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Abstract: This study probed the protective effect of recombinant Lactobacillus plantarum against hydrogen peroxide (H2O2)-
induced oxidative stress in human umbilical vein endothelial cells (HUVECs). We constructed a new functional L. plantarum
(NC8-pSIP409-alr-angiotensin-converting enzyme inhibitory peptide (ACEIP)) with a double-gene-labeled non-resistant screen
as an expression vector. A 3- (4, 5-dimethyl-2-thiazolyl) -2, 5-diphenyl-2H-tetrazolium bromide (MTT) colorimetric assay was
carried out to determine the cell viability of HUVEC cells following pretreatment with NC8-pSIP409-alr-ACEIP. Flow
cytometry (FCM) was used to determine the apoptosis rate of HUVEC cells. Cysteinyl aspartate specific proteinase (caspase)-3/
8/9 activity was also assayed and western blotting was used to determine protein expression of B-cell lymphoma 2 (Bcl-2), Bcl-2-
associated X protein (Bax), inducible nitric oxide synthase (iNOS), nicotinamide adenine dinucleotide phosphate oxidase 2
(gp91phox), angiotensin II (AngII), and angiotensin-converting enzyme 2 (ACE2), as well as corresponding indicators of
oxidative stress, such as reactive oxygen species (ROS), mitochondrial membrane potential (MMP), malondialdehyde (MDA),
and superoxide dismutase (SOD). NC8-pSIP409-alr-ACEIP attenuated H2O2-induced cell death, as determined by the MTT
assay. NC8-pSIP409-alr-ACEIP reduced apoptosis of HUVEC cells by FCM. In addition, compared to the positive control, the
oxidative stress index of the H2O2-induced HUVEC (Hy-HUVEC), which was pretreated by NC8-pSIP409-alr-ACEIP, iNOS,
gp91phox, MDA, and ROS, was decreased obviously; SOD expression level was increased; caspase-3 or -9 was decreased, but
caspase-8 did not change; Bcl-2/Bax ratio was increased; permeability changes of mitochondria were inhibited; and loss of
transmembrane potential was prevented. Expression of the hypertension-related protein (AngII protein) in HUVEC cells protected
by NC8-pSIP409-alr-ACEIP decreased and expression of ACE2 protein increased. These plantarum results suggested that NC8-
pSIP409-alr-ACEIP protects against H2O2-induced injury in HUVEC cells. The mechanism for this effect is related to
enhancement of antioxidant capacity and apoptosis.
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1 Introduction

Hypertension is the most common cardiovascular
disease and one of the most important causes of death
in patients with cardiovascular disease. Statistically,

the total number of adult hypertension patients in the
world was 1 billion in 2000, increasing to 1.13 billion
in 2015 and expected to grow to 1.58 billion by 2025
(Ettinger et al., 2014; Zhou et al., 2017). In recent years,
probiotics have been widely used in controlling intes‐
tinal microbiota and preventing cardiovascular disease
(Upadrasta and Madempudi, 2016). As is well-known,
the main drugs for treatment of hypertension have several
side effects on human health (Laurent, 2017). Therefore,
there is growing research interest in development of
bioactive probiotics with good antihypertensive effects,
high safety, and low incidence of side effects.

As an important cause of cardiovascular disease,
hypertension causes stress and damage to the heart
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and other organs including the brain, liver, kidney,
and blood vessel (Lugo-Baruqui et al., 2010; Wang et al.,
2016). Several factors are associated with vascular
endothelial cell injury, among which oxidative stress is
an important cause of hypertension. Reactive oxygen
species (ROS) can cause vascular endothelial cell dys‐
function and damage to vascular wall cells. Antioxi‐
dant stress protects vascular endothelial cell function
and prevents hypertension (Aldabbous et al., 2016;
Wu et al., 2019). It has been reported that endothelial
dysfunction is the source of pathogenesis of various
cardiovascular diseases (Shreiber et al., 2001). When
ROS is overexpressed, DNA is damaged and mito‐
chondria have an abnormal function, which causes the
inflammation and eventually induces endothelial cell
apoptosis (Mendell and Olson, 2012; Wang et al.,
2012). Human umbilical vein endothelial cells (HUVECs)
are the most commonly used cells for in vitro research
of cardiovascular and oxidative stress (Kim et al., 2018).
Therefore, hypertension-induced vascular damage can
be prevented by inhibiting apoptosis of HUVEC cells
(Zhang Y et al., 2016). Inhibition of apoptosis is an
important strategy for preventing cardiovascular dis‐
eases, including hypertension (Fraga-Silva et al., 2013;
Liu et al., 2013). The exposure of HUVEC cells to hy‐
drogen peroxide (H2O2) may lead to development of
hypertension, and H2O2 may cause cardiovascular dis‐
ease by promoting apoptosis of vascular endothelial cells
(Wang et al., 2016; Loperena and Harrison, 2017).
When HUVEC cells are exposed to H2O2, excessive
accumulation of ROS in cells causes oxidative stress
in the body, which often leads to an increase in malondi‐
aldehyde (MDA) and a decrease in superoxide dismutase
(SOD) (Kim et al., 2018). Therefore, preventing apop‐
tosis of vascular endothelial cells has positive clinical
significance in the prevention and treatment of cardio‐
vascular diseases. Several investigators have proposed
the repair of vascular endothelial cell injury as part of
the treatment for hypertension and believed that the
degree of vascular damage may be a sign of disease
severity (Small et al., 2018).

Internationally, lactic acid bacteria are regarded
as the safest probiotic species. Recently, lactic acid bac‐
teria have attracted the attention of scientists because
of their potential in preventing cardiovascular disease
(Upadrasta and Madempudi, 2016). It has been shown
that lactic acid bacteria are effective in improving the
status of cardiovascular disease, but the mechanism of

their antihypertensive effect is not fully understood. Kim
et al. (2018) demonstrated that lactic acid bacteria reduce
hypertension by regulating intestinal microbiota and bac‐
terial metabolites. It has been found that lactic acid bac‐
teria regulate hypertension by controlling the content
of vitamin D in the body (Yang T et al., 2015; Zitter‐
mann and Pilz, 2019). The renin-angiotensin system
(RAS) is known to be an important circulating regulat‐
ing system of the body. For the RAS, angiotensinogen
(AGT) generates angiotensin I (AngI) under the action
of renin; then AngI generates AngII under the action of
angiotensin-converting enzyme (ACE); and finally AngII
combines with angiotensin receptor 1 (AT1R) to form
the ACE-AngII-AT1R complex that plays an important
role in blood pressure regulation and water-electrolyte
balance. Hypertensive patients have a chronic over-active
RAS, and an increase in AngII is at the heart of events
leading to fatal and disabling clinical outcomes (van
Thiel et al., 2015). Lactic acid bacteria exert ACE in‐
hibitory activity by producing antihypertensive bioactive
peptides released during proteolysis, thereby mitigating
hypertension by regulating RAS (Gordon, 2012; Yang
T et al., 2015). As a kind of angiotensin-converting
enzyme inhibitor, ACEI is widely used due to its minimal
side effects, but patients using the synthetic ACEI drugs
currently on the market often experience the side effect
of a persistent dry cough caused by increased concen‐
tration of bradykinin (Graham et al., 2004). Compared
with synthetic antihypertensive drugs, the natural ACE
inhibitory peptide prepared by genetic engineering has
high safety, with no toxic side effects or excessive anti‐
hypertensive effects; thus, there is growing research
interest in the therapeutic possibilities of the natural
peptide. In recent years, probiotic-containing foods have
become increasingly popular in related industries because
of increased consumer awareness of the probiotic bene‐
fits of health foods (Pavli et al., 2018).

