing ingredients that could potentially overcome immune dysfunction.  In this 

study, we evaluated the activity of six compounds, provided by Ross Product Division, 

Abbot Pharmaceutical, that could potentially overcome immune dysfunction through 

immunomodulation.  

OBJECTIVE 

The aim of the study is to evaluate the immunomodulatory effect of varying doses of 

nutritional compounds on specific immunological parameters using an aged murine 

model with impaired immunological system.  Specifically, the current study aims are to 

1) reproduce previous immunological findings in an aged mice model, and 2) evaluate the 

effect of different doses of several nutritional compounds on specific immunological 

parameters (cytokine production and splenocytes proliferation) in this model.  This 

research was designed to determine the optimum dose of select immunomodulators 

required to restore immune functions, as the optimal dose  will be used to design future 

studies in this area. 
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3.2 MATERIALS AND METHODS 

Experimental Design, Animals, and Treatment 

All animal studies were performed with the University of Arizona animal review 

committee approval. 

Animals 

Twelve C57BL/6 female mice, three-month old (± 1 month), and 156 C57BL/6 retired-

breeder female mice, 14-month-old (± 1 month) were purchased from Charles River 

Laboratories (Wilmington, DE).  These animals were housed in the University of Arizona 

animal facility, accredited by the American Association for Accreditation of Laboratory 

Animal Care.  Mice were housed in groups of four per cage in a pathogen free facility 

with constant temperature of 70ºF, 35-40% relative humidity, and a twelve-hour 

light/dark cycle. 

Measurements and Assays 
 
Potential Immunomodulatory Compounds  
 

Initially, the sponsor company chose a series of polyphenol/flavonoids 

compounds for testing. However, in the end only one polyphenol compound/mixture was 

provided for testing along with five other compounds chosen by Ross Production 

Division as potential immunomodulatory candidates from the literature.  Thus, following 

are the compounds evaluated. 

EID  - Ensure Immune Defense 
DMG  - Dimethyglycine  
LAC  - Lactoferrin 
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NAQ  - N-acetyl glutamine 
CYS  - Cysteine Peptide 
PHE   - Polyphenol combo 
CON  - Control Diet  
 
Diet 
Twelve mice from each of the 3- and 14-month-old animals were fed a purified balanced 

synthetic diet, the American Institute of Nutrition diet (AIN-93 diet), and served as 

control groups.  One hundred forty-four mice 14-month-old were divided into six groups 

of 24; each group was further subdivided into two subgroups of twelve mice each.  The 

subgroups were treated with a LOW and HIGH dose for each compound, respectively. 

Doses were defined by Ross Production Division.  The compounds were mixed on a base 

of AIN 93 synthetic diet.  Water and the synthetic diet were provided ad libitum for 6 

weeks.  Once the feeding period was completed, mice were euthanized using carbon 

dioxide asphyxiation. 
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The work plan is illustrated as follows: 

n= 156   24/group; 12/dose 
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IL-2 and IL-4 determination (17):  

Cytokines were measured by enzyme-linked immunosorbent assays (ELISA).  Spleens 

were gently teased with forceps in culture medium (CM, RPMI 1640 containing 10% 

fetal bovine serum, 1% penicillin and streptomycin), resulting in a suspension of spleen 

cells.  Red blood cells were removed by addition of a lysis buffer (0.16 M ammonia 

chloride Tris buffer, pH 7.2) at 37oC for 3 minutes.  After lysis, splenocytes were washed 

twice with culture medium.  The concentration of cells was determined and adjusted to 1 

X 107 cell/ml.  Splenocytes (0.1 ml/well; 1x107 cell/ml) were cultured in triplicate on 96-

well flat-bottomed culture plates (Falcon 3072, Lincoln Park, NJ) with CM.  Splenocytes 

were then stimulated with Con A (0.1 ml/well; 10 µg/ml; Sigma) for 24 hours and 

incubated at 37oC, 5% CO2 to induce IL-2, and IL-4 production.  After incubation, the 

culture media were collected and analyzed.  The presence and type of cytokines were 

determined by ELISA using a commercial ELISA MiniKit (Endogen, Cambridge, MA) 

following the instructions of the manufacturer. 

 

DATA ANALYSIS  

One Way Analysis of variance (ANOVA), was used to evaluate the statistical 

significance of changes in all indices as function of dose and intervention.  Tests of 

feeding group main effects were two-sided and declared significant at the 0.05 level. 

These results are reported in bold in the tabulation of tests.  P-values between 0.05 and 
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0.10, while not statistically significant, are reported in parentheses in the results section 

as they would possibly show a trend in the data.  Summary and analysis of data were run 

using SAS Version 8.2 on the PC (SAS Institute, Cary, NC, USA).      

 

HYPOTHESIS  

The following hypothesis was tested in this study:  

1. The immunological responses (splenocyte proliferation, Th1 and Th2 cytokines) 

of the aging animals fed the control diet will show a difference from that of the 

young animals fed the control diet. 

 

3.3 RESULTS 

Cytokine production of splenocytes 

IL-2 

1. The in vitro production of Th1 cytokine, IL-2, by ConA –stimulated splenocytes from 

old mice was significantly lower (p=0.0032) when compared to splenocytes from young 

mice.   See discussion for meaning. 

 

2. T-helper 1 cells produced cytokines, including IL-2 to regulate cellular immunity, and 

suppressed cytokine production by T-helper 2 cells.  Of the six compounds evaluated in 

old mice, only NAQ-High dose diet caused a significant (p=0.0086) change in IL-2 

production, where LAC-High dose was marginally significant (p=0.0643).  For all other 
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compounds the level determined was less than or equal to the control.  As a result, no 

minimum effective dose could be determined. 

