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Abstract

Background: This study was designed to test the hypothesis that κ-opioid receptor (κ-OR) stimulation reduces
palmitate-induced HUVECs apoptosis and to investigate its mechanisms.

Methods: HUVECs were subjected to sodium palmitate, apoptosis and cell viability were determined, HUVECs were
treated with specific inhibitors to PI3K, Akt, eNOS and siRNAs targeting κ-OR and Akt. Groups were divided as follows:
the control group, the sodium palmitate group, the sodium palmitate+U50,488H (a selective κ-OR agonist) group and
the sodium palmitate+U50,488H + nor-BNI (a selective κ-OR antagonist) group.

Results: Treatment with sodium palmitate significantly reduced cell viability and increased apoptosis rate which were
significantly alleviated by pretreatment with U50,488H, the effect of U50,488H was abolished by nor-BNI. Phosphorylation
of Akt and eNOS, as well as NO production were attenuated and accompanied by an increased expression of caspase 3
when HUVECs were subjected to sodium palmitate, and all these changes were restored by pretreatment with U50,488H,
the effects of U50,488H were abolished by nor-BNI, and specific inhibitors to PI3K, Akt, eNOS, respectively.
SiRNAs targeting κ-OR or Akt abolished the effects of U50,488H on phosphorylation of Akt and eNOS as well as
the expressions of caspase 3, Bax and Bcl-2. SiRNAs targeting Akt elicited no effect on the expression of κ-OR.
Conclusion: This study provides the evidence for the first time that κ-OR stimulation possesses anti-palmitate-induced
apoptosis effect, which is mediated by PI3K/Akt/eNOS signaling pathway.
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Background
Cardiovascular disease is an important health risk in re-
cent years. As the major regulator of vascular homeosta-
sis, endothelium plays a vital role in the process of
atherosclerosis and other related diseases. Endothelium
is not only a physical boundary but an active endocrine
organ that produces multiple bioactive substances and
exerts a wide range of homeostatic function [1]. Endo-
thelium dysfunction is associated with most forms of
cardiovascular disease and is thought to play a vital role
in the development of atherosclerosis, which remains a

leading cause of mortality and morbidity in industrial-
ized societies [2]. Hyperlipidemia is a metabolic syn-
drome that caused by abnormal increase in blood lipid
level, which lead to high risk rate of cardiovascular dis-
ease. In the early stage of hyperlipidemia, accumulation
and oxidation of low-density lipoprotein cholesterol
(LDL-C) give rise to endothelial dysfunction, which is a
crucial step leading to atherosclerosis [3]. Therefore, ap-
proaches beneficial to the endothelium protection in
hyperlipidemia will show a potential in slowing down
the progress of atherosclerosis.
An important risk factor in the pathogenesis of athero-

sclerosis is increased free fatty acids (FFAs) in serum
and it is related to an increase in LDL, which has close
relationship with the generation of reactive oxygen
species (ROS) in endothelium [4]. Overproduction of
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ROS causes the suppression of Akt/eNOS signaling
pathway, reduction in NO production, disturbance of
the Bax/Bcl-2 family proteins and the following activa-
tion of caspase-3. Thus, it causes activation of the down-
stream apoptosis protease in the caspase cascade [5].
Palmitate accounts for about 30% of total plasma FFAs.
It is reported to be the most common saturated fatty acid
that increases in the circulation of diabetic subjects and
causes insulin resistance in type 2 diabetes (T2DM) [6, 7].
It has been proved that palmitate is involved in the devel-
opment of endothelial dysfunction by increasing apop-
totic cell death in microvascular and macrovascular
endothelial cells through the over-generation of intra-
cellular ROS [8, 9]. Moreover, it has been reported that
palmitate-induced endothelial apoptosis at least partly
results from mitochondrial dysfunction [10].
In contrast to apoptosis-related signaling pathways,

PI3K/Akt/eNOS signaling is of great importance in
maintaining the cell survival. PI3K activates its down-
stream effector Akt through phosphorylation on threo-
nine 308 and on serine 473. The activation of Akt is
considered to mediate cell survival in endothelial cells.
Akt also causes the production of nitric oxide (NO) by
the activation of endothelial nitric oxide synthase
(eNOS) [11, 12]. Evidence suggests that the PI3K/Akt/
eNOS pathway shows an important role in inhibiting
ROS-induced endothelial damage by scavenging super-
oxide anion, which in turn prevents superoxide anion
from forming hydrogen peroxide [5, 13]. Previous stud-
ies reported that excessive ox-LDL leads to dephosphori-
zation of Akt/eNOS in a dose and time-dependent
fashion in cultured umbilical vein endothelial cells [14].
Other studies in ApoE−/− mouse and STZ-induced
diabetes model have also proved that suppression of
PI3K/Akt/eNOS pathway and reduction in NO produc-
tion leads to endothelial dysfunction [5, 7].
In our previous studies it has been demonstrated that