H2O2 produces a large number of ROS, thereby
causing oxidative damage to vascular endothelial cells,
inducing apoptosis, and promoting development of
hypertension (Korsager Larsen and Matchkov, 2016).
Our laboratory has successfully constructed a recom‐
binant Lactobacillus plantarum expressing antihyper‐
tensive peptide (NC8-pSIP409-angiotensin-converting
enzyme inhibitory peptide (ACEIP)) and shown that
administration of this L. plantarum lowers blood pres‐
sure (Yang GL et al., 2015). Considering the possi‐
bility that erythromycin resistance may affect patients in
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subsequent applications, in this study we have opti‐
mized NC8-pSIP409-ACEIP and adapted the non-
resistant expression vector maintained in our laboratory
to construct a new functional recombinant L. plantarum
(NC8-pSIP409-alr-ACEIP) with ACEIP fusion pro‐
tein screened for non-resistance. We investigated the
protective effect of NC8-pSIP409-alr-ACEIP against
oxidative damage due to H2O2 using HUVEC cells.

2 Materials and methods

2.1 Cell lines and culture

HUVEC cell lines were obtained from the Chinese
Academy of Sciences Cell Bank (Shanghai, China).
HUVEC cells were cultured in Roswell Park Memorial
Institute-1640 (RPMI-1640) supplemented with 10%
fetal bovine serum (FBS), 100 μg/mL penicillin, and
100 μg/mL streptomycin, and then placed into an in‐
cubator with 5% CO2 at 37 ℃. The cells were grown
up to 80% confluency and passaged every 2–3 d. The
cells were sub-cultured, and cells in the logarithmic
phase were used in the assays.

2.2 Bacterial strains and plasmids

The bacterial strains and plasmids used in this
study have been described previously (Yang GL et al.,
2015). NC8-alr was a non-resistant vector lacking D-
alanine racemase gene. asd-alr fusion genes were used
as nutritional complementary type screening markers,
PLp_1261Inv of a screening marker with erm resis‐
tance genes was the basic vector, and the erm resistance
genes on the vector were replaced by asd-alr fusion
genes. The anchoring expression plasmid NC8-alr with
non-resistant screening marker was constructed. NC8-
alr was cultured in de Man Rogosa and Sharpe (MRS)
medium containing 100 mg/mL of D-alanine at 37 °C
under anaerobic conditions, which was preserved by
the Jilin Provincial Animal Microecological Preparation
Engineering Research Center (Changchun, China).

2.3 Chemicals and materials

H2O2 and dimethyl sulfoxide (DMSO) were ob‐
tained from MP Biomedica (California, USA). RPMI-
1640, FBS, phosphate-buffered saline (PBS), 0.25%
(2.5 g/L) trypsase, penicillin-streptomycin, and 3-(4,5-
dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bro‐
mide (MTT) were purchased from Hyclone Laboratories

(Logan, USA). The fluorescein isothiocyanate (FITC)
Annexin V Apoptosis Detection Kit I was purchased
from BD Pharmingen (New Jersey, USA). Other ex‐
perimental chemical reagents were purchased from
Beyotime Institute of Biotechnology (Shanghai, China).
All antibodies were purchased from Proteintech
(Wuhan, China).

2.4 Construction of non-resistant recombinant L.
plantarum NC8-pSIP409-alr-ACEIP expressing
ACEIP fusion protein

First, the erythromycin resistance gene was deleted
from the original recombinant strain; next, the gene
expressing the ACEIP fusion protein was introduced
into the recombinant strain to create a non-resistant
recombinant L. plantarum NC8-pSIP409-alr-ACEIP.
Since the plasmid carries the gene for D-alanine race‐
mase expression, D-alanine was not added to the MRS
solid medium in screening for positive bacteria. Positive
bacteria were picked and incubated in MRS liquid me‐
dium overnight; plasmids were prepared in small quanti‐
ties and identified by BamHI/NcoI digestion, and se‐
quenced by Comate Bioscience Co., Ltd. (Changchun,
China). Western blot was used to verify protein expres‐
sion of NC8-pSIP409-alr-ACEIP by following specific
procedural steps. First, sake lactobacillin sakasin-P
(sPPIP) was added to induce overnight growth of a
50-mL bacterial solution. After sonication, the bacterial
solution was centrifuged (1000g for 10 min at 4℃). Next,
the resulting supernatant was mixed with 5× loading
buffer at 5:1 (volume ratio (v/v)) and the precipitate was
mixed with PBS and then mixed with 5× loading
buffer at 5:1 (v/v). The protein samples were separated
by sodium dodecyl sulfate-polyacrylamide gel electro‐
phoresis (SDS-PAGE) with a 17% (0.17 g/mL) gel,
transferred to a membrane for 1 h, blocked with skim
milk for 3 h, and incubated with the primary antibody
(6×His, His-Tag monoclonal antibody (Proteintech,
66005-1-Ig)) overnight. The next day, the membrane
was washed three times in SDS buffer on a shaker for
10 min apiece. The membrane was then incubated with
the secondary antibody (horse radish peroxidase (HRP)-
conjugated AffiniPure goat anti-mouse IgG (H+L) (Pro‐
teintech, SA00001-1)) for 1 h at 4 ℃ and washed with
SDS buffer three times, with each time for 10 min on a
shaker. Finally, samples were analyzed by the western
blot imaging system AI600 (Thermo Fisher Scientific,
Shanghai, China).
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2.5 Establishment of an oxidative stress injury
cell model using H2O2

A cell model of oxidative stress was established
using H2O2 (named H2O2-induced HUVEC (Hy-HUVEC)).
We used the MTT assay to determine the effect of dif‐
ferent concentrations of H2O2 on cytosine in HUVEC
cells. HUVEC cells were seeded at 7000 cells/well into
96-well plates and incubated overnight. H2O2 was added
to a final concentration of 100, 200, 300, 400, 500, 600,
700, or 800 μmol/L in a volume of 200 μL per well.
After further incubation for 1 or 2 h, 20 μL of MTT
reagent was added to each well and cells were incubated
for 4 h. Next, the medium was replaced by 150 μL of
DMSO. A BioTek Epoch 2 Microplate Spectropho‐
tometer (BioTek, Vermont, USA) was used to assess
absorbance at 492 nm using a 96-well plate reader.
We confirmed the best concentration of H2O2 for the cell
model using the MTT assay. The viability of HUVEC
cells was calculated with the following equation:
cell viability= (OD of experimental group)/(OD of
control)×100% (Präbst et al., 2017), where OD is the
optical density.

