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ABSTRACT: Products fermented with lactic acid bacteria may show antihypertensive effects via substances such as angiotensin
I-converting enzyme inhibitor (ACEI) and y-aminobutyric acid (GABA). It was previously found that milk fermented with
Lactobacillus paracasei subsp. paracasei NTU 101 (101FM) or Lactobacillus plantarum NTU 102 (102FM) has ACEI and GABA
activities. This study aimed to investigate the antihypertensive effects of 101FM and 102FM orally administered to spontaneously
hypertensive rats (SHRs). Eight hours after a single oral administration or after 8 weeks of weekly (chronic) administration, 101FM
and 102FM significantly decreased systolic and diastolic blood pressures in the SHRs. Microscopic examination of aortic tissue
demonstrated that 101FM and 102FM reduced the disorganization of the media layer. These findings suggest that orally
administered 101FM and 102FM have antihypertensive effects, possibly via ACEI and GABA activity, in SHRs. Therefore, 101FM
and 102FM may be useful ingredients in physiologically functional foods to prevent hypertension.
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B INTRODUCTION

Therapeutic control of high blood pressure has a fundamental
role in cardiovascular disease prevention.' Lactic acid bacteria
(LAB)-fermented products may prevent hypertension via sub-
stances such as y-aminobutyric acid (GABA) and anglotensm
I-converting enzyme inhibitors (ACEIs). In 2003, Fuglsang et al.*
reported that administration of milk fermented with Lactobacillus
helveticus CHCC637 and CHCC641 to rat results in the inhibition
of angiotensin II conversion. Milk fermented with L. helveticus
JCM1004 can produce two angiotensin- convertmg enzyme inhib-
itor tripeptides: Val-Pro-Pro and Ile-Pro-Pro.*> The hypotensive
properties of LAB-fermented products have been shown to
include these tripeptides as the active ingredients.* Furthermore,
LAB have been extensively studied for the production of GABA-
rich foods and pharmaceuticals.>®

We prev10usly screened Lactobacillus paracasei subsp para-
casei NTU 1017 and Lactobacillus plantarum NTU 102,% isolated
from human feces and homemade Korean-style cabbage pickle,
respectively. Their resistance to gastric juice and bile salt in the
natural environment has been demonstrated, and their various
bioactive properties have also been reported as follows: These
LAB strams are effective in reducing cholesterol in the blood and
liver.” Mice fed L. paracasei subsp. paracasei NTU 101 show up-
regulation of the antigen-presenting ability of dendritic cells and
expression of natural killer group-2 D molecules, triggering
natural killer cell-mediated cytotoxicity; these mice also show
significantly increased lymphocyte proliferation and antibody
production.”® Another study demonstrated that L. paracasei
subsp. paracasei NTU 101 significantly enhances innate lmmu—
nity and induces Peyer’s patch-mediated gut mucosal immunity.""
When the immunomodulatory activity of L. paracasei subsp.
paracasei NTU 101 was investigated in enterohemorrhagic
Escherichia coli O157:H7-infected BALB/c mice, the lactobacil-
lus down-regulated the expression of proinflammatory cytokines
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and toll-like receptors on macr thages and chemokines induced
by E. coli O157:H7 infection.'” Soy-skim milk fermented with
L. paracasei subsp. paracasei NTU 101 and supplemented with
or without Momordica charantia is effective in preventing and
slowing hyperlipidemia-induced oxidative stress and athero-
sclerosis." L. plantarum NTU 102 induces superoxide dismutase
(SOD) and phenol oxidase activities as an immune response in
Litopenaeus vannamei."* Soy-skim milk fermented with L. para-
casei subsp. paracasei NTU 101 or L. plantarum NTU 102 is
useful for preventing acute gastric ulcers induced by pyloric
ligation and acidified ethanol via prostaglandin E, and signifi-
cantly enhances SOD activity."> Heat-killed cells and cytoplasmic
fractions from these LAB strains also have inhibitory effects on
cancer cell lines and antioxidant activities in vitro."®

In a preliminary study, we found that milk fermented with
L. paracasei subsp. paracasei NTU 101 (101FM) or L. plantarum
NTU 102 (102FM) has ACEI activity and GABA activity, and
optimal production by submerged culture and response surface
methodology (RSM) were practiced (data not shown). The aim
of this study was to investigate the antihypertensive effects of
101FM or 102FM orally administered to spontaneously hyper-
tensive rats (SHRs).

