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Effects of lactic acid bacteria on cardiac apoptosis are mediated
by activation of the phosphatidylinositol-3 kinase/AKT
survival-signalling pathway in rats fed a high-fat diet
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Abstract. Through a high-fat diet, obesity leads to cardio-
myocyte dysfunction and apoptosis. In addition, there is no
evidence that probiotics have potential health effects associated
with cardiac apoptosis in obese rats. The present study aimed
to explore the effects of probiotics on obesity and cardiac
apoptosis in rats fed a high-fat diet (HF). Eight-week-old
male Wistar rats were separated randomly into five equally
sized experimental groups: Normal diet (NC) and high-fat
diet (HFC) groups, and high-fat diet supplemented with low
(HFL), medium (HFM) or high (HFH) doses of multi-strain
probiotics groups. The rats were subsequently studied for
8 weeks. Food intake and body weights were recorded
following sacrifice, and food utilization rates, body fat and
serum cholesterol levels were analysed. The myocardial archi-
tecture of the left ventricle was evaluated by hematoxylin-eosin
staining, and key apoptotic-related pathway molecules were
analysed by western blotting. Rat weights and triglyceride
levels were decreased with oral administration of high doses
of probiotics (HFH) compared to the HFC group. Abnormal
myocardial architecture and enlarged interstitial spaces were
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observed in HFC hearts, but were significantly decreased in
groups that were provided multi-strain probiotics compared
with NC hearts. Western blot analysis demonstrated that key
components of the Fas receptor- and mitochondrial-depen-
dent apoptotic pathways were significantly suppressed in
multi-strain probiotic treated groups compared to the HF
group. Additionally, cardiac insulin, such as the insulin-like
growth factor I receptor (IGFIR)-dependent survival signal-
ling components, were highly induced in left ventricles from
rats administered probiotics. Together, these findings strongly
suggest that oral administration of probiotics may attenuate
cardiomyocyte apoptosis by activation of the phosphatidylino-
sitol-3 kinase/AKT survival-signalling pathway in obese rats.

Introduction

Obesity is associated with numerous cardiovascular diseases
(CVD). Hyperlipidemia, inflammation, oxidative stress,
myocardial apoptosis, lipid metabolic disorders and insulin
resistance are all important pathological factors associated
with increased CVD in diabetic and obese patients (1-4).
High fat intake often leads to obesity, insulin resistance
and hypertension, which are common and detrimental health
problems (5). The precise mechanism underlying obesity-driven
tissue damage in mice and rats fed a high-fat diet involves caspase
activation and apoptosis leading to cardiac dysfunction (5,6).
Furthermore, enhancement of the apoptotic response in cardio-
myocytes was accompanied by increased mitochondrial damage
and decreased survival rates for genetically obese mice (7).
Apoptosis is a known mechanism for the elimination of redun-
dant cells, and it may inhibit cell proliferation. Additionally, it
has been suggested that apoptosis plays a critical role in cardiac
disorder pathogenesis (8-10). Fas- and mitochondrial-dependent
apoptotic pathways are considered to be major pathways causing
cardiac apoptosis (11,12). Elevated activity of the cardiac
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Fas-dependent apoptotic pathway has been observed in obese
Zucker rats (13). Fas ligand and death receptor protein levels, as
well as activities of caspase-8 and caspase-3, were significantly
upregulated in hearts from obese rats, suggesting the involve-
ment of Fas receptor-dependent apoptosis in obesity-associated
heart disease (13). Lu et al (14) observed an increase in cardiac
mitochondrial-dependent apoptotic activity in obese rats, shown
by increased levels of Bad and cytochrome c release in hearts, as
well as suppressed expression of the anti-apoptotic factor B-cell
lymphoma 2 (Bcl-2). Furthermore, levels of activated caspase-9
and caspase-3 were increased in hearts from obese Zucker rats,
suggesting the involvement of the mitochondrial-dependent
apoptotic pathway.

Previous evidence indicates that insulin-like growth
hormone (IGF-I) signalling contributes to the modulation of
cardiomyocyte survival responses, and low IGF-I levels are
associated with a high risk for myocardial infarction and heart
failure (15,16). IGF-I is the survival factor used for IGF-1
receptor (IGF-IR) activation of the phosphatidylinositol-3
kinase/Akt (PI3K/AKT) pathway, and it is considered to prevent
myocyte apoptosis (17). In particular, activated PI3K promotes
phosphorylation of Akt to form p-Akt (18), which in turn regu-
lates the activity of phosphorylated-BAD (p-Bad) and Bcl-2 to
inhibit cardiomyocyte apoptotic activity (15). An earlier study
demonstrated that a high-fat diet led to decreased circulating
IGF-1 levels, and exogenous IGF-1 treatment alleviated cardiac
dysfunction induced by the high-fat diet (19).

