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Screening efficient strains by cell platform is cost-effective, but to date, no screening experiments have been 
performed for targeted lactic acid bacteria with hypoxic/reoxygenation (H/R)-treated cardiomyocytes, and their 
effects on the phosphoinositide 3-kinase (PI3K)/protein kinase b (Akt)/endothelial nitric oxide synthase (eNOS) 
pathway in myocardial infarction (MI) are unclear. Here we activated 102 strains of lactic acid bacteria and 
inoculated them into MRS medium for fermentation. The fermentation supernatants of the lactic acid bacteria 
were incubated with an H/R model of H9C2 cells. We found that Bifidobacterium longum ZL0210 had the 
greatest potential for inhibiting the apoptosis of H/R-induced H9C2 cells. Furthermore, it significantly increased 
the expression of heme oxygenase-1 (HO-1) and quinone oxidoreductase 1 (NQO1) in H9C2 cardiomyocytes, 
as well as the Bcl-2/Bax protein ratio, protecting damaged myocardial cells via an anti-apoptotic pathway. 
Intragastric administration of B. longum ZL0210 to mice for one week before and after establishment of an MI 
model drastically attenuated the myocardial cell hypertrophy and fibrosis of the MI mice. Meanwhile, B. longum 
ZL0210 significantly reduced the secretion of myocardial enzymes, increased the activity of antioxidant enzymes, 
and inhibited lipid-oxidative malondialdehyde (MDA) levels. Moreover, it upregulated the expression of tumor 
necrosis factor-related apoptosis-inducing ligand (TRAIL) protein and the phosphorylation levels of PI3K, Akt, 
and eNOS, resulting in increased NO contents. In summary, we screened 102 strains of lactic acid bacteria with a 
cell platform and determined that B. longum ZL0210 was a favorable candidate for protecting the myocardium. 
We are the first to reveal the protective effects of B. longum ZL0210 for MI via activation of the PI3K/Akt/eNOS 
pathway through TRAIL.
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INTRODUCTION

Cardiovascular disease is the leading cause of mortality, 
morbidity, and disability worldwide, causing one third of the 
world’s deaths [1]. In addition, many people currently possess 
high-risk factors for cardiovascular diseases, such as hypertension, 
hyperlipidemia, and diabetes. Myocardial infarction (MI) is 
a fatal cardiovascular event that is induced by coronary artery 
stenosis, plaque rupture, and thrombosis, with subsequent acute 
coronary occlusion and continuous reduction of the myocardial 
blood supply, ultimately leading to myocardial ischemia and 
necrosis. It has become the leading cause of human death, 
according to the World Health Organization [2]. Antithrombotic 

drugs, percutaneous coronary intervention, and bypass surgery 
are usually used for MI treatment. Although these treatments 
can reduce the severity, they cannot restore the contractility of 
the infarcted myocardium [3]. Moreover, complications such 
as arrhythmia, enlargement of the infarct size, and reduction of 
cardiac diastolic function often occur after myocardial ischemia-
reperfusion [4]. Therefore, actively looking to the extent possible 
for other therapies to reduce myocardial cell death and the 
infarction size, as well as to improve myocardial remodeling, has 
great benefits for the prognosis of MI.

Accumulating literature proves thatthere are close relationships 
between microorganisms and cardiovascular diseases. For 
example, bacteria from the mouth and intestine were found in 
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atherosclerotic plaques [5], and Lactobacillus was correlated with 
lipid markers in patients with atherosclerosis [6]. Furthermore, 
the loss of intestinal flora can change the host immune system and 
impair cardiac repair after MI [7], suggesting that the intestinal 
flora is closely related to the occurrence and development of 
MI. A clinical study showed that probiotics can improve the left 
ventricular ejection fraction and reduce the left atrial diameter in 
patients with chronic systolic heart failure [8]. Likewise, animal 
experiments showed that pretreatment with Bifidobacterium 
B420 or Limosilactobacillus reuteri attenuated myocardial 
ischemia-reperfusion injury [9, 10] and decreased the levels of 
inflammatory markers [9] and the myocardial infarction area 
in mice [9, 10]. It can be seen that probiotics are ofvalue in the 
prevention and control of MI.

So methods of screening increasingly efficient probiotics to 
prevent and treat MI are important, and screening with an in vitro 
cell platform is an effective method. Screening efficient strains 
using a cell platform can reducecosts, avoid unnecessary waste, 
improve experimental efficiency, and provide data support for 
subsequent in vivo experiments, which is widely employed in 
basic experiments. For example, Hu et al. screened 87 strains 
of probiotics based on H2O2-induced oxidative stress damage in 
the Caco-2 colon cell line and determined that Lacticaseibacillus 
rhamnosus FLRH93 had the best effects on body weight loss and 
intestinal injury repair, which was also confirmed in related in vivo 
experiments [11]. However, to date, there have been no screening 
experiments for targeted lactic acid bacteria with hypoxic/
reoxygenation (H/R) cardiomyocytes. The phosphatidylinositol-3 
kinase/protein kinase B/endothelial nitric oxide synthase (PI3K/
Akt/eNOS) signaling pathway plays a role in endothelial cell and 
myocardial cell injuries induced by ischemia and hypoxia, and 
activation of this pathway can promote cell survival [12, 13]. 
However, there have been no mechanistic studies on the effects 
of Lactobacillus on MI via regulation of the PI3K/Akt/eNOS 
pathway. Therefore, we aimed to use an H/R-induced H9C2 
cardiomyocyte model to screen strains of Lactobacillus and, 
based on the results, observe the effect of pretreatment with a 
functional strain of Lactobacillus on MI mice and its effect on 
the PI3K/Akt/eNOS pathway in the myocardium We hoped to 
further clarify the biological mechanisms of Lactobacillus in MI 
prevention and treatment in order to provide new information for 
clinical research and the development of new probiotics.