 

 IL-4 

1. Release of Th2 cytokine, IL-4, by mitogen-stimulated splenocytes was significantly 

(p=0.0370) increased in old mice when compared to young mice.  See discussion for 

meaning.   

 

2.  T-helper 2 cells produced cytokines including IL-4, which suppress cytokine secretion 

by T-helper 1 cells.  Intervention with the six compounds/two doses in old mice caused 

no significant change of IL-4 production by cells.  As with IL-2, this result means that the 

level determined was less than or equal to the control; therefore, there is no minimum 

effective dose. 
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3.4 DISCUSSION   
 

From ancient times, medicinal treatment has derived from natural sources, either 

plants or microorganisms.  Gradually, the amount of knowledge about chemical 

compounds acting as drugs increased, as well as the number of compounds from natural 

origin and their role in modern medicine.  Examples of these compounds include 

immunomodulators as Cyclosporin A and Sanglifehrin A used in organ transplantation 

(113;122). In recent years, intense research interest has been focused on identifying 

biologically active food or food-components within our diet that could have an impact on 

immune function.   

For the current study, six nutritional compounds, two doses per compound, were 

tested.  These nutritional compounds were chosen for their potential immunomodulatory 

properties based on compounds already existing in the market (Ensure Immune Defense), 

as well as from novel compounds at the Ross Production Division’s own in vitro testing 

(dimethyglycine, lactoferrin, N-acetyl glutamine, cysteine peptide), and literature 

background (polyphenol combo).      

It is well known that natural products, such as flavonoids, can affect mitogenesis 

and cytokine production via stimulation (IL-2) or suppression (IL-4) of T cells. (123).  In 

this study, the production of T-cells was determined by the amount of 3H-thymidine 

incorporated into the nucleus from newly replicating DNA, which takes up thymidine for 

growth.  The chosen compounds, including a mixture of polyphenols, were tested;  

however, problems with the assay invalidated the results obtained.   
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Cytokines are regulatory polypeptides secreted during the generation of an 

immune response by lymphocytes, macrophages, endothelial cells, and a variety of other 

cell types (124).  Certain cytokines can accelerate macrophage production, enhance their 

function, or potentially decrease their function (125).  Thus, cytokines are essential 

mediators of cellular responses.  T-helper 1 cells stimulate secretion of IL-2 and T-helper 

2 cells stimulate secretion of IL-4.  IL-2 is a potent stimulatory factor for NK cells, which 

induces proliferation, cytokine production, and increased cytotoxic activity (126).  

Polyphenols, in general, have been found to decrease the level of basal and induced 

secretion of cytokines in a variety of cells.  Nair et al. (127) found that quercetin down-

regulated IL-4 gene expression, as well as IL-4 production by peripheral blood 

mononuclear cells.  In another investigation, production of IL-8 by human bronchial 

gland cells was decreased by genistein in a dose dependent manner (128).  The data in 

our study suggest that levels of IL-2 were significantly increased by N-acetyl glutamine 

(NAQ) and marginally significant by lactoferrin (LAC).  However, IL-2 levels of all the 

other compounds were below the control levels, indicating that the dose used in this study 

were not an effective Th1 stimulator in ageing mice.     

Dysregulation of IL-4 production may be a major contributing factor in aging 

(129).  IL-4 production also increases as immune systems become unregulated, as an 

apparent normal consequence of the aging process.  In this study, the compounds used 

did not lower IL-4 production in old mice when compared to the control.  This result 

might be due to (i) the compounds themselves not being effective in modulating this 

immune parameter or (ii) the doses used and duration of the intervention was not 
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sufficient to promote metabolic changes that would have had an impact on the immune 

response of the animals or (iii) time point in lifespan was not appropriate.  In the case of 

the polyphenol diet and perhaps other compounds tested here also, this result might be 

due to the fact that polyphenols are in conjugated forms in the circulatory system and 

would undergo metabolism, such as methylation, in the liver.  The metabolism would 

largely reduce the effectiveness of the polyphenolic compounds.  Recently, Arts et al. 

(130) reported that albumin can mask the antioxidant capacity of flavonoids.   

 In the present study, consumption of the test compounds gave no indication of 

effectiveness in preventing immune dysfunction related to aging, contrary to initial 

expectations.  However, the immunological response (Th1 and Th2 cytokines) of the 

aging mice did show a significant difference from that of the young mice fed the control 

diet, results consistent with previously inmmunological findings  produced in an aged 

mice model (118;131).   

A possible cause for the negative results obtained after dietary intake of the six 

compounds might be that the constituents, which may have led to an increase in cytokine 

production under in vitro conditions, either cannot be absorbed in the small intestine or 

are inactivated by digestion.  In animal studies with extracts, it was helpful to provide the 

compound of interest by gavage (132) or intraperitoneally (133) to avoid potential 

inactivation of the active ingredients by digestion and/or metabolism.  

Another factor to consider in this study is the gender of the mice used.  The 

negative effects in immunity of the compounds tested might be related to the immune 

response in female mice.  There does not appear to be evidence in the literature 
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suggesting gender specific differences in immune function response in mice.  On the 

other hand, there is evidence for gender differences in the non-specific and specific 

immune response in humans (134).  A further factor to consider relates to the use of 

combinations of the compounds.  Mixtures of different plant extracts have been shown to 

exert different, stronger, weaker, or even opposing, effects on immune function than 

individual plant extracts (135;136).    Finally, more than two doses should be tested since 

some of the compounds showed indications of increasing cytokine production with the 

doses used but the response was not large enough to demonstrate significant differences.  

