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ABSTRACT 

This study was carried out to examine proteolytic activities of probiotic lactic acid 

bacteria (LAB) in different media and antihypertensive properties as influenced by, 

fermentation time, strain type and supplementation with or without an enzyme 

(Flavourzyme®).  Lactobacillus casei (Lc210), Bifidobacterium animalis ssp12 (Bb12), 

Lactobacillus delbrueckii subsp. bulgaricus  (Lb11842) and Lactobacillus acidophilus 

(La2410) were propagated in 12 % reconstituted skim milk (RSM) or 4 % whey protein 

concentrate (WPC) with or without supplementation (0.14 %) of Flavourzyme® for 12 h 

at 37°C.  All the strains were able to grow in both media depending on the type of 

strains used and the time of fermentation. Moreover, all the strains showed higher 

proteolytic activity and produced more peptides with anti-hypersensitive properties 

when grown in RSM media for 12 h, compared with WPC. Combination with 

Flavourzyme® increased LAB growth, proteolytic and anti-hypersensitive activities. 

From the four strains used, Bb12 and La 2410 outperformed Lc210 and Lb11842. The 

highest angiotensin converting enzyme inhibitory (ACE-I) and proteolytic activities was 

shown by Bb12 combination with Flavourzyme®. Flavourzyme® led to increased 

bioactive peptides with ACE-I activity during fermentation at 37°C for 12 h. 

 

The second phase was to determine the effects of Flavourzyme® on ACE-I peptides 

formed in skim milk and WPC during fermentation by Lactobacillus helveticus (Lh)  

strains, ASCC (881315, 881188,  880474 and  880953), based on proteolytic activity 

and the production of ACE-I peptides in different media, enzymatic supplementation 

and fermentation times. RSM (12 %) or WPC (4 %), with or without Flavourzyme® 

(0.14 % w/w), were fermented with L. helveticus strains separately at 37°C for 0, 4, 8 

and 12 h. Proteolytic, in vitro ACE-I activities and growth were significantly affected (P 

< 0.05)  by strains, media and enzyme supplementation. RSM supported higher growth, 

produced higher proteolysis and ACE-I, than WPC without enzyme supplementation. 

The strains Lh 881315 and Lh 881188 were able to increase ACE-I to 80 % after 8 h 

fermentation when combined with Flavourzyme® in RSM compared to the same strains 

without enzyme supplementation. Supplementation of media by Flavourzyme® was 

beneficial in increasing ACE-I peptides in both media. The best medium to release more 

ACE-I peptides was RSM with enzyme supplementation. The Lh 881315 with 
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Flavourzyme® outperformed all strains as indicated by highest proteolytic and ACE-I 

activities.  

 

In addition to ascertain, the optimal proteolytic combination of microorganisms for the 

production of potent ACE-I peptides, resulted in further studies to determine the effects 

of dairy yeast Kluyveromyces marxianus LAF4, combined with probiotics (Lc210, 

Lb11842, La2410, Lh 881315, Lh 881188, Lh 880474 and Lh 880953), as a source of 

ACE-I properties. Consequently, this study examined the capacity of yeast strain with 

LAB to increase the hydrolysis of skim milk protein to obtain a fermented drink with 

high ACE-inhibition activity and bioactive peptides. Four different Lactobacillus 

helveticus strains and three selected probiotic LAB strains were combined with 

Kluyveromyces Marxianus LAF4 (K. marxianus ) to ferment 12 %  RSM at 37°C for 0, 

4, 8 and 12 h and compared to RSM using the same strains without yeast, and using 

fermented skim milk with yeast as a control. The growth, pH value, proteolytic activity 

and ACE-I activity was examined at the different time of fermentation. Interestingly, the 

highest ACE-I activity were with separated strains compared to combination form, K. 

marxianus   alone (60 %) or Lh181315 and Lh 880953 (70 % and 65 %) respectively at 

37°C for 12 h (P < 0.005). Additionally, using K. marxianus in combination with LAB 

strains resulted in decreased milk protein hydrolyses (~30-55 %) at 12 h compared to the 

control due to alcohol production. The findings of this study have a number of important 

implications, such as the use of dairy yeast alone to produce a suitable functional dairy 

product containing ACE-I peptides instead of using a combination of yeast and LAB. 

 

The third phase of this study was the identification of peptides from fermented skim 

milk protein hydrolysis by combination of Lh ASCC 8801315 and Flavourzyme®. This 

study presents the use of matrix-assisted laser desorption/ionisation mass spectrometry 

(MALDI MS/ MS) and Nano-liquid chromatography (Nano-LC/ MS/ MS) as a 

complement to  reversed phase high-performance liquid chromatography (RP-HPLC) 

separation for the identification of  ACE-I peptides from skim milk protein hydrolysate. 

As a preliminary step, RP-HPLC was used to isolate the different casein fractions from 

fermented skim milk. ACE-I activity of these fractions F1 (85.40 %) and F6 (90.31 %) 

with IC50 0.01 mg mL-1 was performed using proteolytic strains of L. helveticus and 

Flavourzyme® using an agitation Bioreactor system. Nano-LC / MS / MS sequenced the 

peptides contained in the fractions. This procedure allowed the identification of 133 
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ACE-I peptides from α, β, and k-casein proteins with 99 % confidence from two 

fractions with most hypotensive effect were FFVAPFPGVFGK, GPVRGPFPIIV, and 

LHLPLPLL. These findings show the potential use of the L. helveticus strain to produce 

a functional fermented milk drink with a wide range of health benefits.   

Based on the results in the third phase, milk casein hydrolysates containing peptides 

released during milk fermentation by the combination of Lh and Flavourzyme®, were 

isolated and used for in vivo animal studies. Milk peptides with ACE-I were extracted 

from a fermented skim milk with Lh 881315 and Flavourzyme®.  ACE-I plays an 

important role in the regulation of hypertension: it catalyses the production of the 

vasoconstrictor peptide angiotensin-II and inactivates the vasodilator bradykinin. The 

fermentation processes showed higher proteolytic activity and the peptides released 

exhibited ACE-I properties. The effect of fermented low fat skim milk drink-based diets 

on the feed intake, weight and BP were investigated in spontaneously hypertensive rats 

(SHR).  Fourteen-week-old male SHR were fed for ten weeks with either chow (NC), 

peptides added to chow (FC), or control skim milk powder added to chow (NFC). Food 

intake and body weights were measured daily and BP was measured weekly by tail-cuff 

plethysmography.  BP decreased significantly (P < 0.05) from 6 to 10 weeks of FC 

groups (120 / 65 mm Hg)  compared with the NC and NFC control groups, where BP 

increased significantly (220 /150 mmHg) (P < 0.05). The addition of fermented skim 

milk added to the chow did not change total energy intake in the FC group compared to 

the NFC group, yet the FC group weighed significantly less than both the NC and NFC 

groups by the end of the experiment. This implies, that the rats either had a change in 

metabolic energy or had impaired digestion and absorbance.   

In the final phase of this research, the effects of processing and sensory characteristics 

of a fermented skim milk drink as functional milk product were examined. Using Lh 

8801315 combined with Flavourzyme®, the efficiency of bioreactor increased cell 

viability and bioactive peptides with ACE-I properties during fermentation. The 

developed fermented skim milk containing bioactive peptides with improved sensory 

characteristics showed consumer acceptability. However increased acidity as well as 

bioactive peptides, led to increased bitterness of the fermented milk. The addition of 15 

% sucrose and flavouring provided accepted positive changes in the fermented product. 
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Developing and growing agricultural products, food industrialisation, and 

mechanisation have led to dramatic changes in lifestyle, particularly dietary pattern, 

which in turn have produced increased occurrence in chronic diseases such as 

cardiovascular, stroke, diabetes, hypertension and cancer. Indeed, obesity, hypertension 

and cardiovascular diseases have increased at an alarming rate worldwide in the last two 

decades, nearly 2.5-fold in Australia compared to the USA (Cameron et al., 2003; 

Roberfroid, 1999, 2000; World Health Organisation, 2002, 2003). Consequently, in 

recent years, people seeking healthier lifestyle prefer diets with low or fat free foods; 

this has led to the development of functional foods (Roberfroid, 1999a; Food and 

Agriculture Organization of the United Nations, & World Health Organization, 2002; 

Cameron et al., 2003; World Health Organization, 2003). 

 

Functional foods  are defined as foods ‘that can beneficially affect one or more target 

functions in the body, beyond  the adequate nutritional effect, in a way relevant to 

improved state of health and well-being and/or reduce the risk of disease’ (Contor, 

2001). Milk products, particularly fermented milk containing probiotics are most 

popular in this category of foods (Stanton et al., 2005). Probiotics are defined as ‘live 

microorganisms which, when consumed in adequate amounts, confer a health benefit on 

the host’ (World Health Organisation, 2002). The benefits of utilising these organisms 

include maintenance of gut health, reduced allerginicity, increased bio-accessibility of 

lipids and proteins in foods, and lowering of blood pressure due to polyamines and 

bioactive peptides (Marteau et al., 1990; Santos, San Mauro, & Diaz, 2006; Tuohy et 

al., 2003). These bioactive peptides have the ability to reduce the risk of colorectal 

cancer, stimulate the immune response and reduce the risk of cancer, non-insulin 

dependent diabetes, obesity, cardiovascular disease and hypertension (Shah, 2007; 

Tuohy et al., 2003; Williams & Jackson, 2002). However, the health conscious 

consumer now requires additional health benefits from these products, which have 

opened new areas for research (Shah, 2007). Among these, peptides with blood-

pressure- lowering effects have received considerable significance in being associated 

with  the role of diet in prevention and treatment of disease (López-Fandiño, Otte, & 

van Camp, 2006).  Blood pressure regulation is partially dependent on the rennin-

angiotensin system (Silva & Malcata, 2005), in which the angiotensin-I converting 

enzyme (ACE) regulates the peripheral blood pressure and its inhibition can exert an 

anti-hypertensive effect (Gobbetti, Minervini, & Rizzello, 2004). Bioactive peptides are 
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defined as specific protein fragments that have positive impact on body functions or 

conditions and may ultimately influence health (Kitts & Weiler, 2003). Upon oral 

administration, bioactive peptides may affect the major body systems, namely, the 

cardiovascular, digestive, immune and nervous systems, depending on their amino acid 

sequence (Erdmann, Cheung, & Schröder, 2008; FitzGerald et al., 2011; Yamamoto et 

al.,  2010). These peptides are released through enzymatic breakdown of dairy proteins 

by digestive enzymes in the gastrointestinal tract (GIT) or extracellular proteinases 

formed by lactobacilli during their growth in milk (Seppo et al., 2003; van der Burg-

Koorevaar & Schalk, 2010). The tri-peptides, Valyl-Prolyl-Proline (Val-Pro-Pro), and 

Isoleucyl-Prolyl-Proline (Ile-Pro- Pro) have been identified as antihypertensive agents, 

which inhibit the action of ACE (van der Burg-Koorevaar & Schalk, 2010). Most of the 

probiotic microorganisms are sensitive to food acidity and oxygen availability. Short-

shelf-life fermented dairy products like yoghurt, are the most common functional foods 

on the market (Hekmat, Soltani, & Reid, 2009; Ozer et al., 2007; Stanton et al., 2003). 

During the fermentation process, probiotics produce a range of secondary metabolites, 

some of which have been associated with health promoting properties of which the 

notable ones are the B vitamins and bioactive peptides. The physiologically active 

peptides are produced from many food proteins during gastro-intestinal digestion and 

fermentation of food by lactic acid bacteria (LAB). The production of ACE-I peptides in 

situ in dairy products is the most appealing approach of generating these peptides. One 

of the most effective way to raise the number of these peptides is to ferment or co-

ferment with highly proteolytic strains of LAB (Gobbetti et al., 2004), the challenge to 

this approach, however, lies in the selection of the appropriate strains or a combination 

of strains (Gobbetti et al., 2004; Meisel, 1998). ACE-inhibitory peptides produced in 

fermented milks using strains of proteolytic LAB (Nakamura et al., 1995a, 1995b; 

Seppo et al., 2002, 2003; Donkor et al., 2007) as well as the proteolytic system of LAB, 

have been well studied (Savijoki, Ingmer, & Varmanen, 2006; Van Beresteijn & Alting, 

2002; Yamamoto, Akino, & Takano, 1994). Most of the ACE-inhibitory peptides have 

been created from αs1-, αs2 and β- casein and β-lactoglobulin fractions of dairy products 

and only a few among the large number of peptides have been identified as anti-

hypertensive under in vitro conditions and have proven to be clinically effective in 

animal and human studies (Korhonen and Pihlanto, 2006). 
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Therefore, controlled animal studies are needed to demonstrate the long-term 

physiological effects delivered by consuming such peptides. However, the market for 

probiotic-containing products shows a substantial increase in popularity recently, while 

scientific approaches to establishing the functional benefits of probiotic foods is still a 

challenge. Evidence from in vitro studies suggests beneficial effects; however, 

considerable progress has not yet been made in both effects on host health and 

mechanisms of action and whether viable microorganisms are necessary for health 

benefits, which require further clarification.  Incorporation into other food commodities 

such as milk whey protein or yoghurt is promising and should be investigated 

(Hernández-Ledesma et al., 2014; Rijkers et al., 2011). 

 

In the aforementioned study, low-fat fermented skim milk drink was formulated using a 

strain of Lh combined with Flavourzyme® and the influence of these on the physico-

chemical and physiological properties were studied. Selection of probiotics and suitable 

media (RSM or WPC) were based on growth, proteolytic and ACE-I activity, along 

with the best combination with Flavourzyme®. β-casein, lacto globulin fractions of 

RSM or WPC are only a few among the large numbers of peptides identified as anti-

hypertensive, which have proven to be clinically effective in animal and human studies 

(Korhonen and Pihlanto, 2006).  

 

The specific aims of this project were:   

1. To select suitable strains of Lactobacillus casei (Lc210), Bifidobacterium animalis 

ssp12 (Bb12), Lactobacillus delbrueckii subsp. bulgaricus  (Lb11842), Lactobacillus 

acidophilus (La2410), Lh strains, ASCC (881315, 881188, 880474 and 880953), 

Kluyveromyces marxianus (LAF4), and Flavourzyme® based on their proteolytic and 

ACE-inhibitory activities; 

2. To select suitable media (RSM or WPC) based on bacterial growth; 

3. To evaluate the extent of proteolysis and release of bioactive peptides by a combination 

of selected probiotic organisms during fermented low-fat skim milk drink production; 

4. To identify and purify potential ACE-I peptides produced by the selected organisms 

during fermentation; 

5. To develop a dairy product containing ACE-I peptides (with the best combination of 

probiotic bacteria and proteases), and perform organoleptic/sensory evaluation of 

fermented dairy drink; 
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6. To study the in-vivo antihypertensive effect of low-fat fermented skim milk drink on 

spontaneous hypertensive rats (SHR). 

 

 A review of the relevant literature forms Chapter 2.  Chapter 3 focuses on the effects of 

media and probiotic strains in combination with or without Flavourzyme® on the 

production of bioactive peptides with ACE-I activity. The viability of (Lc210), (Bb12), 

(Lb11842), (La2410) and their proteolytic and ACE-I activities were assessed in  RSM 

or WPC for different fermentation times (0, 4, 8 and 12 h) at 37°C.  Chapter 4 examines 

ACE-I activity of peptides hydrolysed by Lh (881315, 881188, 880474 and 880953). 

Fermentations were terminated at different times (4, 8, and 12 h ) at 37°C in RSM or 

WPC, and viability, proteolytic activity, bioactive peptides, and ACE-I activity were 

investigated. Chapter 5, on the other hand, investigates the influence of using 

Kluyveromyces marxianus LAF4 combined with probiotic strains to produce peptides 

with ACE-I properties. In Chapter 6 however, further investigation to produce bioactive 

peptides with ACE-I activity was carried out using a different enzyme namely, 

Flavourzyme®, in combination with Lh strains. The ACE-I activity of peptide fractions 

from fermented skim milk were also assessed. The in vivo testing of fermented skim 

milk containing peptides on SHR rats is discussed in Chapter 7. 

 Chapter 8 evaluates sensory characteristics of set-type fermented skim milk drink 

containing peptides with 95 % ACE-I activity. The overall conclusions and future 

directions of this project are summarised in Chapter 9, and finally, all relevant 

references are compiled in Chapter 10. 
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2.1 Background 

Nutrition concepts today are moving away from prevention to the promotion of health 

and wellness, in keeping with consumer awareness of the link between diet and health. 

This trend has now created a demand for functional foods, or ‘foods that contain some 

health-promoting component(s) beyond traditional nutrients’ (Shah, 2001). The market 

for functional foods is large in the US, it was valued at US$21 billion (B) in 2006, with 

a 5 % annual growth forecast till 2011 (Parker, 2007) and increased to 25 % in 2014 

(Leatherhead Food Research in 2014). According to the report by Leatherhead Food 

Research in 2014 (Figure 2.1), the global market for functional foods was worth an 

estimated united states dollar (USD)$ 43.27 B (Thomas, 2014). This represents an 

increase in value terms of 26.7 % compared with 2009 (Thomas, 2014). The market 

suffered during the global economic downturn, owing to consumers switching to 

cheaper groceries, whilst changes in regulations are also thought to have hindered 

growth (Thomas, 2014). In the European Union (EU) more pressure is being placed 

upon manufacturers of functional foods to provide robust scientific evidence backing up 

the health claims made by their products (Thomas, 2014). Other significant sectors in 

health promotion include digestive health and heart health-foods, worth USD $16 B and 

USD $13.75 B respectively in 2013 (Thomas, 2014). Leatherhead Food Research 2014 

commented: ‘The functional foods market has experienced fairly strong growth in 

certain parts of the world’ (Thomas, 2014). For instance, more US consumers appear to 

be turning towards functional foods and drinks in order to address perceived nutritional 

shortfalls, away from dietary supplements. However, future growth is likely to be 

dependent upon the global economic situation (Thomas, 2014). 

 

 Foods can be modified to become ‘functional’ by enzymatic hydrolysis during 

gastrointestinal. This effectively releases bioactive peptides (specific protein fragments) 

from an inactive state in the protein molecule (Kitts & Weiler, 2003). The role of 

bioactive peptides in promoting wellness is acknowledged and attention is focused on 

its sources from milk proteins (FitzGerald & Meisel, 2003). Milk-derived bioactive 

peptides are regarded as highly prominent ingredients for health-promoting functional 

foods due to their physiological and physiochemical versatility (FitzGerald & Meisel, 

2003). Depending on the amino acid sequence, these bioactive peptides may initiate a 
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number of different activities in vivo, e.g. antithrombotic and antihypertensive, 

immunomodulatory, antimicrobial and anti-oxidative (FitzGerald & Meisel, 2003).  

To attain antihypertensive function in vivo, the ACE-I peptides have to be absorbed 

from the intestine in an active form, and reach the targeted organ. One of the challenges 

in oral ingestion is the stability of the ACE-I peptides (Fitgerald & Meisel, 2003). For 

these peptides to be effective, they need to pass from the intestine to the serum where 

they may be susceptible to brush border and intracellular peptidase activities, as well as 

be resistant to degradation by serum peptidases (Fitgerald & Meisel, 2003). In other 

words, they need to survive the degradation by gastrointestinal proteinases and 

peptidases, before being absorbed into the system (Fitgerald & Meisel, 2003).  

 

Studies have shown that small peptides, such as di- and tri-peptides, are easily absorbed 

in the intestine (Hara et al., 1984). Most of the documented ACE-I peptides are short 

peptides with a proline residue at the carboxyl terminal end. Proline containing peptides 

are known to be resistant to degradation by digestive enzymes (Maxime, Marcotte, & 

Arcand,  2006). The literature reviewed thus indicates that further studies are required to 

better understand the blood-pressure-reducing mechanisms of milk peptides. Controlled 

animal studies are needed to demonstrate the long-term physiological effects delivered 

by consuming such peptides.  

 

 
 

Figure 2.1 Global functional food market (Thomas, 2014). 
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2.2 Milk proteins 

Milk is mainly an aqueous solution of lactose, inorganic and organic salts, and dispersed 

colloidal particles of milk proteins and larger emulsified lipid globules. Proteins and 

peptides, for example, metal-binding proteins, immunoglobulins, growth factors, 

enzymes, antibacterial agents and oligosaccharides present in milk, deliver important 

physiological and protective functions (FitzGerald & Meisel, 2003; Singh & Thompson, 

2014).  Dairy products play an important role in human nutrition. The average 

composition of main components of bovine milk is: 87.1 % water, 4.6 % lactose, 3.3 % 

milk proteins and 4 % milk fat (Walstra et al., 2005). Milk proteins are generally 

classified into two types namely caseins and whey proteins based on their solubility at 

pH 4.6 (Fox, 2003; Huppertz et al., 2006). Caseins are insoluble and consequently 

coagulated, with whey proteins (WPs) remaining soluble. Out of the total milk protein 

content, which is about 31 g/ L, caseins present about 80 % and the remaining 20 % are 

the whey proteins. 

 

There are four types of caseins (αs1-, αs2-, β- and κ- casein) present in milk as large 

colloidal complexes or micelles composed of thousands of molecules with molecular 

mass ~108 Da. On the other hand, WPs most probably exist as monomers or as small 

quaternary structures. In comparison to caseins, which are extremely heat-stable and not 

coagulated when heated at 100ºC for 24 h or at 140ºC for up to 20 – 25 min (FitzGerald 

& Meisel, 2003), WPs are very heat sensitive. However, caseins are phosphorylated and 

the degree of phosphorylation varies among the individual caseins imparting to them 

molecular charges and thereby hydration, solubility, heat stability and metal binding, 

especially in this instance, Ca ions. As a result, high levels of calcium phosphate are 

available in milk in a soluble form. Additionally, under natural conditions and in a 

stable colloidal suspension of surrounding water-based liquid, the casein micelles are 

not aggregating as a result of an inter-micellar steric and electrostatic repulsion provided 

by the protruding polyelectrolyte region of κ-casein from the micellar surface. While 

whey proteins are not phosphorylated, they are richer in sulphur content (1.7 %) 

compared to caseins with ~ 0.8 % sulphur (FitzGerald & Meisel, 2003).  

 

WPs are predominantly a mixture of β-lactoglobulin (β-Lg), α- lactalbumin (α-La), 

bovine serum albumin (BSA), immunoglobulins (Ig), protease peptones and other minor 
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proteins including lacto peroxidase, lysosome and lacto ferrin (Fitzsimons, Mulvihill, & 

Morris, 2007; Verheul & Roefs, 1998). There are different types of WP powders 

available on the market as concentrates, isolates and hydrolysates. The annual 

worldwide production of WP products is about 600,000 metric tons (Damodaran, 

Parkin, & Fennema, 2008).  Whey protein concentration (WPC) contains up to ~ 85 % 

proteins, low levels of fat and cholesterol and typically a higher amount of bioactive 

compounds and lactose. However, the fat and lactose content present in WPC may exert 

detrimental effects on some functional properties and the overall protein quality. In 

comparison, whey protein isolate (WPI) contains more than 90 % of proteins with lower 

levels of fat, lactose and bioactive compounds (Morr & Ha, 1993). Therefore, they are 

relatively high quality protein powders with enhanced functionality (Morr & Ha, 1993). 

Whey protein hydrolysates are partially hydrolysed, pre-digested products enabling easy 

absorbance in the gut (FitzGerald & Meisel, 2003; Huppertz et al., 2005). The 

production of bioactive peptides in fermented milk has been widely studied, and the 

effectiveness of bioactive peptide depends on its amino acid sequence (FitzGerald & 

Murray, 2006; Pihlanto, Virtanen & Korhonen, 2010; Amigo & Recio, 2012; Chaves-

López et al., 2012 and 2014; López-Expósito et al., 2013; Hernández-Ledesma et al., 

2014; Singh & Thompson, 2014). 

 

2.2.1 Milk products  

There has been an increase in production of milk-based products, such as skim milk 

powder, yoghurt, fermented milk products and fermented WP products in the world 

(Hansen, 2002; Khan et al., 2013). Fermented milk products have been part of the diet 

in many countries such as Europe and the Middle East (Hansen, 2002; Khan et al., 

2013), made by milk fermentation using yoghurt culture and/or Lactic acid bacteria 

(LAB). In yoghurt, lactose is converted into lactic acid by LAB, which gives a pleasant 

acidic flavour and the sweetness caused by the reduction of lactose (McKinley, 2005; 

Shah, 2007; Aslim et al., 2006). 

 

2.2.2 Fermentation process, definition of fermented milks and yoghurt  

The fermentation industry today is very much in a state of flux, with rapid changes in 

product spectrum, location and scale of processes occurring (McNeil & Harvey, 2008). 

This has been brought about by macroeconomic forces compelling the relocation of 
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large scale bioprocesses outside high labour cost regions, and the significant advances 

in the construction of advanced fermentation expression systems for making novel 

proteins and antibodies (McNeil & Harvey, 2008). Thus, fermentation skills and 

knowledge are now essential to driving forward systematic research into drug 

interactions, function of membrane proteins in health and disease, and are powering an 

unparalleled expansion in capability to combat serious diseases in the human 

population, including degenerative illnesses and cancers.  

 

The new dairy fermentation-derived medicines, including biopharmaceuticals, hold out 

the prospect of improved specificity of treatment and decreased side effects (McNeil & 

Harvey, 2008). It is truly a revolutionary period in clinical medicine as these new agents 

manufactured by fermentation routes enter the market (McNeil & Harvey, 2008). The 

new fermentation dairy products and therapeutic proteins are more complex and costly 

than previous products, but in essence, the need to focus upon the fermentation step is 

now clearer than ever. Basically, ‘quality’ of these products (the potency, efficacy, 

stability and immunogenicity) is determined by the upstream or fermentation stage. One 

of the fermentation processes is bioreactor. This process, in some form or another, has 

been in use for thousands of years, although up until the 1900s its use was limited to the 

production of potable alcohol (McNeil & Harvey, 2008). Since the 1940s onwards, that 

fermentation as it is known today, began to appear with the need to produce antibiotics 

during World War 2 (McNeil & Harvey, 2008). At this point, the need for process 

development to improve yields drove research. As it would not be practical to carry out 

this research on production scale equipment, small-scale bioreactors have become word 

(McNeil & Harvey, 2008). Bioreactors at this volume can be used for a number of 

purposes: monitoring and controlling pH by acid/base addition or CO2/base addition, 

temperature regulation, sterile sampling capability and mixing such that the culture 

remains in suspension. All this should be achieved without damage to the organisms. 

Recently, the bioreactor processes have been developed for dairy fermentation products 

such as yoghurt (McNeil & Harvey, 2008).  

 

Yoghurt is a coagulated milk product obtained by specific LAB fermentation, through 

the action of Lactobacillus delbrueckii ssp. bulgaricus and Streptococcus thermophilus 

as starter cultures in cow's milk. The microorganisms in the final product must be viable 

and abundant.  On the other hand, yoghurt containing Bifidobacterium ssp. or 
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Lactobacillus acidophilus would be classified as ‘fermented milk’ (McKinley, 2005; 

Shah, 2007). 

In some countries like the UK, Canada and the USA, the addition of other LAB to 

starter culture used to make yogurt is acceptable (Gilliland, 1991). All fermented milk 

products have something in common: they are all milk based, with an acidic pH 

resulting from the fermentation, contain a significant number of selected 

microorganisms that help preserve the milk and reduce the risk factors for diseases 

(Lahtinen et al., 2011). Fermentation processes lead to changes in the structure of milk 

proteins, resulting in the production of some amino acids and peptides from milk 

proteins (Gaudichon et al., 1994). One of the important processes prior to milk 

fermentation is heat treatment.  

 

There are several benefits of using such a high level of heat treatment (pasteurisation), 

including: 

1. Destruction of all pathogenic and most spoilage bacteria, 

2. Inactivation of most enzymes, which may cause undesirable effects to the finished 

product, 

3. Expulsion of toxic compounds and a decrease in the oxidation-reduction potential of the 

medium suitable for the growth of starter cultures by removal of oxygen, 

4. Conversion of calcium into a soluble form leading to a decrease in time for milk 

coagulation. 

 

2.2.3 Probiotics  

The scientific understanding in the field of probiotic bacteria and the processes of 

bacterial fermentation are improving. The genera of bacteria and yeasts that are 

commonly used as probiotics are listed in (Table 2.1) (Amrane & Prigent, 1998b; 

Ramesh & Chandan, 2013).  Many different types of fermented milk belong to or 

originate from a large diversity of microorganisms. The classification of probiotics 

includes different kinds of microorganisms (Lahtinen et al., 2011) listed below: 

 

 Some Yeast: Saccharomyces kefir is part of the core of kefir, commonly fermented milk 

consumed in Eastern Europe. Some of Kluyveromyces (Kluyveromyces marxianus) is a 

species of yeast in the genus Kluyveromyces marxianus (K. marxianus) used 
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commercially to produce the lactase enzyme similar to that used by other fungi such as 

those in the genus (Aspergillus) in a Sudanese traditional fermented milk product (Rob). 

Rob is made from fermentation of cow, sheep and goat’s milk. The bulk is made from 

cow’s milk while a smaller proportion is prepared from either goat’s or sheep’s milk or 

a mixture of these two milks (Abdelgadir et al., 1998). Milk surplus is collected in a 

container, inoculated with a starter from the previous day and left to ferment overnight. 

The fermentation process usually starts in the evening when the animals return from 

grazing and the sour product is churned in the morning when the herd leaves for 

grazing. Freshly produced Rob has a pleasant taste with a pH of about 4.5. Other 

applications of Kluyveromyces marxianus, Lactobacillus delbrueckii ssp. bulgaricus  

and Lactobacillus helveticus are as starter cultures for sourdough bread making (Plessas 

et al., 2008). The use of mixed cultures led to higher total titratable acidities and lactic 

acid concentrations compared to traditionally made breads. Highest acidity (3.41 g 

lactic acid/kg of bread) and highest resistance to mould spoilage were observed when 

bread was made using 50% sourdough containing 1% K. marxianus and 4% L. 

delbrueckii ssp. bulgaricus  (Plessas et al., 2008). The use of these cultures also 

improved the aroma of sourdough breads, as shown by sensory evaluations and as 

revealed by GC-MS analysis (Plessas et al., 2008). 

 

 Specific strain of Saccharomyces cerevisiae (S. cerevisiae) is involved in basically three 

groups of indigenous fermented products: non-alcoholic starchy foods, alcoholic 

beverages and fermented milk. These products are, to a great extent, made by 

spontaneous fermentation and consequently S. cerevisiae often coexists with other 

microorganisms, even though a microbiological succession usually takes place both 

between and within species. The function of S. cerevisiae is related to formation of 

alcohols and other aroma compounds, but stimulation of e.g. LAB, improvement of 

nutritional value, probiotic effects, and inhibition of undesired microorganisms and 

production of tissue-degrading enzymes may also be observed (Jespersen, 2003). 

Molds such as Aspergillus are proteases used in some cheese processes. Among 

proteases, aspartate proteases find application in industry for cheese making, as 

digestive aids, beer clarifiers, food protein modifiers, and de-bittering protein 

hydrolysate preparations (Rao et al., 1998). The cheese industry has a great demand for 

acid proteases (aspartate proteases). Aspartate proteases assist in clotting milk apart 

from playing a key role in flavor and texture development (Vioque et al. 2000). 
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Each genus is divided into numerous species.  Lactobacillus is classified into 120 

different species from acetotolerans to zymae, through more commonly encountered 

species like acidophilus, casei, delbrueckii, helveticus, plantarum, reuteri, and 

rhamnosus. A species can be again separated into sub species e.g., (lactobacillus 

delbrueckii ssp. bulgaricus). 

 

Probiotics are a diverse community and can grow in different conditions. The optimal 

growth temperature (10°C; 2-30°C) for psychotropic cultures, medium temperature 

(25°C; 5-60°C) for mesophiles culture used mainly for cheese, and high temperature 

(40°C; 30-65°C) for thermophilic cultures, commonly used for fermented milks 

(Lahtinen et al., 2011). 

 

During the fermentation process, LAB produces lactic acid and lowers the pH. The 

acidity is a self-limiting system that controls fermentation, as LAB is sensitive to high 

acidic pH. Therefore, the kinetics of exposure to acid may change the internal 

metabolism, and a longer exposure to acidic conditions will decrease the internal 

buffering capacity of LAB (Lahtinen et al., 2011). 

 

Different cultures are used for different fermented milks, and different countries exhibit 

diversity by producing different milk varieties. For example, Kumis is made from 

mare’s milk and some specific kefir grains in Russia. Dahi, a sweet yoghurt in India, is 

made from buffalo milk and is sometimes fermented in bamboo tubes with a mixture of 

LAB. In India, Lassi is made from milk blended with sugar, allowing some non-lactose-

dependent bacteria to grow (Lahtinen et al., 2011). 
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Table 2.1 The genera of bacteria and yeasts that are commonly used as probiotics 

(Penner, Fedorak, & Madsen, 2005) 

 

2.3 Functional food products 

2.3.1 Health and nutritional benefits of fermented milk products 

Fermented milk products are known as cultured milk products that have been fermented 

with LAB such as Lactobacillus and Streptococcus lactis. Fermentation of milk 

increases the shelf-life of the product, in addition to improving the taste and 

digestibility. A variety of different strains of Lactobacilli have been used for a wide 

range of cultured dairy products with different flavours (Table 2.2). The efficacy of 

some probiotics against diarrhoea has been reported (Sampo & Lahtinen, 2011), and 

modern science is exploring different physiological targets of probiotics and follows on 

with the comparison with vitamins. There are various strains with different benefits 

involving different mechanisms that modulate multiple functions or pathways (Lahtinen 

et al., 2011). Studies reported for LAB strains in fermented milk products were 

responsible for health benefits for consumers (Shah, 2007; López-Expósito, Amigo, & 

Recio, 2012; Hernández-Ledesma et al., 2014).  Health benefits of regular consumption 

Bifidobacterium 

 

Lactobacillus 

 

Fungi 

 

Others 

 

B. infantis 

B. bifidum 

B. acolescentis 

B. thermophilum 

B. animalis 

B. longum 

B. breve 

B. lactis 

L. salivarius 

L. johnsonii 

L. helveticus 

L. farciminis 

L. acidophilus 

L. rhamnosus 

(GG) 

L. gasseri 

L. casei 

L. paracasei 

Saccharomyces 

boulardii 

Saccharomyces 

cerevisiae 

 

 

Propionibacteriu 

freudenreichii 

Enterococcus 

faecium 

Lactococcus 

lactis 

Bacillus cereus 

Bacillus clausii 

Bacillus 

oligonitrophilis 

Clostridium 

butyricum 
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of milk products containing probiotics have been reported and they include: the 

development of intestinal microbial balance, improving symptoms of lactose 

intolerance, reduction of risk of colon cancer, protection against breast cancer, 

strengthening the immune system, lowering blood pressure and blood cholesterol levels, 

reduction in some forms of food allergies, and inhibiting the growth of pathogenic 

bacteria (Kawase et al., 2000; Alhaj et al., 2007; Fitzgerald et al., 2011; Marinik et al., 

2013; Guo et al., 2015). 
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Table 2.2 Types of fermented milk products.  

