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miR-21/PTEN pathway mediates the cardioprotection of
geniposide against oxidized low-density lipoprotein-induced
endothelial injury via suppressing oxidative
stress and inflammatory response
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Abstract. Oxidized low-density lipoprotein (ox-LDL)-induced
vascular endothelial damage, oxidative stress and inflamma-
tion play a vital role in the pathophysiology of atherosclerosis.
Geniposide is the primary active ingredient from Gardenia
Jjasminoides Ellis associated with anti-oxidative properties and
cardioprotective action. However, the therapeutic mechanism
of geniposide in atherosclerosis remains unclear. Hence, the
present study aimed to elucidate the underlying mechanisms
of geniposide in oxidative stress and inflammatory response
during ox-LDL injury in human umbilical vein endothelial
cells (HUVEC:S), focusing particularly on the microRNA
(miR)-21/PTEN pathway. The results demonstrated that
geniposide pretreatment significantly increased cell viability,
decreased lactate dehydrogenase release, increased miR-21
level and decreased PTEN expression under ox-LDL condi-
tion. Subsequently, transfection with miR-21 mimic enhanced
the protection of geniposide on ox-LDL-induced cytotoxicity
and apoptosis (mediated by the upregulation of apoptotic rate
and caspase-3 activity), whereas miR-21 inhibitor reversed
these effects of geniposide. In addition, geniposide resulted
in an anti-oxidant effect as evidenced by the decrease in
reactive oxygen species generation, malondialdehyde content
and NADPH oxidase 2 expression, and the increase in
superoxide dismutase, glutathione peroxidase and catalase
activities in ox-LDL-treated HUVECSs, which were exacer-
bated by miR-21 mimic and reversed by miR-21 inhibitor.
Furthermore, geniposide mitigated the ox-LDL-induced
inflammatory response, demonstrated by a downregulation of
pro-inflammatory cytokine (IL-1p, IL-6, and TNF-a) levels
and an upregulation of anti-inflammatory cytokine (IL-10)
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level. However, miR-21 mimic enhanced, whereas miR-21
inhibitor attenuated, these effects of geniposide. In conclu-
sion, the present results indicated that geniposide protects
HUVECs from ox-LDL injury by inhibiting oxidative stress
and inflammation, and that these effects are partly due to the
enhancement of the miR-21/PTEN pathway.

Introduction

Atherosclerosis is a chronic multifactorial vessel disease,
promoted by several risk factors, and is the main cause of
cardiovascular disease, which is a primary cause of mortality
worldwide, accounting for ~18 million mortalities per year
(~31% of all mortalities) (1,2). It is well understood that endo-
thelial cells (ECs), macrophages and smooth muscle cells are
all involved in atherosclerosis (3). The process of endothelial
injury and its dysfunction serves vital roles in the development
of atherosclerosis and deserves more attention (4). Endothelial
cell dysfunction, which manifests in lesion-prone areas of
the arterial vasculature, occurs throughout the early stages
of atherosclerosis and serves a role in plaque regression and
plaque instability (5). Increasing evidence has demonstrated
that multiple pathways and physiopathological processes are
also involved in the development of atherosclerosis, such as
inflammation, apoptosis, lipid deposition, foam cell forma-
tion, oxidative stress and necrosis (6-8). Oxidized low-density
lipoprotein (ox-LDL) can destroy endothelial function and
enhance endothelial apoptosis, leading to endothelial injury,
thus contributing to the development and pathogenesis of
atherosclerosis (9). Oxidative stress and inflammation interact
to promote vascular wall LDL oxidation, resulting in a high
level of ox-LDL, which leads to apoptosis of vascular endo-
thelial cells and subsequent endothelial injury (7,9). Human
umbilical vein endothelial cells (HUVECs) are among one of
the most popular models used for ECs in vitro because human
umbilical veins are relatively more available compared with
other types of blood vessels (10). Therefore, interventions for
endothelial injury and oxidative stress induced by ox-LDL
may be utilized as effective novel therapeutic strategies for the
treatment of atherosclerosis.

Geniposide, a major compound extracted from the gardenia
fruit, is a type of traditional Chinese medicine for the treatment
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of inflammation, brain disorders and hepatic disease (11).
Geniposide exhibits a broad spectrum of pharmacological
actions involving anti-apoptosis (12), anti-inflammatory
injury (13), anti-oxidative stress (14), anti-cancer (15) and
anti-angiogenesiseffects(16).Previousinvitroandinvivostudies
have focused on the potential cardioprotective effects of geni-
poside, particularly in atherosclerosis (17-19). Cheng et al (17)
demonstrated that geniposide can decrease plaque size and
mitigate atherosclerosis-associated inflammatory damage by
regulating the miR-101-associated signaling pathway. Another
study also demonstrated that the combination of Scutellaria
baicalensis georgi with geniposide exerts inflammation-regu-
latory effects and inhibits atherosclerotic lesions (19).
However, the mechanisms underlying the protective effects
of geniposide on anti-oxidative stress and anti-inflammatory
response in atherosclerosis are poorly understood.