This study was product-driven.  This means, at a practical level, that resources 

and effort were directed toward a particular facet of the immune response which may 

have been deemed commercially important.  The immune system comprises a complex 

interplay between cells and molecules, and between effector immune system cells and 

remote signals from “non-immune system” sources.  Thus, it should never be considered 

that research which homes straight in on to an end-point effector mechanism will discern 

immediately whether a particular food or food component is or is not important in 

immune modulation.   
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3.5 LIST OF FIGURES AND TABLES 

 
Table 3.1   Comparison of the two doses of the six nutritional compounds on 

cytokines IL-4 and IL-2 production in old mice; n = 5 to 12 mice in each group 

 
IL-4 (pg/ml) 
 

 

Young vs Old fed Control Diet 
Determine MED by Compound Old > Young  p=0.0370 

EID No MED 
DMG No MED 
LAC No MED 
NAQ No MED 
CYS No MED 
PHE No MED 

Compare MED No Comparison Made 
 

IL-2 (pg/ml) 
 

 

Young vs Old fed Control Diet 
Determine MED by Compound 

Young > Old  p=0.0032 
The mean IL-2 for the 
resulting MED for each 
compound below are all less 
than the CON mean. 

EID No MED 
DMG No MED 
LAC MED�High  (p=0.0643) 
NAQ MED�High  p=0.0086 
CYS No MED 
PHE No MED 

Compare MED NS 
 
 

The results in the table show that none of the doses used were effective in cytokine 

production, except for NAQ-High dose (p<0.0086), meaning that the doses used were 

less efficient than the control in stimulating cytokine production.  Note that all p values 
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are not significant except for the comparison between old and young mice fed the Control 

diet (p< 0.05); and compound NAQ, High dose; LAC, High dose was marginally 

significant.   
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Figure  3.1    Mean in vitro splenocytes IL-2 production of the two doses (low and 
high) of the six nutritional compounds in old mice. 
 

The assay was conducted by ELISA. Values represent the mean ± SEM of 6 to 12 mice in 

each group. EID = Ensure Immune Defense; DMG = Dimethylglycine; LACT = 

Lactoferrin;  NAQ = N-acetyl glutamine; CYS = Cysteine peptide; POLY = Polyphenol 

combo;  CON = control diet 

Splenocyte IL-2 Production 
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a P < 0.05 compared control diet young mice to control diet old mice  b P < 0.05 compared 

NAQ minimum effective dose (MED) to high dose  

 

Table 3.2  Mean values and SEM for differences in IL-2 production for the six 

compounds tested, two doses  

 

Diet IL-2 (pg/ml) 
 Mean ±SEM 

   
EID-HIGH 878.9 219.8 
EID-LOW 1251.8 358.8 

DMG-HIGH 903.6 268.4 
DMG-LOW 1174 217 
LACT-HIGH 717.2 291.1 
LACT-LOW 1231.3 285.4 
NAQ-HIGH 741.1 285.3 
NAQ-LOW 1577.3 396.1 
CYS-HIGH 2739.3 935 
CYS-LOW 1621.5 413.7 

POLY-HIGH 1401.5 396.3 
POLY-LOW 1056.5 252.7 
CON-OLD 1851.7 295.5 

CON-YOUN 3609.2 409 
 

Some samples were done in duplicate, others in triplicate.  Values represent the mean ± 

SEM of 6 to 12 mice in each group.  IL-2 = interleukin 2; EID = Ensure Immune 

Defense; DMG = Dimethylglycine; LACT = Lactoferrin; NAQ = N-acetyl glutamine;  

CYS = Cysteine peptide; POLY = Polyphenol combo;  CON = control diet 
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Figure  3.2    Mean values of  the two doses (low and high) of the six nutritional 
compounds on  in vitro splenocyte IL-4 production in old mice. 
 

The assay was conducted by ELISA. Values represent the mean ± SEM of 5 to 11 mice in 

each group; EID = Ensure Immune Defense; DMG = Dimethylglycine; LACT = 

Lactoferrin;  NAQ = N-acetyl glutamine;  CYS = Cysteine peptide; POLY = Polyphenol 

combo;  CON = control diet; none of the comparisons was statistically significant. 

Splenocyte IL-4 Production 
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Table 3.3  Mean values and SEM for differences in IL-4 production for the six 

compounds tested, two doses  

 

Diet IL-4 (pg/ml) 
 Mean ±SEM 

   
EID-HIGH 338.9 102.4 
EID-LOW 751.8 260.7 

DMG-HIGH 318.4 110.3 
DMG-LOW 683.2 251.4 
LACT-HIGH 566.4 289.8 
LACT-LOW 140.7 41.2 
NAQ-HIGH 799.4 280.9 
NAQ-LOW 777.5 318.2 
CYS-HIGH 548.6 179.9) 
CYS-LOW 740.1 342 

POLY-HIGH 609 429.5 
POLY-LOW 749.6 312 
CON-OLD 641.5 340.9 

CON-YOUN 57.5 16 
 

Some samples were done in duplicate, others in triplicate.  Values represent the ± SEM of 

5 to 11 mice in each group.  IL-4 = interleukin 4; EID = Ensure Immune Defense; DMG 

= Dimethylglycine; LACT = Lactoferrin; NAQa = N-acetyl glutamine;  CYS = Cysteine 

peptide; POLY = Polyphenol combo;  CON = control diet 
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CHAPTER 4: IN VIVO EFFECTS OF BIOACTIVE COMPONENTS PRESENT 
IN HOP AND BORAGE EXTRACTS ON OXIDATIVE STRESS INDUCED BY 
RETROVIRAL INFECTION 
 

