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The milk-derived peptides Val-Pro-Pro and lle-Pro-Pro
attenuate arterial dysfunction in L-NAME-treated rats

Atsuko Nonakal, Teppei Nakamura!, Tatsuhiko Hirota!, Akiko Matsushita!, Masanori Asakura2, Kohji Ohkil

and Masafumi Kitakaze?

Both endothelial dysfunction and arterial stiffness are surrogate markers of atherosclerosis and thus cardiovascular (CV) events.
The milk-derived peptides Val-Pro-Pro (VPP) and lle-Pro-Pro (IPP) inhibit angiotensin-converting enzyme, dilate blood vessels
ex vivo and stimulate nitric oxide (NO) production in cells. In this study, we investigated the effects of either VPP or IPP on
arterial function and on target organ damage in vivo. Male Wistar rats were treated with N(G)-nitro-L-arginine methyl ester
hydrochloride (.-NAME, 1gl—1!), .L-NAME -+ VPP (0.3g1-1) or L-NAME + IPP (0.3 gl 1) in their drinking water for 8 weeks.
Plasma nitrite and nitrate (NOx) levels were significantly increased in normal Wistar rats after supplementation with either VPP
or IPP but not in rats that were chronically treated with L-NAME. Acetylcholine-induced vasorelaxation in the thoracic aorta ring
was impaired by L-NAME, whereas vasorelaxation was significantly greater in mice treated with L-NAME + VPP for 1 or 4 weeks
or L-NAME + IPP for 4 weeks than in mice treated with L-NAME alone. Four weeks of treatment with either VPP or IPP
attenuated the increase in pulse wave velocity (PWV) that was induced by L-NAME. Cardiac and renal damage were observed
after 8 weeks of treatment with L-NAME, and either VPP or IPP attenuated this damage. These results show that VPP or IPP
attenuates arterial dysfunction and suggest that milk-derived peptides might prevent CV damage.
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INTRODUCTION
Endothelial dysfunction is known to be the common pathophysio-
logical route of cardiovascular (CV) risk factors progressing to CV
disease and thus to CV events.! Arterial stiffness, measured by pulse
wave velocity (PWV), also provides a predictive value for future CV
events and mortality.>® Lifestyle-related ~diseases, such as
hypertension, diabetes and dyslipidemia, are primary risk factors for
CV diseases, and many reports show that the treatment of these
diseases with drugs improves endothelial function* and arterial
stiffness,> and reduces CV events.> In addition, there is great
interest in the effects of non-pharmaceutical interventions on CV
diseases, as some dietary and nutrient interventions improve
endothelial function' and arterial stiffness.>>

Val-Pro-Pro (VPP) and Ile-Pro-Pro (IPP) are milk-derived peptides
with inhibitory activity against angiotensin-converting enzyme
(ACE).® These peptides have been shown to decrease blood pressure
in spontaneously hypertensive rats (SHR)” and attenuate the
development of atherosclerosis in apolipoprotein E-deficient
(apoE(—/—)) mice.® In addition, VPP and IPP increased nitric
oxide (NO) production in human umbilical vein endothelial cells
(HUVECs) and had an endothelium-dependent vasodilatory effect in
ex vivo assays.9 Moreover, in several clinical trials, foods containing
these peptides improved vascular endothelial function'® and arterial

stiffness.!! These findings suggest that administration of VPP or IPP
improves CV health, but there is very little evidence regarding the
individual in vivo effects of VPP and IPP on arterial function.

NO is a primary vascular regulatory factor that has vasoprotective
effects, such as vasodilation, inhibition of platelet aggregation and
inhibition of smooth muscle proliferation.!?> N(G)-nitro-L-arginine
methyl ester hydrochloride (1-NAME) is an analog of r-arginine
and a competitive inhibitor of NO synthase (NOS)."* Chronic
administration of 1-NAME causes arterial hypertension associated
with left ventricular remodeling and renal injury'* and has also
proven to be a useful model for endothelial dysfunction!>!¢ and
arterial stiffness.!”!® Therefore, the aim of this study was to
investigate the effects of VPP and IPP on arterial function and
target organ damage in L-NAME-treated rats.

