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Abstract:



Dietary proteins possess a wide range of nutritional and functional properties. They are used as a source of energy and amino acids, which are needed for growth and development. Many dietary proteins, especially milk proteins, contain physiologically active peptides encrypted in the protein sequence. These peptides may be released during gastrointestinal digestion or food processing and once liberated, cause different physiological functions. Milk-derived bioactive peptides are shown to have antihypertensive, antimicrobial, immunomodulatory, antioxidative and mineral-binding properties. During the fermentation of milk with certain lactobacilli, two interesting tripeptides Ile-Pro-Pro and Val-Pro-Pro are released from casein to the final product. These lactotripeptides have attenuated the development of hypertension in several animal models and lowered blood pressure in clinical studies. They inhibit ACE in vitro at micromolar concentrations, protect endothelial function in vitro and reduce arterial stiffness in humans. Thus, milk as a traditional food product can after certain processing serve as a functional food and carry specific health-promoting effects, providing an option to control blood pressure.
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1. Introduction


Hypertension affects up to 30% of the adult population in most countries [1]. It is a known risk factor for cardiovascular diseases, including coronary heart disease, peripheral artery disease and stroke. Because of high prevalence and severe consequences, hypertension poses an important, world-wide health challenge. Any reduction in blood pressure, however small, is meaningful; systolic blood pressure (SBP) reduction of 10–12 mmHg and diastolic blood pressure (DBP) reduction of 5 mmHg may reduce the risk of stroke by 40%, coronary heart disease by 16% and all-cause mortality by 13% [2].



Besides pharmacological therapy, nutritional factors play a significant role in the prevention and treatment of hypertension. Dietary efforts to decrease saturated fat and sodium and increase potassium, calcium and soluble fiber intake affect positively blood pressure [3]. Although drug therapy is needed for most hypertensive patients, changes in diet and lifestyle (physical activity, weight reduction, smoking cessation) may be enough for some people with mild hypertension to decrease the blood pressure to the desired level. To enhance preventive and early treatment, a new classification of hypertension was established in 2003. Individuals with a blood pressure between normal levels and established hypertension (SBP 120–139 mmHg and DBP 80–89 mmHg) are now categorized as having ‘prehypertension’ [4].



Prevention of diseases may in the future be just as important as treatment of diseases. Interest on the possible health-promoting properties of food is increasing and more and more research is targeted at the search for new biologically active compounds in different food products. Milk and dairy products have traditionally been an important part of human nutrition. Milk is a good source of protein and essential amino acids, minerals and vitamins (especially calcium, magnesium, zinc, vitamin A and vitamin B12) [5]. However, fatty acid profile of non-modifiable milk is not favourable; approximately 75% of total fatty acids in milk are saturated [6].



Milk protein is cleaved to small peptide fragments during dairy processing or gastrointestinal digestion. These peptides have been shown to possess different physiological activities, such as antihypertensive, antimicrobial and immunomodulatory effects. The most studied bioactive peptides at present are those inhibiting angiotensin-converting enzyme (ACE). ACE, as a part of the renin-angiotensin system (RAS), has an important role in the regulation of blood pressure by converting angiotensin I to a potent vasoconstrictor, angiotensin II, which induces the release of aldosterone and therefore increases the sodium concentration and blood pressure further. By inhibiting ACE or by other, still poorly known mechanisms, milk-derived peptides have been shown to lower blood pressure in animal and clinical studies. In this review we give an overview of the milk-derived antihypertensive peptides, and based on animal and clinical studies, critically evaluate their usefulness in the prevention and treatment of hypertension.




2. Milk and Blood Pressure


Epidemiological studies have suggested that consumption of dairy products is inversely related to the risk of hypertension. The first National Health and Nutrition Examination Survey (NHANES I) showed that low consumption of milk products was related to high blood pressure [7]. Intake of dairy products, particularly low-fat products, has consistently been associated with lower blood pressure levels and reduced risk of hypertension also in other observational studies. A nine years’ follow-up study of 6,912 white, nonhypertensive men and women showed that subjects consuming three or more servings of low-fat milk per day had lower increase of blood pressure compared to those consuming less than one serving per week [8]. Also a prospective cohort study, in which 28,886 middle-aged and older (≥45 years) US women without baseline hypertension were followed for 10 years, found that intake of low-fat dairy products was inversely associated with risk of hypertension [9]. In addition, a longitudinal 12-month analysis of PREDIMED trial participants (men and women aged 55–80 and 60–80 years, respectively, at high cardiovascular risk) and their diet showed the inverse association of low-fat dairy products and blood pressure [10]. Interestingly, a prospective study of 3,157 young adults (18–30 years) followed for 10 years found that the incidence of elevated blood pressure was inversely associated with total dairy food intake, if subjects had body mass index (BMI) ≥ 25 but not in normal weight subjects [11].