4.1 INTRODUCTION 

Currently, there is a strong interest worldwide in searching for new and safe 

antioxidants from natural sources for human consumption to improve physiological and 

immunological responses to oxidative stress caused by environmental factors.  A large 

number of natural antioxidants have been isolated from different types of plant 

derivatives and products such as oilseeds, cereal crops, vegetables, fruits, leaves, roots, 

spices, and herbs (137-141).  Among natural antioxidants, polyphenolic antioxidants are 

widely distributed in the plant kingdom.  For example, polyphenolic compounds occur in 

oilseeds, as the hydroxylated derivatives of benzoic and cinnamic acids, flavonoids 

compounds, and lignins (142).  Polyphenolic extracts of plant derivatives have been 

shown to neutralize free radicals in various model systems, by quenching oxygen-derived 

free radicals, as well as the substrate-derived free radicals (143;144). The quenching 

process occurs by electrophilic attack of the polyphenol molecule to a hydrogen atom or 

an electron of the free radical, as illustrated in the following reactions: 

ROO* + PPH → ROOH + PP* 

RO* + PPH → ROH + PP* 

The phenoxy radical intermediates are relatively stable and, as a consequence, a new 

chain reaction is not easily initiated.  The phenoxy radical intermediates act also as 

terminators of the propagation route by reacting with other free radicals (145): 

ROO* + PP* → ROOPP 
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RO* + PP* → ROPP 

 

Several authors have reported that extracts of various oilseed meals exhibited 

antioxidant properties and in some cases exerted better antioxidant effects than synthetic 

antioxidants at the same concentrations (139).   

 Plants synthesize phenolics compounds to counteract the oxidative effects of 

reactive species, such as reactive oxygen species (ROS), and substrate derived-free 

radicals produced during the process of photosynthesis.  ROS generated by metabolic 

subproducts or environmental cues play an important role in tissue damage in humans 

(83).  Reaction of reactive oxygen species (ROS) with biomolecules such as membrane 

lipids, proteins, and DNA can induce irreversible modifications in their molecular 

structure (146).  Membrane lipid peroxidation has particularly been associated with many 

tissue injuries and disease conditions (147;148).  Plant polyphenolics can delay the onset 

of lipid oxidation and decomposition of hydroperoxides in food products, as well as in 

living tissues (149).  Polyphenolic acids such as ferulic, sinapic, and caffeic acids have 

been involved in various stages of chain initiation and propagation reactions during the 

oxidations of pure triacylglycerols and methyl esters of sunflower oil (150).  In addition, 

studies in animal models and in vitro systems have shown that polyphenolic antioxidants 

can inhibit free radical-induced damage to macromolecules (151).  One of the most 

extensively investigated polyphenolic antioxidants is green tea catechins 

 One natural product that has caused great interest among medical and nutritional 

research groups is borage (Borago officinalis L) oil due to its high content of γ-linolenic 
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acid (GLA).   While a great number of different spices and aromatic herbs have been 

tested for their antioxidant activity, the knowledge about antioxidant properties of crude 

extract of borage is scarce.   

Studies done by Bandoniene (2002), and Wettasinghe (1999, 2002), showed 

borage as a potential natural antioxidant and indicated its applicability in the food 

industry as a substitute for synthetic antioxidants in bulk oils and meat products to retard 

lipid oxidation.  Wettasinghe et al. (152) found that borage meal and its extract have 

antioxidant properties, which are concentration-dependent.  In a later study by the same 

group, it was reported that borage extracts possess strong ROS scavenging properties, 

which are either comparable or superior to those of authentic catechin and sinapic acid at 

the same concentration (153).   Another study detected  the activity of several radical 

scavenging compounds in crude extract of borage leaves by a new on-line HPLC-DPPH 

method (154).   

 In the brewing industry, the female inflorescences of the hop plant (Humulus 

lupulus L.) called hops are widely used in the brewing industry to add bitterness and 

aroma to beer.  Hop cones are also used in folk medicine as a tranquilizer or bitter 

stomachic (138).  Hop constituents are reported to have a variety of interesting properties 

including antioxidant (155), antibacterial (156), and potential anticancer (157;158) 

activities.  Hops also contain the potent phytoestrogen 8-prenylnaringenin (159).  Hop 

contains hundreds of secondary metabolites comprising many different groups of organic 

compounds, among which the hop polyphenols are one of the main classes (160).  Hops 

polyphenols are complex mixtures consisting predominantly of flavonoids.  As 
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antioxidants, the flavonoids inhibit lipid peroxidation induced by several prooxidants as 

demonstrated with liver homogenate, microsomes, mitochondria and liposomes (151).  

As mentioned earlier, lipid peroxidation initiated by free radicals has been implicated in 

the pathogenesis of a number of disease conditions such as cancer, atherosclerosis, 

neurological disorders, and toxic cell injury.  Since the antioxidant activities of 

flavonoids are related to their ability to react with ROS, flavonoids exerting antioxidant 

activities may be useful to help maintain human health by protecting cells from oxidative 

damage. 

 There are several lines of evidence suggesting hop as a potential material for 

antioxidant development.  Studies on structure-activity relationships (SAR) have shown 

that a catechol group in the B ring and a 3- and -5 hydroxyl group are important for the 

antioxidant activity of flavonoids (161).  In a recent study, flavonoids such as chalcones 

and flavanones with prenyl or geranyl groups were isolated from hops (162).  As 

phenolic compounds, these unique hop flavonoids may have antioxidant activities since  

chalcones with hydroxyl and methoxy groups have exhibited antioxidant activities (163).  

