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Abstract: MicroRNAs (miRNAs) have been revealed to be involved in dysfunction and inflammatory conditions of
vascular endothelial cells (ECs). However, the role of miR-499a in inflammatory responses and apoptosis of human
umbilical vein endothelial cells (HUVECs) remains unclear. The expression of miR-499a and signal transducer and
activator of transcription 1 (STAT1) was analyzed using quantitative real-time polymerase chain reaction or western
blot assay, respectively. Cells apoptosis was determined by Flow cytometry. Western blot was used to evaluate the
protein expression of STAT1, interleukin-6 (IL-6), vascular cell adhesion molecule-1 (VCAM-1), intercellular adhesion
molecule-1 (ICAM-1), B cell lymphoma (Bcl-2), Bcl-2 associated X (Bax) and Cleaved Caspase-3. The interaction
between miR-499a and STAT1 was confirmed by bioinformatics analysis and luciferase reporter assay. The expres-
sion of miR-499a was significantly down-regulated, while the STAT1 level was obviously up-regulated in LPS-induced
HUVECs. Overexpressed miR-499a inhibited LPS-activated expression of IL-6, VCAM-1 and ICAM-1, and protected
HUVECs against LPS-induced apoptosis by suppressing the expression of Bax and cleaved caspase 3 expressions.
However, STAT1 promoted LPS-induced inflammatory injury and apoptosis in HUVECs. In addition, STAT1 was pre-
dicted and confirmed to be a target of miR-499a, and rescue experiment indicated that STAT1 was involved in
the miR-499a mediated protection on LPS-induced HUVECs inflammatory injury and apoptosis. MiR-499a protects
HUVECs from LPS-induced inflammatory injury and apoptosis by regulating STAT1 expression, which providing a
novel insight to assist researchers and clinicians in developing potential therapeutic strategies for sepsis.
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Introduction occurrence and progression of early cardiovas-
cular diseases, including sepsis [4-6]. Thus,
elucidating the molecular mechanisms underly-

ing inflammatory injury in EC will shed light on

Sepsis is characterized by excessive host in-
flammatory responses and multiple organ dys-

function, which is an extremely life threatening
and the leading cause of mortality in critically-ill
patients worldwide [1]. Endothelial cells (ECs)
are an elementary part of the heart and vascu-
lature and form an important link between the
immune system as well as cardiovascular sys-
tem [2]. ECs form the vascular endothelium,
which is the major factor of the maintenance of
vascular homeostasis [3]. ECs dysfunction and
inflammatory responses induced by various
stimuli, such as pro-inflammatory cytokines, he-
modynamic factors and certain bacterial endo-
toxins, results in local thrombosis, loss of ves-
sel barrier function, and rapid and robust leuko-
cyte recruitment, which may contribute to the

novel insights in sepsis treatment.

MicroRNAs (miRNAs) with approximately 22 nu-
cleotides in sizes are small, endogenous, non-
coding RNAs, which act as post-transcriptional
regulators of gene expression that enmeshed
in most biological processes, including cell dif-
ferentiation, proliferation and apoptosis [7, 8].
Accumulating evidence has revealed the notion
of the implication of miRNAs in sepsis biology
and the regulatory effects in the various sta-
ges of sepsis [9]. The critical role of miRNAs has
been identified in fine tuning and in maintaining
the physiological balance of the vascular endo-
thelium and may sever as vital targets for cur-
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rent miRNA-based therapies through repro-
gramming of ECs with synthetic miRNA mimics
or inhibitors [10, 11]. MiR-499a, a member of
miR-499 family, has been revealed to be relat-
ed to susceptibility to cancer, thereby involving
in the development of diseases [12, 13]. Re-
cently, emerging evidence also indicates the
key role of miR-499a in the regulation of the
immune response, cell proliferation, apoptosis
in some vascular diseases, such as acute myo-
cardial infarction (AMI) and rheumatoid arthritis
[14, 15]. However, the exact role of miR-499a in
inflammatory responses of vascular ECs in sep-
sis remains vague. Inflammation is a crucial
contributor for the sepsis pathogenesis. Sig-
nal transducers and activators of transcription
(STAT) proteins are the major signaling proteins
of many cytokines and growth factors in mam-
mals and have an important effect on modulat-
ing immune cell homeostasis, differentiation,
and cellular functions [16]. STAT1 is a member
of STAT. A distinctive effect of STAT1 on cross-
talk between the pro-inflammatory cytokine in-
terferon (IFN)-y and Toll-like receptor 4 activa-
tors (TLR4-A) has been revealed in the increas-
ing inflammation of immune and vascular cells
[17, 18]. Additionally, emerging studies investi-
gated that STAT1 can stage-manage a tran-
scriptional platform for the cross-talk between
TLR4-A as well as IFN-y in ECs and vascular
smooth muscle cells (VSMCs), which resulting
in amplified pro-atherogenic responses in the
vasculature [19].