The association of dairy consumption and blood pressure has been shown also in intervention studies. The famous Dietary Approaches to Stop Hypertension (DASH) trial with 459 normotensive or mildly hypertensive subjects showed that a diet rich in fruits, vegetables and low-fat dairy products lowers blood pressure significantly [12]. This combination diet (DASH diet) decreased SBP and DBP by 5.5 and 3.0 mmHg, respectively, more than the control diet whereas a diet containing fruits and vegetables alone produced blood pressure reductions of roughly half of this. However, other dietary alterations (e.g., reduced saturated fat) were also incorporated into the DASH diet, so the greater reduction in SBP cannot be ascribed to the milk products only. Nonetheless, other intervention studies have as well demonstrated a relationship between the intake of milk products and reduction in blood pressure [13,14,15].



2.1. Minerals


Milk is rich in potassium, magnesium and calcium [5]. A meta-analysis of 33 randomized controlled clinical trials (total 2,609 subjects) showed that increased intake of potassium reduce SBP and DBP by 3.1 mmHg and 2.0 mmHg, respectively [16]. The blood pressure lowering effects of potassium has been shown to be more marked in hypertensive subjects [17]. There is also a considerable number of studies demonstrating the effect of calcium on blood pressure. According to a meta-analysis of 40 studies (2,492 subjects), calcium supplementation (mean 1,200 mg/day) decreased SBP by 1.9 mmHg and DBP by 1.0 mmHg [18]. Thus, electrolyte content may partly explain the inverse association of consumption of milk products and blood pressure. Milk is low in sodium and consequently favorable as concerns the need for the decrease of salt intake in controlling high blood pressure.




2.2. Protein


Most observational studies suggest that increased intake of protein is associated with lower blood pressure and attenuated blood pressure increase over time [19,20]. Interestingly, some studies show that the beneficial effect on blood pressure results from increased intake of protein from plant rather than animal sources [21,22]. Although the number of randomized, controlled clinical trials large enough is limited, mainly positive effects of protein intake on blood pressure have been reported [23,24,25].



Bovine milk contains about 32 g/l protein of which 80 % are caseins and 20 % whey proteins [26]. Caseins can be divided into α-, β- and κ-casein. The whey fraction contains α-lactalbumin, β-lactoglobulin and various other proteins (e.g., immunoglobulins, lactoferrin) in smaller quantities. Antihypertensive peptide sequences have been detected both from casein and whey fractions (see below).





3. Generation of Antihypertensive Peptides from Milk Protein


Although casein and whey have been shown to decrease blood pressure also as such [27], research has been focused on their degradation products, peptides. Peptides may be deliberated from their parent protein by enzymatic hydrolysis during gastrointestinal digestion, fermentation of milk with proteolytic starter cultures or hydrolysis by enzymes obtained from microorganisms [28]. If the structure of the peptide is known, it is also possible to synthesize peptides by chemical synthesis, recombinant DNA technology or enzymatic synthesis [29].



3.1. Gastrointestinal Digestion


Physiologically active peptides are produced from several milk proteins during gastrointestinal digestion [30,31,32]. Hydrolysis may occur in various stages after ingestion of the protein. In the gastrointestinal tract, ingested proteins are hydrolysed by proteinases such as pepsin, trypsin and chymotrypsin to produce peptides of various lengths. Some proteins may be resistant to proteinases and remain intact. Thereafter, some of the peptides are further digested at the surface of epithelial cells by brush-border peptidases to produce short peptides or amino acids. Peptides may express a variety of functions either at the gastrointestinal tract, at the intestinal epithelium or after systemic absorption into circulation (for a more detailed review, see [33]).




3.2. Fermentation of Milk with Proteolytic Starter Cultures


In the fermentation process of milk, bioactive peptides can be generated by dairy starter cultures, which show high proteolytic activity [34]. Lactic acid bacteria utilize milk protein, especially casein, as a source of amino acids for growth [35]. For example, Lactobacillus helveticus and Lactococcus lactis strains have been shown to produce bioactive peptides [36,37,38].




3.3. Enzymatic Hydrolysis


Gastrointestinal enzymes, such as pepsin and trypsin may be utilized to generate bioactive peptides from whole proteins [39]. Also enzyme combinations (e.g., Alcalase™) can be used [40]. As concerns live microorganisms, proteolytic enzymes of lactic acid bacteria may be isolated, purificated and used to produce bioactive peptides from casein of different species [41]. In functional food production, use of commercially available microbial-derived proteinases and ultrafiltration membrane reactors is cost-effective and increases product yields [42].





