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Inhibition of cardiac hypertrophy by probiotic-fermented purple
sweet potato yogurt in spontaneously hypertensive rat hearts
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Abstract. Cardiovascular hypertrophy is a common feature of
hypertension and an important risk factor for heart damage. The
regression of cardiovascular hypertrophy is currently considered
an important therapeutic target in reducing the omplications
of hypertension. The aim of this study was to investigate the
inhibition of cardiac hypertrophy by probiotic-fermented
purple sweet potato yogurt (PSPY) with high y-aminobutyric
acid (GABA) content in spontaneously hypertensive rat (SHR)
hearts. Six-week-old male SHRs were separated randomly and
equally into 4 experimental groups: sterile water, captopril and
2 PSPY groups with different doses (10 and 100%) for 8 weeks.
The changes in myocardial architecture and key molecules of
the hypertrophy-related pathway in the excised left ventricle
from these rats were determined by histopathological analysis,
hematoxylin and eosin staining and western blot analysis.
Abnormal myocardial architecture and enlarged interstitial
spaces observed in the SHRs were significantly decreased in
the captopril and PSPY groups compared with the sterile water
group. Moreover, the increases in atrial natriuretic peptide,
B-type natriuretic peptide, phosphorilated protein kinase Ca
and calmodulin-dependent protein kinase II levels in the left
ventricle were accompanied by hypertension and increases in
phosphorylated extracellular signal-regulated kinase 5 activi-
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ties with enhanced cardiac hypertrophy. However, the protein
levels of the hypertrophic-related pathways were completely
reversed by the administration of PSPY. PSPY may repress
the activation of ANP and BNP which subsequently inhibit the
dephosphorylation of the nuclear factor of activated T-cells,
cytoplasmic 3 and ultimately prevent the progression of cardiac
hypertrophy.

Introduction

Pathological cardiac hypertrophy is a common heart disease
occurring in 20-50% of patients with mild to moderate hyper-
tension and up to 90% of patients with severe hypertension (1).
Although cardiac hypertrophy represents an adaptive response,
prolonged hypertrophic status has been reported to be associ-
ated with decompensation of heart function, development of
heart failure and sudden death in humans (2). Both conditions
are independent risk factors for morbidity and mortality (3).
The regression of cardiovascular hypertrophy is currently
regarded as an important therapeutic target in reducing
complications of hypertension (4).

The angiotensin-II-regulated downstream insulin-like
growth factor II receptor (IGF-IIR) signaling pathway plays
an important role in regulating the development of cardiac
hypertrophy (5,6). Insulin-like growth factor II (IGF-II)
is synthesized in most mammalian tissues. When IGF-I1
activates the IGF-IIR signaling pathway, IGF-II may activate
calcineurin through Gi protein signaling transduction and
stimulate cardiac cell hypertrophy (6). An additional pathway
that has received attention is mediated by Ca**-calmodulin
activated phosphatase calcineurin. Once activated, calcineurin
directly binds to and dephosphorylates the nuclear factor of
the activated T-cells, cytoplasmic 3 (NFATc-3) transcription
factor in the cytoplasm, permitting its translocation to the
nucleus where dephosphorylated NFATc-3 further interacts
with the GATA-4 transcription factor to form the complex
that participates in the development of concentric hypertrophy
and in the expression levels of hypertrophy responsive genes,
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such as atrial natriuretic peptide (ANP) and B-type natriuretic
peptide (BNP) (7.8).

v-aminobutyric acid (GABA) is a non-protein amino acid
widely distributed in nature from microorganisms to plants
and animals. It has several physiological functions, such as
neurotransmission and the induction of hypotensive diuretic
and tranquilizer effects (9-11). GABA may be obtained from
a number of fruits and vegetables, but it is scarce in nature
ranging from 0.03 to 2.00 ymol/g fresh weight (12). GABA is
synthesized by glutamate decarboxylase (GAD; EC 4.1.1.15),
an enzyme that catalyzes the irreversible decarboxylation
of L-glutamate to GABA. It has been reported that GAD is
present in the mammalian brain, plants (13,14) and in lactic
acid bacteria (LAB) (11). Therefore, many studies have focused
on GABA production by using LAB as bacterial cell factories
(10,12,15). The consumption of GABA-enriched foods has
been reported to depress the elevation of systolic blood pres-
sure in spontaneously hypertensive rats (SHRs) and mildly
hypertensive humans (16,17). Vascular hypertrophy of the
thoracic aorta, coronary and renal interlobular arteries has
been show to be reduced in SHRs with the oral administration
of GABA-rich soy sauce, which is produced from moromi
fermented with Lactobacillus rennini (18).