Lipopolysaccharide (LPS) has been illustrated
to be a main pathogenic element leading to
immune response and inflammation [20]. Thus,
in this work, we probed the effects of LPS treat-
ment on miR-499a expression and explored
the biological function of miR-499a in LPS-in-
duced inflammatory injury and apoptosis in
human ECs as well as the underlying mecha-
nisms.

Materials and methods
Cell culture

Human umbilical vein endothelial cells (HUV-
ECs) were purchased from American Tissue
Culture Collection (Manassas, VA, USA) and cul-
tured in endothelial cell basal medium (EBM-2;
Lonza, Walkersville, MD, USA) containing EGM-
2MV at 37°C with 5% CO,,. Cells between pas-
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sage 3 and 5 were utilized for the experi-
ments.

Cell transfection

MiR-499a mimics (miR-499a), mimic negative
control (miR-NC), miR-499a inhibitor (anti-miR-
499a), inhibitor negative control (anti-NC),
small interfering RNA (siRNA) against STAT1 (si-
STAT1) or siRNA negative control (si-NC) were
all purchased from Genepharma (Shanghai,
China). Lipofectamine 2000 (Invitrogen, Car-
Isbad, CA, USA) was utilized to transfect all oli-
gonucleotides or vectors into the cells in accor-
dance with the manufacturer’s instructions.
After transfection for 48 h, cells were harvest-
ed and collected for subsequent treatment or
analysis.

Quantitative real-time polymerase chain reac-
tion

Total RNA was isolated from HUVECs using the
TRIzol reagent (Invitrogen) following the manu-
facturer’s procedure. Reverse-transcribed com-
plementary DNAs (cRNAs) were synthesized by
using miScript Reverse Transcription Kit (Ta-
kara, Dalian, China). Then gPCR was performed
using SYBR Premix Ex Taq (Takara) on a 7500
Sequence Detection System (ABI, Foster City,
CA, USA) according to the standard protocol.
Glyceraldehyde-3-phosphate  dehydrogenase
(GAPDH) or U6 seversed as an internal control
and the relative expression level was quantifi-
ed by the 225°t method. The specific primer se-
quences were listed as follows: miR-499a, for-
ward 5-TGCGGTGGCAGTGTATTGTTAGC-3’, and
reverse 5-CCAGTGCAGGGTCCGAGGT-3’; STAT1,
forward 5-TGGTGAAATTGCAAGAGCTG-3’, and
reverse 5-TGTGTGCGTACCCAAGATGT-3’; U6,
forward 5’-AGCCCGCACTCAGAACATC-3’, and re-
verse 5-GCCACCAAGACAATCATCC-3’; GAPDH,
forward 5-AAGAAGGTGGTGAAGCAGGC-3’, and
reverse 5-GTCAAAGGTGGAGGAGTGGG-3'.

Western blot assay

After treatment or transfection, HUVECs were
lysed under the help of RIPA lysis buffer (Be-
yotime, Shanghai, China) and the content was
quantified using a bicinchoninic acid (BCA) pro-
tein assay kit (Beyotime) following the standard
instructions. Equal amount of the extracted
protein were separated by 10% SDS-polyacry-
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Luciferase reporter assay

The STAT1 3’-UTR sequences
with wild-type or mutant miR-
499a binding sites were cloned
into the pmirGLO vectors (Pro-
mega, Madison, WI, USA). Th-
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Figure 1. MiR-499a level is down-regulated while STAT1 level is up-regulated Prism (GraphPad Software,

in response to LPS stimulation. A, B. MiR-499a expression was measured
using qRT-PCR in HUVECs incubated with different concentrations of LPS
at different time points. C, D. The mRNA and protein levels of STAT1 were
detected with pRT-PCR or western blot in HUVECs treated with 100 ng/mL

LPS for 24 h. *P < 0.05.

lamide gels electrophoresis, and then trans-
ferred onto polyvinylidene fluoride (PVDF) mem-
branes (Millipore, Billerica, MA, USA). Then in-
cubations with primary antibodies against STA-
T1, VCAM-1, ICAM-1, IL-6, Bax, Bcl-2 or Cleaved
Caspase-3 as well as GAPDH at 4°C overnight
after block, and followed by interaction with the
appropriate horseradish peroxidase (HRP)-con-
jugated secondary antibody for 1 h. Immuno-
reactive signals were visualized using Enhanced
Chemiluminescence (ECL). GAPDH was used as
an intern control.