4. Occurrence of Antihypertensive Peptides in Dairy Products


Antihypertensive peptides have been found in processed dairy products (cheese, milk) without any intentional functional role [43]. Lactotripeptides isoleucine-proline-proline (Ile-Pro-Pro) and valine-proline-proline (Val-Pro-Pro) have been found from sour milk [37]. Also several cheeses from Swiss origin contain the same tripeptides [44]. The concentration of Ile-Pro-Pro and Val-Pro-Pro seems to increase in the course of ripening process, reaching 100 mg/kg after 4–7 months. Whey fraction of a yoghurt-like product was found to contain a dipeptide Tyr-Pro, which produced a significant antihypertensive effect in spontaneously hypertensive rats (SHR) [45].




5. Animal studies


5.1. Casein-Derived Peptides


The antihypertensive effect of milk casein-derived peptides was first demonstrated by casein hydrolysate formed by purified proteinase from L. helveticus CP790 and milk fermented with the same bacteria [46]. Acute blood pressure lowering effect after oral administration was observed in SHR but not in normotensive Wistar-Kyoto (WKY) rats. The authors concluded that the peptides deliberated from casein by extracellular proteinase were responsible for the antihypertensive activity. Thereafter, the same group showed that angiotensin-converting enzyme (ACE)-inhibitory substances were produced during fermentation of milk with L. helveticus and Saccharomyces cerevisiae [36]. After isolation, these ACE-inhibitory substances were identified to be Ile-Pro-Pro-and Val-Pro-Pro. The IC50-values were 5 and 9 µM, respectively. These amino acid sequences are found in the primary structure of bovine β-casein (74–76 Ile-Pro-Pro and 84–86 Val-Pro-Pro) and κ-casein (108–110 Ile-Pro-Pro). Oral administration of the previously described fermented milk or pure tripeptides were shown to produce strong antihypertensive effect in SHR after a single-dose [37]. It has been found later that IC50-values of Ile-Pro-Pro and Val-Pro-Pro can be even lower depending on the substrate concentration used in the in vitro experiments [47]. Also a third tripeptide, leucine-proline-proline (Leu-Pro-Pro) found from bovine β-casein (151–153), has been shown to inhibit ACE.



Thereafter, several animal studies have been conducted by us and others to further characterize also the long-term effects of lactotripeptides Ile-Pro-Pro and Val-Pro-Pro or fermented milk products containing them. In these studies, mainly SHR [48,49,50,51,52,53] but also salt-loaded type 2 diabetic Goto-Kakizaki (GK) rats [54] and double transgenic rats (dTGR) with malignant hypertension [55] have been used.



Nakamura et al. [49] showed that long-term feeding with diet containing 2.5% lyophilized sour milk inhibited the development of hypertension in SHR. Rats that had received sour milk in their diet for 16 weeks had 19 mmHg lower SBP at the end of the study compared to the control group. Lower SBP was found even after 48 h replacement of the sour milk diet by the control diet, suggesting also a long-lasting antihypertensive effect of the sour milk. In this study, ACE activity in aorta was found to be decreased significantly in the sour milk group.



Further evidence from the ACE-inhibition was gained from the study of Masuda et al. [56]. After receiving a single-dose of Calpis™ sour milk, ACE activity was decreased in SHR aorta significantly. Furthermore, tripeptides Ile-Pro-Pro and Val-Pro-Pro were detected by HPLC in the solubilized fraction from the abdominal aorta. Interestingly, tripeptides were detected from aortas of SHR but not WKY given the sour milk. As ACE activity was significantly higher in aortas of SHR compared to WKY, authors suggest that there may have not been sufficient amounts of ACE in WKY aorta to capture tripeptides so that they would retain in the aortic tissue to be detected in the HPLC analysis.



After the first findings concerning antihypertensive effects of lactotripeptides Ile-Pro-Pro and Val-Pro-Pro, Sipola et al. [50,51], Jauhiainen et al. [52,55] and Jäkälä et al. [53,54] have studied the long-term effects of these tripeptides and fermented milk products containing them in more detail. The development of hypertension has attenuated significantly in rats receiving Evolus®, a fermented milk product containing Ile-Pro-Pro and Val-Pro-Pro. The attenuation of systolic blood pressure has been 12–21 mmHg in SHR, 10 mmHg in high-salt fed GK rats and 19 mmHg in dTGR in comparison to control group. Pure tripeptides have not produced as strong antihypertensive effect as the milk products containing them [50,52]. Minerals (calcium, potassium) present in the milk product have likely contributed to the more pronounced antihypertensive effect. However, in the study of Jauhiainen et al. [52] minerals alone did not attenuate the development of blood pressure as much as the fermented milk product. The bioavailability of peptides may be better from milk in comparison to water and improved by other milk components.