MicroRNAs (miRNAs/miRs), endogenous short
non-coding RNAs, ~22 nucleotides in length, are well estab-
lished as the mediators of post-transcriptional regulation
in a wide array of biological processes (20). Among them,
miR-21, one of the major dynamically modulated miRNAs,
elicits various pathophysiological processes implicated in the
development of various diseases, such as neurodegenerative
diseases and cancer, and serves vital roles in cardiovascular
diseases (21-23). Previous studies have confirmed that miR-21
in endothelial cells is significantly increased in atherosclerotic
plaques and that it causes pharmacological effects by directly
targeting the PTEN tumor suppressor gene, indicating a pivotal
effect of the miR-21/PTEN pathway in atherosclerosis (24,25).
A number of reports have indicated that the miR-21/PTEN
pathway regulates important functions of ECs, apoptosis
and inflammatory responses during atherosclerosis (26,27).
However, the exact actions of the miR-21/PTEN pathway in
the progression of atherosclerosis and in the cardioprotection
of geniposide remain unknown.

Hence, the present study aimed to investigate whether the
miR-21/PTEN pathway contributes to the antioxidant and
anti-inflammatory actions of geniposide in ox-LDL injury in
HUVECGCs. Overall, the present study provided crucial evidence
that geniposide may be an active component in preventing the
progression of atherosclerosis.

Materials and methods

Cell culture and treatment. HUVECs were supplied by the
American Type Culture Collection and cultured in DMEM
(Gibco; Thermo Fisher Scientific, Inc.) supplemented with
10% (v/v) fetal bovine serum (Thermo Fisher Scientific,
Inc.) and 100 pg/ml penicillin/streptomycin (Beyotime
Institute of Biotechnology) in a humidified atmosphere with
5% CO, at 37°C. HUVECs were incubated with ox-LDL (25,
50 or 100 pg/ml; Beijing Solarbio Life Science Company;
cat. no. H7950; dissolved in culture medium) for 24 h at 37°C
to establish an in vitro atherosclerotic cell model. The control
group was treated with same amount of culture medium
instead of ox-LDL.

To illustrate the physiological effect of geniposide on
ox-LDL injury, HUVECs were pretreated with different
concentrations of geniposide (5, 10, 20,40 or 80 #M; Shanghai
Pureone Biotechnology; purity >98%; cat. no. P0118) for
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30 min and then treated with ox-LDL (50 pg/ml) for 24 h
at 37°C. To demonstrate the role of the miR-21/PTEN pathway
in the cardioprotection of geniposide during atherosclerosis,
HUVECs were transfected with miR-21 mimic, miR-21
inhibitor or miRNA negative control (miR-NC) and then
treated with geniposide (40 yM) for 1 h followed by ox-LDL
(50 pg/ml) for 24 h at 37°C.

Transfection. In order to inhibit or enhance miR-21 level,
miR-21 mimic (100 nM), miR-21 inhibitor (100 nM) or miRNA
NC (100 nM) (Guangzhou RiboBio Co., Ltd.) were transfected
into HUVECS using Lipofectamine® 3000 reagent (Invitrogen;
Thermo Fisher Scientific, Inc.), according to the manufacturer's
protocol. The sequences were as follows: miR-21 mimic sense,
5'-UAGCUUAUCAGACUGAUGUUGA-3"; miR-21 mimic
anti-sense, 5'-"AACAUCAGUCUGAUAAGCUAUU-3"; miR-21
inhibitor, 5'-UCAACAUCAGUCUGAUAAGCUA-3'; and
miR-21 negative control (miR-NC) sense, 5-UUCUCCGAA
CGUGUCACGUTT-3' and anti-sense, 5'-ACGUGACACGUU
CGGAGAATT-3" Following transfection for 6 h, the medium
was changed and HUVECs were subjected to treatment with
ox-LDL (50 pug/ml) for a further 24 h at 37°C and the cells
were cultured for 48 h. Transfection efficiency was determined
using reverse transcription-quantitative PCR (RT-qPCR).

Cell viability assay. The cell viability of HUVECs was
measured using a MTT assay kit (Beyotime Institute of
Biotechnology; cat. no. ST316). Briefly, HUVECSs were seeded
onto 96-well plates at a density of 1x10*/well. Following
treatment as aforementioned, MTT solution (5 mg/ml, 20 ul)
was added to each well. Subsequently, cells were incubated
for a further 4 h at 37°C, and 150 1 DMSO was added to
dissolve the precipitate. The optical density (OD) at 570 nm
was measured using a microplate reader.

Lactate dehydrogenase (LDH) release assay. The LDH
release from cell to supernatant was determined using a LDH
Cytotoxicity assay kit (Beyotime Institute of Biotechnology;
cat. no. C0016), according to the manufacturer's protocol.
Briefly, following the aforementioned treatments, the super-
natants were collected and centrifuged at 500 x g for 5 min at
room temperature to measure LDH release. The OD value was
measured at 490 nm using a microplate reader.