2.6 Cytotoxic effect of NC8-pSIP409-alr-ACEIP
in HUVEC cells

The MTT assay was used to assess the cytotoxic
effects of NC8-pSIP409-alr-ACEIP on HUVEC cells.
After HUVEC cells were digested, samples were diluted
with complete RPMI-1640 culture medium. The cells
were seeded at 7000 cells/well onto 96-well plates and
incubated overnight. Next, the medium was replaced
at NC8-pSIP409-alr-ACEIP/HUVEC ratio of 20:1,
40:1, 80:1, 160:1, or 320:1 in a volume of 200 μL per
well; cells were then centrifuged at 3000g for 10 min
to bring NC8-pSIP409-alr-ACEIP into close contact with
HUVEC cells. The control group consisted of a series
of cells with the same ratios of medium to NC8-alr (L.
plantarum empty vector). After centrifugation, the cells
were further incubated for 1 or 3 h at 37 ℃. Each well
was incubated with 20 μL MTT reagent for 4 h. DMSO
(150 μL) was added to each well after discard of medium.

2.7 Cell viability assay

HUVEC cells were pretreated with NC8-pSIP409-
alr-ACEIP (20:1, 40:1, 80:1, 160:1, and 320:1) fol‐
lowed by exposure to H2O2 (800 μmol/L). Cell viability
was measured by MTT assay.

2.8 Determination of apoptotic rate of HUVEC
cells induced by NC8-pSIP409-alr-ACEIP

Cell apoptosis rate was determined using theAnnexin
V-FITC/propidium iodide (PI) double labeling method
with flow cytometry (FCM). In brief, HUVEC cells
(2×105 cells/mL) were seeded at 2 mL/well onto six-well
plates. After overnight incubation, NC8-pSIP409-alr-
ACEIP was added at a bacterium/cell ratio of 20:1, 40:1,
80:1, 160:1, or 320:1 in a volume of 2 mL per well
and incubated for 2 h. NC8-alr was added to the con‐
trol group at the same ratios as the treatment group. A
concentration of 800 μmol/L H2O2 was used as a posi‐
tive control. Next, the cells were harvested and washed
with ice-cold PBS, and adjusted to 1×106 cells/mL
with 1× binding buffer. The cell suspension (100 μL)
was loaded into a solution containing 15 μL Annexin
V-FITC and 5 μL PI (Bestbio, Shanghai, China), gently
mixed, and incubated in the dark at 4 ℃ for 20 min.
After staining, the cells were washed with PBS con‐
taining 0.5% (5 g/L) FBS. Finally, the cells were re-
suspended in 400 μL binding buffer. After filtration,
suspensions of each treatment group were analyzed with
a BD FACSCalibur (Becton, Dickinson and Company,

New Jersey, USA).

2.9 Measurement of intracellular ROS

Intracellular ROS concentration was monitored
spectrofluorimetrically using an oxidation-sensitive
2',7'-dichlorofluorescein diacetate (no fluorescence)
(DCFH-DA) probe (Wan et al., 2011). Hy-HUVEC
cells (2×105 cells/mL) were seeded at 2 mL/well onto
six-well plates. NC8-pSIP409-alr-ACEIP and NC8-alr
were added to the experimental and control Hy-HUVEC
cells, respectively, at a bacterium/cell ratio of 20:1, 40:1,
80:1, 160:1, or 320:1 in a volume of 2 mL per well
and incubated for 2 h. The bacterial suspension was de‐
canted and then washed with ice-cold PBS. Cells were
collected and incubated with 2 μmol/L (final concentra‐
tion) DCFH-DA or 2',7'-dichlorofluorescein diacetate
(with fluorescence) (DCF-DA) for 20 min at 37 ℃ .
Loaded cells were washed three times and the fluores‐
cence intensity of DCF was determined using a fluores‐
cence microscope (LEICA DMi8, Germany) with an
excitation wavelength of 485 nm and emission wave‐
length of 538 nm. The relative amount of intracellular
ROS production was expressed as the fluorescence
ratio of treatment to control values.
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2.10 Determining the mitochondrial membrane
potential (MMP) change

HUVEC cells were harvested at a robust loga‐
rithmic growth phase, inoculated into six-well plates
after digestion, and cultured for 24 h. Next, 800 μmol/L
of H2O2 was added and cells were incubated for 1 h;
they were then incubated in 160:1 (v/v) NC8-pSIP409-
alr-ACEIP (experimental groups) and NC8-alr (con‐
trols) for 2 h. Next, medium was removed from each
well, and cells were washed with fresh RPMI-1640;
a working solution of JC-10 stain was then added,
mixed well, and incubated at 37 °C for 20 min. During
incubation, 1 mL of JC-10 (5×) buffer was diluted with
4 mL water and added to each well, and then placed in
an ice bath. After incubation for 20 min, the supernatant
of each well was aspirated; cells were washed twice
with buffer followed by addition of 2 mL of fresh
RPMI-1640, and then observed under a fluorescence
microscope.

2.11 Intracellular SOD and MDA activity assay

The Hy-HUVEC cells were treated as described
above. Cells were washed once with pre-cooled PBS;
200 μL of sample preparation solution was added to
1×106 cells and appropriately lysed the cells. A WST-8/
enzyme working solution was prepared using 151 μL
SOD detection buffer+8 μL WST-8+1 μL enzyme
solution for each reaction volume of 160 μL. The starting
solution contained 1 μL of reaction starter (40×) and
39 μL SOD assay buffer. After solution preparation,
20 μL of the sample to be tested was added to each
well of the 96-well plate, and 160 μL of working solution
was added to each well, followed by addition of 20 μL
of the starting solution; reactions were carried out on
ice. Control group 1 used 20 μL SOD buffer, 160 μL
working fluid, and 20μLstarting solution. Control group 2
used 40 μL SOD buffer and 160 μL working solution.
After incubation at 37 °C for 30 min, absorbance at
450 nm was read using a microplate reader. All cells
were treated in the same way: washed once with pre-
chilled PBS, digested with trypsin, and mixed with pre-
chilled PBS (100 μL of PBS added per 1×106 cells) and
shaken for 1 min with a vortex shaker. The supernatant
was collected after centrifugation for 10 min at 12000g
(all of the above steps were performed on ice). Thio‐
barbituric acid (TBA) stock solution standards were
prepared according to MDA instructions. After mixing
of control, experimental, and reference solutions,

samples were boiled at 100 °C for 15 min, cooled to
room temperature in water bath, and centrifuged at
1000g for 10 min. Supernatant (200 μL) was added to
each well of a 96-well plate and absorbance at 532 nm
was measured with a BioTek Epoch 2 microplate
spectrophotometer.