For obese mice, reduction of body fat attenuated apoptosis,
oxidative stress and inflammation, leading to the rescue of the
left ventricular remodelling and heart dysfunction (20). Recent
studies have indicated that dietary probiotic supplementation
may alter low-density lipoprotein (LDL) cholesterol levels, and
reduce weight gain and body fat (21-23). The use of probiotics
or probiotic fermentation products to manipulate the composi-
tion of the gut microbial ecosystem may be a novel approach
for treatment of obesity and to affect the risk of cardiovascular
disease (24). The mechanisms used by probiotics to protect the
hearts of obese rats are unclear, although evidence suggests that
probiotics may have more powerful effects on weight and body
fat (22,23). The purpose of the present study was to confirm
the potential benefits of probiotics on cardiac apoptotic path-
ways through enhancement of PI3K/AKT survival signalling
pathway activity in rats with obesity induced by a high-fat diet.

Materials and methods

Animals and experimental groups. Fifty 8-week-old male
Wistar rats were purchased from the National Laboratory
Animal Centre in Taipei, Taiwan. Animals were housed
individually in a temperature- and humidity-controlled
environment at 20+2°C and 55+5% humidity. The rats were
maintained on a 12-h dark-light cycle with lights on from
8 AM to 8 PM and provided chow pellets (AIN-76; Young Li
Trading Co. Ltd., Taipei, Taiwan) and water ad libitum during
an eight-week acclimatisation period. The rats were randomly
divided into five groups: Normal control (NC), high-fat diet with
15.47% butter powder (HFC), and high-fat diet with 15.47%
butter powder and low (78 mg/kg BW/day 4.18x10° CFU/ml,
HFL), medium (390 mg/kg BW/day 4.22x10° CFU/ml, HFM)
or high (1950 mg/kg BW/day 4.48x10” CFU/ml, HFH) doses
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of multi-strain probiotics. Multi-strain probiotic powder was
produced by freeze-drying and obtained from New Bellus
Enterprise Co., Ltd (Tainan, Taiwan). Animal weights and food
intake were recorded, and serum was collected for determina-
tion of triglycerides, cholesterol and LDL and high-density
lipoprotein (HDL) concentrations. Following the 8-week
experimental period, the rats were sacrificed. The entire
experiment 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 in Taichung, Taiwan.

Body weight, body fat and cardiac characteristics. Rats were
weighed prior to being sacrificed by decapitation. Epididymal
tissues, perirenal adipose tissues and hearts were removed,
washed with double-distilled H,O and weighed prior to dehy-
dration. The left and right sides of the atrium and ventricle
were separated, and dry weights of whole heart and left
ventricle were obtained. The ratios of the two measurements to
rat body weight and the ratios of left ventricle weight to whole
heart weight were calculated for each rat.

Cross-sectioning and hematoxylin and eosin staining. Following
removal, hearts were fixed in formalin and covered with wax.
Whole heart cross-sections were prepared and the optimal
cross-sections were selected. Slides were prepared by first
soaking for dehydration and were subsequently passed through a
series of graded alcohols (100, 95 and 75%), with 15 min incuba-
tion in each solution. Slides were dyed with Mayer's hematoxylin
for 5-10 min and were washed with tap water for 10-20 min.
Slides were subsequently soaked in mild warm water until they
became bright violet, and were stained with eosin solution for
3-5 min. After gentle rinsing with water, slides were soaked for
15 min in 85% alcohol once and in 100% alcohol twice. Finally,
slides were soaked in Xylene I and Xylene II. Photomicrographs
were obtained using Zeiss Axiophot microscopes with magnifi-
cation, x200 (Olympus, Tokyo, Japan).

Masson trichrome staining. Animal hearts were excised, fixed
in formalin and covered with wax. Slides were prepared by
deparaffinisation and dehydration and were passed through a
series of graded alcohols (100, 95 and 75%) with 15 min incuba-
tion in each solution. Slides were dyed with Masson trichrome,
gently rinsed with water and soaked for 15 min in 85% alcohol
once and in 100% alcohol twice. Finally, slides were soaked in
Xylene I and Xylene I1. Photomicrographs were obtained using
Zeiss Axiophot microscopes (Zeiss, Oberkochen, Germany).

Tissue extraction. Left ventricles were cut into eight sections;
one piece from each ventricle was minced with scissors and
added to lysis buffer [20 mM Tris, 2.0 mM EDTA, 50 mM
2-mercaptoethanol and 10% glycerol (pH 7.4)] containing a
proteinase inhibitor cocktail tablet and phosphatase inhibitor
cocktail (Roche, Mannheim, Germany) at a final concentration
of 100 mg tissue/ml buffer. Tissues were homogenized on ice
using a Model PT 10/35 Polytron homogenizer with 2x10 sec
cycles. Homogenates were placed on ice for 10 min and were
subsequently centrifuged at 12,000 x g for 40 min. Finally, the
supernatants were collected and stored at -70°C until western
blot analysis.
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Protein contents. Protein contents of the left ventricle extracts
were determined using the Bradford protein assay with the
protein-dye kit (Bio-Rad, Richmond, CA, USA). Bovine serum
albumin (Sigma Chemical, St. Louis, MO, USA) was used for
standards and absorption was monitored at 595 nm.