MATERIALS AND METHODS

Bacterial isolation and fermentation
A total of 102 strains of lactic acid bacteria were isolated, 31 

of which were from local cheese in Qinghai, 23 of which were 
from Tibetan mushrooms, 22 of which were from local yogurt in 
Inner Mongolia, and 26 of which were from pickles in Shandong. 

According to the experimental method by Alcine Chan et al. [14], 
each strain of lactic acid bacteria was individually inoculated into 
MRS liquid medium (Solarbio, Beijing, China) and fermented 
at 37°C for 48 hr, and the supernatant was collected after 
centrifugation (8,000 r/min, 15 min) and filtered through a 0.22 
μm sterile filter membrane (Table 1).

Establishment of an H/R injury model in H9C2 cardiomyocytes 
for screening lactic acid bacteria

An H/R injury model was established according to the 
experimental method of Park et al. [15]. Briefly, commercially 
available rat H9C2 cardiomyocytes bought from the Cell 
Resource Center, Shanghai Institute of Biological Sciences, 
Chinese Academy of Sciences, were transferred into 96-well cell 
culture plates and cultured in Dulbecco’s Modified Eagle Medium 
(DMEM; Solarbio, Beijing, China) containing 10% fetal bovine 
serum (FBS) and 1% streptomycin/penicillin (Solarbio, Beijing, 
China) at 37°C with 5% CO2 for 24 hr to the logarithmic phase 
of growth, The supernatants of the fermented and filtered lactic 
acid bacteria (102 strains) were then individually added to the 
DMEM in each well at a ratio of 5% (v/v). Each fermentation 
broth was prepared in five replicate wells, and the blank medium 
without bacteria supernatants was used for the normal group 
and H/R model group. When 90% cell density was reached, the 
cells were washed twice with phosphate buffered saline (PBS) 
buffer, followed by culture in DMEM containing 10% FBS. 
Additionally, the cells cultured with the 5% lactic acid bacteria 
fermentation supernatants were used for the experimental groups 
(named according to strain), and those cultured with the blank 
medium without bacteria supernatants were used for normal and 
H/R model groups. We put the cell culture plates of H/R model 
group and experimental groups into a sealed hypoxic chamber, 
which was infused with a mixture of 95% N2 and 5% CO2 gas, and 
then placed them in a 5% CO2 cell culture box at 37°C for 1 hr. 
Thereafter, the DMEM in the wells of the cell culture plates was 
replaced with sugar-free serum-free DMEM, and the cell culture 
plates were placed in a hypoxic chamber at 37°C for 8 hr . Next, 
the cells were subjected to reperfusion in DMEM containing 
10% FBS and placed in an incubator for 4 hr to simulate an H/R-
induced H9C2 myocardial cell injury model.

Effect of lactic acid bacteria fermentation supernatant on 
heme oxygenase-1 (HO-1), quinone oxidoreductase 1 (NQO1), 
Bcl-2, and Bax expression of the H/R injury model of H9C2 
cardiomyocytes

Western blotting procedures were performed with reference to 
Zhang et al. [16]. In brief, the total protein of cardiomyocytes 
was extracted with cold cell lysate buffer, and the total protein 
concentration was determined by Bradford protein assay 
(Bio-Rad, Hercules, CA, USA). Then, 25 µg of protein was 

Table 1. Details of bacteria isolation and fermentation

Bacteria Original foods Place of production Separation medium and method
31 strains local cheese Qinghai, China MRS liquid medium (containing vancomycin), anaerobic culture and coating separation
23 strains mushroom Tibetan, China MRS liquid medium (containing vancomycin), anaerobic culture and coating separation
22 strains local yogurt Inner Mongolia, China MRS liquid medium (containing vancomycin), anaerobic culture and coating separation
26 strains pickles Shandong, China MRS liquid medium (containing vancomycin), anaerobic culture and coating separation
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separated on 8–12% sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis (SDS-PAGE) gel and transferred to a 
nitrocellulose membrane. The membrane was blocked with 5% 
milk and incubated overnight at 4°C with anti-HO-1 (rabbit, 
1:1,000, Solarbio, Beijing, China), anti-NQO1 (rabbit, 1:1,000, 
Solarbio, Beijing, China), anti-Bcl-2 (rabbit, 1:1,000, Solarbio, 
Beijing, China), anti-Bax (rabbit, 1:1,000, Solarbio, Beijing, 
China), and anti-β-actin (rabbit, 1:2,000, Solarbio, Beijing, China) 
and then incubated with a horseradish peroxidase-conjugated 
secondary antibody (rabbit, 1:5,000, Solarbio, Beijing, China) at 
ambient temperature for 1 hr. An ECL kit (Pierce, Thermo Fisher 
Scientific, Waltham, MA, USA) was used for detection. Images 
were analyzed with the ImageJ 1.43 software. The gray value of 
the target protein was divided by the gray value of the internal 
reference β-actin to represent the relative expression of the target 
protein.