2.12 Measuring caspase-3, -8, and -9 activity in
Hy-HUVEC cells

The Hy-HUVEC cells were treated as described
above. Activities of caspase-3, -8, and -9 were deter‐
mined using the caspase-3, -8, and -9 activity kits (Beyo‐
time, Shanghai, China). Cells were collected by centrifu‐
gation at 600g for 5 min at 4 °C, and the supernatant was
carefully aspirated, while ensuring that as few cells as
possible were removed; the cell pellet was washed
once with PBS. After the supernatant was aspirated,
80 μL of the lysing reagent was added, the pellet was
resuspended and lysed for 15 min in an ice bath. The
suspension was centrifuged at 18 000g for 15 min at
4 ℃. Then, the supernatant from each sample was col‐
lected and loaded into an ice-cold centrifuge tube.
The reaction system was set up according to the in‐
structions of the caspase-3 activity assay kit, and the
detection buffer, the sample to be tested, the lysate,
and acetyl-Asp-Glu-Val-Asp-p-nitroanilide (Ac-DEVD-
pNA; 2 mmol/L) were assigned to a blank group and
a detection group. Ac-DEVD-pNA (2 mmol/L) was
added to each sample and mixed well, taking care to
avoid air bubbles when mixing; samples were incubated
for 120 min at 37 ° C. Caspase-3 activity was mea‐
sured immediately at 405 nm using a BioTek Epoch 2
microplate spectrophotometer. For caspase-8 assays, Ac-
DEVD-pNA (2 mmol/L) was replaced with acetyl-Ile-
Glu-Thr-Asp-p-nitroanilide (Ac-IETD-pNA; 2 mmol/L),
and the rest of the conditions were unchanged. For
caspase-9 experiments, Ac-DEVD-pNA (2 mmol/L)
was replaced with Ac-LEHD-pNA (2 mmol/L), and the
rest of the conditions were unchanged.

2.13 Western blotting of related proteins

The Hy-HUVEC cells were treated as described
above (see Section 2.8), washed twice with ice-cold
PBS, and gently lysed for 1 h in ice-cold cell lysis
buffer. Lysates were centrifuged at 12 000g at 4 ℃ for
10 min. Supernatants were collected to determine pro‐
tein concentrations for western blotting analysis. An
equal amount of protein was subjected to SDS-PAGE
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and transferred to a polyvinylidene fluoride (PVDF)
membrane by electroblotting. The blots were blocked
in PBS containing 10% non-fat milk and 0.1% Tween-
20 (blotting grade) for 3 h and then applied to probe
the desired antibodies at 4 ℃ overnight. Membranes
were subsequently incubated with appropriate HRP-
conjugated secondary antibody for 45 min and vi‐
sualized by western blotting detection reagents. Load‐
ing differences were normalized using a monoclonal
β-actin antibody.

2.14 Statistical analysis

All experiments were performed in triplicate unless
otherwise indicated. Results are expressed as the means
of three independent experiments. All data were ex‐
pressed as the mean±standard error of the mean (SEM).
Statistical analysis was performed using a two-tailed
Student’s t-test with GraphPad Prism 5.0 (GraphPad
Software, California, USA).

3 Results

3.1 Construction of non-resistant recombinant
L. plantarum NC8-pSIP409-alr-ACEIP expressing
ACEIP fusion protein

Non-resistant recombinant L. plantarum NC8-
pSIP409-alr-ACEIP expressing the ACEIP fusion protein
was successfully constructed in this study (Fig. 1a). NC8-
pSIP409-alr-ACEIP was digested by NcoI and BamHI
to obtain two fragments: a 5808-bp fragment of vector
and a 1988-bp fragment of target gene (Fig. 1b). Next,
the target gene was cloned into an expression vector
and sequenced by Comate Bioscience Co., Ltd. (Chang‐
chun, China). The sequencing results showed 100%
homology using BLAST. In addition, western blotting
results indicated that a specific protein band of approxi‐
mately 8.5 kDa was expressed in L. plantarum. After suc‐
cessful expression of the ACEIP protein (Fig. 1c), the
growth curve was analyzed to determine when the in‐
ducible peptide sPPIP should be added and to select
the best point for optimal bacterial growth expres‐
sion. Fig. 1d indicates that the bacteria increased
exponentially at 4–6 h after addition of the inducible
peptide sPPIP. Therefore, in this study, the bacteria
were collected at 4.5 h and then measured by the drop
plate counting method for subsequent experiments.

3.2 Construction of an oxidative stress-injury cell
model using Hy-HUVEC

The MTT method was used to select an appro‐
priate concentration of H2O2 for the HUVEC cell model.
A previous study (Wu et al., 2018) suggested H2O2

concentrations ranging from 100 to 800 μmol/L with
1 or 3 h treatment period. Our data indicated that pro‐
liferation of HUVEC cells was effectively inhibited
by H2O2 in both a dose- and time-dependent manner
(Fig. 2). With 400 μmol/L H2O2 treatment, HUVEC
cells had a survival rate of 84% and 76% after 1 and
3 h incubation, respectively. Furthermore, only 48%
of the cells survived when H2O2 concentration increased
to 800 μmol/L under 1-h treatment, a result approxi‐
mating the half maximal inhibitory concentration.
Similarly, the cell survival rate was 45% with 3 h
incubation at 600 μmol/L. Considering the time cost,
we chose a treatment of 800 μmol/L H2O2 for 1 h
to establish the an oxidative stress-injury cell model
(Hy-HUVEC).

3.3 Analysis of toxicity test results of NC8-
pSIP409-alr-ACEIP on HUVEC cells

To test whether NC8-alr and NC8-pSIP409-alr-
ACEIP are toxic to HUVEC cells, the survival rates of
HUVEC cells incubated with NC8-pSIP409-alr-ACEIP
and NC8-alr were determined by MTT assay. As seen
in Fig. 3, neither NC8-pSIP409-alr-ACEIP nor NC8-alr
had any effect on the survival rate of HUVEC cells.
Instead, an increase in the proportion of recombinant
L. plantarum and the prolongation of incubation time
promoted cell growth, with 2-h incubation yielding
greater cell growth than 1-h incubation. These results
suggested that both bacterial strains were basically
non-toxic and could be used in subsequent experiments.

3.4 Effect of NC8-pSIP409-alr-ACEIP on H2O2-
indued injury in HUVEC cells

NC8-pSIP409-alr-ACEIP was added to Hy-HUVEC
cells and incubated for either 1 or 2 h. As shown in
Fig. 4, the average survival rate of Hy-HUVEC cells
was (57.78±0.40)% after 1-h protection, with adding
NC8-pSIP409-alr-ACEIP at a ratio of 20:1, which
was slightly higher than that of the positive control
group. Cell survival was significantly increased to
(70.55±0.70)% after 1-h incubation, when the ratio
was increased to 320: 1. When incubation time was
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Fig. 2 Effects of H2O2 on HUVEC cell growth. Cells were seeded at a density of 7000 cells/well and then treated
with 100, 200, 300, 400, 500, 600, 700, and 800 μmol/L H2O2 for 1 h (a) or 3 h (b). The control group was treated
with RPMI-1640. Cell viability was then determined by MTT assay. Data are presented as mean±standard
deviation (SD) with three independent experiments. ** P<0.01, *** P<0.001, compared with the control.