considerable κ-opioid receptor (κ-OR) expression exists
in vascular endothelium [7]. Stimulation of κ-OR with
U50,488H directly dilates vessel in an NO-dependent
manner [15]. It also attenuates the elevation in pulmonary
artery pressure in rats with hypoxic pulmonary hyperten-
sion [16]. U50,488H effectively preserves eNOS activity
in HPH rats as well as HUVECs under hypoxic condi-
tion, protects pulmonary artery endothelium through
antioxidate/nitrative effect and anti-apoptotic effect
[15]. We have also found that U50,488H administered
immediately prior to reperfusion increases Akt phos-
phorylation through a PI3K-dependent mechanism and
reduces postischemic myocardial apoptosis [17]. Thus,
the present study was designed to determine whether
κ-OR stimulation with U50,488H protects HUVECs
against apoptosis under palmitate treatment and its
underlying mechanisms.

Material and methods
Cell culture and treatment
The use of human umbilical vein endothelial cell lines
(HUVECs) was reviewed and approved by the Ethical
Committee of Fourth Military Medical University.
HUVECs were purchased from ScienCell Research Labora-
tories (San Diego, CA). Cells were grown in EGM-2 Bullet-
Kit (CC-3162 Lonza) in a 5% CO2 incubator. Cells were
used within passage 6 after primary culture. HUVECs were
incubated with sodium palmitate (450 μmol/L in complete
medium) for 48 h to mimic hyperlipidemia condition [18].
U50,488H and nor-BNI were bought from Tocris
Bioscience (Bristol, UK). U50,488H was given at a concen-
tration of 70 μmol/L 20min before sodium palmitate
treatment. Nor-BNI was given at a concentration of
10 μmol/L 30min before sodium palmitate treatment.
PI3K inhibitors LY-294002 (20 μmol/L, Sigma), Akt inhi-
bitor MK-2206-2HCl (0.2 μmol/L, Sigma), eNOS inhibitor
L-NAME (100 μmol/L, Sigma) were given 30min before
sodium palmitate treatment. All of these reagents were
present at the time of treatment of HUVECs with sodium
palmitate. The siRNAs targeting human Akt (genepharma,
Suzhou, China), human κ-OR (genepharma, Suzhou,
China) as well as control siRNA (nontargeting siRNA;
genepharma, Suzhou, China) were transfected to HUVECs
using the siRNA-Mate transfection reagent (genepharma,
Suzhou, China) 12 h before sodium palmitate treatment.
At indicated times, HUVECs were harvested. The effective-
ness of all chemical inhibitors and siRNAs on HUVECs
has been tested in our previous study [19].

Cell counting kit 8 assay
Cell counting kit 8 (CCK-8) from Dojindo Molecular
Technologies, Inc., Kumamoto, Japan was used to
measure the cell viability. Briefly, HUVECs were seeded
at the density of about 10,000 per well in 96-well micro-
plates, incubated at 37 °C for 24 h. After treated accor-
ding to different groups mentioned above, 10 μL of
CCK-8 solution and 100 μL DMEM was added to each
well and incubated at 37 °C for 2 h. The optical density
was detected at a wavelength of 450 nm by microplate
reader (Model 680, Bio-Rad Laboratories, Hercules, CA,
USA). Cell viability was counted following manufac-
turer’s protocol. The cell viability of the control group
was assumed to be 100%.

Flow cytometry analysis
Cells from different groups were trypsinized and resus-
pended with cold PBS. An Annexin V-fluorescein isothio-
cyanate (FITC) apoptosis kit (BD Biosciences, Franklin
Lakes, NJ, USA) was used to detect phosphatidylserine
externalization as an index of apoptosis. The cells were
washed and incubated for 15min at room temperature in
the presence of Annexin V labeled with FITC and
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propidium iodide (PI). 10,000 cells were loaded and
excited at 488 nm, and emission was measured at 530 and
584 nm to assess FITC and PI fluorescence, respectively.
Analysis was conducted with BD FACS Calibur flow
cytometer (BD Biosciences, Franklin Lakes, NJ, USA). The
number of gated cells was plotted on a dot plot with re-
ference to both Annexin V and PI staining.