B MATERIALS AND METHODS

Preparation of 101FM and 102FM. One percent of L. paracasei
subsp. paracasei NTU 101 and L. plantarum NTU 102 were inoculated
into lactobacilli MRS broth and transferred monthly, respectively.
To prepare the LAB-fermented milk products, skim milk powder
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(32.4% protein; 54.1% lactose; 0.8% fat) (Fonterra Ltd., Auckland,
New Zealand) was reconstituted with demineralized water (w/v =
10%), sterilized (90 °C; 1 h), and inoculated with precultured
L. paracasei subsp. paracasei NTU 101 or L. plantarum NTU 102
(w/w=5%) for 3 or 6 days at 37 or 34 °C. Lactobacillus-fermented milk
products were lyophilized and stored at 4 °C until further application.
Metabolism of glutamic acid can result in the formation of GABA.
L. plantarum NTU 102 has been demonstrated to produce GABA. To
enhance the content of GABA, 1% of monosodium glutamate was
added to the culture medium for L. plantarum NTU 102.

Determination of the GABA Concentration. The supernatants
of 101FM and 102FM were filtered, derivatized with o-phthalaldehyde
(OPA), and analyzed in triplicate by reverse phase high-performance
liquid chromatography (RP-HPLC) as previously described.'”'® The
chromatographic eluent pump (PU2089 plus, Jssco Co., Tokyo, Japan),
injector (7725i, Rheodyne Co., Robert Park, CA), C;5 column (25 cm x
4.6 mm inner diameter, S m, Discovery, Supelco, Inc., Bellefonte, PA),
fluorescence detector FL-1 (Rainin Co., Wobum, MA), and 1—16 mg/L
GABA (Sigma Chemical Co., St. Louis, MO) were used for calibration.

Determination of ACEI Activity. ACEI activity was measured in
triplicate by using a previously described assay method'® >® with some
modifications. Forty-five microliter supernatants of 101FM and 102FM
were incubated with 45 uL of 0.1 M borate buffer (pH 8.3) containing
0.3 M NaCl and 0.033 unit/mL ACE (Sigma Chemical Co.) at 37 °C for
10 min. Then, 45 4L of 3 mM hippuric acid—histidine—leucine (HHL,
Sigma Chemical Co.) was added, and the reaction mixture was incubated
at 37 °C for 30 min. The reaction was stopped with 150 uL of 1 N HCL
The reaction solution was then filtered with a 0.45 ytm pore size filter and
analyzed by HPLC using a Discovery C,s column (25 cm X 4.6 mm).
The mobile phase consisting of 50% methanol and 50% water was
eluted as a flow rate of 0.6 mL/min. The HHL and hippuric acid
were detected by ultraviolet detector (UV207S plus, Jasco) set at
228 nm. For calibration, inhibitory percentage (1%) was calculated as
follows: 100% x (Hc — Hs)/(Hc — Hb), where Hs is optical density in
the presence of both ACE and 101FM or 102FM, Hc is optical density
without the FMs, and Hb is optical density without ACE. Next, ACEI
activity (mU/mL) = ACE total activity (mU/mL) X I%/sample (uL),
1% between 15 and 85%.

Animal Experiment and Experimental Schedule. Seventy-
two male SHRs were housed in individual plastic cages and subjected to
a 12 h light—dark cycle with 60% relative humidity at 25 &= 2 °C. The
animals were given free access to regular rodent chow and water for 1 week
to adapt to the new environment. They were weighed and randomly
assigned to nine groups of eight animals each before the animal
experiment. The experimental protocol was reviewed and approved by
the Animal Care and Research Ethics Committee of the National
Taiwan University.