Fig. 3 Effects of NC8-alr (a) or NC8-pSIP409-alr-ACEIP (b) on HUVEC cell growth. Cells were seeded at a density
of 7000 cells/well and then treated at bacterium/cell ratios of 20:1, 40:1, 80:1, 160:1, and 320:1 for 1 or 2 h. The
control group was treated with RPMI-1640. Cell viability was then determined by MTT assay. Data are presented
as mean±standard deviation (SD) with three independent experiments. ** P<0.01, compared with the control. ACEIP:
angiotensin-converting enzyme inhibitory peptide.

Fig. 1 Schematic diagram of NC8-pSIP409-alr-ACEIP construction and expression. (a) Schematic diagram of ACEIP
recombinant expression vector. (b) Agarose gel electrophoresis of plasmid. Plasmid digested by restriction enzymes
plaNcoI and BamHI (Lane 1) and undigested plasmid (Lane 2) were run on agarose gel and expected bands are shown
(5808 bp for vector and 1988 bp for target gene). (c) Western blot determined that ACEIP fusion protein was successfully
expressed in NC8-pSIP409-alr. (d) Growth curve of recombinant Lactobacillus plantarum NC8-pSIP409-alr-ACEIP.
ACEIP: angiotensin-converting enzyme inhibitory peptide; OD600: optical density at 600 nm.
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extended to 2 h, cell viability was significantly im‐
proved. Cell survival rate was (67.58±0.30)% when
NC8-pSIP409-alr-ACEIP was added at a ratio of 160:1
under 2-h incubation. Conducting the same experi‐
ment with the empty vector NC8-alr demonstrated
that NC8-alr has no protective effect on Hy-HUVEC
cells. Therefore, we hypothesized that the protective
effect of NC8-pSIP409-alr-ACEIP on Hy-HUVEC cells
is due to the expression of ACEIP fusion protein.

3.5 Effect of NC8-pSIP409-alr-ACEIP on apoptosis
by H2O2-indued injury in HUVEC cells

Apoptosis is a process of programmed cell death
that involves a series of biochemical events. As a follow-
up to the cytotoxic effect experiment, FCM was used
to understand in more detail the mechanism that NC8-
pSIP409-alr-ACEIP was used to inhibit Hy-HUVEC
cell growth. Live cells were not stained after treat‐
ment with Annexin V-FITC and PI. Early apoptotic
cells were stained with Annexin V-FITC, but not with
PI. Necrotic and late apoptotic cells were stained with
both Annexin V-FITC and PI. Therefore, to detect apop‐
tosis, the cells were treated with different bacterium/
cell ratios for 2 h, and then prepared for apoptosis analysis
via FCM (Fig. 5). Consistent with previous MTT assay
results, FCM analysis showed that NC8-pSIP409-
alr-ACEIP or NC8-alr had little effect on the cells
regardless of concentration. The results further confirmed
the above findings (Fig. 3), indicating that recombinant
L. plantarum had no toxic effects on cells. Next, the
apoptotic rate of Hy-HUVEC cells was determined.

The results showed that the apoptotic rate of the posi‐
tive control group with H2O2 treatment was greater
than 70.4% and significantly decreased after adding NC8-
pSIP409-alr-ACEIP for 2 h. When the bacterium/cell
ratio reached 160:1, the apoptotic rate of Hy-HUVEC
cells had a dose-dependent decrease to 31.2%. Simi‐
larly, the apoptotic rate of Hy-HUVEC cells also
decreased after 2 h of NC8-alr incubation. When the
bacterium/cell ratio reached 160:1, the apoptotic rate
of Hy-HUVEC cells was 57.1% with a non-dose-
dependent manner, and rates of both early and late
apoptosis were lower in the 160:1 group than in the
320:1 group. Based on the above results, we chose a
ratio of 160:1 and 2 h treatment as the experimental
conditions for our experimental tests. Although NC8-
alr had a somewhat protective effect, the effect was
still much lower than that of NC8-pSIP409-alr-ACEIP.
Therefore, according to the above results, we further
confirmed that NC8-pSIP409-alr-ACEIP has a protective
effect and that it reduces apoptosis in Hy-HUVEC cells.

3.6 Effect of NC8-pSIP409-alr-ACEIP on ROS level

ROS levels in Hy-HUVEC cells were deter‐
mined with a DCFH-DA fluorescent probe (Fig. 6).
Under the fluorescence microscope, the DCF signal was
significantly increased and green fluorescence was
significantly increased in the H2O2 positive control
group (Fig. 6b) compared with the control group (Fig. 6a).
However, fluorescence intensity was significantly de‐
creased after treatment with NC8-alr+H2O2 (Fig. 6e)
and NC8-pSIP409-alr-ACEIP+H2O2 (Fig. 6f). These data

Fig. 4 Cell viabilities of Hy-HUVEC treated with NC8-alr (a) or NC8-pSIP409-alr-ACEIP (b) for 1 or 2 h determined by
MTT assay. NC8-pSIP409-alr-ACEIP promotes proliferation of Hy-HUVEC cells. Cells were plated in the 96-well
plates at 7000 cells/well. Next, the cells were treated with bacterium/Hy-HUVEC ratios of 20:1, 40:1, 80:1, 160:1, and
320: 1 for 1 and 2 h, while the control group was treated with RPMI-1640. Data are presented as mean±standard
deviation (SD) with three independent experiments. * P<0.05, ** P<0.01, *** P<0.001, compared with the positive H2O2

control group. ACEIP: angiotensin-converting enzyme inhibitory peptide; Hy-HUVEC: H2O2-induced human umbilical
vein endothelial cell.
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suggested that both NC8-alr and NC8-pSIP409-alr-
ACEIP could reduce ROS levels. However, compared
with NC8-pSIP409-alr-ACEIP, NC8-alr clearly shows
a less decrease in fluorescence, that is, a lower inhibiting
effect on apoptosis. There is also no apparent difference in
fluorescence between the control group (without H2O2)
and the group with addition of only NC8-alr (Fig. 6c) or
NC8-pSIP409-alr-ACEIP (Fig. 6d). These results indi‐
cated that the ROS levels in Hy-HUVEC cells were
significantly reduced after treatment with NC8-pSIP409-
alr-ACEIP.