METHODS

Animals

For this study, 7-week-old male Wistar rats were obtained from Japan SLC
(Shizuoka, Japan) and acclimatized in a room with controlled temperature
(23 °C), humidity (55%) and lighting (12:12-h light—dark cycle) with access to
a commercial diet (CE-2; CLEA Japan, Tokyo, Japan) and tap water ad libitum
for 1 week. All animal experiments were conducted in accordance with the
‘Guidelines for Animal Experimentation of the Japanese Association for
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Laboratory Animal Science’ and were approved by the Animal Experiment
Committee of Calpis.

Experimental groups

Rats were randomly divided into four groups based on body weight. The first
group (control) received untreated drinking water. The second group
(1-NAME) received 1-NAME (1gl~!, approximately 100mgkg~' per day,
Sigma-Aldrich, Tokyo, Japan) dissolved in drinking water. The dose of
L-NAME was determined based on the methods of a previous report that
demonstrated cardiac remodeling in rats.!” The third group (.-NAME + VPP)
received 1-NAME (1gl~!) and VPP (0.3gl !, approximately 30 mgkg ~' per
day, Bachem, CA, USA). The fourth group (1.-NAME + IPP) received .-NAME
(1gl~!) and TPP (0.3gl~!, approximately 30 mgkg ~! per day, Bachem) for
8 weeks.

Acetylcholine-induced vasorelaxation

After 1 week and 4 weeks of treatment, the rats (n=5-9/group) were
anesthetized with diethyl ether, and the thoracic aortae were isolated. To
prepare aortic rings, thoracic aortae were cut into 2—-3-mm lengths after the
removal of adherent tissue. The prepared aortic rings were attached to a micro
tissue organ bath (MTOB-1, LAB Support, Osaka, Japan) filled with
prewarmed Tyrode’s solution (10 mmoll~! NaHCO,, 5.0 mmoll ! glucose,
158.3mmoll~! NaCl, 4.0mmoll~' KCl, 2.0mmoll~! CaCl,-2H,0,
1.0mmol1~! MgCl,-6H,0, 0.42mmoll~! NaH,PO,) at 37°C and bubbled
with 95% O, +5% CO, gas. The aortic ring was loaded to 2g of initial
tension and contracted by adding phenylephrine (Sigma-Aldrich) at a final
concentration of 1pmoll~! after the tension was stabilized. After sufficient
contraction with phenylephrine, 1-10 umol1~! acetylcholine (Sigma-Aldrich)
was incrementally applied to the bath, and the degree of relaxation was
determined by the tension change to the phenylephrine-induced contraction.

Measurement of PWV and blood pressure

After 1 week and 4 weeks of treatment, the rats (n=6-9/group) were
anesthetized with isoflurane and placed on a heating board at 37°C to
maintain body temperature. Measurements of both PWV and blood pressure
were conducted using a Millar Mikro-tip pressure transducer (2.5Fr, SPC-721;
Millar Instruments, Houston, TX, USA) with dual high-fidelity pressure
sensors: one located at the distal end and the other located 50 mm away.
The sensors were inserted via the left carotid artery into the aortic arch and
abdominal aorta. When the arterial pressure and heart rate were stable, the
pressure waves were recorded for at least 30 min. The signals were digitized and
stored using a data acquisition system (PowerLab, ADInstruments, Castle Hill,
NSW, Australia). The transit time of the pressure wave moving from the aortic
arch to the abdominal aorta was obtained from the time difference between the
two recording sites. At least 10 normal consecutive cardiac cycles were used
and averaged for a measurement. PWV was calculated from the transit time
and the distance between the two recording sites (50 mm). Blood pressure was
calculated from the proximal pressure wave by using the data acquisition
system. Furthermore, blood samples were collected for measurements of
plasma levels of NOx (nitrite and nitrate).

Plasma NOx

We measured the plasma NOx concentration in rats treated with .-NAME and
in nontreated (that is, normal Wistar) rats (n = 6-9/group) before and 2 h after
a single oral administration of VPP or IPP at 0.1, 1 or 10 mgkg ~! body weight.
Plasma NOx concentration was measured using a commercially available kit
(NO,/NO; Assay Kit-FX, Dojindo, Kumamoto, Japan).