In vivo assays

Mouse feeding and model construction

The Ethics Committee of the Third Affiliated Hospital of 
Qiqihar Medical University approved our protocol. Thirty 
10-week-old male SPF C57BL/6J mice weighing about 30 g/
mouse were purchased from Beijing Vital River Laboratory 
Animal Technology Co., Ltd. The mice were fed in a 12 hr/12 
hr light-dark cycle environment with a room temperature of 23 
± 1°C and humidity of 40 to 50%. They had ad libitum access 
to a standard mouse food and purified water. After 3 days of 
acclimation, the mice were randomly divided into 3 groups of 10 
mice each using random number table method: normal, model, 
and lactic acid bacteria groups (Bifidobacterium longum ZL0210 
was used for the in vivo assays). Freshly cultured B. longum 
ZL0210 was inoculated into 100 mL MRS liquid medium at 
1% (v/v). After anaerobic culture at 37°C for 24 hr, the bacteria 
were collected and centrifuged at 5,000 r/min for 10 min. After 
washing with normal saline three times, the bacteria were 
resuspended. Viable bacteria were counted, and the concentration 
was adjusted to 1 × 109 CFU/mL forthe subsequent assay. In the 
B. longum ZL0210 group, 0.1 mL of B. longum ZL0210 (109 
CFU/mL) was intragastrically administered to each mouse every 
day for one week before model construction; the other groups 
were administered the same volume of normal saline. The mice 
in the model and B. longum ZL0210 groups were then subjected 
to MI modeling. According to the experimental method of Hsueh 
et al. [17], the mice were anesthetized with isoflurane, an oblique 
incision was made in the left anterior chest wall, and the muscle 
tissue of the anterior chest wall was bluntly separated. The 
chest was then gently squeezed at the fourth intercostal space, 
and the heart was placed outside the chest. The left anterior 
descending coronary artery was permanently ligated with silk 
thread at 2–3 mm distal to the left atrial appendage to establish 
an acute MI model. The B. longum ZL0210 group continued to 
be intragastrically administered B. longum ZL0210 for 1 week 
after the operation, and the other groups were intragastrically 
administered equal volumes of normal saline. Finally, the mice 
were sacrificed, blood was collected from the eyeball, and heart 
samples were taken for the subsequent assays.

Morphological evaluation of the heart
The heart tissue was fixed with 10% paraformaldehyde for 24 

hr, embedded in paraffin after dehydration,, and then sectioned 
into 4 μm slices according to the hematoxylin and eosin (HE) 
method reported previously [11]. Subsequently, the heart slices 
were dewaxed, and HE staining was performed at ambient 
temperature. Morphological changes in heart tissues were 
evaluated under an optical microscope (magnification ×200, 
CKX41, Olympus).

Determination of serum myocardial enzymes
Serum was harvested by centrifugation of 2 mL of blood at 

3,500 rpm for 10 min at ambient temperature. Then, the levels 
of myocardial enzymes, aspartate aminotransferase (AST), 
phosphocreatine kinase (CPK), and lactate dehydrogenase 
(LDH), in the sera of each group were determined according to 
the instructions of the assay kits (CUSABIO, Wuhan, China).

Determination of oxidoreductase in heart tissue
First, half a gram of homogenized heart tissue was treated with 

2 mL PBS in an ice bath for 30 sec. It was then centrifuged at 
3,500 rpm for 10 min (4°C), and the supernatant was subsequently 
collected. The activities of antioxidant enzymes, superoxide 
dismutase (SOD; CUSABIO, Wuhan, China), glutathione 
peroxidase (GSH-Px; CUSABIO, Wuhan, China), catalase 
(CAT; Cambridge, Abcam, UK), and malondialdehyde (MDA; 
Cambridge, Abcam, UK), in the supernatant were determined 
according to the procedures of their respective kits.

Tumor necrosis factor-related apoptosis-inducing ligand 
(TRAIL) protein expression in serum and the heart

The remaining centrifuged serum and myocardium 
supernatants were used to detect the expression of TRAIL with 
an enzyme-linked immunosorbent assay (ELISA) kit (R&D 
Systems, Minneapolis, MN, USA) according to the procedures of 
the manufacturer. Absorbance values were determined at 450 nm.

Changes in PI3K, Akt, and eNOS protein expression and 
phosphorylation in cardiomyocytes

In accordance with the experimental method of Zhang et al. 
[16], PI3K, Akt, and eNOS proteins and related phosphorylation 
levels in cardiomyocytes were quantified by western blotting, 
according to the same process as described above. The primary 
antibodies were anti-PI3K (rabbit, 1:1,000, Solarbio, Beijing, 
China), anti-p-PI3K (rabbit, 1:1,000, Solarbio, Beijing, China), 
anti-Akt (rabbit, 1:1,000, Solarbio, Beijing, China), anti-p-Akt 
(rabbit, 1:1,000, Solarbio, Beijing, China), anti-eNOS (rabbit, 
1:1000, Solarbio, Beijing, China), anti-p-eNOS (rabbit, 1:1,000, 
Solarbio, Beijing, China), and anti-β-actin (rabbit, 1:2,000, 
Solarbio, Beijing, China), and the secondary antibody was 
an appropriate horseradish peroxidase-conjugated secondary 
antibody. An ECL kit (Pierce, Thermo Fisher Scientific, Waltham, 
MA, USA) and the ImageJ 1.43 software were used for detection 
and analysis.