Also a long-term treatment with fermented milk products containing Ile-Pro-Pro and Val-Pro-Pro has shown to have effects on renin-angiotensin-aldosterone-system. In SHR, plasma renin activity increased after treatment with tripeptides [51]. In addition, treatment with a fermented milk product containing both lactotripeptides and plant sterols decreased serum ACE activity [53]. Furthermore, in salt-loaded GK rats, lactotripeptide-containing fermented milk products decreased serum ACE and aldosterone levels [54].



It seems that the antihypertensive effect of lactotripeptides is dose-related, as shown in the study of Sipola et al. [51], where two fermented milk products containing different amounts of lactotripeptides were studied. Also if the treatment either with pure tripeptides or fermented milk product has been terminated, the blood pressure of treated rats has gradually increased to the same level as with the control rats [50].



Effect of long-term intake of lactotripeptides on vascular function has been assessed in several studies after the blood pressure monitoring has been completed [52,53,54]. In the study of Jauhiainen et al. [52], mesenteric arteries and aortas of rats that had received minerals and lactotripeptides showed improved endothelium-dependent relaxation. In the study with salt-loaded Goto-Kakizaki rats [54], endothelial function of mesenteric arteries was strongly impaired in all groups, but significantly improved endothelium-dependent relaxations were still observed after treatment with different fermented milk products. Also an in vitro study with isolated SHR mesenteric arteries showed protection of endothelial function after incubation with tripeptides Ile-ProPro and Val-Pro-Pro for 24 h [57].



Besides the most extensively studied lactotripeptides, also other antihypertensive peptides have been found from casein. Peptides obtained by enzymatic hydrolysis of casein with pepsin and corresponding to αs1-casein f(90–94) (RYLGY), αs1-casein f(143–149) (AYFYPEL) and αs2-casein f(89–95) (YQKFPQY) exerted antihypertensive activity after oral administration to SHR [58]. They also showed to inhibit ACE by IC50 values of 0.7, 6.6 and 20.1 µM, respectively. In addition, ß-casein f(133–138) peptide (LHLPLP), identified from milk fermented with Enterococcus faecalis, showed a significant antihypertensive effect in SHR [59].




5.2. Whey-Derived Peptides


In addition to casein-derived peptides, antihypertensive peptides have been found also from the whey fraction of milk protein. α-Lactorphin (Tyr-Gly-Leu-Phe) and β-lactorphin (Tyr-Leu-Leu-Phe) can be released from milk whey proteins α-lactalbumin and β-lactoglobulin, respectively, in enzymatic proteolysis by gastric and pancreatic enzymes [60]. Nurminen et al. [61] observed that α-lactorphin produced a transient, dose-dependent blood pressure lowering effect, which was abolished by a specific opioid receptor antagonist, naloxone. Both tetrapeptides improved arterial function in an in vitro study by Sipola et al. [62]. Another tetrapeptide from β-lactoglobulin, β-lactosin B (Ala-Leu-Pro-Met) showed strong antihypertensive effect in SHR as well [63]. Also a proteinase K-digested whey of cheese origin was shown to decrease blood pressure in SHR after single-dose administration [64]. From the digest, the peptide showing the strongest antihypertensive activity was found to be tripeptide Ile-Pro-Ala, originating from β-lactoglobulin. General therapeutic applications of whey proteins have recently been reviewed by Marshall [65] and Saito [66].





6. Clinical Studies


6.1. Casein-Derived Peptides


Recently, two meta-analyses on antihypertensive peptides derived from food sources have been performed [67,68]. Pripp [67] included 15 clinical trials in the analysis, of which 13 trials concerned milk-derived peptides. Casein-derived lactotripeptides Ile-Pro-Pro and Val-Pro-Pro were studied in 9 of them. Xu et al. [68] had 12 trials in the analysis and the intervention in all of them contained lactotripeptides.



Significant decreases of 4.8 mmHg in SBP and 2.2 mmHg in DBP were found in the meta-analysis of Xu et al. [68]. When a stratified meta-analysis of trials with lactotripeptides were performed in the study of Pripp [67], the result was very similar; 4.6 and 2.2 mmHg in SBP and DBP, respectively. All the trials included in these analyses had lasted at least 4 weeks and were performed in Finland or Japan. Based on the baseline values, all the subjects in the trials could have been regarded as prehypertensive or hypertensive [4]. These two analyses provided evidence that lactotripeptides Ile-Pro-Pro and Val-Pro-Pro have antihypertensive effects in prehypertensive and mildly hypertensive subjects.



However, after these meta-analyses several further clinical trials on lactotripeptide-containing products have been published [69,70,71,72,73,74,75,76]. Besides Finland and Japan, studies have now been conducted also in the Netherlands and Scotland. Five of these newer trials report hypotensive effects by treatment with lactotripeptides; SBP decreases of 3 mmHg [72], 6 mmHg [74,75] and as large as 16 mmHg have been observed [73]. However, Dutch studies by Engberink et al. [69], van der Zander et al. [70] and van Mierlo et al. [76] did not find any significant effect either on SBP or DBP by treatment with lactotripeptide-containing products.