 

Dairy 

Products 

Commercial 

names 

Milk fat 

concentration 

Typical shelf 

life at 4oC 

Fermentation bacteria 

types 

Description 

Yogurt yoghurt 0.5–4% 35–40 days Lactobacillus 

bulgaricus  and 

Streptococcus 

thermophilus 

Thermophilic fermented milk 

cultured with Lactobacillus 

bulgaricus  and Streptococcus 

thermophilus. Lactose-intolerant 

individuals may tolerate yoghurt 

better than other dairy products 

due to the conversion of lactose to 

the sugars glucose and galactose, 

and due to the fermentation of 

lactose to lactic acid carried out by 

the bacteria present in the yoghurt. 

Kumis kumiss, 

koumiss, 

kymy 

kymys,chigee 

4% 10–14 days  Lactobacilli and yeasts A carbonated fermented milk 

beverage traditionally made from 

horse milk. 

Kefir kephir, 

kewra, talai, 

mudu kekiya, 

0-4% 10–14 days Kefir grains, a mixture 

of bacteria and yeasts 

A fermented beverage, originally 

from the Caucasus region, made 

with kefir grains; can be made 
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milkkefir, 

búlgaros 

with any sugary liquid, such as 

milk from mammals, soy milk, or 

fruit juices. 

Acidophilus 

milk 

acidophilus 

cultured milk 

0.5-2 % 2 weeks Lactobacillus 

acidophilus 

Thermophilic fermented milk, 

often low fat (2 %, 1.5 %) or non-

fat (0.5 %), cultured with 

Lactobacillus acidophilus 

Cheese Cheese 1-75 % varies a variety of bacteria 

and/or mold 

Any number of solid fermented 

milk products. 

Crème  

 

fraîche 

creme fraiche 30-40 % 10 days naturally occurring 

lactic acid bacteria in 

cream 

Mesophilic fermented cream, 

originally from France; higher-fat 

variant of sour cream 

Cultured 

buttermilk 

 1–2 % 10 days Lactococcus lactis(L. 

lactis),  

L. lactis subsp. cremoris, 

L. lactis subsp. lactis 

biovar diacetylactis and 

Leuconostoc 

mesenteroides subsp. 

cremoris 

Mesophilic fermented pasteurized 

milk 

Cultured 

sour cream 

sour cream 14-18 % 4 weeks L. lactis subsp. lactis Mesophilic fermented pasteurized 

cream with an acidity of at least 
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0.5 %. Rennet extract may be 

added to make a thicker product. 

Lower fat variant of crème fraîche 

Filmjölk fil 0.1-4.5 % 10-14 days L. lactis. and 

Leuconostoc 

Mesophilic fermented milk, 

originally from Scandinavia 

Viili filbunke 0.1-3.5 % 14 days L. lactis subsp. 

cremoris, 

 L. lactis subsp. lactis 

biovar diacetylactis, 

Leuconostoc 

mesenteroides subsp. 

cremoris and 

Geotrichum candidum 

Mesophilic fermented milk that 

may or may not contain fungus on 

the surface; originally from 

Sweden; a Finnish specialty 

(Commission, 2012; Swedish, 2007; Virginie, Amilien, Hanne, & Vittersø, 2005)  
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2.3.2 Lactic acid bacteria (LAB) 

Milk is a favourable media for bacterial growth (Martín et al., 2003; Galat et al., 2015; 

Li & Shah, 2015). This explains why raw milk is difficult to store, since the 

environment is rich in microbes that can contaminate milk and cause it to spoil 

(Lahtinen et al., 2011). Amongst those bacteria, some are detrimental to human health, 

called pathogens, or if humans became adapted to them, they are called cultures.  

Among these cultures, the LAB constitutes a group of gram-positive bacteria united by 

certain morphological, metabolic, and physiological characteristics (Lahtinen et al., 

2011). LAB were used to refer to milk souring organisms which form the basis of the 

present classification of LAB (Lahtinen et al., 2011). LAB have traditionally been 

associated with food and animal feed fermentations, are generally considered beneficial 

microorganisms and some strains are considered as health-promoting (probiotic) 

bacteria (Lahtinen et al., 2011). LAB can use lactose as a source of energy and tolerate 

oxygen to survive transfers from pots to tanks (Lahtinen et al., 2011). 

 

2.4 Lactic acid bacteria and blood pressure     

2.4.1 Regulation of blood pressure 

Increased blood pressure is one of the leading risk factors for cardiovascular disease. 

Hypertension is related to increased systolic blood pressure (SBP) and diastolic blood 

pressure (DBP): Up to 30 % of the world’s adult population were hypertensive in 2000 

(Kearney et al., 2005).  Hypertension usually exists with other risk factors, including 

hypercholesterolemia, metabolic syndrome, and insulin resistance. Altogether, these 

conditions increase cardiovascular morbidity and mortality. Hypertension is an 

important public health challenge (Lahtinen et al., 2011). Long-term regulation of blood 

pressure is closely related to kidney function and body fluid volume homeostasis, while 

the short-term control of blood pressure has been attributed to the sympathetic nervous 

system (Wyss, 2001).   

 

One of the key systems related to kidneys and body fluid volume is the renin-

angiotensin system (RAS). The RAS consists of a cascade of enzymes and receptors, 

beginning from renin secreted by kidney juxtaglomerular cells and leading ultimately to 

the formation of angiotensin-II (Ang-II) and its binding to angiotensin-II type I 

receptors (AT1) (Figure 2.2) (Hong et al., 2008; Lemarié & Schiffrin, 2010). This leads 
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to arteriolar constriction, increase of blood pressure, salt and water retention via 

increased production of aldosterone (Lemarié & Schiffrin, 2010).  The important 

aspects of the RAS in cardiovascular disease have been demonstrated by the clinical 

benefits of angiotensin-converting enzyme (ACE) inhibitors and AT1 receptor blockers 

(Pripp & Ardö, 2007; Lemarié & Schiffrin, 2010).  In molecular modelling, components 

of the RAS (especially ACE-I) have been used as potential targets of food derived 

antihypertensive compounds (Pripp & Ardö, 2007; Pripp et al., 2004). Blood vessels 

contribute to blood pressure regulation by controlling vascular resistance. Due to aging 

and increased blood pressure, arteries stiffen and gradually lose their ability to adjust to 

blood pressure changes (Ghiadoni et al., 2009). Although functional food products 

produced with LAB should not be considered as medications, they may be suitable for 

people with high blood pressure before pharmacological therapy is required and 

thereafter combined with medications.  
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Figure 2.2 Targets to inhibit the renin-angiotensin system: (Hong et al., 2008) 

 

2.4.2 Production of bioactive peptides 

Peptides may be liberated from their parent proteins by enzymatic hydrolysis during 

gastrointestinal digestion, fermentation of milk with proteolytic starter cultures or 

hydrolysis by enzymes (Phelan et al., 2009). There are a number of methods, by which 

bioactive peptides with biological activity can be produced (Phelan et al., 2009). The 
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most common methods are heat, alkali, or acidic conditions that hydrolyse proteins, 

enzymatic hydrolysis of milk proteins and microbial activity of fermented milk products 

(Maruyama & Suzuki, 1982). Biologically active peptides are released by limited 

hydrolyses of well-known proteins. The most common method to produce bioactive 

peptides is through enzymatic digestion. For example, ACE-inhibitory peptides are most 

commonly produced by trypsin (Maruyama & Suzuki, 1982).  However, other enzymes 

and various enzyme combinations of proteinases including alkalase, pepsin, pancreatin 

and enzymes from bacterial and fungal sources, have been used to produce bioactive 

peptides. Microbial enzymes have also been successfully used to produce ACE-

inhibitory peptides from milk protein (Maeno et al., 1996). After hydrolysis of milk 

proteins, the peptides in hydrolysates are fractionated and enriched by means of various 

methods. Chemical measurements and analytical techniques are the critical components 

of the molecular understanding of the biological process where many bioactive peptides 

are involved. There are some methods, which have already been proven to be applicable 

for the identification and characterization of bioactive peptides derived from milk 

proteins. These methods are outlined in (Figure 2.3) (Schlimme & Meisel, 1995; 

Christensen et al., 1999). 

 

LAB as lactobacillus helveticus is traditionally used in milk processing to produce 

cheese (Lahtinen et al., 2011). The release of amino acids by action of peptidases is an 

essential part of the LAB proteolytic system (Pederson et al., 1999). Tri-peptides, 

isoleucine-proline-proline (Ile-Pro-Pro) and valine-proline-proline (Val-Pro-Pro) have 

been generated from sour milk fermented with L. helveticus CP790 and Saccharomyces 

cerevisiae (Nakamura et al., 1995). Several studies have reported that more than ten 

peptides have been defined as part of L. helveticus proteolytic system; (PepE, PepO, 

PepT, PepX, PepI, PepQ, PepR, PepD, PepV, PepC, PepN) (Christensen et al., 1999, 

Savijoki and Palva, 2000; Kenny et al., 2003; Stressler et al., 2013). Another study 

identified seven oligo endo peptidases and eight di- and tri–peptidases in L. helveticus 

strain CNRZ32 (Broadbent et al., 2011). The endo-peptidase PepO2 plays an important 

role to decrease the bitterness in cheese (Fernandez et al., 1994; Shao et al., 1997; 

Christensen  et al., 2003; Chen et al., 2003; Kilpi et al., 2007). PepO2 specifically 

targets bonds containing amino acid proline (Dudley et al., 1996). A study on six amino 

peptidase activities in fermented milk using LAB described the mechanism of 



Chapter 2 

24 
 

regulation as dependant on a specific strain (Jensen and Ardö, 2010). L. helveticus 

peptidases also have higher proteolytic activity (Valence et al., 1998; Valence et al., 

2000). It has been suggested that enzymes play an important role in hydrolysis of milk 

protein through the process of milk fermentation (Ueno et al., 2004). The whey fraction 

of yoghurt fermented with L. helveticus CPN4 has been found to contain dipeptide Tyr-

Pro, which has shown significant antihypertensive effect in spontaneously hypertensive 

rats (SHR) (Yamamoto, Maeno, & Takano, 1999). Furthermore, proteolytic enzyme of 

LAB such as cell wall associated with serine protease, may be isolated, purified and 

used to produce bioactive peptides from casein (Minervini et al., 2003). 

 

There are few studies which note the use of WPs as a source of bioactive peptides in 

fermentation with LAB (Yamamoto, Maeno, & Takano, 1999; Chatterton et al., 2006; 

Pihlanto et al., 2010; Tellez et al., 2011).  L. helveticus strains (Lh) used to ferment WPs 

are able to hydrolyse α-lactalbumin to release bioactive peptides (Castro et al., 1996, 

Chatterton et al., 2006). Hydrolysates of WPs that release peptides with ACE-I activity 

have been investigated in several studies  (Bayoumi & Griffiths, 2012; Illanés, 2011; 

Madureira et al., 2010; Pescuma et al., 2008; Pihlanto-Leppälä, 2000; Pihlanto et al., 

2010; Saito, 2008; Wang et al., 2012; Welderufael, Gibson, & Jauregi, 2012).  Table 2.3 

shows a summary of various microorganisms and microbial enzyme strains that have 

been reported to produce bioactive peptides from milk proteins. 

 



Chapter 2 

25 
 

 
 

Figure 2.3 Outline of identification and characterisation of bioactive peptides derived 

from milk proteins (Schlimme & Meisel, 1995). 
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Table 2.3 Bioactive peptides released from milk proteins by various microorganisms 

and microbial enzymes. 

 

Microorganisms Precursor 

protein 

Peptide 

sequence 

Bioactivity References 

L. helveticus 

S. cerevisiae 

β- CN * 

κ-CN 

Ile-Pro-Pro, 

Val-Pro-Pro 

ACE# inhibition , 

antihypertensive 

Nakamura 

etal. (1995) 

Takano 

(1998) 

L. helveticus 

JCM1004 cellfree 

extract 

Skim milk 

hydrolysat

e 

Ile-Pro-Pro, 

Val-Pro-Pro 

ACE inhibition, 

antihypertensive 

Pan et al. 

(2005) 

Lactobacillus GG 

Enzymes + pepsin and 

trypsin 

β- CN, 

αs1- CN 

Tyr-Pro-

Phe-Pro, 

Ala-Val-

Pro-Tyr-

Pro-Gln-

Arg, 

Thr-Met-

Pro-Leu-

Trp 

 

ACE inhibition 

 

Rokka et al. 

(1997) 

L. helveticus CP790 

proteinase 

β- CN Lys-Val-

Leu-Pro-

Val-Pro-Gln 

ACE inhibition Maeno et 

al. (1996) 

L. helveticus CPN4 Whey 

proteins 

Tyr-Pro ACE inhibition Yamamoto 

et al. (1999) 

L. delbrueckii ssp. 

bulgaricus  

SS1, Lactococcus 

lactic ssp. 

cremoris FT4 

β-cn, κ- 

CN 

Many 

fragments 

ACE inhibition  

 

Gobbetti et 

al. (2000) 

L. delbrueckii ssp. β- CN Ser-Lys- ACE inhibition Ashar and 
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bulgaricus  Val-Tyr-

Pro-Phe-

Pro-Gly-

Pro-Ile 

Chand 

(2004) 

S. thermophilus +  L c. 

lactic 

ssp. lactic biovar. 

diacetylactis 

β- CN Ser-Lys-

Val-Tyr-Pro 

 

ACE inhibition 

Ashar and 

Chand 

(2004) 

Lactococcus lactic αs1-CN, 

αs2- CN, 

κ- CN 

Many 

fragments 

ACE inhibition Minervini 

et al. (2003) 

L. helveticus NCC 

2765 

β- CN Tyr-Pro-

Phe-Pro-

Glu-Pro-Ile-

Pro-Asn 

Opioid Meisel and 

Frister 

(1989) 

Commercial products 

+ 

digestion 

 

αs1- CN 

Thr-Thr-

Met-Pro-

Leu-Trp 

ACE inhibition, 

immunomodulation 

 

Maruyama 

et al. (1987) 

CN * = casein; ACE# = Angiotensin-I converting enzyme 

 

 

2.4.3 Dairy products as source of bioactive peptides  

Dairy proteins possess physicochemical and biological properties of importance to 

human health. Specifically, dairy products contain nutrients that are needed for 

growth and development and are a rich source of proteins, lipids, minerals, vitamins 

and lactose. Studies during the last 15 years have shown that caseins and WPs are 

essential sources of bioactive peptides. Bioactive peptides have been defined as 

specific protein fragments, which have a positive effect on body functions and may 

ultimately influence health (Kitts & Weiler, 2003). Peptides generally contain two to 

20 amino acid residues per molecule. Research has shown that peptides have immune-

modulating, anti-hypertensive, antimicrobial and anti-oxidative activities. Specific 

peptides may have one or two different biological activities, and due to their   

physiological importance, milk-borne bioactive peptides are regarded as food 
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ingredients with health-promoting properties (Korhonen, 2004; Korhonen & Pihlanto, 

2007). Therefore, milk derived peptides are potential candidates to be incorporated into 

food products and used to improve cardiovascular, skeletal and digestive functions or 

have an immune defence effect (Lahtinen et al., 2011). Therefore, it can be assumed that 

the number of bioactive peptides increases during the production of fermented milk 

products compared to raw milk and that the composition of the peptide fraction changes 

due to the proteolytic action of the employed microorganisms (Hayes et al., 2007). 

Some studies investigated bioactive peptides in traditional fermented milk products and 

identified angiotensin-converting enzyme inhibitory (ACE-I) peptide or antimicrobial 

peptides in fermented food products (Figure 2.4 and 2.5) (Gómez-Ruiz et al., 2002; 

Losito et al., 2006; Ebner et al., 2015). The major part of bioactive milk protein-derived 

peptides is ACE-inhibitors, influencing blood pressure by inhibiting the conversion of 

angiotensin-I to the vasoconstrictive angiotensin-II and the degradation of the 

vasodilator bradykinin to its inactive fragments (Hayes et al., 2007). The processes 

involved in the formation of bioactive peptides from milk proteins are shown in (Figure 

2.4). 
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Figure 2.4  Formation of bioactive peptides from milk proteins. 
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Figure 2.5  Bioactive peptides and their possible target sites in the human body. Peptide 
sequences are shown in single letter code (Ebner et al., 2015). 
 

 

2.4.4 Physiological role of casein-based bioactive peptides 

The predominant protein component in milk is casein, consisting of 80 % total milk 

protein (Table 2.4).  Milk casein hydrolyses leads to the production of peptides, which 

have bioactive properties. There are four different types of caseins, namely αs1, αs2, β 

and ᴋ-casein (Maubois & Léonil, 1989). A peptide derived from casein that has similar 

characteristics and pharmacological effect to morphine is known as casomorphin 

(Meisel & Schlimme, 1990). Similarly, other peptides released from caseins have been 

found to show immunomodulatory properties.  Casein phosphor-peptides (CPPs) have 

been produced by gastrointestinal trypsin from αs1-, αs2- and β-caseins, and these 
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peptides have been shown to improve zinc and calcium absorbance (Hansen, 

Sandstrom, & Lonnerdal, 1996; Nagpal et al., 2011). In fact, peptides (Val-Pro-Pro or 

Ile-Pro-Pro) found in calpis sour milk and administered orally to spontaneous 

hypertensive rats show antihypertensive effects (Nakamura et al., 1995). Fermented 

milk containing peptides decreased systolic blood pressure post-administration. The 

antihypertensive effect of fermented milk containing two peptides Ile-Pro-Pro and Val-

Pro-Pro was tested in hypertensive patients. As a result, systolic blood pressure 

decreased significantly at four and eight weeks after the beginning of ingestion 

(Nakamura et al., 1995). The physiological properties of casein-based bioactive peptides 

have been used in animal modelling systems however, they remain to be proven in 

humans. 

 

Table 2.4 Concentration and biological functions of milk proteins. 

 

Protein 

 

Concentration (g/l) Function 

 Cow  

Total caseins 26.0 Ion carrier (Ca, PO4, Fe, Zn, Cu) 

Precursors of bioactive peptides 

α-Casein 

α-Casein 13.0  

 

β-Casein 9.3  

k-Casein 3.3  

Total whey protein 6.3  

β-Lactoglobulin 3.2  

β-Lactoglobulin 3´2 Retinol carrier, 

binding fatty acids, possible antioxidant 

α –Lacto-albumin 1.2 Lactose- synthesis in mammary gland, Ca 

carrier, immunomodulation, anti-

carcinogenic 

Lacto-peroxidase 0.03 Antimicrobial 
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Lacto ferrin 0.1 Antimicrobial, anti-oxidative, 

immunomodulation, iron absorbance, anti-

carcinogenic 

Serum albumin 0.4  

Immunoglobulins 

(A, M, and G) 

0.7 Immune protection 

Glycomacro 

peptide 

1.2 Antiviral, bifidogenic 

Proteose-peptone 1.2 Not characterised 

Miscellaneous 0.8  

Lysozyme 0.0004 Antimicrobial, synergistic effect with 

immunoglobulins and lacto-ferrin 

   

 (Yamauchi, 1992; Korhonen et al., 1998; Walstra & Jenness, 1984) 

 

2.4.5 Physiological role of whey protein-based bioactive peptides 

About 20 % of milk proteins are WPs, and these are not coagulated by acid (Brew, 

Castellino, Vanaman, & Hill, 1970). As a result, these proteins remain in solution as 

milk whey. Alfa-lactoalbumin (α-LA) is one of the main proteins in milk whey; Beta-

Lactoglobulin consists of half the total protein in milk whey (Table 2.5).  It contains 123 

amino acids with a molecular weight of 14,175 K Da (Brew, Castellino, Vanaman, & 

Hill, 1970).  Functional ingredients derived from milk including whey have a proven 

beneficial effect on human health (Park, 2009). WPs’ bioactive peptides and their 

physiological effects have been less studied compared to bioactive peptides from 

caseins (Park, 2009). WPs and their derivatives provide important nutrients; immune 

system modulation; and bioactivities, including the inhibition of ACE activity, anti-

carcinogenic activity, anti-microbial activity and hypocholesterolemic effects (Park, 

2009). The enzymatic hydrolysis of WPs can offer a practical way to reduce its 

antigenic-protein fractions (Heyman, 1999). Enzymes from different origins may have 

variations in their hydrolytic capacity to break down WPs, and thereby may influence 

the physicochemical characteristics of the hydrolysates and their biological activities 

(FitzGerald & Meisel 2000; Bertrand - Harb et al. 2002). In addition, the hydrolysis of 
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WPs can yield a variety of new peptides, which may provide many physiological 

benefits for humans (Otte et al., 1997). WPs hydrolysates have been extensively 

prepared and used to nutritionally support human patients who have various 

physiological insufficiencies and abnormalities (Halken & Host, 1997). Therefore, they 

have potential use as health enhancing nutraceuticals for specific supplemental formulae 

for several chronic diseases. The various lacto-peroxidase, immunoglobulins, as well as 

the lacto ferrin, are known to protect the new born  calf (Table 2.5) (McIntosh et al., 

1995; McLeod A, 1996).  

 

 

Table 2.5 Bioactive peptides derived from whey proteins. 

 

Precursor 

protein 

Frag

ment 

Peptide sequence Name Function 

α-Lactoalbumin 50-53 Tyr-Gly-Leu-Phe α-Lactorphin Opioid agonist 

ACE inhibition 

 

 

α-Lactoglobulin 102-

105 

142-

148 

146-

149 

Tyr-Leu-Leu-Phe 

Ala-Leu-Pro-Met His-

Ile-Arg 

His-Ile-Arg-Leu 

β-Lactorphin 

 

 

 

 

 

 

β-

Lactotensin 

 

Non-opioid  

stimulatory 

effect on ileum 

 

ACE inhibition 

 

 

Ileum 

contraction 

Bovine serum 

albumin 

399-

404 

208-

216 

Tyr-Gly-Phe-Gln-Asp-

Ala 

Ala-Leu-Lys-Ala-Trp-

Ser-Val-Ala-Arg 

Serorphin Opioid 
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Lacto ferrin 17-42 Lys-Cys-Arg-Arg-Trp-

Glu-Trp-Arg-Met-Lys-

Lys-Leu-Gly-Ala-Pro-

Ser-Ile-Pro-Ser-Ile-

Thr-Cys-Val-Arg-Arg-

Ala-Phe 

Albutensin A 

 

 

 

Lacto ferrin 

 

 

Ileum 

contraction 

ACE inhibition 

 

Antimicrobial 

(Korhonen et al., 1998; Food Funct, 2011) 

 

 

2.4.6 Bioactive components of milk and their physiological effects 

The important attribute in metabolism of LAB is fermentation of carbohydrate with 

phosphorylation. LAB strains have the ability to ferment different types of 

carbohydrates. The major product of fermented milk is lactic acid. LAB can adapt to 

diverse conditions and change their metabolic activities and could lead to significantly 

different end products (Salminen, 1998; Salminen & von Wright, 2004). Lactose is used 

to produce lacto-oligosaccharides and lactulose which are used as probiotic bacteria 

growth promoters by enzymatic processes (Shah, 2000). Bioactive compounds of milk 

protein fractions have been extensively studied (Table 2.6), including other compounds 

which have physiological significance such as calcium. Calcium plays a role in blood 

pressure regulation. The possible protective role of calcium in avoidance of colon 

cancer has been researched at the Dutch Dairy Research Institute (Lapre, 1991; 

Medicine, 1997).  Milk products play a role by providing calcium phosphate which 

binds to bile salts to prevent their toxic effect (Lapre, 1991; Medicine, 1997). 

Fatty acids play a role as bioactive compounds in milk. For example, the role of 

conjugated linoleic acid in inhibition of cancer has been examined (Pariza, 1999). 

Fermented milk products such as kumis, yoghurt and kefir have a number of health 

benefits associated with their physiological effects. Recently, researchers have shown 

the beneficial physiological role of fermented milk products by probiotic organisms 

such as Lactobacillus, Bifidobacteria and acidophilus (Donkor et al., 2007; Lim, Lee, 

Park, Yoon, & Paik, 2011). The consumption of probiotic bacteria via fermented milk 

products has also been described to have a beneficial effect on the consumer by 
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restoring the balance in the intestinal micro-flora, which may have been lost due to 

antibiotic use or other conditions (McKinley, 2005; Donkor et al., 2007). 

 

 

Table 2.6 Bioactive peptides released from bovine milk proteins.  

 

Bioactive peptide Protein precursor Bioactivity 

Casoxins 

 
k-Casein Opioid antagonists 

Casoplatelins k-Casein, transferrin Antithrombotic 

   

Casomorphins α-, β-Casein Opioid agonists 

Casokinins α-, β -Casein Antihypertensive 

a-Lactorphin 

 

α  -Lactoalbumin Opioid agonist 

β-Lactorphin 

 

β -Lactoglobulin Opioid agonist 

Lacto ferroxins 

 

Lacto ferrin Opioid antagonists 

Immuno peptides 

 

α-, β -Casein Immuno stimulants 

Caseinophospho peptides α-, β -Casein Mineral carriers 

   

(Meisel & Schlimme, 1990) 

 

2.5 Antihypertensive peptides 

The intervention and epidemiological studies mentioned above reported the 

consumption of low-fat dairy products is inversely related to the risk of hypertension 

(Lapre, 1991; Appel et al., 1997; Medicine, 1997; Toledo et al., 2009).  Hypertension is 
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considered to be one of the risk factors for coronary heart diseases such as myocardial 

infarction and stroke (Eisele et al., 2013). According to the World Health Organisation 

(WHO), nearly one billion people around the world suffer from hypertension (Abu-

Taraboush, Al-Dagal, & Al-Royli, 1998).  Hypertension can be controlled by different 

types of drugs; the most commonly used are synthetic angiotensin converting enzyme 

(ACE) inhibitory drugs such as captopril and enalapril (Chaves-López et al., 2011; 

Griffiths & Tellez, 2013). However, these drugs have side effects; such as hypotension, 

increased potassium levels, reduced renal function, cough, angioedema, skin rashes, and 

fatal abnormalities (Nakamura et al., 1995; Sesoko S, 1985). There are strong 

possibilities of substituting synthetic ACE-I drugs with ACE-I peptides to control 

hypertension without the associated side effects (Mavromoustakos, 2004). These results 

have generated further studies on fermented milk with antihypertensive properties 

which have been related to milk proteins. Most of the clinical trial studies suggest that 

increased intake of protein is associated with lower blood pressure and attenuated blood 

pressure over time (Burke et al., 2001). Milk is rich in potassium and calcium and 

increased intake has been shown to lower blood pressure (Van Mierlo et al., 2006). In 

fact, the observed antihypertensive effect can often be attributed to specific peptides 

encrypted in the parent milk protein. The effects of antihypertensive peptides in 

regulating blood pressure have been studied by using spontaneous hypertensive rats 

(SHR) (Leclerc et al., 2002; Ono et al,. 1997; Wakai et al,. 2012; Wang et al., 2012).  

 

In the regulation of blood pressure, ACE plays an important role. ACE-I peptides can be 

produced through either (a) hydrolysis by digestive enzymes, (b) hydrolysis by 

proteolytic microorganisms or (c) hydrolysis by proteolytic enzymes. A common way of 

producing ACE-I peptides in the gastrointestinal tract is by hydrolysis of digestive 

enzymes, namely trypsin and pepsin (Tauzin, Miclo, & Gaillard, 2002).  ACE-I peptides 

can also be produced from milk proteins; through the hydrolysis of proteolytic 

microorganisms during fermentation of milk. The proteolytic system of LAB, such as 

Lactococcus lactic, Lactobacillus helveticus and Lactobacillus delbrueckii var. 

bulgaricus, have been well studied and characterised (Griffiths & Tellez, 2013). 

Lactobacillus helveticus strains have demonstrated high proteolytic capability by 

producing antihypertensive peptides through enzymes of cell-envelope proteinase (CEP) 

(Ono et al., 1997;Hébert et al., 1999;Wakai & Yamamoto, 2012; Wakai et al., 2013; 
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Boutrou et al., 2013). Other than using live microorganisms, proteolytic enzymes 

isolated from LAB have been successfully employed to release ACE-I peptides from 

food proteins (Boutrou et al., 2013; Griffiths & Tellez, 2013). Apart from LAB, Mizuno 

et al., (2004) suggested that oryzae protease might be a suitable enzyme to generate 

potent ACE-I peptides with an antihypertensive property. Other recent researchers have 

combined LAB and proteolytic enzymes (Flavourzyme®) to accelerate the production of 

bioactive peptides in milk and produced 32.8 mg /g bioactive peptides compared to 5.8 

mg /g bioactive peptides from LAB fermentation alone (Eisele et al., 2013). ACE 

inhibition leads to a decrease in the level of vasoconstricting peptide, angiotensin-II, and 

a corresponding increase in the level of vasodilatory peptide, bradykinin, yielding an 

overall reduction in blood pressure (Griffiths & Tellez, 2013; Eisele et al., 2013). 

Clearly, reference peptides derived from caseins, tri-peptides Il-Pro-Pro and Val-Pro-

Pro, are the most extensively studied. The hydrolysis of isoelectric casein with pepsin 

generates peptides corresponding to αs1-casein f (90-94) (Arg-Tyr-Leu- Gly- Arg), αs1-

casein f (143-149) (Ala- Tyr- Phe- Tyr- Pro- Glu- Leu), and αs1-casein f (89-95) (Tyr- 

Gln- Lys- Phe- Pro- Gln- Tyr), showing  to exert  antihypertensive effect after oral 

administration to SHR (del Mar Contreras et al., 2009). These peptides inhibited ACE, 

the pivotal enzyme in blood pressure regulation by IC50 value of (0.7, 6.6, and 20.1 µM) 

respectively (del Mar Contreras et al., 2009).  

 

2.5.1 Casein derived tri-peptides 

The effect of fermented milk containing peptides such as tri-peptides (Il-Pro-Pro and 

Val-Pro-Pro,) on blood pressure has been investigated, both in short and long term 

experimental studies. Different models of SHR and double transgenic rats harbouring 

human renin and angiotensinogen genes have been used (Lahtinen et al., 2011). The 

antihypertensive effect was first demonstrated by casein hydrolysate generated by 

purified proteinase from L. helveticus CP790, which are presented in (Table 2.7) 

(Yamamoto et al., 1994). Additionally, many in-vitro and in-vivo studies have been 

achieved to obtain more insight into the mechanisms of bioavailability of casein-derived 

tri-peptides. A single dose oral administration of casein hydrolysate or L. helveticus 

CP790 fermented milk led to decreased SBP of SHR by 21 or 35 mm Hg after 8 h of 

administration (Nakamura et al., 1995). Thereafter, ACE-I activity was found to be 

produced in sour milk during fermentation with L. helveticus and S. cerevisiae 
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(Nakamura et al., 1995). The fermented milk decreased SBP of SHR by 22 mm Hg after 

6 h of oral administration (Nakamura et al., 1995). Tri-peptide, leucine-proline-proline 

(Leu-Pro-Pro) has been shown to inhibit ACE (Lehtinen et al., 2010). The amino acid 

sequences corresponding to Ile-Pro-Pro, Val-Pro-Pro and Leu- Pro- Pro were found in 

the primary structure of bovine β-casein (74-76 Ile-Pro-Pro.84-86 Val-Pro-Pro, 161-163 

Leu-Pro- Pro) and k-casein (108-110 Ile- Pro- Pro) (Farrell  et al., 2004). Long term 

studies have been mostly performed using young animals with normal blood pressure 

(Table 2.8). The development of hypertension  has decreased significantly in rats 

receiving either pure Ile- Pro- Pro and Val- Pro- Pro in water or milk products  

fermented with  L. helveticus  ( and / or  S. cerevisiae) (Roy et al., 1999; Lehtinen et al., 

2010; Domingues et al., 2010) (Tables  2.7 and 2.8). 

 

 

Table 2.7 Milk-protein released peptides displaying hypertensive effects in SHR.  

 

Milk protein Peptide 

fraction 

Maximum decrease in 

systolic BP (mm Hg) 

Reference  
 

αs1 -Casein f(1-9) 

f(23-24) 

f(90-94) 

f(104-

109) 

f(143-

149) 

f(146-

147) 

f(194-

199) 

-9.3 

-34.0 

-25.0 

-13.0 

-20 

-32.1 

-14.0 

Saito et al. (2000) 

Karaki et al. (1990) 

del Mar Contreras et 

al.(2009) 

Maeno et al. (1996) 

del Mar Contreras et 

al.(2009) 

Yamamoto et al. (1999) 

Karaki et al. (1990) 

αs2 -Casein f(89-95) 

f(189-

192) 

f(190-

-15.0 

-5.0 

-3.0 

-9.0 

del Mar Contreras et 

al.(2009) 

Maeno et al. (1996) 

Maeno et al. (1996) 
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197) 

f(198-

202) 

Maeno et al. (1996) 

β-Casein f(59-61) 

f(59-64) 

f(60-68) 

f(74-76) 

f(80-90) 

f(84-86) 

f(140-

143) 

f(169-

174) 

f(169-

175) 

f(177-

183) 

-21.0 

-22.0 

-7.0 

-28.3 

-8.0 

-32.1 

-2.0 

-32.2 

-31.5 

-10.0 

Abubakar et al. (1998) 

Abubakar et al. (1998) 

Saito et al. (2000) 

Nakamura et al. (1995a) 

Abubakar et al. (1998) 

Nakamura et al. (1995a) 

Maeno et al. (1996) 

Maeno et al. (1996) 

Maeno et al. (1996) 

Karaki et al. (1990) 

 

α-Lactalbumin f(50-53) -23.0 Mullally et al. (1996); 

Nurminen et al. (2000) 

β-Lactoglobulin f(58-61) 

f(78-80) 

f(103-

105) 

-20.0 

-31.0 

-20.0 

Hernández-Ledesma et 

al.(2007) 

Abubakar et al. (1998) 

Hernández-Ledesma et al. 

(2007) 

Bovine serum 

albumin 

f(221-

222) 

 

-27.0 Abubakar et al. (1998) 

β2 -microglobulin f(18-20) -26.0 Abubakar et al., (1998) 
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 Table 2.8  Experimental studies on the effects of tri-peptides Ile- Pro- Pro (IPP) and Val- Pro- Pro (VPP) on blood pressure. 

