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Abstract

Milk casein-derived angiotensin-converting enzyme (ACE)-inhibitory tripeptides isoleucine-proline-proline (Ile-Pro-Pro) and valine-
proline-proline (Val-Pro-Pro) have been shown to have antihypertensive effects in human subjects and to attenuate the development of
hypertension in experimental models. The aim of the present study was to investigate the effect of a fermented milk product containing
Ile-Pro-Pro and Val-Pro-Pro and plant sterols on already established hypertension, endothelial dysfunction and aortic gene expression.
Male spontaneously hypertensive rats (SHR) with baseline systolic blood pressure (SBP) of 195 mmHg were given either active milk
(tripeptides and plant sterols), milk or water ad /libitum for 6 weeks. SBP was measured weekly by the tail-cuff method. The endothelial
function of mesenteric arteries was investigated at the end of the study. Aortas were collected for DNA microarray study (Affymetrix Rat
Gene 1.0 ST Array). The main finding was that active milk decreased SBP by 16 mmHg compared with water (178 (SEM 3) v. 195 (SEM 3)
mmHg; P<0-001). Milk also had an antihypertensive effect. Active milk improved mesenteric artery endothelial dysfunction by NO-
dependent and endothelium-derived hyperpolarising factor-dependent mechanisms. Treatment with active milk caused mild changes in
aortic gene expression; twenty-seven genes were up-regulated and eighty-two down-regulated. Using the criteria for fold change (fc)
< 0-833 or > 1-2 and P<<0-05, the most affected (down-regulated) signalling pathways were hedgehog, chemokine and leucocyte trans-
endothelial migration pathways. ACE expression was also slightly decreased (fc 0-86; P=0-047). In conclusion, long-term treatment with
fermented milk enriched with tripeptides and plant sterols decreases SBP, improves endothelial dysfunction and affects signalling pathways
related to inflammatory responses in SHR.
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Hypertension is one of the most important risk factors for
CHD, heart failure, cerebrovascular disease and chronic
kidney disease. The prevalence of hypertension is increasing
worldwide, both in developed and developing countries'”.
Up to 30% of the world’s adult population was estimated to
have hypertension in 2000, Any reductions in blood press-
ure, however small, are meaningful; a systolic blood pressure
(SBP) reduction of 9mmHg and a diastolic blood pressure
reduction of 5mmHg reduce the risk of stroke by 35-40%
and CHD by 20-25%.

Besides pharmacological therapy, lifestyle and nutritional
factors play a significant role in the prevention and treatment
of hypertension and related disorders. Low saturated fat and
Na intake and increased consumption of K, Ca and soluble

fibre positively affect blood pressure
stanols (also called as phytosterols and -stanols) have well-
established cholesterol-lowering effects. The consumption of
2g plant sterols per d has been shown to lower both total
and LDL-cholesterol concentrations by approximately 10%
in human subjects in different population groups”®, but
does not seem to decrease blood pressure as such in
humans”®. In addition, both epidemiological and interven-
tion studies suggest that the consumption of low-fat dairy pro-
ducts is inversely related to the risk of hypertension® ™. The
beneficial effect of milk on blood pressure is attributed to its
high Ca and K content, and also to specific peptide sequences,
which are cleaved from milk protein during gastrointestinal
digestion, fermentation of milk with proteolytic starter cultures

Abbreviations: ACE, angiotensin-converting enzyme; ACh, acetylcholine; COX, cyclo-oxygenase; EDHF, endothelium-derived hyperpolarising factor;
eNOS, endothelial NO synthase; fc, fold change; Ile-Pro-Pro, isoleucine-proline-proline; L-NAME, N “-nitro-L-arginine methyl ester; PE, phenylephrine;
RAS, renin—angiotensin system; SBP, systolic blood pressure; SHR, spontanecously hypertensive rat; SNP, sodium nitroprusside; TRAM-34,
1-[(2-chlorophenyDdiphenylmethyll-1H-pyrazole; Val-Pro-Pro, valine-proline-proline.
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or by enzymic hydrolysis*?. Milk products fermented with
Lactobacillus belveticus contain casein-derived tripeptides
isoleucine-proline-proline (Ile-Pro-Pro) and valine-proline-
proline (Val-Pro-Pro), which have been shown to possess

antihypertensive effects in human subjects(B’l/') and in exper-

imental models of hypertension*>~*?,

The effect of tripeptides or fermented milk products
containing them without or with plant sterols has been studied
using young spontaneously hypertensive rats (SHR)(16:17:202D)
young high-salt-fed Goto—Kakizaki rats"® and double trans-
genic rats harbouring human renin and angiotensinogen
genes''. In these studies (duration 3—16 weeks), the long-
term intake of tripeptides has been found to attenuate the
SBP increase of the rats by 8 to 21 mmHg depending on the
study, strain and milk product. Older SHR with established
hypertension have been used only in studies investigating
the acute effect of tripeptides on blood pressure’*>??. Accord-
ingly, there are no published data on the possible long-term
antihypertensive effects of tripeptides Ile-Pro-Pro and
Val-Pro-Pro in rats that already have established hypertension.