3.7 Effect of NC8-pSIP409-alr-ACEIP treatment
on the MMP

To further investigate the effects of NC8-pSIP409-
alr-ACEIP on Hy-HUVEC cells, we assayed MMP in
these cells. As shown in Fig. 7, red fluorescence inten‐
sity was significantly decreased in the H2O2 positive
control group (Fig. 7b) compared to the control group

(Fig. 7a). When NC8-pSIP409-alr-ACEIP+H2O2 was
added to the HUVEC cells (Fig. 7f), red fluorescence
intensity in the cells was significantly enhanced, similar
to that of the control group (Fig. 7a). However, the intra‐
cellular red fluorescence intensity of the NC8-alr+H2O2

group (Fig. 7e) was weaker than that of the NC8-pSIP409-
alr-ACEIP+H2O2 group (Fig. 7f). Green fluorescence
intensity was significantly reduced in both the NC8-
pSIP409-alr-ACEIP+H2O2 (Fig. 7f) and NC8-alr+H2O2

(Fig. 7e) groups, and in both groups was similar to that
of the control group (Fig. 7a). Green fluorescence inten‐
sity was enhanced in the H2O2 positive control group
(Fig. 7b) compared with the control group (Fig. 7a).
After the addition of NC8-alr+H2O2 (Fig. 7e) and NC8-
pSIP409-alr-ACEIP+H2O2 (Fig. 7f) protection, green
fluorescence intensity was significantly weakened,
approaching that of the control group (Fig. 7a). Sur‐
prisingly, the green fluorescence intensity of the NC8-
alr+H2O2 group (Fig. 7e) was stronger than that of the

Fig. 5 Flow cytometric analysis of apoptotic Hy-HUVEC cells induced by NC8-pSIP409-alr-ACEIP. Hy-HUVEC cells
were treated with NC8-pSIP409-alr-ACEIP (a) or NC8-alr (b), which was added at bacterium/cell ratios of 20:1, 40:1,
80:1, 160:1, and 320:1 for 2 h. FITC: fluorescein isothiocyanate; PI: propidium iodide; ACEIP: angiotensin-converting
enzyme inhibitory peptide.
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NC8-pSIP409-alr-ACEIP+H2O2 group (Fig. 7f). Com‐
pared with the control group, there was no difference in
either the NC8-alr group (Fig. 7c) or NC8-pSIP409-alr-
ACEIP group (Fig. 7d). Finally, in the merged green
and red fluorescence images, the fluorescence was red

in the control group (Fig. 7a) and was green in the H2O2

positive control group (Fig. 7b). After addition of
NC8-alr+H2O2 (Fig. 7e) and NC8-pSIP409-alr-ACEIP+
H2O2 (Fig. 7f), the fluorescence in the cells was orange-
red, approaching that of the control group (Fig. 7a), and

Fig. 6 Analysis of ROS levels in Hy-HUVEC cells with NC8-pSIP409-alr-ACEIP treatment. ROS generation in the control and
Hy-HUVEC cells was assayed with DCFH-DA. Fluorescence intensity of the oxidation-insensitive probed DCF-DA in control
and Hy-HUVEC cells was measured. Cells were examined under a fluorescence microscope. The large images and small
images were observed under field of view of 5× and 20× magnifications (scale bar=100 μm), respectively. (a) Control
group; (b) H2O2 positive control group; (c) NC8-alr group; (d) NC8-pSIP409-alr-ACEIP group; (e) NC8-alr+H2O2 group;
(f) NC8-pSIP409-alr-ACEIP+H2O2 group. When ROS levels were increased in cells, the DCF signal was increased and
the intensity of green fluorescence was enhanced. The intensity of the green fluorescence can be regarded as an indicator
of ROS level. Hy-HUVEC: H2O2-induced human umbilical vein endothelial cell; ACEIP: angiotensin-converting enzyme
inhibitory peptide; ROS: reactive oxygen species; DCFH-DA: 2',7'-dichlorofluorescein diacetate (no fluorescence); DCF-DA:
2',7'-dichlorofluorescein diacetate (with fluorescence) (Note: for interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article).
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the fluorescence intensity was weaker in the NC8-alr+
H2O2 group (Fig. 7e) than in the NC8-pSIP409-alr-ACEIP+
H2O2 group (Fig. 7f). Compared with the control group,
there was no difference in the NC8-alr group (Fig. 7c)

or the NC8-pSIP409-alr-ACEI group (Fig. 7d). Above
all, the results indicated that after pretreatment with
NC8-alr and NC8-pSIP409-alr-ACEIP, MMP began
to repolarize and gradually returned to its normal

Fig. 7 Effects of NC8-pSIP409-alr-ACEIP on MMP in Hy-HUVEC cells. Cells treated with NC8-pSIP409-alr-
ACEIP (bacterium/cell ratio: 160:1) were incubated with JC-10, and their fluorescence intensity was measured.
(a) Control group; (b) H2O2 positive control group; (c) NC8-alr group; (d) NC8-pSIP409-alr-ACEIP group; (e) NC8-
alr+H2O2 group; (f) NC8-pSIP409-alr-ACEIP+H2O2 group. There was a significant difference in fluorescence
between the H2O2-treated cells (b) and the NC8-pSIP409-alr-ACEIP-treated cells (f). Hy-HUVEC: H2O2-induced
human umbilical vein endothelial cell; ACEIP: angiotensin-converting enzyme inhibitory peptide; MMP:
mitochondrial membrane potential. Scale bar=100 μm (Note: for interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article).
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state, and NC8-pSIP409-alr-ACEIP was superior in its
effect to that of NC8-alr.

3.8 Effects of NC8-pSIP409-alr-ACEIP on anti-
oxidation-related indicators

Oxidative stress often leads to a decrease in SOD
activity and an increase in MDA content. Expression
levels of inducible nitric oxide synthase (iNOS) and
nicotinamide adenine dinucleotide phosphate oxidase 2
(gp91phox) are also increased. To investigate the effect
of NC8-pSIP409-alr-ACEIP on the antioxidant capa‐
bility of Hy-HUVEC cells, we assayed SOD activity
and content of MDA. The activity of SOD and the con‐
tent of MDA are shown in Figs. 8a and 8b. There was
a decrease in the SOD activity in the H2O2 positive

control group. After the pretreatment with NC8-pSIP409-
alr-ACEIP and NC8-alr, the SOD activity in Hy-HUVEC
cells had an increase, and the NC8-pSIP409-alr-ACEIP
group exhibited better protection effect than the NC8-
alr group (Fig. 8a). At the same time, MDA content in
the H2O2 positive control group was significantly higher
than that in the negative control group (Fig. 8b), and
the MDA content in the cells was decreased after NC8-
alr and NC8-pSIP409-alr-ACEIP treatments. MDA con‐
tent of the NC8-pSIP409-alr-ACEIP+H2O2 group was
significantly decreased, which corresponds to the SOD
results. These two results demonstrate that NC8-
pSIP409-alr-ACEIP has a good antioxidant effect and
is superior to NC8-alr. The non-phagocytic cell oxi‐
dase (NOX) proteins of NADPH oxidase are widely