Reference Duration Study Characteristics Dose Systolic Blood Pressure 

Acute Experiments 

Yamamoto et al,.1994  Casein hydrolysate 15 mg / kg peptides -22 mm Hg after 6 h 

L. helveticus CP790 fermented 

milk 

15 mg / kg peptides -35  mm Hg after 8 h 

Nakamura et al,.1995  L. helveticus and S. Cerevisae 

fermented milk 

0.3 mg / kg IPP,0.6 mg / kg VPP  -22  mm Hg after 6 h 

Long  Term Experiments 

Nakamura et al,.1996 16 wk Diet containing 2.5 % lyophilized 

sour milk 

Not specified -19 mm Hg vs. control 

diet 

Sipola et al,.2001 12wk IPP and VPP in water 2.5-3.5 mg/ kg/d IPP+VPP -12  mm Hg vs. control 

L. helveticus fermented milk 2.5-3.5 mg/ kg/d IPP+VPP -17  mm Hg vs. control 

Sipola et al,.2002 14wk L. helveticus fermented milk 0.4 mg/ kg/ d IPP.0.6 mg / kg/ d 

VPP 

-21  mm Hg vs. control 

L. helveticus and S. Cerevisae 

fermented milk 

0.2 mg/kg/ d IPP,0.3 mg/ kg/ d VPP -10  mm Hg vs. control 

Jauhiainen et al,.2005 

 

9wk IPP and VPP in water 2.0 mg/kg/d IPP +VPP -8  mm Hg vs. control 

IPP ,VPP and minerals in water 1.7 mg/ kg /d IPP+VPP -13  mm Hg vs. control 

L. helveticus fermented milk 1.5 mg/ kg/ d IPP +VPP -17  mm Hg vs. control 

 8wk L. helveticus fermented milk 3.0-4.4 mg/ kg/ d  IPP + VPP -14  mm Hg vs. control 
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Jakala et al,.2009 Milk product produced by  L. 

helveticus and proline-specific 

endo-protease 

2.9-4.0  mg/ kg/ d  IPP + VPP -12  mm Hg vs. control 

Milk product produced by  L. 

helveticus and proline-specific 

endo-protease and containing 

plant sterols 

2.8-4.0  mg/ kg/ d  IPP + VPP -7  mm Hg vs. control 

Jakala et al,.2009 

 

8wk 

(GK) 

L. helveticus fermented milk 5.9-6.6  mg/ kg/ d  IPP + VPP -11  mm Hg vs. control 

Milk product produced by  L. 

helveticus and proline-specific 

endo-protease 

4.6-5.1  mg/ kg/ d  IPP + VPP -12  mm Hg vs. control 

Milk product produced by  L. 

helveticus and proline-specific 

endo-protease and containing 

plant sterols 

4.8-5.3  mg/ kg/ d  IPP + VPP -10  mm Hg vs. control 

Jakala et al,.2010 8wk Tri-peptide powder in water ( L. 

helveticus fermentation) 

3.1-4.3  mg/ kg/ d  IPP + VPP -14  mm Hg vs. control 

Tri-peptide powder in water ( L. 

helveticus and proline-specific 

endo-protease) 

3.2-4.4  mg/ kg/ d  IPP + VPP -14  mm Hg vs. control 

Jauhiainen et al.2010 3wk 

(dTGR) 

IPP and VPP in water 10.9  mg/ kg/ d  IPP + VPP -3  mm Hg vs. control 

L. helveticus fermented milk 5.4  mg/ kg/ d  IPP + VPP -19  mm Hg vs. control 
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Ehlers et al,.2011 6wk Milk product produced by  L. 

helveticus and proline-specific 

endo-protease and containing 

plant sterols 

3.7-4.4  mg/ kg/ d  IPP + VPP -16  mm Hg vs. control 
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2.5.2 The mechanisms of peptide activity with antihypertensive properties 

High blood pressure is regulated by renin-angiotensin and bradykinin (Meisel, 1998; 

Nagpal et al., 2011) (Figure 2.6). In vitro, several peptides of different lengths have 

been shown to inhibit ACE at micromolar concentrations (Lehtinen et al., 2010). 

Inhibition of ACE activity reduces angiotensin -II production and lowers blood pressure 

in hypertensive patients. The Bradykinin system involves ACE preventing degradation 

of the vasodilator, thus helping to control blood pressure. The two regulators of blood 

pressure; angiotensin and bradykinin are shown in (Figure 2.6). A study reported that 

hydrophobic tryptophan, phenyl alanine, proline and tyrosine were found to be most 

effective in lowering blood pressure (Meisel, 1998).  ACE inhibitory peptides such as 

tri-peptides, Ile-pro-pro and Val-pro-pro from bovine casein were isolated from 

fermented milk by Saccharomyces cerevisiae and L. helveticus (Nakamura et al., 1995). 

Contreras et al. (2009) reported that tri-peptides released from fermented milk were 

found to reduce blood pressure. Similarly, Jauhiainen et al. (2010) observed that milk 

products containing bioactive tri-peptides had an antihypertensive effect in double 

transgenic rats. Several studies using SHR to determine hypertensive effect of 

fermented milk derived ACE-inhibitors have achieved promising results (Yamamoto et 

al.,1994; Yasunori Nakamura et al., 1995; Jauhiainen et al., 2010; Ehlers et al., 2011).  

Table 2.8 summarises the reduction in systolic BP reached in SHR using bioactive 

peptides hydrolysed from milk proteins. In clinical studies, different methods to 

evaluate endothelial function have been used. Ambulatory arterial stiffness index 

(AASI) can be calculated from 24-hour blood pressure recordings, and this has been 

shown to be an independent predictor of cardiovascular mortality (Dolan et al., 2006). 

Interestingly, a significant improvement in AASI was observed following a 10-week 

treatment with L. helveticus fermented milk (Jauhiainen et al., 2007). 
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Figure 2.6 Regulation of blood pressure by angiotensin and bradykinin (Nagpal et al., 

2011). 

 

          

2.5.3 Angiotensin converting enzyme inhibitory peptides 

Angiotensin-I converting enzyme (ACE-I) has been related to the renin-angiotensin 

system, which regulates peripheral blood pressure. Some peptides display 

antihypertensive activity. ACE-I activities were isolated from enzymatic hydrolysate of 
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bovine casein and their amino acid sequences are as follow: Phe-Phe-Val-Ala-Pro-Phe-

Pro-Glu-Val-Phe-Gly-Lys (CEI12), Phe-Phe-Val-Ala-Pro (CEI5), and Ala-Val-Pro-Tyr-

Pro-Gln-Arg (CEIβ7) (Maruyama, et al., 1985). CEI5 is a penta-peptide derived from 

the hydrolysate of CEI12 with proline-specific endo-peptidase, and CEI β7 is a hepta-

peptide derived from β-casein. These inhibitors potentiate bradykinin in the contraction 

of the uterus and the ileum of rats. The ileum was more sensitive to these inhibitors than 

the uterus (Maruyama, et al., 1985). ACE hydrolyses inactive angiotensin-I into the 

octa-peptide angiotensin-II (vasoconstrictor), which leads to increased blood pressure. 

ACE-I is also able to hydrolyse bradykinin (vasodilator) which is hypotensive. Peptides 

able to exhibit ACE-I activity are used as an antihypertensive drug (FitzGerald & 

Meisel, 2003; Tauzin et al., 2002). The main mechanical feature controlling this 

inhibitory reaction is the C-terminal tri-peptide sequence. It is proposed that these 

peptides may interact with subsides S1, S1' and S2' at the active site of ACE (Brew, 

2003) (Figure 2.7). It appears that ACE prefers substrates and inhibitors containing 

hydrophobic amino acid residues in the three C-terminal positions (Cheung et al., 1980). 

Generally, aliphatic, basic and aromatic residues are preferred in the penultimate 

positions while aromatic; proline and aliphatic residues are preferred in the ultimate 

positions. The positive charge of the β-amino group of Lys at the C-terminus has also 

been shown to contribute to the ACE-I potential of several peptides (Vermeirssen et al., 

2003).  Furthermore, structural studies [Nuclear magnetic resonance (NMR), molecular 

modelling], docking studies, design of mimetics and biological evaluation of 

angiotensin AT(1) receptor blockers have aided in new anti-hypertensive peptide 

inhibitors (Panagiotopoulos et al., 1996;Mavromoustakos et al., 2001; Hiroyuki et al., 

2013). 

 

ACE-inhibitory and antihypertensive peptides originating from milk usually contain up 

to ten amino acids (Yamamoto et al., 1993). The majority of milk-protein-derived ACE-

inhibitors have moderate inhibitory potencies, usually within an IC50 range of 100-500 μ 

m /L, (Hayes et al., 2007). Thus, strain selection is one of the main factors that influence 

the release of ACE-inhibitors in dairy fermentations (Korhonen & Pihlanto, 2003; 

Takano, 2002). However, peptides with ACE-inhibitory activity may also be formed by 

in vitro hydrolysis of milk proteins using microbial and digestive enzymes (Otte et al., 

2007; Paola Ortiz-Chaoa, 2009).  It has been reported that fermented milk produced by 

mixing several types of microbes might contain a wider variety of functional substances 
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than milk cultured with a single strain (Kuwabara et al., 1995). Inclusion of probiotics 

to yoghurt has been shown to enhance in vitro ACE-inhibitory activity due to improved 

proteolytic hydrolyses (Donkor et al., 2007). The pH at the end of fermentation 

influences the ACE-inhibitory activity of fermented milk, which varies with the strain 

of LAB used (Nielsen et al., 2009). Additionally, LAB possesses a ‘transport system’ 

for amino acids, and di- tri- and oligo-peptides. As a result of this system, residual 

levels of peptides with bioactivity increases in fermented milks. The proteolytic systems 

of LAB species such as L. casei, L. helveticus, L. delbrueckii ssp. bulgaricus, S. 

thermophilus, L. acidophilus have been used to produce functional milk products 

containing antihypertensive peptides with ACE-inhibitory properties.  
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Figure 2.7 Molecular recognition of substrates by testis-specific angiotensin-converting 
enzyme (ACE) (a) the sites of cleavage by ACE in the substrates angiotensin I and 
bradykinin are shown. ACE is a di-peptidyl carboxy-peptidase and catalyses the 
cleavage of the bond between substrate residues that occupy the S1 and S10 sites (Brew, 
2003). 
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2.6 Sensory evaluation of food products  

Sensory evaluation is defined as a scientific judgment of food quality using senses, such 

as smell, taste, touch and sight. These sensory attributes have been developed by 

existing techniques. The developed procedures promote economic interest and establish 

the worth or acceptance of a product.  Sensory evaluation is divided into two categories, 

namely: objective and subjective testing. Objective testing employs the use of 

laboratory instruments with no involvement of the senses, whereas subjective testing 

involves panellists. Both tests are essential in sensory evaluation (Meilgaard et al., 

2006). 

 

After food production and before reaching the marketplaces, new food products have to 

go through many tests to accurately judge how well people will accept them (Lawless, 

2010). The companies have to evaluate the new product by particular food gastronomy 

and have to respond to some potential questions including: (i) Will people like the 

product? (ii) Will they buy the product? What price? (iii) How can the product be 

successfully marketed to people? And (iv) Will they prefer the product over others? 

Useful information can be obtained by posing specific questions to panels about age, 

sex, religion, geographic nationality, location, employment and education (Bopp, 1997).  

Food sensory evaluation has been used as a useful tool for new product development by 

assisting in product matching and improvement. Evaluation of a product could be 

required to determine the effects an experiment has on it. Lastly, marketing and quality 

control are additional application of sensory testing (Stone et al., 2012).  

 

2.6.1 Sensory attributes 

Attributes of food items are typically perceived in the following order:  
 Appearance 

 Odour/aroma/fragrance 

 Consistency and texture 

 Flavour (aromatics, chemical feeling, taste) 

 

 Appearance 
The appearance of the product and/ or the package is often the only attribute that is used 

to base a decision on to purchase or consume a product. Sensory analyses must pay 
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meticulous attention to every aspect of the appearance of test samples (Meilgaard et al., 

2006) and must often attempt to obliterate or mask many unattractive test samples with 

coloured lights, opaque containers, etc. 

 

 Odour/aroma/fragrance 
The odour of a product is detected when its aroma volatiles enter the nasal passage and 

they are detected by the olfactory system. Odour is discussed when the volatiles are 

sniffed through the nose. Aroma is the odour of a food product and fragrance is the 

odour of a perfume or cosmetic, while aromatics are the volatiles detected by the 

olfactory system from a substance in the mouth (Meilgaard et al., 2006). 

 

 Consistency/texture 
The third set of attributes to be considered are those perceived by sensors in the mouth 

other than taste and chemical feeling. Texture is also perceived by the skin and muscles 

of the body, other than those in the mouth when evaluating personal care and home care 

products (Meilgaard et al., 2006). 

 

 Flavour 
Flavour, as an attribute of food, beverages and seasonings, has been defined as the sum 

of perceptions resulting from stimulation of the sense ends that are grouped together at 

the entrance of the alimentary and respiratory tracts (Amerine et al., 2013). However, 

for the purposes of practical sensory analyses, the term is restricted to the impressions 

perceived via chemical senses from a product in the mouth. This is defined in this 

manner as flavour and includes (Meilgaard et al., 2006): 

 The aromatics, i.e. olfactory perception caused by volatile substances released 

from a product in the mouth via the posterior nares 

 The tastes, i.e. gustatory perceptions (salty, sweet, sour, bitter) caused by soluble 

substances in the mouth 

 The chemical feeling factors that stimulate nerve ends in the soft membranes of 

the buccal and nasal cavities (astringency, spice heat, cooling, bite, metallic 

flavour). 
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2.6.2 Hedonic scale 

The subjective assessment of a food product uses the hedonic scale method (Figure 2.8).  

It measures the level of the liking of a product. This test relies on consumers’ ability to 

rate their feelings of like or dislike. Hedonic testing is commonly used with experienced 

panel members as well as untrained panel members (Poste, 1991). When using hedonic 

scale testing, food samples are offered in succession and the subject is told to elect how 

much the panellist ‘likes’ or ‘dislikes’ the product and to mark the scales accordingly. 

The hedonic scale is anchored verbally with nine different categories ranging from ‘like 

extremely’ to ‘dislike extremely’ (Figure 2.8). Several different methods of the scale 

have been used with success; however, the differences in the scale form is likely to 

cause marked changes in the distribution of reactions and statistical factors such as 

variances and means (ASTM, 1968). The test attitudes and characteristics of the 

subjects and expectation have reflective effects on the results.  Consequently, the 

investigator must be cautious about making implications on the basis of evaluation of 

average ratings obtained in different experiments (Stone et al., 2012). There is no 

question that for some products a subset of the population of consumers may alter the 

ordering; however, the usefulness of the benchmark is not lost. This degree of stability 

is especially important for companies that seek to develop a database for their own 

products as well as to have a means for rapid assessment of formulation changes. In 

addition to these scaling techniques, there is another scale such as, semantic differential, 

appropriateness measures and summative scales. These scales are used primarily by 

market research to measure consumer behaviour as it impacts on product image, social 

issues and attitudes. They impact on sensory evaluation when results are used to direct 

product formulation efforts or when results are compared with those from a sensory test 

(Stone et al., 2012). 
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Name--------------------------- 

Product code---------------------------- 

Date-------------------------------------------------- 

 

Please tick the term that best describes your attitude about the product. 

 

____Like extremely 

 

____Like very much 

 

____Like moderately 

 

____Like slightly 

 

____Neither like or dislike 

 

____Dislike slightly 

 

____Dislike moderately 

 

____Dislike very much 

 

____Dislike extremely 

 

Comments: 

 

 

 

 

 Figure 2.8 An example of nine point hedonic scale; Like extremely-9; Dislike 

extremely-1. 
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2.6.3 The other sensory experiments 

There are different sensory experiments designated by the following definitions besides 

the hedonic scale used in sensory evaluation of food products:  

Preference or acceptance tests: Determine representative population preferences and 

require numerous panellists.  

Duo-Trip test:  In this test, three samples are offered to the taster. One is labelled 

"R"(reference) and the other two are coded. One coded sample is identical with "R" and 

the other is different.  

Difference tests: In the difference test the panellists are asked if a difference exists 

between two or more samples.  

Triangle test: In the triangle test, three coded samples are presented to the panellist. 

She/he is informed that two samples are identical and she/he is asked to indicate the odd 

one.  

Paired comparison test:  In the paired comparison test there are two coded samples 

that represent the standard or control. Experimental treatments are presented to the 

panellist who is asked to indicate which sample has the greater or lesser degree of 

intensity of a specified characteristic, such as sweetness and hardness. If more than two 

treatments are being considered, each treatment is compared with every other in the 

series.  

Multiple comparisons: In multiple comparison tests, a known reference or standard is 

labelled "R" and presented to the panellist with numerous coded samples. The panellist 

is asked to score the coded samples in comparison with the reference sample.  

Ranking: The panellist is asked to rank several coded samples according to the 

intensity of some particular characteristic.  

Scoring: Coded samples are evaluated by the panellist who records his/her reactions on 

a descriptive graduated scale. These scores are given numerical values by the panellist 

who analyses the results.  

Flavour-profile method: It consists of a small laboratory panel of six or eight testers 

trained in the method of measuring the flavour profile of food products. Descriptive 

words and numbers, with identifiable meaning to each panel member, are used to 

express the comparative strength of each note on the scale.  

Dilution tests: Dilution tests include the determination of the identification threshold 

for the material under study (Poste, 1991; Stone et al., 2012). 
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3.1 Introduction 

The most extensively studied microorganisms are lactic acid bacteria (LAB), 

Streptococcus, Lactococcus, Lactobacillus, and Bifidobacterium (Castro et al., 1996; 

Christensen et al., 1999; Ziadi et al., 2010). LAB, which includes probiotic organisms, 

are fastidious in nature, demanding several essential growth factors (Donkor et al., 

2007). The proteolytic systems of LAB have been studied widely and the enzymes 

involved have been isolated and characterised (Shihata & Shah, 2000). However, 

Bifidobacterium strains are not as proteolytic as other LAB, which explains why 

Bifidobacterium grow slowly in milk and may require supplementation from external 

sources (Dave & Shah, 1998; Gomes et al., 1998). Milk products, such as skim milk, 

although they are rich growth media, contain low concentrations of free amino acids and 

peptides to efficiently support growth of LAB (Shihata & Shah, 2000). Therefore, 

through proteolytic activity of LAB, bioactive peptides and amino acids are released 

from parent proteins in milk to support growth (Gobbetti et al., 2000).  

 

There are two methods of releasing milk peptides namely, by milk fermentation with 

LAB and by enzymatic hydrolysis of proteins. The cell wall of LAB is able to hydrolyse 

caseins into peptides by extracellular proteinases and intracellular peptidases (Korhonen 

& Pihlanto, 2006; Otte et al., 2007). Some of these peptides are classified as having 

angiotensin converting enzyme inhibition (ACE-I) activity (Yamamoto et al., 1994). 

Angiotensin-I-converting enzyme (ACE) plays a role in the regulation of blood pressure 

by catalysing the production of vasoconstrictor Angiotensin-II and inactivating the 

vasodilator and bradykinin (Doolittle, 1983; Brown and Vaughan, 1998).  Milk products 

with ACE-I peptides are fermented between 6-48 h, at optimal temperatures for the 

strains used, reaching pH 4 - 5 in most products (Salminen & von Wright, 2004; 

Muguerza et al., 2006). Some ACE-I peptides may be intermediate products of 

hydrolysis which, upon further fermentation, are degraded into inactive peptides. Other 

ACE-I peptides may stop or end the protein hydrolysis, e.g., many di- and tri-peptides, 

which would be formed upon longer fermentation (He et al., 2013; Boutrou et al., 

2013). Furthermore, the effect of pH on ACE-I activity of fermented milk increases 

with reducing pH until pH 3.5 is reached (Nakamura et al., 1995; Nakamura et al., 

1995; Donkor et al., 2006). These peptides generally exist as an inactive form in milk 

proteins and, following enzymatic hydrolysis, active peptides are released. Furthermore, 

enzymatic hydrolysates possess a number of physiological properties such as 
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antioxidant and ACE-I activity (Rajapakse et al., 2005; Unal & Akalin, 2012). Protease 

such as Flavourzyme®, also known as a proteolytic enzyme aids in digestion of different 

kinds of proteins (Chen et al., 2007). It is able to break down bonds by a process of 

protein hydrolysis converting it into smaller chains of amino acids (Roy et al., 2000; 

Korhonen & Pihlanto, 2003). Proteins have a complex folded structure requiring these 

types of enzymes to disassemble the molecule in very specific ways (Tsai et al., 2008; 

Ahn et al., 2012). 

 

Since the activity of ACE-I and antihypertensive peptides could be affected by the 

method of production, there is a need to evaluate the efficiency of proteases in releasing 

ACE-I peptides from milk proteins. Therefore, probiotic strains Lactobacillus casei 

(Lc210), Bifidobacterium animalis spp12 (Bb12), Lactobacillus delbrueckii subsp. 

bulgaricus (Lb11842), and Lactobacillus acidophilus (La2410) were screened 

separately, or in combination with the commercial proteolytic enzyme protease 

(Flavourzyme®) for production of bioactive peptides with ACE-I activity in short 

fermentation time using two different media in 12 % reconstituted skim milk (RSM) or  

4 % whey protein concentrates (WPC) by measuring the bacterial growth, proteolysis 

and ACE-I activity. 

 

3.2 Material and Methods 

3.2.1 Substrates and chemicals 

A number of substrates and chemicals namely O-phthaldialdehyde (OPA), Hippuryl–

histidyl–leucine (HHL), trichloroacetic acid (TCA), bacteriological medium, 

bacteriological agar, trifluoroacetic acid (TFA), HCl, ACE enzyme were purchased 

from Sigma Chemical Company (Sigma  Aldrich, NSW Australia). De Man Rogosa and 

Sharpe (MRS) were purchased from Oxoid, Ltd., VIC Australia. Flavourzyme® 1000 L 

(Protease enzymes .EC 3.4.11.1), an amino peptidase with an activity of [1000 Leucine 

Amino-peptidase unit (LAPU g-1)] was purchased from Novozymes Australia, NSW 

Australia. Skim milk powder (SM) was purchased from Murray Goulburn Co-operative 

Co. Ltd, VIC Australia and whey protein concentrate (WPC-35) powder was purchased 

from United Milk Tasmania Ltd., TAS Australia. Acetonitrile and reinforced clostridia 

agar (RCA) were purchased from Merck, Darmstadt, Germany and bacteriological 

peptone from Oxoid, Ltd., VIC Australia. Peptone solution was obtained from Merck 
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Pty. Ltd., VIC Australia. Stuart colony was from Scientific Counter UK. Anaerobic kit 

was obtained from (Oxoid™, AnaeroGen Australia). Advantech #231 filter paper was 

from Advantech Australia, NSW Australia. Four strains of Lactobacillus casei (Lc210), 

Bifidobacterium animalis ssp12 (Bb12), Lactobacillus delbrueckii subsp. bulgaricus  

(Lb11842), and Lactobacillus acidophilus (La2410) were obtained from Dairy 

Innovation Australia Ltd, Werribee, VIC Australia. UV-VIS spectrophotometer was 

from LKB NOVASPEC II Pharmacia, LKB Bio- Chrom UK. Centrifuge was from 

Beckman Coulter, Avanti J-265xPI. Freeze-dried was purchased from Freeze-drier 

model FD-300; Air vac Engineering Pty. Ltd., VIC Australia. Column (C18) was 

purchased from Phenomenex, NSW Australia. Membrane filter was purchased from 

Schleicher & Schuell GmbH, Dassel Germany. Reversed phase (RP) - HPLC was from 

Varian Analytical Instruments, CA USA.    

 

3.2.2 Experimental design, media preparation and fermentation  

Table 3.1 shows 16 different fermented samples of RSM and WPC and Flavourzyme®  

as control media were prepared using 12 % RSM, skim milk powder (SMP) 

composition are  (52 % lactose, 37 % protein, 8.6  % ash and 1.2 % fat)  or 4 % WPC 

powder (47.5 % lactose, 35 % protein, 9 % ash, 2.5 % fat) separately.  All media 

powder (SM or WPC) were reconstituted using sterilized water. Reconstituted media 

were heat treated in water path (20-30) min at 90°C. This optimal temperature and time 

for sterilization to avoid milk protein denaturation, cooled to 40°C and each medium 

was inoculated with 1 % v/v of Lactobacillus casei (Lc210), Bifidobacterium animalis 

ssp12 (Bb12), Lactobacillus delbrueckii subsp. bulgaricus (Lb11842), and 

Lactobacillus acidophilus (La2410) separately and in combination with or without 0.14 

% (w/w) Flavourzyme®.  Fermentation was carried out for 12 h at 37°C and samples 

were collected at 0, 4, 8 and 12 h and stored at -20°C for further analysis. 
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Table 3.1 Experimental design and the coding used in the study to analyse and measure 
the pH, growth, proteolytic activity and % of ACE-inhibitory activities during (0, 4, 8 
and 12 h) fermentation of  probiotic strains in12 % RSM or 4 % WPC and with or 
without combination of  Flavourzyme®. 

 

3.2.3 Bacterial Counts 

Four probiotic strains, Lc210, Bb12, Lb11842 and La2410, separately or combined with 

Flavourzyme® were added to 12 % RSM or 4 % WPC media. Bacterial growth was 

measured by pour-plate method. Appropriate serial dilutions were made using 0.1 % 

peptone solution and the strains were incubated at 37°C for 48 h using anaerobic jars 

with anaerobic kit. The colony enumeration system used was the Stuart colony. The 

growth of LAB strains was examined every 4 h up to 12 h during the fermentation 

process at 37°C. Plates showing 25 to 250 colonies were counted and expressed as 

colony forming units per mL (cfu mL-1) of sample. 

Media 

used  

Code Cultures  used 

without combination  

 

Code 

 

Combination of cultures  

with Flavourzyme®  

(1 % v/v each) 

RSM L.b  L.bulgaricus  L.b L.bulgaricus + Flavourzyme®   

L.A L. acidophilus   L.A L. acidophilus+  Flavourzyme®   

 

 

L.C L. casei L.C L. casei + Flavourzyme® 

Bb 

control 

L. Bifidobacterium 

 

Bb  L. Bifidobacterium +Flavourzyme®  

Flavourzyme® 

WPC L.b L.bulgaricus  L.b   L.bulgaricus + Flavourzyme®   

L.A L. acidophilus L.A  L. acidophilus+  Flavourzyme® 

  L.C L. casei L.C L. casei + Flavourzyme® 

Bb 

control 

L. Bifidobacterium 

 

Bb  L. Bifidobacterium +Flavourzyme®    

Flavourzyme® 
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3.2.4 Preparation of crude water-soluble peptide extract 

The crude water-soluble peptide extract was prepared from 250 mL fermented sample 

by centrifugation (J2-HS rotor, Beckman Instruments Inc., Palo Alto, CA USA) at 

15,000 x g for 30 min at 4°C. The supernatant was filtered through a 0.45 µm 

membrane filter (Schleicher & Schuell GmbH, Dassel Germany) and freeze-dried  using 

Dynavac freeze drier (Dynavac Eng. Pty. Ltd., Melbourne Australia). The freeze-dried 

samples were stored at -80°C for further analysis. 

 

3.2.5 Determination of proteolytic activity 

Proteolytic activity of Lc210, Bb12, Lb11842 and La 2410 was determined using the O-

pathalaldehyde (OPA) method as previously described (Church et al., 1983). Briefly, 3 

mL of sample was mixed with equal volume of 1 % trichloroacetic acid followed by 

filtration using Advantech #231 filter paper.  Filtrate 150 µL was mixed with 3 mL of 

OPA reagent and allowed to react at room temperature for 2 min. The OPA reagent was 

prepared by adding 25 mL of 100 mM di-sodium tetra-borate, 2.5 mL of 20 % (w / w) 

sodium dodecyl sulfate, 40 mg of OPA dissolved in 1 mL methanol and 100 µl of β-

mercaptoethanol in 50 mL total volume of the reagent. Absorbance of the samples was 

measured at 340 nm using UV-VIS spectrophotometer (LKB NOVASPEC II 

Pharmacia, LKB Bio- Chrom UK). The relative absorbance between the control and 

sample was used as an indication of proteolysis. 

 

3.2.6 Determination of ACE inhibitor activity 

ACE-I activity was determined according to the previously described method (Donkor 

et al., 2007).  Briefly, 10 mL of fermented media WPC or RSM was centrifuged at 4000 

x g at 4°C for 30 min and the supernatant was freeze-dried for 72 h (Freeze-drier model 

FD-300; Air vac Engineering Pty. Ltd., VIC Australia). The freeze-dried powder (40 

mg) was dissolved in 2 mL Tris buffer (50 mM, pH 8.3) containing 300 mM sodium 

chloride. ACE enzyme and Hippuryl-L-histidyl-L-leucine (HHL) (Sigma, St. Louis, 

MO USA) were prepared in Tris buffer. Fifty µL of 3.0 mM HHL, 50 µL of 1.25 MU 

ACE enzyme (from rabbit lung), and 50 µL of experimental samples were placed in a 

glass tube and incubated for 1 h at 37°C ensuring mixing for the first 30 min. Glacial 

acetic acid (150 µL) was added to stop the reaction. The reaction mixture was stored at -

20°C before further analysis of released hippuric acid (HA) by HPLC. An external 
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standard curve of hippuric acid was prepared to quantify the resultant hippuric acid in 

fermented samples. An aliquot (20 µL) of the mixture was injected into Gemini® C18 

110 Å (100 mm x 4.6 mm, 5 µm) (Phenomenex, Pty Ltd., NSW Australia) using Varian 

HPLC equipped with an auto sampler. The separation was conducted at room 

temperature (~22°C) at a mobile phase flow rate of 0.6 mL min-1. The mobile phase 

consisting of 12.5 % (v/v) acetonitrile (Merck Pty. Ltd., VIC Australia) in MilliQ-water, 

and pH was adjusted to 3.0 using glacial acetic acid. Ultraviolet-visible detector was set 

at 228 nm. The % ACE-I was calculated as follows: 

𝐴𝐶𝐸𝐼 % =
𝐻𝐴 (𝑐𝑜𝑛𝑡𝑟𝑜𝑙) − 𝐻𝐴 (𝑠𝑎𝑚𝑝𝑙𝑒)

𝐻𝐴 (𝑐𝑜𝑛𝑡𝑟𝑜𝑙)
 × 100 

 

Where ACE-I = angiotensin converting enzyme inhibition and HA = Hippuric acid. 

 

3.2.7 RP-HPLC analysis of water-soluble peptides extract 

The water soluble peptides of fermented RSM samples were profiled by a reversed 

phase (RP) - HPLC using the method as previously described (Donkor et al. 2007) with 

some modifications. Briefly, 50 mL of dissolved freeze-dried samples of fermented 

RSM or WPC for 12 h (with or without supplementation of Flavourzyme®) were 

centrifuged at 15,000 x g for 30 min at 4°C (Beckman Instruments Inc. Palo Alto, CA 

USA) respectively. The supernatant was filtered through a 0.45 µm membrane filter 

(Schleicher & Schuell GmbH, Dassel, Germany) and 20 µL of the sample was injected 

into a C-18 monomeric column (5 μm, 300 Å, 250 mm x 4.6 mm; Grace Vydac, Hesperia 

CA, USA). The peptides were eluted by a linear gradient from 100 – 0 % solvent A (0.1 

% TFA in deionised water) and solvent B (0.1 % TFA in 90 % acetonitrile/water v/v) 

over 70 min. Peaks were detected using a Varian UV/vis detector set at 214 nm. 

Separations were carried out at room temperature (~22°C) at a flow rate of 1.0 mL min1. 

 

3.2.8 Statistical analysis 

All results are expressed as mean values of 3 replicates with standard deviation. One 

way ANOVA was performed to investigate the differences in the treatments (bacterial 

strains, growth media, presence or absence of Flavourzyme® and fermentation time). 

Fisher`s (least significant difference; LSD) test was used to investigate significant 
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differences among the means. All statistical analyses were carried out using SAS 

Version 9.0 software (SAS Institute Inc., Cary, NC, USA). 

 

3.3 Results and Discussion 

3.3.1 Preferential growth of selected LAB strains in RSM media with    

Flavourzyme® compared to WPC   

Bacterial growth and pH value in RSM and WPC with and without Flavourzyme® at 

37°C for 0, 4, 8 and 12 h are shown in (Figure 3.1).  All strains grew differently in the 

media with varying pH. In general, higher bacterial growth logarithm was presented in 

RSM media compared with WPC media and was dependent on bacteria type and 

fermentation time (P < 0.05), (Figure 3.1). This may be attributed to the superior 

nutrient profile of RSM compared to WPC or due to heat treatments which leads to 

WPC protein denaturation (Dissanayake et al., 2012; Ramos et al., 2012; Dissanayake et 

al., 2013). The growth logarithm of the Bb12 was 12 cfu mL-1 without Flavourzyme® in 

RSM at 12 h and pH 4.6 (Figure 3.1A). The highest growth logarithm was 25 cfu mL-1 

of Bifidobacterium animalis ssp12 (Bb12) with Flavourzyme® in RSM at 12 h and pH 

3.6 (Figure 3.1B). Moreover, (Bb12) growth logarithm was weak in WPC without 

Flavourzyme® (5 cfu mL-1) in the same fermentation time at pH 5.5 (Figure 3.1C). 

However, in WPC with Flavourzyme® the growth logarithm of Bb12 was 20 cfu mL-1 at 

pH 4 (Figure 3.1D). Interestingly, the growth logarithm of Lactobacillus casei (Lc 210) 

was sharply increased between 8-12 h in RSM with Flavourzyme® (Figure 3.1B). 

Whilst the growth logarithm was stable in the same media without Flavourzyme® 

(Figure 3.1A), and in WPC with or without Flavourzyme® (Figure 3.1C and D), the 

optimal growth characteristics was with strain Bifidobacterium animalis ssp12 (Bb12), 

and the most effective media was RSM supplemented with Flavourzyme®. 

 

Analysis of variance showed that bacterial growth was significantly (P < 0.05) affected 

by media supplementation with Flavourzyme®, fermentation time and strain type (Kilpi 

et al., 2007; Leclerc et al., 2002). Combination with Flavourzyme® increased the 

bacterial growth in both media types (P < 0.05); however, the growth and pH was 

higher in RSM media compared to WPC media (Figure 3.1). This implies that 

Flavourzyme® facilitates bacterial growth through its proteolytic action resulting in an 

increased amount of free amino acids. It has been reported that heat treatment at low pH 
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of WPC causes denaturation of WPC proteins (Dissanayake et al., 2013), in addition to 

having negative effects on milk proteins and peptides (Davies et al., 1998). Bb12 and 

Lc210 showed higher growth (~14 cfu mL-1) at pH 4 and (~7 cfu mL-1) at pH 4.9 

respectively in 12 % RSM with Flavourzyme® supplementation compared to Lb11842 

(12 cfu mL-1) at pH 4.2 and La 2410 ( 10 cfu mL-1 ) and pH 5.2  at 8 h (Figure 3.1), 

suggesting that LAB strains prefer substrate by enzymes. However, at 12 h incubation, 

Bb12 in 12 % RSM with Flavourzyme® showed significantly (P < 0.05) higher growth 

than Lc210, Lb11842 and La 2410 at pH 3.9 (Figure 3.1B).  On the other hand, Bb12 

showed low growth after 8 h fermentation (~12.5 cfu mL-1) at pH 4.6 in 12 % RSM 

without Flavourzyme® supplementation (Figure 3.1A). The highest (P < 0.05) growth in 

the 4 % WPC media with Flavourzyme® supplementation was also shown by Bb12 after 

12 h (~20  cfu mL-1) at pH 4 but not in the first 8 h of fermentation (Figure 3.1D). Due 

to Flavourzyme® has the ability to hydrolyse milk proteins to free amino acids for all 

the media types resulted to an increase in bacterial growth compared with the media 

without Flavourzyme®. 

