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and oxidized-LDL treatment in human endothelial cells
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Abstract. Oxidized low-density lipoprotein (oxLDL) has been
reported to contribute to the development and progression of
atherosclerosis, which is also stimulated by viral infections,
such as influenza. However, the mechanism underlining the
promotion of atherosclerosis by both risk factors remains
unclear. In the present study, we investigated the expression
of matrix metalloproteinase-9 (MMP-9), which is one of key
mediators of atherosclerosis progression, in oxLDL-treated
human umbilical vein endothelial cells (HUVEC)-C cells.
The infection efficiency of HINI pdm2009 influenza virus
in the HUVEC-C cells was subsequently examined, and
the expression of MMP-9 and proinflammatory cytokines,
including tumor necrosis factor (TNF)-a, interleukin (IL)-1p
and IL-6, were determined in the virus-infected HUVEC-C
cells, with or without oxLDL treatment. Results demonstrated
that oxLDL treatment with 10, 20 or 50 pg/ml markedly
upregulated MMP-9 expression at the mRNA and protein
levels. HIN1 pdm2009 influenza virus efficiently infected the
HUVEC-C cells and significantly promoted the expression
of MMP-9, TNF-a, IL-1p and IL-6, synergistically with the
oxLDL treatment. Taken together, these results demonstrated
for the first time that oxidized-LDL treatment and influenza
virus infection synergistically enhance the expression of
MMP-9 and proinflammatory cytokines in human endothelial
cells, suggesting that both factors are potent stimulators in
atherosclerotic impairment to endothelial cells.
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Introduction

Oxidized low-density lipoprotein (0xLDL) reportedly contrib-
utes to the development and progression of atherosclerosis (1)
and is used as a biomarker of atherosclerosis and cardiovas-
cular risk in circulation (2). High circulating oxLDL directly
exerts oxidative stress (3), or even induces apoptosis (4),
in smooth muscle cells and endothelial cells. oxLDL also
promotes the production or circulating long-term proinflam-
matory cytokines (5) and indirectly impairs the function of
vascularity. To date, multiple markers, such as caspases (6)
and lectin-like oxidized-low density lipoprotein receptor-1 (4),
have been demonstrated to mediate the oxLDL-induced
apoptotic cascade in endothelial cells. Therefore, oxLDL is a
key contributor to the endothelial cell damage that initiates
atherosclerosis.

During the migration of smooth muscle cells (SMCs) and
the plaque rupture in atherosclerosis, matrix metalloprotein-
ases (MMPs) have been recognized to catalyze the degradation
of fibrous cap components such as collagens, elastin, fibro-
nectin and proteoglycans (7-9), and thus contribute to the
vulnerability of atherosclerotic plaques. Among the more than
20 types of MMPs (10), MMP-1, -2, -3, -7, -8, -9, -13, and -14
have been reported to be increased at atherosclerotic lesions
in human and animal models (9,11-14). MMP-1 and MMP-14
predominantly localize in SMCs (15,16) and macrophages (13),
whereas MMP-8 and -13 are produced from neutrophils (14)
and macrophages (13), respectively. MMP-9 levels are upregu-
lated in human monocyte-derived macrophages (17); however,
little is known about the contribution of oxL.DL to the produc-
tion of MMP-9 in endothelial cells.

With the exception of oxLLDL, infection also contributes
to the formation of atherosclerosis. In particular, infection
with viruses, with such agents as human cytomegalovirus
(HCMV) (18,19), herpes simplex viruses (HSV) (20) and
influenza virus (21,22) have been identified to accelerate
atherosclerosis. The promoted vascular inflammation (23,24)
impairs the vascularity and causes endothelial cell (EC)
dysfunction (25,26) during viral infection. Serological studies
support the association between infection with HCMV, human
immunodeficiency virus, HSV (27,28) and influenza virus (22)
with atherosclerosis. In particular, animal and human studies
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have confirmed that prothrombotic and pro-inflammatory
effects are caused by influenza infection (29). However, there
are minimal reports on the orchestrated molecular signals that
are promoted by influenza virus infection during atheroscle-
rosis, particularly, about the promotion of MMP by the viral
infection in the background of atherosclerosis.

In the present study, we aimed to determine whether
MMP-9 was promoted by infection with HIN1 pdm2009 influ-
enza virus and by treatment with oxLDL in human umbilical
vein endothelial cells (HUVECs). Subsequently, we investi-
gated the influence of viral infection and oxLDL treatment
on the production of proinflammatory cytokines and cellular
viability in HUVECsS. The present study confirmed the syner-
gistic enhancement of MMP-9 expression and cellular viability
reduction by influenza virus infection and oxidized-LDL treat-
ment in human endothelial cells, implying the contribution of
influenza virus infection to the oxLDL-induced impairment to
endothelial cells.