Fig. 8 Effects of NC8-pSIP409-alr-ACEIP on anti-oxidation-related indicators. (a) SOD activity in Hy-HUVEC cells.
(b) MDA content of Hy-HUVEC cells. (c) Protein profiles of iNOS, gp91phox, and β-actin. β-Actin used as an internal
control, and the induced cells were harvested by centrifugation at 1500 r/min for 3 min at 4 ° C and suspended in
50 mmol/L PBS, followed by sonic disruption. The cell-free extract was analyzed on 12% SDS-PAGE and subjected to
western blotting using iNOS rabbit polyclonal antibody, gp91phox rabbit polyclonal antibody, and β -actin mouse
monoclonal antibody. (d) The ratio of iNOS protein to β-actin. (e) The ratio of gp91phox protein to β-actin. Results are
expressed as mean±SEM (n=3). *** P<0.001, compared with the H2O2 positive control group, according to ANOVA. Hy-
HUVEC: H2O2-induced human umbilical vein endothelial cell; ACEIP: angiotensin-converting enzyme inhibitory
peptide; SOD: superoxide dismutase; MDA: malondialdehyde; iNOS: inducible nitric oxide synthase; gp91phox:
nicotinamide adenine dinucleotide phosphate oxidase 2; SDS-PAGE: sodium dodecyl sulfate-polyacrylamide gel
electrophoresis; SEM: standard error of the mean; ANOVA: analysis of variance.
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distributed in a variety of non-phagocytic cells in vivo.
Zeng et al. (2019) suggested that the core structural pro‐
tein gp91phox is the main source of ROS. Wasilewska
et al. (2013) showed that the expression of gp91phox
and iNOS decreased with increasing AngII levels dur‐
ing cardiovascular disease. The iNOS and gp91phox
proteins in Hy-HUVEC cells supplemented with NC8-
pSIP409-alr-ACEIP were significantly lower than those
in the NC8-alr experimental group (Figs. 8c–8e).
Therefore, NC8-pSIP409-alr-ACEIP increased the ac‐
tivity of SOD and decreased the content of MDA in Hy-
HUVEC, and simultaneously reduced the expression
levels of iNOS and gp91phox proteins, indicating that
NC8-pSIP409-alr-ACEIP has a good anti-oxidation
effect.

3.9 Effects of NC8-pSIP409-alr-ACEIP on apoptosis-
related protein expression and activity in HUVEC
cells

To further demonstrate the apoptotic mecha‐
nisms of Hy-HUVEC cells induced by NC8-pSIP409-
alr-ACEIP, we investigated the expression levels and
activity of proteins associated with cell apoptosis
(Figs. 9a–9g). After treatment with NC8-pSIP409-
alr-ACEIP (160:1) for 2 h, the cells were lysed for
western blotting analysis. The results clearly demon‐
strated that Bcl-2 was increased and Bax was reduced
in the Hy-HUVEC cells, compared with the positive
control group (Figs. 9a–9d). Activities of caspase-3, -8,
and -9 were also determined by colorimetric assays

Fig. 9 Detection of HUVEC cell apoptosis-related protein expression and activity by NC8-pSIP409-alr-ACEIP. (a) Protein
profiles of Bcl-2, Bax, and β-actin. β-Actin was used as an internal control, and the induced cells were harvested by
centrifugation at 1500 r/min for 3 min at 4 °C and were suspended in 50 mmol/L PBS, followed by sonic disruption. The cell-
free extract was analyzed on 12% SDS-PAGE and subjected to western blotting using Bal-2 rabbit polyclonal antibody, Bax
rabbit polyclonal antibody, and β-actin mouse monoclonal antibody. (b) The ratio of Bcl-2 to β-actin. (c) The ratio of Bax to β-
actin. (d) The ratio of Bcl-2 to Bax. (e‒g) Equal amounts of cell lysates were assayed for caspase-3 (e), -8 (f), and -9 (g) activity
using DEVD-pNA, IETD-pNA, and LEHD-pNA as substrates, respectively. The concentrations of fluorescent products released
were measured immediately at 405 nm using a microplate reader. Results represent the mean±standard deviation (SD) of
triplicate assays. *** P<0.001, compared with the H2O2 positive control group, according to ANOVA. ACEIP: angiotensin-
converting enzyme inhibitory peptide; Bcl-2: B-cell lymphoma 2; Bax: Bcl-2-associated X protein; SDS-PAGE: sodium dodecyl
sulfate-polyacrylamide gel electrophoresis; Ac-DEVD-pNA: acetyl-Asp-Glu-Val-Asp-p-nitroanilide; Ac-IETD-pNA: acetyl-
Ile-Glu-Thr-Asp-p-nitroanilide; Ac-LEHD-pNA: acetyl-Leu-Glu-His-Asp-p-nitroanilide; ANOVA: analysis of variance.
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(Figs. 9e–9g). Activities of caspase-3 and -9 were re‐
duced in Hy-HUVEC cells, compared with the posi‐
tive control group (Figs. 9e and 9g); caspase-8 activity
showed no significant change (Fig. 9f). These obser‐
vations suggested that Hy-HUVEC cells were ef‐
fectively protected and that apoptosis was reduced
by NC8-pSIP409-alr-ACEIP through a caspase-
dependent pathway.

3.10 Effects of NC8-pSIP409-alr-ACEIP on expres‐
sion levels ofAngII andACE2 proteins associated with
hypertension

Since NC8-pSIP409-alr-ACEIP cells express the
ACEIP fusion protein with a hypotensive effect, we
explored the changes in intracellular AngII and ACE2
proteins in Hy-HUVEC cells treated with NC8-pSIP409-
alr-ACEIP. After adding NC8-pSIP409-alr-ACEIP to
Hy-HUVEC cells for 2 h with a ratio of 160:1, the
expression of AngII protein was significantly lower
than that of the H2O2 positive control group, but sig‐
nificantly higher than that of the NC8-alr experimental
group. The expression of ACE2 protein in the H2O2

positive control group was absent compared to the
control group. However, the expression of ACE2 pro‐
tein significantly increased after addition of NC8-
pSIP409-alr-ACEIP (Fig. 10). These results further
confirmed the hypothesis that NC8-pSIP409-alr-ACEIP
has a beneficial effect on reducing hypertension.

4 Discussion

This study focused on the damage effect of HUVEC
in hypertension from the perspective of apoptosis
and oxidative stress. Our work also explored the pos‐
sible mechanism of action of a novel functional re‐
combinant L. plantarum NC8-pSIP409-alr-ACEIP in
reducing blood pressure.