 

 Hence, supplementation of Flavourzyme® effects the growth. In general, Bb12 and 

Lc210 strains were always more numerous than Lb11842 and La2410 during any given 

period for both media and were higher in RSM than WPC, most likely due to 

differences in protein type and protein structure of both media, variation amongst strains 

and utilization of limiting nutrients (Ramchandran et al., 2008; Dissanayake et al., 

2013). It is likely that the growth of L. delbrueckii ssp. bulgaricus  was lower due to 

low pH level (Tharmaraj & Shah, 2003). Similar growth characteristics were noted 

using LAB strains under the same media and same conditions (Ramchandran et al., 

2010). 
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Figure 3.1 Growth (log 10 cfu ml-1) and pH of ( ) L. casei (Lc210), ( ) 
Bifidobacterium animalis ssp12 (Bb12), (  ) L. delbrueckii subsp. bulgaricus  
(Lb11842), (   ) L. acidophilus (La 2410) at 37°C for 12 hours (Error bars represent 
standard error of the mean) in RSM (A), RSM with Flavourzyme®  (B), WPC (C) and 
WPC with Flavourzyme® (D). 
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3.3.2 Proteolytic activity is higher in RSM media supplemented with Flavourzyme® 

Proteolytic activities of the four bacterial strains, Lc210, Bb12, Lb11842 and La2410 

were measured to determine the free amino acids generated after 0, 4, 8 and 12 h of 

fermentation at 37°C in RSM or WPC and are shown in (Figure 3.2 (Line)). All 

organisms showed an increase in proteolysis with time (Figure 3.2). In general, 

supplementation with Flavourzyme® led to significantly increased processing of 

hydrolysis during 12 h fermentation time in both media. The proteolytic activity of 

strain (Bb12) was sharply increased, starting with initial fermentation at 4-8 h followed 

by no significant changes at 12 h fermentation in RSM supplemented with 

Flavourzyme®, while proteolytic activity of La2410 and Lc210 were significantly 

increased during 12 h in the same media (Figure 3.2B). On the other hand, hydrolyses 

of the same strains were weak in RSM or WPC without supplementation (Figure 3.2A, 

C), even though strain Bb12 demonstrated high proteolytic activity in the same medium 

without supplementation (Figure 3.2A). Interestingly, strain La2410 showed the highest 

proteolytic activity in WPC supplemented with Flavourzyme® compared to the other 

strains in same media (Figure 3.2D). Highest proteolytic activity was observed in RSM 

media for all four strains compared to WPC media (P < 0.05). RSM supplemented with 

Flavourzyme® showed the highest proteolytic activity which increased with time, this 

correlated to a similar trend in the growth pattern (Figure 3.2). 

 

At 4 h the proteolytic activities of Lc 210, Bb12, Lb11842 and La2410 ranged between 

35-65 % higher in RSM with Flavourzyme® compared to RSM without Flavourzyme® 

(Figure 3.2). Flavourzyme® has the ability to hydrolyse RSM’s caseins (Tsai et al., 

2008) more rapidly than whey proteins in WPC. This suggests that the addition of 

Flavourzyme® reduces the fermentation time required to achieve high proteolytic 

activity. As evidenced, protease enzymes hydrolyse large proteins to intermediate 

peptides (Tsai et al., 2008; Barbana & Boye, 2010), which in turn facilitated the 

activities of four strains (Figure 3.2). Similarly, the proteolytic activity and ACE-

inhibition of LAB strains grown in 12 % RSM without Flavourzyme® supplementation 

with Bifidobacterium showed very high proteolytic capability compared to L. 

delbrueckii ssp. bulgaricus  1368, L. casei 15286, and L. acidophilus 4461 

(Ramchandran et al., 2008 & 2010). The ability of Bifidobacterium to utilize almost all 

types of substrates could explain their high proteolytic capability (Ramchandran & 

Shah, 2008). However, delbrueckii subsp. bulgaricus  has a poor ability to grow in milk 
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media due to its weak proteolytic activity. In general, proteolytic activities were 

significantly different (P < 0.05) between strains at any given fermentation time (Dave 

et al., 1998; Ramchandran et al., 2010).  Similarly, the type of media used, as well as 

with or without Flavourzyme® supplementation, showed significant differences (Figure 

3.2C, 3.2D), with the highest proteolytic activity in WPC media and Flavourzyme® 

observed with La 2410 at 12 h fermentation time and not at 8 h (Figure 3.2D).  Bb12 

and La2410 showed significantly (P < 0.05) higher proteolytic activity in both 12 % 

RSM and 4 % WPC with Flavourzyme® compared to L. casei and L. delbrueckii subsp. 

bulgaricus. These patterns of proteolysis correspond with the growth patterns of these 

organisms. Several reports have shown wide variations in the proteolytic abilities of 

different LAB strains (Oberg et al., 1991; Ramchandran & Shah, 2008). The highest 

proteolytic activities in RSM media with Flavourzyme® supplemented at 12 h was 

shown by strain Bb12 (Figure 3.2B).  Flavourzyme® supplementation in WPC did not 

have the same effect as in RSM, especially at a lower fermentation time of 4 h and 8 h 

(Figure 3.2), which may be due to the effect of heat treatment and pH on the protein of 

WPC (Gauthier & Pouliot, 2003; Dissanayake et al., 2012).  Flavourzyme® has  the 

ability to hydrolyse peptides  to free amino acids (Tsai et al., 2008) for all the media 

types due to an increase in bacterial growth (Figure 3.1, 3.2).  Similarly, increasing 

proteolytic activity of probiotic organisms in RSM during fermentation process results 

in better survival (Donkor et al., 2006). 

 

3.3.3 ACE-inhibition is influenced by strain type, media, fermentation time and 

Flavourzyme® 

The percentage of ACE-I activity of fermented RSM or WPC with Lc 210, Bb12, 

Lb11842 and La 2410 strains with or without Flavourzyme® supplementation at 37°C  

for (0-12 h) fermentation period is shown in (Figure 3.2 (bars)). Bacterial strain, media 

type, supplementation with or without Flavourzyme® and fermentation time 

demonstrated significant (P < 0.05) effects on ACE-I activity. Fermented RSM by LAB 

facilited with Flavourzyme® showed the strongest inhibitory activity on ACE-I (Tsai  et 

al., 2008).  Flavourzyme® alone was used for fermentation of RSM or WPC as a control 

(Figure 3.2B, 3.2D).  At 0 h fermentation time, ACE-I showed no activity for all strains 

(Figure 3.2).  Interestingly, strain La 2410 showed higher ACE-I activity in WPC or 

WPC with Flavourzyme® compared to Lc210, Bb12, Lb 11842, while this strain had 
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lesser ACE-I activity in RSM compared to the same strains used (Figure. 3.2C, D). 

Strain Bb12 (55 %) in RSM facilitated with Flavourzyme® at 12 h showed the highest 

ACE-I activity (Figure 3.2B (bars)). As the same time, the highest ACE-I activity at 8 h 

of fermentation was strain Lb11842 (50 %) in the same media compared to 

Flavourzyme® as control (25 %) at the same fermentation time. However, the same 

strain activity reached 35 % at 12 h in WPC Flavourzyme®-facilitated (Figure. 3.2D 

(bars)). The highest ACE-I activity in WPC Flavourzyme®-facilitated and without 

Flavourzyme®-facilitated was strain La 2410 (42 %), (Figure 3.2C, 2D (bars)). The best 

media to increase ACE-I activity was RSM with Flavourzyme® by strain Bb12 at 12 h, 

this correlated to a similar trend in the Proteolytic activity and growth pattern. 

 

Flavourzyme® plays a role in increasing the production of bioactive peptides by 

hydrolysing proteins present in the media, resulting in the production of large and 

intermediate peptides. These become available to LAB strains, which utilize them as a 

source of essential and growth-stimulating amino acids (Juillard et al., 1998). These 

bacterial cells possess cell-envelope-located proteinases, which are able to degrade 

caseins/ oligo-peptides into peptides, allowing the internalization of the released 

peptides and intracellular peptidases and  further hydrolysing them into smaller peptides 

and amino acids (Figure 3.3) (Juillard  et al., 1998; Kunji  et al., 1998). The differences 

observed in the two media (RSM and WPC) herein may be attributed to differences in 

the type of proteins present (Pan & Guo, 2010). 

 

Previous studies have noted a similar trend with LAB fermentation in 12 % RSM 

showing ACE-I activity (Fitzgerald & Murray, 2006; Donkor et al., 2007).  In both 

RSM and WPC media, supplementation with Flavourzyme® leads to increased ACE-I 

activity for all four bacterial strains with time of fermentation (P < 0.05). Bb 12 and 

La2410 had the highest ACE-I activity in both media types supplemented with 

Flavourzyme® compared to Lb 11842 and Lc 210 during 0- 12 h fermentation at 37°C 

(Figure 3.2).  

ACE-I activity increased as the fermentation period increased from 4 h to 12 h for all 

strains due to increased protein hydrolyses. This likely resulted in high peptide 

production with ACE-I activity. However, the effect was more pronounced at 8 h 

fermentation as ACE-I  activity increased from 30 to ≥ 52 % in RSM supplemented 

with Flavourzyme® compared to 12 h (55 %) (Figure 3.2A, B). Whilst the highest ACE-
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I activity in WPC with Flavourzyme® was stable between 8 h and 12 h (39 %) (Figure 

3.2D), this implies that Flavourzyme® supplementation can be used to achieve the 

production of ACE-I activity peptides in a shorter time of fermentation at 8 h instead of 

12 h. Generally, strains showing a greater percentage of ACE-I activity also indicates 

higher proteolysis, except in the case of L. acidophilus. In fact, oligo-peptides that 

cannot be transported into the cell usually remain in the media to exhibit bioactivity 

(Meisel and Bockelmann., 1999).  
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Figure 3.2 % ACE-inhibitory activities (bars) and Proteolytic activity (line) of 12% 
RSM (A) and 4% WPC (C) fermented by selected LAB.L. casei ( )(Lc210), 
Bifidobacterium animalis ssp12( )(Bb12), L. delbrueckii subsp. bulgaricus  (
)(Lb11842), L. acidophilus( )(La2410)  , Flavourzyme® as control  and combination 
of LAB with Flavourzyme® ( )(F+) (B and D) at 37°C  up to 12 h . 
 

 

3.3.4 RP-HPLC analysis of water-soluble peptides extract suggested that LAB’s 

selected strains with Flavourzyme® is most optimal 

The profiles of water-soluble peptides extract of 12 h fermented WPC or RSM 

hydrolysis by Lc210, Bb12, Lb11842 and La2410 strains combined with Flavourzyme® 

is shown in (Figure 3.3). The RP-HPLC elution profile of the hydrolysates was based on 

the hydrophobicity group of peptides (He et al., 2013). Both media hydrolyzed proteins 

providing peptides in the retention time range of 10-85 min in WPC with Flavourzyme® 

(Figure 3.3A), and, 10-60 min in RSM by strains Bb 12, Lb11842, La2410, and Lc210, 

respectively (Figure 3.3B). The effect of Flavourzyme® in both media and in particular 

RSM with Flavourzyme® was the most effective media to increase milk protein 
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hydrolysis as peptide peaks are shown in (Figure 3.3A, B).  Strain Bb 12 had the largest 

number of peptide peaks between retention time (0-40) and (50-75), and this correlated 

to a similar trend in the ACE-I activity. Combination with Flavourzyme® generally aids 

strains in RSM media to increase proteolysis as evidenced by the presence of increased 

peptide’s peaks (Figure 3.3B), compared to the same strains growing in WPC media 

(Figure 3.3A). On the other hand, based on the number of peaks, Bb12 and La2410 with 

Flavourzyme® were the best in terms of production of peptides in RSM.  However, the 

supplementation was more beneficial to all strains in RSM compared with the same 

strains in WPC (Figure 3.3). Bb12 with Flavourzyme® in RSM was the most optimal in 

terms of providing an increased number of peaks. This corroborated our observation of 

high ACE-I activity (Figure 3.2). 

 

 
Figure 3.3  RP-HPLC peptides profile of water soluble extracts obtained from 
fermented skim milk with  L. casei (Lc210), Bifidobacterium animalis ssp12 (Bb12), L. 
delbrueckii subsp. bulgaricus  (Lb11842), L. acidophilus (La2410) at 37°C for 12 h, 
combined with  Flavourzyme® in WPC  (A) compared to a combination with 
Flavourzyme®  in RSM (B) . 
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3.4 Conclusions 

The proteolytic and ACE-I activities of Lactobacillus casei (Lc 210), Bifidobacterium 

animalis ssp12 (Bb12), Lactobacillus delbrueckii subsp. bulgaricus (Lb11842), 

Lactobacillus acidophilus (La2410) were higher in RSM media compared with WPC 

media. Bifidobacterium animalis ssp12 (Bb12) and Lactobacillus acidophilus (La 2410) 

demonstrated higher ACE-inhibitory and proteolytic activities compared to 

Lactobacillus delbrueckii subsp. bulgaricus  (Lb11842) and Lactobacillus casei (Lc 

210).  However, the combination of Flavourzyme® and Bifidobacterium animalis ssp12 

(Bb12) have the highest proteolytic and ACE-I activities in RSM. The supplementation 

of media with Flavourzyme® increased proteolysis and thus increased ACE-I activities 

of all four bacterial strains.  Moreover, Flavourzyme® supplementation of media could 

be used to reduce fermentation time from 12 h to 8 h. 
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Chapter 4      Effect of Flavourzyme® on Angiotensin    
Converting Enzyme Inhibitory Peptides Formed 
in Skim Milk and Whey Protein Concentrate 
during Fermentation by Lactobacillus helveticus 

 

 

 

 

 

 

 

 

 

 

 
  

 

This chapter has been published. Ahtesh, F., Stojanovska, L., Shah, N., & Mishra, V. K. (2016). Effect of 

Flavourzyme® on Angiotensin‐Converting Enzyme Inhibitory Peptides Formed in Skim Milk and Whey 

Protein Concentrate during Fermentation by Lactobacillus helveticus. Journal of food science, 81(1), 

M135-M143. (Appendex. I ) 
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4.1 Introduction 

Hypertension is considered a risk factor for coronary heart disease such as myocardial 

infarction and stroke (FitzGerald et al., 2004). According to the World Health 

Organisation, nearly one billion people worldwide suffer from hypertension (World 

Health Organisation, 2013). Angiotensin converting enzyme catalyses conversion of 

Angiotensin-I to Angiotensin-II (a vasoconstrictor), which contributes to hypertension 

and heart failure. Hypertension is usually controlled by a number of medications, the 

most common being a synthetic angiotensin converting enzyme inhibitory (ACE-I) drug 

such as captopril and enalapril (Hansson et al. 1999; Turner and Hooper 2002). ACE-I 

drugs decrease active angiotensin-II production from inactive angiotensin-I (Erdos, 

1975; FitzGerald et al., 2004). Angiotensin-II receptor antagonists are agents used to 

modify the renin-angiotensin-aldosterone system through blocking angiotensin 

receptors, resulting in a decrease in blood pressure (Miura, Karnik, & Saku, 2011). 

However, long term use of synthetic ACE-I drugs may result in side effects such as 

cough, skin rash or development of impaired renal function (Sesoko & Kaneko, 1985; 

Coulter and Edwards 1987; Morgan, Anderson, & MacInnis, 2001; Acharya et al., 

2003).  

 

Peptides such as Val-Pro-Pro and Ile-Pro-Pro derived from milk proteins have been 

identified to have similar beneficial effects of ACE-I action opening the possibilities of 

replacing or complementing synthetic drugs (FitzGerald & Meisel, 2000; Pan et al. 

2005; Tsai et al., 2008; Nielsen et al., 2009; Yamaguchi et al., 2009; Pihlanto, A., 

Virtanen, T., & Korhonen, H., 2010; Phelan and Kerins, 2011). Lactic acid bacteria 

(LAB) used to produce fermented dairy products (i.e. yoghurt, fermented milk, cheeses) 

have been shown to produce peptides with varied but significant ACE-I activities during 

fermentation as reported in several studies (Korhonen, 2009; Phelan & Kerins,  2011; 

Korhonen & Pihlanto 2003; Korhonen & Pihlanto, 2006; Korhonen & Pihlanto, 2007; 

Hernández-Ledesma et al., 2011). The use of specific LAB or proteases for producing 

ACE-I peptides from various milk media (yoghurt, cheese, sour milk) have been 

reported (van der Ven et al., 2002; Donkor et al., 2005; Pan et al., 2005; Kilpi et al., 

2007; Meena et al., 2008; Tsai et al., 2008; Korhonen,  2009; Hamme et al., 2009; 

Ramchandran & Shah 2010; Ramchandran & Shah,  2011; Tellez et al., 2011; Chaves-

López et al., 2012; García-Tejedor et al., 2013). Bioactive peptides which have ACE-I 
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activity have been derived from hydrolysis of proteins using skim milk and whey 

protein concentrate (Madureira et al., 2010; Donkor et al., 2007). Such peptides have 

clinically documented effects in the reduction of hypertension in humans (Aihara et al., 

2005; Agyei et al., 2015). The production of these bioactive peptides thorough 

fermentation depends on several factors, such as growth media, fermentation time, 

temperature, pH and the type of LAB and strain used (Ramesh et al., 2012).  

 

Lactobacillus helveticus (L. helveticus) is homo fermentative thermophilic LAB that 

possesses strong proteolytic activity and is used in the production of cheese and 

fermented milk beverages (Griffiths & Tellez., 2013). Due to its high proteolytic 

activity, L. helveticus is more effective compared to other LAB such as L. delbrueckii 

sp. bulgaricus  and L. acidophilus in the production of ACE-I peptides (Korhonen & 

Pihlanto, 2006). Several studies have reported the use of L. helveticus for production of 

ACE-I peptides using milk media (Maeno et al., 1996; Leclerc et al., 2002; Kilpi et al,. 

2007; Nielsen et al., 2009; Sun et al., 2009; Pan and Guo 2010a; Otte et al., 2011; Singh 

et al., 2011; Lim et al., 2011; Unal and Akalin, 2012; Griffiths & Tellez, 2013). The 

effect of temperature, fermentation time and initial pH of fermented milk by L. 

helveticus has been reported for sour milk production (Pan, & Guo, 2010). Proteinases 

have been used extensively in the production of ACE-I peptides from dairy proteins 

(Pihlanto-Leppala, 2000). Pan  and  others  (2005)  used  cell-free  enzyme  extract  

from  L. helveticus consisting  of proteinase, amino peptidase and x-prolyl-dipeptidyl 

amino peptidase to produce Val-Pro-Pro and Ile-Pro-Pro with potent ACE-I activities. 

Tsai and others (2008) reported a tenfold increase in the production of ACE-I peptides 

when milk was fermented by Streptococcus thermophiles and Lactobacillus bulgaricus  

in the presence of a proteinase. Since there are no published reports on the production of 

ACE-I peptides from milk employing proteases and helveticus,   the objective of this 

study was to assess and compare L. helveticus strains for production of ACE-I peptides 

using  two  milk  media  (12  %  reconstituted  skim  milk  (RSM) and 4 % whey  

protein concentrate (WPC) with or without protease (Flavourzyme®) supplementation 

by measuring the bacterial growth, proteolytic activity and in vitro ACE-I activity. 

Therefore, the present study was performed to evaluate the hypothesis that a 

combination of Flavourzyme® and L. helveticus significantly increases ACE-I 

percentage in milk media. 
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4.2 Material and Methods 

4.2.1 Experimental design and bacteria propagation 

Bacteria and enzymes 

L. helveticus strains ASCC 881315, 881188, 880474 and 880953 were obtained from 

Dairy  Innovation Australia Ltd, Werribee, VIC, Australia and stored in a 40 % glycerol 

de Man,  Rogosa, and Sharpe (MRS) broth (Oxoid, Ltd., West Heidelberg, VIC, 

Australia) at −80°C.  For activation, an aliquot (100 μL) of each strain was individually 

transferred into the MRS broth  and incubated at 37°C for 24 hours (h). Weekly 

subculturing of bacteria into the MRS broth was performed to maintain the bacterial 

activity. Prior to each experiment, bacteria were subcultured three times and fermented 

for 12 h in 12 % RSM or 4 % WPC. Flavourzyme® 1000 L (EC 3.4.11.1), an amino 

peptidase with an activity of 1000 Leucine Amino-peptidase (LAPU g-1), was obtained 

from Novozymes Australia., NSW Australia.  Table 4.1 shows the types of 

experimental media, strains and enzyme combinations used in the study. 

 

Table 4.1 Experimental design to analyse and measure the pH, growth, proteolytic 
activity and % of ACE-inhibitory activities during (0, 4, 8 and 12 h) fermentation of L. 
helveticus strains in 12 % RSM or 4 % WPC and with or without combination of 
Flavourzyme®. 
 

4.2.2 Media preparation 

Fermentation media, preparation and procedure      

Media used  L. helveticus strains  used 

without combination 

Combination of L. helveticus 

strains (1 % v/v each with 

Flavourzyme® 0.14%) 

RSM  881315 881315+Flavourzyme® 

 881188 881188+Flavourzyme® 

  880474 880474+Flavourzyme® 

 

control 

880953 

Flavourzyme® 

880953+Flavourzyme® 

 

WPC  881315 881315+Flavourzyme® 

 881188 881188+Flavourzyme® 

  880474 880474+Flavourzyme® 

 

control 

880953 

Flavourzyme® 

880953+Flavourzyme® 
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Skim milk powder (52 % lactose, 37 % protein, 8.6 % ash and 1.2 % fat) and WPC 

(47.5 % lactose, 35 % protein, 9 % ash and 2.5 % fat) were obtained from Murray 

Goulburn Co-operative Co. Ltd., VIC and United Milk Tasmania Ltd., TAS Australia, 

respectively. RSM (12 %) and WPC (4 %) were prepared by dissolving appropriate 

quantities of skim milk powder and WPC in distilled water. Both media (RSM and 

WPC) were heated to 90°C for 20 minutes (min), cooled to room temperature and 

inoculated with 1% of L. helveticus strains with or without 0.14 % (w/w) 

Flavourzyme®1000 L.  Fermentation was conducted at 37°C and  samples collected at 4 

h, 8 h and 12 h and stored at -20°C for analysis of bacterial growth,  proteolytic and 

ACE-I activities and peptide profiling by Reverse Phase – High Performance  Liquid 

Chromatography (RP-HPLC). 

 

4.2.3 Measurement of bacterial growth  

Growth was assessed every 4 h up to 12 h during fermentation in 12 % RSM or 4% 

WPC as described in the procedure in section 3.2.3. 

 

4.2.4 Determination of proteolytic activity 

Proteolytic activity during fermentation was determined according to the procedure 

described in section 3.2.5. 

 

4.2.5 Determination of ACE-Inhibitory activity  

ACE inhibitory activity was measured according to the procedure described in section 

3.2.6. 

 

4.2.6 RP-HPLC analysis of water-soluble peptides extract 

Water-soluble peptides extract was analysed according to the procedure described in 

section 3.2.7. 

 

4.2.7 Statistical analysis 

All results were expressed as mean values of three replicates with standard deviation. 

One-way ANOVA was performed to investigate the significant differences in the 
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treatments (strains, growth media, presence or absence of Flavourzyme® and 

fermentation time). The level of significance was tested at 5% level (P < 0.05). Fisher`s 

(least significant difference; LSD) test was used to investigate significant differences 

among the treatment means. Correlation analysis was carried out between variables for 

the same bacteria strain, growth media and presence or absence of Flavourzyme®. The 

degree of correlation between these variables was expressed as Pearson coefficient (r) 

and corresponding P values. All statistical analyses were carried out using SAS V9.0 

software (SAS Inc., Cary, NC, USA). 

 

4.3 Results and Discussion 

4.3.1 Preferential growth of L. helveticus in RSM media with Flavourzyme® 

compared to WPC 

Figure 4.1 shows the microbial growth and the pH of media during fermentation with L. 

helveticus strains. All strains were able to grow in both media (Figure 4.1). Analysis of 

variance showed that the bacterial growth was significantly (P < 0.05) affected by 

media, media supplementation with protease (Flavourzyme®), fermentation time and 

strain type. Higher growth was significantly noted (P < 0.05) in RSM compared to 

WPC. This may be attributed to a superior nutrient profile of RSM compared to WPC 

(Kilpi et al., 2007; Leclerc et al., 2002) and higher specificity to caseins than whey 

proteins. Flavourzyme® led to increased growth in both media owing to higher 

proteolysis releasing more peptides and amino acids required for bacterial growth 

(Kenny et al., 2003). While L. helveticus 881315 showed the least growth (0.6 cfu mL-1) 

at pH 4 , L. helveticus 881188 (2.0 cfu mL-1) at pH 4.2 showed the highest growth 

compared to other strains in RSM containing Flavourzyme® at 12 h for the entire 

duration of fermentation. L. helveticus strains 880474 (1.5 cfu mL-1) and pH 5 at 8 h and 

880953 ( 1.2 cfu mL-1 ) and pH 5.5 at 8 h,  also showed increased growth compared to 

881315 in RSM. It appears that Flavourzyme® supplementation prolonged the log phase 

in 881188, whereas 880474 and 880953 strains went into a decline phase after 8 h (1.2 

cfu mL-1) and pH 4 and (0.6 cfu mL-1) and pH 4.6.  L. helveticus 881188 showed the 

highest growth (1.3 cfu mL-1) and pH 4.2 at 8 h and decreased into (1.0 cfu mL-1) and 

pH 4.9 at 12 h of fermentation in WPC with Flavourzyme®.  In general, WPC showed a 

weak growth for all strains without the combination of Flavourzyme® compared to the 

same strains in combination with Flavourzyme® (Figure 4.1). However, growth for all 
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strains in WPC with Flavourzyme® increased significantly at 8 h and declined after 8 h 

of fermentation at pH 3.4, possibly due to low pH and heat treatment of WPC thereby 

reducing available nutrients for growth as previously reported (Zisu and Shah 2003; 

Dissanayake et al., 2013). Furthermore, accumulation of lactic acid in the media may 

have contributed to a decrease in bacterial growth observed after 8 h.  Similar growth 

characteristics are known for most LAB as reported by Leroy and de Vuyst (2001) for 

L. sakei CTC 494. The differences observed in bacterial growth in the two media are 

related to the different nature of proteins present (Leroy & de Vuyst, 2001). Caseins in 

general are more susceptible to hydrolysis by L. helveticus enzymes than whey proteins 

(Griffith & Tellez, 2013). 
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Figure 4.1 Growth (line) of L. helveticus strains and pH (bars) in (A) RSM, (B) 
RSM with Flavourzyme®, (C) WPC and (D) WPC with Flavourzyme® fermented at 
37°C for 12 h,  ( 881315),  (   881188),  (  880474)  and  
( 880953).  The vertical lines depict standard deviation and lines above 
signify differences at (*) P < 0.05 and (**) P < 0.01. 
 

 
4.3.2 Proteolytic activity is higher in RSM media with Flavourzyme® 

An increase in the amount of free amino acids (NH3) groups as released by hydrolysis 

of milk proteins were quantified by the OPA method by measuring the change in the 

absorbance at 320 nm and are presented in Figure 4.2. Irrespective of L. helveticus 

strains grown in RSM or WPC with or without Flavourzyme® supplementation, the 

proteolysis continued at 37°C for 12 h (Figure 4.2).  Higher  proteolysis   was  noted  in  

fermented  RSM  than  WPC,  with  or  without supplementation with Flavourzyme®,  

indicating that all strains preferred RSM proteins as substrate over WPC. The 

proteolysis remained significantly lower (≤ 0.5) in WPC compared to RSM (> 0.78), 

indicating that proteins of RSM were the preferred substrate by proteolytic enzymes of 

L. helveticus strains investigated. This correlated with a similar trend noted in the 

growth pattern (Figure 4.1). The order of proteolytic activity of L. helveticus strains 

in RSM was 881315 > 881188 > 880474 > 880953. Supplementation of RSM with 

Flavourzyme® increased the proteolytic activity of all strains significantly (< 0.05), 
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reaching a maximum absorbance >  1.8  in  12  h  by  L. helveticus 881315,  880474  

and  881188  (Figure 4.2). Interestingly, the proteolytic activity of strain 881315 was 

high during 12 h (Figure 4.2) despite poor growth in both media (Figure 4.1). The 

activity in RSM with Flavourzyme® was approximately higher by 45-60 % than that 

without Flavourzyme® even after 4 h of fermentation and was sustained over the 12 h 

duration of fermentation.  However, except for L. helveticus 880953, the response to 

Flavourzyme® in increasing proteolysis was similar after 8 h of fermentation. 

Flavourzyme® appears to have hydrolysed large proteins present in RSM to 

intermediate peptides, which were used by L. helveticus to produce small peptides and 

free amino acids (Leclerc et al., 2002).  Co-fermentation of RSM with Flavourzyme® 

supplementation with L. helveticus strains reduced the time required for a given degree 

of proteolysis.  These  results  suggest  that  proteolysis  was  enhanced  in  the  higher  

protein containing  media supplemented with Flavourzyme® and that casein was a better 

substrate compared  to  whey  proteins  for  all  L. helveticus  strains  (Griffith  &  

Tellez,  2013).  In addition, the amount of free NH3 groups in the media continued to 

increase over 12 h except for media without Flavourzyme® for which the amount did 

not increase as much after 8 h (Figure 4.2). Matar et al., (1996) have noted differences 

in the proteolytic activities between strains. 

 

4.3.3 ACE-Inhibitory activity is influenced by strain type, media and 

Flavourzyme® combination 

The amount and type of peptides produced during hydrolysis is known to influence 

ACE-I activity. An in vitro assay was used to measure this activity following the method 

of Donkor et al., (2007). The ACE-I activity of L. helveticus strains (881315, 881188, 

880474 and  880953) in RSM or WPC with or without Flavourzyme® at 37°C for 12 h 

are presented in  (Figure 4.2). Flavourzyme® alone was used as a control. ACE-I activity 

differed significantly between strains. L. helveticus 881315 and 881188 showed higher 

ACE-I activity compared to other strains in RSM (Figure 4.2). Flavourzyme® enhanced 

the production of ACE-I peptides as previously reported for other LAB (Tsai et al., 

2008). ACE-I activity for all strains in both media increased significantly during the 

fermentation period (P < 0.05). However, differences existed between strains and media 

used when compared at the same time of fermentation. Media type, strains, 

supplementation of Flavourzyme® and fermentation time had significant (P < 0.05) 
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effects on ACE-I activity. As with proteolytic activity, ACE-I activity also increased as 

fermentation time increased for all strains. Supplementation of RSM with Flavourzyme® 

significantly (P < 0.05) increased ACE-I activity of L. helveticus strains. Except for L. 

helveticus 880474, ACE-I increased from 40-60 % to ≥ 85 % in RSM with 

Flavourzyme® supplementation after 8 h of fermentation. The inhibition increased during 

fermentation when L. helveticus 881315 and 881188 were used from 10- 89.8 % and 

from 5-85 % in RSM with supplementation, respectively (Figure 4.2B). While the same 

strains in WPC with Flavourzyme® were present, the ACE-I increased from 10- 65 % 

and 5-60 % during 12 h, respectively (Figure 4.2D). Since both of these strains 

demonstrated high proteolysis, co-fermentation with enzyme appeared to have produced 

higher amounts of ACE-I peptides as evident in increased number of peaks (Figure 4.3). 

The inhibitory activity remained high at 12 h for all strains except L. helveticus 880474, 

which showed a significant drop in ACE-I after 4 h of fermentation. There was no 

significant difference (P < 0.05) in ACE-I between hydrolysates produced from WPC 

with or without Flavourzyme® at 4 h fermentation. Thereafter, ACE-I increased 

differentially among the strains and a maximum of 89.8 % observed for L. helveticus 

881315 with Flavourzyme® in RSM at 12 h. However, the growth of the same strain was 

weak for the entire period of 12 h, it not only produced ACE-I peptides but also 

accumulated them without further conversion to free amino acids required for growth. 

This indicates that peptidase enzymes are not very active in strain 881315 as  similar 

observation was previously reported for peptidase deficient mutant of L. helveticus 

CNRZ32 (Kilpi et al., 2007). Data also suggest a delayed effect of the addition of 

Flavourzyme® in WPC. The increase in ACE-I due to the addition of Flavourzyme® was  

significantly (P < 0.05) higher in RSM compared to WPC (Banks, Law, Leaver, & 

Horne, 1995; Patel & Creamer, 2008) and since ACE-I almost doubled in the first 8 h of 

fermentation, Flavourzyme® supplementation can be used to reduce the time of 

hydrolysis required for the production of ACE-I peptides. The differences observed 

between RSM and WPC may be attributed to differences in the type of proteins present 

and therefore the variety of peptides present in the hydrolysates (Matar & Goulet, 1996; 

Pan & Guo, 2010).  Preference to casein by proteinases has been well documented 

(Matar & Goulet, 1996; Cheison et al., 2007; Lim et al. 2011; Griffiths & Tellez, 2013). 

Strains 881315 and 881188 appear to be the best of the four tested strains in providing 

maximum ACE-I (60-70 %). Flavourzyme® supplementation increased ACE-I of both 

media to 80-88 %. 
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Figure 4.2 Proteolytic activity (line) and ACE-I % (bars) of L. helveticus strains (

 881315), (  881188), (  880474), (  880953) and (
Flavourzyme® )as control at 37°C for 12 h in (A) RSM, (B) RSM with 

Flavourzyme®, (C) WPC and (D) WPC with Flavourzyme® . The vertical lines depict 
standard deviation and lines above signify differences at (*) P < 0.05 and (**) P < 0.01. 
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4.3.4 RP-HPLC analysis of water-soluble peptide extracts 

The peptide profiles of water-soluble extracts of 12 h fermented skim milk, with or 

without  supplementation of Flavourzyme® by the two best performer strains, L. 

helveticus 881315  and 881188 showing high proteolytic and ACE-I activities, are 

shown in (Figure 4.3). The RP- HPLC elution profile of the hydrolysates is mainly 

based on the hydrophobicity of the peptides. In the control unfermented RSM, only one 

peak appeared at 10 min (not shown). The chromatograms (Figures 4.3A, 4.3C) show 

that 881315 and 881188 strains without enzyme supplementation hydrolysed skim milk 

proteins into peptides that showed the retention time range of 10-40 min and 10-45 min, 

respectively. Supplement with Flavourzyme® (Figure 4.3B and 4.3D) generally 

increased proteolysis as evident by the presence of more peptides appearing in the range 

of 10-65 min (881315) and 10-45 min (881188). Since peptide profile extended beyond 

45 min for extracts from hydrolysates achieved by co-fermentation by strain 881315 

combined with Flavourzyme®, this combination was optimal in terms of providing 

peptides that are more hydrophilic and in higher amounts that the other three treatments. 