Electrophoresis and western blot analysis. Left ventricle
extracts were prepared as described above and SDS-PAGE
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-HCI
(pH 8.3), plus 192 mM glycine and 20% (v/v) methanol].
Following equilibration, proteins were transferred to polyvi-
nylidene difluoride (PVDF) membranes (0.45-ym pore size)
(Millipore, Bedford, MA, USA) using a transfer buffer and a
Bio-Rad Scientific Instruments Transphor Unit at 100 V for 3 h.
PVDF membranes were incubated at room temperature for 1 h
in blocking buffer containing 100 mM Tris-Base, 0.9% (w/v)
NaCl, 0.1% (v/v) Tween-20 (pH 7.4) and 5% skimmed milk.
Monoclonal antibodies recognising p-Bad (Cat. no. sc-7999;
Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA), phos-
phorylated-Akt (p-Akt) (Cat. no. 9271; Cell Signaling, Danvers,
MA, USA), Bcl-2 (Cat. no. 610539; BD Biosciences Pharmingen,
San Diego, CA, USA) and polyclonal antibodies recognising
Fas (Cat. no. sc-7886), Fas-associated protein with death
domain (FADD; Cat. no. sc-6035), Bid/t-Bid (Cat. no. sc-11423),
Bcl-xL (Cat. no. sc-8392), phosphorylated-PI3K (p-PI3K;
Cat. no. sc-12929), caspase-3 (Cat. no. sc-7148), caspase-9
(Cat. no. sc-8355), p-Bad (Cat. no. sc-7999), a-tubulin
(Cat. no. sc-5286; Santa Cruz Biotechnology, Inc.), phosphor-
ylated-IGFIR (p-IGFIR) (Cat. no. ab39398; Abcam, Taipei,
Taiwan) and caspase-8 (Cat. no. AB1879; Chemicon, Temecula,
CA, USA) were diluted in antibody-binding buffer containing
100 mM Tris-Base (pH 7.5), 0.9% (w/v) NaCl and 0.1% (v/v)
Tween-20. Immunoblots were washed three times in binding
buffer for 10 min and were subsequently immersed in a
secondary antibody solution of goat anti-mouse immunoglob-
ulin G (IgG)-horseradish peroxidase (HRP; Cat. no. SC-2005),
goat anti-rabbit IgG-HRP (Cat. no. SC-2004) or donkey anti-goat
IgG-HRP (Cat. no. SC-2020; Santa Cruz Biotechnology, Inc.)
diluted 500-fold in binding buffer for 1 h. The blots were washed
three times with blotting buffer for 10 min per wash. The results
were visualized using an enhanced chemiluminescence Western
Blotting Luminal Reagent (Santa Cruz Biotechnology, Inc.)
and quantified using a Fujifilm LAS-3000 chemiluminescence
detection system (Tokyo, Japan). Blot colour was developed
using 20 ml of a solution containing 7 mg nitroblue tetrazolium,
5 mg 5-bromo-4-chloro-3-indolyl-phosphate, 100 mM NaCl,
5 mM MgCl, and 100 mM Tris-HCI (pH 9.5). As an internal
control, the immunoblots were also probed with an antibody
recognising a-tubulin prepared using the same procedure.

Statistical analysis. Statistical analyses were performed using
SPSS 17.0 software (SPSS Inc., Chicago, IL, USA). Data were
compared between groups of animals using one-way analysis
of variance. Dunnett's test was used to identify significant
differences and P<0.05 was considered to indicate a statistically
significant difference between the NC versus the HFC, HFL,
HFM and HFH groups, and between the HFC versus the HFL,
HFM and HFH groups. Significant differences are indicated
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by the symbols ‘a, b, c and d’ (in superscript) in the tables and
figures.

Results

Body weight, food intake, water intake and feed efficiency. As
shown in Table I, body weight, food intake, water intake and
feed efficiency were not significantly different for any group
during the experiment (Table I). By contrast, at the end of the
experiment the food intake was significantly increased (2.62%)
for the HFH group compared to the NC and HFC groups
(P<0.05). Simultaneously, HFH group water intake increased
4.12% and feed efficiency decreased 12.25%, whereas there
were no significant differences compared to the NC and HFC
groups (Table I).

Multi-strain probiotic supplementation suppressed body fat
accumulation in HF rats with diet-induced obesity. The HF
group had significantly increased perirenal and epididymal
adipose tissue weights compared to the NC group (P<0.05)
(Table I). By contrast, perirenal and epididymal adipose
tissue weights were significantly reduced for the HFH group
(P<0.05) (Table I), even below tissue weights of the NC group.
Additionally, the HFL and HFM groups had significantly
increased perirenal and epididymal adipose tissue weights
compared to the NC group (P<0.05).