Blood vessels contribute to blood pressure regulation by
controlling vascular resistance. Due to ageing, increased
blood pressure or other pathophysiological factors, arteries
stiffen and gradually lose their ability to adjust to blood press-
ure changes'®”. Endothelial dysfunction is often observed in
the presence of CVD and risk factors, such as hypertension®? .
Impaired endothelium-dependent relaxation, a measure of
endothelial dysfunction, is observed in various experimental
models of hypertension, such as SHR®~%”, angiotensin II-
induced hypertension®?”, double transgenic rats®”
salt-loaded type 2 diabetic Goto—Kakizaki rats""®*". Besides
the beneficial effects on blood pressure, tripeptides or fermen-
ted milk products containing them have shown to have

vasoprotective effects on the endothelial function of rat
(18,32)

and

arteries in some previous studies

The mechanisms behind the effects of tripeptides Ile-
Pro-Pro and Val-Pro-Pro on blood pressure and vascular function
have been at least partly related to the renin—angiotensin
system (RAS) and, more precisely, to angiotensin-converting
enzyme (ACE) inhibition*®3*3?_ However, the clinical studies
in particular have not been able to consistently prove
this®>~3”. Thus, to obtain more insight into the mechanistic
questions, we applied DNA microarray technology to detect
the possible changes in aortic gene expression after long-
term treatment with a tripeptide-containing milk product.

Based on the above-mentioned findings, our hypothesis
was that long-term treatment with a fermented milk product
containing ACE-inhibitory tripeptides and plant sterols could
lower already increased blood pressure and improve endo-
thelial function in SHR with established hypertension. We
hypothesised that tripeptides and plant sterols combined
could offer additional benefit to the treatment of experimental
hypertension. We also hypothesised that alterations in the
expression of the genes related to the RAS and vascular
inflammation could be observed in the rat aorta and could
explain the known beneficial cardiovascular effects of the
tripeptide-containing milk products.

Methods
Experimental protocol

The protocol was approved by the National Animal Exper-
imentation Committee according to EC Directive 86/609/EEC
and the Finnish Experimental Animal Act 62/2006. A total of
twelve male SHR were obtained from Charles River Labora-
tories (Sulzfeld, Germany) at the age of 14 weeks. The rats
were housed three to a cage in a standard experimental
animal laboratory (illuminated from 07.00 to 19.00 hours;
temperature 22 = 2°C; humidity 55 £ 15%). The rats had
free access to standard rat pellets (2018 Teklad Global 18%
Protein Rodent Diet; Harlan Laboratories, Madison, WI, USA)
and water.

After 1 week of adaptation, baseline blood pressure
measurements were performed. The systolic blood pressure
(SBP) of the rats was assessed by the tail-cuff method using
an Apollo 2AB Blood Pressure Analyzer (model 179-2AB;
IITC Life Science, Woodland Hills, CA, USA). Rats were
placed in restrainer tubes and warmed in a heated chamber
(32-34°C) for 15-20min to make the pulsations of the tail
artery detectable. After obtaining three consecutive and
successful recordings without disturbance of the signal, the
average of the values was regarded as the SBP. Thereafter,
15-week-old rats were randomised into two groups (six ani-
mals per group) based on SBP values and body weights to
receive either: (1) a milk product (‘milk’) or (2) a milk product
containing tripeptides (18 mg/1) and plant sterols (0-8 g/100 g)
(‘active milk”) (for details, see below) as the drinking fluid
ad libitum for 6 weeks. Drinking bottles were changed and
fluid consumption was monitored daily. Feed consumption
was monitored weekly.

During the experiment, the SBP of the rats was measured
every week at the same time of day by the same researcher
and in random order. To confirm that the stable phase of
hypertension was reached, a similar experimental protocol
was performed with age-matched SHR (n 6), which received
only water as the drinking fluid.

Study products

Study products were provided by Valio Ltd (Helsinki, Finland).
The active milk was a yogurt-like milk product, which was
fermented by L. helveticus and to which proline-specific endo-
protease (DSM, Heerlen, Netherlands), standardised peptide
powder and a plant sterol mixture were added during prep-
aration. The plant sterol mixture (Cognis, Monheim, Germany)
was obtained by esterification of non-esterified plant sterols
with fatty acids obtained from vegetable oil (5-1g SFA, 7-6¢g
MUFA and 27-3g PUFA per 100g), and contained mainly
B-sitosterol (69 %), campesterol (15 %), B-sitostanol (8%) and
brassicasterol (3%). The concentration of tripeptides in the
active milk is determined by the manufacturing process.
Only minor fluctuations in different batches are observed.
The amount of plant sterols added to the product was based
on our previous studies’””*® and the generally recommended
dose of plant sterols for human use for lowering high LDL-
cholesterol (portion size of 250 g giving 2 g plant sterols)®®.
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‘Milk’ was a fermented milk product containing neither
tripeptides nor plant sterols in detectable amounts.