Nitric oxide (NO) content in cardiomyocytes
The NO level in the supernatant of cardiomyocytes was 

detected by means of nitrite and nitrate content calculation 
(Griess reaction NO assay kit, Calbiochem), according to the kit’s 
instruction.
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Statistical analysis
All experiments were carried out at least three times, and the 

SPSS 13.0 statistical software was used for the data analysis. 
GraphPad Prism 5 was used to plot results. One-way ANOVA 
was used to compare the differences between the three groups. 
The LSD t-test was used for pairwise comparisons. p<0.05, 
p<0.01, and p<0.001 indicate different degrees of statistically 
significant differences.

RESULTS

Screening lactic acid bacteria by H/R injury model of H9C2 
cardiomyocytes

Among the screened lactic acid bacteria, 8 strains (L. 
rhamnosus ZBRC003, L. rhamnosus ZBRC342, L. rhamnosus 
ZBRC3425, L. rhamnosus ZBRC3427, Lactiplantibacillus 
plantarum HIP 1031, L. plantarum HIP 1033, B. longum ZL0210, 
Lacticaseibacillus paracasei LBRC1587) had significant 
protective effects on the H/R model of H9C2 cardiomyocytes 
(p<0.05, p<0.01, or p<0.001; Fig. 1). Among them, B. longum 
ZL0210 resulted in the highest survival rate against H/R-induced 
injury in H9C2 cardiomyocytes, which reached 53.51 ± 6.98%. As 
shown in Fig. 1, B. longum ZL0210 may protect cardiomyocytes 
better than the other strains, helping cardiomyocytes cope with 
the stress response caused by H/R, so this strain was selected for 
the subsequent in vitro and in vivo studies.

B. longum ZL0210 inhibits H/R-induced oxidative stress injury 
in H9C2 cardiomyocytes

The results of western blotting after the extraction of total 
protein of cardiomyocytes are shown in Figs. 2 and 3. The relative 
expression of HO-1 protein in the H/R model group was 0.41 
± 0.11 and slightly increased compared with the normal group 
(0.25 ± 0.08), but the difference was not statistically significant 
(p>0.05). The relative expression of NQO1 protein in the H/R 
group was 0.52 ± 0.09, which was higher than that in normal 
group (0.43 ± 0.12), but there was no significant difference 
between the H/R and normal groups (p>0.05). We attributed the 
above changes to the response of H9C2 cardiomyocytes to the 
H/R condition.

After treatment of the H9C2 cardiomyocytes with the 
fermentation supernatant of B. longum ZL0210, the expression 
of HO-1 protein showed a significant increase, reaching 1.23 ± 
0.09, relative to that in the H/R group (p<0.001). Similarly, the 
level of NQO1 expression in the B. longum ZL0210 fermentation 
supernatant treatment group also increased, reaching 1.66 ± 0.22, 
and it was significantly different from that in the H/R group 
(p<0.01).

There were only small amounts of Bcl-2 and Bax expression 
in the normal group, with their relative expression levels being 
0.31 ± 0.08 and 0.13 ± 0.08, respectively (Fig. 3). The Bcl-2 
expression level of cardiomyocytes in the H/R group was 
increased compared with that in the normal group, which was 
0.46 ± 0.13, but there was no significant difference (p>0.05). The 
Bax expression level in the H/R group was significantly increased 
compared with that in the normal group, which was 0.42 ± 0.09 
(p<0.05). After treatment with the fermentation supernatant of B. 
longum ZL0210, the expression of Bcl-2 in cardiomyocytes was 
significantly higher than that in the H/R group (p<0.01), which 
was 0.95 ± 0.05, while the expression of Bax was significantly 
lower than that in the H/R group (p<0.05). The Bcl-2/Bax ratio 
in the H/R group was higher than that in the normal group 
(p<0.05). After treatment with the fermentation supernatant of 
B. longum ZL0210, the Bcl-2/Bax ratio was significantly higher 
than that in the H/R group (p<0.001), as shown in Fig. 3. The 
effect of B. longum ZL0210 on the expression of HO-1, NQO1, 
Bcl-2, and Bax indicated that the fermentation supernatant of 
B. longum ZL0210 increased the antioxidant capacity of H9C2 
cardiomyocytes under the H/R conditions.

Effect of B. longum ZL0210 on the morphological changes in 
heart tissues of MI mice

In our experiment, a high concentration of live bacteria (109 
CFU/mL) was specifically selected for intragastric administration 
in the hope that B. longum ZL0210 could survive, ferment, and 
reproduce like other symbiotic bacteria in the body after reaching 
the intestinal tract, so that the metabolites of the bacteria could 
play a role in the animal’s body. There are indeed differences 
between in vivo and in vitro experiments, so further validation in 
animal models was conducted after the cell line assay.