Western-blot analysis
Cell lysates were prepared using Radio Immunoprecipita-
tion Assay (RIPA) buffer (Beyotime Biotechnology, China).
The protein sample was quantified with the BCA protein
assay kit (Beyotime Biotechnology, China). Equal amounts
of protein were electrophoresed on a 10% SDS-polyacryl-
amide gel and electrophoretically transferred to a polyviny-
lidene difluoride membrane (PALL). After blocking with
5% bovine serum albumin in Tris-buffered saline at room
temperature for 1 h, the membranes were incubated with
antibody against Akt/phosphorylated Akt (Cell Signaling
Technology, Danvers, MA), eNOS/phosphorylated eNOS
(BD Bioscience Laboratories, San Jose, CA), κ-OR (GENE-
TEX), Caspase3 (PROTEINTECH), Bax (PROTEINTECH)
and Bcl-2 (PROTEINTECH) overnight at 4 °C. Then, the
membranes were washed with PBS and incubated with
horseradish peroxidase-conjugated IgG antibody for 1 h at
room temperature. β-Actin (CWbio, China) was selected
as the loading control. The immunoblotting was detected
using an enhanced chemiluminescence detection kit
(Millipore, Billerica, MA) with ChemiDocXRS system
(Bio-Rad Laboratory, Hercules, CA) system. The blot
densities were analyzed with Quantity One Software
(Bio-Rad Laboratory, Hercules, CA).

Determination of medium NO content
Total nitric oxide content (NOx) in culture medium was
determined by measuring the concentration of nitrite, a
stable metabolite of nitric oxide, through a modified Griess
reaction method. Briefly, medium was taken and mixed
with modified Griess reagent according to manufacturer’s
protocol (Beyotime Biotechnology, China). The concentra-
tion of the resultant chromophore was spectrophoto-
metrically determined at 540 nm.

Statistical analysis and artwork creation
Data were presented as mean ± SEM. All data were ana-
lyzed with either t-test (two group) or ANOVA (three or
more groups). After analysis by either t-test (two group)
or ANOVA, the Bonferroni correction was conducted
for post hoc t-tests. P<0.05 was considered to be statisti-
cally significant. Graphpad Prism 5 was used to create
all artworks.

Results
U50,488H attenuated palmitate-induced apoptosis and
increased HUVECs viability
As shown in Fig. 1, after treatment of cells with sodium
palmitate for 48 h, apoptosis was prominently increased as
increased signal from Annexin V-FITC (Fig. 1a, b), cell sur-
vival rate was significantly decreased according to CCK-8
assay (Fig. 1c). U50,488H, a selective κ-OR agonist, signifi-
cantly reduced apoptosis rate (Fig. 1a, b), and improved the
cell viability (Fig. 1c). The effects of U50,488H were blocked
by nor-BNI, a selective κ-OR antagonist (Fig. 1b, c). These
data indicated that κ-OR stimulation exerts an anti-apop-
tosis effect in HUVECs subjected to sodium palmitate.

U50,488H activated Akt/eNOS signaling pathway and
enhanced NO production in HUVECs
To investigate the mechanism involved in the anti-apop-
totic effect of U50,488H, expression and phosphorylation
of Akt/eNOS were determined by Western-blot. As illus-
trated in Fig. 2, treatment with sodium palmitate greatly
decreased Akt/eNOS phosphorylation in HUVECs. Pre-
treatment with U50,488H significantly restored Akt/eNOS
phosphorylation. The effect of U50,488H was abolished by
nor-BNI, PI3K inhibitor (LY294002), Akt inhibitor
(MK-2206-2HCl) and eNOS inhibitor (L-NAME), res-
pectively (Fig. 2a, b). These data indicated that U50,488H
activates Akt/eNOS signaling pathway in a κ-OR
dependent manner.
At the same time, NO production in HUVECs was de-

tected and it was significantly reduced after sodium palmi-
tate treatment. Pretreatment with U50,488H significantly
restored NO production and its effect was abolished by
nor-BNI, PI3K inhibitor (LY294002), Akt inhibitor
(MK-2206-2HCl) and eNOS inhibitor (L-NAME), respect-
ively (Fig. 2c). These data indicated that U50,488H en-
hances NO production in HUVECs in a κ-OR dependent
manner and through PI3K/Akt/eNOS signaling pathway.
In order to further clarify the relation between κ-OR-me-

diated Akt/eNOS signaling pathway and anti-apoptosis ef-
fect, the expression of caspase 3 in HUVECs was
determined. It was found that caspase 3 was significantly
increased after sodium palmitate treatment. Pretreatment
with U50,488H significantly attenuated cleaved caspase 3
and its effect was abolished by nor-BNI, PI3K inhibitor
(LY294002), Akt inhibitor (MK-2206-2HCl) and eNOS in-
hibitor (L-NAME), respectively (Fig. 2d). These data sug-
gested that the anti-apoptotic effect of U50,488H is
probably mediated by PI3K/Akt/eNOS signaling pathway
in HUVECs subjected to sodium palmitate.