Plasma cholesterol-lowering effects of multi-strain probiotics.
Prior to administration of the high-fat diet, plasma lipids
(triglycerides, total cholesterol, HDL-C and LDL-C) were
not significantly different for any group (P>0.05) (Table II).
Following 8 weeks of the high-fat diet, triglycerides were elevated,
but were lower for the HFL, HFM and HFH groups compared
to the HFC group (P<0.05) (Table II). Total cholesterol levels
were significantly decreased for the HFH group compared to the
initial levels (P<0.05), whereas there were no significant differ-
ences compared to the HFC group (P<0.05) (Table II). The HFM
group had the smallest HDL-C difference (-6.22) among all the
groups at 8 weeks (P<0.05), and LDL-C was decreased for all the
groups at 8 weeks (P<0.05). Notably, HFL showed the greatest
change in LDL-C (calculated as the final minus the initial values)
among all the groups (-59.77); however, the HFC groups had the
greatest change in HDL-C (-15.04) and the smallest change in
LDL-C (-56.20) (P<0.05). The change in HDL-C is calculated by
the final minus the initial HDL-C level.

Body weight and cardiac characteristics. There were no
significant differences in body weight (P>0.05) among the
HFL, HFM and HFH and NC groups (Table III). Whole heart
weight, left ventricular weight and the ratios of whole heart
weight to body weight, left ventricular weight to body weight,
and left ventricular weight to whole heart weight were higher
for the NC group, while there were no significant differences
among all the groups. By contrast, the ratio of whole heart
weight to body weight, traditionally regarded as an index of
cardiac hypertrophy, was lower for the HFC, HFL and HFM
groups compared to the NC group (Table I1T).

Changes in cardiac architecture. To further define the charac-
teristics of changes in cardiac architecture, histopathological
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Table I. Effects of body weight, food intake and water intake on Wistar rats fed with a high-fat diet and different concentrations

of mix lactic acid bacteria.

Normal High-fat diet

Number of animals NC (n=10) HFC (n=7) HFL (n=10) HFM (n=10) HFH (n=7)
Body weight, g

Initial 436.43+3291 451.70+39.81 434.34+40.67 431.53+40.30 423.24+16.23

Final 511.24+14.54 531.78x14 .35 523.75«11.47 516.73x13.10 495.93+14.44

Change, % 15.93 16.31 19.39 18.32 16.34
Food intake, g

Initial 29.96+1.13* 22.97+2.36° 23.16+2.91° 22.76+2.63° 21.11+0.55°

Final 28.32+1.76* 21.60+1.61° 21.43+1.54° 21.40+1.69° 22.17+1.12°

Change, % -2.60° 2.92° -3.69° -2.95° 2.62°
Water intake, g

Initial 50.99+1 .40° 41.29+3 .96¢ 48.88+3.70°¢ 47.29+£3.01°¢ 56.05+3.00°

Final 52.37+2.59° 44.19+3.17¢ 48.27+2 08¢ 49.54+3 27°¢ 61.23+2.08°

Change, % 1.40 3.35 -0.75 2.25 4.12
Feed efficiency, %

Initial 14.58+0.96° 19.86+0.98° 18.78+1.14° 18.97+1.20*° 20.15+1.53*

Final 18.03+1.59¢ 24.91+2.83* 24 4242 040 24.15+2.53% 22.56+1.20°

Change % 23.58° 25.35° 30.11* 27.10° 12.25°
Perirenal fat, g 8.95+3.25° 15713 .41* 15.04+4.96* 14.74+4 38* 8.16+4.15°
Epididymal fat, g 8.28+1.60° 13.27+2.70* 12.45+3.92* 12.50+4 .36* 8.01+2.59°

Data are expressed as the means =+ standard deviation (n=7-10). ***4Values in the same row with a significant difference (P<0.05). NC, normal

control; HFC, high-fat diet; HFL, high-fat diet and low dose of multi-strain probiotics; HFM, high-fat diet and medium dose of multi-strain

probiotics; HFH, high-fat diet and high dose of multi-strain probiotics.

Figure 1. Representive histopathological analysis of cardiac tissue sections stained with hematoxylin and eosin staining in Wistar rats divided into (A) normal
diet (NC), (B) high-fat diet control (HFC) and HF diet with different dosages multistrain probiotics groups (C, D and E: low, medium and high; HFL, HFM

and HFH). The images of myocardial architecture were x200, magnification.

analysis was performed of ventricular tissue using a cross-section
of whole heart tissue stained with haematoxylin and eosin. The
NC group had normal ventricular myocardium architecture
and interstitial space, while the HFC group had abnormal

myocardial architecture, such as cardiomyocyte disarray and
increased interstitial space (Fig. 1). By contrast, myocardial
architecture and normal interstitial space were restored in the
HFL, HFM and HFH groups (Fig. 1).
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Table II. Analysis of blood biochemistry of Wistar rats fed with a normal diet, high-fat diet and different concentrations of mix
lactic acid bacteria.