Experimental feeding doses of 101FM and 102FM were calculated on
the basis of ACE activity and GABA concentrations. Effective doses were
estimated on the basis of reference dosages acknowledged for Calpis
(2380 U/kg BW/day) as well as GABA (1.36 mg/kg BW/day). For the
101FM intervention trial, experimental animals were assigned to a
control group (0 mU ACE), Calpis group (2380 mU ACE), 101FM-
0.5x group (1190 mU ACE), 101FM-1x group (2380 mU ACE), or
101FM-2x group (4760 mU ACE); for the 102FM intervention trial,
animals were assigned to a control group (0 mg GABA/kg BW/ day),
GABA group (1.36 mg GABA/kg BW/day), 102FM-0.5x group (0.68
mg GABA/kg BW/ day), 102EM-1X group (1.36 mg GABA/kg BW/
day), or 102FM-5% group (6.80 mg GABA/kg BW/day). Body weights
were recorded once a week until 8 weeks.

At 24 h before sacrifice, all food was removed. The animals were
anesthetized and sacrificed by CO, inhalation. Their whole blood,
plasma, and serum samples were collected, prepared, and then stored
at —80 °C. Their aortas were excised, rinsed frequently with 0.8% NaCl
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Figure 1. Body weight of SHR chronically administered 101FM (A)
and 102FM (B). Calpis and GABA were used as positive controls in this
experiment. *, p < 0.0S, p estimated by one-way ANOVA and versus the
control group (n = 8).

solution to eliminate any blood, placed in buffered formalin (10%), and
fixed for microscopic examination by H&E staining method.

Blood Pressure Measurements. At 0, 4, 8, and 24 h after a single
oral administration of the fermented product solutions, individual rats
were gently placed in a constant-temperature holder at 37 £ 1 °C for a
few minutes. Then, their systolic and diastolic blood pressures (SBP and
DBP, respectively) were measured by tail cuff plethysmography with a
photoelectric system (Visitech BP-2000, Napa Place, NC) controlled
with a personal computer. The mean value from at least five consecutive
readings was used for the calculations. To assess the hypotensive effects
of the samples individually, the blood pressures and heart rate were
measured 0 and 4 h after a single administration. During the chronic
administration, the SBP and DBP were measured before the weekly
administration of samples.

Statistical Analysis. The data are expressed as the mean =+
standard deviation (SD). The statistical significance of the behavioral
and biochemical effects was determined by one-way analysis of variance
(ANOVA) using the general linear model procedure of SPSS (SPSS,
Inc., Chicago, IL), followed by ANOVA with Duncan’s test. Differences
with p < 0.05 were considered to be statistically significant.

B RESULTS

Changes in BW and Daily Intake. The average BWs of the
SHRs were not significantly different during the experiment
(Figure 1). The daily intake of the SHRs increased normally,
without a significant difference among the groups during the
experiment (data not shown).
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Table 1. Active Ingredients of GABA Content and ACEI
Activity in LAB-Fermented Milks

active ingredients from LAB-fermented milk

GABA content (mg/L) ACEI activity (mU/mL)

101FM* 85
102EM° 970 93

L. paracasei subsp. paracasei NTU 101 was cultured in 10% skim milk at
37°C for 3 days. ” L. plantarum NTU 102 was cultured in 10% skim milk
with 1% MSG at 37 °C for 6 days.
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Figure 2. Effect of a single oral administration of 101FM product on
(A) SBP and (B) DBP in SHR. One group of the SHRs was fed a normal
diet without the administration of test materials (control group, O). The
other SHRs were administered a 1-fold dose of Calpis (15 mL/kg/day
including 2380 mU of ACEI activity) (Calpis group, 0), a 0.5-fold dose
of 101FM (14 mL/ kg BW/day including 1190 mU of ACEI activity)
(101FM-0.5% group, ®), a 1-fold dose of 101FM (28 mL/kg BW/day
including 2380 mU of ACEI activity) (101FM-1X group, M), and a
2-fold dose of 101FM (56 mL/ kg BW/day including 4760 mU of ACEI
activity) (101FM-2X group, A). *, p < 0.05, p estimated by one-way
ANOVA and versus the control group (n = 8).

GABA Content and ACEI Activity of 101FM and 102FM.
Table 1 shows that 101FM and 102FM had 85 and 93 mU/mL
of ACEI activity, respectively. Furthermore, 102FM produced
GABA (970 mg/L), which was not detected in 101FM (non-
GABA-producing strain).