This trend is also followed by high ACE-I activity (Figure 4.2). However, the effect of 

supplementation was more beneficial to strain 881315 than that to 881188. 
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 Figure 4.3 RP-HPLC peptide profile of water soluble extracts obtained from skim milk 
fermented by L. helveticus strains 881315(A), 881315 with Flavourzyme® (B), 881188 
(C) and 881188 with Flavourzyme® (D) after 12 h fermentation at 37 °C. 
 

 

 

4.3.5 Correlation between proteolytic activity, ACE-Inhibition and bacterial 

growth  

The correlation between proteolytic activity and anti-hypertensive properties expressed 

as ACE-I and bacterial growth expressed as (cfu) for the same bacterial strain are 

presented in (Tables 4.2 and 4.3) for RSM and WPC respectively. A significant 

correlation in growth with all measurements for each strain in RSM was evident except 

L. helveticus 880953, which did not grow well in both media (P < 0.05). This correlated 

to proteolytic and ACE-I activity of strains (Table 4.2). This suggests that 

Flavourzyme® enhanced the proteolytic and ACE-I activities of L. helveticus in RSM. 

ACE-I activity positively and strongly correlated with proteolytic activity for each 

strain, both with or without Flavourzyme® (P < 0.05) (Table 4.2), implying that 
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increased proteolytic activity increased the production of ACE-I peptides. Moreover, 

ACE-I activity showed a strong correlation with bacterial growth in RSM with or 

without Flavourzyme®, for all strains except L. helveticus 880953.  
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Table 4.2 Pearson coefficient correlations (r), proteolytic activity (OPA), ACE-inhibitory activity (ACE) and bacterial growth (CFU) for strain, 

L. helveticus 881315, L. helveticus 881188, L. helveticus 880474 and L. helveticus 880953 grown in 12 % RSM at 37°C for 12 h with or without 

Flavourzyme® combination. 

L. helveticus strains Variables Without Flavourzyme® With Flavourzyme® 

 OPA ACE CFU  OPA ACE CFU 

881315 OPA  1.000 0.988** 0.918**  1.000 0.979** 0.946** 

 ACE   1.000 0.945**   1.000 0.864** 

 CFU    1.000    1.000 

881188 OPA  1.000 0.991* 0.874*  1.000 0.966* 0.852* 

 ACE   1.000 0.882*   1.000 0.694** 

 CFU    1.000    1.000 

880474 OPA  1.000 0.962** 0.805*  1.000 0.978* 0.835* 

 ACE   1.000 0.825*   1.000 0.928* 

 CFU    1.000    1.000 

880953 OPA  1.000 0.989* 0.690**  1.000 0.891* 0.863* 

 ACE   1.000 0.588**   1.000 0.597* 

 CFU    1.000    1.000 

*P < 0.05, ** P < 0.01. 
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Table 4.3 Pearson coefficient correlations (r), proteolytic activity (OPA), ACE-inhibitory activity (ACE) and bacterial growth (CFU) of, L. 

helveticus 881315, L. helveticus 881188, L. helveticus 880474 and L. helveticus 880953 grown in 4 % WPC at 37°C for 12 h with or without 

Flavourzyme® combination. 

L. helveticus strains Variables Without Flavourzyme® With Flavourzyme® 

 OPA ACE CFU  OPA ACE CFU 

881315 OPA  1.000 0.615* 0.713*  1.000 0.530* 0.580* 

 ACE   1.000 0.927**   1.000 0.949** 

 CFU    1.000    1.000 

881188 OPA  1.000 0.946* 0.866*  1.000 0.626* 0.562* 

 ACE   1.000 0.947*   1.000 0.978** 

 CFU    1.000    1.000 

880474 OPA  1.000 0.615** 0.666*  1.000 0.867* 0.907* 

 ACE   1.000 0.894*   1.000 0.971* 

 CFU    1.000    1.000 

880953 OPA  1.000 0.716** 0.567*  1.000 0.686* 0.608* 

 ACE   1.000 0.827*   1.000 0.634** 

 CFU    1.000    1.000 

*P<0.05,**P<0.01.



Chapter 4 

90 
 

4.4 Conclusions 

Production of ACE-I peptides by L. helveticus varied between the strains due to the 

differences in proteolytic activity. Casein-rich RSM supported higher growth, higher 

proteolytic activity and produced higher ACE-I activities by all L. helveticus strains. 

Therefore, RSM is superior to WPC as a medium for production of ACE-I peptides 

irrespective of supplementation with protease, which generally increased hydrolysis of 

proteins to produce more ACE-I peptides. Beneficial effects of protease 

supplementation were more pronounced in the first 8 h of fermentation and also 

sustained thereafter. However, L. helveticus 881315 showed the lowest growth. The 

highest ACE-I activity was observed in 12 % RSM supplemented with  Flavourzyme® 

and up to 12 h fermentation by L. helveticus 881315 and 881188 at 37°C, respectively. 

These conditions will aid in the production of a functional fermented drink with high 

ACE-I activity. 
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Chapter 5     Effects of Kluyveromyces marxianus LAF4, combined 
with probiotic strains as a source of angiotensin 
converting-enzyme peptides  

 

 

 

 

 

 

 

 

 

 

 
This chapter has been submitted for publication. Ahtesh F., Apostolopoulos V., Vijay M., Stojanovska L., 

(2016).  Effects of Kluyveromyces marxianus LAF4 combined with probiotics as source of Angiotensin 

converting enzyme peptides. Dairy science journal. (Appendix. I). 

 

 



Chapter 5 

92 
 

5.1 Introduction 

Probiotic microorganisms are defined as ‘live microorganisms that when administered in 

adequate amounts confer health benefits to the host’ (Sanders, 2008; World Health 

Organisation, 2013). Probiotic foods are ‘food products that contain a living probiotic 

organism in adequate concentration, so that after their ingestion, the postulated effect is 

obtained and is beyond that of usual nutrient suppliers’ (Saxelin et al., 2003).  Milk is a rich 

growth medium that contains proteins and essential factors that are capable of supporting 

growth of LAB. ACE-I peptides activity has been extensively studied in the last few years 

(Hong et al., 2008; Fragasso et al., 2012; García-Tejedor et al., 2013). ACE-I peptides such 

as, antihypertensive peptides, decrease the level of vasoconstricting peptide, Angiotensin-II 

and therefore reduce blood pressure (Martinez-Maqueda et al., 2012; Arbia et al., 2013). 

2012; García-Tejedor et al., 2013).  

 

Bioactive peptides, derived from milk proteins, have been found to have similar ACE-I 

activity and may be used to decrease hypertension with no known side effects (Pfeffer et al., 

2003; Tsai et al., 2008; Hernández-Ledesma et al., 2011; Wang et al., 2012; Unal and Akalin, 

2012). The side effects of ACE-I drugs include coughing, skin rashes and impaired renal 

function (Sesoko S, 1985; Turner and Hooper, 2002; Fragasso et al., 2012). The beneficial 

alternatives of ACE-I drugs are peptides which are isolated from fermented milk products 

using probiotics (Hartmann and Meisel, 2007; Hernández-Ledesma et al., 2011; Ahtesh et al., 

2016a). Probiotics consist of either yeast, in particular Saccharomyces or Kluyveromyces 

marxianus (K. marxianus) (Penner, Fedorak, & Madsen, 2005). 

 

 For thousands of years yeasts have been used to produce a wide range of fermented 

traditional foods and beverages (Chaves-López et al., 2011b; Roostita and Fleet, 1996).  

Yeast fermentation of milk involves hydrolysis of lactose and galactose, assimilation of 

lactate, lipolytic and proteolytic activity (Roostita & Fleet, 1996). Yeasts are considered 

fundamental in the production of some fermented milk products, such as Kumis and Kefir. 

Kumis is traditional fermented cow milk produced and consumed in South West Colombia 

(Chaves-López et al., 2011). Recently, skim milk fermented with yeast and LAB exhibited 

particular metabolic profiles, which possess great variability in ACE-I-inhibitory properties, 

contributing to the ACE-inhibitory activity of Colombian Kumis (Chaves-López et al., 2011). 

Natural fermented milk beverages are manufactured in many countries and yeasts are 

included in the production process of some of them (Graham, 2006). In different Colombian 
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Kumis, several yeast species have been found, and most of them have been generally 

described in indigenous Asian or African fermented milk products, contributing considerably 

to the development of the final flavours of the products (Graham, 2006; Kebede et al., 2007). 

In Asian fermented milks, the most prevalent species is Kluyveromyces marxianus (K. 

marxianus) often associated with Saccharomyces spp (Jespersen, 2003). It has been reported 

that yeasts isolated from dairy products have proteolytic characteristics (Jakobsen and 

Narvhus, 1996).  

  

K. marxianus is dairy yeast that may have a promising and viable application in obtaining 

bioactive peptides from lactoglobulin by fermenting whey protein (Belem et al., 1999). The 

use of K. marxianus in milk fermentation is also a good source for producing oligo-

nucleotides (flavour enhancers in food products); oligosaccharides (a prebiotic that stimulates 

the growth of Bifidobacterium sp. in animal and human intestines) and oligo peptides 

(immunostimulatory) (Belem and Lee, 1998; García-Tejedor et al., 2013; Chaves-López et 

al., 2012). K. marxianus has been reported as a promising candidate for the generation of 

antihypertensive peptides from whey proteins α -lactalbumin and β -lactoglobulin, (Belem et 

al., 1999) or in combination with Lactobacillus rhamnosus during 168 h of milk fermentation 

(Hamme et al., 2009). Yeast species such as K. marxianus, Saccharomyces cerevisiae and 

Candida parapsilosis have been documented to produce peptides with ACE-I activity   

(García-Tejedor et al., 2013; Gonzalez-Gonzalez et al., 2011; Chaves-López et al., 2012; 

Hamme et al., 2009; Kebede et al., 2007).  Recently, K. marxianus isolated from Colombian 

Kumis was able to produce fermented milk with ACE-I activity (Chaves-López et al., 2012). 

However, the in vivo antihypertensive effect of casein and whey-derived bioactive peptides 

generated by yeast strains has not yet been demonstrated.  

 

Herein, the efficacy of dairy yeast to generate milk protein-derived peptides with ACE-I 

activity was investigated. For this purpose, different strains of Lactobacillus; L. casei 

(Lc210), L. delbrueckii subsp. bulgaricus  (Lb11842), L. acidophilus (La2410), and four 

different strains of L. helveticus (Lh) ASCC-881315,  881188,  880474 and  880953 

combined separately with  K. marxianus LAF4 were screened for their ability to grow in 12 

% RSM to produce hydrolysates containing ACE-I peptides. The effect of fermentation time, 

media, probiotic strain and the presence or absence of yeast was evaluated. 
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5.2 Material and Methods  

5.2.1 Experimental design and culture propagation  

Fifteen different fermented treatments in 12 % RSM treatments with probiotic bacteria  L. 

casei (Lc210), L. delbrueckii ssp. bulgaricus  (Lb11842), L. acidophilus (La2410), L. 

helveticus; Lh 881315, Lh 881188, Lh 880474 and Lh 880953  were tested and the 

experiments were triplicated (Table 5.1) the treatments were obtained from Dairy Innovation 

Australia Ltd.  The selected probiotic bacteria were stored in de Man Rogosa and Sharpe 

(MRS) broth containing 40 % glycerol (Oxoid, Ltd., West Heidelberg, Victoria, Australia) at 

−80 °C. K. marxianus LAF4/ 10U were obtained from Chr. Hansen Pty. Ltd, France. For 

activation 100 µL aliquot of each strain was individually transferred into sterile 10 mL MRS 

broth and incubated at 37 °C for 24 hours (h) prior to each experiment. The microorganisms 

were cultured three times and incubated for 12 h in 12 % RSM at 37 °C. 

 

 

Table 5.1 The experimental design and codes used in the study to analyse and measure the 
pH, growth, proteolytic activity and % of ACE-inhibitory activities during (0, 4 , 8 and 12 h) 
fermentation of  probiotic strains in 12 % RSM  with or without  Kluyveromyces marxianus 
LAF4. 

 

Media 

used  

Code Cultures  used without 

combination 

Code 

 

Combination of cultures  

with  Kluyveromyces 

(1 % v/v each) 

RSM Lb L.bulgaricus  Lb  L.bulgaricus + Kluyveromyces  

La L. acidophilus La  L. acidophilus+   Kluyveromyces 

 LC L. casei LC L. casei +  Kluyveromyces   

 

Control 

  

 

 

Kluyveromyces 

 

 Lh L h 881315 Lh L h 881315+ Kluyveromyces   

Lh L h 881188 Lh L h 881188+ Kluyveromyces   

 Lh L h 880474 Lh L h 880474+ Kluyveromyces 

Lh 

 

L h 880953     Lh  L h 880953  + Kluyveromyces 
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5.2.2 Media Preparation  

Media were prepared using RSM (52 % lactose, 37 % protein, 8.6 % ash and 1.2 % fat). All 

media were sterilised by heat treatment at 90 °C for 20 min, cooled to 40 °C. Each media was 

inoculated with 1 % v/v of L. casei (Lc210), L. delbrueckii ssp. bulgaricus  (Lb11842), L. 

acidophilus (La2410), L. helveticus ASCC; Lh 881315, Lh 881188, Lh 880474 and Lh 

880953 separately and in combination with or without K. marxianus and a fermented sample 

using K. marxianus alone as control (Table 5.1).  Fermentation was carried out for 12 h and 

samples were collected at 0, 4, 8 and 12 h at 37 °C and immediately analysed and after that 

stored at -20 °C for further analysis. 

 

5.2.3 Measurement of bacterial and yeast growth  

Growth was assessed every 4 h up to 12 h during fermentation in  12 % RSM as described in 

the procedure in section 3.2.3. 

5.2.4 Determination of proteolytic activity 

Proteolytic activity during fermentation was determined according to the procedure described 

in section 3.2.5. 

 

5.2.5 Determination of ACE inhibitor activity 

ACE inhibitory activity was measured according to the procedure described in section 3.2.6.  

 

5.2.6 Preparation of water-soluble peptides extract 

Water-soluble peptides extract was analysed according to the procedure described in section 

3.2.7. 

 

5.3 Statistical analysis 

All results were expressed as mean values of 3 replicates with standard deviation.  ANOVA 

was performed to investigate the significant differences in the treatments: bacteria strains 

with yeast, growth, and fermentation time using Minitab software. The level of significance 

was tested at P < 0.05. Fisher`s (least significant difference; LSD) test was used to investigate 

significant differences among the treatment means.  
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5.4 Results and Discussion 

5.4.1 Enumeration of organisms 

Preferential growth of selected LAB strains in RSM media without combination of 

Kluyveromyces marxianus LAF4 

The bacterial growth and pH measurements are shown in (Figure 5.1, 5.2). The pH was 

measured using a pH meter (model 8417, Hanna Instruments, Singapore). In the first 4 h of 

fermentation, log cfu counts of Lh 881315, Lh 881188, and Lh 880474 strains in samples 

with yeast cells were approximately 2.5 to 5.4 log cfu mL-1. Log cfu counts increased 

significantly from (5.4 - 6.47 log cfu mL-1) (P > 0.05) at 4 h and 8 h. PH was (2.9-5) after 

which Lh strains showed gradual growth decrease at 12 h. This was most likely due to 

alcohol production by yeast (Figure 5.1 A, B) compared to the LAB strains alone in RSM in 

the same conditions (Figure 5.2 A, B). Whereas, regarding L. acidophilus (La), L. delbrueckii 

subsp. bulgaricus  (Lb) or L. Casei (Lc), the growth decreased from (2.5-4.9) log cfu mL-1 

between 4 and 12 h, pH (4-5.2).  Bacterial growth significantly (P < 0.05) affected 

fermentation time, supplemented with K. marxianus and strain type (Leclerc et al., 2002; 

Kilpi et al., 2007). L. acidophilus (La), L. delbrueckii subsp. bulgaricus  (Lb), or L. Casei 

(Lc), the growth increased from 2.5 to 6 log cfu mL-1 between 4 and 8 h. Similarly, growth 

decreased from 6 to 5.5 log cfu mL-1 between 8 and 12 h fermentation, due to alcohol 

production (Belem & Lee, 1999)  (Figure 5.1, 5.2), compared to 4.6 log cfu mL-1 for K. 

marxianus as control at pH 3.5 (Figure 5.1A, B). In general, the lowest pH value obtained for 

Lh strains (881315,  881188, and  880474) with K. marxianus on average after 4 h 

fermentation ranged between 3.2 to 3.5 compared with K. marxianus as control pH 5.1 

(Belem & Lee, 1999; Yadav et al., 2014). The growth of probiotic strains, Lh 881315, Lh 

880474 and La, Lb and Lc were slightly decreased between 8 h and 12 h, whilst the growth 

was stable between 8 h and 12 h for Lh 881188. This suggests an imbalance of glycolytic 

metabolism over oxidative metabolism and growth limitation during fermentation, due 

possibly to lactose consumption and ethanol production by yeast (Belem & Lee, 1999; Yadav 

et al., 2014).  However, a previous study (chapter 3 and 4) used the same strains to ferment 

RSM separately reported that  L. helveticus 881188 showed the highest growth compared to 

other strains in RSM whilst, L. helveticus 881315 showed the least growth at pH 3.4, possibly 

due to low pH and heat treatment reducing available nutrients for growth (Ahtesh et al., 

2016b). There was no significant (P > 0.05) difference in growth between yeast and strain 

combination in the initial fermentation in RSM. In general, K. marxianus LAF4 decreased log 

counts of approximately (~12 to ~2.8 log cfu mL-1) between 4 h and 12 h was observed 
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(Figure 5.1, 5.2). Similar counts have been reported using LAB and yeasts (Saccharomyces. 

sp and Candida. sp) to hydrolyse milk protein (Isono, Shingu, & Shimizu, 1994; Kebede et 

al., 2007). In comparison, a study demonstrated that yeasts and LAB strains counts ranged 

from 6.0 to 8.0 log cfu mL-1 after two days of milk fermentation (Mathara et al., 2004). 

Overall, the highest growth observed in RSM fermented using LAB strains with yeast was Lh 

881188 and with K. marxianus at 8 h compared to K. marxianus as control (Figure 5.1B). 

Similarly, a study by Mathara et al. (2004) reported bacterial counts in milk fermented with 

yeast and bacteria as 5.8 log cfu mL-1 for Enterococcus and 4.24 to 7.44 log cfu mL,-1 for 

yeast at pH 4.5. However, Chaves-López et al., (2012) reported substantial increased cell 

counts for K. marxianus KL26A during 72 h fermentation.  The yeast counts recorded in this 

study were similar to those reported previously (Isono et al., 1994; Mathara et al., 2004), 

which indicated Saccharomyces. sp and Candida. sp growth in Tanzanian and Kenyan 

traditional fermented milks ranged from 6.0 to 8.0 log cfu mL-1 and 4.3 to 7.4 log cfu mL-1 

respectively. The highest log coliform counts in our study increased gradually from 4.5 log 

cfu mL-1 to a maximum of 12 cfu mL-1 for Lh 881188 after 8 h of fermentation at 37°C 

(Figure 5.2).  This corresponded to a final pH range of 3.1 at 12 h fermentation, which was 

dependent on strain type as well as yeast supplementation (Figure 5.1). Conversely, Roostita 

et al., (1996) reported that K. marxianus showed strong utilisation of lactose and weak 

metabolism of citrate, protein and fat resulting in the production of ethanol with strong 

growth responses.  
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Figure 5.1 The growth (log10 cfu mL-1) (lines-right)) and pH (dotted line-lift) characteristics. 
(A) Combination of Kluyveromyces marxianus with each of L. acidophilus ( ), L. 
delbrueckii subsp. bulgaricus  ( ) or L. Casei ( ), and Kluyveromyces marxianus (

) as control. (B) Combination of Kluyveromyces marxianus with L. helveticus strains Lh 
881315(  ), Lh 881188(  ), Lh 880474( ) and Lh 880953(  ), separately in 
12 % RSM at 37 °C for 12 h, (results were expressed as mean values of 3 replicates with 
standard deviation). 
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Figure 5.2 The growth (log10 cfu mL-1) (lines-right)), and pH (dotted line-lift) characteristics 
of (A) L. acidophilus ( ) L. delbrueckii subsp. bulgaricus  ( ), or L. Casei ( ) 
and (B) L. helveticus strains Lh 881315(  ), Lh 881188(  ), Lh 880474(  ) and h 
880953(  ), separately in 12 % RSM at 37°C for 12 h. (results were expressed as mean 
values of 3 replicates with standard deviation).  
 
 

 

5.4.2 Proteolytic activity of Kluyveromyces is higher in fermented RSM 

media  
The effectiveness of proteolytic activity of K. marxianus in combination with LAB strains in 

RSM compared to strains alone without combination were assessed for the ability to 

hydrolyse skim milk protein. Most of the combinations with strains and yeast had the ability 

to hydrolyse milk proteins into amino acids compared with fermented RSM by yeast alone 

(Figure 5.3 A, B). O-pathalaldehyde (OPA) index of yeast and Lh 881315 was higher than Lh 

(881188, 880474 and 880953) strains (Figure 5.3), compared to strains alone in RSM at 37°C 

for 12 h (Figure 5.4).  It has been reported that the proteolytic activity of K. marxianus is 
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& Fleet (1996) and Chaves-López et al., (2012) reported that K. marxianus had greater 

proteolytic activity than S. cerevisiae as evidenced by the increase of the amino acids content 

in milk. Proteolytic activities were also detected in different fermentation times. However, 

the level of activity was dependent on strain type. Those results indicated that Kluyveromyces 

marxianus LAF4 has high proteolytic activity.  

  

5.4.3 ACE-inhibition activity of fermented skim milk  

Results presented in (Figure 5.3, 5.4) show ACE-I activity of LAB and K. marxianus used as 

controls and in combination of K. marxianus with LAB in fermented skim milk at 37°C for 

12 h. The ACE-I increased at varying activities in all samples up to 8 h fermentation after 

which the activity was almost stable for all combinations, compared with  K. marxianus  

alone in which ACE-I activity increased up to 12 h (P < 0.05) (Figure 5.4 A). The highest 

ACE-I activity reached was sample fermented with K. marxianus alone which yielded 60 % 

ACE-I at 12 h, compared with the samples fermented with combination forms. However, 

ACE-I activities between strains in combination with K. marxianus showed varying 

differences (P < 0.05) (Figure 5.3) whereas, L. Casei with K. marxianus showed the lowest 

ACE-I activity (15 %) (Figure 5.3 A) compared to the same strain without combination (50 

%) (Figure 5.4 B). A study by Hamme et al., (2009) noted that ACE-I activities of different 

yeast strains, Candida lusitaniae KL4, P. kudriavzevii KL52 and G. geotrichum KL20A in 

milk whey, were high (60 % - 72 %) after 52 h of fermentation at 37°C. These results with 

long fermentation time are possibly due to production of ethanol by K. marxianus   lactose 

during the fermentation period (Roostita & Fleet, 1996).  In the conditions tested, yeasts 

efficiently degraded casein since almost complete hydrolysis of the protein was observed 

(Jakobsen & Narvhus, 1996; Amrane & Prigent, 1998; Chaves-López et al., 2012; García-

Tejedor et al., 2013). The agreements with experiments  by García-Tejedor et al. (2013) in a 

study using different strains of yeast including K. marxianus   to ferment milk separately for 

seven days, the highest ACE-I provoked by casein-derived peptides was 55 %, corresponding 

to hydrolysates generated by K. lactis Kl3 and K. marxianus K2.  However, in this study the 

ACE-I activity of K. marxianus   as control was 60 % at 12 h of fermentation compared to 

combination with strains (45 %) for strain Lh 881315 and 880953. In a recent study using the 

same strains, Lh 881315 and 880953 separately, to ferment 12 % RSM demonstrated that the 

highest ACE-I activity was 75 % in the same conditions (Ahtesh et al., 2016b). Hence, 

supplementation of K. marxianus   affects the ACE-I activity which correlated to growth 
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activity of strands. As demonstrated by this study on the production kinetics of ACE-I 

peptides, the fermentation of milk by yeasts and or combination of yeast with LAB strains are 

prone to a dynamic system where peptides are constantly released; some of them are 

subsequently hydrolysed and most likely utilized for cell growth, while others accumulate 

during fermentation. It is well known that the production of high quality fermented dairy 

products depends on the proteolytic system of  strains used, since peptides and the amino 

acids formed have a direct impact on flavour or act as flavour precursors (Williams and 

Banks, 1997).  

 

Overall, these results clearly show increased ACE-I activity in the samples after fermentation 

depending on the strain type and fermentation time. In addition, this current research study 

shows that there is an increase of ACE-I activity in the samples fermented by yeast of K. 

marxianus separate more than using a combination with LAB strains. In fact, Chaves-López, 

et al. (2012) reported that peptide profiles show characteristic differences among strains. In 

fact, samples fermented with K. marxianus and LAB led to a decreased number of peaks 

between 8 and 12 h fermentation due to increased alcohol production by K. marxianus  yeast 

during the fermentation period and that results affect of bacteria growth (Roostita & Fleet, 

1996). 
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Figure 5.3 The absorbance of proteolytic activity at 320nm (lines-right)) and ACE-I % (bars-
lift) of 12 % RSM fermented by a combination of (A)  Kluyveromyces marxianus ( ) 
with LAB strains; L. acidophilus ( ), L. delbrueckii subsp. bulgaricus  ( ), L. 
Casei ( ) (B) and Combination of Kluyveromyces marxianus ( ) with, L. 
helveticus strains; Lh 881315 ( ), Lh 881188 ( ), Lh 880474 (  ) and 
Lh 880953 ( )at 37°C for 12 h fermentation. (results were expressed as mean values 
of 3 replicates with standard deviation). 
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Figure 5.4 The absorbance of proteolytic activity at 320 nm (lines-right)) and ACE-I % 
(bars-lift) of 12 % RSM fermented by (A) LAB strains; L. acidophilus ( ), L. 
delbrueckii subsp. bulgaricus  ( ), L. Casei ( ) at 37°C for 12 h fermentation. 
(B) LAB strains; L. helveticus strains; Lh 881315 ( ), Lh 881188 ( ), Lh 
880474 (  and, Lh 880953 ( ), at 37°C for 12 h fermentation. (results were 
expressed as mean values of 3 replicates with standard deviation). 
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5.4.4 RP-HPLC analysis of water-soluble peptide extracts  

Reverse phase-HPLC was used to show the degree of proteolysis in fermented skim milk 

using a combination of LAB with K. marxianus,  K. marxianus alone  as control (1) and 

untreated skim milk as control (2)  as presented in Figure 5.5 and Figure 5.6.  A higher 

number of peptides were released when K. marxianus   alone fermented in RSM for 12 h 

compared with K. marxianus   combined with LAB strains and untreated RSM as control 

(Figure 5.5 and 5.6). In general, peptide peaks were appearing between 5 to 37 mins (Figure 

5.5 and 5.6, line B). Whilst in line (F), peptide peaks were appearing between 5-45 mins due 

to milk caseins incomplete hydrolysis (Figure 5.6, lines D and F).  However, peaks were 

observed between retention times 5 to 37 and the number of peaks were more when samples 

were fermented by K. marxianus alone as control (Figure 5.5 and 5.6, line B) compared to the 

untreated skim milk and to the combination forms which have less number of peaks.  Chaves-

López et al., (2012) reported that peptide profiles show characteristic differences among 

strains. In fact, samples fermented with K. marxianus   and LAB led to a decreased number of 

peaks between 8 and 12 h fermentation due to increased alcohol production by K. marxianus   

yeast during the fermentation period (Figure 5.4 and 5.5) and that results correlated to 

bacterial growth (Roostita & Fleet, 1996). 
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Figure 5.5 RP-HPLC peptide profile of water soluble extracts obtained from fermented skim 
milk with combination of LAB strains and Kluyveromyces Marxianus; (A) untreated RSM as 
control, (B) fermented skim milk by K. marxianus   only, (C)  K. marxianus   and 
Lactobacillus Casei, (D) K. marxianus   and Lactobacillus delbrueckii subsp. bulgaricus   
and (E) K. marxianus   with Lactobacillus acidophilus during 12 h fermentation at 37° C. 
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Figure 5.6 RP-HPLC peptides profile of water soluble extracts obtained from fermented 
skim milk made with combination of L. helveticus strains and Kluyveromyces marxianus; (A) 
untreated RSM as control (B), fermented skim milk by K. marxianus   yeast only, (C) K. 
marxianus  yeast and, Lh 880953, (D) K. marxianus  yeast and Lh 881315, (E) K. marxianus. 
Yeast and Lh 880474, and (F) K. marxianus   yeast with Lh 881188, during 12 h fermentation 
at 37°C. 
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5.5 Conclusion  

The K. marxianus produced > 60 % ACE-I in 12 % RSM and there appears to be no 

significant advantage of co-culturing it with LAB for the conditions investigated. Since, the 

combination of K. marxianus with LAB led to reduced bacterial count, the production of 

ACE-I peptides was adversely impacted. Further research is needed to discover the 

understanding of the mechanism of inhibition and adaptation for the design of suitable 

combination for ACE-I peptides production strategies. Also, new yeast strains with superior 

biotechnological capabilities need to be further evaluated. 
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Chapter 6         Identification and purification of peptides 
from skim milk protein hydrolyses by 
combination of L. helveticus 8801315 and 
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6.1 Introduction 

In addition to providing a source of nutrients and energy, fermented dairy products are 

also a source of bio-functional peptides that may impart improved health benefits when 

ingested (FitzGerald & Murray, 2006). Hypertension (high blood pressure) affects 1/4 

adults worldwide (He et al., 2013; Otte et al., 2007), with 1/3 in the western population 

(Kearney et al., 2005). Angiotensin converting enzyme-inhibitory (ACE-I) peptides 

released from milk proteins have been used to treat hypertension in spontaneous 

hypertensive rats (SHR) (Fernández-Musoles et al., 2013; Ramchandran & Shah, 2011; 

Seppo et al., 2002; Wang et al., 2012; Yoshii et al., 2001). Several  ACE-I peptides have 

been isolated from enzymatic hydrolysis of milk proteins (Hernández-Ledesma et al., 

2004; Hernández-Ledesma et al., 2011; Hernández-Ledesma et al., 2014; Tauzin et al., 

2002). Based on their extensive proteolytic systems, they are perfectly adapted to grow 

in milk (Degraeve & Martial-Gros, 2003).  Several identified peptide sequences have 

been released from different milk proteins after fermentation and are able to inhibit 

ACE activity (Eisele et al., 2013; Jauregi & Welderufael, 2010; Pihlanto-Leppälä, 

2000). In particular, regarding fermented skim milk, the authors previously reported that  

Lactobacillus helveticus (L. helveticus) strains combined with Flavourzyme® lead to 

increased ACE-I activity of fermented skim milk (Ahtesh et al., 2016b). In addition, 

skim milk fermented with L. helveticus and Saccharomyces, displayed a systolic blood 

pressure (SBP) decrease in mildly hypertensive human volunteers ranging from 4.6 to 

14.1 mmHg (Fitzgerald et al., 2006). These human hypertensive effects have, in part, 

been attributed to the release of potent casein-derived tri-peptide inhibitors of ACE 

during fermentation. Tri-peptides such as, Ile-Pro-Pro (IPP) and Val-Pro-Pro (VPP) 

have positive effects on human and rat blood pressure (Jauhiainen et al., 2005; Lehtinen 

et al., 2010; López Expósito & Recio, 2006; Narva et al., 2004; Jauhiainen et al., 2010). 

ACE-inhibition has two biological activities: deca-peptide angiotensin-1, (Asp-Arg-

Val-Tyr-Ile-His-Pro-Phe-His-Leu) and nano-peptide bradykinin, (Arg-Pro-Pro-Gly-Phe-

Ser-Pro-Phe-Arg) activities (Cheung, Wang, Ondetti, Sabo, & Cushman, 1980). Two 

peptides, Hippuryl-L-histidyl-L-leucine (Hip-His-Leu) and Hip-Phe-Arg have similar 

binding affinity tendencies as bradykinin and Angiotensin-II, showing substrate 

specificity of ACE-I activity (Cheung et al., 1980). Several studies have used different 

processes for the production of bioactive peptides with ACE-I activity based on 

enzymatic hydrolysis of milk protein such as fermentation by bioreactor (Otagiri et al., 

1985; Welderufael, Gibson, & Jauregi, 2012; Wu, Aluko, & Nakai, 2006). ACE-I 
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activity was correlated with a high degree of hydrolysis (Gonzalez-Gonzalez et al., 

2011). For instance, different strains of L. helveticus have the ability to express proline-

peptidases leading to the release of peptides IPP and VPP during milk fermentation 

(Seppo et al., 2002; Jauhiainen, 2010; Gonzalez-Gonzalez et al., 2013). However, there 

were no reports regarding the identification of ACE-inhibitory peptides released from 

fermented skim milk with L. helveticus combined with Flavourzyme®. 

 

Herein, the author  investigated hydrolyses of skim milk proteins by using a 

combination of L. helveticus ASCC 8801315 and Flavourzyme® for the release of 

bioactive peptides with ACE-I properties. I isolated and identified these peptides from 

fermented reconstituted skim milk (RSM). The peptide and amino acid profiles were 

analysed. 

  

6.2 Material and Methods  

6.2.1 Substrates and Chemicals 

Trichloroacetic acid (TCA), O-phthaldialdehyde  (OPA), Hippuryl-Histidyl-Leucine, de 

Man Rogosa and Sharpe (MRS) bacteriological medium,  sorbitol, bacteriological agar, 

trifluoroacetic acid (TFA),  β-mercaptoethanol, Tris-HCl, glycerol, dithiothreitol,  acetic 

acid were purchased  from Sigma Chemical Company (St Louis, MO USA).  Skim milk 

powder (52 % lactose, 37 % protein, 8.6 % ash and 1.2 % fat) was purchased from 

Murray Goulburn Co-operarative Co. Ltd. (Brunswick, Vic Australia). Acetonitrile was 

purchased from (Merck, Darmstadt, Germany) and bacteriological peptone was 

purchased from (Oxoid, West Heidelberg Australia). Flavourzyme®1000 L (EC 

3.4.11.1, an amino peptidase with an activity of 1000 LAPU g-1) was purchased from 

(Novozymes Australia, North Rocks, NSW Australia). 