The effect of lactotripeptides on blood pressure has been studied mainly in long-term clinical trials. However, van der Zander et al. [71] studied the acute hypotensive effect by following blood pressure over a period of 8 hours after ingestion of a lactotripeptide-containing milk product. A significant decrease of 2 mmHg in SBP was observed. Other studies have lasted for 4 to 21 weeks. As Xu et al. [68] reported in their review, the hypotensive effect of lactotripeptide-containing products becomes more obvious as the intervention is lengthened. Some trials of long duration have reported blood pressure values also during the intervention. When this data was gathered by Xu et al. [68], no significant blood pressure lowering effect was seen after 2 weeks’ of intervention, but already after 4 weeks the SBP had decreased by 2.2 mmHg, which differed significantly from the baseline values. The blood pressure lowering effect seems to be greater in patients with higher baseline blood pressure levels. Studies involving a follow-up period show that when the treatment is terminated, blood pressure returns gradually to the baseline within 2–4 weeks [77,78,79].



In contrast to the published data from animal studies in which lactotripeptides have shown clear antihypertensive effects in different hypertension models, human data is more contradictory. Because most of the clinical studies are carried out by or at least with industry, not all data concerning e.g., the product composition or manufacturing is available. This makes the critical evaluation of the findings difficult. However, some suggestions for these controversies will be discussed in the following.



Lactotripeptides have been given in several forms in different studies. In most clinical studies, the test products have consisted of sour milk prepared by fermenting skim milk with L. helveticus and/or S. cerevisiae. As a placebo regular sour milk or artificially acidified milk has been used. In some studies, test products have consisted of powdered fermented milk incorporated into tablets [80,81] or casein hydrolysate incorporated into capsules [82]. Also fruit juice has been used as a carrier [83]. In a recent study by Turpeinen et al. [75], lactotripeptides were given in a spread. Corresponding placebo products have been prepared but without the active ingredients. The components of a milk product may influence the peptide absorption, act directly on blood pressure (e.g., minerals) or contain other bioactive peptides in addition to Ile-Pro-Pro and Val-Pro-Pro. Therefore the results from different trials with different products are not directly comparable, especially when the effects on a biological variable are small.



The second point to be discussed is the dose. The lowest dose that has been shown to be effective in humans is 3.07 mg of lactotripeptides/day [83]. The highest tested dose has been 52.5 mg of lactotripeptides/day [84]. When capsules have been used, the dose is easy to be determined. However, when fresh, liquid products have been used, the concentrations of the peptides may vary, especially if regular product control during the long-term trial has not been conducted.



The third issue is blood pressure measurement; office, home or 24-hour ambulatory blood pressure registration. Even when the golden standard 24 h-measurement has been used, the analysis of the results and statistics used should be carefully evaluated also by the reader.



The fourth issue is the production process of the peptides. In clinical trials, test products have contained lactotripeptides produced by fermentation of milk by bacteria of different species or strains (e.g., L. helveticus LBK-16H or CM4) or hydrolysis by different enzymes (e.g., Aspergillus oryzae). It is clear that these various processes do not necessarily produce active components of the same kind and amount. Attention has often been paid only to Ile-Pro-Pro and Val-Pro-Pro and their analysis from the final product.



The number of the subjects in individual trials has been quite limited even when summarized for meta-analysis (n = 623 in the meta-analysis of Xu et al. [68], for example). Interestingly, the antihypertensive effect of the lactotripeptide products, although in some studies with quite high peptide doses, has been evidenced especially in Japan and Finland, but not e.g., in the Netherlands. Whether this is related to the, age, lifestyle or nutritional factors of the test subjects is not known. The influence of subject background is discussed also in the review of Boelsma and Kloek [85].



Finally, many reports on clinical trials have concentrated mainly on the changes in blood pressure. Vascular effects and other variables, e.g., in clinical chemistry, have received less attention especially during the intervention. All these aspects should be taken into consideration when the message and the value of single clinical intervention study are evaluated e.g., for a meta-analysis. To get collective data on the clinical studies of antihypertensive peptides, the reader is referred to the two abovementioned meta-analyses.




6.2. Whey-Derived Peptides


Whey proteins and whey-derived peptides have been of less interest especially in the clinical study field. Hydrolyzed whey protein supplement decreased blood pressure of prehypertensive or stage I hypertensive subjects by 8.0 mmHg of systolic and 5.5 mmHg of diastolic blood pressure after 6 weeks of treatment [86]. In contrast, milk drink supplemented with whey powder was not found to reduce blood pressure in mildly hypertensive subjects after 12 weeks’ consumption [87]. Thus, more intervention studies are needed to confirm the possible clinical benefits of the whey-derived peptides.