U50,488H attenuated palmitate-induced HUVECs
apoptosis through PI3K/Akt/eNOS signaling pathway
To confirm the role of key molecules in the endothelial
protective effect of U50,488H, sodium palmitate-impaired

Cui et al. Lipids in Health and Disease           (2019) 18:52 Page 3 of 9



HUVECs were treated with siRNAs targeting κ-OR and
Akt. The silence effects of siRNAs were tested and exhi-
bited (Fig. 3a, b). According to the silence effect, κ-OR
siRNA 2 and 3 or Akt siRNA 2 and 3 were adopted in the
further study. The up-regulation of the expression of κ-OR
by U50,488H was suppressed by κ-OR siRNA whereas it
was not affected by Akt siRNA (Fig. 3c). Although sodium
palmitate, U50,488H and κ-OR siRNAs in medium did not
affect total Akt/eNOS expression in HUVECs (Fig. 3d, f),
total expression of Akt was significantly decreased in the
Akt siRNAs-treatment group (Fig. 3d). Sodium palmitate
significantly reduced Akt/eNOS phosphorylation (Fig. 3e,
g) whereas it was greatly up-regulated by U50,488H. SiR-
NAs targeting κ-OR or Akt abolished the effects of
U50,488H on Akt/eNOS phosphorylation (Fig. 3e, g).
In order to further demonstrate the relation between

κ-OR-mediated Akt/eNOS signaling pathway and anti-
apoptosis effect, apoptosis proteins such as caspase 3, Bax
and Bcl-2 were determined. Treatment with sodium palmi-
tate significantly increased the expression of caspase 3, Bax

and reduced the expression of Bcl-2(Fig. 4a, b, c), whereas
all these changes was restored by pretreatment with
U50,488H. SiRNAs targeting κ-OR or Akt abolished the
effects of U50,488H on the expression of caspase 3, Bax
and Bcl-2 (Fig. 4a, b, c). Results above suggested that the
anti-apoptotic effect of U50,488H is mediated by κ-OR acti-
vation and the PI3K/Akt/eNOS signaling pathway.

Discussion
As an independent risk factor of atherosclerosis, hyper-
lipidemia induces a series of molecular events including
ox-LDL accumulation, ROS overproduction, eNOS un-
coupling, and finally leading to an increased endothelium
apoptosis. Previous studies demonstrated that the activa-
tion of PI3K/Akt pathway, restoring eNOS activity and
suppressing of oxidation/nitration possesses endothelial
protection ability [19]. In the present study, we proved for
the first time that preventative treatment with U50,488H
showed significant effect to ameliorate HUVECs apoptosis
caused by sodium palmitate through the activation of

Fig. 1 U50,488H ameliorated high fat-induced HUVEC apoptosis. HUVECs were exposed to vehicle or sodium palmitate (450 μmol/L) for 48 h,
with or without U50,488H (70 μmol/L) and nor-BNI (10 μmol/L) treatment. a-b The apoptosis of HUVECs was assayed and quantified by Annexin
V-FITC flow cytometry. c The cell viability of HUVECs was evaluated by CCK-8 assay. Data were presented as mean ± SEM. n = 6. High fat: sodium
palmitate, U50: U50,488H, nor-BNI, nor-binaltorphimine. **P < 0.01 vs. Control, #P < 0.05 vs. High fat, $P < 0.05 vs. High fat +U50
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κ-OR and PI3K/Akt/eNOS pathway. This conclusion is
based on the following observations: 1) Flow cytometry
and CCK-8 analysis proved an anti-apoptotic effect of
κ-OR stimulation with U50,488H. 2) U50,488H treatment
restored Akt/eNOS phosphorylation and NO production
which was suppressed by palmitate treatment. The effects
of U50,488H were abolished by chemical inhibitors to PI3K
(LY294002), Akt (MK-2206-2HCl) and eNOS (L-NAME),
respectively. 3) U50,488H treatment suppressed palmitate
induced activation of caspase 3 and expression of Bax. It
also increased the expression of anti-apoptotic molecule
Bcl-2. 4) The effect of U50,488H on apoptosis related mole-
cules was blocked by chemically inhibition on PI3k/Akt/
eNOS signaling pathway and siRNAs targeting κ-OR and
Akt. 5) All the effects of U50,488H were abolished by
nor-BNI. Our findings suggest that κ-OR stimulation plays

an important role in the regulation of endothelial apoptosis
induced by sodium palmitate (Fig. 5).
Palmitate is reported to be the most common satu-

rated fatty acid that increases in the circulation of
diabetic subjects and causes insulin resistance in T2DM
[6]. In vitro, palmitate has also been proved to promote
HUVECs apoptosis through excessive production of
ROS and mitochondrial dysfunction [18]. In the present
study we confirmed that sodium palmitate promotes
HUVECs apoptosis. This effect was supported by multiple
evidences, including expression of Bcl-2/Bax, cleaved
caspase-3 protein expression and flow cytometry analysis
on Annexin V-FITC/PI. The effect of sodium palmitate
was suppressed significantly by the pre-treatment with
U50,488H, and the effect of U50,488H was blocked by
nor-BNI. We also found that sodium palmitate suppressed

