Park et al. BMC Complement Med Ther (2021) 21:271
https://doi.org/10.1186/512906-021-03438-4

BMC Complementary
Medicine and Therapies

RESEARCH ARTICLE Open Access

: : : : ®
Combined antihypertensive effect of unripe ==

Rubus coreanus Miq. and Dendropanax
morbiferus H. Lév. Extracts in 1 kidney-1
clip hypertensive rats and spontaneously
hypertensive rats

Soyi Park', Ki Hoon Lee', Hakjoon Choi', Goeun Jang', Wan Seok Kang', Eun Kim', Jin Seok Kim',
Chang-su Na? and Sunoh Kim'"”

Abstract

Background: We previously showed that enzymatically hydrolyzed Dendropanax morbiferus H. Lév. leaf (Hy-DP) and
unripe Rubus coreanus Miqg. (5-uRCK) extracts exhibit potent vasodilator effects on isolated aortic rings from rats partly
through endothelium-dependent and endothelium-independent mechanisms. These two extracts have different
mechanisms of action; however, their combined effect on antihypertensive activity has not been explored.

Methods: The present study aims to investigate the effect of a chronic optimized mixture (HDR-2, composed of
Hy-DP and 5-uRCK in a 2:1 mass ratio) on vascular tension and blood pressure in two different hypertensive rat
models.

Results: The results showed that HDR-2 concentration-dependently relaxed endothelium-intact and endothelium-
denuded aortic rings precontracted with phenylephrine. Antihypertensive effects were assessed in vivoon a 1
kidney-1 clip (1 K-1C) rat model of hypertension and spontaneously hypertensive rats (SHRs). Acute HDR-2 treatment
significantly decreased systolic blood pressure (SBP) 3 h posttreatment in both models. Chronic HDR-2 administration
also significantly decreased SBP in the hypertensive rat models. Moreover, HDR-2 increased eNOS protein expression
and phosphorylation levels in the aorta.

Conclusion: Chronic HDR-2 administration may effectively improve vascular function by decreasing plasma angio-
tensin-converting enzyme (ACE) activity and Angll levels. HDR-2 significantly improved acetylcholine (ACh)-induced
aortic endothelium-dependent relaxation and affected sodium nitroprusside (SNP)-induced endothelium-independ-
ent relaxation in SHRs.

Keywords: Enzymatically hydrolyzed Dendropanax morbiferus H. Lév., Unripe Rubus coreanus Mig., 1 kidney-1 clip
hypertensive rat, Spontaneously hypertensive rat, Hypertension

Background
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with elevated blood pressure [2, 3]. Hypertension, a
global public health risk, is highly associated with heart
disease, stroke, kidney failure, premature death and dis-
ability [4]. Currently, many antihypertensive therapeu-
tic drugs have been developed and are now available
for use in clinical treatment, including thiazide diuret-
ics, B-blockers, renin-angiotensin-aldosterone system
(RAAS) inhibitors and Ca?* channel blockers. However,
side effects have been reported with these treatments.
Thiazide diuretics could potentially result in insulin
resistance, dyslipidemia and hyperuricemia, which would
accelerate diabetes progression in patients with obesity
and metabolic syndromes [5]. Traditional [B-blockers
also appear to have a significantly higher risk of diabe-
tes. RAAS inhibitors, by angiotensin-converting enzyme
(ACE) inhibitors or an angiotensin receptor blocker
(ARB) along with Ca*" channel blockers, appear to have
improved safety properties, but some of them still have
various side effects, such as coughing, taste disturbance
and skin rashes [6]. Clearly, future investigations for
novel and safe antihypertensive drugs are still required.

Dendropanax morbiferus H. Lév. is an endemic tree
species in Korea belonging to the family Araliaceae, and
extracts are traditionally used to treat various diseases
[7]. Active chemicals in D. morbiferus leaf extract (DP)
have also various biological effects [8—11]. Furthermore,
we reported the change in the content of quercetin, a
marker chemical, depending on the parts, harvest sea-
son, and extraction methods of D. morbiferus for qual-
ity control [12]. Quercetin and its metabolites, such as
3-(3-hydroxyphenyl)propionic acid (3HPPA), 3,4-dihy-
droxyphenylacetic acid (DHPA) and 4-methylcatechol
(4MC), administered orally are well known to be able to
decrease arterial blood pressure [13—-15]. Another our
previous study reported that we developed a technique
to increase | -arginine and y-aminobutyric acid (GABA)
levels of DP by enzymatic hydrolysis (producing Hy-DP)
[16]. ;-Arginine- and GABA-rich extracts have been
demonstrated to reduce blood pressure in clinical stud-
ies [17, 18]. GABA, contained in various foods, has been
suggested to be a major component regulating cardiovas-
cular function and hypertension [19-23]. Furthermore,
in our previous study, DP and Hy-DP dose-dependently
relaxed endothelium-intact aortic rings precontracted
with phenylephrine (PHE). Between them, Hy-DP exhib-
ited the more potent vascular relaxant effect [24].

The Rubus genus comprises thousands of species of
blackberries and raspberries grown worldwide, and spe-
cies in this genus have been investigated as novel thera-
peutic agents for metabolic syndrome through their
beneficial effects [25]. One such species, Rubus coreanus
Miquel, which is native to eastern Asia, has been used as
a traditional alternative medicine to manage impotence,
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spermatorrhea, enuresis, asthma and allergic diseases
[26]. The major active chemical in R. coreanus is ellagic
acid, which has multi-biological properties [27, 28].
According to a report, it is suggested that the concen-
tration of ellagic acid, the main active compound of R.
coreanus, is higher in immature stage than in the mature
stage [29]. In particular, comparing the efficacy of each
extracts according to various extraction methods of
unripe R. coreanus, 5% ethanol extract of unripe R. core-
anus (5-uRCK) has the best effect on hyperlipidemia [30,
31], obesity [32, 33] and hypertension [24] reported, and
interestingly, it was confirmed that the content of ellagic
acid was the highest through this extraction method
[24, 31, 33]. Thus, our previous studies in animal models
demonstrated that 5-uRCK exerts antihypercholester-
olemic, antiobesity and vasorelaxant effects.