Vaziri et al. (2000) constructed an oxidative
stress model by feeding rats with glutathione synthetase
inhibitors, and simultaneously compared the effects of
treatment with antioxidants to placebo. As shown in
the results, the placebo-treated rats developed persistent
hypertension and the antioxidant-treated rats showed a
blood pressure drop, but the antioxidant treatment had
no significant effect on the blood pressure of normal
rats. After the construction of an oxidative stress model,
Vaziri et al. (2000) found that ROS could cause hyper‐
tension, which was confirmed from another perspec‐
tive that hypertension is associated with ROS. Wang
et al. (2016) constructed an oxidative stress model in
H2O2-induced endothelial cells; this study has shown
that it is feasible to construct a hypertensive cell model
by inducing HUVEC cells with H2O2. We have found
that different concentrations of H2O2 could reduce the
survival rate of HUVEC cells to different degrees, with a
dose- and time-dependent relationship (Fig. 2). Pre-
protecting Hy-HUVEC by incubating these cells with

Fig. 10 Effects of NC8-pSIP409-alr-ACEIP on AngII and ACE2 protein expression levels. (a) Protein profiles of AngII, ACE2,
and β-actin. β-Actin was used as an internal control, and the induced cells were harvested by centrifugation at 1500 r/min for
3 min at 4 °C and were suspended in 50 mmol/L PBS, followed by sonic disruption. The cell-free extract was analyzed on
15% SDS-PAGE and subjected to western blotting using angiopoietin 2 rabbit polyclonal antibody, ACE2 rabbit polyclonal
antibody, and β-actin mouse monoclonal antibody. (b) The ratio of AngII to β-actin. (c) The ratio of ACE2 to β-actin. Results
represent the mean±standard deviation (SD) of triplicate assays. *** P<0.001, compared with the H2O2 positive control group
according to ANOVA. ACEIP: angiotensin-converting enzyme inhibitory peptide; SDS-PAGE: sodium dodecylsulfate-
polyacrylamide gel electrophoresis; ACE2: angiotensin-converting enzyme 2; ANOVA: analysis of variance.
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different NC8-pSIP409-alr-ACEIP/cell ratios for 2 h, the
cell survival rate was increased significantly.At a ratio of
160:1, the survival rate increased by nearly 20% (Fig. 4).
For experimental purposes, this study also verified that
NC8-pSIP409-alr-ACEIP is not toxic to HUVEC (Fig. 3).
Liu et al. (2011) found that Lactobacillus casei 01 after
heat treatment could inhibit the apoptosis of human intes‐
tinal epithelial cells, intestinal 407 cells, and human colon
cancer cells HT-29, thereby exerting a role in cell prolif‐
erative effect. Deepak et al. (2016) and Santos et al.
(2016) also demonstrated that lactic acid bacteria have
an inhibitory effect on apoptosis. In our study, the results
of FCM also showed that the protective effect of NC8-
pSIP409-alr-ACEIP could effectively reduce apoptosis
of Hy-HUVEC (Fig. 5). Bax and Bcl-2 are the key
proteins for apoptosis, and their ratio is often used as
an indicator of cell survival potential (Chen et al.,
2004; Bian et al., 2011). Du et al. (2016) demonstrated
that blueberry anthocyanins reduced expression of the
apoptotic proteins Bax and Bcl-2, thereby inhibiting
apoptosis of endothelial cells. At the same time, the
low expression of Bcl-2 protein can lead to the reduc‐
tion of antioxidant (Huang et al., 2006). Białas et al.
(2016) and Ott et al. (2007) have suggested that apoptosis
could cause an increase in ROS content and an imbal‐
ance in Bcl-2 and Bax. An increase in Bax protein
expression in mitochondria will lead to a decrease in
intracellular MMP; subsequently, cytochrome c released
in mitochondria enters the cytoplasm and binds to
caspase-9 to form a complex that activates caspase-3
and triggers apoptosis (Ott et al., 2007; Białas et al.,
2016; Zhang SS et al., 2016). As shown in Fig. 9, NC8-
pSIP409-alr-ACEIP increased the Bcl-2/Bax ratio in
Hy-HUVEC and decreased caspase-3 and caspase-9
activity, but showed no effect on caspase-8 activity. In
addition, MMP began to repolarize and gradually returned
to normal (Fig. 7).

MDA indirectly reflects the degree of cell damage
by reflecting the degree of lipid peroxidation in cells.
In addition, SOD is a key enzyme that balances oxidation
and anti-oxidation of the body, and it can remove su‐
peroxide anion radicals and protect cells from damage
(Maghraoui et al., 2014; Camini et al., 2017). In addition,
changes in iNOS and gp91phox protein expression
levels regulate oxidative stress, thereby inhibiting apop‐
tosis (Lee et al., 2015; Luo et al., 2015). Extracting Lac‐
tobacillus fermentum E-3 and E-18 from the intestinal
flora of healthy children, Sharafedtinov et al. (2013)

demonstrated the antioxidant effects of lactic acid bac‐
teria by determining ROS and SOD, which is consistent
with the results in this study. In our study, NC8-pSIP409-
alr-ACEIP protected Hy-HUVEC cells, showing a
decrease in ROS content (Fig. 6), expression of iNOS
and gp91phox proteins, and MDA content (Fig. 8),
coupled with an increase in SOD activity. More im‐
portantly, our data analysis clearly indicated the ad‐
vantages of NC8-pSIP409-alr-ACEIP. In each experi‐
ment, we have separately tested NC8-alr as a nega‐
tive control group. Although the NC8-alr group also
reduced apoptosis and decreased intracellular oxida‐
tive stress, its effect was significantly lower than that
of the NC8-pSIP409-alr-ACEIP group.

In the brain, AngII protein plays a very impor‐
tant role in mediating neuropathic hypertension. In
particular, the AngII protein produced around and locally
in the brain can induce hypertension by regulating redox
levels, endoplasmic reticulum (ER), inflammation, and
transcription factor pathways in the brain (Young and
Davisson, 2015; Collister et al., 2016). Activation of RAS
is an important mechanism for activation of NADPH
oxidase and the production of ROS during hypertension.
AngII produces ROS mainly by mediating type I recep‐
tors, and NADPH oxidase and related subunits show a
significant decrease in expression after the addition of
AT1 receptor antagonists (Bali et al., 2014). Oxidative
stress leads to an increase in ROS with HUVEC apop‐
tosis (Wali et al., 2014). Moreover, H2O2 can reduce
expression of ACE2 protein and increase the expression
of AngII protein, thereby engendering a state of hyper‐
tension in cells, and eventually leading to apoptosis.
In this study, we found that addition of NC8-pSIP409-
alr-ACEIP deceased the expression of AngII protein
and increased protein expression of ACE2 (Fig. 10).
The above analyses definitively demonstrated that NC8-
pSIP409-alr-ACEIP can decrease the apoptotic rate
of vascular endothelial cells under high blood pres‐
sure by reducing oxidative stress in cells, thereby re‐
ducing hypertension. It is worth mentioning that un‐
like the previous construction of a pSIP-409-ACEIP
strain by Yang GL et al. (2015), the recombinant L.
plantarum constructed in this study was replaced
with non-resistant carriers, which improved biosafety.
This large advance offers new possibilities for further
research and development of health-care foods with
strong antihypertensive effects, high safety, and low
toxicity.
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With increasing awareness of and demand for L.
plantarum, the development of various functional oral
preparations of L. plantarum has become a topic of
significant research interest. From the perspective of
nutrition, the future development trend is that under the
control of nutritional balance, disease will be gradually
reduced. The blood pressure-reducing recombinant L.
plantarum used in this study is in line with this trend.
In future investigations, we plan to conduct in vivo
research in SHR rats. Since the Lactobacillus strain in
this study is food-grade, we intend to ferment this bac‐
terium as yogurt or as Lactobacillus tablets as part of
future small-scale clinical experiments. It is hoped that
this strain of lactic acid bacteria can be commercialized
to benefit hypertension patients around the world.
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