7. Bioavailability


Bioavailability of milk-derived bioactive peptides has been questioned. Normally, peptides are rapidly metabolized to the constituent amino acids by brush border membrane peptidases after oral dosing and the absorption and bioavailability remains very low. However, there is data demonstrating that at least di- and tripeptides may absorb intact, enter the circulation and produce systemic effects [88,89]. Bioactive peptides may be absorbed via carrier-mediated transport or paracellular diffusion [33]. Apparently, short tripeptides are actively transported via a specific transporter (PepT1) and oligopeptides via the paracellular route.



As regards antihypertensive peptides, Foltz et al. [89] investigated the transport of Ile-Pro-Pro and Val-Pro-Pro by using three different absorption models and demonstrated that these tripeptides are transported in small amounts intact across the barrier of the intestinal epithelium. The major transport mechanisms of Ile-Pro-Pro and Val-Pro-Pro were demonstrated to be paracellular transport and passive diffusion. Also a study conducted in humans showed that Ile-Pro-Pro and Leu-Pro-Pro were detectable from plasma after ingestion of tripeptide-enriched yoghurt [90]. The Cmax of Ile-Pro-Pro rose up to almost nanomolar level and the Tmax was reached after ~40 min. Interestingly, measurable plasma Ile-Pro-Pro concentrations were also found after ingestion of a placebo yogurt beverage without added tripeptides. This has been suggested to be due to the generation of Ile-Pro-Pro in the intestinal tract from milk proteins by luminal or brush border peptidases. In conscious pigs, Ile-Pro-Pro, Val-Pro-Pro and Leu-Pro-Pro reached the blood circulation intact after intragastric administration (4.0 mg/kg of each tripeptide) and maximal plasma concentrations were about 10 nmol/l [91]. Half-lives of absorption and elimination were only few minutes.



Many discovered ACE-inhibitory peptides have a Pro or Pro-Pro residue at the C-terminal end [36,45]. It has been reported that tripeptides containing a C-terminal proline-proline bond are usually resistant to human proteolytic enzymes (for review see [92]). Consequently, there is a strong possibility that these peptides reach the circulation and target sites intact and exert also systemic effects, as has been shown in studies reviewed above. As regards casein-derived Ile-Pro-Pro, Jauhiainen et al. [93] used radiolabelled tripeptide and showed that it absorbed partly intact from the gastrointestinal tract after a single oral dose to rats. Considerable amounts of radioactivity were found from several tissues, e.g., liver, kidney and aorta. The excretion of Ile-Pro-Pro was slow; even after 48 hours the radiolabelled peptide had not been completely excreted. Ile-Pro-Pro did not bind to albumin or other plasma proteins in vitro. Considering this and the long-lasting retention of the radioactivity in the tissues, accumulation of Ile-Pro-Pro may occur in sufficient concentrations to cause blood pressure lowering effects e.g., by ACE-inhibition in the vascular wall.




8. Mechanisms


As concerns the antihypertensive mechanisms of milk-derived peptides, most evidence has been gained from ACE-inhibition. In vitro, several peptides of different lengths have been shown to inhibit ACE at micromolar concentrations [36,47,58,59]. In vivo, serum ACE levels have decreased after long-term treatment of rats with fermented milk products containing lactotripeptides Ile-Pro-Pro and Val-Pro-Pro [53,54]. Furthermore, other positive effects on renin-angiotensin system have also been reported in animal studies [51,54].



However, clinical studies have failed to show the ACE-inhibitory effect consistently. Thus, other mechanisms behind the observed blood pressure lowering effect may exist as well. In a few studies, the effect of lactotripeptides on arterial function has been evaluated. In vitro, Ile-Pro-Pro and Val-Pro-Pro protected endothelial function of isolated rat mesenteric arteries during 24 h incubation [57]. 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 it has been shown to be an independent predictor of cardiovascular mortality [94]. Another predictor of cardiovascular outcomes is aortic augmentation index (AIx), for which pulse waveform analysis is needed [95]. In the study of Jauhiainen et al. [96], a significant improvement in AASI was observed after a 10-week treatment with L. helveticus fermented milk. In another study, AIx was decreased after 6 months’ treatment with the same product [97]. Administration of casein hydrolysate containing Ile-Pro-Pro and Val-Pro-Pro 4 times a day for 1 week in capsules increased maximum blood flow of upper forearm during reactive hyperemia [82], thus demonstrating an improvement in the vascular endothelial dysfunction in subjects with mild hypertension. Interestingly, this effect was obviously not related to a blood pressure-lowering effect, as no significant changes were detected in systemic blood pressure.