Very recently, we scientifically validated that Hy-DP
and 5-uRCK are involved in endothelial-dependent and
endothelial-independent relaxation in the aortic ring
[24]. Furthermore, we screened for various efficacies
(ACE activity, cGMP dependent-PDE activity, cAMP
dependent-PDE activity, and vasorelaxation) in mixtures
of various mixing ratios (1:0, 1:1, 1:2, 1:3, 2:1, 3:1 and 0:1)
of Hy-DP and 5-uRCK. Interestingly, when Hy-DP and
5-uRCK were mixed in a specific ratio of 2:1 (produc-
ing HDR-2), the greatest vasodilatory effect was shown.
However, more research is required to evaluate the
detailed mechanisms in experimental animal models of
hypertension. In this work, therefore, we intend to con-
duct further studies to elucidate the detailed mechanism
using two different hypertensive animal models, namely,
the spontaneously hypertensive rat (SHR) model, an
established model of genetic hypertension, and the 1 kid-
ney-1 clip (1K-1C) Goldblatt rat model of hypertension.

Methods

Reagents

All the chemicals were purchased from Sigma-Aldrich
(St. Louis, MO, USA) or Tocris (Ellisville, MO, USA). All
the media components were purchased from Invitrogen,
Inc. (Grand Island, NY, USA).

Preparation of extracts

The unripe R. coreanus fruits used in this study were col-
lected (May 2017) in Gochang-gun (Jeollabukdo, Korea).
Extracts of the unripe R. coreanus were described in
our previous study [24, 30-33]. The dried leaves of D.
morbiferus used in this study were collected (December
2017) in Gangjin-gun (Jeollanamdo, Korea) and Hy-DP
extraction was performed as described in our previous
study [16, 24]. HDR-2 consisted of an optimized mixture
of compounds derived from Hy-DP and 5-uRCK.
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Animals

Healthy male Sprague—Dawley rats (S-D rats, n=20)
were used for the ex vivo aortic ring experiments, male
Wistar rats (n=42, weighing 250 to 300g each) were
used for the 1K-1C hypertensive rat model experi-
ments, and five-week-old male SHRs (z =20) and nor-
motensive male Wistar Kyoto rats (WKY, n=5) were
used for the blood pressure experiments. All animals
were purchased from Central Lab Animal, Inc. (Seoul,
Republic of Korea). The experiment was conducted
according to the international guidelines [34] and
was approved by the institutional animal care and use
committee (IACUC) of the B&Tech Co., Ltd., Korea
(Approval number: BT-002-2018).

Induction of 1-kidney, 1-clip Goldblatt hypertensive
(1K-1Q) rats

Induction of renal hypertension was carried out in rats
according to the 1K-1C rat model originally described
by Goldblatt et al. [35] and later modified by Laffan
et al. [36] and McCaa et al. [37]. Briefly, male Wistar
rats (3 months old, weighing 200-250g) were used for
induction of the 1K-1C model. The rats were anesthe-
tized with intramuscular injection of ketamine (40 mg/
kg), xylazine (8 mg/kg) and chlorpromazine (4mg/
kg). The renal artery was exposed through a laparot-
omy and dissected from the renal vein. A U-shaped
silver clip with an internal diameter of 0.20 mm was
placed around the left renal artery as close as pos-
sible to the aorta. The clip was then turned such that
the slit opening faced the abdomen, and the contralat-
eral kidney was removed without the adrenal gland
(Goldblatt rats). Sham operation for the control for
the 1K-1C model was performed in a similar manner,
including the removal of one kidney but not the clip-
ping of the remaining renal artery (1K-NC). Surgi-
cal mortality was below 5%, and the 5-week mortality
rate was 15%. Three weeks after the surgical operation,
1K-1C rats were used for blood pressure monitoring
after confirming the presence of high blood pressure
(systolic blood pressure>160 mmHg) using a tail-cuff
method. Then, the rats were randomly divided into five
groups: a control group (2K-NC, n=7); a sham-oper-
ated group (1K-NC, n=7); a 1K-1C group (n=7), a
1K-1C+HDR-2 (150 mg/kg/day by oral gavage) group
(n=7), a 1K-1C+HDR-2 (300 mg/kg/day by oral gav-
age) group (n=7), and a 1 K-1C + mixture of | -arginine
and GABA (4:6 ratio; 10mg/kg/day by oral gavage)
group (n=7). HDR-2 was dissolved in saline, and the
control group received only saline. Then, the dosing
volume was calculated from the body weight of rats
(0.5mL per rat).
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Experimental groups

Five WKY and twenty SHR were randomly assigned to
five groups (n=>5): a control WKY group and a control
SHR group, both of which received water as vehicle,
and SHR groups treated with HDR-2 (150 or 300 mg/
kg/day by oral gavage) or a mixture of |-arginine and
GABA (4:6 ratio; 10mg/kg/day by oral gavage) for
5weeks. HDR-2 was dissolved in saline, and the control
group received only saline. Then, the dosing volume
was calculated from the body weight of rats (0.5mL
per rat). HDR-2 treatment was stopped 24 h before the
end of the experiment to study the long-term effects of
HDR-2 without involving the effects of acute adminis-
tration. Food and water intake were recorded daily for
all groups. During the experimental periods, rats had
free access to tap water and chow. The body weight was
measured every week.

Tissue collection and cardiac and renal weight indices
When the experimental period was complete, animals
were fasted for 18h and anesthetized with 2.5mL/
kg pentobarbital (intraperitoneal injection; i.p.), fol-
lowed by decapitation (with rats held horizontally dur-
ing blood collection to minimize contamination of the
blood sample by gastric juice). The kidneys and ven-
tricles were then removed and weighed. The heart was
divided into the right ventricle and left ventricle plus
septum. The heart weight index, kidney weight index,
liver weight index and spleen weight index were calcu-
lated by dividing the heart weight, kidney weight, liver
weight and spleen weight by the body weight (BW). The
thoracic aorta and lungs were excised for further anal-
yses and stored at —80°C until analysis. The thoracic
aortae were isolated immediately and used for ex vivo
vascular function studies.