Cell apoptosis assay

The Annexin V-FITC/PI apoptosis detection kit
(BD Biosciences, San Jose, CA, USA) was used
to quantify apoptotic cells following the manu-
facturer’s protocol. Briefly, cells were resus-
pended using 200 pL binding buffer and then
stained with 10 yL Annexin V-FITC, followed 5
pL Pl for 15 min in the dark. Finally, the apop-
totic cells were analyzed on a flow cytometer
(BD Biosciences).
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San Diego, CA, USA) from at
least three independently ex-
periment. Comparisons among
different groups were analyz-
ed using the one-way analysis
variance (ANOVA) followed by
Bonferroni’s comparison test or Student’s t-test
and P < 0.05 was considered significant.

Results

MiR-499a levels are down-regulated while
STAT1 levels are up-regulated in response to
LPS stimulation

To determine the roles of miR-499a and STAT1
in HUVECs response to LPS stimulation, we
firstly identified the rational dosing and the time
course of LPS action. HUVECs were treated
with a varying concentration of LPS (O ng/mL,
50 ng/mL, 100 ng/mL, and 150 ng/mL) at dif-
ferent time points (O h, 12 h, 24 h, and 36 h).
Then the expression of miR-499a was detected
and we found miR-499a expression was down-
regulated after LPS treatment in a dose- and
time-dependent manner in HUVECs (Figure 1A,
1B). Actually, when HUVECs were subjected to
100 ng/mL LPS for 24 h, miR-499a level de-
creased by approximately 50%. Afterwards, we
treated HUVECs with O ng/mL or 100 ng/mL
LPS for 24 h, and the mRNA and protein expres-
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sion of STAT1 in HUVECs was significantly up-
regulated in LPS treated group (Figure 1C, 1D).
Thus, we illustrated that the expression of miR-
499a was decreased while STAT1 was increased
in LPS-induced HUVECs.

MiR-499a protects HUVECs from LPS-induced
inflammatory injury and apoptosis

To explore the biologic function of miR-499a in
LPS-induced inflammatory injury and apoptosis
in HUVECs, HUVECs were transfected with miR-
499a or miR-NC in the presence of 100 ng/mL
LPS for 24 h. Then gRT-PCR analysis showed
that the expression of miR-499a was markedly
up-regulated after transfection with miR-499a
mimics compared with miR-NC in HUVECs
(Figure 2A). Subsequently, the levels of inflam-
matory cytokines (IL-6) and adhesion mole-
cules (VCAM-1 and ICAM-1) were measured
using western blot and the results showed LPS
treatment increased the level of VCAM-1, ICAM-
1 and IL-6, which could be reversed by overex-
pressed miR-499a in HUVECs (Figure 2B). In
the meanwhile, we also found miR-499a mim-
ics transfection inhibited LPS-induced apopto-
sis in HUVECs, reflected by the decreased apo-
ptosis rate, and cleaved caspase-3 and Bax
expression, as well as the increased anti-apop-
tosis protein Bcl-2 level (Figure 2C, 2D). In all,
overexpressed miR-499a could protect HUV-
ECs from LPS-induced inflammatory injury and
apoptosis.

STAT1 promotes LPS-induced inflammatory
injury and apoptosis in HUVECs

We further investigated the biological function
of STAT1 in LPS-induced injury in HUVECs, and
HUVECs were transfected with si-STAT1 or si-NC
in the presence of 100 ng/mL LPS for 24 h.
Immediately, the expression of STAT1 was de-
tected using gqRT-PCR or western blot assay
and results showed that the STAT1 expression,
whether mRNA or protein, was significantly de-
creased after transfection with si-STAT1 com-
pared with the control in HUVECs (Figure 3A,
3B). After that, a functional experiment was
performed and we demonstrated that low ex-
pression STAT1 could attenuate LPS-induced
inflammatory injury and apoptosis in HUVECs
(Figure 3C-E). These results suggested that
STAT1 might promote LPS-induced inflammato-
ry injury and apoptosis in HUVECs.
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MiR-499a directly targets STAT1 and negative-
ly regulates STAT1 expression in HUVECs