Histological examination

After 8 weeks of treatment, the rats (n=6-12/group) were anesthetized with
diethyl ether before the heart and kidney were isolated. The tissues were fixed
with 10% neutral buffered formalin (pH 7.4) and embedded in paraffin.
A 2-pum-thick cross-section from each paraffin block was stained with
hematoxylin-eosin (HE) for the heart or periodic acid-methenamine-silver
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(PAM) stain for the kidney. The histological evaluation was performed in a
blinded manner by an external pathologist.

Statistical analysis

Data are expressed as the meansts.e. We used two-way repeated measure
analysis of variance (ANOVA) for the acetylcholine-induced vasorelaxation and
one-way ANOVA with Dunnett’s test for the other parameters. Statistical
significance was defined as P <0.05 by a two-tailed test. Statistical analysis was
performed using IBM SPSS Statistics version 20 (IBM, Tokyo, Japan).

RESULTS

Plasma NOx

After 4 weeks of treatment, the mean concentration of NOx in the
plasma of control mice was 10.9 + 1.7 umol1~!, which is significantly
higher than the value of 3.6 + 0.3 umoll ~! measured in rats from the
L-NAME group. The concentrations of NOx in the rats from the
LI-NAME+ VPP and 1-NAME+IPP groups were 3.91+0.6 and
3.7+0.8 umoll 1, respectively, which were not significantly different
from the concentration in the .-NAME group. The concentrations
after 1 week of treatment were similar to those after 4 weeks of
treatment (data not shown). Figure 1 shows plasma NOx concentra-
tions relative to the values before administration of VPP or IPP in
normal Wistar rats. Relative NOx concentrations were 153.2 £20.7%
(P<0.05) at 0.1mgkg=! VPP and 155.3%23.9% (P<0.05) at
10mgkg ' VPP, and were significantly higher than the value of
85.6 +13.4% in the control group. The concentrations of NOx after
0., 1 and 10mgkg~! IPP administration were 94.1%14.7%
(not significant; NS), 147.2+£19.0% (NS) and 217.1+57.4%
(P<0.05 vs. control group), respectively.

Acetylcholine-induced vasorelaxation

Figure 2 shows the effects of oral administration of VPP or IPP on
acetylcholine-induced vasorelaxation of the thoracic aorta in
L-NAME-treated rats. In rats treated with .-NAME for 1 week, the
maximal relaxation after administration of 10 umoll ~! acetylcholine
was 26.113.9% in the .-NAME group, whereas the responses in the
control, 1-NAME+VPP and L-NAME+IPP groups were
92.445.6% (P<0.001 vs. L-NAME group), 43.1+4.1% (P<0.001)
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Figure 1 The influence of VPP and IPP on NOx production in normal Wistar
rats 2h after a single oral administration. Data are presented as the
mean ts.e. *P<0.05 vs. control group.
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Figure 2 The influence of VPP and IPP on vascular responses to

acetylcholine in the thoracic aorta in rats treated with .-NAME for 1 week
(@) and 4 weeks (bl, b2). Data are shown as the meants.e. *P<0.05,
**P<0.01, ***P<0.001 vs. .-NAME group.

and 36.813.2% (P=0.067), respectively. After 4 weeks of treatment,
the maximal relaxation was 16.9 £2.8% in the .-NAME group, and
the responses in the control (94.5 + 7.5%, P<0.001), .-NAME + VPP
(25.5+4.4%, P<0.05) and .L-NAME +IPP (25.6 £3.2%, P<0.01)
groups were significantly higher than that in the .-NAME group.

PWV

PWYV did not differ after 1 week of treatment among the rats in the
L-NAME, 1-NAME + VPP and 1-NAME + IPP groups with values of
460.0+4.0, 480.3130.1 and 447.3+11.0cms™!, respectively.
Figure 3 shows PWV in rats after 4 weeks of treatment. PWV in
the control group was 344.4+13.9cms ™!, which was significantly
lower (P<0.001) than the value of 572.9 +31.5cms ~! that in the 1-
NAME group. PWV values in the .-NAME + VPP and 1-NAME +
IPP groups were 456.4+27.3 (P<0.05) and 473.6%28.1cms ™!
(P<0.01), respectively, which were significantly lower than that in
the .-NAME group.