The purple sweet potato [I[pomoea batatas (L.) Lam.] (PSP)
can be easily grown in tropical areas, such as Taiwan, Japan
and China. It is rich in vitamins, minerals, dietary fiber and
non-fibrous carbohydrates, as well as an excellent source of
the antioxidant, anthocyanin (19,20). The aqueous extracts of
anthocyanin-producing sweet potato have higher antiprolifera-
tive and antimutagenic potential than other crops (21), in which
the bioactive compounds provide sensorial characteristics and
are involved in cardiovascular disease risk protection (22).
Previous studies have shown that treatment with antioxidants
inhibits the hypertrophic response of cardiac myocytes (23-25).
Thus, PSP may be used in the food industry as an antioxidant to
improve human health.

In our previous study, we found that purple sweet potato
yogurt (PSPY) fermented with Lactobacillus acidophilus,
L. delbrueckii subsp. lactis and L. gasseri has high GABA
activity (26). To the best of our knowledge, previous studies
regarding the potential role of GABA-enriched yogurt in
hypertension-induced cardiac hypertrophy have not been
conducted. Therefore, the purpose of this study was to deter-
mine the potency of PSPY to attenuate cardiac hypertrophy in
SHRs and elucidate the anti-hypertrophic effects of PSPY on
the intracellular transduction pathways in heart tissue in vivo.
We anticipated that PSPY would be capable of providing
dietary assistance in regulating blood pressure and preventing
the development of cardiac hypertrophy.

Materials and methods

Bacteria strains and their growth conditions. The 3 LAB
strains were purchased from the Food Industry Research and
Development Institute of Biological Resources Conservation
and Research Center, Hsinchu, Taiwan: L. acidophilus BCRC
14065 (LA), L. delbrueckii subsp. lactis BCRC 12256 (LDL)
and L. gasseri BCRC 14619 (LGA). The stock culture was
maintained at -80°C in 20% glycerol prior to usage. The
bacteria were propagated twice in Lactobacilli MRS Broth
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(DIFCO, Baltimore, MD, USA) containing 0.05% L-cysteine
overnight at 37°C before experimental procedure.

Preparation of PSPY. The PSPs were acquired from the
Taiwan Agricultural Research Institute and stored at 4°C after
being washed with tap water. To make PSPY, the potatoes
were first peeled, cut into 1-cm slices and steamed at 100°C
for 20 min. The cooked spuds were then homogenized and
before pasteurization (121°C, 15 min), a mixture of 0.05%
a-amylase, 10% skimmed milk powder, 0.05% protease and
3% whey protein was added. The 3 different LAB strains were
inoculated to the PSP milk and incubated at 37°C for 24 h
until the fermented PSPY was obtained. The final product was
stored at 4°C in the refrigerator for later experimental usage.

Animals and experimental groups. Twenty-two male SHRs
and 12 male Wistar-Kyoto rats (WKYs) were purchased from
BioLASCO Taiwan Co., Ltd. (Taipei, Taiwan). These animals,
aged 6 weeks, were housed individually in a temperature
(20£2°C)- and humidity (55+5%)-controlled environment. The
rats were maintained on a 12-h dark-light cycle with lights
on from 8 a.m. to 8 p.m. They were fed with chow pellets
(MF-18; Oriental Yeast Co., Ltd., Tokyo, Japan) and were
allowed access to water ad libitum. An acclimatization period
of 1 week after delivery by the supplier was allowed before the
SHRs were randomly distributed into 4 groups: SHR control
(2.5 ml distilled water), antihypertensive captopril medicine
(15.6 mg/kg, body weight/day), 10% PSPY (150 pg/2.5 ml) and
100% PSPY (1500 ug/2.5 ml). The WKY rats were used as the
negative control. The rats were sacrificed after 8 weeks of the
experimental period. The entire experimental procedure was
performed according to the NIH Guide for the Care and Use
of Laboratory Animals, and the protocol was approved by the
Institutional Animal Care and Use Committee of HungKuang
University, Taichung, Taiwan (approval no. 96027).

Body weight and cardiac characteristics. The rats were
weighed first and then sacrificed by decapitation. The hearts of
the rats were removed and cleaned with double distilled H,O
before dehydration. The left and right atrium and ventricle
were separated. The dry weight of the whole heart and left
ventricle was obtained, and ratios of the 2 measurements to rat
body weight plus the ratio of left ventricle weight to the whole
heart weight were calculated independently.