Our in vivo study showed that one week after acute MI, 
the hearts of the mice in the model group showed significant 
hypertrophy, scar formation and collapse in the infarct area, 
hypertrophy, and disorder of myocardial cells at the sites far 
from the infarct area, along with proliferation of extracellular 
matrix fibers and capillary congestion and expansion (Fig. 4). 
Compared with the model group, the myocardial hypertrophy 

Fig. 1. Functional probiotics were screened according to the survival 
rate of cardiomyocytes. The figure shows the hypoxia/reoxygenation 
(H/R)-induced injury model of H9C2 cardiomyocytes in normal 
medium and 8 other groups selected from among the lactic acid 
bacteria treatment groups that showed significant protective effects. 
Among the 8 groups, the B. longum ZL0210 group had the best effect. 
Data are expressed as ‾χ ± SD (n=3). *p<0.05 vs. H/R. **p<0.01 vs. 
H/R. ***p<0.001 vs. H/R.
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Fig. 2. Western blotting was used to measure the expression of HO-1 and NQO1 in H9C2 cardiomyocytes. a, Western blotting of HO-1 and NQO1 
protein; b, relative expression of HO-1/β-actin quantified from western blotting; c, relative expression of NQO1/β-actin quantified from western 
blotting. Normal, normal H9C2 cardiomyocytes group; H/R, H/R-induced H9C2 cardiomyocytes injury model group; B. longum ZL0210, same as 
H/R but treated with the fermentation supernatant of B. longum ZL0210. Data are expressed as ‾χ ± SD (n=3). *p<0.05, **p<0.01, ***p<0.001.

Fig. 3. Effects on Bcl-2, Bax protein, and Bcl-2/Bax in H9C2 cardiomyocytes treated with H/R and B. longum ZL0210. a, Western blotting of Bcl-2 
and Bax protein; b, relative expression of Bcl-2/β-actin quantified from western blotting; c, relative expression of Bax/β-actin quantified from 
western blotting; d, relative expression of Bcl-2/Bax quantified from western blotting. Normal, normal H9C2 cardiomyocytes group; H/R, H/R-
induced H9C2 cardiomyocytes injury model group; B. longum ZL0210, same as H/R but treated with the fermentation supernatant of B. longum 
ZL0210. Data are expressed as ‾χ ± SD (n=3). *p<0.05, **p<0.01, ***p<0.001.
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and myocardial fibrosis of mice in the B. longum ZL0210 group 
were significantly reduced, indicating that the screened B. longum 
ZL0210 had a positive effect on the prevention and treatment of 
MI, as shown in Fig. 4.

Effect of B. longum ZL0210 on myocardial enzymes in MI mice
The activities of AST, CPK, and LDH in the serum of the model 

group were significantly higher than those of the normal group 
(all p<0.001), whereas the B. longum ZL0210 group showed 
significantly reduced contents of the three myocardial enzymes 
(all p<0.001). The results showed that B. longum ZL0210 could 
protect cardiomyocytes from rupture, as shown in Fig. 5.

Effect of B. longum ZL0210 on the antioxidant system of 
cardiomyocytes in MI mice

Compared with the normal group, the SOD, GSH-Px and 
CAT activities in the cardiomyocytes of the model group were 
significantly decreased (p<0.001, Fig. 6), and the MDA content 
was significantly increased (p<0.001, Fig. 6). After intragastric 
administration of B. longum ZL0210 for one week before and after 
surgery, the SOD, GSH-Px, and CAT activities in cardiomyocytes 
were significantly higher than those of the model group, 
and the MDA content was significantly decreased (p<0.001, 

Fig. 6). The results showed that B. longum ZL0210 could protect 
cardiomyocytes from oxidative damage and contribute to cardiac 
repair.

Intragastric administration of B. longum ZL0210 significantly 
increased TRAIL protein expression in MI mice

The level of TRAIL protein expression in the serum of normal 
mice detected by ELISA was 52.31 ± 11.22 pg/mL (Fig. 7). 
After the MI model was established, the level of TRAIL protein 
expression was 32.12 ± 10.19 pg/mL, which was significantly 
lower than that in the normal group (p<0.001). After intragastric 
administration of B. longum ZL0210 for one week before and 
after surgery, the level of TRAIL protein expression in the MI 
mice was significantly upregulated, reaching 46.61 ± 9.54 pg/mL, 
relative to that in the MI model group (p<0.01). The differential 
expression trend of TRAIL protein in cardiomyocytes among 3 
groups was similar. The expression of TRAIL protein in the MI 
model group was significantly lower than that in the normal group 
(p<0.001). The expression of TRAIL protein in the B. longum 
ZL0210 group was significantly upregulated compared with that 
the in model group (p<0.001; Fig. 7).

Fig. 4. Effects of B. longum ZL0210 on cardiac morphological changes of MI mice by HE staining (magnification ×200). a, Normal; b, MI; c, B. 
longum ZL0210 group. Normal, normal group; MI, myocardial infarction model group; B. longum ZL0210, mice intragastrically administered B. 
longum ZL0210 one week before and after MI modeling.