Normal High-fat diet
Number of animals NC (n=10) HFC (n=5) HFL (n=10) HFM (n=10) HFH (n=5)
TG, mg/dl
Initial 68.99+20.56* 66.48+12.00*° 54.99+15.532b¢ 51.7246.91°¢ 44.25+5.69¢
Final 86.40+20.79*° 102.75+32.57%" 87.05+19.2125" 91.68+14.64*" 67.38+14.30°"
Change % 45.96 7341 65.20 79.90 65.69
CHOL, mg/dl
Initial 71.44+11.62 67.01+£11.99 68.74+9.93 69.85+11.70 77.64+8.70
Final 61.48+7.64" 62.17+£11.84 60.18+8.80 61.11+8.63 65.11+9.36"
Change, % -13.17 -16.08 -13.35 -10.58 -15.82
HDL-C, mg/dl
Initial 56.40+9.09 53.60+9.06 55.78+7.19 55.36+7.37 61.70+£8.32
Final 50.47+6.94 51.56+£9.49 50.43+7.11 51.45+5.62 53.27+7.46
Change, % -10.02#° -15.04° -9 .45 -6.22° -12.38%®
LDL-C, mg/dl
Initial 15.52+2 .87 16.75+4 44 17.87+4 .88 16.89+5 .44 17.08+1.83
Final 8.95+2 370" 8.08+2 420" 7.07+2.12" 7.83+2 430" 9.41+1.96%"
Change, % -42 .49* -56.20*° -59.77° -52.59*° -46.38%®

Data are expressed as the means + standard deviation (n=5-10). **“Values in the same row with a significant difference (P<0.05). ‘P<0.05,
significant differences between prior and subsequent to the experimentation period within the same group. NC, normal control; HFC, high-fat
diet; HFL, high-fat diet and low dose of multi-strain probiotics; HFM, high-fat diet and medium dose of multi-strain probiotics; HFH, high-fat
diet and high dose of multi-strain probiotics; TG, triglycerides; CHOL, cholesterol; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-
density lipoprotein cholesterol.

Table III. Cardiac characteristics and body weight of Wistar rats fed with a normal diet, high-fat diet and different concentrations
of mix lactic acid bacteria.

Normal High-fat diet
Number of animals NC (n=5) HFC (n=5) HFL (n=5) HEM (n=5) HFH (n=4)
Body weight, g 492.17+57.46 543.11+49.64 512.95+53.07 503.63+60.61 476.164+£35.93
Whole heart weight, g 1.294+0.184 1.298+0.114 1.207+0.085 1.227+0.180 1.239+0.100
Left ventricle weight, g 0.987+0.086 0.982+0.085 0.913+0.085 0.908+0.119 0.912+0.085
Whole heart weight, g / 0.0026+0.0002°  0.0024+0.0000**  0.0024+0.0002*  0.0024+0.0002**  0.0026+0.0002°¢
Body weight, g
Left ventricle weight, g / 0.0020+0.0002°  0.0018+0.0001* 0.0018+0.0000*  0.0018+0.0000* 0.0019+0.0001*
Body weight, g
Left ventricle weight, g / 0.767+0.038° 0.757+£0.0191* 0.756+£0.0331* 0.742+0.0185* 0.751£0.0163*
Whole heart weight, g
Tibia, mm 44.82+3.402 47.28+3.784 44.78+1.9537 47.22+2.860 45.5+3.266

Data are expressed as the means = standard deviation. **Values in the same row with different superscripts mean significant difference
(P<0.05). NC, normal control; HFC, high-fat diet; HFL, high-fat diet and low dose of multi-strain probiotics; HFM, high-fat diet and medium
dose of multi-strain probiotics; HFH, high-fat diet and high dose of multi-strain probiotics.

Changes in the expression of Fas death receptor-related
components in the hearts of rats fed a high-fat diet with
different dosages of probiotics. Western blot analysis was used

to examine the influence of different probiotic doses on Fas
death receptor-associated protein levels in hearts from rats
fed a high-fat diet (Fig. 2). Fas and FADD levels were slightly
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Figure 2. (A) Protein products of Fas and FADD extracted from the left ventricles of excised hearts in Wistar rats divided into normal diet (NC), high-fat diet
control (HFC) and HF diet with different dosages multistrain probiotics groups (low, medium and high; HFL, HFM and HFH) as measured by western blot
analysis. (B,C) Bars represent the relative protein quantification of Fas and FADD on the basis of a-tubulin, and indicate mean values + standard deviation

(n=3 in each group). FADD, Fas-associated protein with death domain.
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Figure 3. (A) Protein products of caspase-8, -9 and -3 extracted from the left ventricles of excised hearts in Wistar rats divided into normal diet (NC), high-fat
diet control (HFC) and HF diet with different dosages multistrain probiotics groups (low, medium and high; HFL, HFM and HFH) as measured by western
blot analysis. (B-D) Bars represent the relative protein quantification of active caspase-8, -9 and -3, respectively, on the basis of a-tubulin, and indicate mean
values + standard deviation (n=3 in each group).**<‘P<0.05, significant differences among the NC, HFC, HFL, HFM and HFH groups.