In addition, flavones with prenyl groups such as artonins and cycloheterophyllin isolated 

from Artocarpus heterophyllis Lam are powerful antioxidants while other prenylflavones 

were shown to be ineffective (164).  Furthermore, chalcones, including xanthohumol, 

have been shown to inhibit the production of nitric oxide (165) 

In summary, these findings suggest that current information on the chemical and 

biological properties of hops and borage are insufficient and further investigations are 

needed.  Borage and hop extracts may be used as alternative compounds to prevent or 
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treat human diseases associated with oxidative tissue damage.  However, such 

applications have to be adequately justified using animal and clinical studies to support 

the research.   

 

OBJECTIVE 

The objective of this study was to evaluate the antioxidant properties of two doses of 

borage and hop extracts on oxidative stress using a murine model for leukemia virus (LP-

BM5) infection.     

Hypothesis: The dietary consumption of the extracts, hops and borage extracts, by young 

leukemia-infected mice will significantly reduce hepatic oxidative damage relative to 

infected mice that consume a control diet.   

 

4.2 MATERIALS AND METHODS 

Experimental Design, Animals, and Treatment 

Plant Extracts  

The antioxidant capacity of two plant extracts, hops and borage, were evaluated.  These 

compounds were obtained from Dr. Food, Dr. Watson’s New Zealand collaborator.   

Concentration  

A diet containing plant extracts at concentrations of 10 mg/kg diet or 50 mg/kg diet 

concentrations was chosen. The concentrations chosen were based on results obtained in 

previous experiments in the laboratory of Dr. Ronald Watson using other plant extracts 

from boysenberries, evening primrose seeds, or black currants.  Their data suggest plant 
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extracts used to treat mice at these concentrations suppressed hepatic lipid peroxidation 

and prevented hepatic -tocopherol loss (manuscript in process). 

Animals    

Seventy-two C57BL/6 female mice, four-month-old, were housed in groups of four mice 

per cage in a pathogen free facility with constant temperature of 70 F, 35-55% relative 

humidity, and a twelve-hour light/dark cycle.  After one week of acclimatization, sixty 

mice were infected via intraperitoneal with 0.1 ml inoculum containing the LP-BM5 

virus in minimum essential medium with an esotropic titer (XC) of 4.5 x 10-3 log10 

plaque-forming units /L.  Two weeks following LP-BM5 infection, the mice were fed 

with the supplemented diets for 12 consecutive weeks and the animals body weight and 

diet consumption were recorded weekly.  Animals were sacrificed at the end of the 

feeding period of 12 weeks.   

Diet Treatments 

Mice were fed a purified balanced synthetic diet, American Institute of Nutrition Diet 

(AIN-93 diet, Dyets Inc. Bethlehem, PA, USA) supplemented with either 10 mg hops/kg 

of diet, 50 mg hops/kg diet, 10 mg borage/kg diet, 50 mg borage/kg diet, or a control diet 

(AIN-93 base diet).  Water and the diets were provided ad libitum for 12 weeks.   
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Work Plan 

Seventy-two C57BL/6 female mice, 4 months old infected with retrovirus (LP-BM5)  
Duration: 12weeks of dietary intervention. 
 
 
The work plan is illustrated as follows: 
 
 

n= 12/group 
 
 
 
 
Overall design consisted of : seventy-two C57BL/6 female mice, 4 month’s old infected 
with retrovirus (LP-BM5);   
 
 
 
 
   Mice                        Infect                        Diet Intervention                           Sacrifice 
 
 
 

 

 

Control 

Hop Borage 

10mg/kg 50 mg/kg 

Infected Non-infected 

10mg/kg 
 

50 mg/kg 

1 week 2 weeks 12 weeks 
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Tests  

Mitogen stimulation and proliferation of splenocytes:  

Splenic T-cell proliferation was determined by 3H-thymidine incorporation.  Splenocytes 

(1x107 cell/L) in 0.1 ml of RPMI 1640 supplemented with 10% FBS (fetal bovine serum) 

and 1% antibiotics (penicillin-streptomycin) were cultured in 96-well flat-bottom tissue 

culture plates with concanavilin A (Con A, 10 µg/ml) and lipopolysaccharide (LPS, 10 

µg/ml) added in triplicate.  Plates were incubated at 370C with 5% CO2 for about 44 

hours for Con A induced T-cell proliferation, and then pulsed with 3H-thymidine (0.5 

µCi/well, New England Nuclear, Boston, MA).  After 4 hours, plates were harvested by a 

cell-sample harvester (PHD Cell Harvester, Cambridge Technology Inc., Cambridge, 

MA).  Radioactivity was determined by a liquid scintillation counter (LS 6500 Multi-

purpose Scintillation Counter Beckman).  Data obtained from this experiment are 

presented as counts per minute (cpm).  

 

Measurement of hepatic tissue lipid peroxides (LPO): 

 Liver tissues were removed gently and stored at -700 C.  Quantitative determination of 

lipid peroxides in the liver was done using the LPO-CC K-ASSAY (Kamiya Biomedical 

Company, Seattle, WA).  Phospholipids were extracted from approximately 0.2 g of liver 

in a chloroform/methanol mixture (2:1), v/v).  After centrifugation at 2,800-3000 RPM, 

the chloroform layer was mixed with 0.6 ml saline to separate protein.  The chloroform 

layer was evaporated in a steady flow of nitrogen gas, and lipid residues were dissolved 

with 100 µl of isopropanol.   Experimental samples, standards, and controls were added 
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in triplicate in different wells of the same 96-well microplate.  Lipid peroxides were 

quantified colorimetrically by measuring methylene blue at 675 nm wavelength in a 

spectrophotometer (Titertek Multiskan, EALAB, Finland).   