Effect of a Single Oral Administration of LAB-Fermented
Milk. Figure 2 displays changes of average resting SBP and
DSP (0 h) of SHR upon single administration of 101FM. One-
way ANOVA showed independent effects of time in the
101FM groups (p < 0.05). Compared with the control group,
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Figure 3. Effect of a single oral administration of 102FM product on
(A) SBP and (B) DBP in SHR. One group of the SHRs was fed a normal
diet without the administration of test materials (control group, O).
The other SHRs were administered a 1-fold dose of GABA (1.36 mg/kg
BW/day) (GABA group, ), a 0.5-fold dose of 102FM (0.7 mL/kg
BW/day including 0.68 mg of GABA) (102FM-0.5% group, @), a 1-fold
dose of 102FM (1.4 mL/kg BW/day including 1.36 mg of GABA)
(102FM-1x group, W), and a S-fold dose of 102FM (7 mL/kg BW/day
including 6.8 mg of GABA) (102FM-SX group; A). %, p < 0.0S,
p estimated by one-way ANOVA and versus the control group (1 = 8).

the 0.5-, 1-, and 2-fold doses of 101FM and Calpis groups
showed decreased SBP by 13 mmHg , 18 mmHg (p < 0.01),
16 mmHg (p < 0.05), and 11 mmHg, respectively, 4 h after
administration; furthermore, 8 h after administration, they
showed decreased SBP by 22 mmHg (p < 0.01), 24 mmHg
(p < 0.01), 25 mmHg (p < 0.001), and 25 mmHg (p < 0.001),
respectively. There was a significant difference in SBP between
the control and 101FM groups by 8 h after dosing. Compared
with the control group, the 0.5-, 1-, and 2-fold dose 101FM
and Calpis groups also showed decreased DBP by 19 mmHg ,
25 mmHg (p < 0.01), 18 mmHg (p < 0.05), and 20 mmHg,
respectively, 4 h after administration; furthermore, 8 h after
administration, they showed decreased DBP by 32 mmHg
(p < 0.05), 38 mmHg (p < 0.01), 37 mmHg (p < 0.01), and
29 mmHg (p < 0.05), respectively. Neither the SBP nor the
DBP returned to the baseline value by 24 h after a single oral
administration of 101FM.

Figure 3 shows changes of average resting SBP and DSP (0 h)
of SHR upon a single administration of 102FM. One-way
ANOVA again showed independent effects of time (p < 0.05).
Compared with the control group, 4 and 24 h after administra-
tion, all dose groups of 102FM and GABA demonstrated no
significant effects on the SBP (Figure 2A) and DBP (Figure 2B).
However, 8 h after administration, the GABA, 1-fold dose 102FM,
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Figure 4. Effect of chronic administration of 101FM product on (A)
SBP and (B) DBP in SHR. One group of the SHRs was fed a normal diet
without the administration of test materials (control group, O). The
other SHRs were administered a 1-fold dose of Calpis (15 mL/kg/day
including 2380 mU of ACEI activity) (Calpis group, 0), a 0.5-fold dose
of 101FM (14 mL/kg BW/day including 1190 mU of ACEI activity)
(101FM-0.5% group, @), a 1-fold dose of 101FM (28 mL/kg BW/day
including 2380 mU of ACEI activity) (101FM-1X group, M), and a
2-fold dose of 101FM (56 mL/ kg BW/day including 4760 mU of ACEI
activity) (101FM-2X group, A). *, p < 0.05, p estimated by one-way
ANOVA and versus the control group (n = 8).

and 5-fold dose 102FM groups had significantly decreased SBP
(22,21, and 24 mmHg, respectively; p < 0.05) and DBP (34, 31,
and 33 mmHg, respectively; p < 0.05). The 0.5-fold dose of
102FM had no effect on the blood pressures upon a single oral
administration.