increased in extracts prepared from the left ventricles of hearts
excised from the HF group compared to samples from the NC,
HFL, HFL and HFM groups (Fig. 2B and C), which were not
significantly different from one another. By contrast, Fas and
FADD levels were decreased for the HFL, HFM and HFH
groups that showed no significant differences compared to the
HFC group (Fig. 2B and C). In addition, the level of activated
caspase-8 was significantly decreased for the HFH group
compared to the HF group (P<0.05) (Fig. 3B). However, the
level of activated caspase-8 was increased for the HF group
compared to the NC group (Fig. 3B) but was not significantly

decreased for the HFL and HFM groups compared to the HF
group (Fig. 3B).

Changes in expression of mitochondrial-dependent apoptotic
components in the hearts of rats fed a high-fat diet with different
dosages of probiotics. The association between the probiotic
dosage and expression of mitochondrial-dependent apoptotic
components in cardiac tissue was investigated. The levels of
Bcl-2 family members (t-Bid, Bcl-xL, BcL-2, Bad and p-Bad)
and caspase-9 and caspase-3 were examined using western blot
analysis (Figs. 3-6). Left ventricle tissue from the HFH group
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Figure 4. (A) Protein products of Bid and t-Bid extracted from the left ventricles of excised hearts in Wistar rats divided into normal diet (NC), high-fat diet
control (HFC) and HF diet with different dosages multistrain probiotics groups (low, medium and high; HFL, HFM and HFH) as measured by western blotting
analysis. (B) Bars represent the relative protein quantification of t-Bid on the basis of a-tubulin, and indicate mean values + standard deviation (n=3 in each
group). **P<0.05, significant differences among the NC, HFC, HFL, HFM and HFH groups.
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Figure 5. (A) Protein products of Bcl-xL and Bcl-2 extracted from the left ventricles of excised hearts in Wistar rats divided into normal diet (NC), high-fat diet
control (HFC) and HF diet with different dosages multistrain probiotics groups (low, medium and high; HFL, HFM and HFH) as measured by western blotting
analysis. (B,C) Bars represent the relative protein quantification of Bcl-xL and Bcl-2 on the basis of a-tubulin, and indicate mean values + standard deviation
(n=3 in each group). **P<0.05, significant differences among the NC, HFC, HFL, HFM and HFH groups. Bcl, B-cell lymphoma.

exhibited significantly decreased t-Bid levels compared to the
HFC group (P<0.05); however, the HFC group was not signifi-
cantly different from the NC group (Fig. 4B). Additionally, the
levels of the anti-apoptotic proteins Bcl-xL and BcL-2 were
significantly increased for the HFH group compared to the
HFC group (Fig. 5B and C). p-Bad levels were significantly
increased for the HFM and HFH groups compared to the HFC
group (P<0.05) (Fig. 6C), while significantly decreased levels
of Bad were detected for the HFL, HFM, HFH and NC groups
compared to the HFC group (P<0.05) (Fig. 6B). In addition, the
levels of activated caspase-9 were not significantly different for
the HFL, HFM, HFH and NC groups compared to the HFC
group (Fig. 3C). By contrast, activated caspase-3 levels were
significantly increased for the HFC group compared to the

NC group (P<0.05) (Fig. 3D). Activated caspase-3 levels were
significantly decreased for the HFL, HFM, and HFH groups
compared to the HFC group (P<0.05) (Fig. 3D).

Changes in expression of cardiac survival signalling compo-
nents in the hearts of rats fed a high-fat diet with different
dosages of probiotics. To identify the effects of probiotics
on the cardiac IGFIR-dependent survival pathway, the levels
of p-IGFIR and IGF-IR signalling components, including
p-PI3K and p-AKT, were examined. The levels of p-IGFIR
were significantly increased for the HFM and HFH groups
compared to the HFC group (P<0.05) (Fig. 7); however, p-PI3K
levels were not significantly different for the HFL, HFM,
HFH and NC groups compared to the HFC group (Fig. 7B).
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Figure 6. (A) Protein products of Bad and p-Bad extracted from the left ventricles of excised hearts in Wistar rats divided into normal diet (NC), high-fat diet
control (HFC) and HF diet with different dosages multistrain probiotics groups (low, medium and high; HFL, HFM and HFH) as measured by western blotting
analysis. (B,C) Bars represent the relative protein quantification of Bad and p-Bad on the basis of a-tubulin, and indicate mean values + standard deviation (n=3
in each group). **“P<0.05, significant differences among the NC, HFC, HFL, HFM and HFH groups.
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Figure 7. (A) Protein products of p-IGF1R, p-PI3K and p-Akt extracted from the left ventricles of excised hearts in Wistar rats divided into normal diet (NC),
high-fat diet control (HFC) and HF diet with different dosages multistrain probiotics groups (low, medium and high; HFL, HFM and HFH) as measured by
western blotting analysis. (B-D) Bars represent the relative protein quantification of p-IGFIR, p-PI3K and p-Akt on the basis of a-tubulin, and indicate mean
values + standard deviation (n=3 in each group). **“P<0.05 significant differences among the NC, HFC, HFL, HFM and HFH groups. IGF1R, insulin-like

growth factor 1 receptor.