Cross-section and hematoxylin and eosin (H&E) staining.
The heart was soaked in formalin and covered with wax after
removal. Cross-sections of the whole heart were sliced and the
maximal cross-section was selected. Slides were prepared by
first soaking them for dehydration. They were passed through
a series of graded alcohols (100, 95 and 75%), 15 min for each.
The slides were dyed with Mayer's hematoxylin for 5-10 min
and then washed with tap water for 10-20 min. Each slide
was soaked in mild warm water until it turned bright violet
and then placed into eosin solution for 3-5 min. After gently
rinsing with water, each slide was then soaked with 85%
alcohol, 100% alcohol I and II for 15 min each. Finally, each
slide was soaked with Xylene I-Xylene II. Photomicrographs
were obtained using Zeiss Axiophot microscopes (magnifica-
tion, x200) (Olympus, Japan).
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Table I. Cardiac characteristics of WKY's and SHRs treated with captopril and PSPY.

WKYs SHRs

Control Control Captopril 10% PSPY 100% PSPY
No. of animals (n=10) (n=3) (n=4) (n=3) (n=4)
Body weight (BW), g 302.20+11.71 287.33+15.54 279.00+16.53 303.33+23.86 296.50+15.52
Whole heart weight (WHW), g 1.11£0.28° 1.24+0.04* 1.12+0.01° 1.24+0.05* 1.23+0.05*
Left ventricle weight (LVW), g 0.81+0.21° 1.02+0.02* 0.91+0.05° 1.00+0.03* 1.02+0.03*
WHG/BW x10° 3.66+0.91° 4.32+0.21° 4.01+0.20 4.09+0.17* 4.14+0.09*
LVW/BW x10° 2.67+0.70° 3.55+0.12° 3.28+0.23* 3.29+0.22* 3.44+0.12*
LVW/WHW 0.73+0.04° 0.82+0.02* 0.82+0.05° 0.80+0.02 0.83+0.01*

Values are expressed as the means + standard deviation (SD). *P<0.05, compared with the WKY group; *P<0.05, compared with the SHR-
control group. WKY, Wistar-Kyoto rat; SHR, spontaneously hypertensive rat; PSPY, purple sweet potato yogurt.

Tissue extraction. The left ventricle was cut into 8 parts. One
part of the left ventricle was minced with scissors, added to
lysis buffer (20 mM Tris, 2.0 mM EDTA, 50 mM 2-mercap-
toethanol, 10% glycerol, pH 7.4), proteinase inhibitor cocktail
tablet and phosphatase inhibitor cocktail (Roche Diagnostics,
Mannheim, Germany) at a concentration of 100 mg tissue/ml
buffer and homogenized at ice temperature with a Model PT
10/35 Polytron homogenizer for 2 cycles of 10 sec each. The
homogenate was placed on ice for 10 min and then centri-
fuged at 12,000 x g for 40 min. The supernatant was collected
and stored at -70°C for further western blot analysis.

Protein contents. The protein contents of the left ventricle
extract were determined using the Bradford protein assay 14
using the protein-dye kit (Bio-Rad, Hercules, CA, USA).
A commercially available bovine serum albumin (Sigma
Chemical, St. Louis, MO, USA) was used as the standard.
Changes in absorption were monitored at 595 nm.

Electrophoresis and western blot analysis. The left ventricle
extract samples were prepared as described above. Sodium
dodecyl sulphate-polyacrylamide gel electrophoresis was
performed using 10% polyacrylamide gels. Equal amounts
(20 mg) of the samples were electrophoresed at 100 V for
3 h and equilibrated for 15 min in transfer buffer [25 mM
Tris-HCl, pH 8.3, containing 192 mM glycine and 20% (v/v)
methanol]. The electrophoresed proteins were then trans-
ferred onto polyvinylidene difluoride (PVDF) membranes
(Millipore, Bedford, MA, 0.45 um pore size) using a Bio-Rad
Scientific Instruments Transphor Unit at 100 V with transfer
buffer for 3 h. PVDF membranes were incubated at room
temperature for 1 h in the blocking buffer containing 100 mM
Tris-Base, 0.9% (w/v) NaCl, 0.1% (v/v) Tween-20 (pH 7.4) and
5% non-fat milk. Monoclonal antibodies of protein kinase Ca
(PKCa), Ca**/calmodulin-dependent protein kinase IT
(CaMKII), phosphorylated extracellular signal-regulated
kinase 5 (p-ERKS5) (Millipore-Upstate, Billerica, MA, USA),
calcineurin (BD Pharmingen, San Diego, CA, USA) and poly-
clonal antibodies of ANP, BNP, IGF II, phosphorylated PKCa
(p-PKCa), guanine nucleotide-binding protein G(q) subunit a
(Gaq), phosphorylated NFATc3 (p-NFATc3) and interleukin 6