Both products were sweetened by sucrose (8%, w/w) and
were low-fat (< 1%) and low-lactose (< 1%) containing
222kJ/100 g (milk) and 272kJ/100 g (active milk) energy.

The contents of energy nutrients, minerals, tripeptides
Ile-Pro-Pro, Val-Pro-Pro and Leu-Pro-Pro and plant sterols
were analysed by Valio Ltd, R&D (Helsinki, Finland). Tripep-
tides were analysed with the Waters Aquity UPLC—Micromass
ZQ2000 Mass Spectrometry System (Waters, Milford, MA, USA)
and total plant sterol content by the method of Laakso®” with
minor modifications as described by Jikild et al."®.

Collection of the samples

After a 6-week treatment period, rats were rendered uncon-
scious with CO,-0, (30:70; AGA, Riihimiki, Finland) and
decapitated. The hearts, left kidneys and adrenal glands
were excised, washed with ice-cold saline, blotted dry and
weighed. The left ventricle was separated and weighed.
Aortas were excised, placed in a sterile saline solution and
cleaned of adherent connective tissue. Sections of 1cm were
cut, stored in RNA Stabilization Reagent (RNAlater; Qiagen,
Helsinki, Finland) and maintained at 4°C for 24 h, and then
stored at —20°C. Superior mesenteric arteries were excised
and placed in ice-cold oxygenated Krebs buffer (pH 7-4—76,
composition in mmol/l: NaCl, 119-0; NaHCOj3, 25-0; glucose,
11-1; CaCl,, 1-6; KCl, 4-7; KH,POy, 1-2; MgSOy, 1-2) for vascu-
lar reactivity studies.

Vascular reactivity measurements

Mesenteric arteries were carefully cleaned of adherent connec-
tive tissue. Then a 5 mm section from the proximal end of the
mesenteric artery—aorta junction was cut off and the following
3 mm section was used in the experiments. The endothelium-
intact rings (one from each rat) were placed between stainless-
steel hooks (diameter 0-15mm) and mounted in a standard
organ bath chamber (volume 10 ml) in Krebs solution (compo-
sition, as above, 37°C), and oxygenated with O,—CO, (95:5;
AGA). The rings were initially equilibrated for 1h with a rest-
ing tension of 1-0g. The force of contraction was measured
with an isometric force-displacement transducer (EMKA Tech-
nologies, Paris, France).

The vascular reactivity of the mesenteric arteries was
measured by adding vasoactive agents directly into the
chambers either cumulatively (acetylcholine (ACh), sodium
nitroprusside (SNP)) or as a single dose (phenylephrine
(PE), KCD. The concentrations henceforth are the final con-
centrations in the organ chamber. The rings were equilibrated
for 20—30 min between different experiments and washed two
or three times with Krebs solution.

After the initial equilibration period, arterial rings were
exposed to a high-K*-containing Krebs solution (60 mm)
until reproducible contractile responses were obtained. The
high-K* solution was prepared by equimolar substitution of
NaCl by KCI. Thereafter, arteries were pre-contracted with

1 wM-PE, and the relaxation to 1 wM-ACh was determined to
check the presence of functional endothelium.

Endothelium-dependent relaxation of the mesenteric
arteries was studied by pre-contracting the arterial rings with
1 wM-PE and constructing a concentration-response curve to
ACh (1nM-10pM) in the absence of inhibitors and in the
presence of: (1) cyclo-oxygenase (COX) inhibitor diclofenac
G pwm); (2) diclofenac and NO synthase (NOS) inhibitor
N “-nitro-L-arginine methyl ester (l-NAME) (100 pm); and (3)
diclofenac, L-NAME, apamin (0-1 pm) and 1-[(2-chlorophenyl)-
diphenylmethyl]-1H-pyrazole (TRAM-34) (1 um), inhibitors of
small- and intermediate-conductance Ca-activated K channels,
SK¢. and IKc,, respectively. Arterial rings were exposed to
different inhibitors 20 min before the PE pre-contraction.

Endothelium-independent relaxation of the mesenteric
arteries was assessed by pre-contracting the arteries with
1 wM-PE and constructing a concentration—response curve to
SNP (1 nM—10 p).

ACh- and SNP-induced relaxations are calculated as the per-
centage of PE-induced (1 um) pre-contraction. The vascular
contractile responses are expressed in grams.

Compounds

Acetylcholine chloride, diclofenac sodium salt, L-NAME,
(R)-(—)-phenylephrine hydrochloride, SNP and TRAM-34
were purchased from Sigma-Aldrich (St Louis, MO, USA).
Apamin was from Latoxan (Valence, France). Apamin and
diclofenac were dissolved in distilled water and TRAM-34 in
dimethyl sulfoxide, while all the other compounds were
dissolved in Krebs solution.

Statistical analysis

All data are presented as mean values with their standard
errors. Statistical analysis (except for microarray data) was
performed using GraphPad Prism® software (version 4.02;
GraphPad Software, Inc., La Jolla, CA, USA). One-way
ANOVA followed by Bonferroni’s multiple-comparison test
were used to compare groups. When the data consisted of
repeated observations at successive drug concentrations,
ANOVA for repeated measurements was applied in order to
investigate between-group differences. Differences were
considered significant when P<<0-05.