 

Lipid peroxide values were calculated using the following formula: 

 

 LPO value in nmol/ml = (sample absorbance – blank absorbance) x 

50.0 (absorbance of 50 nmol/ml standard – blank absorbance).  LPO   value was 

converted to nmol/g wet tissue for illustration purposes. 

 

Determination of tissue -tocopherol levels: 

 -tocopherol levels in liver were measured by HPLC using a modification of a    

previously described method (166).  Briefly, about 0.2 g of wet tissue was homogenized 

in 1.0 ml of distilled water.  Butylated hydroxytoluene was added to prevent oxidation of 

-tocopherol from homogenates.  Pentane, ethanol, and sodium dodecyl sulfate were used 

to extract -tocopherol from the homogenate.  Extracts were evaporated under a steady 

flow of nitrogen gas at 200C and redissolved in 1.0 ml of methanol injection onto a C18 

column (Lichro CA®T 125mm x 4mm LiChrosphe® 100 PR-18 [5µm].  The mobile 

phase was composed of methanol and distilled water in a 93:7 volume ratio and a flow 

rate of 0.8 ml/min. -tocopherol, eluting around 40 min, and was monitored by an HP 

1046A programmable fluorescence detector (HP Company, Wilmington, DE) at 290 nm 
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excitation and 340 nm emission wavelengths.  A set of -tocopherol standard 

concentrations was analyzed to make a standard curve and to verify calibration. 

 

STATISTICAL ANALYSIS 

Statistical analyses were conducted by using STATA 7, (College Station, TX) 

statistical package.  All data were reported as mean ± SEM.  Variables were compared 

using a one-way analysis of variance (ANOVA) and subsequent comparisons of two 

groups were analyzed by Scheffé’s. A level of p < 0.05 was defined as statistically 

significant.   

 

4.3 RESULTS       

In the current study, the work plan was to run the dietary intervention for 12 weeks 

followed by animal sacrifice.  However, by week 12 the animals were showing either 

minimum signs of having caught the viral infection or no signs at all.  The decision was 

made to re-infect them with the LP-BM5 virus and re-run the study for another 12 weeks.  

After 10 weeks into the re-infection, some animals showed stronger signs of the infection 

(swollen lymphatic nodules), but not the majority of them. 

 

Weight 

There was no change in food consumption due to the intervention.  Likewise, the 

body weight of the mice was not significantly affected (data not shown).  The spleen 

weight was elevated in the infected mice, which gave the indication that the viral 
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infection may had progressed to murine AIDS.  However, there was no difference in 

weight between the spleen of infected and uninfected mice indication that viral infection 

did not progress as expected.   

 

Hepatic liver peroxides production    

The liver is the major organ that has been studied for tissue lipid peroxidation.  

Data analysis indicates that hepatic lipid peroxides were not significantly decreased by 

any of the extracts (Table 4.1).  However, data do show a lowering trend, except for hop 

(50mg/kg) dose. 

 

Hepatic -tocopherol levels 

 Hepatic -tocopherol levels decreased as a result of the interventions (Table 4.2).   

Hepatic -tocopherol levels were significantly reduced by borage 10 mg relative to 

uninfected control (p = 0.02). 
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4.4 DISCUSSION   

 The proposed hypothesis suggested that dietary consumption of hop and borage 

extracts by infected mice would show reduced oxidative damage.  Our results however, 

indicate that hop and borage extracts have no significant statistical effect in reducing 

oxidative stress in a murine model of leukemia.  Despite the statistical fact, data do show 

a tendency towards less oxidative damage which may have physiological significance 

(Figure 4.1 and Figure 4.2).  One   possible explanation of this outcome is the reduced 

virulence observed with the LP-BM5 retrovirus used in the study.  

During the progression of the LP-BM5 retroviral infection to murine AIDS, mice 

immune system step forward to increased lipid peroxidation concomitantly with reduced 

concentrations of antioxidants vitamins in the tissue (167).    In the current study, the 

development and progression of lymphadenopathy associated with MAIDS was delayed 

when the animals were infected with the virus and fed with plant extract for 12 weeks.  A 

possible explanation for the observed delayed progression to MAIDS would be that 

dietary components have the potential to interfere with viral replication and/or infectivity.  

Naturally occurring polyphenols with antiviral activity, i.e. flavonoids have been 

identified since the 1940s (151).  Among other polyphenols, quercetin, morin, rutin, 

catechin, and naringin have been reported to possess antiviral activity against 11 types of 

viruses (151).  Quercetin, which is one of the constituents of hop, was reported to exhibit 

both anti-infective and anti-replicative abilities (168).  An interesting interaction between 

ascorbate and quercetin was observed by Vrijsen et al. (149).  In this study, quercetin 

exhibited antiviral activity only when oxidative degradation was inhibited by ascorbate. 
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A finding of possible physiological relevance given the frequent co-occurrence of these 

diet-derived compounds.  It is possible to assume that a similar interaction could have 

taken place between vitamin E and the plant extracts used in our study.  Possibly, the 

oxidative degradation in the liver was prevented by vitamin E while the plant extracts 

inhibited the virus growth.  Clearly, this assumption would require further investigation.   