Measurement of systolic blood pressure and heart rate

in unanesthetized rats

The average systolic blood pressure of the animals was
measured by the tail-cuff method using a noninvasive
blood pressure system (NIBP system, Panlab/Harvard
Apparatus, Barcelona, Spain) before all treatments and
every subsequent week after the treatment started.
Briefly, all animals were acclimated to the restraint con-
dition before measurement. They were immobilized in
a prewarmed chamber (28-30°C) for at least 30min
before each blood pressure measurement was carried
out. At least six to seven successive measurements were
recorded, and the average values of these readings are
reported. All SBP measurements were carried out at the
same time of day.
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Ex vivo experiments for measurement of vascular
responsiveness

After anesthesia with isoflurane, S-D rat or SHR tho-
racic aortae were resected and placed in Krebs’ buffer
solution bubbled with 5% CO, and 95% O,. The con-
tractile activity was measured according to the same
method as in our former study [24]. Upon attain-
ing a constriction plateau, vasodilation ability was
verified by treatment with acetylcholine chloride
(ACh, 107°-10"3M) or sodium nitroprusside (SNP,
10~°-10"3M) in the endothelium-denuded rings.

Cell preparation

Cultured hippocampal neurons were proceeded in
the same manner as described in previous study
[24]. Murine RAW 264.7 macrophages (40071) were
obtained from the Korea Cell Line Bank (KCLB, Seoul,
Korea) and human umbilical vein endothelial cells
(HUVECs) were obtained from the American Type
Culture Collection (ATCC, Manassas, VA, USA). iNOS
and eNOS were also measured in the same method as
in our former study [24].

Gene expression analysis

Gene expression in cultured cells was analyzed by RT-
PCR, as previously described [24]. The specific primers
used in this study (eNOS, nNOS, and iNOS) were also
analyzed using the same primers used in our previous
study [24].

NO production assay

The total NO (nitrite; NO,~ and nitrate; NO; ™) levels in
cell culture supernatants and serum were determined
using the Griess reaction. Cell culture supernatants
were collected 3h after treatment with different com-
pounds. Blood samples were collected at the end of
the experiment from all rats by cardiac puncture. The
plasma samples (100 uL) were mixed with zinc sulfate
(50 pL, final concentration 15mg/mL) and then centri-
fuged at 1000xg for 10min. The supernatant (100 uL)
was mixed with vanadium (III) chloride (100 uL, final
concentration 8 mg/mL) and added to 2% sulfanilamide
in 5% H;PO, solution (50 uL) and 0.1% N-(1-naphthyl)
ethylenediamine (50 pL). After incubation at 37°C for
30 min, the absorbance was measured at 540nm. The
measurements were performed in triplicate, and the
NO concentration (UM) was expressed as the means +
standard deviation (SD).

Determination of plasma and lung ACE activity
ACE activity in serum and lung tissue was measured by
using N-Hippuryl-His-Leu (HHL) as a substrate. The
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serum samples (50 uL) were mixed with 0.1 M sodium
borate buffer (pH 8.3, 100 uL) containing 300 mM NaCl
and 5mM HHL (50 uL). The mixture was incubated at
37°C for 45min, and then the enzymatic reaction was
stopped with the addition of 2N HCI solution (200 pL).
The reaction mixture was separated with ethyl acetate
(2mL). The upper ethyl acetate layer (1.5mL) was con-
centrated and dissolved with 1 M NaCl solution (1 mL).
The absorbance was measured at 228 nm, and the hip-
puric acid content in the serum and lung was calculated
using a calibration curve of the hippuric acid standard.

Determination of serum angiotensin Il content

Plasma concentrations of angiotensin II (Angll) were
quantified by an ELISA kit (AngIl ELISA, Cayman, Ann
Arbor, MI, USA) based on the manufacturer’s instruc-
tions. The plasma sample was added to a plate coated
with Angll antibody, and then, biotinylated AnglI solu-
tion was directly added to the plate, which was incubated
for 2h. The plate was washed with wash buffer, the buffer
was removed, and the resulting contents were incubated
with streptavidin peroxidase conjugate for 50min at
room temperature. After adding chromogen substrate,
the plate was incubated for 10min, and the absorbance
was read at 450 nm.

Protein extraction and immunoblot assays

Samples of aorta tissue were washed three times with cold
PBS before being lysed in RIPA lysis buffer (10 mmol/L
Tris-HCl, pH7.5; 1% NP-40; 0.1% sodium deoxycholate;
0.1% SDS; 150 mmol/L NaCl; and 1 mmol/L EDTA) sup-
plemented with 1x protease and phosphatase inhibi-
tor cocktail (Thermo, Fremont, CA, USA) on ice. The
separated proteins were transferred onto a nitrocellulose
membrane. The anti-eNOS (1:100), anti-phospho-eNOS
(1:100, Ser''””) and anti-B-actin (1:3000) antibodies and
secondary antibodies (1:10000) were obtained from Cell
Signaling Technology (Beverly, MA, USA). Immunore-
active protein bands were visualized using a ChemiDoc
XRS+ System (Bio-Rad) and quantified with Gel Pro
Analyzer software (Silk Scientific, Inc., Orem, UT, USA).
The internal control, f-actin, was used to normalize dif-
ferences due to loading variations.

Statistical analysis

Results are presented as the mean and standard error of
the mean (SEM) or standard deviation (SD). Data were
analyzed by Student’s t-test or two-way analysis of vari-
ance (ANOVA) with GraphPad Prism version 8.0.0 for
Windows (GraphPad, Inc., San Diego, California, USA)
software programs. Differences at the p<0.05 level were
considered statistically significant.
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Results

Effects of HDR-2 on isolated rat aortic rings precontracted
with PHE

In our previous study, 5-uRCK exhibited an endothe-
lium-dependent vasodilator effect, while DP induced a
partial endothelium-dependent vasodilator effect. Addi-
tionally, we showed that Hy-DP has a stronger effect than
DP and that Hy-DP improves impaired endothelium-
dependent vasorelaxation in the aorta in SD rats [24]. In
particular, the most significant effect was observed when
Hy-DP and 5-uRCK were mixed at a 2:1 ratio (HDR-2).
As shown in Fig. 1a and b, HDR-2 significantly relaxed
endothelium-intact aortic rings precontracted with PHE
(10puM). As shown in Fig. 1c, HDR-2-induced relaxa-
tion was significantly inhibited by pretreatment with
N®-nitro-| -arginine methyl ester (- NAME, 10uM) and
1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one (ODQ,
10 uM) in rat aortic rings with intact endothelia. How-
ever, the use of [-NAME and ODQ did not completely
inhibit HDR-2-induced relaxation. A comparison of the
vasodilatory effect between the intact (+E) and denuded
(—E) epithelia groups showed that the vasodilatory effect
induced by DP were significantly inhibited in the -E group
(Fig. 1d). However, in the -E group, the inhibitory effect
of Hy-DP treatment (36.69+4.82%) was greater than
the effect of DP treatment (17.55+7.01%) (Fig. 1d and
e). HDR-2-induced relaxation in rat aortic preparations
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was more significantly inhibited (55.77+7.88%) than
Hy-DP-induced relaxation by denudation of the endothe-
lial layer. Interestingly, the relaxation induced by 5-uRCK
was completely abolished in denuded aortic rings. These
results indicated that HDR-2 exhibited a partial endothe-
lium-dependent vasodilator effect.