RNA isolation, cDNA preparation and hybridisation

The GeneChip® Rat Gene 1.0 ST Array (Affymetrix, Santa
Clara, CA, USA) was applied to produce DNA microarray
gene chips from aortic samples of studied rats (n 3 per
group). Frozen aortic samples were homogenised and total
RNA was prepared by TRIzol® (Invitrogen, Carlsbad, CA,
USA) and purified using an RNeasy Mini Kit (Qiagen). Total
RNA was measured by a NanoDrop® Spectrophotometer
(NanoDrop Technologies Inc., Wilmington, DE, USA) and
sample quality was assessed by an Agilent 2100 Bioanalyzer
(Agilent Technologies Inc., Santa Clara, CA, USA). A quantity
of 100 ng of total RNA was used to generate single-stranded

ssaud Ans1anun abpruquie) Ag auljuo paystiand £2/1001L LS LLZ000S/£L0L0L/BI010p//:sd1y


https://doi.org/10.1017/S0007114511001723

MS British Journal of Nutrition

1356 P. 1. Ehlers et al.

Table 1. Daily intake of feed, drinking fluid, tripeptides, plant sterols and minerals in spontaneously
hypertensive rats after 6 weeks of treatment with milk or active milk (containing tripeptides and plant sterols)t

(Mean values with their standard errors)

Group... Water Milk Active milk
Mean SEM Mean SEM Mean SEM
Feed (g) 182 0-7 9.5%** 0-7 9.9*** 0-3
Drinking fluid (g) 84 0-1 91.3%** 5.7 83.6+** 2.9
Tripeptides (mg/kg) - 0-0 0 41 0-1
Plant sterols (g/kg) - 0-0 0 1.9 0-1
Ca (mg) 182 7 217 9 208" 6
Mg (mg) 36 1 31 2 31 1
K (mg) 124 5 229" 12 209** 9
Na (mg) 42 2 67** 3 58** 2

Mean value was significantly different from that of the group that received water: *P<0-05, **P<0-01, ***P<0-001.
1 All variables except plant sterols and tripeptides are presented as mg or g per rat per d. Intakes of tripeptides and plant sterols
are calculated as mg or g per kg body weight per d. Mineral intakes are presented as feed + drinking fluid in total.

¢DNA by the Ambion® WT Expression Kit (Applied Biosys-
tems, Austin, TX, USA). Thereafter, the Gene Chip WT
Terminal Labeling Kit (Affymetrix) was used for sample
fragmentation, labelling and hybridisation for cartridge
arrays. Arrays were washed, stained and scanned according
to the manufacturer's instructions on the GeneChip® Rat
Gene 1.0 ST Array (Affymetrix) covering over 27 000 genes.

Microarray data analysis

The data analysis was done using Anduril“®. Data were nor-
malised with the robust multichip average (RMA) method“?.
The median value of three sample replicates was used to cal-
culate differentially expressed genes. P values were produced
by two-sided Student’s ¢ tests. P values were corrected for
multiple hypotheses by the false discovery rate method .
Pathway analysis was performed using signalling pathway
impact analysis, which combines enrichment and pathway
perturbation analysis*®.
amount of differentially expressed genes in a given pathway.
Perturbation analysis captures the topology of the pathway
and the position of the gene in that pathway. Differentially
expressed genes, where the fold change (fc) was < 0-833 or
> 1-2 and P<0-05, were included in the signalling pathway
impact analysis.

Enrichment analysis counts the

Results
Intake of tripeptides, plant sterols and minerals

At the beginning of the experiment, rats in the milk, active
milk and water groups weighed 321 (sem 3), 326 (SEM 5)
and 305 (SEM 5) g on average, respectively. The weight gain
of the rats during the study was 47 (SEm 4), 41 (seMm 2) and
39 (seM 7) g in the milk, active milk and water groups, respect-
ively (NS).

Daily intakes of feed, drinking fluid, tripeptides, plant ster-
ols and minerals are presented in Table 1. Rats in the water
group ingested significantly more feed and consumed signifi-
cantly less drinking fluid than the rats in the milk and active

milk groups. Also Ca, K and Na intakes were significantly
lower in the water group compared with the other groups.
However, there were no statistically significant differences
between the milk and active milk groups in any of these
parameters besides tripeptide and plant sterol intake (Table 1).

Blood pressure

Long-term treatment (6 weeks) either with milk or active milk
decreased the SBP of the SHR (Fig. 1). The decrease was stat-
istically significant after 2 weeks of treatment (P<0-001; milk
and active milk v. water). Although both the milk and active
milk decreased SBP, the decline was stronger with the active
milk, which contained tripeptides and plant sterols
(P<005). An upward trend back towards the baseline SBP
values was seen in the milk group. At the end of the
experiment, SBP was 16mmHg lower in the active milk
group compared with the water group.