A second explanation for the observed outcome has to do with polyphenols redox 

potential.  Although there appears to be evidence that natural products, i.e. polyphenols, 

affect oxidant stress in in vitro experimental conditions (63;143;144), the broader picture 

of results from in vivo experimental studies using extracts has provided only marginal 

support for the beneficial effects of natural products.  The liver is a major organ subjected 

to free radicals attack.  In the present study, it appears that the 10 mg/kg hop treatment 

resulted in a decreased hepatic lipid peroxidation.  This was also observed with borage 

treatment at 50 mg/kg, but to a lesser extent (Table 4.1).  Furthermore, there seem to be 

indications of toxicity when using the hop 50 mg dose exemplified by the observed 

increased levels of lipid peroxidation in this group relative to the control-retrovirus 

infected values.   

It is well known that the lipid-soluble -tocopherol (vitamin E) is an integral part 

of cell membranes and acts as a cytosolic antioxidant by scavenging free radicals that 

promote peroxidative chain reactions (169).  Thus, the observed decrease in hepatic -

tocopherol levels (Table 4.2) could indicate that -tocopherol was involved in antioxidant 

defense against oxidative stress as opposed to being preserved by the potential 

antioxidant effect of the plant extracts used.  There is evidence that a decrease in 
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antioxidant defense in hepatocytes can promote oxidative stress (170).  However, 

observations mentioned above need to be considered carefully because of the difficulties 

in producing an active viral infection in the animals during the first 12 weeks and the fact 

that re-infection had to be applied, thus increasing the experimental time to 24 weeks.   

The effectiveness of a dietary antioxidant will depend on different factors such as 

the specific reactive oxygen or nitrogen specie being scavenged, as well as the 

mechanism and location where they are being generated and the accessibility of the 

antioxidant to possible sites of damage.  Due to the nature of its solubility, for instance, a 

water soluble antioxidant may be less able to penetrate a lipid particle or cell membrane.  

Polyphenols are compounds whose solubility covers a wide spectrum.  Some polyphenols 

are water soluble while others are lipid soluble, and others show a solubility behavior 

between the two states.  Consequently, the lack of knowledge regarding the exact 

molecular structure and concentration of the constituent(s) in the extracts used in our 

study makes difficult to determine the possible cause(s) of treatment failure.  Therefore, a 

study should be designed to evaluate different exposure mechanisms that would account 

for more than one solubility state and to examine their antioxidant properties. 

It is also important to remember that, under some conditions, redox active 

polyphenolic compounds can act as pro-oxidants (151).  This is particularly the case in 

metal ion catalyzed systems, as demonstrated with flavonoids (171).   If metal ions do 

play a role in lipoprotein oxidation in vivo, then potential pro-oxidants effects of 

polyphenolic compounds should not be ignored.  
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Most of the dietary studies examining in vivo antioxidant effects of polyphenolic 

compounds have used indirect methods to measure lipid and lipoprotein damage or non-

specific measures of plasma antioxidant capacity.  These indirect quantitative approaches, 

such as those involving spectrophotometry, are becoming less acceptable because they 

are non-specific and subject to interferences.  Future research in this area requires 

specific markers of oxidative damage that can be exactly characterized and distinguished 

from interferences (172).  In this regard, nitrated/hydroxylated protein residues may be 

effective markers of protein damage by RNS/ROS and can be analyzed by GC-MS (gas 

chromatography-mass spectrometry) using negative chemical ionization, which offers 

selective and highly sensitive detection.  Modification of guanine residues in DNA to 8-

hydroxyguanine or 8-nitroguanine can be used to assess exposure of DNA to 

oxidation/nitration by HPLC measurement of these compounds in urine.  For lipid 

oxidation, measurement of 8-isoprostane has gained considerable acceptability (173).  

Measurement of 8-isoprostane in plasma or urine currently uses GC-MS as the method of 

choice.  An immunoassay is available, although it has not provided results that are 

comparable to GC-MS (174).  

Another explanation for the observed results relates to the question of 

bioavailability and the fate of metabolites of the polyphenolic components in the two 

plant extracts used.  Available evidence indicates that polyphenols may have limited 

bioavailability and may be extensively metabolized (31).  More in-depth studies on 

bioavailability should facilitate a correlation of mechanisms determined in vitro with in 
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vivo situations, increase the understanding of dose-response relationships, and facilitate 

extrapolation of results from animal studies to humans. 

 Taken together, the findings from this study suggest that dietary consumption of 2 

doses of hops and borage (10 and 50mg/kg) for 24 weeks does not reduce oxidative 

damage among animals.  Nevertheless, data do show a trend towards reduction of 

oxidative damage. It is unclear whether the negative results are due to a true lack of 

efficacy or to the difficulties encountered during the study.
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4.5 LIST OF FIGURES AND TABLES 

 

Table 4.1    Effects of hop and borage exposure on hepatic lipid peroxidation (LPO) 

in murine AIDS 

 
 
 

Intervention  Retrovirus LPO (±SEM) 
 

Control not infected  -  6.50 (2.49) 
 

Control infected  +  3.78 (1.68) 
 

      Hop (10mg/kg)       +        2.33 (0.58) a, b                     

 
Hop (50mg/kg)             +  6.72 (1.36) 

 
               Borage (10mg/kg)     +       3.52 (0.44) 

 
               Borage (50mg/kg)      +      3.03 (0.55) 

 
 
 
Lipid peroxide was determined with 0.2g of mouse liver tissue.  Phospholipids in the 

liver tissue were extracted by the chloroform/methanol 2:1, v/v method. LPO was 

measured at 675 nm.  Data are presented as mean ±SEM of triplicate wells, 6 to 9 mice in 

each group.      