Fig. 5. Effects of B. longum ZL0210 on serum myocardial enzymes AST (a), CPK (b), and LDH (c) in mice with MI. Normal, normal group; MI, 
myocardial infarction model group; B. longum ZL0210, mice intragastrically administered B. longum ZL0210 one week before and after MI 
modeling. Data are expressed as ‾χ ± SD, with 10 mice per group. ***p<0.001.
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B. longum ZL0210 can activate the PI3K/Akt/eNOS pathway in 
cardiomyocytes

The results of western blotting showed that there were no 
significant differences in the expression of PI3K, Akt, and eNOS 
total proteins among the three groups, but phosphorylation was 
significantly different. The relative expression of p-PI3K/t-PI3K 
in the normal group was 0.92 ± 0.13, and phosphorylation 
was significantly lower in the model group than in the normal 
group (p<0.01, Fig. 8). The relative expression of p-PI3K/t-
PI3K was 0.71 ± 0.12. After intragastric administration of B. 
longum ZL0210, the relative expression of p-PI3K/t-PI3K was 
upregulated to 0.80 ± 0.09, which was not statistically different 
from the model group (p>0.05, Fig. 8). The relative expression 
levels of p-Akt/t-Akt in the normal and model groups were 0.84 
± 0.09 and 0.68 ± 0.11, respectively, and the difference between 
them was remarkable and statistically significant (p<0.01, Fig. 8). 
The relative expression of p-Akt/t-Akt in the B. longum ZL0210 
group was significantly upregulated compared with that in the 
model group, which was 0.78 ± 0.05 (p<0.05, Fig. 8). The relative 
expression of p-eNOS/t-eNOS in the normal group was 0.72 ± 
0.07, and the phosphorylation of eNOS in the model group was 
downregulated. The relative expression of p-eNOS/t-eNOS was 
0.53 ± 0.09 in the model group, and the difference between the 
normal and model groups was extremely significant (p<0.001). 
Compared with the model group, the relative expression of 
p-eNOS/t-eNOS in the B. longum ZL0210 group was significantly 
increased, reaching 0.62 ± 0.08 (p<0.05, Fig. 8).

The NO contents of cardiomyocytes in the normal and model 
groups were 180.12 ± 11.23 umol/L and 96.21 ± 9.87 umol/L, 
respectively, and there was a significant difference between the 
two groups (p<0.001, Fig. 8). After intragastric administration 
of B. longum ZL0210, the NO content in the cardiomyocytes 
of the MI mice was significantly increased, reaching 135.27 ± 
12.26 umol/L (p<0.001, Fig. 8). This indicated that intragastric 
administration of B. longum ZL0210 could activate the PI3K/
Akt/eNOS pathway by promoting phosphorylation, ultimately 
resulting in the release of NO to protect cardiomyocytes.

Fig. 6. Effects of B. longum ZL0210 on oxidoreductase SOD (a), GSH-Px (b), CAT (c), and MDA (d) in cardiomyocytes of MI model mice. Normal, 
normal group; MI, MI model group; B. longum ZL0210, MI mice receiving gavage administration of B. longum ZL0210 one week before and after 
MI modeling. Data are expressed as ‾χ ± SD, with 10 mice in each group. **p<0.01, ***p<0.001.

Fig. 7. Effect of B. longum ZL0210 on TRAIL expression in serum 
(a) and cardiomyocytes (b) of MI mice. Normal, normal group; 
MI, MI model group; B. longum ZL0210, group receiving gavage 
administration of B. longum ZL0210 one week before and after MI 
modeling. Data are expressed as ‾χ ± SD, with 10 mice in each group. 
**p<0.01, ***p<0.001.
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DISCUSSION

Acute MI is a malignant cardiovascular disease that is a direct 
threat to life. As a result of changes in lifestyle and increases 
in work-related stress, the incidence of acute MI is increasing 
year by year. The prevention and treatment of acute MI has 
been a major challenge to global public health. Disorder of the 
internal environment caused by internal and external stimuli 

lead to the accumulation of free radicals. Free radicals produced 
in the body are eliminated by the antioxidant system in order 
to maintain as much as possible of the normal function of the 
body. Imbalance of the antioxidant system and severe oxidative 
stress lead to incomplete scavenging of free radicals, causing cell 
damage, such as cardiomyocyte and vascular endothelial damage. 
Accumulating evidence suggests that oxidative stress is closely 
related to the occurrence and development of acute MI and its 

Fig. 8. Effect of B. longum ZL0210 on the PI3K/Akt/eNOS pathway in cardiomyocytes of MI model mice. a–d, expression levels of p-PI3K/t-PI3K, 
p-Akt/t-Akt, p-eNOS/t-eNOS, and NO, respectively, quantified from western blotting; e, western blotting results. p-, phosphorylated; t-, total; 
normal, normal group; MI, MI model group; B. longum ZL0210, group receiving gavage administration of B. longum ZL0210 treatment one week 
before and after MI modeling. Data are expressed as ‾χ ± SD, with 10 mice in each group. *p<0.05, **p<0.01, ***p<0.001.
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complications [18, 19]. Therefore, regulating the balance between 
cell regeneration, proliferation, and antioxidative stress is of great 
significance in improving the prognosis of MI.