Flow cytometry analysis. Apoptosis in treated HUVECs
was detected using an Annexin V-fluorescein isothiocyanate
(FITC)/propidium iodide (PI) apoptosis detection kits (BD
Biosciences; cat. no. BD 556547), following the manufacturer's
protocol. In brief, HUVECs were treated as aforementioned,
and the culture medium and the cells were collected. Following
two PBS washes, the cells were resuspended in 1X binding
buffer (100 pl) at a density of 1x10° cells/ml, and then double
stained with 5 u1 Annexin V-FITC and 5 u1 PI for 15 min in the
dark. The percentage of apoptotic cells was determined using
a FACScan flow cytometer and analyzed using FCS Express
software (version 1.2; BD Biosciences). Each experiment was
performed in triplicate.

Mitochondrial membrane potential (MMP) determination.
The MMP in HUVECs cells was detected using a
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5,5',6,6-Tetrachloro-1,1',3,3'-tetracthylbenzimidazolylcarbo-
cyanine iodide (JC-1) staining kit (Beyotime Institute of
Biotechnology; cat. no. C2006). The cells were harvested,
washed twice with PBS and resuspended in 10 xM JC-1 solu-
tion at 37°C for 20 min. Next, the JC-1 staining solution was
removed and the cells were washed and resuspended in PBS.
The fluorescence values were then analyzed with a FACSCanto
flow cytometer and FCS Express software (version 1.2, BD
Biosciences). The loss of MMP was reflected by the decrease
in red fluorescence from the JC-1 aggregates and the increase
in green fluorescence from the JC-1 monomers.

Caspase-3 activation analysis. The caspase-3 activity
in HUVECs was analyzed using a caspase-3 assay kit
(Sigma-Aldrich; Merck KGaA; cat. no. CASP3F). Briefly, cells
were seeded onto 6-well plates at a density of 1x10° cells/well,
treated as aforementioned, trypsinized and analyzed for 10 min
on ice. Next, the cells lysates were mixed with caspase-3
substrate (DEVD-AFC; 1 uM) and detection buffer at 37°C
for 2 h. The relative fluorescence intensity of each well was
detected using a microplate reader at wavelengths of 400 nm
excitation and 505 nm emission.

Intracellular reactive oxygen species (ROS) production deter-
mination. The intracellular ROS generation was analyzed
by 2',7'-dichlorofluorescindiacetate (DCFH-DA; Beyotime
Institute of Biotechnology), a ROS-sensitive fluorescent dye,
followed by flow cytometry. Briefly, following relevant treat-
ment or transfection, cells were treated with RIPA lysis buffer
and washed with cold PBS twice. Next, cells were stained with
10 M 2,7-dichlorodihydrofluorescein diacetate (DCFH-DA)
in the dark for 20 min at 37°C, and the fluorescence intensity
was detected using a FACSCalibur flow cytometer (488 nm
excitation/521 nm emission) and analyzed with FCS Express
software (version 1.2; BD Biosciences).

Oxidative stress markers detection. HUVECs were seeded
onto 6-well plates with 1x109 cells/well. Following pretreat-
ment as aforementioned, cells were lysed with RIPA lysis
buffer (Beyotime Institute of Biotechnology). Following
centrifugation at 4°C, 12,000 x g for 10 min, protein concen-
tration was assayed using a BCA Protein assay kit (Beyotime
Institute of Biotechnology). Malondialdehyde (MDA) content
was determined using a MDA assay kit (Beyotime Institute of
Biotechnology; cat. no. S0131) in accordance with the manu-
facturer's protocol. The enzymatic activities of superoxide
dismutase (SOD), glutathione peroxidase (GSH-PX) and cata-
lase (CAT) were determined using a Superoxide Dismutase
assay kit (Nanjing Jiancheng Bioengineering Institute;
cat. no. A001-2), Cellular Glutathione Peroxidase assay kit
(Beyotime Institute of Biotechnology; cat. no. S0056), and
Catalase assay kit (Beyotime Institute of Biotechnology; cat.
no. A0O07-1), respectively.