Although significant antihypertensive effects have been obtained, blood pressure lowering effects of e.g., Ile-Pro-Pro and Val-Pro-Pro seem to be quite small, if compared to ACE-inhibitory drugs. More thorough mechanistic research is probably needed to detect the small changes in the factors affecting blood pressure and vascular tone to show the exact mechanisms also in vivo. Yamaguchi et al. [98] studied effects of a 5-day repeated administration of lactotripeptides Ile-Pro-Pro and Val-Pro-Pro on gene expression of SHR abdominal aorta using DNA microarray analysis. Overall, changes in the gene expression were small, but significant increases were detected for endothelial nitric oxide synthase (eNOS) and connexin 40 (gap junction 40) genes. The expression of these two genes, important in the regulation of blood pressure, is restored in the aortic tissue of hypertensive animals after treatment with ACE-inhibitors as well [99,100].




9. Biochemical Aspects


Many of the antihypertensive peptides possess ACE-inhibitory activity. ACE (peptidyl-dipeptidase A, EC 3.4.15.1) is an enzyme, which cleaves the carboxy terminal His-Leu from decapeptide angiotensin I to produce octapeptide angiotensin II, a highly potent vasoconstrictor [101]. The endothelial ACE contains two homologous domains, N- and C-terminal domains, which are both catalytically active [102]. ACE-inhibitors may prefer either domain or act on both. However, the C-terminal domain seems to be necessary for blood pressure regulation and is the dominant angiotensin-converting site [103].



The majority of milk-derived ACE-inhibitory peptides have relatively low molecular mass and short chain. This is consistent with findings of Natesh et al. [103], which demonstrated that large peptide molecules do not fit into the active site of ACE. It seems that peptide binding to ACE is strongly influenced by the C-terminal tripeptide sequence of the peptide. Many ACE-inhibitory peptides have hydrophobic amino acid residues at each of the three C-terminal positions and proline at the C-terminal end [104]. However, in vitro observed ACE-inhibitory activity of a peptide is not always directly related to hypotensive effect in vivo, which may be due to degradation in the gastrointestinal tract. Vice versa, active, ACE-inhibitory fragments may be generated in the body from longer precursor peptides, which do not inhibit ACE as such.



Although ACE-inhibitory effect of a hypotensive peptide could be demonstrated in vitro, question on the true antihypertensive mechanism may still remain. For example, Wuerzner et al. [105] studied the in vivo ACE-inhibition of a fermented milk product containing lactotripeptides Ile-Pro-Pro and Val-Pro-Pro, which have repeatedly been shown to inhibit ACE in vitro and also in vivo in some animal studies described above. After a 7-day administration of the product, no changes were detected in plasma AcSDKP (a marker of the specific ACE-activity of the N-terminal domain), ACE activity or active renin concentrations. A small, transient increase was detected in urine AcSDKP. The authors concluded that neither plasma nor endothelial ACE was inhibited and no specific effect was seen on N-terminal or C-terminal ACE-domains. However, it should be taken into account that the study was conducted in normotensive, healthy individuals, who normally do not respond either to antihypertensive peptides or ACE-inhibitory drugs.



Limited information on the relationships between structure and activity of milk-derived antihypertensive (ACE-inhibitory) peptides is available, but a few studies have been performed to address this by quantitative structure-activity relationships (QSAR) modeling. A relationship between increased hydrophobicity of the amino acid in C-terminal position, decreased side chain size of amino acid next to the C-terminal position and ACE-inhibition of peptides up to six amino acids in length was found by Pripp et al. [106]. As the length of the peptide chain increased, this relationship decreased, likely because steric effects begin to have a stronger influence. According to Wu et al. [107], the most favorable tripeptide structure contains hydrophobic amino acid in the N-terminal, positively charged amino acid in the middle position and aromatic amino acid in the C-terminal. As concerns ACE-inhibitory dipeptides, amino acid residues with large side chains as well as hydrophobic side chains are preferred. Foltz et al. [108] included also peptide stability and permeability in their analysis and showed that N-terminal amino acid residues Asp, Gly and Pro as well as C-terminal residues Pro, Ser, Thr and Asp stabilized peptides towards luminal enzymatic peptide hydrolysis. Many Pro-containing dipeptides, such as Ile-Pro, Arg-Pro and Lys-Pro exhibited high ACE-inhibitory activity in vitro and were demonstrated to possess high intestinal stability as well.




10. Safety Aspects


Cow’s milk as an important part of human nutrition has a safe reputation. After ingestion, milk proteins are hydrolyzed in the gastrointestinal tract resulting in the release of peptide sequences of different lengths. Thus, human body is continuously exposed to protein hydrolysates without experiencing any adverse events. Furthermore, FDA lists protein hydrolysates as “generally recognized as safe” (GRAS) [109]. However, in the EU, no health claims or GRAS status have been attributed to milk protein hydrolysate-containing products yet [110].