Fig. 2 U50,488H activated Akt/eNOS pathway and enhanced NO production. HUVECs were treated with vehicle, palmitate (450 μmol/L), U50,488H (70 μmol/
L), Nor-BNI (10 μmol/L), LY-294002 (20 μmol/L), MK-2206-2HCl (0.2 μmol/L), and L-NAME (100 μmol/L) for 48 h. a-b The expression and phosphorylation of Akt
and eNOS were determined by Western blot. c The NO production was assayed as methods described. d The expression of caspase-3 was determined by
Western blot. Values are mean± SEM. n=6. High fat: sodium palmitate, U50: U50,488H, nor-BNI, nor-binaltorphimine. LY294002, MK2206-HCl, L-NAME were
specific inhibitors to PI3K, Akt and eNOS, respectively. *P< 0.05 vs. Control, ##P<0.01 vs. High fat, $$P< 0.01 vs. High fat +U50
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Fig. 3 U50,488H inhibited high fat-induced HUVECs apoptosis in a PI3K/Akt/eNOS dependent manner. Cultured HUVECs were transfected with scramble, κ-
OR, Akt siRNA for 12 h. a-b After the transfection, the expression of κ-OR and Akt were determined by Western blot. c-g In scramble, κ-OR or Akt siRNA-
transfected HUVECs, sodium palmitate (450 μmol/L) and U50,488H (70 μmol/L) were added for 48 h. The expression of κ-OR, Akt, phosphorylated Akt, eNOS
and phosphorylated eNOS were determined by Western blot. Values are means±SEM. n= 4. High fat: sodium palmitate, U50: U50,488H, *P<0.05, **P< 0.01 vs.
Control, #P< 0.05, ##P< 0.01 vs. High fat, $P< 0.05, $$P< 0.01 vs. High fat +U50 + scramble siRNA1, &P< 0.05, &&P< 0.01 vs. High fat +U50+ scramble siRNA2

Fig. 4 U50,488H regulated pro- and anti-apoptotic protein expression through PI3K/Akt/eNOS signaling pathway. Cultured HUVECs were transfected with
scramble, κ-OR, Akt siRNA for 12 h. In scramble, κ-OR or Akt siRNA-transfected HUVECs, sodium palmitate (450 μmol/L) and U50,488H (70μmol/L) were added
for 48 h. a-c The expressions of caspase-3, Bax, and Bcl-2 were determined by Western blot. Values are means±SEM. n= 4. High fat: sodium palmitate, U50:
U50,488H. **P<0.01 vs. Control, ##P<0.01 vs. High fat, $$P< 0.01 vs. High fat +U50 + scramble siRNA1, &P< 0.05, &&P< 0.01 vs. High fat +U50+ scramble siRNA2
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Akt and eNOS phosphorylation, which could be restored
by pre-treatment with U50,488H, all effects of U50,488H
was also blocked by nor-BNI. These phenomena indicate
that the anti-apoptotic effect of U50,488H is κ-OR me-
diated and Akt/eNOS signaling pathway is involved. In
addition, in the present study, it was found that κ-OR pro-
tein expression was up-regulated by U50,488H, which
provided the basis for the action of U50,488H, further
study is needed to elucidate the underlying mechanism.
In order to uncover the signaling mechanism of κ-OR,

inhibition experiment on PI3K/Akt/eNOS signaling
pathway was conducted with chemically inhibitors and
siRNAs targeting κ-OR and Akt. The inhibitory effects
of U50,488H on caspase 3 were significantly blocked
by chemical inhibitors to PI3K (LY294002), Akt
(MK-2206-2HCl) and eNOS (L-NAME). This result is
consistent with our previous in vivo reports in rats treated
with chronic hypoxia [15] and chronic high fat diet16.
These results confirm that the anti-apoptotic effect of
U50,488H is probably mediated by PI3K/Akt/eNOS sig-
naling pathway. Since eNOS activation and in turn enhan-
cing NO production play a critical role in endothelial
function, we further determined Akt/eNOS phosphoryl-
ation and NO production, it was found a loss of Akt/
eNOS phosphorylation as well as a reduction in NO pro-
duction occurred in palmitate-treated HUVECs, which
was restored by preventive treatment with U50,488H. The
effects of U50,488H on Akt/eNOS phosphorylation and
NO production were significantly blocked by chemical
inhibitors to κ-OR (nor-BNI), PI3K (LY294002), Akt