(IL-6) (Santa Cruz Biotechnology, Inc., Santa Cruz, CA,
USA) were diluted in an antibody-binding buffer containing
100 mM Tris-Base, pH 7.5, 0.9% (w/v) NaCl and 0.1% (v/v)
Tween-20. The immunoblots were washed 3 times in binding
buffer for 10 min and then immersed in the second antibody
solution containing goat anti-mouse IgG-HRP, goat anti-
rabbit IgG-HRP, or donkey anti-goat IgG-HRP (Santa Cruz
Biotechnology, Inc.) for 1 h and diluted 500-fold in binding
buffer. The filters were then washed 3 times (10 min each) in
blotting buffer. The immunoblotted proteins were visualized
using an enhanced chemiluminescence ECL western blot-
ting luminol reagent (Santa Cruz Biotechnology, Inc.) and
quantified using a Fujifilm LAS-3000 chemiluminescence
detection system (Tokyo, Japan). The color was developed in a
20 ml mixture consisting of 7 mg nitro blue tetrazolium, 5 mg
5-bromo-4-chloro-3-indolyl-phosphate, 100 mM NaCl and
5 mM MgCl, in 100 mM Tris-HCI, pH 9.5. The immunoblot
with antibody against a-tubulin, which was prepared with the
same procedure, was used as the internal control.

Statistical analysis. Statistical analyses were performed
using SPSS 17.0 software (SPSS, Inc., Chicago, IL, USA).
The data were compared between groups of animals, using
one-way analysis of variance (ANOVA). Dunnett's test was
used to determine significant differences. P-values <0.05 were
considered to indicate statistically significant differences. The
significant differences are indicated with symbols as shown in
the tables and figures.

Results

Body weight and cardiac characteristics. There was no
significant difference in body weight (P<0.05) among the
SHR-control, SHR-captopril, SHR-PSPY (both doses, 10
and 100%) and WKY groups (Table I). Whole heart weight,
left ventricular weight, the ratio of the whole heart weight to
body weight, left ventricular weight to body weight and left
ventricular weight to whole heart weight were significantly
higher in the SHR-control and SHR-PSPY (both doses, 10
and 100%) groups, whereas the whole heart weight and left
ventricular weight were lower in the SHR-captopril group,
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Table II. Cardiac characteristics by tissue cross-sections of WKY's and SHRs with captopril and PSPY.

WKY SHR
Control Control Captopril 10% PSPY 100% PSPY
No. of animals (n=3) (n=3) (n=3) (n=3) n=3
Diameter of LV (mm) 0.98+0.02 0.94+0.01 1.03+0.012¢ 1.04+0.04¢ 0.91£0.01%¢
Thickness of LV (mm) 0.45+0.01 0.44+0.01 0.46+0.01 0.48+0.02 0.39+0.02°¢
Thickness/diameter (mm) 0.46+0.01 0.47+0.01 0.45+0.01 0.46+0.01 0.43+0.01%¢

Values are mean + SD. LV, left ventricle. *P<0.05, °P<0.01, compared with the WKY group; °P<0.05, “P<0.01, compared with the SHR-control
group. WKY, Wistar-Kyoto rat; SHR, spontaneously hypertensive rat; PSPY, purple sweet potato yogurt.

(A) Cross over sections
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(B) Hematoxylin-eosin staining
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Figure 1. Representive histopathological analysis of cardiac tissue sections. (A) Cross sections of hearts; (B) H&E staining in normal control rats (Wistar-
Kyoto rats, WKY group), spontaneously hypertensive rats (SHR group), different doses of PSPY (10 and 100% PSPY groups). RV, right ventricle; LV, left
ventricle. The images of the myocardial architecture were observed under magnification, x200.

compared with those of the WKY normal controls. However,
the ratio of the whole heart weight to the body weight, which
was traditionally regarded as an index of cardiac hypertrophy,
was lower both in the SHR-captopril, SHR-10 and 100%
PSPY groups than in the SHR-control group (Table I).