Drugs acting as ACE-inhibitors, such as captopril and enalapril, possess some common adverse effects, which could theoretically concern also milk-derived antihypertensive peptides because of their ACE-inhibitory activity. ACE-inhibitors modulate renin-angiotensin system and cough, hypotension and hyperkalemia are the most frequently reported adverse effects [111]. However, dozens of clinical studies with different kinds of antihypertensive peptide products have been performed and no treatment-related safety concerns have appeared [68,80,84]. ACE-inhibitors are not recommended during pregnancy, because it has been suggested that they can produce fetopathy characterized by fetal hypotension, disruption in the development of fetal kidney and reduction in the production of amniotic fluid [112,113]. In toxicological studies in animals, neither casein hydrolysate nor Val-Pro-Pro showed any specific target organ toxicity [114]. There was no evidence to support establishment of either the Lowest Observed Effect Level (LOEL) or Maximally Tolerated Dose (MTD); both being greater than 2 g/kg/day. Similarly, no adverse effects related to casein-derived tripeptides were seen in a subchronic (90-day) repeated-dose toxicity study with rats or in a pre-natal development study with rabbits [115]. In this study the tripeptide product was obtained by hydrolysis of milk casein with an enzyme preparation derived from A. oryzae. Also the study by Ponstein-Simarro Doorten et al. [116] showed that an Ile-Pro-Pro-containing casein hydrolysate was neither mutagenic nor clastogenic in vitro and did not produce any adverse effects in a 90-day repeated-dose oral toxicity study in Wistar rats up to 141-fold higher doses than the anticipated intake as a functional food ingredient.




11. Milk Products as Functional Foods


As the interest on foods possessing health-promoting or disease-preventing properties has been increasing, more emphasis must have been put on the legal regulation of the health claims attached to the products. Authorities around the world have had to develop systematic approaches for review and assessment of scientific data. Evidence on the beneficial effects of a functional food product should be enough detailed, extensive and conclusive for the use of a health claim in the product labeling and marketing. Besides being based on generally accepted scientific evidence, the claims should be well understood by the average consumer.



Health claim legislation varies between the countries and is still in transient state. In the EU, the new European Regulation on nutrition and health claims came into force on January 2007 [117]. Reduction of disease risk claims and claims referring to children’s development and health are addressed in Article 14 as other health claims belong to Article 13. European Food Safety Authority (EFSA), which provides scientific advice to the European Commission (EC), has taken thereafter a strict attitude towards the scientific data adequate for the use of a health claim. After receiving a draft list from EC with 4,185 claims to be evaluated, EFSA started to review the evidence and to ask for clarifications from the product owners, if needed. The first series of opinions on health claims was delivered October 2009 including opinions on 523 health claims. For approximately one third of the claims the outcomes of the evaluations were favorable. Final deadline for all opinions was set for January 2010, but will probably be delayed.



One of the main objectives of the new regulation has been to ensure that consumers are not misled and that health claims actually promote healthier choices. This means that a product using a health claim has also otherwise favorable nutrient profile [117]. Health claims should not mask the overall nutritional status of a food product.



After the new legislation came into force, EFSA has been criticized, especially by the industry, for being too strict and hindering innovations. Authorities seem to take into account mainly clinical studies, when evaluating the applications. The problem in the functional food research is that the differences in human studies are usually quite small between the active and placebo treatment, so the study population should be enormously large to prove the efficacy firmly. We suggest that more emphasis should be therefore given to preclinical studies, providing that results are consistent and that effects are shown repeatedly and by several research groups. With sound hypotheses and well-defined methods these studies can give valuable insight into the mechanisms of action as well.



For the meantime, antihypertensive lactotripeptide-containing milk products do not have approved health claims in the EU. EFSA considered the evidence on the antihypertensive effect of lactotripeptides to be insufficient. Although a number of clinical studies showing positive results have been published, there are a few studies showing no effect on blood pressure. However, claims such as “helps to control blood pressure” or “helps to keep blood pressure at healthy levels” could perhaps be attached to the lactotripeptide-containing products in the future, if more supporting data is gained and a positive opinion from EFSA is reached.




12. Conclusions


This review concentrates on critical evaluation of the present published data on the background, experimental and clinical data on milk protein-derived antihypertensive peptides. The blood pressure lowering effect has been confirmed in different animal models of human hypertension. There is some evidence for their beneficial effect on vasculature as well. All these effects could have been related to ACE-inhibition.



Clinical evidence for the antihypertensive effect of the lactotripeptides is more controversial. The minor reduction of blood pressure in a small number of heterogenous subjects with varying degree of hypertension with different doses and products may explain the contradictory observations. Despite of all the limitations of the present data, we suggest that products containing lactotripeptides offer a valuable option as a non-pharmacological, nutritional treatment of elevated blood pressure.
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