Probiotics can improve the automatic control of cardiovascular 
function and reduce the generation of reactive oxygen species 
and oxidative stress [20]. Therefore, we used in vitro cell assays 
to screen functional lactic acid bacteria that inhibit myocardial 
ischemia and hypoxia injury. Heme oxygenase-1 (HO-1) is 
an induced stress response protein with antioxidant and anti-
apoptotic effects. It can improve cardiac function and reduce 
cardiomyocyte aging caused by ischemic injury [21]. NAD(P)H 
quinone oxidoreductase (NQO1) is a phase II metabolic enzyme 
that together with other phase I and II metabolic enzymes 
constitutes the metabolic network of toxic substances in vivo and 
in vitro and plays an important role in detoxification metabolism 
in the body. Regulating the levels of detoxifying enzyme and 
antioxidant enzyme genes and maintaining the redox balance in 
vivo are helpful to resist myocardial oxidative damage. Ulinastatin 
is an adjuvant drug for the rescue of acute circulatory failure. 
Studies have shown that ulinastatin treatment can significantly 
reduce the accumulation of reactive oxygen species in rats with 
acute MI, upregulate HO-1 and NQO1, combat myocardial cell 
apoptosis, and slow down myocardial cell injury [22]. After 
H2O2-induced oxidative damage in H9C2 cardiomyocytes, 
azafrin (a natural carotenoid) can increase the protein expressions 
of HO-1 and NQO1 in the cytoplasm and improve cell viability 
[23]. This is consistent with our in vitro cell experimental results. 
Our in vitro experiments showed that the expression of HO-1 and 
NQO1 in H/R-treated H9C2 cardiomyocytes was significantly 
increased after treatment with the fermentation supernatant of B. 
longum ZL0210, indicating that the fermentation supernatant of 
B. longum ZL0210 improved the antioxidant capacity of H/R-
treated H9C2 cardiomyocytes. Bcl2 is a classic anti-apoptotic 
molecule, and Bax is a classic pro-apoptotic molecule. Previous 
cell experiments have shown that breviscapine can significantly 
reduce the release of LDH and increase the level of Bcl-2 in 
hypoxic-ischemic H9C2 cardiomyocytes but that Bax is not 
affected. Breviscapine can improve the viability of hypoxic-
ischemic H9C2 cardiomyocytes and inhibit apoptosis [24]. 
Our in vitro experiments also confirmed that the fermentation 
supernatant of B. longum ZL0210 significantly increased the 
expression of Bcl-2 and the ratio of Bcl-2/Bax in H/R-treated 
H9C2 cardiomyocytes. The difference was that the fermentation 
supernatant of B. longum ZL0210 also decreased the expression 
of Bax. Altogether, our in vitro assays proved the anti-apoptotic 
and antioxidant effects of B. longum ZL0210 on H/R-treated 
H9C2 cardiomyocytes.

A complete oxidative stress reaction system includes enzyme 
(such as SOD, CAT, GSH-Px, and lipid peroxides like MDA) 
and non-enzyme systems (such as vitamins, amino acids, and 
metal proteins). Improving antioxidant capacity and inhibiting 
lipid peroxidation are conducive to restoring cell activity and 
protecting cell membrane integrity. A previous study showed 
that pretreatment with viable probiotics significantly reduces 
lipid peroxidation in MI rats, reduces MDA content in cardiac 
tissue, and improves antioxidant capacity and cardiac function, 
while inactivated probiotics have no such effects [25]. However, 
another study showed that pretreatment with inactivated lactic 
acid bacteria by intravenous administration could reduce the 
MI area and endothelial apoptosis, decrease the serum CPK, 

LDH and MDA contents, increase serum SOD activity, and 
inhibit myocardial NF-κB signaling and expression, ultimately 
attenuating myocardial ischemia-reperfusion injury in rats [26]. 
In a clinical study, patients undergoing percutaneous coronary 
interventions after MI were randomly assigned to receive L. 
rhamnosus capsules containing 1.6 × 109 CFU or capsules 
containing maltodextrin for 12 weeks. It was found that the 
depressive symptoms of patients in the L. rhamnosus capsule 
group were significantly reduced, with a significant improvement 
in the quality of life, and the total antioxidant capacity of serum 
was improved, indicating that L. rhamnosus can significantly 
improve depressive symptoms, oxidative stress, and inflammatory 
markers in patients with MI [27]. This is similar to our in vivo 
results. In this study, the mice were continuously intragastrically 
administered active B. longum ZL0210 for one week before and 
after MI modeling. We found that the activities of SOD, GSH-Px, 
and CAT in cardiomyocytes were significantly increased, while 
the content of MDA in cardiomyocytes as well as the activities 
of AST, CPK, and LDH in serum were decreased, indicating that 
B. longum ZL0210 could protect cardiomyocytes from oxidative 
damage in MI mice.

TRAIL is mainly produced by immune cells (such as natural 
killer T cells and mononuclear macrophages), and it can also 
be expressed in a variety of tissues and organs, like smooth 
muscle cells and endothelial cells in blood vessels [28] and 
cardiomyocytes, which has been proven by our experiment 
here and by other reports [29, 30]. The expression products 
of TRAIL and its receptors DR4, DR5, DcR1, and DcR2 are 
mainly distributed in the cytoplasm and also expressed in the cell 
membrane [28]. TRAIL has been increasingly recognized as a 
protective agent in atherosclerosis. In patients with coronary heart 
disease, the plasma TRAIL level is significantly lower than that 
of healthy individuals. TRAIL can inhibit endothelial dysfunction 
by controlling the generation of endothelial cell free radicals [31]. 
A low TRAIL level is related to a worse left ventricular ejection 
fraction in the acute phase of ST elevation MI and after one 
month. TRAIL may represent a protective mediator of injury after 
MI [32]. This is consistent with the decrease in TRAIL expression 
in the serum and myocardium of MI mice in our study.