 

6.2.2 Propagation of cultures and preparation of fermented RSM 

L. helveticus strain 881315 ( Lh 881315) was obtained from (Dairy Innovation Australia 

Ltd, Werribee, Victoria, Australia) and stored at -80°C. Sterile 10 mL aliquots of MRS 

broth were inoculated with 1 % culture and incubated at 37°C for 18 h. Lh 881315 was 

inoculated at 1 % (v/v) into 10 mL aliquots of reconstituted skim milk (RSM, 12 % 

w/w) supplemented with 0.14 % Flavourzyme®.  Following two successive transfers the 

cultures were finally transferred into sterile RSM. Reconstituted skim milk was 
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prepared by dissolving skim milk powder with distilled water.  Reconstituted skim milk 

was heat-treated at 90°C for 20 min, cooled to 42°C. 

 

6.2.2.1 Bioreactor assay of Low fat skim milk to increase the ACE-I % activity 

Bioreactor (5-Litres) capacity ( Bio-Stat® A plus, Germany) was employed to ferment 5 

L of 12 % pasteurised RSM using a combination of Lh 881315 and Flavourzyme® at 

37°C for 12 h. A jacketed thermostatic water bath bioreactor held at a constant 

temperature was used. Milk was continuously stirred by impellers (at 250 rpm). The pH 

during fermentation was measured using a sterile pH electrode (DPAS Ingold, Paris, 

France) connected to a transmitter (Demca 3B 1015; Alfortville, France). The pH 

electrode was calibrated before inoculating the medium. Bacterial growth, proteolytic 

and, ACE-I activities and pH were determined at 0, 2, 4, 6, 8 and 12 h of fermentation.  

 

6.2.3 Determination of degree of hydrolysis (DH) 

The degree of hydrolysis (DH) defined as the percent ratio of the number of peptide 

bonds broken to the total number of peptide bonds in the substrate studied  (Ravallec-

Plé et al., 2000) was calculated from the ratio of α-amino nitrogen (AN) to the total 

protein nitrogen (TPN) (Chen, Tao, & Li, 2003).  Briefly, 60 mL of sample aqueous 

solution (0.05 mg mL−1) was titrated with 0.05 M NaOH until its pH value reached 8.2. 

After adding 10 mL of 20 % (v/v) formaldehyde aqueous solution, the resulting solution 

was mixed and titrated again with 0.05 M NaOH until its pH value reached 9.2. The 

volume (mL) of 0.05 M NaOH added in the second-step titration was recorded as (V1). 

Deionised water was used as blank (V0) instead of a sample. The calculation formula 

used was α-amino nitrogen (%) = (V1–V0) C × 0.014/ M × 100 %, where C is the molar 

concentration of the aqueous NaOH used; M is the weight (g) of the sample used, using 

the equation: 

DH (%) =
α− amino nitrogen (AN) 

total nitrogen (TN)
 x 100 
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 6.2.4 Determination of ACE inhibitor activity 

A crude extract of the fermented sample (50 mL) was prepared by centrifugation at 

4000 x g at 4°C for 30 min using Beckman Coulter (Avanti J-26S XPI) and the 

supernatant was freeze-dried (Freeze-drier model ALPHA 1-4 LSC plus; John Morris 

Scientific Pty. Ltd. Deepdene Australia) for 72 h.  The freeze- dried extract (40 mg) was 

dissolved in 2 mL of Tris buffer (50 mM, pH 8.3) containing 300 mM Sodium chloride 

(Donkor et al., 2007) as previously reported (Ahtesh et al., 2016b) .  Fifty µL of 1.25 

mU ACE enzyme from rabbit lung in Tris buffer and 50 µL of 3.0 mM Hippuryl-

Histidyl-Leucine (HHL) in Tris were added to 50 µL of sample and incubated at 37°C 

in a shaking water bath for 30 min. 150 µL of Glacial acetic acid was added to stop the 

reaction. The amount of Hippuric acid (HA) released was analysed by HPLC. The 

HPLC system consisted of a Varian 9012 solvent delivery, a Varian 9100 auto-sampler 

and a Varian 9050 variable wavelength ultraviolet-visible detector. An analysis was 

carried out using Gemini® C18 110 Å (100 mm x 4.60 mm, 3 µm) column 

(Phenomenex, NSW Australia) at room temperature (~22°C) with a mobile phase 

consisting of 12.5 % (v/v) Acetonitrile (Merck) in distilled water, pH adjusted to 3.0 

using glacial acetic acid. The flow rate was set at 0.6 mL min-1 and the compounds were 

detected at 228 nm. The percentage ACE-I was calculated as follows: 

ACEI % =
HA (control) − HA (sample)

HA (control)
 × 100 

A standard curve of HA was constructed using five predetermined concentrations (0.5 

%, 1.0 %, 1.5 %, 2.0 %, and 2.5 %) for quantification of HA in the samples. ACE-I 

activity data were plotted against  protein concentration in the sample in order to 

calculate IC50 value, defined as the protein concentration (µg mL-1)  needed to inhibit 50 

% of ACE-I activity (Mullally et al., 1997). 

 

6.2.5 Micro-fluidic Lab-on-a- chip electrophoresis (Loa C) 

This method was performed on an Agilent 2100 bio-analyser (Agilent Technologies, 

Wald Bonn Germany), using High Sensitivity Protein 250 Reagents and the 2100 

software. Samples, dye and the preparation of chip were carried out according to the 

manufacturer’s protocol and as described by Nikolić, et al. (2012) with some 

modifications. Briefly, 0.5 µL of reconstituted dye solution added to 5 µL of protein 

ladder (5 - 240 kD), 5 µL of sample in micro tubes respectively, vortexed and incubated 
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for 30 min on ice. The samples and protein ladder in tubes were heated (95 °C, 5 min), 

all tubes were cooled for 15 s to recover the condensate of liquid and then briefly spun 

in a centrifuge (3000 x g) to ensure that the liquid sample and any condensate collected 

at the bottom of the tube. Distilled water (85 µL) added to the protein ladder and milk 

samples to give each a total volume of 90 µL.  All samples were thoroughly mixed and 

incubated on ice before use. In a typical analysis, a new chip is primed with gel–matrix 

after which the protein ladder (6 µL) and samples (6 µL) are loaded and analysed.  

 

6.2.6 Isolation and identification of peptides  

6.2.6.1 Isolation of ACE-inhibitory peptides by RP-HPLC  

Reconstituted skim milk (12 % w/v) was fermented with L. helveticus 881315 and 

Flavourzyme®, in a Bioreactor.  Fermented RSM samples were centrifuged at 14,000-x 

g for 30 min (Sorvall RT7, Newtown, CT USA). The supernatant was freeze-dried 

(John Morris Scientific, Pty. Ltd. Deepdene, VIC Australia) and further analysed using 

reversed-phase high performance liquid chromatography (RP-HPLC, Varian Analytical 

Creek, CA USA). The freeze-dried supernatant (80 mg) was dissolved in 1 mL of 

solvent A (0.1 % Trifluoroacetic acid (TFA) in deionised water) and filtered through a 

0.2 µm membrane filter (Schleicher & Schuell GmbH Germany). A sample (1 mL) was 

injected onto an RP-column C-18 Jupiter Proteo 90 A 250 mm x 10.0 mm, 10 micron 

(Phenomenex. Lane Cove NSW Australia Pty Ltd). The mobile phase was 0.05 % 

solvent A (0.1 % trifluoroacetic acid (TFA) in deionised water) and 60 % solvent B (0.1 

% TFA in 90 % v/v acetonitrile in deionised water). Samples were eluted by a linear 

gradient from 0 -100 % solvent A and over 90 % solvent B at flow rate of 1 mL min-1. 

Elution profiles of samples were detected by a UV detector set at 214 nm for 70 min. 

The RP-HPLC separation procedure was repeated 15 times to obtain higher 

concentrations and those, which were separated into six fractions. The fractions were 

concentrated using a vacuum evaporator (Speed Vac SC110 concentrator, Savant 

Instruments Inc. Farmingdale, NY USA) and stored at -80°C until further analysis. 

Aliquots of 50 μL of each concentrated fraction were used to determine ACE-I activity 

and fractions with the highest ACE-I were selected for further purification. 
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6.2.6.2 Identification of ACE-I peptides 

6.2.6.2.1 Nano-LC/MS/MS analysis 

The freeze-dried peptide extract fractions (F1 and F6) which gave the highest ACE-I 

activity were sent to the Australian Proteome Analysis Facility (APAF) for analyses of 

peptides (Appendixes II). Each peptide/s fraction was introduced into the QSTAR Elite 

Mass Spectrometer (AB Sciex, MA USA) coupled with the Exigent TEMPO Nano-LC 

(AB Sciex, CA USA). For each analysis, a sample was loaded into a commercial 0.5 

mm × 1.3 mm, capillary trap column (0.5 µL, C18, Optimize Technologies, Inc., 

Oregon City, Oregon USA) and a 10 cm × 300 μ m analytical column (3 μ m particle 

sizes, Proteo Col G C18, SGE Analytical Science, Melbourne Australia). Eighty-three 

min LC gradient was used to separate the peptide mixtures with a flow rate of 500 nL 

min-1. Each reverse phase (RP) began with 5 % mobile phase B, a gradient elution from 

5 -10 % mobile phase B for 1 min, 10-40 % for 39 min, 40-100 % for 10 min, 100-5 % 

mobile phase B for 1 min, and then 5 % mobile phase B for 9 min for re-equilibration. 

For MS parameters, a full-mass scan was performed between m/z 400 and m/z 1600, 0.5 

s accumulation time, followed by MS/MS scans of the top 3 high-intensity precursor 

ions (charge state +2 to +4, and ion count > 25) by Collision Induced Dissociation 

(CID). The dynamic exclusion duration was 20 s, switched after 1 spectrum.  

 

For identification of peptides by Nano-LC/MS/MS, mascot generic format files (MGF) 

were generated from format files (wiff), (QSTAR Elite MS) with MASCOT script. 

These were searched against the in-house server of MASCOT Version 2.3.2, using the 

Swiss-Prot protein database (539 829 sequences, 2013). Other bacteria species were 

searched (13, 034 and 328 828 sequences in Swiss-Prot database, respectively) and 

chosen for taxonomic categorisation. Precursor and product ion-mass-tolerance were set 

at 300 ppm and ± 0.6 Da, respectively. Enzyme restriction was set as none, and a 

maximum of one missed cleavage was allowed. Methionine oxidation was set as a 

variable modification. 

 

6.2.6.2.2 Matrix Assisted Laser Desorption Ionisation (MALDI)-MS/MS analysis 

A matrix was prepared by dissolving alpha-cyano-4-hydroxycinnamic acid (1 mg mL-1 

in 90:9, 9:0.1 acetonitrile: water: formic acid). Samples were zip-tip extracted (Perfect 

Pure, C18, Eppendorf Germany) and spotted onto a MALDI target plate (1 µL) prior to 
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analysis. A peptide mixture containing bradykinin, angiotensin-I and neurotising 

(Sigma), each was at 2 p mol µL-1.  Adrenocorticotropic hormones (ACTH)  (clip 18-

39) (Sigma) at 2 p mol µL-1 were spotted with matrix compositions for calibration of 

MS. Samples and calibration standards with the same matrix composition were spotted 

adjacent to each other on the target plate for optimal calibration and enhanced mass 

accuracy. 

 

Matrix Assisted Laser Desorption Ionisation mass (MALDI) spectrometry was 

performed using the 4800 plus MALDI TOF/TOF Analyser (AB Sciex, MA USA). A 

Nd:YAG laser (355 nm) was used to irradiate the sample. Spectra were acquired in 

reflector MS scan mode in the mass range of 700 to 4000 Da. The instrument was then 

switched to MS/ MS mode where the eight strongest peptides from the MS scan were 

isolated and fragmented by CID, then re-accelerated to measure their masses and 

intensities. A near point calibration was applied and gave a typical mass accuracy of 50 

ppm or better.  

 

For identification of proteins by MALDI-MS/MS data, text files were generated from 

2d files. These were searched against the in-house server of MASCOT Version 2.3.2, 

using the Swiss Prot protein database (539, 829 sequences, 2013). Other mammalian 

and bacteria species were searched (13, 034 and 328, 828 sequences in Swiss-Prot 

database, respectively) and chosen for taxonomic categorization. Precursor and product 

ion-mass-tolerance were set at 50 ppm and ± 0.6 Da, respectively. Enzyme restriction 

was set as none, and a maximum of one missed cleavage was allowed. Methionine 

oxidation was set as a variable modification. 

 

6.3 Statistical analyses  

Using Minitab 16, all the data were expressed as mean values of three replicates with 

the mean (± SEM). The differences between the experimental groups were determined 

by one way ANOVA with mean differences tested by Tukey- test and P-values less than 

0.05 considered to be significant.  
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6.4 Results and Discussion 

6.4.1 Degree of hydrolysis 

The degree of hydrolysis (DH) was defined as the percentage ratio of the number of 

peptide bonds broken to the total number of peptide bonds in the substrate (Guo, Pan, & 

Tanokura, 2009). Therefore, DH is an important parameter to understand and interpret 

the effects and extent of the hydrolytic process of proteins and is useful to establish the 

relationships between proteolysis and improvement of the functional, bioactive and 

sensory properties of these biomolecules (Cheison et al., 2009). The hydrolysis of skim 

milk proteins by a combination of L. helveticus 881315 (Lh) with (0.14 %) 

Flavourzyme® compared to hydrolysis of Lh or Flavourzyme® separately as controls 

after 12 h of fermentation at 37 °C are shown in (Figure 6.1). The hydrolysis of the 

combination increased rapidly in the first 1 h of fermentation and continually increased 

after 8 h compared to the Flavourzyme® or strain separately as controls (P < 0.05).  No 

apparent hydrolysis was observed after this period, whereas hydrolysis by Lh or 

Flavourzyme® separately increased slowly during 8 h fermentation. However, the DH 

(70.9 %) during the 12 h fermentation was the highest for the combination of Lh and 

Flavourzyme® (Figure 6.1) whilst DH was reached (~20 % and ~10 %) during the 12 h 

fermentation for Lh or Flavourzyme® respectively. Similarly, it was previously reported 

that the DH % of whey protein concentrate ranged between (13.3 % - 21 %) during 6 h 

fermentation using protease from B. licheniformis (Spellman et al., 2003).  Here it was  

noted that DH significantly increased with a combination of Flavourzyme® and with 

increased fermentation time (P < 0.05) (Figure 6.1). The results suggested that 

Flavourzyme®-supplementation had the greatest effect on the DH of skim milk protein. 

The significant increase in the % DH by the combined activity was likely due to the 

complementary substrate specificities resulting in improved proteolytic activity (Ahtesh 

et al., 2016b).  High proteolytic activity correlated with high DH and this was reflected 

in the performance of the combined activities of Lh and Flavourzyme® resulting in 

significant increased peptide production (Cheison et al., 2009; Pihlanto et al., 2010), 

(Figure 6.2C). Clearly, these results indicate that an increase in hydrolysis time of skim 

milk proteins by combination produced more small peptides, free amino acids and less 

large peptides.  
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Figure 6.1 Degree of hydrolysis (DH %) in fermented skim milk generated with a 
combination of L. helveticus 881315 strain and Flavourzyme® ( ) , L. helveticus 
881315 alone ( ), and Flavourzyme® alone ( ) at 37°C for 0-12 h fermentation. 
Values are mean ± SD of three determinations for DH values. Error bars show standard 
error. 
 

6.4.2 Loa C electrophoresis 

The micro-fluidic ‘lab-on-a-chip (Loa C)’ technique provides an alternative method for 

simultaneous separation of major proteins in milk, as well as information on size, 

concentration and purity of milk protein in a single assay (Anema, 2009; Nikolić et al., 

2012). The simulated gel patterns for fermented and untreated skim milk as control, 

obtained by Loa C with the elution profiles are shown in (Figure 0.2). The protein bands 

of fermented and untreated samples were in a different molecular weight (MW) range. 

Loa C uses internal lower and upper protein markers to correct for possible changes in 

the migration behaviour, thus enabling accurate and reproducible sizing. Preliminary 

investigation using the Agilent Protein 240 kit indicated its suitability for the separation 

of most milk proteins (Figure 6.2A) showing the migration pattern for proteins in the 

molecular weight ladder, and (Figures 6.2B, C) show the MW migration pattern of 

proteins in control RSM and fermented RSM respectively. Untreated RSM proteins 

presented two peaks of MWs 28 and 46 kDa (Figure 6.2B) indicating un-hydrolysed 

proteins (Anema, 2009). The migration pattern and profile of fermented milk shows a 

number of peaks ranging from 5 kDa to 240 kDa. This provides evidence for casein and 

other milk protein hydrolyses with varying MW of peptides.  
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Figure 6.2 Lab-on-a-chip capillary electrophoresis and elution profiles with molecular 
weights, (A) Migration pattern for proteins MWs of the ladder, (B) migration pattern for 
untreated skim milk proteins as control and (C) migration pattern for fermented skim 
milk protein hydrolysis by combination of L. helveticus 881315 and Flavourzyme® at 
37°C for 12 h. 
 

 

6.4.3 Purification and identification of selected peptide fractions 

Six fractions obtained from RP-HPLC, (F1and F6) showed the highest ACE-I activity 

and IC50 (95.51 % and 85.40 %) respectively (Table 6.1). The ACE-inhibitory activities 

of F6 and F1 were significantly higher with both having of IC50 0.01 mg mL-1, followed 

by F2 (72.04 % and IC50 0.34 mg mL-1). However, the activities of the remaining 

fractions were considered significantly low. Fractions F1 and F6 analysed by MS 

contained several peptide components as presented in (Tables 6.4, 6.5,) and (Figures 

6.4A, B) and peptides fraction profiles are shown in (Figure 6.3). Several strategies 

were used in the current study including MS to identify peptides released from protein 

hydrolysis for which data sequences are known. The identification of peptide fractions 

was achieved using both MALDI MS/MS and Nano-LC/ MS/MS. LC.ESI.MS/MS 

enabled the determination of molecular weights and primary structures of peptides as a 

result of MALDI/MS however, these alone could not confirm the molecular weights of 

peptides. Results were subjected to database searches using bovine and bacterial 

databases. Sample F6 contained peptides which matched (109) identified peptides with 

99 % confidence from the bovine database (Table 6.3) and showed the highest  ACE-I 

 

C 
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% activity (Table 6.1). For F1, (24) peptides were identified with higher than 99 % 

confidence (Table 6.5). When the bacteria database (Swiss Prot 2013) was searched, the 

mass error 55.7 ppm was higher than all peptides matched compared to the bovine 

database. The results showed that peptides greater than 1150 Da f (214-224) were 

isolated from F6 with casein origin (Table 6.3). The LC.MS/MS spectrum matched one 

sequence of the group of peptides selected by mass from milk casein (Figure 6.4). The 

major fragment ions were observed between m/z 903.30-2898.01 and 1702.96-2108.21 

for F1 and F6 respectively, which were identified as b-type ions (b) adjacent to proline, 

in particular b3 and b5, respectively. This amino acid is associated with abundant y- and 

b-type fragment ions resulting from the cleavage of a peptide bond adjacent to proline. 

The resulting peptide originating from alpha and β-casein has been reported to decrease 

spontaneous hypertensive rats’ (SHR) blood pressure (FitzGerald et al., 2004). 

Following this strategy, the majority of peptide components of each HPLC fraction 

identified and the results are summarised in (Table 6.4, 6.5). In (Figure 6.4) for 

example, a purified peptide from F6 TPVVVPPF was located between f (10-42). Most 

of the peptides in F6 contained proline amino acids, similar to captopril activity 

(Boutrou et al., 2013; Quirós et al., 2007) and high in ACE-I activity (Abd El-Salam, 

2006). Peptide FFVAPFPGVFGK with antihypertensive properties was identified in F6 

(Table 6.4).  This was previously identified and has been shown to reduce SHR blood 

pressure (Hideaki et al., 1990). In addition, a novel casein-derived peptide sequence 

with ACE-I activity and antihypertensive activity was previously demonstrated in SHR 

(Contreras et al., 2009 and 2011). The peptides were obtained by enzymatic hydrolysis 

of total isoelectric casein with pepsin. To identify ACE-inhibitory peptides, the casein 

hydrolysate was fractionated by semi preparative HPLC, and 44 (CN) peptides 

contained in the active fractions were sequenced by using an ion-trap mass 

spectrometer. The identified peptide sequences, GPVRGPFPIIV, LHLPLPLL, RYLGY, 

AYFYPEL, and YQKFPQY, showed IC50 values between (0.71 mM - 6.58 mM) 

(Contreras et al., 2009 and 2011). These peptides exert antihypertensive activity when 

they were orally administered to SHR at a dose of 5 mg kg-1 of body weight (Contreras 

et al., 2009 and 2011). The activity of peptides RYLGY and AYFYPEL in SHR was 

similar to that found for tri-peptide VPP when orally administered (Contreras et al. 2009 

and 2011). Similarly in our study, peptides GPVRGPFPIIV and LHLPLPLL were 

identified  in F6 and F1 (Table 6.4, 6.5). In both fractions, a high amount of β-lacto 

globulin was present. β-lacto globulin has high biological importance as a source of 
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bioactive peptides (Yoshii et al., 2001; Madureira et al., 2010; Yu et al., 2012). Overall, 

bioactive peptides from F6 have the highest ACE-I activities compared to that from 

other fractions. Further studies are required to measure the ACE-I activity for each 

isolated peptide.  

 

Table 6.1 The percentage ACE-inhibitory activity and IC50 mg mL-1 (means ± SE) of 
fermented skim milk peptides fractions. 
 

Fractions ACE-I% IC50 mg mL-1 

F1 85.40±0.32a 0.01±0.00d 

F2 72.04±0.91b 0.34±0.03cd 

F3 42.39±1.20c 0.47±0.09bc 

F4 17.31±2.21d 1.18±0.16a 

F5 27.91±5.30d 0.78±0.11b 

F6 90.31±0.21a 0.01±0.00d 

Values followed by different letters indicated significant difference P ˂ 0:001. 

Figure 6.3 RP-HPLC purification of 6 peptide fractions from skim milk fermented by 
combination of L. helveticus 881315 and Flavourzyme®. 
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Table 6.2  Protein families of peptides identified in fraction (F1). 

 

Protein family Mass (D a) Sequence 

CASB_BOVIN 25091 Beta-casein  

CASA1_BOVIN 24513 Alpha-S1-casein  

CASA1_BUBBU 24311 Alpha-S1-casein  

LACB_BOVIN 19870 Beta-lacto globulin  

CAC1E_RABIT 254089 
Voltage-dependent R-type calcium channel 

subunit alpha 

CASA2_CAPHI 26372 Alpha-S2-casein  

LALBA_BOSMU 16237 Alpha-lactoalbumin  

 

Table 6.3  Protein families of peptides identified in fraction (F6). 

 

Protein family Mass (D a) Sequence 

CASB_BOVIN 25091 Beta-casein  

CASA1_BOVIN 24513 Alpha-S1-casein  

CASA1_BUBBU 24311 Alpha-S1-casein  

LACB_BOVIN 19870 Beta-lacto globulin  

CASA2_BOVIN 26002 Alpha-S2-casein  

LALBA_BOSMU 16237 Alpha-lactoalbumin  

CASK_BOVIN 21256 Kappa-casein OS 

FETUA_BOVIN 38394 Alpha-2-HS-glycoprotein  

GLCM1_BOVIN 17141 Glycosylation-dependent cell adhesion molecule  

http://bio.proteome.org.au/mascot/cgi/master_results_2.pl?file=_IMPORTED%2FF082906.dat;pr.eh=1%2C1p;pr.page=1;pr.per_page=1;pr.show=proteins#tc:rf
http://bio.proteome.org.au/mascot/cgi/master_results_2.pl?file=_IMPORTED%2FF082906.dat;pr.eh=2%2C2p;pr.page=2;pr.per_page=1;pr.show=proteins#tc:rf
http://bio.proteome.org.au/mascot/cgi/master_results_2.pl?file=_IMPORTED%2FF082906.dat;pr.eh=2%2C2p;pr.page=2;pr.per_page=1;pr.show=proteins#tc:rf
http://bio.proteome.org.au/mascot/cgi/master_results_2.pl?file=_IMPORTED%2FF082906.dat;pr.eh=3%2C3p;pr.page=3;pr.per_page=1;pr.show=proteins#tc:rf
http://bio.proteome.org.au/mascot/cgi/master_results_2.pl?file=_IMPORTED%2FF082906.dat;pr.eh=4%2C4p;pr.page=4;pr.per_page=1;pr.show=proteins#tc:rf
http://bio.proteome.org.au/mascot/cgi/master_results_2.pl?file=_IMPORTED%2FF082906.dat;pr.eh=5%2C5p;pr.page=5;pr.per_page=1;pr.show=proteins#tc:rf
http://bio.proteome.org.au/mascot/cgi/master_results_2.pl?file=_IMPORTED%2FF082906.dat;pr.eh=6%2C6p;pr.page=6;pr.per_page=1;pr.show=proteins#tc:rf
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DDX56_BOVIN 61216 Probable ATP-dependent RNA helicase  

BRAT1_AILME 88137 BRCA1-associated ATM activator  

NIF3L_BOVIN 41880 NIF3-like protein  

 

 

6.5 Conclusion 

This study successfully identified 133 peptides with 99 % confidence from two 

fractions (F1 and F6). The highest ACE-inhibitory activity was in F6 (95.51 % with 

IC50 0.01 mg mL-1). The most potent ACE-inhibitory peptides found in this hydrolysate 

corresponded to FFVAPFPGVFGK, GPVRGPFPIIV and LHLPLPLL and showed 

significant antihypertensive activity. Those peptides were examined (Chapter 7) in 

spontaneously hypertensive rats (SHR) and their high blood pressure was successfully 

reduced during ten weeks oral administration. 
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Figure 6.4 Peptide purified of Mono-isotopic mass of neutral peptide, Mr (calc):8854.4902, ions score :38, Expect :0.32 from fraction 6, 
(b) Molecular weight obtained with MALDI-TOF-MS .The first eight amino acids of the N-terminal was identified as TPVVVPPF. 
Following sequence interpretation and molecular weight determination, the peptide was identified as β-CN (f10-42) using 14 most intense 
peaks. 

http://bio.proteome.org.au/mascot/cgi/peptide_view.pl?file=../data/_IMPORTED/F082908.dat&hit=1&px=1&query=54&section=5&ave_thresh=47&_ignoreionsscorebelow=0&report=0&_sigthreshold=0.05&_msresflags=1089&_msresflags2=2&percolate=0&percolate_rt=0
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Figure 6.5 Identification of molecular mass and amino acid sequence of the fraction (A) F1 and (B) F2. MS/MS spectra of purified 
peptides were Q-TOF-MS/MS with an ESI source.

B 
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 Table 6.4  Identification of peptides produced from fermented 12 % RSM in combination of L. helveticus 8801315 and Flavourzyme® 

,and, contained in the RP-HPLC form F6, using MALDI-MS/MS analysis.  

 

Protein Accession Protein 

Description 

Peptide,m/z 

(Experimental) 

Peptide mass, Da 

(Experimental) 

Peptide 

mass,Da 

(Calculated) 

Peptide Sequence 

CASB_BOVIN Beta-casein  458.3093 914.6041 914.5953 LHLPLPLL 

CASB_BOVIN Beta-casein  522.3336 1042.6526 1042.6539 LHLPLPLLQ 

CASB_BOVIN Beta-casein  576.3528 1150.691 1150.6863 GPVRGPFPIIV 

CASB_BOVIN Beta-casein  577.8162 1153.6179 1153.5979 LTLTDVENLH 

CASB_BOVIN Beta-casein  578.3098 1154.605 1154.5931 RELEELNVPG 

CASB_BOVIN Beta-casein  602.8169 1203.6192 1203.5998 MPFPKYPVEP 

CASB_BOVIN Beta-casein  630.3618 1258.7091 1258.6921 DVENLHLPLPL 

CASB_BOVIN Beta-casein  641.8809 1281.7472 1281.7292 SLSQSKVLPVPQ 

CASB_BOVIN Beta-casein  675.3345 1348.6545 1348.6373 EMPFPKYPVEP 

CASB_BOVIN Beta-casein  692.4111 1382.8077 1382.7922 LLYQEPVLGPVR 

CASB_BOVIN Beta-casein  696.889 1391.7634 1391.7561 QEPVLGPVRGPFP 

CASB_BOVIN Beta-casein  718.427 1434.8395 1434.8235 VLPVPQKAVPYPQ 

CASB_BOVIN Beta-casein  745.9481 1489.8816 1489.8657 EPVLGPVRGPFPII 

CASB_BOVIN Beta-casein  750.9352 1499.8558 1499.8348 DVENLHLPLPLLQ 

CASB_BOVIN Beta-casein  778.4273 1554.8401 1554.8195 YQEPVLGPVRGPFP 
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CASB_BOVIN Beta-casein  787.9526 1573.8907 1573.8716 LTLTDVENLHLPLP 

CASB_BOVIN Beta-casein  794.4532 1586.8918 1586.8668 DVENLHLPLPLLQS 

CASB_BOVIN Beta-casein  795.4854 1588.9562 1588.9341 EPVLGPVRGPFPIIV 

CASB_BOVIN Beta-casein  819.9557 1637.8968 1637.8817 LVYPFPGPIPNSLPQ 

CASB_BOVIN Beta-casein  828.418 1654.8215 1654.7879 FPKYPVEPFTESQS 

CASB_BOVIN Beta-casein  832.4226 1662.8307 1662.7989 PVEPFTESQSLTLTD 

CASB_BOVIN Beta-casein  834.9656 1667.9166 1667.9035 LYQEPVLGPVRGPFP 

CASB_BOVIN Beta-casein  844.4942 1686.9739 1686.9556 LTLTDVENLHLPLPL 

CASB_BOVIN Beta-casein  844.508 1687.0014 1686.9556 LTLTDVENLHLPLPL 

CASB_BOVIN Beta-casein  858.0044 1713.9943 1713.9665 LTDVENLHLPLPLLQ 

CASB_BOVIN Beta-casein  859.5263 1717.0381 1716.9927 QEPVLGPVRGPFPIIV 

CASB_BOVIN Beta-casein  574.0205 1719.0396 1719.0195 KVLPVPQKAVPYPQR 

CASB_BOVIN Beta-casein  863.4663 1724.9181 1724.9138 SLVYPFPGPIPNSLPQ 

CASB_BOVIN Beta-casein  876.9755 1751.9365 1751.9247 LVYPFPGPIPNSLPQN 

CASB_BOVIN Beta-casein  887.4898 1772.965 1772.9461 DVENLHLPLPLLQSW 

CASB_BOVIN Beta-casein  891.5102 1781.0058 1780.9876 LLYQEPVLGPVRGPFP 

CASB_BOVIN Beta-casein  891.5243 1781.0341 1780.9876 YQEPVLGPVRGPFPII 

CASB_BOVIN Beta-casein  908.5265 1815.0385 1815.0142 TLTDVENLHLPLPLLQ 

CASB_BOVIN Beta-casein  612.3702 1834.0887 1834.0465 KVLPVPQKAVPYPQRD 

CASB_BOVIN Beta-casein  941.0501 1880.0856 1880.056 YQEPVLGPVRGPFPIIV 

CASB_BOVIN Beta-casein  944.5647 1887.1148 1887.0717 SLTLTDVENLHLPLPLL 
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CASB_BOVIN Beta-casein  948.0568 1894.099 1894.0717 LYQEPVLGPVRGPFPII 

CASB_BOVIN Beta-casein  949.0648 1896.1151 1896.0721 SLPQNIPPLTQTPVVVPP 

CASB_BOVIN Beta-casein  641.3729 1921.0968 1921.0785 SKVLPVPQKAVPYPQRD 

CASB_BOVIN Beta-casein  965.0612 1928.1078 1928.0983 LTLTDVENLHLPLPLLQ 

CASB_BOVIN Beta-casein  660.3951 1978.1634 1978.1251 LSQSKVLPVPQKAVPYPQ 

CASB_BOVIN Beta-casein  997.5923 1993.17 1993.1401 LYQEPVLGPVRGPFPIIV 

CASB_BOVIN Beta-casein  1004.6051 2007.1957 2007.1557 LLYQEPVLGPVRGPFPII 

CASB_BOVIN Beta-casein  1008.5819 2015.1492 2015.1303 LTLTDVENLHLPLPLLQS 

CASB_BOVIN Beta-casein  1008.5909 2015.1672 2015.1303 SLTLTDVENLHLPLPLLQ 

CASB_BOVIN Beta-casein  1022.585 2043.1554 2043.1405 SLPQNIPPLTQTPVVVPPF 

CASB_BOVIN Beta-casein  689.4024 2065.1854 2065.1572 SLSQSKVLPVPQKAVPYPQ 

CASB_BOVIN Beta-casein  719.0915 2154.2527 2154.2241 FLLYQEPVLGPVRGPFPII 

CASB_BOVIN Beta-casein  771.7326 2312.1761 2312.1446 MHQPHQPLPPTVMFPPQSVL 

CASB_BOVIN Beta-casein  856.1683 2565.4829 2565.4723 IQAFLLYQEPVLGPVRGPFPIIV 

CASB_BOVIN Beta-casein  932.2084 2793.6032 2793.5656 MPIQAFLLYQEPVLGPVRGPFPIIV 

CASB_BOVIN Beta-casein  937.5362 2809.5867 2809.5605 MPIQAFLLYQEPVLGPVRGPFPIIV 

CASB_BOVIN Beta-casein  931.2757 3721.0736 3720.0266 AVPYPQRDMPIQAFLLYQEPVLGPVRGPF

PIIV 

CASA1_BOVIN Alpha-S1-casein 552.8222 1103.6299 1103.6339 LGYLEQLLR 

CASA1_BOVIN Alpha-S1-casein  559.3271 1116.6396 1116.6291 VLNENLLRF 

CASA1_BOVIN Alpha-S1-casein 571.7766 1141.5387 1141.5251 SDIPNPIGSEN 
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CASA1_BOVIN Alpha-S1-casein  609.3681 1216.7216 1216.7179 LGYLEQLLRL 