(MK-2206-2HCl) and eNOS (L-NAME), respectively.
Furthermore, SiRNAs targeting κ-OR or Akt abolished
the effects of U50,488H on Akt and eNOS phosphoryl-
ation. Results above suggested that the anti-apoptotic
effect of U50,488H is mediated by κ-OR activation and
the PI3K/Akt/eNOS signaling pathway.
Caspases, a group of vastly well-preserved, cysteine-

dependent and aspartate-specific proteases, play a vital
role in the regulation and execution of apoptosis. It was
wildly accepted as signal of apoptosis. There are two types
of caspases: initiator caspases as caspase 2, 8, 9 and 10,
and effector caspases including caspase 3, 6 and 7. Initi-
ator caspases activate effector caspases by cleave inactive
pro-forms of them. Effector caspases in turn cleave other
protein substrates at aspartate residues within the cell.
Both death receptors-related and cell stress-related apop-
tosis pathways are related to caspase. The two pathways
congregate at caspase-3 activation [20]. When the
full-length pro-caspase 3 (32kD) is activated, it is cleaved
to form two mature subunits, p17 (17kD) and p12 (12kD).
The level of the cleaved caspase 3 represents its activation.
The caspase pathway is also a well-identified downstream
target for PI3K/Akt/eNOS. One mechanism by which
PI3K/Akt/eNOS regulates cell survival involving in the
S-nitrosylation of cysteine 163 in the active center of the
subunit p17 of caspase 3, which attenuates of its activity
[21]. Our study showed that treatment with sodium
palmitate caused an increase in cleaved caspase 3, which
means an increased apoptosis. Treatment with U50,488H
alleviated this alteration. The effect of U50,488H was

Fig. 5 Graphic abstract. In this figure, it shows that apoptosis occurred when the HUVECs were subjected to sodium palmitate, κ-OR stimulation
with U50,488H significantly attenuated this apoptosis via PI3K/Akt/eNOS signaling pathway. κ-OR, κ-opioid receptor; U50,488H, a selectiveκ-OR
agonist; nor-BNI, a selective κ-OR antagonist; LY-294002, an inhibitor of PI3K; MK-2206-2HCl, an inhibitor of Akt; L-NAME, an inhibitor of eNOS; NO,
nitric oxide; Caspase 3 and BAX are apoptosis proteins, Bcl-2 is an anti-apoptosis protein
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blocked by pretreatment with nor-BNI. The caspase 3
suppressing effect of U50,488H could also be significantly
blocked by both siRNAs targeting κ-OR or Akt and che-
mical inhibitors to κ-OR(nor-BNI), PI3K (LY294002), Akt
(MK-2206-2HCl) and eNOS (L-NAME). These results
prove an anti-apoptotic effect of U50,488H and its rela-
tionship with PI3K/Akt/eNOS signaling pathway.
Bcl-2 and Bax are also closely related to apoptosis

[22]. Bcl-2 is mainly contained as an integral mitochon-
drial membrane protein that forms heterodimers with
Bax to prevent mitochondrial changes in apoptosis [23].
Our results showed that U50,488H significantly reduced
the increase in the expression of Bax caused by palmitate.
It also significantly restored the expression of Bcl-2, an
anti-apoptotic protein. These effects of U50,488H could
also be significantly blocked by siRNAs targeting κ-OR or
Akt. Our findings indicated that the upregulation of Bcl-2
and downregulation of Bax ratio also contribute to the
anti-apoptotic effect of U50,488H.
There are still some limitations in our study. First, our

experiments have showed that κ-OR stimulation with
U50,488H exerts anti-apoptotic effect via PI3K/Akt/eNOS
signaling pathway, while how κ-OR stimulation induces
the activation of PI3K is still unclear, which may need fur-
ther investigation. Second, palmitate-induced endothelial
cell apoptosis was also mediated by an increasing ROS
generation, and AMPK signaling activation suppressed
palmitate-induced apoptosis [7]. Whether ROS and AMPK
signaling are involved in U50,488H-induced anti-apoptotic
effect is not known, which warrants further study. Despite
these limitations, we believe that this study has provided
an important new information about the protective effect
of κ-OR stimulation against palmitate-induced endothelial
cell apoptosis.
In conclusion, the present study provides evidence for

the first time that κ-OR stimulation inhibits palmitate
induced HUVECs apoptosis through activation of PI3K/
Akt/eNOS signaling pathway and beneficial regulation of
Bax, caspase 3 and Bcl2. Our work provides new insight for
the preventative effects of κ-OR stimulation in endothelial
cells, which may give a pharmacological basis for the cli-
nical application of U50,488H or similar compounds for
treatment of hyperlipidemic disease, which is related to
endothelial cell apoptosis.