Effect of Chronic Administration of LAB-Fermented Milk.
A significantly slower increase in SBP was observed 4 and 6 weeks
after the start (at 8 weeks of age) of chronic feeding with 101FM
and 102EM, respectively, than with the control, and this differ-
ence was maintained throughout the experiment. After 8 weeks
of feeding, the SBP (Figure 4A) in the control (water), 0.5-fold
dose 101FM, 1-fold dose 101FM, 2-fold dose 101FM, and Calpis
groups was 195 £ 6, 182 + 8 mmHg (p < 0.01), 172 & 8 mmHg
(p < 0.005), 173 & 8 mmHg (p < 0.005), and 182 + 6 mmHg
(p < 0.01), respectively; moreover, the DBP (Figure 4B) was 173 &
4mmHg , 140 + 7 mmHg (p < 0.005), 140 + S mmHg
(p < 0.005), 130 + 6 mmHg (p < 0.005), and 152 &+ 7 mmHg
(p < 0.05), respectively.

After 8 weeks of feeding, the SBP (Figure SA) in the control
(water), GABA, 0.5-fold dose 102FM, 1-fold dose 102FM, and
S-fold dose 102FM groups was 195 &= 6mmHg, 183 4= 8 mmHg
(p < 0.01), 180 = 8 mmHg (p < 0.01), 182 + 8 mmHg
(p < 0.01), and 176 £ 6 mmHg (p < 0.005), respectively, and

210
(A}
200 |
190 |

180 -

SBP (mmHg)

180

-
xR
S

160

DBP (mmHg)

0 2 4 6 8
Administration period (week)

Figure S. Effect of chronic administration of 102FM product on (A)
SBP and (B) DBP in SHR. One group of the SHRs was fed a normal diet
without the administration of test materials (control group; O). The
other SHRs were administered a 1-fold dose of GABA (1.36 mg/kg BW/
day) (GABA group; [0), a 0.5-fold dose of 102FM (0.7 mL/kg BW/day
including 0.68 mg of GABA) (102FM-0.5x group, ®), a 1-fold dose of
102FM (1.4 mL/kg BW/day including 1.36 mg of GABA) (102FM-1x
group, M), and a 5-fold dose of 102FM (7 mL/ kg BW/day including 6.8
mg of GABA) (102FM-Sx group, A). %, p < 0.0S, p estimated by one-
way ANOVA and versus the control group (n = 8).

the DBP (Figure SB) was 173 £ S mmHg , 156 + 6 mmHg
(p < 0.05), 154 + 8 mmHg (p < 0.01), 149 + 4 mmHg
(p < 0.01), and 143 &+ 6 mmHg (p < 0.01), respectively.

Effect of LAB-Fermented Products on Vascular Histology.
Microscopic examination of the aortic sections (Figure 6)
showed that the elastin fibers in the 101FM- and 102FM-treated
SHRs were significantly straighter than those in the controls
(water). The arrows indicate the location of difference.

B DISCUSSION

Angjotensin is part of the renin—angiotensin system, stimu-
lating the release of aldosterone, increasing sodium and water
reabsorption, and leading to vasoconstriction and increased blood
pressure. Its inactive precursor, angiotensinogen, is converted by
renin to inactive angiotensin I and by ACE to angiotensin I In
the milk fermentation process, the proteolytic system of LAB
plays the key role because it enables these bacteria to grow in milk,
thereby ensuring successful fermentation. LAB are fastidious
microorganisms that require an exogenous source of amino acids
or peptides, which are provided by the proteolysis of casein, the
most abundant protein in milk and the main source of amino
acids.”' Milk is widely considered to be the substrate for LAB to
produce ACEI peptides. A number of ACEI peptides have been
shown to be effective in lowering the blood pressure of SHRs.***
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Figure 6. Heart appearance and microscopic examination (200x and 400 ) of aorta biopsy on experimental SHRs: (A) control group; (B) Calpis
group; (C) GABA group; (D) 101FM-0.5x group; (E) 101FM-1x group; (F) 101FM-2x group; (G) 102FM-0.5x group; (H) 102FEM-1X group;

(I) 102FM-5x group. (The arrow points out the location of difference.)

We found that 101FM and 102FM exhibit ACEI activities of 85
and 93 mU/mL, respectively. In the single oral administration,
101FM and 102FM had significant hypotensive effects on the
SBP and DBP of the SHRs. Although the blood pressure returned
to the baseline value 24 h after 102FM administration, this
phenomenon was not observed 24 h after 101FM administration
and should be studied in the future.