Effects of HDR-2 on NOS gene expression

As shown in Fig. 2a, INOS mRNA was strongly expressed
in lipopolysaccharide (LPS; from Escherichia coli
0111:B4)-stimulated RAW 264.7 cells. However, iNOS
mRNA levels were not increased by treatment with HDR-
2. In the expression of nNOS, as shown in Fig. 2b, nNOS
mRNA was significantly increased by glutamate treat-
ment in cultured hippocampal neurons, whereas HDR-2
treatment did not affect the expression of nNOS mRNA.
We investigated the effects of HDR-2 on eNOS mRNA
expression in HUVECs and verified that eNOS mRNA
levels were significantly increased by HDR-2 treatment
(Fig. 2c). We reconfirmed eNOS mRNA expression by
real-time qPCR (Fig. 2d) and verified that the eNOS
mRNA level of HUVECs was significantly increased in
both ACh-treated cells and HDR-2 treated cells.

HDR-2 stimulates the production of NO
To elucidate the relationship between the amount of NO
production according to the eNOS expression effect of
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HDR-2, we verified the amount of NO produced in RAW
264.7 macrophages, cultured hippocampal neurons and
HUVECs (Fig. 3). NO production was not changed by
HDR-2 in cultured hippocampal neurons and RAW 264.7
macrophages, like the expression level of eNOS, but
rather, NO production decreased as the concentration
of HDR-2 increased. However, as shown in Fig. 3c, NO
release was increased in a dose-dependent manner after
HDR-2 treatment HUVECs, which may be related to the
increased mRNA expression level of eNOS in HUVECs.

HDR-2 decreased systolic blood pressure in 1K-1C rats

For the practical purpose of the utilization of HDR-2 as
a physiological modulator, its antihypertensive activity
was evaluated in vivo by measuring the variation in the
SBP of 1K-1C hypertensive rats over long-term intra-
gastric administration (Fig. 4) and with an acute admin-
istration test (Fig. 5). Figure 4 shows the SBP change
in all tested groups during the long-term intragastric
administration experiment. The changes in the mean
SBP of the 1K-1C rats treated with HDR-2 for 2weeks
were measured using a tail-cuff method. The SBP val-
ues in the 1K-1C group (214.67 £5.55mmHg), 1K-1C/
HDR-2 groups (150 mg/kg; 186.71 +7.34 mmHg, 300 mg/
kg, 173.14+6.64mmHg) and 1K-1C/Arg+GABA
group  (186.16 £13.47mmHg) were significantly
higher than that of the sham-operated group (1K-NC,
146.33+£10.27 mmHg) (Fig. 4a). However, the SBP values

in the 1K-1C/HDR-2 groups and 1K-1C/Arg+GABA
group at week two were significantly lower than those
in the 1K-1C group. The data were expressed as ASBP,
which was the difference between the SBP on day 0 and
the SBP measured one or 2 weeks after the beginning of
the experiment. As shown in Fig. 4b, the ASBP values in
the 1 K-1C-control group at weeks 1 (23.67 +3.78 mmHg)
and 2 (29.50%+2.42mmHg) were significantly higher
(P<0.01) than those in the sham-operated group
(IK-NC). The HDR-2-treated groups exhibited sig-
nificant decreases in the mean ASBP observed in the
1K-1C rats but did not demonstrate a change in heart
rate compared with normotensive 1K-NC rats and
1K-1C rats (Table 1). The ASBP of the rats administered
HDR-2 (300 mg/kg) was similar to that of rats on group-
ing day (Oday) until 1week. After 2weeks of treatment,
the ASBP level of the HDR-2 (300mg/kg) group was
8.14+0.85mmHg (P>0.05, NS), which was lower than
that of the 0-day rats (Fig. 4b). Moreover, 1K-1C rats
treated with the combination of |-arginine and GABA
also exhibited a significant decrease in SBP compared to
the 1 K-NC rats (P<0.01) or 2K-NC rats.

Antihypertensive action of single oral administration

of HDR-2 in 1K-1Crats

In the short-term test, the antihypertensive activ-
ity of HDR-2 was evaluated by measuring the SBP
in 1K-1C rats at 0, 0.5, 1, 1.5, 2, 2.5 and 3h after oral
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administration, as shown in Fig. 5. Administration of
saline to 1 K-1C rats caused no changes in SBP recorded
from Oh to 3h following treatment. By contrast, half an
hour after administration of HDR-2 (150 and 300 mg/kg

BW) and a mixture of |-arginine and GABA (10mg/kg
BW), the blood pressures of the three groups had under-
gone a slight decrease. As shown in Fig. 5b, the maximum
decline exhibited by the three groups was observed at 3 h,
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and the decreases in SBP were 14.50+1.51 mmHg (HDR-
2, 150mg/kg), 22.75+3.06 mmHg (HDR-2, 300 mg/kg)
and 17.0£2.62mmHg (Arg+GABA, 10mg/kg). SBP
returned to the untreated initial levels within 24h post
administration (data not shown).

Kidney and heart weight of 1K-1C hypertensive rat models
Kidney and heart weights are shown in Table 1. The
left kidney weights of the 1K-1C group were signifi-
cantly heavier than those of the control group (2K-NC)
and sham-operated group (1K-NC). During the 2-week
HDR-2 treatment, 150 mg/kg and 300mg/kg treatment
significantly reduced the increase in kidney weight in
1K-1C rats. There were no differences in heart weight or
heart index among all groups. Furthermore, all groups
had similar heart rates.