RT-gPCR. Total RNA from treated HUVECs was extracted
using TRIzol reagent (Invitrogen; Thermo Fisher Scientific,
Inc.). For measuring the expression of miR-21, the first
strand of complementary DNA (cDNA) was synthesized
using PrimeScript Reverse Transcriptase (Takara Bio, Inc.)
at 30°C for 10 min, reverse transcription at 42°C for 45 min,
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heat preservation at 72°C for 15 min, followed by cooling
on ice. Subsequently, the cDNA was used for qPCR using
Tagman Universal Master mix II (Applied Biosystems;
Thermo Fisher Scientific, Inc.) following the manufacturer's
instructions. The gPCR thermocycling conditions were: 94°C
for 90 sec for an initial denaturation, 30 denaturation cycles
at 95°C for 10 sec, followed by annealing and elongation
at 60°C for 45 sec; and final extension at 72°C for 5 min. For
measuring the expression of PTEN, the first strand of cDNA
was obtained by SuperScript III Platinum SYBR-Green
One-Step RT-gPCR kit (Invitrogen; Thermo Fisher Scientific,
Inc.) in a 15-min incubation at 50°C. gPCR was performed
FastStart Universal SYBR-Green Master (Invitrogen; Thermo
Fisher Scientific, Inc.). gPCR was performed on an Applied
Biosystems (ABI PRISM) 7500 Fast Real-Time PCR system
(Applied Biosystems; Thermo Fisher Scientific, Inc.). The
gPCR conditions were: Pre-denaturation at 95°C for 3 min and
40 cycles of denaturation at 94°C for 30 sec and annealing
at 60°C for 45 sec. The primer sequences for RT-qPCR were
as follows: miR-21 forward, 5'-GGGGTAGCTTATCAG
ACTGATG-3' and reverse, 5“TGTCGTGGAGCGGCAA
TTG-3'; PTEN forward, 5-GCAATATGTTCATAACGATGG
CTGTGG-3' and reverse, 5'-GAACTGGCAGGTAGAAGG
CAACTC-3'; p-actin forward, 5~ AGGGAAATCGTGCGT
GAC-3' and reverse, 5'-CGCTCATTGCCGATAGTG-3"; and
U6 forward, 5"TGCGGGTGCTCGCTTCGGCAGC-3' and
reverse, 5'-CCAGTGCAGGGTCCGAGGTA-3'". All primers
were obtained from Sangon Biotech Co., Ltd. U6 was used
for normalizing the level of miR-21 and pB-actin was used to
normalize the levels of PTEN. The experiment was performed
in triplicate. The relative expression was quantified using the
2-44C method (28).

Western blotting. Whole cell extracts from HUVECs treated
with geniposide (40 uM) for 1 h followed by treatment with
ox-LDL (50 ug/ml) for 24 h were extracted using RIPA lysis
buffer (Beyotime Institute of Biotechnology) supplemented
with phenylmethanesul-fonyl (PMSF; Beyotime Institute of
Biotechnology), and the protein concentration was quanti-
fied using a bicinchoninic acid kit (Beyotime Institute of
Biotechnology). Proteins (30 ug/lane) were separated by
SDS-PAGE on a 12% gel and transferred to polyvinylidene
fluoride membranes (EMD Millipore). Following blocking
with 5% skimmed milk for 2 h at room temperature,
membranes were incubated with primary antibodies against
PTEN (cat. no. 9188), Bax (cat. no. 5023), Bcl-2 (cat. no. 15071),
Nox2 (cat. no. 4312) and GAPDH (cat. no. 5174) (all 1:2,000; all
purchased from Cell Signaling Technology, Inc.) at 4°C over-
night. Following three 10-min PBS washes, membranes were
incubated with horseradish peroxidase-conjugated secondary
antibody (1:5,000; Santa Cruz Biotechnology, Santa Cruz, Inc;
cat. no. sc-2357) at room temperature for 90 min, and the bands
were visualized with an enhanced chemiluminescence reagent
(GE Healthcare). GAPDH served as the internal control for
total protein. The relative expression of each protein was
normalized to endogenous control GAPDH using the Image
Lab™ 4.4 software (Bio-Rad Laboratories, Inc.).

Quantitative detection of IL-103, IL-6, TNF-a and IL-10 levels
by enzyme-linked immunosorbent assay (ELISA). HUVECs
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were seeded onto 6-well plates with 1x10° cells/well and treated
as aforementioned. The levels of inflammation-associated
cytokines in the supernatant were measured using ELISA kits
(PeproTech, Inc.), including kits for IL-1f3 (cat. no. 900-M91),
IL-6 (cat. no. 900-K50), TNF-a. (cat. no. 900-K73) and IL-10
(cat. no. 900-M53). Briefly, culture medium was collected
and centrifuged at 300 x g for 10 min at 4°C to obtain the
supernatants for the measurement of IL-1p, IL-6, TNF-a and
IL-10 Ievels in accordance with the manufacturer's instruc-
tions. The supernatants of different concentrations standards
(100 pl) were added to pre-coated enzyme plates separately.
Then, detection antibody as part of the aforementioned kits
(50 ul; 1:100) was added to each well and incubated at room
temperature for 90 min. After washing six times, streptavidin
labeled with horseradish peroxidase (1:100) was added to each
pore and incubated at room temperature for 30 min. Following
incubation with chromogenic substrate (TMB; 100 pl; included
in the kits) at room temperature for 5-30 min in dark, termina-
tion solution (100 pl) was added to each well. The absorbance
at 450 nm was read with a microplate reader.

Statistical analysis. The data were analyzed by GraphPad
Prism 6 software (GraphPad Software, Inc.). All quantita-
tive data were performed in triplicate and expressed as the
mean + standard deviation. Statistical comparisons between
various groups were performed with one-way analysis of vari-
ance analysis followed by a Tukey's post-hoc test. P<0.05 was
considered to indicate a statistically significant difference.