Cardiac architectural changes. To further define the charac-
teristics of cardiac hypertrophy, we made a cross-section of the
whole heart and carried out a histopathological analysis of the
ventricular tissue stained with H&E. We found that the SHR
controls presented no significant difference in ventricular wall
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Figure 2. (A) The protein products of ANP and BNP extracted from the left ventricles of excised hearts in the WKY, SHR, SHR-10% and 100% PSPY groups
were measured by western blot analysis. (B and C) Bars represent the relative protein quantification of ANP and BNP on the basis of a-tubulin, and indicate
the mean values = SD. (n=3 in each group). "P<0.05, compared with the WKY group. “P<0.05, compared with the SHR-control group.

thickness and in the ratio of wall thickness to cavity diameter
compared to the WKY control group. However, the ventricular
wall thickness was significantly reduced (P<0.05 and 0.01) only
in the SHR-100% PSPY group, compared with those of the
SHR-control and WKY-control groups (Table II and Fig. 1A).
Similarly, the ratio of wall thickness to cavity diameter was
significantly (P<0.05) decreased in the SHR-100% PSPY
group (Table IT and Fig. 1A). Although the SHR-captopril and
10% PSPY groups presented no significant difference in either
ventricular wall thickness or ratio of wall thickness to cavity
diameter compared to the control groups, the SHR-captopril
and 10% PSPY groups had an enhanced diameter of the left
ventricle. Moreover, the ventricular myocardium in the WKY
group showed normal architecture with normal interstitial
space. By contrast, abnormal myocardial architecture, such as
cardiomyocyte disarray and increased interstitial space were
observed in the SHR-control group (Fig. 1B). Nevertheless,
restorations of myocardial architecture were observed in the
SHR-captopril, SHR-10% and 100% PSPY groups, presenting
a normal interstitial space as observed in the WKY control
group (Fig. 1B).

Changes in ANP and BNP pathological hypertrophy markers
of the rat left ventricle. To further investigate whether the
proteins associated with cardiac pathological hypertrophy are
influenced by PSPY, the pathological hypertrophy markers
such as ANP and BNP in the left ventricle were analyzed by
western blotting. The levels of ANP and BNP, markers of left
ventricular remodeling associated with cardiac hypertrophy,
were higher in the SHR-control than in the WKY group
(Fig. 2), without reaching significant levels. Moreover, ANP

and BNP protein levels were lower in the SHR-10% and
100% PSPY groups than in the SHR-control rats (P<0.05)
(Fig. 2B and C).

Changes in IGF-II pathway-related proteins of the rat left
ventricle. To investigate the hypertrophic factor, IGF-II, and
its cardiac hypertrophy-associated downstream signaling
pathway that was influenced by PSPY, the protein products of
IGF-II were measured by western blot analysis. However, the
protein products of IGF-II were lower in the SHR-captopril,
10% and 100% PSPY groups, compared with the SHR-control,
although all the SHR groups showed no significant difference
compared to the WKY group (Fig. 3B). The downstream
signaling pathway IGF-II-related protein levels, including
those of Gagq, PKCa, p-PKCa and CaMKII were significantly
increased in the SHR-control compared to the WKY group
(P<0.05) (Figs. 3C, 4 and 5). Compared with the SHR-control
group, the levels of the p-PKCa and CaMKII proteins were
decreased significantly in the SHR-captopril, 10% and 100%
PSPY groups (P<0.05) (Figs. 4C and 5B). The PKCa. protein
level was decreased significantly in the SHR-captopril and
100% PSPY groups compared to the SHR group.

Changes in calcineurin/NFATc-3 pathway proteins of
the rat left ventricle. The results summarized in Figs. 3-5
suggest that PSPY regulates the levels of the IGF-II- and
downstream-related proteins of myocardiac hypertrophy
in SHR. Therefore, we used western blot analysis to extend
the analysis on calcineurin and NFATc-3, which are both
indicators of the development of cardiac hypertrophy. In the
calcineurin/NFATc-3 pathway, the calcineurin protein levels
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Figure 3. (A) The protein products of IGF-II and Gaq extracted from the left ventricles of excised hearts in the normal control rats WKY, SHR , SHR-10%
and 100% PSPY groups were measured by western blot analysis. (B and C) Bars represent the relative protein quantification of Gaq and IGF II on the basis of
a-tubulin, and indicate the mean values = SD. (n=3 in each group). "P<0.05, compared with the WKY group. “P<0.05, compared with the SHR-control group.
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Figure 4. (A) The protein products of PKCa and p-PKCa extracted from the left ventricles of the excised hearts in the WKY, SHR, SHR-10% and 100% PSPY
groups were measured by western blot analysis. (B and C) Bars represent the relative protein quantification of PKCa and p-PKCa on the basis of a-tubulin,
and indicate the mean values = SD. (n=3 in each group). "P<0.05, compared with the WKY group. “P<0.05, compared with the SHR-control group.