HDR-2 decreased ACE, Angll and NO levels in 1K-1C rats

in a long-term experiment

To further investigate the mechanism underlying the
ACE inhibition activities of HDR-2 in 1K-1C rats, the
plasma and lung tissue ACE activities and the related
plasma AngllI levels were determined, and the results are
presented in Fig. 6. The HDR-2 (150 mg/kg)- and HDR-2
(300 mg/kg)-treated groups exhibited significantly lower
ACE activities in the plasma and lung tissue than the
1K-1C rats (Fig. 6a, b). However, significant differences
in the ACE activities between the 150 mg/kg and 300 mg/

kg treated groups were not observed (P> 0.05). Moreover,
the beneficial effect of HDR-2 in relieving hypertension
was also evidenced by the reduction in Angll concen-
trations in plasma samples (Fig. 6¢). Compared with
control 1K-1C rats, HDR-2-treated 1K-1C rats dem-
onstrated significantly reduced plasma Angll levels at
2weeks after treatment (P<0.001). The concentrations
of Angll in 1K-1C rat plasma samples were also signifi-
cantly decreased in 1K-1C rats treated with |-arginine
and GABA (P<0.001). As shown in Fig. 6d, the serum
NO level was increased in the 1K-1C hypertensive rat
models. Treatment with HDR-2 (150 and 300 mg/kg) sig-
nificantly decreased the generation of NO in serum com-
pared to the 1 K-1C hypertensive control condition.

HDR-2 decreased systolic blood pressure in SHR rats

The pathogenesis of hypertension in SHRs is similar
to that in human essential hypertension [38]. Figure 7
shows the effect of the HDR-2 treatment, administered
for 5weeks, on SBP and heart rate in SHRs. Briefly, there
were no significant differences among SHR groups at the
beginning of the experiment, indicating that the baseline
blood pressure of different SHR groups was the same.
The SBP values in the SHR group (235.80 £10.59 mmHg),
SHR/HDR-2 groups (150mg/kg; 198.0+11.79 mmHg,
300mg/kg; 189.6+12.58 mmHg) and SHR/Arg+ GABA
group (193.8+11.39mmHg) at week 12 were signifi-
cantly higher than that of the normotensive WKY group
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Table 1 Kidney and heart weights and heart rates of 1K-1C hypertensive rats over two weeks. Data are expressed as the mean £ SD

Group Number Rightkidney Left kidney weight (mg) Heart weight(mg) Heartindex (mg/g) Heartrate
weight (mg) (bpm)

Control (2K-NC) n= 12914+94 12664 + 264 1196.0 + 424 38401 395.7 +£30.8
Sham-operated control (1K-NC) n=7 1331.6+463 128521443 1380.6 & 80.1 39401 37954242
1K-1C n=7 - 1626.3 + 1584 1299.6 + 82.5 39402 380.8 +£239
1K-1C/HDR-2 (150 mg/kg) n=7 - 1422.2 £ 1403 1149.2 +33.7 40+03 38144158
1K-1C/HDR-2 (300 mg/kg) n=7 - 1455.7 £ 434 12826 £499 40+0.1 3773 £203
1K-1C/Arg + GABA (10 mg/kg) n=7 - 1280.8 + 132.2 1162.8 + 135.1 41+£03 3731 4+263
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(151.2+3.63mmHg) (Fig. 7a). As shown in Fig. 7b, how-
ever, oral administration of HDR-2 at two doses (150 mg/
kg and 300mg/kg) could significantly (P<0.01) reduce
the SBP in SHRs from the second week. Moreover, the
SBP values in the two SHR/HDR-2 groups and the SHR/
Arg+ GABA group at week 12 were significantly lower
(P<0.001) than those in the SHR group. The data were
expressed as ASBP, which was the difference between
the SBP on day 0 and the SBP measured every week after
the beginning of the experiment. The ASBP value in the
SHR control group at week 12 (47.7+2.22mmHg) was
significantly higher (P<0.001) than that in the WKY
group (13.5+£1.26mmHg). The HDR-2-treated groups
exhibited significant decreases in the mean ASBP
in SHRs. Furthermore, the ASBP of the rats treated
with HDR-2 (300mg/kg) was similar to that of rats on
grouping day (0Oday) until 12weeks (Fig. 7b). Interest-
ingly, the |-arginine+GABA group also showed signifi-
cant decreases in SBP compared with the SHR group
(P<0.001). The heart rate also significantly decreased in
the HDR-2-treated groups after 5weeks (aged 12 weeks)
compared with the 12-week-old SHR control group
(Fig. 7c). However, the heart rates of all HDR-2-treated
groups were not significantly different from that of the

WKY group (aged 6weeks) or SHR control group (aged
6weeks). As expected, the body weights of the rats in
all groups increased over time, although no significant
differences in body weight gain were observed among
the groups during the six-weeks experimental period
(Table 2). After sacrifice, the average weights of the heart,
kidney, liver and spleen were not significantly different
among the SHR groups. However, SHRs had a higher
heart weight index, kidney weight index and liver weight
index than WKYs, and these parameters were not altered
by HDR-2 treatments. In fact, SHRs are characterized by
relative increases in heart and kidney weights compared
with normotensive WKY rats [39].

Antihypertensive action of single oral administration

of HDR-2

In the short-term test, the antihypertensive activity of
HDR-2 was evaluated by measuring the SBP in SHRs
at 0, 0.5, 1, 1.5, 2, 2.5 and 3h after oral administration,
as shown in Fig. 8. Half an hour after administration of
HDR-2 (150 and 300mg/kg BW) or a mixture of | -argi-
nine and GABA (10mg/kg BW), the blood pressure val-
ues of the three groups had undergone a slight decrease.
Moreover, the lowering effect of HDR-2 on SBP showed
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an obvious dose-dependent relationship throughout
the experimental period. The maximum decline exhib-
ited by the three groups was observed at 2.5-3h, and
the decreases in SBP were 18.0+8.71mmHg (2.5h),
40.0+£3.61 mmHg (3h) and 27.0 £4.58 mmHg (3 h).