Abbreviations
Akt: Serine/threonine kinase; eNOS: Endothelial nitric oxide synthase;
FFAs: Free fatty acids; HPH: Pulmonary arterial hypertension; HUVECs: Human
umbilical vein endothelial cell lines; LDL: Low-density lipoprotein; NO: Nitric
oxide; nor-BNI: nor-Binaltorphimine; ox-LDL: Oxidized low-density lipoprotein;
PI3K: Phosphatidylinositol 3-hydroxy kinase; ROS: Reactive oxygen species;
T2DM: Type 2 diabetes; κ-OR: κ-opioid receptor

Acknowledgments
We would like to thank the staff at our laboratory for their ongoing assistance.

Funding
This work was supported by National Natural Science Foundation of China
(Grant numbers 81770243, 81270402, 81800226, 81670354) and a major
project from Shaan Xi Province of China (Grant number 2016KTCL03–11).

Availability of data and materials
The data that support the findings of this study are available upon request to the
corresponding author.

Authors’ contributions
JMP and RF conceived the project and performed the project planning. YC and
NF designed the experiments and performed the experimental work of cell
culture and treatment, analyzed the data and wrote the manuscript. FF and JL
performed the experimental work of western-blot. XMG and HTG performed the
experimental work of CCK8. SMZ and JL performed the experimental
work of determination of medium NO content. YBW and MJ performed
the experimental work of flow cytometry analysis. LY, FYZ and YMW participated
in data analysis. All authors reviewed the manuscript. All authors read
and approved the final manuscript.

Ethics approval and consent to participate
The study protocol was approved by the Ethics Committee of Fourth Military
Medical University.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published
maps and institutional affiliations.

Author details
1Department of Nursing, Medical College of Xi’an Peihua University, Xi’an
710125, Shaanxi Province, China. 2Department of Physiology and
Pathophysiology, National Key Discipline of Cell Biology, Fourth Military
Medical University, No. 169 West Changle Road, Xi’an 710032, Shaanxi
Province, China.

Received: 10 December 2018 Accepted: 28 January 2019

References
1. Rajendran P, Rengarajan T, Thangavel J, Nishigaki Y, Sakthisekaran D, Sethi

G, Nishigaki I. The vascular endothelium and human diseases. Int J Biol Sci.
2013;9(10):1057–69.

2. Gimbrone MA Jr, García-Cardeña G. Vascular endothelium, hemodynamics,
and the pathobiology of atherosclerosis. Cardiovasc Pathol. 2013;22(1):9–15.

3. Davignon J, Ganz P. Role of endothelial dysfunction in atherosclerosis.
Circulation. 2004;109:III27–32.

4. Linton MRF, Yancey PG, Davies SS, Vickers KC, Jerome WGJ, Linton EF: The
role of lipids and lipoproteins in atherosclerosis. In Endotext. Edited by De
Groot LJ, Beck-Peccoz P, Chrousos G, Dungan K, Grossman A, Hershman JM,
Koch C, McLachlan R, New M, Rebar R, et al. [Internet]. South Dartmouth
(MA): MDText.com, Inc.; 2000-2019 Jan 3.

5. Ahsan A, Han G, Pan J, Liu S, Padhiar AA, Chu P, Sun Z, Zhang Z, Sun B, Wu
J, et al. Phosphocreatine protects endothelial cells from oxidized low-
density lipoprotein-induced apoptosis by modulating the PI3K/Akt/eNOS
pathway. Apoptosis. 2015;20:1563–76.

6. Hu W, Ross J, Geng T, Brice SE, Cowart LA. Differential regulation of
dihydroceramide desaturase by palmitate versus monounsaturated fatty
acids: implications for insulin resistance. J Biol Chem. 2011;286:16596–605.

7. Du JY, Yuan F, Zhao LY, Zhu J, Huang YY, Zhang GS, Wei Y, Liu Y, Yi Q, Tu
YS, et al. Suppression of Kv1.5 protects against endothelial apoptosis
induced by palmitate and in type 2 diabetes mice. Life Sci. 2017;168:28–37.

8. Yamagishi S, Okamoto T, Amano S, Inagaki Y, Koga K, Koga M, Choei H,
Sasaki N, Kikuchi S, Takeuchi M, Makita Z. Palmitate-induced apoptosis of
microvascular endothelial cells and pericytes. Mol Med. 2002;8:179–84.