Notably, significantly increased p-AKT levels were used for
the HFL, HFM and HFH groups compared to the HFC group
(P<0.05) (Fig. 7D). Additionally, significantly decreased levels
of cardiac p-AKT were observed for the HFC group compared
to the NC group (P<0.05) (Fig. 7D).

Discussion

The major findings of the present study can be summarized
in four main points. i) The body fat and plasma lipids of HF
rats were lower in response to probiotic administration. ii) The
myocardial architecture in HF rats was improved with probiotic
administration. iii) The two major apoptotic pathways in obese
hearts were significantly suppressed in response to dietary

probiotic supplementation, and this suppression was indicated
by decreased expression of Fas receptor- (Fas receptor, FADD
and activated caspase-8) and mitochondria-dependent apoptotic
proteins (t-Bid, Bad and activated caspase-9 and caspase-3) for
the HFC group compared to the NC group. iv) By contrast, the
levels of the anti-apoptotic proteins BcL-2, Bel-xL and p-Bad
were increased in hearts from the HFL, HFM and HFH groups
compared to the HFC group. The survival pathway activity
in obese hearts was significantly increased in response to
dietary probiotic supplementation; this change was indicated
by increases in p-IGF1R, p-PI3K and p-Akt in the HFL, HFM
and HFH groups compared to the HFC group. Following
integration of the current findings into the previously proposed
apoptotic theories, a proposed mechanism (Fig. 8) was
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Figure 8. Proposed hypothesis of the probiotic-suppressed cardiac Fas- and mitochondria-dependent apoptotic pathways in obese rats relevant to the present
study. Cardiac Fas- and mitochondria-dependent apoptotic pathways may be activated in high-fat (HF) diet fed rats and supplementation of probiotics my
enhance cardiac IGFI-R/PI3K/Akt survival and anti-apoptotic Bcl-2 family (Bcl-xL and Bcl-2) associated pathways in HF diet fed rats. IGF-I, insulin-like
growth factor 1; IGF-IR, IGF-1 receptor; PI3K, phosphatidylinositol-3 kinase; Bcl, B-cell lymphoma; FADD, Fas-associated protein with death domain.

developed suggesting that cardiac Fas receptor- and mitochon-
dria-dependent pathways are activated in obese rats and can be
suppressed by dietary probiotic supplementation. By contrast,
cardiac survival components are decreased in obesity and their
expression can be enhanced by probiotic supplementation to
the point of restoration. The present findings demonstrate novel
therapeutic uses for probiotics in preventing apoptosis and
enhancing survival in hearts of obese rats.

Obesity prone rodents fed a high-fat diet are used as models
of human predisposition for obesity (25). Recently, a study
clearly demonstrated that feeding mice a high-fat diet was asso-
ciated with significant body mass alterations and substantial
modification of blood lipids, glucose homeostasis, fat pads and
adipocyte remodelling (26). The present data shows that body
weight, food intake, water intake and feed efficiencies were not
different between groups during the experimental period. In
addition, rats with high levels of dietary probiotic supplementa-
tion (4.48x107 CFU/kg/day) had increased food and water intake
after 8 weeks of the HF diet, and in contrast to the HFC group,
the HFH group feed efficiency was decreased. Notably, in high
doses it was observed that dietary probiotic supplementation
may promote perirenal and epididymal fat loss and decrease
plasma lipid levels in rats with HF diet-induced obesity. This
result demonstrates that in rats, dietary supplementation with
high levels of probiotics has a protective effect against obesity
induced by a high-fat diet. This effect was not due to decreased
food intake, but rather resulted from decreased plasma lipids
and body fat in HF-fed rats. Recent studies have reported that
probiotics can influence gut microbial ecology and reduce gains
in body weight and fat in obese rats and ApoE-/-mice (27,28),
as well as in humans (23). Furthermore, these findings warrant
a subsequent longer-term prospective clinical investigation of

>12 weeks duration and with a large population (29). In the
present data, rat body weight was not changed between groups
in a manner that may result from the present experimental
period lasting only 8 weeks. Of note, Tanida ez al (30) observed
that an intragastric injection of a probiotic strain Lactobacillus
casei Shirota in rats may affect tissue-specific autonomic
nerves through the afferent vagal nerve pathway to modulate
glucose and lipid metabolism.