CASA1_BOVIN Alpha-S1-casein 610.3212 1218.6279 1218.6285 VAPFPEVFGKE 

CASA1_BOVIN Alpha-S1-casein 669.8782 1337.7419 1337.7191 GLPQEVLNENLL 

CASA1_BOVIN Alpha-S1-casein 683.8746 1365.7347 1365.6969 FFVAPFPEVFGKE 

CASA1_BOVIN Alpha-S1-casein 706.3481 1410.6816 1410.6667 YVPLGTQYTDAPS 

CASA1_BOVIN Alpha-S1-casein 733.9029 1465.7913 1465.7776 QGLPQEVLNENLL 

CASA1_BOVIN Alpha-S1-casein 743.8594 1485.7042 1485.6947 SDIPNPIGSENSEK 

CASA1_BOVIN Alpha-S1-casein 787.8862 1573.7579 1573.73 YYVPLGTQYTDAPS 

CASA1_BOVIN Alpha-S1-casein 840.4579 1678.9013 1678.893 VPSERYLGYLEQLL 

CASA1_BOVIN Alpha-S1-casein 865.9281 1729.8417 1729.8192 IPNPIGSENSEKTTMP 

CASA1_BOVIN Alpha-S1-casein 923.4429 1844.8712 1844.8462 DIPNPIGSENSEKTTMP 

CASA1_BOVIN Alpha-S1-casein 636.0105 1905.0097 1904.9778 IHAQQKEPMIGVNQELA 

CASA1_BOVIN Alpha-S1-casein 958.9612 1915.9078 1915.8833 SDIPNPIGSENSEKTTMP 

CASA1_BOVIN Alpha-S1-casein 966.9605 1931.9065 1931.8782 SDIPNPIGSENSEKTTMP 

CASA1_BOVIN Alpha-S1-casein 1032.5039 2062.9932 2062.9517 FSDIPNPIGSENSEKTTMP 

CASA1_BOVIN Alpha-S1-casein  1040.5046 2078.9947 2078.9466 FSDIPNPIGSENSEKTTMP 

CASA1_BOVIN Alpha-S1-casein 873.4381 2617.2925 2617.237 APSFSDIPNPIGSENSEKTTMPLW 

CASA1_BOVIN Alpha-S1-casein 906.8165 2717.4278 2717.3523 IHAQQKEPMIGVNQELAYFYPEL 

CASA1_BOVIN Alpha-S1-casein 912.1428 2733.4066 2733.3472 IHAQQKEPMIGVNQELAYFYPEL 

CASA1_BOVIN Alpha-S1-casein 955.8351 2864.4834 2864.4207 IHAQQKEPMIGVNQELAYFYPELF 

CASA1_BOVIN Alpha-S1-casein 961.1507 2880.4303 2880.4156 IHAQQKEPMIGVNQELAYFYPELF 
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CASA1_BOVIN Alpha-S1-casein 760.1399 3036.5306 3036.5167 IHAQQKEPMIGVNQELAYFYPELFR 

LACB_BOVIN Beta-lactoglobulin  565.8182 1129.6219 1129.6132 LDIQKVAGTW 

LACB_BOVIN Beta-lactoglobulin  607.3079 1212.6012 1212.5874 VEELKPTPEGD 

LACB_BOVIN Beta-lactoglobulin  617.7779 1233.5413 1233.6639 LIVTQTMKGLD 

LACB_BOVIN Beta-lactoglobulin  662.8843 1323.7541 1323.7286 KPTPEGDLEILL 

LACB_BOVIN Beta-lactoglobulin  663.8516 1325.6887 1325.6714 VEELKPTPEGDL 

LACB_BOVIN Beta-lactoglobulin  665.3539 1328.6932 1328.6823 SDISLLDAQSAPL 

LACB_BOVIN Beta-lactoglobulin  686.844 1371.6734 1371.6518 VRTPEVDDEALE 

LACB_BOVIN Beta-lactoglobulin  691.9059 1381.7972 1381.7929 ISLLDAQSAPLRV 

LACB_BOVIN Beta-lactoglobulin  728.3702 1454.7258 1454.714 VEELKPTPEGDLE 

LACB_BOVIN Beta-lactoglobulin  738.4126 1474.8105 1474.8065 LIVTQTMKGLDIQ 

LACB_BOVIN Beta-lactoglobulin  500.9245 1499.7516 1499.7467 VRTPEVDDEALEK 

LACB_BOVIN Beta-lactoglobulin  773.4391 1544.8637 1544.8562 ISLLDAQSAPLRVY 

LACB_BOVIN Beta-lactoglobulin  544.6167 1630.8281 1630.8202 RVYVEELKPTPEGD 

LACB_BOVIN Beta-lactoglobulin  549.9501 1646.8284 1646.8152 VRTPEVDDEALEKF 

LACB_BOVIN Beta-lactoglobulin  549.9567 1646.8484 1646.8152 VRTPEVDDEALEKF 

LACB_BOVIN Beta-lactoglobulin  841.4592 1680.9039 1680.8822 VEELKPTPEGDLEIL 

LACB_BOVIN Beta-lactoglobulin  874.4813 1746.948 1746.9152 SDISLLDAQSAPLRVY 

LACB_BOVIN Beta-lactoglobulin  898.0071 1793.9997 1793.9662 VEELKPTPEGDLEILL 

CASA1_BUBBU Alpha-S1-casein  552.8222 1103.6299 1103.6339 LGYLEQLLR 

CASA1_BUBBU Alpha-S1-casein  559.3271 1116.6396 1116.6291 VLNENLLRF 
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CASA1_BUBBU Alpha-S1-casein  571.7766 1141.5387 1141.5251 SDIPNPIGSEN 

CASA1_BUBBU Alpha-S1-casein  609.3681 1216.7216 1216.7179 LGYLEQLLRL 

CASA1_BUBBU Alpha-S1-casein  610.3212 1218.6279 1218.6285 VAPFPEVFGKE 

CASA1_BUBBU Alpha-S1-casein  683.8746 1365.7347 1365.6969 FVAPFPEVFGKE 

CASA1_BUBBU Alpha-S1-casein  840.4579 1678.9013 1678.893 VPSERYLGYLEQLL 

CASA1_BUBBU Alpha-S1-casein  922.9485 1843.8825 1843.8622 SDIPNPIGSENSGKTTMP 

CASA1_BUBBU Alpha-S1-casein  930.9524 1859.8902 1859.8571 SDIPNPIGSENSGKTTMP 

CASA1_BUBBU Alpha-S1-casein  636.0105 1905.0097 1904.9778 IHAQQKEPMIGVNQELA 

LALBA_BOSMU Alpha-lactalbumin  553.305 1104.5955 1104.5815 DLKGYGGVSLP 

LALBA_BOSMU Alpha-lactalbumin  617.8273 1233.6401 1233.6241 DLKGYGGVSLPE 

CASA2_BOVIN Alpha-S2-casein 573.3589 1717.0547 1717.029 IQPKTKVIPYVRYL 

CASA2_BOVIN Alpha-S2-casein 680.7142 2039.1208 2039.0952 LYQGPIVLNPWDQVKRN 

CASK_BISBO Kappa-casein 

(Fragment)  

771.9113 1541.8081 1541.7937 SPPEINTVQVTSTAV  
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 Table 6.5  Identification of peptides produced from fermented 12 % RSM in combination of L. helveticus 8801315 and Flavourzyme®, 

and, contained in the RP-HPLC form F1, using MALDI-MS/MS analysis. 

 

Protein Accession Protein 

Description 

Peptide,m/z 

(Experimental) 

Peptide mass, Da 

(Experimental) 

Peptide mass, 

Da (Calculated) 

Peptide Sequence 

CASA1_BOVIN Alpha-S1-casein  24513 1828.8711 1828.8513 DIPNPIGSENSEKTTMP 

CASA1_BOVIN Alpha-S1-casein  24513 997.5195 997.508 GLPQEVLNE 

CASA1_BOVIN Alpha-S1-casein  24513 1713.8169 1713.8243 IPNPIGSENSEKTTMP 

CASA1_BOVIN Alpha-S1-casein  24513 1729.8584 1729.8192 IPNPIGSENSEKTTMP 

CASA1_BOVIN Alpha-S1-casein  24513 1141.5341 1141.5251 SDIPNPIGSEN 

CASA1_BOVIN Alpha-S1-casein  24513 1228.5711 1228.5571 SDIPNPIGSENS 

CASA1_BOVIN Alpha-S1-casein  24513 1485.6939 1485.6947 SDIPNPIGSENSEK 

CASA1_BOVIN Alpha-S1-casein  24513 1586.7638 1586.7424 SDIPNPIGSENSEKT 

CASA1_BOVIN Alpha-S1-casein  24513 1687.8317 1687.7901 SDIPNPIGSENSEKTT 

CASA1_BOVIN Alpha-S1-casein  24513 1931.9241 1931.8782 SDIPNPIGSENSEKTTMP 

CASA1_BOVIN Alpha-S1-casein  24513 1915.9254 1915.8833 SDIPNPIGSENSEKTTMP 

CASB_BOVIN Beta-casein  25091 1258.6949 1258.6921 DVENLHLPLPL 

CASB_BOVIN Beta-casein  25091 1332.6589 1332.6424 EMPFPKYPVEP 

CASB_BOVIN Beta-casein  25091 1150.691 1150.6863 GPVRGPFPIIV 

CASB_BOVIN Beta-casein  25091 1356.8285 1356.8017 IPPLTQTPVVVPP 

CASB_BOVIN Beta-casein  25091 1503.8765 1503.8701 IPPLTQTPVVVPPF 
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CASB_BOVIN Beta-casein  25091 1503.8817 1503.8701 IPPLTQTPVVVPPF 

CASB_BOVIN Beta-casein  25091 1363.7167 1363.6846 KEMPFPKYPVE 

CASB_BOVIN Beta-casein  25091 1380.7026 1380.6972 MHQPHQPLPPTV 

CASB_BOVIN Beta-casein  25091 1219.619 1219.5947 MPFPKYPVEP 

CASB_BOVIN Beta-casein  25091 1319.7531 1307.7085 PVVVPPFLQPEV    

CASB_BOVIN Beta-casein  25091 1391.7784 1359.7398 QEPVLGPVRGPFP   

CASB_BOVIN Beta-casein  25091 1717.0048 1880.056 QEPVLGPVRGPFPIIV   

 

 

 

 

 

 



   Chapter 7 

135 
 

 

 

 

 

 

               

Chapter 7    Dietary supplementation with milk-derived 
angiotensin converting enzyme peptides decreases 
food intake, body weight and blood pressure in 
spontaneously hypertensive rats 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
This chapter has been submitted for publication. Ahtesh F., Stojanovska L., Mishra V. K & Michael M. 

(2016). Dietary supplementation with milk-derived angiotensin- converting enzyme peptides decreases 

food intake, body weight and blood pressure in spontaneously hypertensive rats.  Nutrition, metabolism 

and cardiovascular Disease. Submitted. (Appendix. 1). 
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7.1 Introduction 

Cardiovascular disease (CVD) is one of the leading causes of death among people 

worldwide (Quirós et al., 2007).  Many drugs that are ACE inhibitors were developed as 

pharmaceuticals to treat hypertension, such as captopril and enalapril (Bellamy et al., 

1992; FitzGerald, 1998; McCann et al., 2006; Saito et al., 2000; Takano, 2002; 

Yamamoto, 1997). While these drugs possess potent antihypertensive effects; they have 

side effects, such as organ damage (kidney and liver), taste disturbances and dry cough 

(Case et al., 1980; Cushman et al., 1980; Rizzello et al., 2008; Zhou et al., 2010).  

 

Fermented dairy products are part of an important dietary strategy to reduce the risk of 

CVD (Yamamoto, 1997). Milk proteins have been identified as sources of bioactive 

peptides (Cheviron et al., 2000; Danilczyk & Penninger, 2006; Korhonen & Pihlanto, 

2006; Mattu et al., 1995; O’Malley et al., 1998).  Bioactive peptides can be produced 

from milk proteins by three methods: (1) enzymatic hydrolysis with a protease, (2) 

fermentation of milk by microorganisms with high protease activity, or (3) through the 

action of enzymes derived from proteolytic microorganisms (Saito, 2008). Several milk-

derived peptides have been described to inhibit ACE in vitro (Saito, 2008). These 

peptides have considerable potential for the treatment and prevention of hypertension 

(Cheviron et al., 2000). To prepare bioactive peptides, milk proteins such as bovine 

casein are hydrolysed by lactic acid bacteria (LAB)  (Gobbetti et al., 2002; Guan-Hong 

et al., 2004; Nakamura et al., 1995; Pihlanto-Leppälä, 2000). Fermentation with LAB 

involves the proteolytic processing of proteins to release peptides for use as a nitrogen 

source for bacteria. LAB is a suitable family of microorganisms for milk fermentation 

because they have a proteolytic system that decomposes casein, along with hydrolysing 

enzymes. It was shown that LAB such as L. helveticus have a higher proteolytic activity 

on milk proteins (Pan et al., 2005; Wakai & Yamamoto, 2012) compared with  

Lactobacillus casei (Ramchandran & Shah, 2011). Higher proteolytic activity leads to 

release of more antihypertensive peptides through higher extracellular proteinase 

activity in fermented milk (Griffiths & Tellez, 2013; Korhonen, 2009; Wakai & 

Yamamoto, 2012; Yamamoto et al., 1994). A variety of oligo-peptides released from 

casein by an extracellular proteinase of LAB has been reported. Recently, an 

antihypertensive effect related to ACE inhibitor peptides was found in sour milk 

produced by L. helveticus. Two kinds of bioactive short tri-peptides, Isoleucine-Proline-

Proline (IPP) and Valine-Proline-Proline (VPP), with ACE inhibitor activity were 
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isolated and identified from  sour milk, which had been fermented until pH 3.3 

(Nakamura et al., 1995). The two tri-peptides termed ‘lacto-tri-peptides’ were 

confirmed as having antihypertensive activity using spontaneously hypertensive rats 

(SHR) (Nakamura et al., 1995). In vitro, the ACE inhibitory activities of the two 

peptides IPP and VPP were very high compared to other reported peptides, and the 

concentrations of peptides producing 50 % inhibition of ACE (IC50 value) were 9 and 5 

mM, respectively. The amino acid sequences of VPP and IPP were found in the primary 

structure of bovine β-casein f (84–86) (74–76) and k- casein f (108–110), respectively 

(Mizuno & Yamamoto, 2004). They are cleaved from the casein molecule by an 

extracellular proteinase, followed by peptidase action during fermentation. The 

importance of the extracellular proteinase in the first decomposition of casein and the 

endo-peptidase in the carboxyl terminal processing has been confirmed (Yamamoto et 

al., 1994). The L. helveticus LBK-16H-fermented milk containing IPP and VPP, when 

consumed daily, had a blood pressure-lowering effect in hypertensive patients in Japan 

(Hata et al., 1996) and Finland (Seppo et al., 2003). 

 

Several studies have been carried out to determine the anti-hypertensive effect of milk 

protein derived ACE inhibitors on SHR (Cam & de Mejia, 2012; FitzGerald & Murray, 

2006; Hartmann & Meisel, 2007; Kawase et al., 2000; Pal et al., 2010; Shah, 2007). 

SHR are a naturally occurring breed, which develop essential hypertension and are 

frequently used for in vivo studies (Maeno et al., 1996; Pan et al., 2005; Yamamoto et 

al., 1994). Studies have shown that ACE-inhibitory peptides from milk protein 

hydrolysates reduce blood pressure in SHR (Yamamoto et al., 1999; Yamamoto et al., 

1999; Gobbetti et al., 2000; LeBlanc et al., 2002; Quirós et al., 2007; Ramchandran & 

Shah, 2011; Wakai & Yamamoto, 2012; Boutrou et al., 2013; He et al., 2013). 

Furthermore, it has been reported that the SHR fed fermented milk with L. helveticus 

have shown a reduction in blood pressure (Leclerc et al., 2002; Griffiths & Tellez, 

2013). A study using different types of proteases including Flavourzyme® has also 

shown the ability to produce bioactive peptides that lower blood pressure in SHR (He et 

al., 2013).  The major antihypertensive peptides in the fermented milk, VPP and IPP, 

were detected in a heat-treated solubilized fraction from the abdominal aorta of rats fed 

with the fermented milk, but not in rats fed with unfermented milk (Saito, 2008). In 

addition to the various organs, ACE activity in the aorta was significantly lower in the 

animals fed with fermented milk than in the control group (Nakamura et al., 1996).  The 
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major antihypertensive peptides in the fermented milk, VPP and IPP were detected in a 

heat-treated solubilized fraction from the abdominal aorta of rats fed with the fermented 

milk, but not in rats fed with unfermented milk (Masuda et al., 1996). Those results 

suggested that the lacto-tri-peptides pair were absorbed directly, without being 

decomposed by digestive enzymes, and transported to the abdominal aorta, where they 

inhibited ACE, producing an antihypertensive effect in SHR (Masuda et al., 1996).  

  

A study reported that ACE-inhibition with perindopril for 14 weeks reduced body 

weight (~10 %) in SHR as well as reducing blood pressure and heart weight (Campbell 

et al., 1995). Reduction in ACE activity in a mouse ACE knock-out was also associated 

with reduction in body weight and a decreased accumulation of body fat, particularly in 

abdominal fat depots (Jayasooriya et al., 2008). The decreased body fat is independent 

of food intake and appears to be due to a high energy expenditure related to increased 

metabolism of fatty acids in the liver, with the additional effect of increased glucose 

tolerance (Jayasooriya et al., 2008). The control of blood pressure and food intake 

involves highly complex systems integrating peripheral and central signals, some of 

which can affect both energy homeostasis and blood pressure. The renin-angiotensin 

system is important in blood pressure control and a number of studies have advocated 

the involvement of the renin angiotensin system in obesity related to hypertension (Hall 

et al., 2000; Boustany et al., 2004). There is evidence that tissues in organs such as the 

liver, brain, kidney, heart and blood vessels represent major sites of production of 

angiotensin-II, the main vasoconstrictor product of renin-angiotensin system (Lapointe 

& Rouleau, 2002). It has been shown that adipose tissue is able to produce all the 

components of angiotensin converting enzyme (ACE), angiotensinogen and the 

angiotensin type 1 receptor (Cassis, Saye, & Peach, 1988; Crandall et al., 1994). The 

presence of this fully functioning local adipose tissue may contribute to the pathogenic 

mechanisms by which obesity increases the risk of cardiovascular disease (Goossens, 

Blaak, & Van Baak, 2003; Engeli et al., 2005). 

Previous studies have investigated the effectiveness of milk-derived peptides on rats 

using short-term period and using different bacteria strains to release ACE-I peptides 

activity injecting the peptides into the rats’ circulation to reduce BP (Campbell et al., 

1995; Boutrou et al., 2013; He et al., 2013). There have been no studies in regard to 

energy homeostasis, with the relationship of body weight and peptides.  
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In light of the above, the present study was performed to evaluate the hypothesis that 

peptide extractions from fermented skim milk using a combination of Flavourzyme® 

and Lactobacillus helveticus ASCC 881315 significantly decreases rats’ blood pressure 

and body weight; this combination of strain and Flavourzyme® has successfully 

increased ACE-inhibitory peptides activity (~95.5%) in vitro (Ahtesh et al., 2016). 

Following a three-week acclimatization period, animals were fed with a diet containing 

freeze-dried peptides for ten weeks. Blood pressure, heart rate, daily food intake and 

weekly body weight were recorded. The dietary treatments containing the freeze-dried 

peptides extracted from fermented skim milk were compared with two controls: control 

(1) chow with untreated skim milk and control (2) standard chow. Tissue weights were 

recorded post-mortem after 10 weeks experimental period at 24 weeks of age. 

 

7.2 Material and Methods  

7.2.1 Substrates and chemicals 

Standard maintenance diet (AIN-93M), modified versions of the standard diet 

containing either skim milk(SF13-118)  or peptides derived from skim milk(SF13-119), 

were manufactured by an experienced animal food pellet processor (Specialty Feeds, 

Glenvale, Western Australia).  O-phthaldialdehyde (OPA), hippuryl–histidyl–leucine 

(HHL), trichloroacetic acid (TCA), bacteriological medium, bacteriological agar, 

trifluoroacetic acid (TFA) and ACE enzyme were purchased from Sigma Chemical 

Company (St Louis, MO USA). De Man Rogosa and Sharpe (MRS) and bacteriological 

peptone were purchased from Oxoid, Ltd., West Heidelberg Victoria, Australia. 

Flavourzyme®1000 L (EC 3.4.11.1, an amino peptidase with an activity of 1000 LAPU 

g-1) purchased from Novozymes Australia, North Rocks, NSW Australia. Skim milk 

(SM) powder was purchased from (Murray Goulburn Co-operative Co. Ltd., Brunswick 

VIC Australia), while acetonitrile and reinforced clostridia agar (RCA) were purchased 

from Merck, Darmstadt Germany. 

 

7.2.2 Determination of ACE inhibitor activity 

ACE- inhibitory activity was measured according to the procedure described in section 

3.2.6. 
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7.2.3 Animal diets and fermented skim milk preparation 

The experimental design is shown in (Table 7.1). 12 % RSM (52 % lactose, 37 % 

protein, 8.6 % ash and 1.2 % fat)   (160 litres) was fermented in bulk for 12 h using 1 % 

of L. helveticus 881315 (Dairy Innovation Australia Ltd. Australia) and 0.14 % (w/w) 

Flavourzyme® at 37°C in a Bioreactor Vessel system (bio Net® Bioreactor Vessel, 

Broadly-James Bioreactor Germany) with constant agitation at 120 rpm. Bioreactor 

assay was used for preparation of fermented RSM as described in section 6.2.2.1. The 

use of bioreactor improved production of ACE-I peptides. Fermented RSM was heat- 

treated to 85°C for 20 mins to stop the growth of probiotic bacteria and enzyme activity. 

Samples were then stored in a fridge at 4°C for freeze-dried. Fermented and non-

fermented RSM were freeze-dried in bulk (Biotech Freeze Drying, Knox field, 

Melbourne, VIC Australia). The freeze-dried fermented and non-fermented RSM 

powders were incorporated into the manufacturing of rat feed pellets respectively by 

Specialty Feeds (Perth, Western Australia). The rat feed pellets were stored at 4°C. All 

the rat feed contained standard nutrients of vitamins, minerals, sugars and lipids as 

indicated in (Table 7.1). The SM powder and freeze- dried fermented SM containing 

peptides amounts in the formulated diets were limited by the pelleting process. It was 

observed that quantities above 44.7 % hindered the process of pellet formation due to 

the caking property of the lactose in SM powder. The SM powder and a freeze-dried 

fermented SM sample were incorporated and pelleted in the experimental diets. 
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Table 7.1 The table shows the type and frequency of experimental design measurement. 
Group 1: Rats feed Chow (control) (NC). 

Group 2: Rats feed Chow (control) + skim milk powder (NFC). 
Group 3: Rats feed Chow + pelleted freeze dried fermented skim milk containing 
peptides (FC).  
(N=9 each group). 
 

parameters Rats 

groups 

                        Experimental period (daily and weekly)  

1  2 3 4 5 6 7 8 9 10 

Daily           

Body 

weight/rat  

Group1 

Group2 

Group3 

 

Feed intake 

(daily)/cage 

 

 

Group1 

Group2 

Group3 

 

 

          

Weekly           

Blood pressure 

measurements  

 

Group1 

Group2 

Group3 
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7.2.4 Energy content measurements by bomb calorimeter 

An isothermal (Static Jacket) bomb calorimeter system (Pty, Ltd, CAL2k) was used to 

determine the calorific value (energy content) of the pellet samples used in this study. A 

calorimeter is a device used for measuring the heat of the reaction, physical changes and 

heat capacity (Okoro et al., 2011). The calorimeter system uses a pellet of benzoic acid 

as a standard for calibration (1.216 g). The pellet is then tied to a 13 cm length cotton 

wire, placed inside the sample boat and the cotton wire was stretched between the 

electrodes. Oxygen is added through the gas inlet valve to give a pressure of 3000 K Pa 

and the system is ignited until the calorimeter indicates that the calibration is completed. 

The known mass of benzoic acid produces a standard amount of heat energy when burnt 

and this heat is transferred to the bomb. The increase in bomb temperature is measured 

accurately to calibrate the machine. Once this has been achieved, the bomb can then be 

cooled to baseline temperature using the water-cooler system. After that the calorimeter 

is ready to measure the pellets which have unknown energy content. The pre-weighed 

samples (chow, chow mixed with SM powder and chow mixed with peptide extract) are 

placed into a crucible; the firing cotton is placed in contact with the sample and the 

vessel pressurised with oxygen gas. The firing cotton is then ignited and the sample gets 

ignited because of contact with the firing cotton. The burning of the sample leads to a 

rise in temperature of the vessel which is then measured as the calorimetric value of the 

sample.  

 
7.2.5 Animal care and experiments  

This project was conducted with approval from the Animal Ethics Committee of 

Victoria University (AEC 12/009) (Appendixes II).  

 

7.2.6 Experimental design spontaneously hypertensive rats (SHR)  

The experimental design is shown in (Table 7.2). Twenty-seven male SHR were 

purchased from Animal Resource Centre in Western Australia at 14 weeks of age. 

These SHR were housed in animal care facilities at Victoria University. The weight of 

the SHR was recorded upon arrival (weight, 250 ± 5 g). The SHR were housed in three 

per stainless steel hanging wire mesh cages in 12 h dark light cycle with controlled 

environmental conditions (temperature 22.5°C - 23.5°C and humidity 32 % - 40 %). 

The rats were divided into three groups (n=9), and were allowed free access to feed and 
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tap water. The experimental group were fed the diets supplemented with freeze-dried 

peptide extract of fermented SM (FC), control group 1 were fed a diet with untreated 

SM (NFC) and control group 2 were fed standard chow (NC) (Table 7.2). Before 

starting the measurements, the rats were acclimatised for three weeks and trained on a 

blood pressure monitor system (Coda Non-Invasive Blood Pressure System, ODA NIBP 

Kent Scientific Corporation. Inc. U.S.A). The clear acrylic holders provided unrestricted 

breathing and allowed complete visibility to the researcher. During the three weeks, rats 

were fed on normal standard rats chow. SHR were fed with (40 to 70 g/box of pellets 

daily), with ad libitum tap water and food was changed daily. Blood pressure, heart rate, 

daily feed intake and weekly weights of all rats were recorded daily for ten weeks. 

 

Table 7.2 Composition of the experimental groups feed.  

 

 

 
7.2.7 Measurement of blood pressure  

Rats were trained in Tail-Cuff (BP) Measurements for three weeks prior to the 

experiments and were familiarized with the procedures of tail-cuff BP monitoring, 

including regular handling and warming procedures. Correct SHR handling is critical 

for consistent and accurate blood pressure measurements. Nervous, stressed SHR may 

have diminished circulation in the tail.  Systolic (SBP), diastolic (DBP), and mean 

blood pressure as well as heart rate (HR) and tail blood volume  were measured in each 

animal weekly. This method used Volume Pressure Recording (VPR) sensor 

technology. (CODA® Non-Invasive Blood Pressure System, Kent Scientific 

Corporation. Inc. U.S.A). The VPR uses a specially designed differential pressure 

transducer to measure the blood flow and blood volume in the tail non-invasively. VPR 

actually measures six parameters simultaneously: systolic and diastolic blood pressure, 

mean calculated measure of blood pressure, heart pulse rate, tail blood volume and tail 

Experimental group Composition of the feed 

FC Freeze dried peptide extract of Fermented 

RSM 

NFC Non-fermented RSM control (1) 

NC Normal rat feed chow control (2) 
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blood flow. The pressure cuff device, similar to an arm blood pressure cuff used in 

humans, fits over the rodent’s tail restricting inflow of blood to the tail when inflated. 

The unit then uses optical sensors to determine when the blood flow returns to the tail as 

the cuff is gradually deflated, which will be equivalent to SBP, DBP and HR, by 

recording the disappearance and reappearance of pulse signals in conjunction with 

measurements of cuff pressure. The SBP, DBP and HR were determined directly from 

the recordings. To make the pulsations of the tail artery detectable, rodents were taken 

to a quiet room and placed in an incubator at (30 ± 1°C for 10 min ), and then gently 

walked into the restrainer. The warming chamber and the restrainer were pre-warmed to 

the appropriate temperature (30 ± 1°C). The SHR was allowed to enter the holder 

freely. After the rodent was placed in the holder, the nose cone was adjusted so the 

animal was comfortable but not able to move excessively. The tail was gently placed 

through the cuff and inflated by the computer system to a maximum pressure 300 mm 

mercury due to the breed of the rat. SHR are hypertensive and require a higher max cuff 

pressure than normal. After 5-10 minutes to acclimatise to the restrainer, 6 to 10 

readings were taken from each rodent before the animal was removed from the 

restrainer and returned to its cages. For each measurement session, the animals were in 

the restrainer for around 15-25 minutes.  Once rats were warmed, the VPR was attached 

to the tail of the animal, closer to the base of the tail. The five most consistent 

measurements of SBP, DBP and HR from 10 consecutive measurements were 

calculated as the mean of the measurements accepted by the CODA program and 

considered for statistical analysis. Mean arterial blood pressure (MAP) was calculated 

using the following equation (Leclerc et al., 2002): 

 

MAP = DBP +
SBP − DBP

3
 

 

7.2.8 Tissue collection 

After the 13-weeks-period, SHR were euthanized using Sodium pentobarbital (100 

mg/kg body weight). Blood samples were collected by cardiac puncture into heparinised 

tubes. The blood was centrifuged at 2000 x g for 10 min at 4°C (Beckman Coulter. 

Avanti J-265 XPI, Centrifuge). The blood and plasma samples were stored at -80°C. 

The kidney, heart, epididymal fat pad, liver, and left ventricular (LV) were then 

collected, weighed and stored at -80°C for further analysis.   
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7.3 Statistical analyses  

Using Minitab 16, all the data were expressed as mean values and standard deviations of 

means of 5 closest measurements with the mean (± SEM). The differences between the 

experimental groups were determined by 2-way ANOVA and P-values less than 0.05 

considered significant. 

 

7.4 Results and Discussion 

7.4.1 Feed intake, body weight, organ weights and energy contents 

The food intake pattern and body weight of the SHR are shown in (Figures 7.1).  

Nutritional and energy content of diets are shown in (Table 7.3).  Moreover, there were 

significant differences in energy content of the diets (P < 0.05). There were significant 

increases in food intake and body weight for the three different diet groups during ten 

weeks of feeding (P < 0.05) (Figures 7.1). All three groups, i.e. the group fed with 

freeze-dried peptide extract of Fermented RSM (FC), the group fed with non-fermented 

RSM control (1) (NFC) and group fed with normal rat food chow control (2) (NC) 

significantly increased food intake and body weight during the last seven weeks. 

However, the food intake was not consistent for all groups during the first four weeks. 

Food intake was initially lower in the FC group. By the end of the ten week period, the 

FC group consumed less food (~20 %), than the other groups (Figure 7.1B).  However, 

there were no significant differences in total energy intake between diet groups (Table 

7.5) because the FC diet was more energy-dense.  The weight gained by rats in the three 

groups (Figure 7.1A) increased gradually over the course of the study, as expected. 

Similar results were found by Musoles et al., (2013) who conducted an acute study on 

the effect intake of a bovine lacto-ferrin hydrolysate enriched with low molecular 

weight peptides on the progression of hypertension SHR, and reported no differences in 

body weight between the two groups (Fernández-Musoles et al., 2013). The average 

body weight was less in the FC group compared with the groups fed with the diet 

containing skim milk (NFC) and standard rodent chow (NC). However, the calculated 

total energy intake showed no significant differences between the FC, NFC and NC 

groups (259.27; 212.77 and 238.14 MJ) (P < 0.05) respectively as presented in (Table 

7.5). The study found that despite similar food energy consumption in all three groups, 

the FC group weighed less at the end of the study than the NC and NFC groups (Figures 

7.1).  There were no significant differences between the weights of organs of the three 
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different treatment groups related to the body weight (Table 7.4). This is similar to the 

results using SHR fed a diet containing milk fermented with L. helveticus and 

Saccharomyces cerevisiae where the weight of heart, liver, testes, kidney, and spleen 

were not significantly different between the control and fermented milk groups 

(Nakamura et al., 1996). However, a previous study showed a 5 % reduction in heart, 

body weight ratio in SHR treated with perindopril for 14 weeks (Campbell et al., 1995). 

In ACE-KO mice, it was found that the lower body fat was primarily due to increased 

energy expenditure and not related to differences in food intake or energy digestibility. 

The increase in energy expenditure was independent of locomotor activity and appears 

to be mediated by increased fatty acid oxidation in the liver, so it is possible that the 

differences in body fat and energy expenditure were due to differences in fat 

metabolism (Jayasooriya et al., 2008). 

 

 In conclusion, food intake and body weight were affected by ACE inhibitory peptides, 

but body fat (using epididymal fat as an index) was not significantly reduced. Further 

study is needed to determine whether the differences in body fat and energy expenditure 

are due to differences in fat metabolism and putatively higher energy expenditure. 
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Table 7.3  Nutrient composition of diet pellets prepared. 

 

*this represents the calorimetric value of the sample. 

 

 

 

 

 

 

                           Addition  rate (g/100g)  

Ingredients  Control feed 

(rats  standard 

chow) (NC) 

Skim Milk powder 

Control containing 

feed (NFC) 

Fermented Skim Milk 

Peptides containing 

feed (FC) 

    

Sucrose 10.00 10.00 10.00 

Freeze dried fermented SM 

containing Peptides (FSMP) 

0.00 0.00 44.48 

Skim milk powder (SMPOC) 0.00 44.48 0.00 

Canola oil 4.00 3.50 3.50 

Cellulose  5.00 5.00 5.00 

Starch 19.26 19.26 19.16 

Dextrinised Starch 15.50 15.50 15.50 

DL- methionine 0.18 0.18 0.18 

AIN-93-trace minerals 0.14 0.14 0.14 

Calcium carbonate 0.13 0.06 0.06 

Sodium chloride  0.26 0.18 0.18 

Potassium sulphate 0.45 0.45 0.45 

AIN-93-Vitamins 1.00 1.00 1.00 

Choline chloride 75% W/W 0.25 0.25 0.25 

Blue food colour (10%) 

Energy content (MJ)* 

0.00 

15.1±0.012 

0.00 

18.4±0.002 

0.10 

16.9±0.011 
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Table 7.4 Tissue weights of rats after 10 weeks treatments at 24 weeks of age. 

 

Groups/tissue  Fat Kidney Heart L.V 

FC 3.49±0.45 2.16±0.23 1.11±0.15 0.96±0.72 

NC 3.94±0.42 2.41±0.15 1.2±0.09 1.01±0.08 

NFC 3.96±0.21 2.23±0.16 1.18±0.09 1.01±0.12 

 

 

Table 7.5 Comparison of Food intake, body weight and total Energy intake of diet 

groups at the end of experiments. 

 

Measurments                     Diet groups  

 FC NFC NC 

   

Food intake (g/cage) 42.00 48.10 51.5 

Body weight (g/rat) 350.46±0.32* 399.82±2.05 400.78±1.03 

Total  Energy intake /each group (MJ) 238.14 259.27 212.77 

*= means significant lower compared to the other groups  
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Figure 7.1 The body weight (A) and Cumulative feed consumption/g (B) of SHR orally 
administered with control 1 (NFC), control 2 (NC) and Fermented skim milk containing 
peptides (FC) during 10 weeks period feeding.  All data were expressed as mean ±SEM 
(n-9). 
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7.4.2 Antihypertensive effects of dietary peptides in SHR 

Mean blood pressure (MBP), SBP and DBP were measured in SHR during dietary 

supplementation for ten weeks, as shown in (Figure 7.2). The BP values of all groups 

were similar in week 0 (~155/120 mmHg). The SBP, DBP and MBP of all groups 

(Figure 7.2A) showed no significant changes of BP in the first two weeks of feeding (P 

< 0.05). There was a gradual decrease in SBP, DBP and MBP after oral administration 

of the peptide extract of fermented skim milk (FC), which became significant from 

week six (P < 0.05)  and continued until the end of the feeding intervention (week ten), 

compared with the control groups. The BP values of the control groups were similar. At 

the end of the feeding period the reduction in systolic BP of rats fed on FC was 40 % 

(120 mm Hg) and diastolic BP was 30 % (65 mm Hg) which is normal for a rat. 