were slightly lower in the WKY and SHR-captopril groups in the SHR-10% and 100% PSPY groups were observed.
than in the SHR-control group (Fig. 6A), whereas no changes = However, the p-NFATc-3 levels were significantly decreased
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Figure 5. (A) The protein products of CaMKII extracted from the left ventricles of excised hearts in the WKY, SHR, SHR-10% and 100% PSPY groups
were measured by western blot analysis. (B) Bars represent the relative protein quantification of CaMKII on the basis of a-tubulin, and indicate the mean
values + SD. (n=3 in each group). "P<0.05, compared with the WK group. “P<0.05, compared with the SHR-control group.
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Figure 6. (A) The protein products of calcineurin and p-NFATc3 extracted from the left ventricles of the excised hearts in the WKY, SHR, SHR-10% and
100% PSPY groups were measured by western blot analysis. (B) Bars represent the relative protein quantification of p-NFATc3 on the basis of a-tubulin, and
indicate the mean values + SD. (n=3 in each group). "P<0.05, compared with the WKY group. "P<0.05, compared with the SHR-control group.

in the SHR-control group compared with the WKY group,
but increased both in the SHR-10% and 100% PSPY groups
(Fig. 6). Quantitative results of the p-NFATc-3 protein in both
PSPY groups were normalized close to the levels presented

in the WKY group (P<0.05) (Fig. 6B). These results suggest
that PSPY affects ANP and BNP protein levels by inhibiting
the dephosphorylation of NFATc-3 and therefore impedes the
development of myocardiac hypertrophy.
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Figure 7. (A) The protein products of IL-6 and p-ERKS extracted from the left ventricles of the excised hearts in the WKY, SHR, SHR-10% and 100% PSPY
groups were measured by western blot analysis. (B) Bars represent the relative protein quantification of p-ERKS on the basis of a-tubulin, and indicate the
mean values + SD. (n=3 in each group). "P<0.05, compared with the WKY group. “P<0.05, compared with the SHR-control group.
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Figure 8. Schematic diagram showing that PSPY inhibits hypertrophy in
SHRs through intracellular IGF-IIR and IL-6 signaling suppression.

Changes in IL-6 and p-ERK)5 protein levels of the rat left
ventricle. In order to identify the hypertrophic factor, IL-6,
and cardiac hypertrophy-associated mitogen-activated protein
kinase 5 (MEKS)/ERKS signaling pathways that were influ-
enced by PSPY, the protein products of IL-6 and p-ERKS5
were measured by western blot analysis (Fig. 7). The protein

level of IL-6 was not significantly different in all SHR groups
compared to the WKY group, whereas p-ERKS was increased
markedly in the SHR-control group and significantly decreased
in the SHR-captopril, 10% and 100% PSPY groups, when
compared to the WKY group (P<0.05) (Fig. 7B).

Discussion

The main findings of the present study may be summarized as
follows: i) the ratio of the whole heart weight to body weight
and myocardial architecture with the interstitial space were
increased in the SHRs that were associated with significantly
increased protein levels of Gagq, PKCa, p-PKCa, CaMKII, as
well as p-ERKS and decreased protein levels of p-NFATc3;
ii) the SHR-captopril and SHR-PSPY (both doses, 10 and 100%)
groups showed normal myocardial architecture with normal
interstitial space similar to the WKY controls and a decreased
ratio of whole heart weight to body weight. Furthermore, the
pathological hypertrophy markers, ANP and BNP, as well as the
protein levels of p-PKCa, CaMKII and p-ERKS5 were decreased.
However, the SHR-PSPY group had a higher level of p-NFATc3
similar to that in the WKY controls. iii) In conclusion, we
hypothesized that hypertension caused cardiac pathological
hypertrophy that was associated with the increase in the levels
of the hypertrophic factors, ANP, BNP and IGF-II, and the
signaling molecules, Gaq, PKCa, p-PKCa, CaMKII. However,
the captopril and PSPY groups may suppress the hypertrophic
factors and pathological hypertrophic effect. Moreover, PSPY
inhibited both the concentric and eccentric hypertrophy deter-
mining molecules and enhanced the p-NFATc-3 and reduced
p-ERKS protein levels (Fig. 8).
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Pathological cardiac hypertrophy is associated with
ventricular remodeling through alterations in the extracellular
matrix that eventually impact the cardiac function and energy
utilization (27) and increase the myocyte cell death rate
through apoptotic and necrotic mechanisms (28). Hypertrophy
is associated with disease-inducing stimuli, such as chronic
hypertension that may produce concentric hypertrophy in
which the ventricular wall and septum thicken with a net
decrease in ventricular chamber dimensions. This remodeling
is associated with a greater increase in cardiac myocyte width
than length. In addition, pathological cardiac hypertrophy may
also produce a phenotype of eccentric and dilatory cardiac
growth. Cardiac dilation, although not typically referred to
as hypertrophy, may result from a growth response in which
sarcomeres are predominantly added in a series to individual
myocytes (29). Therefore, cardiac hypertrophy may be charac-
terized by quantitative effects on cell size and width.