Evaluation of the renin-angiotensin-aldosterone system
(RAAS)

The in vivo ACE activities of plasma and lung tis-
sue from the test groups were assessed 5weeks after
administration of HDR-2 (150 and 300mg/kg BW)
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Table 2 Body, kidney, liver, spleen and heart weights of SHRs for six weeks. Data are expressed as the mean = SD. “P<0.01 compared

with the Wistar Kyoto rat (WKY) group

Group Number Body Weight (g) Weight Index (mg/g of BW ratio)
Week-6 Week-12 Heart Kidney Liver Spleen
WKY n=5 1327+£935 319341296 2474006 5844023 2812+ 161 26840.12
SHR n=5 1232 £ 481 2899+ 6.58 41940157 75740037  4068+1807 1784003
SHR/HDR-2 (150 mg/kg) n=5 12494527  289.7 +497 4724003 7534+0.16 42934272 176 £ 002
SHR/HDR-2 (300 mg/kg) n=5 1212+£542 27744437 4244014 8.1240.20 4383 £ 1.99 1.83 4+ 0.03
SHR/Arg+GABA (10mg/kg)  n=5 1228 4+ 4.81 2819+ 238 426+0.15 824 +0.15 4277 4130 197 £002
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Fig. 8 Changes in systolic blood pressure (SBP) of spontaneously hypertensive rats (SHRs) after a single oral administration of HDR-2. Single oral
administrations were performed at a dosage of 150 mg HDR-2/kg body weight, 300 mg HDR-2/kg body weight and 10mg mixture of | -arginine
and GABA/kg body weight. SBP was measured 0, 0.5, 1, 1.5, 2, 2.5 and 3 h after administration. Values are expressed as the mean =+ SD. *** indicates
P<0.001 compared with the WKY control group (WKY); #, ## and ### indicate P<0.05, P<0.01 and P<0.001, respectively, compared with the SHR

and a mixture of |-arginine and GABA (10mg/kg BW)
(Fig. 9a, b). Examination of plasma and lung ACE activ-
ity showed less activity in the HDR-2-treated groups and
L-arginine+GABA-treated group than in the SHR control
group. At the 150mg/kg dose of HDR-2, the mean ACE
levels in plasma and lung were 2.88+0.32ng/mL and

1.33+0.12ng/mg of protein, respectively. At the 300 mg/
kg dose of HDR-2, the mean ACE levels in plasma and
lung were 2.30+£0.67ng/mL and 1.314+0.05ng/mg of
protein, respectively. Moreover, at the 10mg/kg dose of
L-arginine+GABA, the mean ACE levels in plasma and
lung were 2.73+0.28ng/mL and 1.2740.09ng/mg of
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protein, respectively. In contrast, those of the SHR con-
trol group were 3.46+0.32ng/mL and 1.6010.11ng/
mg of protein, respectively. However, no significant dif-
ferences were observed in the ACE activities between
the 150mg/kg and 300 mg/kg treated groups. All HDR-2
and |-arginine+GABA treatments significantly low-
ered ACE levels in plasma and lung tissue from SHRs
(P<0.001). Moreover, the beneficial effect of HDR-2 in
relieving hypertension was also evidenced by the reduc-
tion in Angll concentrations in plasma samples (Fig. 9c).
Compared with control SHRs, HDR-2-treated SHRs
demonstrated significantly reduced plasma AngII levels
at 5weeks after treatment (P<0.01). However, the con-
centrations of AnglI in SHR plasma samples were not sig-
nificantly decreased in SHRs treated with | -arginine and
GABA (P>0.05).

The effect of HDR-2 on plasma NO production

We investigated plasma NO concentrations by HDR-2
administration (Fig. 9d). The plasma NO concentra-
tion in the SHR control rat was significantly increased
compared with that in the WKY rat (14.42+3.05 and
4.11+£1.13uM, respectively; P<0.001). Moreover, the
NO concentrations in the SHR/HDR-2 (150 and 300 mg/
kg) rats were significantly decreased (7.26+3.82 and

5.57+1.60 uM, respectively) in serum in a dose-depend-
ent manner compared to those in the SHR control rat.

HDR-2 stimulates the expression and phosphorylation

of eNOS in aortic segments

eNOS serves an important basal regulatory function in
the vasculature. When subjected to stimuli such as shear
stress or ACh, eNOS, which is constitutively expressed
in endothelial cells, oxidizes | -arginine to generate | -cit-
rulline and NO. |-Arginine is one of the major biologi-
cally active components of Hy-DP and is regarded as the
main compound responsible for its many pharmacologi-
cal actions, including enhancement of eNOS expression,
phosphorylation and NO production. We examined
eNOS phosphorylation by western blotting analysis of
tissue homogenate from the aortae of both WKY rats
and SHRs after administration of HDR-2. As shown in
Fig. 10, no significant difference in the level of eNOS
expression was observed between samples from the aor-
tae of the SHR control group and WKY group (P> 0.05).
HDR-2 treatment increased the level of eNOS expres-
sion compared to that observed in the SHR control group
(values of HDR-2 150 mg/kg and HDR-2 300 mg/kg were
150.6 £48.19% and 326.4+113.90% higher than those
of SHR control group, respectively). Administration
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of a mixture of |-arginine and GABA also stimulated
the expression of eNOS in SHRs (P<0.05). In addition,
the efficiency of HDR-2 (300 mg/kg) to stimulate eNOS
expression was much higher than that of the mixture of
L-arginine and GABA in SHRs (P<0.05).

In addition, our data show that Ser-1177 phosphoryla-
tion of eNOS (p-eNOS) is reduced in the aortae of the
SHR control group (72.11£25.99% lower than WKY
group values; P>0.05, NS). Treatment with HDR-2
increased the levels of eNOS phosphorylation relative
to the levels observed in rats in the SHR control group
(values of HDR-2 150 mg/kg and HDR-2 300 mg/kg were
148.9+£43.57% and 254.94+129.30% higher, respectively,
than those of SHR control group). The level of eNOS
phosphorylation also increased in SHRs after administra-
tion of a mixture of | -arginine and GABA (P<0.001).