Results

Geniposide attenuates HUVECs injury and promotes the
miR-21/PTEN pathway in HUVECs exposed to ox-LDL.
Firstly, the damage of ox-LDL to HUVECs was investigated.
The MTT assay results demonstrated that ox-LDL significantly
decreased the viability of HUVECs: in a concentration-depen-
dent manner (Fig. 1A). Since 50 pg/ml ox-LDL was the lowest
concentration to reduce cell viability to ~ 60% compared with
the control group, this concentration was selected for subse-
quent study. To illustrate the physiological effect of geniposide
on injury induced by ox-LDL in HUVECs, HUVECs were
pretreated with different concentrations of geniposide (5, 10,
20, 40 and 80 xM) for 30 min and then treated with ox-LDL
(50 pg/ml) for 24 h. The MTT assay results demonstrated that
pretreatment with geniposide (10, 20,40 and 80 M for 30 min)
led to a significant suppression of ox-LDL-induced decrease in
cell viability (Fig. 1B), while 5 uM geniposide had no effect
on the ox-LDL-induced downregulation of cell viability.
Additionally, the LDH release analysis results (Fig. 1C) indi-
cated that ox-LDL (50 ug/ml) significantly increased LDH
activity compared with the control, whereas these effects were
significantly reversed by geniposide (5, 10, 20,40 and 80 xM).
Notably, MTT and LDH release analysis results revealed that
40 uM geniposide markedly attenuated ox-LDL injury in
HUVECs, which was considered as an appropriate concen-
tration for subsequent studies. Furthermore, the effects of
geniposide on the miR-21/PTEN pathway in ox-LDL-treated
HUVECs were investigated. As presented in Fig. 1, ox-LDL
(50 ug/ml) significantly decreased miR-21 level (Fig. 1D)
and increased PTEN expression (Fig. 1E and F) compared

ZHOU et al: miR-21/PTEN PATHWAY IN THE CARDIOPROTECTION OF GENIPOSIDE IN ATHEROSCLEROSIS

with the control group, whereas these effects were reversed
by geniposide (40 uM). Geniposide treatment alone had no
effects on miR-21 and PTEN. These results suggest that the
miR-21/PTEN pathway may contribute to the cardioprotection
of geniposide against ox-LDL-induced injury in HUVECs.

Geniposide inhibits apoptosis induced by ox-LDL in
HUVECs. The impacts of geniposide on apoptosis were
subsequently investigated. As presented in Fig. 2, Annexin
V-FITC/PI staining results showed that geniposide pretreat-
ment significantly reversed the ox-LDL-induced upregulation
of the apoptotic rate (Fig. 2A and B). Bax and Bcl-2, members
of the Bcl-2 protein family, are involved in mitochon-
dria-mediated apoptosis (29). Western blotting confirmed that
ox-LDL-induced a significant increase in Bax (a pro-apoptotic
protein) expression and a significant decrease in Bcl-2 (an
anti-apoptotic protein) expression, whereas these effects were
both significantly reversed by geniposide (Fig. 2C). Caspase-3
is an effector enzyme involved in cell apoptosis (30). The
results further demonstrated that the ox-LDL-induced upregu-
lation of caspase-3 activity was also significantly attenuated
by geniposide (Fig. 2D). In addition, ox-LDL resulted in a
reduced MMP, which was also significantly reversed by geni-
poside (Fig. 2E). Geniposide alone had no effects on apoptosis
in HUVECGs. Overall, these results suggested that geniposide
attenuated ox-LDL-induced apoptosis in HUVECs.

miR-21/PTEN pathway mediates the protection of geniposide
against ox-LDL-induced injury in HUVECs. To further
confirm the role of the miR-21/PTEN pathway in the benefi-
cial action of geniposide, HUVECs were transfected with
miR-21 mimic or inhibitor, in order to overexpress or knock-
down miR-21 expression. RT-qPCR results revealed that the
miR-21 mimic-transfected cells demonstrated significantly
increased miR-21 level, whereas the miR-21 inhibitor signifi-
cantly decreased miR-21 level in HUVECs compared with the
miR-NC transfection group (Fig. 3A). Studies have revealed
that PTEN is the negatively regulated target of miR-21 (31,32).
Western blot analysis revealed that the miR-21 mimic led to a
significant downregulation of PTEN expression, whereas the
miR-21 inhibitor led to a significant upregulation of PTEN
expression (Fig. 3B and C), indicating enhancement of the
miR-21/PTEN pathway induced by miR-21 mimic and inhibition
of the miR-21/PTEN pathway induced by miR-21 inhibitor. In
addition, miR-21 mimic further aggravated geniposide-induced
increase in cell viability (Fig. 3D) and the decrease in LDH
activity (Fig. 3E), whereas the miR-21 inhibitor had the opposite
effects. The geniposide-induced the decreases in caspase-3
activity (Fig. 3F) and apoptosis rate (Fig. 3G and H) were also
exacerbated by miR-21 mimic and blocked by miR-21 inhibitor,
compared with miR-NC transfection group. Furthermore, the
geniposide-induced downregulation of Bax expression and
upregulation of Bcl-2 expression (Fig. 3I and K) were promoted
by miR-21 mimic and reversed by miR-21 inhibitor under
ox-LDL condition. Overall, these results indicated that the
miR-21/PTEN pathway mediated the protection of geniposide
against ox-LDL-induced injury in HUVECs.