We observed that the captopril, 10 and 100% PSPY groups
had reduced cardiac hypertrophy index and whole heart
weight to body weight ratio. In addition, the ventricular wall
thickness and wall thickness to cavity diameter ratio were
significantly suppressed in the 100% PSPY group. The capto-
pril and 10% PSPY groups had an enhanced diameter of the
left ventricle. Moreover, an abnormal myocardial architecture
and increased interstitial space were observed in the SHRs;
however, the PSPY groups (10 and 100% doses) appeared more
normal in architecture. Similarly, a recent study showed that
L. paracasei NTU 101 (101FM) and L. plantarum NTU 102
fermented milk had antihypertensive effects, possibly due to
ACEI and GABA activities in SHRs, and also reduced the
disorganization of the aortic media layer (30). Liu et al (30)
suggested that these hypotensive effects depend on decreased
peripheral vascular resistance. Accordingly, we speculated that
hypertension could induce cardiac hypertrophy and abnormal
myocardial architecture. However, captopril and PSPY may
somewhat ameliorate this situation. Further investigation on
the mechanisms of the involved proteins influenced by PSPY
in hypertrophic signaling pathways is required.

ANP and BNP are circulating hormones of cardiac origin
that play an important role in regulating the permeability of
systemic vasculature, cellular growth, cellular proliferation
and, as previously recently, cardiac hypertrophy (31). In a
previous study conducted by Chu et al (32), treatment with
angiotensin-II and IGF-II induced H9¢2 cardiomyoblast cell
hypertrophy and an increase in the protein levels ANP and
BNP (6). As shown in Fig. 2, PSPY inhibited NFATc3 activa-
tion which subsequently repressed the reactivation of ANP
and BNP in hypertensive rats. These observations indicate
that PSPY has a positive effect on reducing the levels of
protein markers of cardiac hypertrophy.

Previous studies have shown that IGF II directly induces
the hypertrophy of adult rat ventricular cardiomyocytes in
serum-free medium, as demonstrated by their increased
size, total protein synthesis and transcription of muscle-
specific genes (5), suggesting that IGF-II and IGF-II-mediated
pathways are possibly involved in the IGF-IIR pathway and
stimulate the hypertrophy of cardiomyocytes (6,33). Moreover,
specifically-activated IGF2R signaling by Leu27IGF-II has
been shown to trigger the phosphorylation of PKCo/CaMKII
signaling in order to induce cell hypertrophy (32). Although
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IGF-II and Gaq were not significantly increased in all the SHR
groups compared to the WKY group, the downstream IGF-II
signaling pathway protein levels, including those of p-PKCa
and CaMKII were significantly increased in the hypertensive
rats. However, we found that p-PKCa/CaMKII through Goagq
were activated in the hypertensive rats and were inhibited by
the administration of captopril and PSPY.

Calcineurin is a serine/threonine-specific phosphatase
activated by a sustained increase in calcium. A large number
of studies have demonstrated that the calcineurin/NFATc-3
signaling pathway plays an important role in the development
of cardiac hypertrophy. Calcineurin directly binds to and
dephosphorylates multiple conserved serine residues in the
N-terminus of NFAT-3 transcription factors, permitting their
translocation to the nucleus and promoting the subsequent
induction of the hypertrophic gene program (7,34). It has
also been demonstrated that calcineurin activity is increased
in compensated hypertrophied human myocardium and
end-stage heart failure (35). In the present study, we observed
that the protein level of calcineurin was not reduced in the
SHR-10% and 100% PSPY groups. However, the downstream
phosphorylation of NFATc-3 was significantly decreased in
the SHRs, but highly increased in both 10% and 100% PSPY
groups. PSPY may regulate phosphorylated calcineurin and
lead to the direct decrease in the the nuclear localization of
NFATc-3 in SHR hearts. The transcription factor of p-NFAT-3
increased in the cytoplasm in order to suppress the expressions
of hypertrophy response markers, such as ANP and BNP.