200
190

180

170

SBP (mmHg)

160

150%

0 1 2 3 4 5 6

Time (weeks)

Fig. 1. Systolic blood pressure (SBP) during the 6-week treatment with milk
(O), active milk (@) or water (A). Values are means (n 6 per group), with
standard errors represented by vertical bars. Mean value was significantly
different from that of the group that received water: *P<0-05, **P<0-01,
***P<0-001. + Mean value was significantly different from that of the group
that received milk (P<0-05).
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Fig. 2. Acetylcholine (ACh)-induced endothelium-dependent relaxations of spontaneously hypertensive rat mesenteric arteries treated with milk (O), active milk
(®) or water (A) for 6 weeks. Values are means (n 5—6 per group), with standard errors represented by vertical bars. (a) Relaxation without inhibitors. *P<0-05
active milk v. water; t1P<0-01 active milk v. milk. (b) Relaxation after 20 min pre-incubation with diclofenac (3 pm). ***P<0-001 active milk v. water; +P<0-05
active milk v. milk. (c) Relaxation after 20 min pre-incubation with N ®-nitro-L-arginine methyl ester (L-NAME) (100 uMm) and diclofenac. *P<0-05 active milk v.
water; 11P<0-01 active milk v. milk. (d) Relaxation after 20 min pre-incubation with diclofenac, L-NAME, apamin (0-1 um) and 1-[(2-chlorophenyl)diphenylmethyl]-

1H-pyrazole (TRAM-34) (1 uMm). There were no significant differences.

The heart rate of the rats was unaffected by the 6-week
treatment with the milk or active milk compared with the
water group (data not shown).

Vascular tone

The endothelial function of the mesenteric arteries,
assessed by ACh-induced endothelium-dependent relaxation,
was impaired in all SHR (Fig. 2(a)). However, treatment with
active milk partly normalised this. The mesenteric arteries of
rats treated with active milk for 6 weeks showed significantly
better relaxation to ACh compared with the milk and
water groups (P<<0-01 and P<<0-05, respectively). COX inhi-
bition with diclofenac improved the ACh-induced relaxation
in all groups; however, the active milk group was still superior
to the other groups (P<0-05, active milk . milk; P<0-001,
active milk ». water) (Fig. 2(b)). NOS inhibition with
L-NAME along with COX inhibition greatly attenuated
the ACh-induced responses, demonstrating that relaxation
was mediated mainly via NO, with endothelium-derived
hyperpolarising factor (EDHF) playing only a minor role
(Fig. 2(c)). However, the mesenteric arteries of rats from
the active milk group still showed some relaxation whereas
the response was almost abolished in the other groups,
suggesting that the active milk treatment was associated with
amelioration in EDHF-dependent responses (P<0-05, active
milk ». water; P<<0:01, active milk ». milk). Finally, apamin
and TRAM-34, inhibitors of small- and intermediate-
conductance Ca-activated K channels SKc, and IKc,, totally
abolished the relaxation in all groups (Fig. 2(d)).

SNP-induced endothelium-independent relaxation reached
100% in all groups (Fig. 3). The mesenteric arteries of rats
from the water group had decreased sensitivity to SNP com-
pared with those of the rats in the active milk group
(P<0-05). The difference between the milk and water
groups was not statistically significant (NS).

PE- or KCl-induced contractile responses did not differ
between the groups (data not shown).

60 |-

Relaxation (%)

80

100 -
[ ] 1 1 ]

9 8 7 6 5
SNP (-log (m))

Fig. 3. Sodium nitroprusside (SNP)-induced endothelium-independent relax-
ations of spontaneously hypertensive rat mesenteric arteries treated with
milk (O), active milk (®) or water (A) for 6 weeks. Values are means (n 6 per
group), with standard errors represented by vertical bars. *P<0-05 active
milk v. water.
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Gene expression

To investigate whether the 6-week intake of tripeptides and
plant sterols changed the gene expression in SHR aorta,
DNA microarray data from the rats that received either milk
or active milk (containing tripeptides and plant sterols) were
compared. In total, twenty-seven genes were up-regulated
and eighty-two down-regulated. To obtain more information
about the mechanisms behind the antihypertensive and

vasoprotective effects of tripeptides, changes in the
expressions of genes linked to the RAS, vascular function
and inflammation were first analysed and are presented in
Table 2. Although changes in the gene expressions were
small, ACE and IL-13 receptor were less expressed in the
active milk group (fc 0-86, P=0-047 and fc 0-71, P=0-0314,
respectively). Other genes filling the fc criteria (fc < 0-833
or > 1-2) but not reaching statistical significance (P<0:05)

Table 2. Changes in selected genes linked to the renin—angiotensin system, vascular function and inflammation detected in the
aorta of spontaneously hypertensive rats after 6 weeks of treatment with milk or active milk (containing tripeptides and plant sterols)

Fold change

Description of the gene Fold change*® P (if significant)t < 0-833o0r> 12
Renin—angiotensin system