miR-21/PTEN pathway contributes to the inhibition of
geniposide on ox-LDL-induced oxidative stress in HUVECs.
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Figure 1. Effect of geniposide and ox-LDL on cell viability, LDH activity and miR-21/PTEN pathway in HUVECs. (A) HUVECs were treated with ox-LDL
(25,50 and 100 pg/ml) for 24 h, and the cell viability was detected by MTT assay. (B) HUVECs were pretreated with geniposide (5, 10, 20, 40 and 80 ¢M) for
30 min followed by treatment with ox-LDL (50 yg/ml) for 24 h, and the cell viability was detected by MTT assay. (C) The LDH activity was determined by a
commercially available Cytotoxicity LDH assay kit. HUVECs were pretreated with geniposide (40 uM) for 1 h followed by treatment with ox-LDL (50 p¢g/ml)
for 24 h. (D) The level of miR-21 was detected by reverse transcription-quantitative PCR. (E) The expression of PTEN was measured by western blot analysis.
(F) Quantitative densitometric analysis of PTEN expression. Data are shown as mean + standard deviation, n=3. "P<0.05, “P<0.01 vs. control group; “P<0.05,
#P<0.01 vs. ox-LDL alone group. GEN, geniposide; ox-LDL, oxidized low-density lipoprotein; PTEN, phosphate and tension homolog; miR, microRNA;
LDH, lactate dehydrogenase; HUVECs, human umbilical vein endothelial cells.

To further investigate the role of the miR-21/PTEN pathway
on the impact of geniposide on oxidative stress under ox-LDL
condition, oxidative stress markers including ROS generation,
MDA content and Nox2 expression were detected. As shown
in Fig. 4, DCFH-DA staining results (Fig. 4A) showed that
geniposide pretreatment obviously attenuated ox-LDL-induced

increase in ROS generation (Fig. 4B), MDA content (Fig. 4C)
and Nox?2 expression (Fig. 4D and E) in HUVECs compared
with the ox-LDL group. However, these effects were exac-
erbated by miR-21 mimic and reversed by miR-21 inhibitor.
Additionally, geniposide eliminated ox-LDL-induced
decreases in antioxidant enzyme activities, including SOD
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Figure 2. Effect of geniposide on apoptosis in HUVECsS subjected to ox-LDL. HUVECs were pretreated with geniposide (40 uM) for 1 h and treated with
ox-LDL (50 pg/ml) for 24 h. (A) The apoptosis rate was assayed by Annexin V-FITC/PI Apoptosis Detection kit. (B) Analysis of the flow cytometry data.
(C) The expression of Bax and Bcl-2 were determined by western blot analysis. (D) The caspase-3 activity was evaluated by a caspase-3 assay kit. (E) The
MMP was determined by JC-1 staining kit. Data are shown as mean + standard deviation, n=3. "P<0.05, “P<0.01 vs. control group. “P<0.05, #P<0.01 vs.

ox-LDL treatment group. GEN, geniposide; ox-LDL, oxidized low-density |
chondrial membrane potential; HUVECs, human umbilical vein endothelial

(Fig. 4F), GSH-PX (Fig. 4G) and CAT (Fig. 4H), which
were strengthened by miR-21 mimic and reversed by miR-21
inhibitor. Overall, these results demonstrated that miR-21 is
involved in the anti-oxidative stress of geniposide in ox-LDL
injury.

miR-21/PTEN contributes to geniposide-induced anti-inflam-
matory action in ox-LDL-treated HUVECs. Finally, the effects
of geniposide on ox-LDL-induced inflammatory response
in HUVECs were further explored. As shown in Fig. 5, the
ELISA results revealed that geniposide significantly reversed
the ox-LDL-induced upregulation of pro-inflammatory
cytokines, such as IL-1f (Fig. 5A), IL-6 (Fig. 5B) and
TNF-a (Fig. 5C), compared with the ox-LDL alone group.
However, these actions of geniposide were aggravated by
miR-21 mimic and suppressed by miR-21 inhibitor. In addi-
tion, the geniposide-induced increase in the anti-inflammatory
cytokine IL-10 level was also further significantly promoted
by miR-21 mimic and mitigated by miR-21 inhibitor (Fig. 5D).
Overall, these results demonstrated that geniposide inhibited

ipoprotein; FITC, fluorescein isothiocyanate; PI, propidium iodide; MMP, mito-
cells.

the inflammatory response induced by ox-LDL via the upregu-
lation of miR-21/PTEN.

Discussion

The present study first demonstrated that geniposide protects
against atherosclerotic damage by inhibiting oxidative stress
and inflammation, via enhancing the miR-21/PTEN pathway
in in vitro experiments.