GABA is a major inhibitory neurotransmitter in mammalian
brains and has several well-known physiological functions, in-
cluding neurotransmission, induction of hypotensive effects,
diuretic effects, treatment of epilepsy, and tranquilizer effects.”®
It has been reported to decrease blood pressure in experimental
animals and humans after oral and systemic administration.
GABA can be produced by microorganisms including bacteria,
fungi, and yeast. Glutamate decarboxylase, the key enzyme for the
bioconversion of GABA, has been found in bacteria. Recently,
many studies have focused on the GABA-producing LAB such as
L. brevis®* L. lactis™ L. pamcasei,25 L. delbrueckii subsp.
bulgaricus® L. buchneri,”® and L. plantarum.”® Besides discussing
the optimal culture condition, Huang et al. indicated that
immobilized L. brevis cells are stable and efficient for biosynthesis
of GABA.”” Furthermore, a single oral dose of GABA or LAB-
fermented product (L. casei Shirota and Lactococcus lactis YIT
2027) significantly decreases the blood pressure of SHRs from
4 to 8 h after administration.”® L. plantarum NTU 102 has been
demonstrated as a novel GABA-producing LAB (970 mg/L of
102FM) that could also produce 93 mU/mL of ACEI activity. For
GABA production, L. plantarum NTU 102 has the largest amount
of GABA production at 6 days (data not shown). In the food
industry, the fermentation time is usually <24 h. In the future, we
may change the fermentation process to enhance the inoculate
volume (w/w = 5—10%).

After 8 weeks of chronic oral administration, both 101FM
(0.5-, 1-, and 2-fold doses) and 102FM (0.5, 1-, and 5-fold doses)
performed a statistically significant antihypertensive effect on

SBP and DBP. Chronic kidney disease is directly associated with
cardiovascular complications. Heart remodeling, including fibro-
sis, hypertrophy, and decreased vascularization, is frequently
observed in renal diseases.”” The kidneys play a central role in
the long-term regulation of blood pressure,3'0 and in tissues, the
renin—angiotensin system also regulates long-term changes.
Thus, the hypotensive effects by the chronic administration in
our study may also have inhibited ACE activity. We used animals
that were not fed a high-salt diet and water because we attempted
to determine the relationship between the LAB-fermented
products and genetic hypertension. Importantly, we found that
the LAB-fermented products prevented age-induced genetic
hypertension.

Other substances in Lactobacillus might contribute to the
antihypertensive effects observed in this study. Endothelium-
dependent relaxation to acetylcholine and other agonists is
impaired in animal models of hypertension. Endothelial dysfunc-
tion is associated with decreased production of nitric oxide and/
or increased production of endothelial-contracting factors, which
prevent the development of oxidative stress, such as reactive
oxygen species.”’ Current research on the antioxidant ability
of LAB has shown that some LAB strains cannot reduce the risk
of reactive oxygen species accumulation through food ingestion
but can degrade the superoxide anion and hydrogen peroxide.*
In our study, 101FM and 102FM had antioxidant activity in
vitro (data not shown), which may be another way to decrease
blood pressure.

Hypertension may also be induced by structural changes in the
resistance-vasculature wall.*® Histopathologically, several modes
of remodeling can be distinguished: hypertrophy, hypotrophy, or
eutrophy of the vascular wall.** The elastin fiber is an important
determinant of arterial dispensability.>* Several models of genetic
hypertension show abnormalities of large arteries in terms of
their elastin content or structure.>® As shown in Figure 6, 101FM
and 102FM prevented the rearrangement of the vascular wall;
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therefore, their hypotensive effects may also depend on decreased
peripheral vascular resistance.

In conclusion, our results show that both 101FM (including
85 mU/mL of ACEI activity) and 102FM (including 93 mU/mL
of ACEI activity and 970 mg/L of GABA) have antihypertensive
effects in SHRs and can reduce the disorganization of the aortic
media layer. We consider that these antihypertensive effects
depend on GABA and ACEI activity. Therefore, 101FM and
102FM may be useful ingredients in physiologically functional
foods for preventing hypertension.
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