Angiotensin I-converting enzyme (ACE) 0-86 0-047

Angiotensin I-converting enzyme 2 (ACE2) 1-04

Angiotensin Il type 1A receptor 0-82 X

Angiotensin |l type 1B receptor 1-06

Angiotensin Il type 2 receptor nd

Bradykinin receptor 1 (BK1) 0.98

Bradykinin receptor 2 (BK2) 0-89

Cathepsin G 0-99

Chymase (mast cell protease 1) 0-82 X

Neutral endopeptidase (NEP) 0-95

Prolyl endopeptidase (PEP) 1.00

Proto-oncogene Mas 0-99

Renin/prorenin receptor 112
Vascular function

Arginase 1 1-02

Arginase 2 1.08

Connexin-37 0-88

Connexin-40 0-82 X

Connexin-43 111

Endothelial nitric oxide synthase (eNOS) 0-65 X

Neuronal nitric oxide synthase (NNOS) 0-84

Inducible nitric oxide synthase (iNOS) 1.02

Endothelin-converting enzyme 1 (ECE-1) 0-81

Endothelin-converting enzyme 2 (ECE-2) 1-02

Endothelin-1 receptor (ET,) 1.02

Endothelin-1 (ET-1) 0-50 X

Intercellular adhesion molecule 1 (ICAM-1) 0-92

Muscarinic acetylcholine receptor M3 1-00

IKca 31 0-78 X

SKca 2:2 0.97

SKca 2-3 0-88

BKca subunit beta-1 112

BKca subunit beta-2 1.00

BKca subunit beta-4 0-94

Prostacyclin receptor 1-00

Prostacyclin synthase 111

Thromboxane A2 receptor (TP receptor) 1.12

Thromboxane A synthase 0-88
Inflammation

Cyclo-oxygenase-1 (COX-1) 115

Cyclo-oxygenase-2 (COX-2) 0-78 X

Interleukin 1b 0-85

Interleukin 6 1-00

Interleukin 12b 1.08

Interleukin 13 receptor 0-71 0-0314

Nuclear factor NF-kappa-B subunit 1-01

Prostaglandin E synthase 1.02

EP1 receptor (prostaglandin E2 receptor subtype 1) 1-00

EP3 receptor 0-99

EP4 receptor 0-87

Tumor necrosis factor alpha (TNF-«) 1-00

nd, Not detected.

*Fold change in the active milk group compared with the milk group; mean of three samples.
1 Significant differences between the active milk and milk groups were evaluated by the two-sided Student’s ¢ test.
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were angiotensin II type 1A receptor (fc 0-82), chymase (fc
0-82), connexin-40 (fc 0-82), endothelial NO synthase (eNOS)
(fc 0-65), endothelin-1 (fc 0-50), intermediate-conductance
K-activated Ca channel (IK,) (fc 0-78) and COX-2 (fc 0:78).

Thereafter, all differentially expressed genes (fc < 0-833 or
> 12 and P<0-05) were subjected to pathway analysis. In
total, twenty signalling pathways, presented in Table 30,
were changed in the active milk group compared with the
milk group. The most changed pathways were the hedgehog
signalling pathway, chemokine signalling pathway and the
leucocyte transendothelial migration pathway.

Organ weights

Certain organs were dissected and weighed at the end of the
experiment. Heart weight:body weight and left ventricle:body
weight ratios were higher in the rats in the active milk group
compared with the rats in the water group (P<0-01) (Table 4).
The rats in the milk group had higher adrenal gland weight
compared with those in the water group (P<0-05).

Discussion

The present study investigated the long-term effects of a
fermented milk product containing tripeptides and plant ster-
ols (active milk) on blood pressure, vascular tone and aortic
gene expression in SHR with established hypertension. The
main finding, not previously described, was that the long-
term treatment with active milk decreases the SBP of SHR
with established hypertension. In addition, endothelial func-
tion is significantly ameliorated by active milk involving both

Table 3. Results for signalling pathway impact analysis (SPIA)

NO- and EDHF-mediated mechanisms. Interestingly, milk
without these active constituents also lowers blood pressure,
although to a lesser degree.

In clinical studies, tripeptide-containing fermented milk
products have been found to decrease SBP and diastolic
blood pressure by approximately 5 and 2 mmHg, respectively,
and the effect has been shown to be stronger in clearly hyper-
tensive subjects than in subjects with mild hypertension*%.
Previous experimental studies have shown that long-term
treatment of young SHR with tripeptide-containing milk pro-
ducts attenuates the development of hypertension 1618202145
and that SBP may be transiently lowered by 22 to 26 mmHg by
a single dosing of the tripeptides">*?. The present study
demonstrated for the first time that established high blood
pressure may be constantly lowered by a fermented milk pro-
duct enriched with tripeptides and plant sterols as well; active
milk decreased SBP by 16 mmHg in SHR, which were aged
21 weeks at the end of the experiment.

In the present study, the active milk also contained plant
sterols. Plant sterols and stanols effectively lower LDL-choles-
terol, but do not seem to decrease blood pressure as such in
human subjects”®. Therefore, we do not assume that plant
sterols contributed to the antihypertensive effect observed in
the active milk group. In previous studies, plant sterols have
rather increased than decreased blood pressure of rats“1®,
When plant sterols and tripeptides have been combined
together, the attenuating effect on the development of blood
pressure has been less than with tripeptides alone™” .