a p = 0.12 compared to not infected control mice 

b p = 0.07 compared to infected control mice 
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Figure 4.1 Effects of hop and borage exposure on hepatic lipid peroxidation in  
murine AIDS  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Lipid peroxide was determined with 0.2 g of mouse liver tissue.  Phospholipids in the 

liver tissue were extracted by the CHCl3 / methanol 2:1, v/v method. LPO was measured 

at 675 nm.  Data are presented as mean ±SEM of triplicate wells, 6 to 9 mice in each 

group.    a p = 0.12 compared to not infected control mice;  b p = 0.07 compared to 

infected control mice;   
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Table 4.2    Effects of hop and borage exposure on hepatic -tocopherol levels in  

murine AIDS 

 
 
 

Intervention  Retrovirus  -tocopherol (±SEM) 
 
 

Control not infected  -  0.42 (0.04) 
 

Control infected  +  0.24 (0.07) 
 

Hop (10mg/kg)  +  0.25 (0.14) 
 

Hop (50mg/kg)             +  0.18 (0.02) 
 

               Borage (10mg/kg)     +       0.12 (0.02) a 
 

               Borage (50mg/kg)      +      0.26 (0.06) 
 
 
 
 
Hepatic -tocopherol level was used as an indicator for oxidative stress.  The assay was 

performed by HPLC.  Values are mean ±SEM of 6 to 9 mice in each group.  a p = 0.02 
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Figure 4.2   Effects of hop and borage exposure on hepatic -tocopherol levels in 
murine AIDS 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Hepatic -tocopherol level was used as an indicator for oxidative stress.  The assay was 

performed by HPLC.  Values are mean ±SEM of 6 to 9 mice in each group; ap = 0.02 
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CHAPTER 5: CONCLUSION AND FUTURE STUDIES 

Conclusions 

 Our study to evaluate the effect of four protein hydrolysates on blood pressure in 

SHR model showed that all cardiovascular parameters mean profile over time exhibited a 

tendency to lower values, but once compared, there was no significant difference between 

any of the protein hydrolysates tested and the control group.    

The study which evaluated the potential immunomodulatory effect of six 

nutritional supplements, gave no indication of effectiveness in preventing immune 

dysfunction caused by aging; however, the immunological response (Th1 and Th2 

cytokines) of the aging mice did show a significant difference from that of the young 

mice fed the control diet which reproduce previous immunological findings in an aged 

mice model.  Ross Laboratories, sponsor for this study, and based on determination of the 

minimum effective dose (MED), selected 2 compounds (NAQ and LAC, High dose) to 

proceed to a Phase 2 study were animals will be challenge with Coxsackie virus.  

We found that dietary consumption of 2 doses of hops and borage as a dietary 

supplement, (10 and 50mg/kg) for 24 weeks did not prevent hepatic liver peroxidation or 

preserve -tocopherol among animals.  However, data showed a tendency towards 

reduced oxidative damage.  

Taken together, it appears that none of the food or food-derived bioactive 

compounds tested had a significant effect in vivo.  However, data do indicate a trend 

towards positive physiological significance.  It is unclear whether the negative results are 
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due to a true lack of effect, to weakness on the design, and/or to the difficulties 

encountered during the studies. 

Perspective on future directions 

The link between diet and health is well established, but renewed interest in which 

dietary components are biologically active and how they exert their effects is being 

fuelled by the development of nutritional genomics.  Nutritional genomics is the 

application of high throughput functional genomic technologies in nutrition research, 

where a massive array of molecular events can be observed simultaneously.  In our 

studies we focused on only 2-5 protein messages and could have missed other significant 

changes.   

 The food we eat contains thousands of biologically active substances, many of 

which may have the potential to provide substantial health benefits.  Indeed, several food 

derived compounds, such as polyphenols, are among the most promising 

chemopreventive agents being evaluated (175).  The full extent of biologically active 

components in our diet is unknown, and our understanding of their mechanisms of action 

is even more limited.  Much of the available data have been derived from in vitro studies 

with purified compounds in forms and concentration to which the tissues in our bodies 

may never be exposed.   While this work provides a starting point, more physiologically 

relevant model systems, including characterization of the extent and rate of absorption, 

tissue dispersal, and site specific targeting of metabolically relevant compounds, and 

comprehensive studies of time and dose effects, is required to interpret the true potential 

of these constituents.   
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 Innovative food products are bioactive compounds with health promoting or 

disease preventing properties.  One example is the antihypertensive effect of dietary 

peptides derived from milk protein, mediated by angiotensin converting enzyme 

inhibition.  Although epidemiological data and preclinical studies are promising, clinical 

studies of the effect of these milk peptides on human blood pressure have not yet been 

done.  It is crucial for prospective clinical trials to incorporate nutrigenomic technologies, 

especially when comparing these nutritionally derived peptides with synthetically 

produced angiotensin converting enzyme inhibitors, because responses to the latter 

possibly depend on gene polymorphism (176).  Another example is the antioxidant effect 

of dietary compounds such as polyphenols in oxidative stress.  Future studies about 

antioxidant supplementation should provide a global assessment of dietary intervention 

(e.g. plant extracts) at the molecular level and its biological effects; for example, 

determine the impact of retroviral infection on mouse liver gene expression and 

mitochondrial function. It will also be important to determine whether these changes 

could be prevented or attenuated by the antioxidant diet.  Functional genomics techniques 

are ideal for elucidating the effects of novel bioactive food-derived compounds on global 

gene expression and cell function without making assumptions about what to look for in 

terms of risk. 
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