Based on the effects of miR-499a and STAT1
on LPS-induced inflammatory injury and apop-
tosis in HUVECs, we hypothesized that STAT1
might involve in the miR-499a-mediated repres-
sion on LPS-induced HUVECs injury. To verify
this hypothesis, Targetscan prediction tool was
applied and STAT1 was predicted that might be
a target of miR-499a with a putative binding
site (Figure 4A). Subsequently, luciferase repor-
ter assay was performed and we discovered
overexpressed miR-499a reduced the lucifer-
ase activities of the STAT1-WT reporter vector
but not STAT1-MUT reporter vector in HUVECs
(Figure 4B). Furthermore, to investigate the
regulatory mechanism between miR-499a and
STAT1, HUVECs was further transfected with
anti-miR-499a or anti-NC in the presence of
100 ng/mL LPS for 24 h and decreased miR-
499a expression in the group transfection with
miR-499a inhibitor was identified (Figure 4C).
miR-499a mimic transfection inhibited STAT1
expression, while miR-499a inhibitor transfec-
tion promoted STAT1 expression, at both miRNA
and protein levels in HUVECs treated with LPS
(Figure 4D, 4E). Thus, these data indicated that
miR-499a suppressed STAT1 expression in
HUVECSs.

MiR-499a protects HUVECs from LPS-induced
inflammatory injury and apoptosis by regulat-
ing STAT1 expression

To further explore whether STAT1 participating
in the miR-499a-mediated protection on LPS-
induced HUVECSs inflammatory injury and apop-
tosis, HUVECs were transfected with anti-NC,
anti-miR-499a, anti-miR-499a + si-NC, anti-
miR-499a + si-ATAT1 after treatment with 100
ng/mL LPS for 24 h. Then western bolt analysis
showed miR-499a inhibitor transfection pro-
moted the LPS-induced increase of VCAM-1,
ICAM-1 and IL-6 level, which could be alleviated
by down-regulated STAT1 in HUVECs (Figure
5A). Afterwards, we also demonstrated miR-
499a inhibition stimulated LPS-induced HUV-
ECs apoptosis, reflected by the increased apop-
tosis rate and cleaved caspase-3, Bax level, as
well as the decreased expression of anti-apop-
tosis protein Bcl-2, while decreased STAT1 cou-
Id counteract these effects (Figure 5B, 5C). Al-
together, these results manifested miR-499a
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Figure 2. MiR-499a protects HUVECs from LPS-induced inflammatory injury and apoptosis. HUVECs were transfected with miR-499a mimics or miR-NC after treat-
ment with 100 ng/mL LPS for 24 h. A. The expression of miR-499a was detected with qRT-PCR. B. Western blot was applied to examine the levels of VCAM-1,
ICAM-1 and IL-6. C. The percentage of apoptotic cells was analyzed by flow cytometry. D. Apoptosis-related factors, including cleaved caspase-3, Bax and Bcl-2 were
measured by western blot. *P < 0.05.
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Figure 3. STAT1 promotes LPS-induced inflammatory injury and apoptosis in HUVECs. HUVECs were transfected with si-STAT1 or si-NC in the presence of 100 ng/
mL LPS for 24 h. A. The mRNA level of STAT1 was examined by qRT-PCR. B, C. The protein expression of STAT1, VCAM-1, ICAM-1 and IL-6 was measured with west-
ern blot. D. The percentage of apoptotic cells was analyzed using flow cytometry. E. Apoptosis-related proteins, cleaved caspase-3, Bax and Bcl-2 were detected by
western blot. *P < 0.05.
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after treatment with 100 ng/mL LPS for 24 h. A. The levels of VCAM-1, ICAM-1 and IL-6 were examined using western
blot in HUVECs. B. The apoptosis rate was analyzed using flow cytometry in HUVECs. C. Apoptosis-related proteins,
Bcl-2 and cleaved caspase-3, Bax were determined by western blot in HUVECs. *P < 0.05.

could protect HUVECs from LPS-induced in-
flammatory injury and apoptosis by regulating
STAT1 expression.

Discussion

The vascular endothelium, formed by ECs, is a
multifunctional organ and is closely implicated
in the regulation of vascular structure and tone
[21]. ECs are metabolically active with impor-
tant endocrine, paracrine as well as autocrine
functions, participate in the command of blood
vessel development, growth and differentia-
tion; command of vascular tone; command of
leukocyte trafficking; command of vascular bar-
rier; command of platelet function, coagulation,
as well as fibrinolysis, essential for the mainte-
nance of vascular homeostasis under physio-
logical conditions [22-24]. Thus, abnormal dys-
function and activation in ECs may contribute
to the development of many vascular inflamma-
tory diseases [25, 26]. Besides that, the acti-
vated vascular endothelium can express diver-
se adhesion molecules (VCAM-1, ICAM-1), whi-
ch can recruit leukocytes, and modulate leuko-
cyte attachment on the vascular ECs at the
early stage during inflammation [26].