Milk, as such, also decreased blood pressure in the present
study, although not to a similar degree as the active milk con-
taining tripeptides and plant sterols. An inverse association

KEGG name for the pathway ¥ NDE Gene(s) Regulation pG
Hedgehog signaling pathway 2 Dhh (desert hedgehog) Down 0.0297
BMP-4/-6 (bone morphogenetic proteins) Down
Chemokine signaling pathway 3 Cx3cr1 (chemokine receptor 1) Down 0-0502
Arrb1 (arrestin, beta 1) Down
Gng8 (G protein, gamma 8) Up
Leukocyte transendothelial migration 2 Thy-1 (Thy-1 cell surface antigen) Down 0-0900
Cldn-1 (claudin-1) Down
Complement and coagulation cascades 1 F3 (coagulation factor I1I) Down 0-2519
SNARE interactions in vesicular transport 1 Stx5 (syntaxin 5) Up 0-3454
TGF-beta signaling pathway 1 BMP-4/-6 Down 0-4344
Basal cell carcinoma 1 BMP-4/-6 Down 0-4398
NOD-like receptor signaling pathway 1 Pstpip1 (proline-serine-threonine phosphatase-interacting protein 1) Down 0-4669
PPAR signaling pathway 1 Scd1 (stearoyl-coenzyme A desaturase 1) Down 0-5342
B cell receptor signaling pathway 1 SHIP (SH2 domain containing inositol 5'-phosphatase) Down 0-5342
MAPK signaling pathway 2 FInb (filamin, beta) Down 0-5363
Arrb1 (arrestin, beta 1) Down
Fc epsilon signaling pathway 1 SHIP (SH2 domain containing inositol 5'-phosphatase) Down 0-5597
Systemic lupus erythematosus 1 Hist1h4m (histone H4) Down 0-5797
Fc gamma R-mediated phagocytosis 1 SHIP (SH2 domain containing inositol 5'-phosphatase) Down 0-5835
Tight junction 1 Cldn-1 (claudin-1) Down 0-6976
Parkinson’s disease 1 UBIQ_RAT (ubiquitin) Down 0-7054
Insulin signaling pathway 1 SHIP (SH2 domain containing inositol 5'-phosphatase) Down 0-7153
JAK-STAT signaling pathway 1 I13ra2 (interleukin 13 receptor) Down 0.7177
Cytokine-cytokine receptor interaction 1 Cx3cr1 (chemokine receptor 1) Down 0-8186
Focal adhesion 1 Finb (filamin, beta) Down 0-8258

KEGG, Kyoto Encyclopedia of Genes and Genomes; NDE, number of differentially expressed genes on the pathway; pG, combination of pPERT (probability of observing a

more intense perturbation than a perturbation factor by chance) and pNDE (P value to observe NDE number of genes on the pathway by chance).
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Table 4. Organ weight:body weight ratios (g/g x 1000)
(Mean values with their standard errors)

Active milk
Group. .. Water (n 6) Milk (n 6) (n6)
Mean SEM Mean SEM Mean SEM
Kidney 3-11 0-05 3-11 0-03 3.08 0-07
Heart 3-40 0.05 3.57 0-07 3-66** 0-04
Left ventricle 2.83 0-04 3-00 0-06 3-08** 0-04

Adrenal gland 0-06 0-00 0-07* 0-00 0-07 0-00

Mean value was significantly different from that of the group that received water:
*P<0-05, **P<0-01.

with milk consumption and blood pressure has been
demonstrated in several intervention studies in human
subjects 174 Although acute antihypertensive effects in
SHR have been shown by several isolated or synthesised
milk peptideS(SO_SZ) and by different casein or whey hydroly-
sates”>>? | long-term intervention studies using pure milk or
fermented milk are scarce. Miguel et al.® reported that milk
fermented by L. delbrueckii and Streptococcus thermophilus
(without known antihypertensive peptides) attenuated the
development of hypertension in SHR during an 8-week
period slightly but significantly. In contrast, Sipola et al.'®
did not observe any effect on SBP by a 14-week skimmed
milk treatment. The fermentation process itself may partly
explain why some of the fermented milk products decrease
blood pressure, as it is possible that other, still unknown anti-
hypertensive peptide sequences are cleaved from the milk
protein during milk processing. Milk is rich in minerals (Ca,
K), which most probably also contribute to the antihyperten-
sive effect. For example, the antihypertensive effect of Ca
has been shown quite uniformly in SHR®>*%7,

Active milk significantly improved the endothelium-
dependent relaxation of mesenteric arteries. Typically, from
the age of 10 to 12 weeks, SHR show marked endothelial dys-
function®®. There seems to be no or little alteration in the
production of NO. However, a marked attenuation in the
EDHF-mediated component is observed in SHR resistant

endothelium-derived  hyperpolarisations
(59-61)

arteries, where
participate in endothelium-dependent relaxations
Therefore, NO and possibly prostanoids to some extent are
mostly responsible for the relaxation. This was seen also in
the present study, as the relaxations were almost abolished
after blocking COX and NOS. Nonetheless, the use of active
milk improved the impaired EDHF-mediated responses. This
has been observed also with antihypertensive drugs, most sig-
nificantly with RAS inhibitors®®. Thus, the beneficial effect of
active milk on endothelial function was shown to be related to
both NO and EDHF.