The pathogenesis of atherosclerosis has been extensively
studied, such as endothelial cell damage, apoptosis, inflamma-
tory response, oxidative stress and calcium overload (33,34).
Geniposide, an iridoid glucoside, is involved in maintaining
multiple beneficial actions depending on its anti-inflammatory
and anti-oxidative activities (17,35,36). Emerging evidence
has revealed the protective effects of geniposide on the devel-
opment of atherosclerosis (17,37,38). Consistent with these
previous studies, the present study also found that geniposide
pretreatment attenuated ox-LDL-induced HUVECS injury and
apoptosis. It is understood that excessive apoptosis contributes
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Figure 3. Effects of miR-21 upregulation or downregulation on the miR-21/PTEN pathway and the protection of geniposide against ox-LDL injury in HUVECs.
HUVECs were transfected with miR-21 mimic, miR-21 inhibitor or miR-NC and then treated with geniposide (40 uM) for 1 h followed by ox-LDL (50 pzg/ml)
treatment for 24 h. (A) miR-21 level was quantified by reverse transcription-quantitative PCR assay. (B) PTEN expression was measured by western blot
analysis. (C) Quantitative analysis of PTEN expression. “P<0.01 vs. miR-NC transfection group. (D) The viability of HUVECs was detected by MTT assay.
(E) The activity of LDH activity was evaluated by a LDH commercially available Cytotoxicity LDH Assay kit. (F) The activity of caspase-3 was assayed by a
caspase-3 assay kit. (G) The apoptosis rate was analyzed by Annexin V-FITC/PI Apoptosis Detection kit. (H) Quantitative densitometric analysis of apoptosis
rate was determined by flow cytometry. (I) The expressions of Bax and Bcl-2 were determined by western blot analysis.
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Figure 3. Continued. Quantitative analysis of (J) Bax and (K) Bcl-2 expression. Data are shown as mean + standard deviation, n=3. “P<0.01 vs. control group;
7P<0.05, #P<0.01 vs. ox-LDL treatment group; “P<0.05, ““P<0.01 vs. ox-LDL + miR-21 co-treatment group. GEN, geniposide; ox-LDL, oxidized low-density
lipoprotein; miR-21 M, miR-21 mimic; miR-21 I, miR-21 inhibitor; miR-NC, miRNA negative control; NS, no significance; LDH, lactate dehydrogenase;
HUVECs, human umbilical vein endothelial cells; FITC, fluorescein isothiocyanate; PI, propidium iodide.
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Figure 4. Effects of geniposide oxidative stress in the presence or absence of miR-21 mimic or inhibitor in ox-LDL-treated HUVECs. HUVECs were trans-
fected with miR-21 mimic or miR-21 inhibitor or miR-NC and then treated with geniposide (40 uM) for 1 h prior to ox-LDL (50 pg/ml) treatment for 24 h.
(A) The ROS production was analyzed by DCFH-DA staining. Magnification, x200. (B) Quantitative densitometric analysis of ROS level was determined.
(C) The MDA content was measured by a commercial kit. (D) Nox2 expression was measured by western blot analysis.
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Figure 4. Continued. (E) Quantitative densitometric analysis of Nox2 expression. (F) SOD, (H) GSH-Px and (G) CAT activities were determined by commer-
cial kits. Data are shown as mean = standard deviation, n=3. "P<0.05, “P<0.01 vs. control group. “P<0.05, #P<0.01 vs. ox-LDL treatment group. ¥P<0.05,
&&Pp<0.01 vs. 0x-LDL + GEN + miR-NC co-treatment group. GEN, geniposide; ox-LDL, oxidized low-density lipoprotein; miR-21 M, miR-21 mimic; miR-211I,
miR-21 inhibitor; miR-NC, miRNA negative control; NS, no significance; ROS, reactive oxygen species; MDA, malondialdehyde; Nox2, NADPH oxidase 2;
SOD, peroxide dismutase; GSH-PX, glutathione peroxidase; CAT, catalase; HUVECs, human umbilical vein endothelial cells.

to cell death invariably following atherosclerosis (39). These
results indicated that geniposide protects HUVECs against
ox-LDL injury via inhibiting apoptosis.

miR-21, a highly expressed miRNA in the heart, has a
crucial function of modulating normal biological processes of
the myocardial tissue (40). Accumulating evidence also suggests
that the miR-21/PTEN pathway exhibits critical actions on cell
survival and death in the cardiovascular system (24,41,42). As
previously reported, miR-21 expression is decreased, whereas
PTEN is upregulated following high glucose (HG) treatment
in endothelial cells, implying that miR-21/PTEN could be an
effective therapeutic target for the treatment of HG-induced
vascular injury (42). Another study revealed that the decrease
in miR-21 level is accompanied by the increase of nitrogen
dioxide PTEN expression under hypoxia/reperfusion condi-
tion in cardiomyocytes, and miR-21/PTEN pathway activation
counteracted the anti-apoptotic effect of trimetazidine, an
anti-ischemic and antioxidant agent, on hypoxia/reperfusion
injury (25). However, to the best of our knowledge, the associa-
tion between geniposide and miR-21/PTEN has not yet been
reported. The present study found that ox-LDL treatment signif-
icantly resulted in inhibition of the miR-21/PTEN pathway,
which is consistent with previous studies (24,43). Notably,
these effects were reversed by geniposide pretreatment, indi-
cating geniposide induced the activation of the miR-21/PTEN
pathway under ox-LDL condition. Additionally, miR-21 mimic

transfection further promoted geniposide-induced protection
against ox-LDL injury, while miR-21 inhibitor transfection
remarkably attenuated geniposide-induced protection against
ox-LDL injury. Overall, these results suggested that the
miR-21/PTEN pathway mediated geniposide-induced
cardioprotection against ox-LDL injury. In addition, studies
have demonstrated the roles of the miR-21/PTEN pathway in
tumor growth, migration and invasion (44,45). Combined with
previous studies regarding the protection of geniposide against
tumor (15,46), miR-21/PTEN pathway may contribute to the
antitumor effect of geniposide.