However, those groups fed NC and NFC showed increased SBP and DBP (220 mmHg 

/150 mmHg) and (220 mmHg /140 mmHg) respectively.  The peptides derived from 

milk proteins having ACE inhibiting properties likely affected the FC-fed group 

positively by reducing BP (Yamamoto & Takano, 1999). In previous experiments, it 

was found that the ACE inhibition activity was higher in fraction 6 (95.5 %), which 

contains peptides TPVVVPPF, YPFPGPIP and SLPQNIPPLTQTPVVVPP with potent 

anti-hypertensive properties as described in section 6.4.3.1 (Table 6.1). These peptides 

were identified in the fermented SM. Similar peptides including tri-peptides have been 

reported to lower blood pressure similar to captopril (Iwaniak & Minkiewicz, 2008; 

Wang et al., 2012; Du et al., 2013). Nakamura et al., (1996) suggested that fermented 

milk containing peptides not only have a temporary antihypertensive effect by single 

oral administration but also a long-lasting effect on the hypertensive stage during long- 

term feeding in SHR. The authors further stated that unlike the effect on blood pressure, 

fermented milk did not alter the heart rate, body weight and organ weight. It is known 

that these small di- or tri-peptides are easily absorbed in the intestine (Adibi & Morse, 

1971) and the Pro-Pro sequence is resistant to gut enzyme degradation (Kim, S. Y & 

Kim, 1972). One possible explanation for the decrease of ACE activity is that the tri-

peptides are absorbed, they reach the systemic circulation and decrease ACE activity. 

Similarly, Fernández-Musoles et al., (2013) described that the long-term oral 

administration to SHR with low molecular weight peptides, attenuated and even 

reversed the progression of hypertension. The in vitro evidence of ACE-inhibitory 

properties was supported by reductions of ACE activity, angiotensin-II and aldosterone 

levels in the circulation, as well as a compensatory increase of renin activity in SHR, 
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thus supporting ACE inhibition as an in vivo mechanism for the antihypertensive effects 

(Fernández-Musoles et al., 2013). Interestingly, during the period of dietary 

intervention, it was noticed that the FC group were more relaxed and calm when 

compared with SHR in the control groups, which were more active. Similarly, it has 

been reported that milk fermented by L. helveticus has a favourable effect on improving 

sleep in healthy, elderly people in the short-term (three-week) (Yamamura et al., 2009). 

This could have been as a result of the peptides effect on BP. It has been demonstrated 

that α-lactorphin, a tetra-peptide (YGLF) formed by in vitro proteolysis of α-

lactalbumin with pepsin and trypsin, lowers blood pressure when administered 

subcutaneously in SHR (Nurminen et al., 2000) and produces an endothelium-

dependent relaxation of their mesenteric arteries that is inhibited by an endothelial nitric 

oxide synthase  inhibitor (Sipola et al., 2002). Although α-lactorphin interacts with 

opioid receptors, it does not elicit effects typical of centrally active opioids such as anti-

nociception and sedation (Ijäs et al., 2004). It has also been suggested that these opioid 

peptides might lower blood pressure through receptors expressed in the gastrointestinal 

tract, which implies that no absorbance is required (Yamada et al., 2002). However, in 

this study, an effect of opioid peptides on blood pressure by treatment of the rats with 

naloxone was not measured (Nurminen et al., 2000).  

 

According to Jauhiainen et al., (2005 and 2010), the mechanistic theory of ACE- 

inhibition of  tri-peptides such as (IPP and VPP) remains to be confirmed and other 

effects have to be taken into consideration. These effects have been evaluated in animal 

models and clinical studies, plasma renin activity and levels have been found to be 

raised in SHR receiving IPP and VPP for 14 weeks (Jauhiainen et al., 2005; Jauhiainen 

et al., 2010). Another study has reported the protective effects exerted by these peptides 

on endothelial function of isolated mesenteric arteries of rats after 24 h incubation 

(Jäkälä et al., 2009). The administration of VPP and IPP on gene expression of SHR 

abdominal aorta (using DNA microarray) reported a significant increase in expression 

of the endothelial nitric oxide synthase gene (eNOS), which is involved in blood 

pressure regulation. In another long-term study with a product based on the casein 

hydrolysate, which contained the peptides (RYLGY and AYFYPEL) it was found that 

the development of hypertension in the rats’ group treated with the casein hydrolysate 

product was attenuated (Fuglsang et al., 2003). In addition, the treatment improved 

aorta and mesenteric acetylcholine relaxations and increased the eNOS expression in the 
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aorta. The left ventricular hypertrophy decreased in treated SHR. Fuglsang et al., (2003)  

reported that ingestion of milk fermented with L. helveticus provokes a decrease of the 

response to an intravenous injection of angiotensin-I in unconscious normotensive rats, 

whereas the response to bradykinin was increased, confirming the inactivation of ACE 

(Fuglsang et al., 2003).  

 

In conclusion, the reduction in systolic BP of rats fed FC was 40 % (120 mmHg) and 

diastolic BP was 30 % (65 mmHg) compared to BP before treatments, and this is 

effectively a normalisation of blood pressure. In comparison, the groups fed NC and 

NFC had elevated SBP and DBP (220 mmHg /150 mmHg) and (220 mmHg /140 

mmHg) respectively. Further studies are necessary to demonstrate the absorbance of 

these peptides, and confirm that the mechanism underpinning the normalisation of 

blood pressure is due to a decrease in ACE activity in blood vessels. During the 

experimental period, there were no physiological side effects or toxicity from peptides 

on SHR (Health monitoring form in Appendixes-II). Further analyses in future is  

needed to measure the percentage of ACE-I activity peptides in rats’ blood and tissue to 

understand the mechanism theory of ACE- inhibition peptides activities. 
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Figure 7.2 Decrease in  systolic (A) , diastolic (B), mean arterial blood pressure (C) and 
Heart rate (D) of SHR Blood pressure lowering effect after oral administration of 
fermented skim milk containing peptides (FC), comparing  with skim milk powder as 
control 1 (NFC), and diets  Rats Chow as control 2 (NC). Data points are the mean ± 
SEM.  ** indicate significant differences between group treatments (P < 0.05). No 
significant differences were found in first 5 weeks administration for all the groups. 
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The heart rate of the FC-treated group was lower (P < 0.05) than that of the other two 

control groups (Figure 7.2D), whereas there were no significant differences between 

groups fed control diets. Also, it was noted that there were no significant differences (P 
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< 0.05) between the three groups during the initial five week period (Figure 7.2D). 

However, there were significant (P < 0.05) differences of heart rate averages between 

treatment groups fed by peptides extract (FC, 290 beats/min) and the two control groups 

(NC and NFC, 432 and 460 beats/min, respectively) at the end of experiments, while the 

normal heart rate for rats is between (300 - 400 beats/min). It has been reported that 

heart rate was lowered after taking a dose of 240 mg/kg b.w. and 1200 mg/kg b.w. of 

peptides generated from fermented whey protein which can reduce cardiac stress (Liu et 

al., 2013; Wang et al., 2012). Gillman et al. (1993) stated that heart rate averages may 

be an independent risk factor for cardiovascular death in persons with hypertension. As 

heart rate increases there is a significant increase in oxygen consumption per beat 

(Gillman et al., 1993). The increased myocardial oxygen consumption associated with 

augmented heart rate leads to an increase in myocardial load and cardiac stress (Boerth 

et al., 1969).   

 

7.5 Conclusion 

These results show that there were positive effects of the peptides in reducing blood 

pressure in SHR. The elevated BP gradually decreased to a normal level (P < 0.05) from 

six to ten weeks in the FC group, compared with the other two control groups (P < 0.05) 

which remained hypertensive. While body weight was lower in the FC group, this could 

not be attributed to a change in energy consumption (P < 0.05). In vitro, the ACE-

inhibitory activities of the experimental feeds (FC) were ~95.5 %.  The control diets did 

not show any ACE-inhibitory activity. We can conclude that diets supplemented with 

peptides extracted from fermented skim milk exhibited potent antihypertensive effects 

in spontaneously hypertensive rats that normalised blood pressure. In addition, there 

was a significant reduction in body weight that may be as a result of increased 

metabolic rate due to inhibition of angiotensin converting enzyme activity. 
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8.1 Introduction  

Fermented milk product is defined as a dairy product which, during the fermentation 

process, has its nutritional aspects as well as its physical and chemical sensory 

characteristics changed (World Health Organisation, 2002). This process is a result of 

the activities of lactic acid bacteria (LAB) that use milk as substrate as their main 

carbon source and growth factors (Oliveira et al., 2002). Numerous LAB used in the 

production of fermented milk products are considered as probiotics.  Probiotics have 

been defined as ‘live microorganisms that when administered in adequate amounts 

confer a health benefit on the host’ (Saxelin et al., 2003). The scientific understanding 

in the field of probiotic bacteria and the processes of bacterial fermentation are 

improving. The genera of bacteria and dairy yeasts commonly used as probiotics are 

able to hydrolyse dairy proteins and carbohydrates to produce different types of 

fermented dairy products (Abbas, 2006; Ramesh. Chandan, 2013). Hydrolysed dairy 

proteins have several benefits over non-hydrolysed proteins as they have developed 

functionality in the food matrix and are rich sources of bioactive peptides (Hernández-

Ledesma et al., 2011). Bioactive compounds in foods provide physiological benefits 

including reduced blood pressure (Chen, Remondetto, & Subirade, 2006; Chen et al., 

2014; Pihlanto & Korhonen, 2015). Milk proteins have long been considered as an 

essential source of amino acid, and a potential media for the production of biologically 

active peptides (Hernández-Ledesma et al., 2011). There have been different processes 

employed to release bioactive peptides in short-time fermentation; some of which have 

used a stirred bioreactor system (Sodini et al., 1998; Stressler et al., 2013; Yadav et al., 

2014).  Furthermore, various bioactive peptides have been isolated from hydrolysates of 

casein, which include opioid agonists and angiotensin-converting enzyme inhibitor 

(ACE-I) peptides (Miyauchi  et al., 1997; Gill et al., 2000; Ahtesh et al,. 2016). Peptides 

derived from milk fermentation appear to survive gastrointestinal digestion and have 

been identified in faeces (Ganjam et al., 1997; Gill et al., 2000). Among LAB, L. 

helveticus (Lh) has been reported to have high proteolytic activity (Yamamoto et al., 

1999; Luoma et al., 2001; Griffiths & Tellez, 2013; Ahtesh et al., 2016) and has been 

used for milk fermentation, usually in cheese processing. These processes require long 

fermentation time to obtain the curd (Prevost & Divies, 1987). One of these processes is 

cell bioreactor technology, and this has been proposed for the continuous inoculation 

and acidification of fermented milk products (Prevost & Divies, 1987; Stressler et al., 

2013; Yadav et al., 2014).  An immobilised cell bioreactor may also be used to 
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inoculate and acidify milk simultaneously because of the growing activity of the 

immobilized culture and the resulting cell release into the bulk media ( Prevost & 

Divies, 1987; Passos & Swaisgood, 1993; Sodini-Gallot et al., 1995). Bioreactor 

technology has optimal microbiological stability and a massive inoculation of milk with 

the starter culture of > 108 cfu mL-1 bieng observed (Sodini-Gallot et al., 1995). 

Continuous inoculation and milk acidification using four strains of mesophilic LAB that 

had been separately entrapped had very high productivity and good microbiological 

stability when operated with milk (Lacroix, 2005; Sodini-Gallot et al., 1995). 

Productivity increased further by 70 % when pH was controlled at 6.4 by adding fresh 

milk than when pH was controlled at 6.2 (Sodini et al., 1998). 

 

Generally, dairy products, particularly fermented milks, are the most popular vehicles 

for delivery of bioactive peptides to the body due to their good compatibility, pleasant 

and attractive sensory profiles as well as high consumption around the world (Granato 

et al., 2010; Mohammadi & Mortazavian, 2011). However, bitterness of enzymatic 

hydrolysate may limit the use of these products (Favaro-Trindade et al., 2010; 

Spellman, O’Cuinn, & FitzGerald, 2009).  Sensory evaluation is a method that provides 

integrated direct measurements of perceived intensities of target attributes (Bleibaum et 

al., 2002). The traditional method of evaluating the bitterness of fermented milk 

products is by sensory analysis using a human taste panel (Newman et al., 2014). 

Physicochemical characteristics have been used previously as predictors for bitterness in 

fermented foods, such as measuring poly- phenol content by HPLC analysis or by 

measuring peptide size and hydrophobicity using Urea-PAGE and RP-HPLC (Fallico et 

al., 2005; Newman et al., 2014). The consumption of fermented milk is widely 

associated with the presence of LAB due to their desirable sensory characteristics 

promoted by these microorganisms and the associated health benefits to the consumer. 

To the best of the author’s knowledge, this work is the first to investigate the efficiency 

of agitation on ACE-I bioactive peptides by combination of Lactobacillus helveticus 

and Flavourzyme® using bioreactor. Therefore, the aims of this study were, (i) to reduce 

the bitterness of the fermented product by adding flavour and sucrose at the end of the 

fermentation processes and, (ii) to evaluate the chemical and sensory characteristics of 

the product using trained panellists. Furthermore, author’s aim was to increase casein 

hydrolyses of fermented skim milk (SM) drink product in short fermentation time using 

a stirred bioreactor.  
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8.2 Material and Methods 

8.2.1 Materials and Chemicals   

Skim milk powder was obtained from (Murray Goulburn Co-operative Co. Ltd., 

Brunswick VIC Australia and United Milk Tasmania Ltd., TAS Australia), food acid, 

nature colour and flavour (Natural Strawberry, Flavouring Essence) were purchased 

from a local supermarket ( Werribee, Victoria Australia), while MRS broth and sucrose  

were purchased from Oxoid (West Heidelberg, Vic Australia). Flavourzyme® 

[Flavourzyme®1000 L (EC 3.4.11.1, an amino peptidase with an activity of 1000 

Leucine Amino-peptidase (LAPU g-1) as quoted by Novozymes Australia] was 

purchased from Novozymes Australia, North Rocks, NSW, Australia, Lactobacillus 

helveticus ASCC 881315 strain was obtained from Dairy Innovation Australia Ltd.       

20-Litres of bioreactor system was from (Bio-Stat® A plus, Germany). Bradford 

Reagent and Standard Bovine serum albumin (BSA) were purchased from Sigma 

Chemical Company, St Louis, MO, USA.  

 

8.2.2 Ethics procedure  

This study was approved by the Human Research Ethics Committee (HRECs) of 

Victoria University, under application ID number HRE 13-079, for the conduct of 

sensory evaluation. All participants signed consent forms before taking part in the 

sensory test (Appendix III).  

 

 8.2.3 Bacteria storage, culture conditions and propagation  

The propagation was observed for Lh strain in RSM as described in section 6.2.2. 

 

8.2.4 Preparation of Fermented skim milk drink  

Reconstituted skim milk (RSM 12 %) was prepared by mixing skim milk powder (SMP; 

Murray Goulburn Co-operative Co. Ltd., Brunswick VIC., Australia) in distilled water 

(20 Litters) total volume, and pasteurised at 90°C for 20 min. The media was then 

inoculated with a combination of L. helveticus (1 % level) and Flavourzyme® (0.14 % 

w/w) (Novozymes Australia, North Rocks NSW Australia) and incubated at 37°C for 12 

h with agitation. Flavourzyme® was added to improve proteolysis in milk. After the 

fermentation process, the samples were heat treated at 85°C for 20 min in water bath to 

kill and inactivate probiotic bacteria and enzyme activities. The product was cooled to 

room temperature, and strawberry flavour and sugar were added. 
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8.2.5 Bioreactor assay of low fat skim milk to increase the ACE-I% activity 

Bioreactor assay was used for the preparation of fermented RSM as described in section 

6.2.2.1. 

 

 8.2.6 Measurement of bacterial growth  

Growth was assessed every 4 h up to 12 h during fermentation in 12 % RSM as 

described in the procedure in section 3.2.3. 

 

8.2.7 Determination of proteolytic activity 

Proteolytic activity during fermentation was determined according to the procedure 

described in section 3.2.5. 

 

8.2.8 Determination of ACE-Inhibitory activity 

ACE- inhibitory activity was measured according to the procedure described in section 

3.2.6. 

 

8.2.9 Chemical Measurements 

Protein content of samples, ash and moisture, were examined according to the 

Association of Official Agricultural Chemists (AOAC) International (1995) methods. 

For protein concentration, the Bradford method (Bradford, 1976) was used. Three mL 

Bradford Reagent (Sigma) and 0.1 mL protein sample were added to a test-tube and 

vortexed to mix. The sample was then incubated at room temperature for 25 min and 

absorbance was measured at 595 nm using a Pharmacia spectrophotometer (LKB 

Novaspec II, LKB Biochrom St Albans U.K). Ash and total solids content were 

obtained using the muffle furnace method; approximately 5 g of fermented RSM was 

placed in a stainless steel crucible and evaporated to dryness in an oven at 100°C. The 

dry sample was placed in a muffle furnace at 550°C for 16 h, until it was free of carbon. 

Once ash temperature was the same as room temperature, the crucible containing the 

ash was weighed and the results calculated using the equation below: 

Ash % =
weight of residue x100

weight of sample
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All samples were in triplicate using the same equipment and conditions. For pH 

measurements, a calibrated digital pH meter (Meter Lab, Pacific Laboratory Products, 

and Blackburn Victoria Australia) was used.   

The percentage moisture content was determined by the oven-drying method at 102°C, 

using the equation according to the AOAC (1998): 

Moisture % =
A − B − C X 100

D
 

A= Sample and dish weight/g 
B=Blank average/g 
C=Empty dish weight 
D=Sample weight/g 
 

 

8.2.10 Sensory analyses of the fermented skim milk drink 

Sensory properties of the fermented skim milk and control batches were assessed by 20 

trained  panellists recruited from staff members and students from the College of Health 

and Biomedicine at Werribee campus, Victoria University. The panellists were first 

trained for perception of flavour by giving them standard solutions of lactose 5 %, for 

sweetness judgement (normal sweetness) and 0.19 g/dl L-leucine for bitterness (extreme 

bitterness).  They were presented with samples coded as (A) fermented skim milk drink 

containing peptides (FSMP) (Appendixes III); (B) final product of fermented skim milk 

containing peptides and 5 % sucrose (FSMPC) (to mask the bitterness) and (C) 15 % 

sucrose with 5 % strawberry flavor and aroma, FSMPCF; (D) Reference fermented milk 

commercially available-Yakult as control 1; and (E) unfermented skim milk (UN.F.SM) 

as control 2. The lighting and environmental conditions for the test were in accordance 

with international standards (Standard 8589; ISO, 1988). Samples in 30 mL white 

plastic cups coded with three digits at room temperature (~25°C), were presented to 

each panellist. Water and crackers were given to panellists for palate cleansing between 

samples allowing 15-min breaks between sessions. Panellists were advised not to 

swallow the product. Each panellist evaluated four samples for flavour (bitterness), 

texture, colour, and appearance, using a 10-point hedonic scale (0 = dislike extremely to 

10 = like extremely) and compared them to the two controls. The test was repeated three 

times over the next three weeks as replicates.  
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The results of this assessment will help the researchers understand how fermentation 

has influenced texture, flavour and aroma of fermented skim milk containing peptides 

and an insight into how to develop a product accepted by consumers. Three sensory 

evaluation sessions in 3 weeks were performed by the same group of panellists in order 

to assess the acceptability of the products compared to the controls as affected by 

supplementation with sucrose and/or peptides. The scores were analysed statistically 

using one-way ANOVA test.  

 

8.2.11 Statistical analysis 

All data were expressed as mean values of three replicates with standard deviation.  

One-way ANOVA was performed to investigate the significant differences in the 

treatments; by Minitab 16 software. The level of significance was tested at P < 0.01. 

The test was used to investigate significant differences among the treatment means. 

 

8.3 Results and Discussion 

8.3.1 Efficiency of mechanical agitation on ACE-I peptides activity, proteolytic 

activities, growth and pH 

Several studies on Lactobacillus species have focused on the enhancement of lactic acid 

and biomass production using bioreactor rather than on bioactive peptides production 

(Bury, Hajsmanova, & Jelen, 2000; Altiok, Tokatli, & Harsa, 2006; Tobajas et al.,  

2007).  This study reports on the development of an efficient fermentation process, with 

respect to effect of agitation, along with ACE-inhibition (ACE-I) peptide activity 

production during the 12 h fermentation and strategies like fed-batch and semi-

continuous fermentation in the 20 L bioreactor (Parente & Zottola, 1991; Bury, 

Hajsmanova & Jelen, 2000).  

 

The effect of using a bioreactor on skim milk fermentation with the combination of Lh 

881315 and Flavourzyme® was compared to traditional fermentation presented in 

(Figure 8.1). There were sharp increases (P < 0.01) in ACE-I activity using stirred 

bioreactor between 0 and 2 h fermentation (~ 60 %) correlated to the protein 

hydrolysates (Figure 8.3) and compared to the traditional fermentation method in the 

same fermentation time (~10 %). This may due to the mechanical process of the 

bioreactor that has led to the improvement at the casein hydrolysis. ACE-I activity 

between 4 h and 12 h fermentation increased further from 60 % to 95 % at pH 3.5 using 
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stirred bioreactor, whereas ACE-I activity using traditional fermentation was 82 % at 12 

h fermentation  and the pH was 4.9 (Figure 8.1).  This could be attributed to self-

digestion of the enzyme (Lin et al., 1997).  However, it has been reported that casein 

may act as a protecting agent against self-digestion and subsequent loss of enzyme 

activity (Boudrant & Cheftel, 1976). Results show that mechanical treatment in 

bioreactor actually aided membrane damage to bacteria and resulted in greater 

accessibility of enzyme hydrolyses of substrates and consequently yielded higher 

peptide production (Choonia & Lele, 2013; Stressler et al., 2013).  The suggested 

concentration for probiotic bacteria providing health benefits was at least log 6 CFU mL-

1 of a product during its shelf life (Shah, 2000; Betoret et al., 2003). Probiotic fermented 

skim milk drink revealed populations of Lh of  log 6 cfu mL-1 using bioreactor 

fermentation at 37°C during 12 h, whilst log 5.6 cfu mL-1 during 12 h with a traditional 

fermentation (Figure 8.2). There was an increase in growth during 12 h fermentation in 

both methods (agitation and non- agitation) with significantly higher growth in the 

agitated system (P < 0.01) (Figure 8.2).  The growth correlated with a drop in pH 

measured during fermentation and was  due to the lactic acid production which 

increased between 2 to 12 h fermentation in the bioreactor (pH dropped from ~ 6.5 to ~ 

3.9 at 12 h) (Figure 8.2). There was no significant decrease in pH in the fermentation 

without agitation during the first 6 h; however, there was a significant decrease in pH 

between 6 - 12 h fermentation time (P < 0.01) (Figure 8.2). Overall, the bioreactor 

system hydrolyses with improved ACE-I activity in a shorter fermentation time 

compared to the traditional fermentation.  
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Figure 8.1 Comparison was between Bio-reactor fermentation system and the 
traditional fermentation (without agitation) of 12 % RSM by combination of L. 
helveticus 8801315 and Flavourzyme® at 37°C. 
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Figure 8.2 Effect of Bio-reactor fermentation system (solid line) on pH value and 
Bactrial growth of 12 % RSM by combination of L. helveticus 8801315 and 
Flavourzyme® at 37°C, compared with traditional fermentation (without agitation; 
dotted line). 
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Figure 8.3 The proteolytic activity of L. helveticus 8801314 combined with 
Flavourzyme® at 37°C using Bioreactor system compared with traditional fermentation 
without agitation. 
 

 

8.3.2 Chemical measurements 

The nutritional ingredients of low-fat fermented SM drink compared to unfermented 

SM and commercial dairy product (Yakult) are shown in (Table 8.1). The ash content, 

sugar, moisture and protein were not significantly different between fermented RSM 

containing peptides compared to Yakult, whereas results of fermented SM drink were 

significantly different (P < 0.05) from untreated SM. Similarly, the use of  

Lactobacillus plantarum to ferment 10 % SM for 8 h at 37°C (Souza et al.,  2013)  were 

reported. Most analyses involving the development of milk-based fermented beverages, 

like fermented milk, yoghurts and milk drink, have reduced content or even absence of 

fat (Thamer & Penna, 2006; Venturoso et al., 2007).  Overall, there is similarity 

between  commercial dairy product (Yakult) compared to fermented SM drink; 
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however, the protein content was less in fermented SM drink (0.1/100g) compared to 

Yakult (1.9/100g) due to the protein hydrolyses during the fermentation process (Table 

8.1). In general, most of the nutrition ingredients specially  Total minerals of fermented 

drink have been declined into the about half compared to the untreated skim milk 

powder and reconstituted skim milk due to the bacterial strains consumed it for growth.   

 

Table 8.1 Nutrition ingredients of the developed low fat fermented skim milk drink by 
combination of L. helveticus 8801315 and Flavourzyme® compared with skim milk 
powder, reconstituted skim milk and Yakult as commercial products containing 
probiotic strains. 
 

 

8.3.3 Sensory analyses  

In these studies, sensory evaluation was fundamental to observe the behaviour of 

different types of SM drinks before and after the fermentation process. As such, the 

addition of sucrose that characterises the resulting products in relation to appearance, 

flavour, taste and ⁄ or texture, during their shelf-life, beyond verifying the acceptability 

by consumers was key to the evaluation. Comparisons of samples were conducted by 

means of sensory evaluation using the hedonic scale (Lawless & Heymann, 1999). 

Sensory evaluations were carried out after 12 h fermentation time at 37°C and cooled to 

5°C.  Twenty trained Panellists were asked to taste and compare three different 

fermented SM drink samples; fermented SM drink containing peptides (FSMP), 

fermented SM drink containing peptides and 5 % sucrose (FSMPC), and fermented SM 

drink containing peptides and 15 % sucrose with 5 % flavor (FSMPCF). Yakult and 

unfermented SM (UN.F.SM) were used as controls. The attributes described were 

bitterness, flavour and texture compared to the control samples (Figure 8.4).  It has been 

reported that the production of quality of fermented milk products depends on the 

proteolytic activity of the strains used, since the amino acids and peptides formed have a 

Ingredients  Skim milk 

powder 

(12%)   (RSM)  Fermented RSM 

(final product) 

Yakult 

(control) 

Protein/100g 3.5±0.01 3.2±0.14 0.1±0.29 1.9±0.75 

Fat/100g 0.1±0.06 0.01±0.05 0.01±0.09 0.1±0.96 

Moisture (%) 3.00±0.21 88±0.54 89.9±0.01 82.4±0.02 

Total minerals (%) ash 0.8±0.28 0.8±0.43 0.4±0.03 0.3±0.04 

Sugar (%)/100g 5.3±0.043 0.62±0.07 15±0.17 16±0.01 
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direct impact on flavour (Williams & Banks, 1997). In addition, a study reported that 

bitterness was generated by peptides containing phenylalanine (Akira Kawakami, 

1995). There was a significant difference (P < 0.05) verified between the initial and 

final mean values of the attributes: flavour, bitterness, appearance and overall 

acceptance of the product (Figure 8.4 A).  

 

Adding flavor and aroma are considered to be important parameters for consumer 

acceptance (Williams & Banks, 1997).  Koksoy & Kilic., (2004) reported that the 

addition of fruit flavor and sugar can mask the sour taste in the formulations of 

fermented dairy products.  Only FSMCPF was noted as having small, visible 

differences in texture and appearance compared to untreated SM.  Four from 20 

panellists were able to accept the bitterness test of fermented SM containing peptides 

without flavor.  Eighteen panellists preferred Yakult and FSMCPF, with no differences 

between them being reported. Hence, the addition of adding 15 % sucrose and 5 % 

flavour to fermented SM positively affected the product and masked the bitter taste.  

The acceptability of 5 samples were significantly different, whilst there were no 

significant differences of the acceptability between 15 % sucrose FSMPC and Yakult as 

control (P < 0.05).  However, there were significant differences (P < 0.05) in 

acceptance, bitterness, texture and appearance of FSMPC compared to Yakult (Figure 

8.4 B). UN.F.SM and un-flavoured fermented SM was not preferred.  Similarly, what 

was observed in the present study for the fermented SM drink, on addition of sweetness 

(sucrose) in the fermented dairy products, has been shown to be related with 

improvement of sensory behaviour. In fact, fermented milk products by L. casei subsp. 

rhamnosus LBC 80 combined with Lactococcus lactis subsp. lactis and one strain of 

Lactococcus lactis subsp. cremoris produce positive sensory changes in relation to 

texture and flavour in low-fat cheese, when compared with control unfermented low-fat 

cheese (Katsiari et al., 2002). In addition, Menendez et al., (2000) obtained 

improvement of sensory parameters of cheeses by the reduction of bitter taste, in 

relation to control.  

 

Generally, markets for functional dairy products have reached a significant level and are 

expected to grow in the future. However, it is important to point out that the maximum 

expressions of the real functional properties of these products must be reconciled with 

the sensory acceptance of the dairy that is being developed (Castro et al., 2004).  
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Several dairy products were tested as vehicle of probiotic cultures, which showed 

functionally and sensorial appropriateness (Oliveira et al., 2002).  According to these 

results, the acceptable sensory quality and the nutritional and health claims may be used 

for the promotion of the products and increasing the marketing appeal of functional 

dairy products. 
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Figure 8.4 A graphic representation of the mean of sensory evaluation by quantitative 
descriptive analysis (QDA) of unfermented skim milk (UN.F.SM ) as control, 
commercial product Yakult () as control 2 and (A)  fermented low fat skim milk drink 
containing 95.5 % peptides, FSMP ( ), fermented low fat skim milk drink containing 
peptides and 5 % sucrose FSMPC ( ) (B), and (C) fermented low fat skim milk drink 
containing peptides and 15 % sucrose with 5 % flavor, FSMPCF( ). 
 

 

8.4 Conclusion 

The efficiency of a bioreactor was improved with mechanical agitation during 

fermentation and resulted in increased cell viability and ACE-I activity from 90.3 % to 

95.5 %, using L. helveticus 8801315 and Flavourzyme®. Fermented skim milk 

containing bioactive peptides was developed with acceptable sensory characteristics. 

However, increased acidity, as well as bioactive peptides, led to increased bitterness of 

the fermented skim milk drink. The addition of 15 % sucrose and 5 % strawberry 

flavour provided positive changes to the fermented product in terms of being accepted 

by consumers.  
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Chapter 9    Overall Conclusions and Future Research 
Directions 
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9.1 Overall Conclusions 

RSM was a better growth promoter of probiotic bacteria than WPC.  In fact, all strains 

were capable of growing well in RSM due to their proteolytic activities which resulted 

in increased ACE-inhibition activity, compared to WPC. When strains were incubated 

in combination with protease in RSM, the proteolytic and ACE-I activities of Lc210, 

Bb12, Lb11842, La2410 were higher in RSM media compared with WPC media. Bb12 

and La2410 demonstrated higher ACE-inhibitory and proteolytic activities compared to 

Lb11842 and Lc210. The supplementation of media with Flavourzyme® increased 

proteolysis and thus production of ACE-I peptides of all four bacterial strains. 

Flavourzyme® supplementation of media reduced fermentation time from 12 h to 8 h. 

The increase in growth translated to the corresponding decrease in pH value. 

 

Differences in the production of ACE-I peptides by L. helveticus  (Lh 881315, Lh 

881188, Lh 880474 and Lh 880953) varied between the strains due to differences in 

proteolytic activity.  Casein-rich RSM supported higher growth of L. helveticus strains, 

higher proteolytic activity and higher production of ACE-I peptides. Beneficial effects 

of protease supplementation were more pronounced in the first 8 h of fermentation. The 

highest proteolytic and ACE-I activity was observed for Lh 881315 combined with 

Flavourzyme® in RSM. In fermented RSM, enhanced proteolytic activity by probiotic 

organisms and protease improved the production of ACE-I peptides, which, in turn, 

caused appreciable in vitro ACE-I activity. 

 

The combination of LAB strains with Kluyveromyces marxianus LAF4 (K. marxianus) 

led to reduced bacterial growth and ACE-I activity after 8 h fermentation most likely 

due to alcohol production compared to LAB separately. It was suggested that the K. 

marxianus or LAB preferred separately to release more ACE-I peptides in fermented 

dairy products other than in combination forms.  

 

The selected strains produced a range of bioactive peptides with varying degrees of 

ACE-inhibition.   In this study, has been successfully identified 133 peptides with 99 % 

confidence from two fractions (F1 and F6). The highest ACE-I activity was in F6 (90.31 

% with IC50 0.01 mg mL-1). The most potent ACE-I peptides found in this hydrolysate 

corresponded to FFVAPFPGVFGK, GPVRGPFPIIV, and LHLPLPLL and showed 

significant antihypertensive activity. 
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Elevated blood pressure (BP) of spontaneously hypertensive rats (SHR) fed with 

peptide extraction gradually decreased to normal levels in six to ten weeks for the rats 

group, compared with the other 2 control groups, which remained hypertensive. While 

body weight was lower in the FC group, it could not be attributed to a change in energy 

consumption. The control group’s feed did not show any effects on SHR blood pressure. 

Feeding diets supplemented with peptide extract from fermented skim milk drink 

exhibited potent antihypertensive effects on SHR blood pressure. There was a 

significant reduction in body weight that may be a result of increased metabolic rate due 

to inhibition of angiotensin converting enzyme activity. 

 

The efficiency of a bioreactor improved with mechanical agitation during fermentation 

and resulted in increased cell viability and ACE-I activity from 90.3 % to ~95.5 % using 

L. helveticus 8801315 and Flavourzyme®. Fermented skim milk containing bioactive 

peptides was developed with acceptable sensory characteristics. However, increased 

acidity as well as bioactive peptides led to increased bitterness of the fermented skim 

milk. The addition of 15 % sucrose and 5 % of natural strawberry flavour proved more 

acceptable to consumers in terms of flavour.  

 

9.2 Future Research Direction 

The project results showed that probiotic organism (Lactobacillus helveticus 881315) 

used in this research released more bioactive compounds (peptides) in combination with 

Flavourzyme® during fermentation of low-fat skim milk in a bioreactor system. This 

research finding has raised some important questions that need to be addressed in future 

research studies which can be classified under two major areas of research:   

 

A) Stability, mechanism of the ACE-I peptides and human trials,  

 

B) Large scale production of biologically active peptides and the potential use as 

nutraceutical additives in functional foods. 
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