Both the active milk and milk increased the sensitivity of
the mesenteric arteries to the endothelium-independent
vasodilator SNP (although only the active milk significantly).
In previous studies, fermented milk products containing tri-
peptides and plant sterols have not had any effect on SNP-
induced vasorelaxation”'®. In the present study the animals
were older and thus arterial dysfunction may have been
further progressed, so the positive effect of fermented milk

products on smooth muscle function is more evident. Fermen-
ted milk products are high in L—cysteine(GS), which has been
shown to augment endothelium-independent relaxation of
isolated arteries®”. Thus, the presence of L-cysteine in the
active milk and milk could possibly explain the increased
sensitivity of the mesenteric artery to SNP.

DNA microarray analysis showed that treatment with tripep-
tides and plant sterols produced only mild changes in aortic
gene expression. There are not many studies describing diet-
induced changes in aortic gene expression, but a few studies
in which drugs have been used have been published((’s’(’(’) .In
the present study, the ACE gene was slightly down-regulated,
which is in line with previous findings considering the ACE-
inhibitory activity of the tripeptides!”*#3%3% Treatment with

ACE-inhibitor drugs has also been shown to decrease ACE
R67:68)

/ 69

expression in SH

Yamaguchi et a investigated the effects of tripeptides on
aortic gene expression by giving pure tripeptides to SHR for
5d. Changes in gene expression were not large in this study
either, but significant up-regulation of eNOS and connexin-
40 genes were detected. We observed quite opposite effects,
as both these two genes were rather down- than up-regulated
in the present study. However, there may be distinct
differences in gene expression profiles as regards short- and
long-term treatment (5d ». 6 weeks). In some studies, the
up-regulation of aortic eNOS has been associated with the
improvement of endothelial function”®”
blood pressure in SHR”". However, there are also studies
where no changes in eNOS expression have been detected
despite improved endothelial function”?. Also, it must be
taken into account that there are a considerable number of
differences in gene expression profiles between SHR from
different sources, not to speak of other models of experimen-
tal hypertension’®. As in the present study the active milk
treatment affected the NO-dependent relaxation slightly but
significantly, it is possible that it either improved NO bioavail-
ability or increased eNOS activity instead of directly affecting
eNOS gene expression.

Although treatment with the active milk did not cause many
changes in the gene expression, it clearly lowered blood
pressure of the rats and improved endothelial function. It
may be that several smaller changes cause the beneficial
effects observed with tripeptides if they occur in parallel.
The affected signalling pathways involved down-regulation
of several genes that are linked to inflammatory processes
(chemokine receptor, cell adhesion molecules, IL receptor).
This is interesting, as the importance of chronic, low-grade
inflammation in the pathogenesis of hypertension and vascu-
lar diseases has been recently acknowledged”®. Long-term
treatment with an ACE inhibitor captopril has been shown
to decrease and increase the gene expression of pro- and
anti-inflammatory cytokines, respectively, in SHR left ventri-
cles along with blood pressure reduction as well“®. The
role of tripeptides in vascular inflammation has not been
studied before and perhaps also deserves further attention.

As was observed in a kinetic study with normotensive
Sprague—Dawley rats””| tripeptides seem to accumulate in
tissues (for example, aorta, kidney). Therefore, it has been

and reduction of
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suggested that the local RAS would perhaps be more import-
ant as regards the antihypertensive and vasoprotective effects
of tripeptides, especially as tripeptides have short plasma half-
lives7®. Although we were able to obtain tissue samples and
thus reach the components of the local RAS in the present
study, the effects of the active milk treatment on the
expression levels of genes linked to the RAS and vascular
function were mild. It may be that more changes in the
gene expression levels would have been observed by using
some other organ, for example, the kidney. In addition to
tripeptides, the active milk also contained plant sterols,
which may have influenced the gene profile. In the study of
Chen et al“"® 5 weeks of plant sterol or stanol treatment
elevated mRNA levels of neuronal NOS or ACE1 and eNOS,
respectively, in the kidney of stroke-prone SHR. This suggests
that tripeptides and plant sterols may have partly opposing
actions and that, despite clear antihypertensive and vasopro-
tective effects observed with the active milk in the present
study, changes in the genes regulating these effects were not
large enough to be detected in the analyses.

In conclusion, we describe for the first time that long-term
intervention with a fermented milk product enriched with
bioactive tripeptides and plant sterols can decrease already
established, severe hypertension in addition to the prevention
of the development of experimental hypertension. Whether
this is related to improved endothelial function and vasodila-
tation remains open.
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