Blood pressure and heart rate

Table 1 shows the blood pressures and heart rates in rats treated with
L-NAME for 4 weeks. Systolic blood pressure, diastolic blood pressure
and pulse pressure were significantly lower in the control group than
that in the .-NAME group. There were no significant differences in
these parameters for the .-NAME + VPP and 1-NAME + IPP groups
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Figure 3 The influence of VPP and IPP on pulse wave velocity (PWV) in rats
treated with .-NAME for 4 weeks. Data are presented as the meanzts.e.
*P<0.05, **P<0.01, ***P<0.001 vs. .-NAME group.

Table 1 Blood pressure and heart rate in .-NAME-treated rats at
4 weeks

Control L-NAME L-NAME + VPP (-NAME + IPP
SBP (mmHg) 111.7+£5.5*** 158.4+6.6 154.3+6.2 156.6+5.9
DBP (mm Hg) 78.0£4.4*** 115.6+4.0 115.0%£5.7 117.2+5.1
PP (mm Hg) 33.8+£1.3* 429129 39.4+£19 39.4+1.4
HR (b.p.m.) 299.8+26.9 326.1+9.4 306.8+11.0 328.7+17.7

Abbreviations: DBP, diastolic blood pressure; HR, heart rate; PP, pulse pressure; SBP,
systolic blood pressure. Data are mean+s.e. *P<0.05, ***P<0.001 vs. .-NAME group.

compared with the .-NAME group. The results after 1 week of
treatment were similar to those after 4 weeks of treatment (data not
shown).

Histological examination

Figure 4 shows representative sections of the heart and kidney from
rats treated with 1-NAME for 8 weeks. Microscopic examination
revealed that treatment with -NAME promoted left ventricular
hypertrophy and abnormal morphology of the renal glomerulus
and increased wall thickness of the small-to-medium-sized arteries
of the kidney. All of these measurements were lower in the
L-NAME + VPP group. In the .-NAME + IPP group, only the wall
thickness of the small-to-medium-sized arteries of the kidney was
decreased.

DISCUSSION

We investigated the effects of the milk-derived peptides VPP and IPP
on arterial function and target organ damage in rats chronically
treated with L-NAME and revealed that VPP and IPP attenuated the
decrease in acetylcholine-induced vasorelaxation, the increase in PWV
and cardiac and/or renal damage in vivo.

The endothelium regulates vascular tone, platelet activity, leukocyte
adhesion and angiogenesis by producing NO and other regulatory
factors.! Much attention has been paid to vascular endothelial
function because it has the potential to serve as an early surrogate
marker of CV events.?’ In this study, the acetylcholine-induced
vasorelaxation of aortic rings was significantly reduced by chronic
L-NAME treatment, and the maximal relaxation after 4 weeks of
treatment was less than the maximal relaxation after 1 week of
treatment, which indicates that arterial function worsened over time
when rats were treated with 1-NAME. VPP and IPP prevented the
reduction in vasorelaxation, even after 4 weeks of treatment. Hirota
et al'% reported that 1 week of treatment with casein hydrolysate
containing VPP and IPP improved endothelial function, but not
medial function, in hypertensive subjects. These findings suggest that
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Figure 4 Representative sections of stained tissues in L-NAME-treated rats

(PAM stain). Arrows show the small-to-medium-sized arteries.

VPP and IPP could improve vascular endothelial function and would
be beneficial in preventing vascular damage.