The PI3K/Akt/eNOS signaling pathway plays an important 
role in inhibiting apoptosis. Endothelial NOS is an important 
downstream target of Akt, and activation of Akt can induce 
eNOS phosphorylation and activation [33]. Upregulation of 
eNOS can prevent excessive infiltration of white blood cells by 
inhibiting the expression of vascular cell adhesion molecules, 
thereby slowing the myocardial ischemia-reperfusion injury 
[34], promoting activation of the PI3K/Akt/eNOS pathway, and 
helping to reduce the hypoxia-induced injury of endothelial cells 
and cardiomyocytes [12]. It has also been shown that exercise 
can promote myocardial angiogenesis by activating the PI3K/
AKT/eNOS pathway, ultimately improving the heart function 
of rats with MI [35]. In vitro experiments have shown that 
TRAIL can protect vascular endothelial cells by activating the 
PI3K/AKT/eNOS signaling pathway. In unstimulated human 
umbilical vein endothelial cells, eNOS is mostly located on the 
cell membrane. TRAIL mediates the subcellular distribution 
of eNOS through modification of the cytoskeleton and Golgi 
complex, induces increases in eNOS cytoplasmic localization, 
and promotes NO production [36]. At the same time, TRAIL can 
inhibit the production of reactive oxygen species and apoptosis 



S. Qi, et al. 22

doi: 10.12938/bmfh.2021-044 ©2023 BMFH Press

of human umbilical vein endothelial cells induced by high 
glucose. The anti-apoptotic effect of TRAIL is accompanied by 
the phosphorylation of Akt and eNOS and an increase in NO 
production [37]. However, there is no research on the prevention 
and treatment of MI with lactic acid bacteria by regulating the 
PI3K/AKT/eNOS signaling pathway via TRAIL.

A previous study showed that compared with a placebo group, 
pre-administration of B. longum R0175 for two weeks had no 
significant effect on MI size in rats with myocardial ischemia-
reperfusion [38]. However, the rats in its B. longum R0175 group 
could socialize better, learn a passive avoidance test faster, and 
were more active in a forced swimming test. B. longum R0175 
could reduce the activity of caspase-3 and plasma C-reactive 
protein in the lateral amygdala, medial amygdala, and dentate 
gyrus of rats, indicating that it can effectively improve depression 
induced by MI [38]. The combination of B. longum R0175 
and Lactobacillus helveticus R0052 can significantly attenuate 
the depressive symptoms after MI in rats and restore intestinal 
permeability [39]. This shows that B. longum is beneficial to the 
prognosis of MI. After intragastric administration of B. longum 
ZL0210 to MI mice in the present study, we found for the first 
time that the expression of TRAIL protein in cardiomyocytes 
was significantly upregulated. In the model group, the relative 
expressions of p-PI3K/t-PI3K, p-Akt/t-Akt, and p-eNOS/t-
eNOS were all significantly lower than those in the normal 
group, and intragastric administration of B. longum ZL0210 
significantly improved the phosphorylation of pathway proteins, 
restored the activity of the PI3K/Akt/eNOS pathway, increased 
the generation of NO, and ultimately inhibited cardiomyocyte 
injury and improved myocardial remodeling. A previous study 
showed that compared with a placebo, the Bax/Bcl-2 ratio and 
caspase-3 activity of the amygdala (lateral and medial) and 
dentate gyrus were decreased by the combination of B. longum 
R0175 and L. helveticus R0052, whereas the Akt activity was 
increased [40]. This is somewhat different from our findings. 
In this study, B. longum ZL0210 had little effect on total Akt 
activity but significantly increased its phosphorylation level; 
meanwhile, the anti-apoptotic effect was similar. This may be 
related to the different sampling sites or strains. Here we studied 
cardiomyocytes, not the brain tissue used in the previous study. 
Based on our results, we tend to believe that the metabolites of 
B. Longum ZL0210 stimulate the epithelial cells and immune 
cells in the intestinal tract to produce TRAIL and that the newly 
generated TRAIL acts on the heart along with the blood. Liu et 
al. [37] reported that TRAIL activated the PI3K/AKT/eNOS/
NO pathway, and the same phenomenon was observed in our 
experiment. So, we presumed the metabolites of B. longum 
ZL0210, such as soluble proteins and polysaccharides, might 
stimulate the intestinal tract to produce TRAIL and ultimately 
attenuate the deterioration of cardiac function by acting on the 
PI3K/AKT/eNOS signaling pathway of cardiomyocytes via the 
circulation, leading to the promotion of myogenic differentiation, 
improved angiogenesis, and reduced oxidative stress [41, 42]. In 
the future, we will attempt to further study the specific functional 
components. Regarding the in vitro system in the present study, 
we thought that the NO pathways would likely not be remarkably 
induced by TRAIL because the expression of TRAIL would 
be low in cardiomyoblast cells, so we only observed the HO-1 
antioxidant pathways in the in vitro assay here. We will attempt to 
study the impact of lactic acid bacteria on PI3K/AKT/eNOS/NO 

antioxidant pathways in an in vitro system in the future.
In summary, our study indicated that intragastric administration 

of the strain of lactic acid bacteria found to be the most efficacious 
for myocardial protection in screening via a cell platform, B. 
longum ZL0210, could upregulate the PI3K/Akt/eNOS pathway 
via TRAIL and increase the NO content and antioxidant capacity, 
resulting in attenuation of myocardial injury and improvement of 
cardiac remodeling. Herein, we provide data support for future 
screening of new microecological preparations based on a cell 
line platform, as well as theoretical support for lactic acid bacteria 
interventions for MI. One limitation of this study was the lack 
of use of a pathway inhibitor for evaluation of its impact on 
the effects of B. longum ZL0210 on MI, which deserves future 
exploration.
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