The balance between cell death and survival is tightly
controlled, particularly in terminally-differentiated cells,
such as cardiomyocytes (31). The Fas receptor-dependent
apoptotic pathway is mediated by Fas ligand, Fas receptor,
tumor necrosis factor (TNF)-a, TNF receptor, FADD and
activated caspase-8 (9,15). As evidenced by a decrease in Fas
receptor and activated caspase-8 levels in hearts from obese
rats following oral administration of probiotics, the present
findings indicate that probiotics suppress the activated Fas
receptor-dependent apoptotic pathway in rats fed a high-fat
diet. To the best of our knowledge, the current study is the first
to demonstrate inhibition of cardiac Fas receptor-dependent
apoptotic pathways in obese rats by probiotics.

The mitochondria-dependent apoptotic pathway is tightly
controlled by the Bcl-2 protein family. Pro-apoptotic and
anti-apoptotic members of the Bcl-2 family appear to interact
with and neutralize one another such that the relative balance
of these effectors strongly influences cell fate (32). Shifting the
balance of Bcl-2 family members towards pro-apoptotic factors
leads to activated caspase-9, which subsequently activates
caspase-3 and leads to execution of the apoptotic program (33).
In the present study, probiotics were found to significantly
inhibit increases in activated pro-apoptotic members of the
Bcl-2 family observed for the HFC group. This activity was
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indicated by decreased levels of obesity upregulated t-Bid
with medium, and particularly high probiotic supplementation.
Probiotic supplementation also significantly increased the levels
of anti-apoptotic components as evidenced by elevated Bcl-xL,
Bcl-2 and p-Bad levels, thus decreasing activated caspase-3
levels in HF-fed rats. Therefore, the present results strongly
suggest that oral administration of probiotics may prevent acti-
vation of cardiac apoptotic pathways for HF-fed rats.

The cardiac survival pathway can be mediated by
IGFI-related survival pathway components, such as IGF-I,
IGF-IR, p-PI3K and p-Akt. Previous studies have indicated that
increased Bcl-xL levels were observed in mitochondria of IGF-I
pretreated rats and that cardiac-specific IGF-I overexpression is
anti-apoptotic, whereas increased apoptosis followed by myocar-
dial infarction was observed for IGF-I deficient mice (34,35).
Consistent with earlier findings, the present experimental results
indicated a reduction in the levels of IGF-IR pathway-associated
components in ventricles excised from HF-fed rats. By contrast,
increased p-IGFIR levels indicated that oral administration of
probiotics significantly enhanced compensative cardiac survival
pathways in HF-fed rats. Additionally, probiotic supplementa-
tion facilitated the restoration of PI3K, p-PI3K, Akt and p-Akt
levels. Taken together, these findings suggest that, particularly
in high doses, probiotics can attenuate cardiac apoptosis and
facilitate the compensative IGFI/PI3K/Akt survival pathway.

Clinical obesity is currently recognised as a low-grade
inflammatory condition associated with increased macrophage
infiltration of adipose tissue (36,37). Adipose tissue itself also
contributes to inflammation via production of proinflam-
matory cytokines (interleukin-6, TNF-o and adiponectin).
Cardiovascular apoptosis and fibrosis are believed to result
from a tissue repair process associated with excessive chronic
inflammation (38), and this major process for cardiovascular
disease development may be a primary therapeutic target (39).
Vijay-Kumar er al (40) further postulated that alterations in
gut microbiota resulting from a loss of toll-like receptor 5
promoted the development of metabolic syndrome in mice.
Dietary probiotic supplementation appears to be particu-
larly suited to restoring resilient microbiota and reducing
inflammation (22,41,42), as well as subsequently improving
cardiovascular function. Toral et al (42) demonstrated an
endothelial-protective effect of L. coryniformis CECT5711
in obese mice through increased nitric oxide bioavailability.
Sobol et al (43) considered that lactic acid bacteria, and their
metabolic products in particular, may positively affect calcium
signalling in cardiovascular cells, resulting in increased
contractile activity of blood vessels and cardiac cells. However,
the present limited findings suggest that probiotics may
directly reduce cardiac apoptosis in rats fed a high-fat diet.

Based on a previous study, we presume that the supplemen-
tation of fermented milk with multi-strains of probiotics may
also potentially contribute to the activation of the PI3K/AKT
survival signalling pathway and the attenuation of cardiac
apoptosis in hypertensive rats (44).

Obesity increases the risk of developing cardiovascular
disease and heart failure. The present findings indicate that
impaired cardiac IGFI/PI3K/Akt-mediated survival and Bcl-2
family anti-apoptotic pathways in HF-fed rats may comprise
an important mechanism explaining the development of
obesity-related heart disease. Additionally, dietary probiotic
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supplementation was found to be beneficial towards the enhance-
ment of cardiac survival and anti-apoptotic pathways in the
hearts of obese rats, and may potentially be considered as a novel
therapeutic strategy to prevent development of apoptosis-related
cardiac diseases in obesity. Further clinical analysis is required
to clarify the survival and apoptotic mechanisms associated with
the beneficial effects of probiotics on the hearts of obese humans.
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