Cui et al. Lipids in Health and Disease           (2019) 18:52 Page 8 of 9



9. Zhang D, Wang W, Zhou D, Chen Y, Han L, Liu Y, Cao C, Zhao H, Liu G.
Ghrelin inhibits apoptosis induced by palmitate in rat aortic endothelial
cells. Med Sci Monit. 2010;16:BR396–403.

10. Kim JE, Kim YW, Lee IK, Kim JY, Kang YJ, Park SY. AMP-activated protein
kinase activation by 5-aminoimidazole-4-carboxamide-1-beta-D-
ribofuranoside (AICAR) inhibits palmitate-induced endothelial cell
apoptosis through reactive oxygen species suppression. J Pharmacol Sci.
2008;106:394–403.

11. Durand MJ, Gutterman DD. Diversity in mechanisms of endothelium-dependent
vasodilation in health and disease. Microcirculation. 2013;20:239–47.

12. Forstermann U, Li H. Therapeutic effect of enhancing endothelial nitric
oxide synthase (eNOS) expression and preventing eNOS uncoupling. Br J
Pharmacol. 2011;164:213–23.

13. Liu M, Xiang G, Lu J, Xiang L, Dong J, Mei W. TRAIL protects against
endothelium injury in diabetes via Akt-eNOS signaling. Atherosclerosis.
2014;237:718–24.

14. Chavakis E, Dernbach E, Hermann C, Mondorf UF, Zeiher AM, Dimmeler S.
Oxidized LDL inhibits vascular endothelial growth factor-induced
endothelial cell migration by an inhibitory effect on the Akt/endothelial
nitric oxide synthase pathway. Circulation. 2001;103:2102–7.

15. Li J, Shi QX, Fan R, Zhang LJ, Zhang SM, Guo HT, Wang YM, Kaye AJ, Kaye
AD, Bueno FR, et al. Vasculoprotective effect of U50,488H in rats exposed to
chronic hypoxia: role of Akt-stimulated NO production. J Appl Physiol
(1985). 2013;114:238–44.

16. Wu Q, Wang HY, Li J, Zhou P, Wang QL, Zhao L, Fan R, Wang YM, Xu XZ, Yi
DH, et al. Kappa-opioid receptor stimulation improves endothelial function
in hypoxic pulmonary hypertension. PLoS One. 2013;8:e60850.

17. Tong G, Sun Z, Wei X, Gu C, Kaye AD, Wang Y, Li J, Zhang Q, Guo H, Yu S,
et al. U50,488H postconditioning reduces apoptosis after myocardial
ischemia and reperfusion. Life Sci. 2011;88:31–8.

18. Du JY, Yuan F, Zhao LY, Zhu J, Huang YY, Zhang GS, Wei Y, Liu Y, Yi Q, Tu
YS, et al. Suppression of Kv1.5 protects against endothelial apoptosis
induced by palmitate and in type 2 diabetes mice. Life Sci. 2017;168:28-37.

19. Tian F, Zheng XY, Li J, Zhang SM, Feng N, Guo HT, Jia M, Wang YM, Fan R,
Pei JM. Kappa-opioid receptor stimulation improves endothelial function via
Akt-stimulated NO production in Hyperlipidemic rats. Sci Rep. 2016;6:26807.

20. Sugawara T, Fujimura M, Noshita N, Kim GW, Saito A, Hayashi T, Narasimhan
P, Maier CM, Chan PH. Neuronal death/survival signaling pathways in
cerebral ischemia. NeuroRx. 2004;1:17–25.

21. Mannick JB, Hausladen A, Liu L, Hess DT, Zeng M, Miao QX, Kane LS, Gow
AJ, Stamler JS. Fas-induced caspase denitrosylation. Science. 1999;284:651–4.

22. Choy JC, Granville DJ, Hunt DW, McManus BM. Endothelial cell apoptosis:
biochemical characteristics and potential implications for atherosclerosis. J
Mol Cell Cardiol. 2001;33:1673–90.

23. Hockenbery D, Nunez G, Milliman C, Schreiber RD, Korsmeyer SJ. Bcl-2 is an
inner mitochondrial membrane protein that blocks programmed cell death.
Nature. 1990;348:334–6.

Cui et al. Lipids in Health and Disease           (2019) 18:52 Page 9 of 9


	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Material and methods
	Cell culture and treatment
	Cell counting kit 8 assay
	Flow cytometry analysis
	Western-blot analysis
	Determination of medium NO content
	Statistical analysis and artwork creation

	Results
	U50,488H attenuated palmitate-induced apoptosis and increased HUVECs viability
	U50,488H activated Akt/eNOS signaling pathway and enhanced NO production in HUVECs
	U50,488H attenuated palmitate-induced HUVECs apoptosis through PI3K/Akt/eNOS signaling pathway

	Discussion
	Abbreviations
	Acknowledgments
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