PWYV is a well-accepted method for the measurement of arterial
stiffness and has an independent predictive value for CV events.? In
this study, .-NAME treatment gradually increased PWV over time
from 460.0cms ! after 1 week to 572.9cms~! after 4 weeks of
treatment. In contrast, 4 weeks of treatment with VPP or IPP
significantly attenuated the increase in PWV. This result is in
agreement with a previous 8-week study that evaluated the intake
of food containing VPP and IPP, which improved PWV in
hypertensive subjects.!! In our study, 1 week of treatment with VPP
or IPP improved endothelial function, but not PWV. Fitch et al.'”
stated that endothelial dysfunction is observed early in atherosclerosis
and may be a precursor to increased vascular stiffness. Blood pressure
is a major determinant of endothelial dysfunction and arterial
stiffness,?! but the blood pressure values did not differ in
L-NAME + VPP and 1-NAME +IPP groups when compared with
the 1-NAME group. Elevated blood pressure in L-NAME-treated
hypertensive rats was found to be influenced mainly by the
sympathetic nervous system rather than the renin—angiotensin
system,”> which may explain why we did not observe changes in
blood pressure with VPP or IPP treatment. Another reason could be
that the blood pressure was measured under anesthesia in this study.
Kameyama et al.'® reported that 3 weeks of treatment with L-NAME
increased PWV and the wall-to-lumen ratio of the thoracic aorta in
rats and that treatment with .-NAME + ACE inhibitor reduced both
PWYV and the thickness of the aortic wall. We did not evaluate the
effects of VPP and IPP on structural changes in the aortic wall and
PWV simultaneously, but the wall thickness of the small-to-medium-
sized arteries of the kidney was attenuated with VPP or IPP after 8
weeks of treatment in this study. Moreover, in a previous study,
chronic treatment with VPP and/or IPP attenuated atherogenesis in
the aortae of apoE( —/ —) mice.® Taken together, these findings and
the results of this study suggest that there may be a possibility that
VPP and IPP influence not only functional changes but also structural
changes in the arteries, independent of blood pressure.

This study showed that either VPP or IPP can increase the plasma
levels of NOx in normal Wistar rats. These peptides have ACE
inhibitory activities,® which suggests two possible mechanisms for
the increase in NOx: (1) the bradykinin-potentiating effect activates
NO production through the bradykinin B2 receptor?® and (2) the
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decrease in angiotensin-II increases NO production due to a decrease
in superoxide production.?* Our preliminary results showed that
VPP and IPP promoted endothelial NOS (eNOS) phosphorylation
in HUVECs (data not shown). In addition, it has been reported
that 1-NAME downregulates expression of eNOS mRNA and that
ACE inhibitors enhanced the levels of eNOS mRNA,'>!® eNOS
activation?® and NO production.'®?® Yamaguchi et al.?’ showed
that VPP and IPP upregulate the expression of eNOS mRNA in the
aortae of SHR. These findings support the idea that VPP and IPP
increase NO production by regulation of eNOS expression and
activation.

In contrast, VPP and IPP attenuated endothelial dysfunction,
arterial stiffness and target organ damage despite the fact that there
was no increase in plasma NOx concentration in 1-NAME-treated
rats. Hirota et al® reported that VPP and IPP increased NOx
concentration in human umbilical vein endothelial cell culture
media after acetylcholine-induced vasorelaxation of isolated aortae.
They also found that the vasorelaxant effect was reversed by .-NAME
(NOS inhibitor), HOE 140 (antagonist of bradykinin B2 receptor)
and TEA (K¥channel inhibitor), but not by indomethacin, an
inhibitor of prostaglandin synthesis. The bradykinin B2 receptor
regulates the production of endothelium-derived relaxants, such as
NO and endothelium-derived hyperpolarizing factor (EDHEF).
Although the identity of EDHF has been not yet determined,
reported candidates include epoxy eicosatrienoic acid and
hydrogen peroxide (H,O;). In addition, TEA is considered to
inhibit EDHF action,?® although it is a non-selective K+ channel
inhibitor and inhibits not only KCa channels but also other
K™ channels. Therefore, the vasoprotective effects of VPP and IPP
might be related to the activities of NO and EDHE. Further
mechanistic studies on the vasoprotective effects of VPP and IPP
are needed.

In this study, rats received 0.3 g1~! (approximately 30 mgkg ~! per
day) VPP or IPP dissolved in drinking water. The amount of VPP or
IPP is much higher than the human daily dose of 3-7 mg of VPP +
IPP used in previous clinical trials.'®!! Therefore, it is difficult to
extrapolate the results of this study to humans because of the
differences in species and in bioavailability. However, in previous
clinical trials, arterial functions such as endothelial function!® and
arterial stiffness'! were significantly improved by supplementation of
the diet with casein hydrolysate containing VPP and IPP, which



supports the results of this study and the idea that VPP and IPP may
prevent vascular damage even in humans.

In conclusion, we confirmed that VPP and IPP each prevented
vascular endothelial dysfunction, arterial stiffness and target organ
damage in .-NAME-treated rats. These results suggest that continuous
intake of food containing VPP or IPP might have clinical significance
and that such a lifestyle modification could prevent vascular damage
and CV events.
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