In recent years, it has been reported that miR-
NAs participate in the post-transcriptional-me-
diated modulation of gene expression progra-
ms of ECs. For example, miR-16 or miR-424
overexpression represses proliferation, migra-
tion, and cord formation of ECs in vitro, and
overexpressed miR-16 also reduces the ability
of ECs to form blood vessels in vivo, which regu-
lating cell-intrinsic angiogenic activity of ECs
[27]; MiIRNA-204 enhances vascular endoplas-
mic reticulum stress and endothelial dysfunc-
tion by targeting Sirtuinl [28]; MiR-4505 aggra-
vates LPS-induced vascular endothelial migra-
tion capacity by targeting heat shock protein
A12B [29]. All the researches indicated that
miRNAs might be prime candidates for miRNA-
based therapeutic applications toward vascu-
lar disease prevention.

In this research, we focused on the role of LPS
in MiR-499a expression and explored the bio-
logical function of miR-499a in LPS-induced

4239

inflammatory injury and apoptosis in HUVECs.
The results demonstrated that LPS stimulated
ECs inflammatory injury, reflected by the in-
creased expression of inflammatory cytokines
(IL-6) and adhesion molecules (ICAM-1 and
VCAM-1), and LPS also induced the apoptosis
of ECs by promoting the expression of Bax and
cleaved caspase 3 expression. Subsequently,
we found miR-499a expression was remark-
able down-regulated after LPS treatment in a
dose- and time-dependent manner in HUVECSs,
suggesting the regulatory role of miR-499a in
the LPS-induced HUVECs. After that, functional
experiment was performed and the results
exhibited up-regulated miR-499a could de-
creased the level of IL-6, ICAM-1 and VCAM-1,
thereby protecting HUVECs from LPS-indu-
ced inflammatory injury, besides that, overex-
pressed miR-499a also inhibited LPS-induced
HUVECs apoptosis by suppressing the expres-
sion of cleaved caspase-3 and Bax. Therefore,
we illustrated that miR-499a could protect
ECs from LPS-induced inflammatory injury and
apoptosis.

MiRNAs can involve in the post-transcriptional
control of the target mRNAs by predominantly
binding to the 3’'untranslated regions (UTR) of
the target gene [30]. Thus, to further investi-
gate the underlying mechanism of miR-499a
on the protection of ECs, the potential targets
of miR-499a in HUVECs were predicted and
confirmed using the Targetscan prediction tools
and luciferase reporter assay, and we con-
firmed that STAT1 was a target of miR-499a
because of the reduction of the luciferase
activities of the STAT1-WT reporter vector in
HUVECs induced by overexpressed miR-499a.
STAT1 has been investigated to be a momen-
tous go-between in initiating and sustaining the
inflammatory response in atherosclerosis by
the coordination of crosstalk between IFN y
and TLR4 in ECs [31]. The pro-inflammatory
genes expression regulation has been implied
to depend on signal integration between TLR4
and IFNs by combinatorial actions of the STAT1
complexes ISGF3 and y-activated factor (GAF),
and Nuclear Factor-kB (NF-kB) to active vascu-
lar and immune cells and injury the vascular
endothelium [31]. In the current examination,

Int J Clin Exp Pathol 2019;12(11):4232-4241
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we discovered the mRNA and protein expres-
sion of STAT1 in HUVECs was significantly up-
regulated after LPS treatment, suggesting
STAT1 might involve in the LPS-induced ECs
injury and then functional experiment was per-
formed and results showed STAT1 promoted
LPS-induced inflammatory injury by enhancing
the expression of IL-6, ICAM-1 and VCAM-1 and
apoptosis by inhibiting cleaved caspase-3 and
Bax expression in HUVECs. In the meanwhile,
we also conducted rescue assay and we dem-
onstrated that miR-499a could protect HUVECs
from LPS-induced inflammatory injury and
apoptosis by regulating STAT1 expression.

In conclusion, our researches suggested that
miR-499a protected HUVECs from LPS-induced
inflammatory injury and apoptosis by regulating
STAT1 expression. These findings may help us
to better understand the pathogenesis of ECs
injury, and provide a novel insight to assist
researchers and clinicians in developing poten-
tial therapeutic strategies for sepsis.
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