HDR-2 improved the vascular relaxation response in SHR
aortae

The effect of HDR-2 on vascular function in SHRs was
evaluated as one of the possible mechanisms for its anti-
hypertensive effects. To validate endothelium-dependent

relaxation, we treated ACh (10~°-1073M) to aortic tis-
sue that had been precontracted with PHE (10uM).
In the SHR control group, the relaxation response at
107°-10">M ACh was significantly lower than that in
the WKY control rats (P<0.001) (Fig. 11a). In vivo treat-
ment with HDR-2 at 150 and 300mg/kg significantly
improved the impaired ACh (1 mM)-induced relaxa-
tion in SHR aortae (P<0.01, P<0.01, respectively). The
effective concentrations causing 50% relaxation (ECs)
of SHR/HDR-2 (150mg/kg) and SHR/HDR-2 (300mg/
kg) were 7.71£0.21pM and 7.184+0.32uM, respec-
tively, which were significantly lower (P<0.01) than that
in the SHR control group (ECy, value: 15.66 £0.20 uM).
Figure 11b shows the results of SNP-induced relaxation
in each group of denuded aortic rings. SNP-induced
endothelium-independent relaxation and the respec-
tive EC;, values were also significantly different among
the SHR control group (26.67+0.15uM), SHR/HDR-2
(150mg/kg) group (10.094+0.16puM) and SHR/HDR-2
(300mg/kg) group (12.40+£0.14uM). HDR-2 adminis-
tration improved endothelium-dependent and endothe-
lium-independent vasorelaxation in SHR thoracic aortae.
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Discussion

Our previous research has demonstrated that both
Hy-DP and 5-uRCK have vasodilatory activities [24]. In
the present study, we prepared a novel formulation, des-
ignated HDR-2, which contained 5-uRCK and Hy-DP,
and administered it to two different animal models of
hypertension. We found that HDR-2 treatment increased
eNOS expression and phosphorylation and decreased
blood pressure in hypertensive rats. These results indi-
cate that HDR-2 administration has the potential to
reduce blood pressure and prevent CVDs.

Both the vascular endothelium and vascular smooth
muscle play important roles in regulating the function
of the cardio-cerebrovascular system. Enhanced NO is a
possible endothelium-dependent mechanism of vasodi-
lation. As in our previous study, incubation of thoracic
aortae with [-NAME, a NOS inhibitor, reduced vaso-
dilation by both Hy-DP and 5-uRCK [24], suggesting a
contribution of NO to relaxation in both groups. In this
study, HDR-2-induced vasodilation was also reduced, but
not completely inhibited, by treatment with | -NAME and
ODQ in rat aortic rings with intact endothelium. Fur-
thermore, removal of the endothelium from the aortic
ring did not completely inhibit HDR-2-induced relaxa-
tion when the rings were preincubated with PHE. This
finding suggests that HDR-2-induced relaxation involves
both endothelium-dependent and endothelium-inde-
pendent mechanisms, which is in accordance with our
previous findings [24].

NO is a major endothelium-dependent relaxation fac-
tor, and its production by vascular endothelial cells plays

a critical role in the regulation of vascular motor tone
and the stability of blood flow as well as blood pressure
[40, 41]. NO is synthesized by vascular endothelial cells
using | -arginine as a substrate in a process catalyzed by
NOS [42] and induces vascular smooth muscle relaxation
by activation of guanylate cyclase [43]. Because it is an
isoform of NOS that produces NO, eNOS also plays an
important role in regulating systemic blood pressure [44].
The intracellular concentration of |-arginine normally
greatly exceeds the level that is required for maximal
enzyme kinetics of NOS; the Michaelis constant (Km)
of |-arginine for NOS is 2.9 umol/L, whereas the intra-
cellular level of | -arginine in vivo is 0.8—2mmol/L, with
a plasma concentration in the range of 60—350umol/L
[45, 46]. Nonetheless, |-arginine supplementation has
been shown to improve endothelial function, reduce ath-
erosclerosis progression and alter autonomic function, all
consistent with enhanced NO synthesis [45, 47]. This is
termed the | -arginine paradox and can probably be best
explained by compartmentalization of NOS and a relative
L-arginine deficiency rather than an absolute deficiency.
The plasma | -arginine level was lower in the SHRs than
in the WKY rats but was increased to a comparable level
following | -arginine supplementation [48]. We developed
and reported a technique for amplifying the | -arginine
content of DP using the enzymatic hydrolysis method
[16]. Furthermore, our previous study showed the effects
of Hy-DP on vascular relaxation, eNOS expression and
NO production in vitro [24]. In the present study, | -argi-
nine contained in HDR-2 significantly decreased SBP
in the hypertensive rat models and improved vascular
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function. However, the exact molecular mechanism of
HDR-2-activated | -arginine transport remains to be fur-
ther studied. Moreover, the results of the present study
also showed that HDR-2 induces a dose-dependent
chronic hypotensive effect on SHR, significantly reduc-
ing SBP as well as heart rate, which was significant at
150 and 300mg/kg. For detailed mechanisms involving
these results, HDR-2 should be examined for possible
mechanisms using atropine (a nonselective muscarinic
antagonist) and hexamethonium (an autonomic ganglion
blocker). Therefore, it is hypothesized that the detailed
mechanism underlying the heart rate reduction effect of
HDR-2 treatment is based on the mechanisms described
above.

The RAAS plays an important role in controlling blood
pressure in the body [49]. In this system, ACE converts
Angl to Angll, which increases blood pressure by caus-
ing the constriction of blood vessels [50, 51]. AnglI also
promotes oxidative stress, inflammation and fibrosis
[52]. Furthermore, Angll is an important mediator of
cardiovascular remodeling, which not only increases
blood pressure but also enhances the generation of reac-
tive oxygen species (ROS) [53]. Inhibition of ACE is a
widely used strategy for the treatment of hypertension
[54], so the food and pharmaceutical industries have an
ongoing interest in new sources of ACE inhibitors with
antihypertensive activity [55]. The SHR is considered to
be a renin-independent model of hypertension in which
plasma AnglI levels are not elevated [56]. Nevertheless,
ACE inhibitors have proven to be potent and effective
agents in SHRs for the reduction in blood pressure and
regression of several abnormalities, including cardiac and
renal hypertrophy and endothelial dysfunction, that are
developed in this model of genetic hypertension [57, 58].
This disparity can be understood if we consider that their
antihypertensive effects are more closely related to the
inhibition of tissue, rather than plasma, ACE [58, 59]. In
fact, we found that chronic treatment with HDR-2 signifi-
cantly reduced ACE activities in plasma and target organs
for hypertension, such as lung tissue. Since HDR-2 was
initially identified as an in vitro and in vivo ACE inhibitor,
plasma AngllI levels were assessed in both HDR-2-treated
and untreated animals. Plasma AnglI levels were signifi-
cantly different between HDR-2-treated and untreated
SHRs (Fig. 9c¢), indicating that HDR-2 may work as an
ACE inhibitor in reducing blood pressure in hypertensive
rats. Furthermore, in 1K-1C hypertensive rats (regarded
as a model of RAAS-dependent hypertension) (Fig. 6c),
hypertension was also significantly responsive to HDR-2.
In this study, plasma AngIlI levels in the 1 K-1C hyperten-
sive rats and SHRs were significantly higher than those
in the WKY normal control rats, suggesting that the
RAAS was activated in the hypertensive model rats and
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confirming that the RAAS plays an important role in the
pathological process of hypertension.