Interleukin-6 (IL-6), a typical cytokine, was found to have
a potent hypertrophic effect on cardiomyocytes (36). The
concomitant overexpression of both IL-6 and the IL-6 receptor
(IL-6R) in mice induces concentric hypertrophy typical of
that occurring in a hypertensive heart. IL-6/IL-6R does this
by interacting with a membrane-bound glycoprotein (gp130),
which in turn leads to the phosphorylation of the downstream
second messengers, such as Janus kinase, to induce signal
transduction and activators of transcription, causing the stimula-
tion of various cellular events (37). IL-6 is involved in multiple
intracellular signaling pathways, including p38 MAPK, STAT-1-
STAT-3 heterodimer, STAT-3 homodimer and ERKs pathways
(38,39). The ERKS5 and its upstream MAPK-kinase 5 (MEKS5)
reveal a specific role in the transduction of cytokine signals that
regulate serial sarcomere assembly and play a role in the induc-
tion of eccentric cardiac hypertrophy that progresses to dilated
cardiomyopathy and sudden death (40). The MEKS5-ERKS
pathway plays a critical role in the induction of eccentric cardiac
hypertrophy that progresses to dilated cardiomyopathy and
sudden death (40,41). In the present study, we observed the
IL-6 was not significantly different among all the SHR groups
whereas p-ERKS was highly activated in the SHR-control
group, but significantly suppressed in the SHR-captopril,
SHR-10 and 100% PSPY groups. These observations suggest
that the inhibitory effect of PSPY on the activation of ERKS
is regulated by additional upstream messengers, such as Janus
kinase or MEKS, rather than IL-6. Therefore, we strongly
suggest that PSPY possibly via the ERKS inactivation, blocks
the IL-6-MEKS5-ERKS5 pathway-related eccentric dilated
cardiac hypertrophic effects.

Our previous experimental data showed that the concentra-
tions of GABA in PSPY with a mixture of 3 LAB strains (LA,
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LGA and LDL) and a control (PSP without LAB strains) were
1068.8+21.3 pug/ml and 250.0+10.1 pg/ml, respectively (26).
The findings indicate that the probiotics fermentation process
may enhance the production of GABA in PSPY. Our previous
animal experimentation showed that continuous PSPY feedings
for 8 weeks significantly reduced the blood pressure of SHRs
(data not shown). Interestingly, our results from histopathological
analysis and analysis of key molecules of the cardiac hyper-
trophy-related intracellular signaling pathway demonstrated that
the oral administration of low-dose PSPY (10% dosage) was
sufficient in order to prevent cardiac hypertrophy. There was no
significant dose-response effect observed between 10-fold differ-
ences in PSPY concentration (10 and 100%). The mechanisms
underlying the low- and high-dose hypotensive effects of GABA
may account for this difference in effect. The administration of
GABA at a low dose was considered to decrease blood pressure
through a peripheral mechanism (without crossing the brain
blood barrier). However, a high dose of GABA is considered to
occur via a central mechanism (16). The majority of efforts have
concentrated on designing highly hydrophobic derivatives of
GABA that may easily permeate brain tissue (42).

Other substances in PSPY may contribute to the anti-
hypertrophic effects, such as antioxidant activity. 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 may degrade
the superoxide anion and hydrogen peroxide (43). PSPs are
also an excellent source of anthocyanins which account for
their antioxidant activity. In our previous study, we indicated
that the fermentation procedure may further elevate anthocy-
anin antioxidative activity significantly in PSPY with LAB
strains (26). Li et al (25) showed that the natural antioxidant,
epigallocatechin-3-gallate (EGCG), inhibited angiotensin-II-
induced NF-xB and AP-1 activation, which subsequently
repressed the reactivation of ANP and BNP, and ultimately
prevented the progress of cardiac hypertrophy. Thus, the
combination of these factors may result in interfering with the
hypertrophy-related intracellular signaling pathway.

In conclusion, PSPY may mediate the anti-hypertrophic
effect in the SHR hearts by interfering with different intracel-
lular signaling pathways. The results from the present study
map aid in the understanding of the effects of PSPY on cardiac
hypertrophy and may shed light on the related molecular
mechanisms. PSPY may also suppress cellular signaling asso-
ciated with angiotensin-II-regulated IGF-II signaling pathways
and the IL-6-related-ERKS pathway and may provide a novel
insight into the prevention and treatment of the pathological
hypertrophic process. However, extensive clinical trials or
studies in vivo on the human system are required to determine
the long-term treatment effects of PSPY and the half-life
period and optimum dosage for beneficial effects.
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