Excess ROS generation-induced oxidative stress has
emerged as a critical, final universal mechanism in atheroscle-
rosis (47). An imbalance in the oxidant (non-enzymatic and
enzymatic, MPO and NADH oxidase)/anti-oxidant mecha-
nisms (GSH, Vitamins, Gpx, Prdx, SOD and PON) induces
excess ROS production, leading to a state of atherogenic
plaque formation (48). Geniposide exerts beneficial activities
in human diseases by inhibiting oxidative stress injury (49-51).
Geniposide decreases intracellular ROS accumulation and
enhances the antioxidant enzymatic SOD and CAT activities
in H,O,-treated melanocytes (49). Geniposide also enhances
mitochondrial function via attenuating oxidative stress and
MDA, and enhancing the antioxidant defense system, resulting
in the inhibition of cardiomyocyte apoptosis and protection
against hypoxia/reoxygenation injury (14). However, the
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Figure 5. Effects of geniposide inflammatory cytokine levels in the presence or absence of miR-21 M or miR-21 I in ox-LDL-treated HUVECs. HUVECs were
transfected with miR-21 mimic M, miR-21 I or miR-NC and then treated with geniposide (40 yM) for 1 h prior to ox-LDL (50 yg/ml) treatment for 24 h. The
levels of (A) IL-18, (B) IL-6, (C) TNF-a and (D) IL-10 in the culture supernatant were detected by enzyme-linked immunosorbent assay kits. Data are shown as
means + standard deviation, n=3. “P<0.01 vs. control group. “P<0.05, #’P<0.01 vs. ox-LDL treatment group; ¥P<0.05, ¥¢P<0.01 vs. ox-LDL + GEN + miR-NC
co-treatment group. GEN, geniposide; ox-LDL, oxidized low-density lipoprotein; miR-21 M, miR-21 mimic; miR-21 I, miR-21 inhibitor; miR-NC, miRNA

negative control; NS, no significance.

antioxidant characteristic of geniposide in atherosclerosis has
not been demonstrated. The present study found that geniposide
mitigated the ox-LDL-induced upregulation of ROS generation
and MDA content, and the downregulation of SOD, GSH-Px
and CAT activities, inhibiting oxidative stress and promoting
antioxidant defense system. Notably, the present study further
found that miR-21 mimic exacerbated the inhibition of geni-
poside on oxidative stress, whereas miR-21 inhibitor blocked
the inhibition of geniposide in ox-LDL-treated HUVECsS,
which was consistent with previous studies associated with the
anti-oxidative activity of miR-21 (52,53). These results indi-
cated that miR-21/PTEN contributed to anti-oxidative stress
effects of geniposide in atherosclerosis.

Inflammation plays an important role during every phase
of atherosclerosis development, and an increasing body of
evidence suggests that inflammation resolution may become
a potential approach in treatment of atherosclerosis (54,55).
A recent study reported that geniposide inhibits arterial
plaque formation and eliminates the inflammatory response

in ApoE” mice via regulating the miR-101/MKP-1/p38
pathway (17). Likewise, the present study revealed that geni-
poside pretreatment decreased pro-inflammatory cytokine
(IL-1B, IL-6 and TNF-a) levels and increased the anti-inflam-
matory cytokine (IL-10) level in ox-LDL-treated HUVECs.
miR-21 has been demonstrated to play an important role in the
induction and resolution of inflammatory responses (56). The
elimination of PTEN induced by dysregulated miR-21 promotes
inflammatory responses (57). The present study further found
that miR-21 mimic strengthened the anti-inflammatory effect
of geniposide under ox-LDL condition in HUVECs, whereas
the miR-21 inhibitor abolished the anti-inflammatory effect
of geniposide. Taken together, these results indicated that the
miR-21/PTEN pathway is involved in the anti-inflammatory
effect of geniposide in atherosclerosis.

The present study also has some limitations. Firstly,
PTEN overexpression or knockdown should be considered
to directly confirm the role of the miR-21/PTEN pathway in
the anti-oxidant and anti-inflammatory effects of geniposide
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in atherosclerosis. Secondly, the present study was only an
in vitro study, and the detailed underlying mechanism should
be further demonstrated in animal models of atherosclerosis.

The present study provides evidence that geniposide
protects against ox-LDL-induced endothelial injury, with
suppressing oxidative stress and inflammatory response,
which is associated with the enhancement of miR-21/PTEN
pathways. These findings suggest that geniposide may exhibit
clinical potential in the prevention of atherosclerosis, and these
outcomes opened a new view of research regarding the role of
the miR-21/PTEN pathway in the potential protective role of
geniposide in a variety of diseases related to oxidative stress
and inflammation.
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