According to a previous studies, single oral adminis-
tration of GABA at a concentration of 0.5 mg/kg to SHR
significantly lowered systolic blood pressure [22], and
the antihypertensive activity of GABA was significant at
doses ranging from 0.05 to 5mg/kg [23]. Our previous
study reported that 100mg of Hy-DP contains 2.8 mg
of GABA, as estimated from the HPLC data [24]. We
found that Hy-DP contains a sufficient concentration
of GABA to decrease blood pressure in SHRs. Further-
more, the extracts DP, Hy-DP and 5-uRCK contained
2.61+1.02mg/g, 17.77+1.36 mg/g and 1.63+0.25mg/g
L-arginine, respectively. The HDR-2 samples used in this
study contained | -arginine and GABA, and the ingested
amounts in the in vivo administration test were 3.7 mg
and 5.7mg of |-arginine and GABA per kg-BW, respec-
tively. These studies showed that the blood pressure-
lowering effect of these compounds is significant. Thus,
L-arginine and GABA were potentially responsible for the
antihypertensive effect. Although the mechanism under-
lying the hypotensive action of systemically administered
GABA has not yet been fully elucidated, several hypoth-
eses have been postulated. One of them postulates that
because GABA rarely crosses the blood-brain barrier,
this molecule acts not in the central nervous system but
in the peripheral nervous system [60].

In this study, the chronic effective dose of HDR-2 in
1K-1C rats and SHRs was 150-300mg/kg BW per day.
The chronic effective dose for an adult person weighing
60kg was estimated to be 1.4-2.9 g/day of HDR-2, based
on Kleiber’s law [61, 62]. However, it seemed to have a
sufficient significant effect in the group treated with
150 mg/kg, so it can be expected to be effective even at
lower concentrations. Therefore, further studies at lower
concentrations are needed. HDR-2 can potentially serve
as an important antihypertensive food or drug.

The expression and activity of NOS is altered in hyper-
tensive animal models such as SHRs, and earlier studies
have shown increased ROS, enhanced NOS expression,
and NO production in SHRs [63]. In this study, the SHR
control group also had higher basal plasma NO levels
than the WKY group (Fig. 6d). Our results are consist-
ent with previous studies showing that higher plasma
NO levels in the SHR control group may reflect increased
basal expression of iNOS [64] and oxidative stress-
induced activation of iNOS [65]. The cause of vascular
endothelial dysfunction of SHR is the increased activity
of nicotinamide adenine dinucleotide phosphate oxidase
(NADPH oxidase, NOX) in cells and the resulting oxida-
tive stress induce iNOS and decrease NO bioavailabil-
ity [66]. Furthermore, Angll stimulates ROS production
mainly by activating NOXs in the vessel wall [67, 68].
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Moreover, NOX seems to contribute to ROS produc-
tion in SHR endothelial cells regardless of AnglIl [69].
Increased eNOS activity and decreased NOX activity
were involved in the improvement of vascular endothelial
function in SHR [70], and the increase in eNOS expres-
sion and activation was strongly associated with elevated
plasma NO levels in SHR [71]. Notably, a reduction in
eNOS activity is known to be involved in the hyperten-
sive state of SHR [72]. Consistent with the published
information, our data show that eNOS phosphorylation
is slightly reduced in the aortae of SHRs. Moreover, we
found that HDR-2 significantly increased eNOS phos-
phorylation in the aortae of SHRs. Reduced eNOS and
AKT phosphorylation are simultaneously present in the
aortae of SHRs [73]. In this study, however, plasma total
NO levels and eNOS expression and phosphorylation
levels were assessed merely as a control for hypertension-
associated parameters. Therefore, further studies are
required to confirm our findings.

Incubation of thoracic aortae with [-NAME, an NOS
inhibitor, reduced vasodilation in HDR-2, suggesting
a contribution of NO to relaxation in HDR-2-treated
groups (Fig. 1c). This NO-dependent vasodilation may
be due to the enhanced NO bioavailability through scav-
enging of free radicals or increased NO production in
the vasculature. Vascular relaxation due to SNP, an exog-
enous NO donor, was also significantly enhanced in the
HDR-2-treated group compared to the untreated SHR
group (Fig. 11b). This implies the involvement of either
an endothelium-independent mechanism (in addition to
endothelium-dependent mechanisms) or enhanced NO
bioavailability in the HDR-2-treated group compared to
the untreated SHR group.

In this study, HDR-2 treatment improved ACh-
induced endothelium dependence in isolated intact
SHR thoracic aortae and SNP-induced endothelium-
independent relaxation in isolated denuded SHR tho-
racic aortae. However, although these findings suggest
that HDR-2 is involved in blood pressure regulation in
a partially endothelium-independent manner, it is cur-
rently unclear whether HDR-2 is able to directly regu-
late vascular smooth muscle cell (VSMC) phenotypic
switching and proliferation in hypertension. A recent
study reported that transient receptor potential vanil-
loid 1 (TRPV1) cation channel activation elevates the
phosphorylation of PKA and eNOS in endothelial cells
and plasma NO concentration, improves endothelium-
dependent relaxation in mesenteric arteries, and lowers
arterial pressure in genetically hypertensive rats [74,
75]. Thus, endothelial TRPV1 activation can be consid-
ered a potential strategy for the management of hyper-
tension. To fill these gaps, therefore, we will investigate
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the detailed molecular mechanism of HDR-2 on pheno-
typic switching and proliferation of VSMCs and chronic
activation of TRPV1 in hypertension.

Conclusions

The present study, to the best of our knowledge, is the
first to compare the effects of long-term treatment with
HDR-2 on vascular function in a 1K-1C hypertensive
rat model and SHRs through several mechanisms.
The main finding of the study was that reduced blood
pressure was concomitant with increased vasodila-
tion, reduced nitrosative stress, ACE and Angll, and
enhanced eNOS expression. While our findings are
novel, further research is needed to ascertain the role
of HDR-2 in mechanisms involved in endothelium-
independent vasorelaxation to achieve a comprehensive
understanding of the underlying mechanisms. The find-
ings from this study may establish the potential of natu-
ral products in the management of hypertension and
associated complications.
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