Materials and methods

Reagents and cell culture. OxXLDL was purchased from
Biomedical Technologies Inc., (Stoughton, MA, USA) and
resolved in F-12K medium with a concentration of 1 mg/ml.
The human umbilical vein endothelial HUVEC-C cell line
(passage 3) was purchased from American Type Culture
Collection (Manassas, VA, USA) and limitedly propagated
(less than passage 14) in F-12K medium (Kaighn's Modification
of Ham's F-12 Medium; Thermo Fisher Scientific, Inc.,
Waltham, MA, USA) supplemented with 10% fetal bovine
serum (FBS; Invitrogen; Thermo Fisher Scientific, Inc.)
and 1% penicillin/streptomycin (Sigma-Aldrich; Merck
KGaA, Darmstadt, Germany) at 37°C under 5% CO, F-12 K
medium supplemented with 0.3% bovine serum albumin
(BSA), 1 mg/ml tosyl phenylalanyl chloromethyl ketone
(TPCK)-treated trypsin (both from Sigma-Aldrich; Merck
KGaA) and 1% penicillin/streptomycin were used for HIN1
pdm2009 influenza virus infection (Beijing Wantai Biological
Pharmacy Enterprise Co., Ltd., Beijing, China). For the oxLDL
treatment, ~90% confluent HUVEC-C cells were treated with
0, 10, 20 or 50 ug/ml oxLDL for 0-48 h. Following oxLDL
incubation, cells were lysed for the mRNA expression analysis
or for the western blotting analysis.

Virus infection and plaque forming assay. For viral infec-
tion, 90% confluent HUVEC-C cells were infected with
serially-diluted HIN1 pdm2009 influenza virus of 0.001,
0.01, 1 or 5 multiplicity of infection (MOI) for 45 min at
35°C. Subsequently, the viral supernatant was removed and
cells were replenished with F-12K medium supplemented
with 0.3% BSA, 1 mg/ml TPCK-treated trypsin and 1% peni-
cillin/streptomycin. For the virus replication assay, cells were
inoculated for another 12, 24 or 48 h, and the supernatant
was tittered with plaque forming assay. For the cell viability
or apoptosis assay, cells were inoculated for another 12 or
24 h, and were subjected to methyl thiazolyl tetrazoliym
assay (MTT assay). For the plaque formation assay, confluent
monolayer HUVEC-C cells were inoculated with 0, 0.001,
0.01, or 0.1 MOI HIN1 pdm?2009 influenza virus at 35°C for
45 min, and were overlaid with 1% hypo-temperature-solved
agarose containing 0.3% BSA, 1 mg/ml TPCK-treated trypsin
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and 1% penicillin/streptomycin. After 3 days of inoculation
at 35°C, cells were fixed with 4% formaldehyde for 20 min
at 35°C and stained with 1% crystal violet solution at 35°C
overnight.

RNA isolation and reverse transcription-quantitative
polymerase chain reaction (RT-gPCR). Total cellular RNA
from HUVEC-C cells was isolated using TRIzol reagent
(Thermo Fisher Scientific, Inc.) and supplemented with RNasin
Plus RNase Inhibitor (Promega Corp., Madison, WI, USA).
The cDNA was synthesized using 1 pg of total RNA using high
capacity cDNA reverse transcription kit (Applied Biosystems,
Thermo Fisher Scientific, Inc.). RT-qPCR was performed
using a Takara One Step RT-PCR kit (Takara Biotechnology,
Tokyo, Japan). The cDNA template (50 ng) was amplified using
Inventoried TagMan Gene Expression Assay products. The
primers used were as follows: MMP-9 forward, 5'-AACCCT
GGTCACCGGACTTC-3' and reverse, 5-CACCCGGTTGTG
GAAACTCAC-3"; TNF-a forward, 5'-AGAACTCCAGGC
GGTGTCT-3' and reverse, 5'-A-GAA-CTCCAGGCGGTG
TCT-3"; IL-1 forward, 5STCCAGCTACGAATCTCCGAC3'
and reverse, SSTCCAGCTACGAATCTCCGAC3'; B-actin
forward, 5-ATATCGCTGCGCTCGTCGTC-3' and reverse,
5-GCATCGGAACCGCTCATTGC-3"; IL-6 forward, SAGT
CCTGATCCAGTTCCTGCS3' and reverse, SSCATTTGTGG
TTGGGTCAGGG3'. PCR was performed under the following
conditions: 95°C for 30 sec, 95°C for 15 sec, 60°C for 30 sec,
and 68°C for 30 sec for 40 cycles. Relative quantification was
determined using the 2244 method using B-actin as reference
genes (30).

Cell viability assay. Cell viability was evaluated by MTT
assay (Invitrogen; Thermo Fisher Scientific, Inc.). Briefly, 90%
confluent HUVEC-C cells following oxLDL treatment, HIN1
PDM?2009 virus infection or both were incubated with 50 pl
MTT solution at 37°C for 2 h, and were dissolved completely
by 150 ul DMSO at room temperature. Optical density was
subsequently measured at 570 nm using a spectrophotometer
(Bio-Rad Laboratories, Inc., Hercules, CA, USA).

Western blot assay. Following treatment, HUVEC-C cells were
lysed with a NE-PER Nuclear and Cytoplasmic Extraction
Reagents kit (Pierce; Thermo Fisher Scientific, Inc.), and the
cellular lysate was supplemented with a protease inhibitor cock-
tail (Roche Diagnostics GmbH, Wetzlar, Germany), following
centrifugation at 13,400 x g for 15 min. Proteins (25 ul) were
separated by 12% SDS-PAGE and transferred to a nitrocel-
lulose membrane (Millipore, Bedford, MA, USA). Following
blocking with 2% BSA at 4°C overnight, the membrane was
incubated with rabbit polyclone antibodies against MMP-9
(cat. no. 444278-500UG; 1:400; Merck KGaA) or [-actin (cat.
no. bs-0061R; 1:2,000; Beijing Biosynthesis Biotechnology
Co., Ltd., Beijing, China) for 1 h at 37°C. The membrane
was washed with TBST for 3 min and incubated with goat
anti-rabbit IgG secondary antibody conjugated to horseradish
peroxidase (cat. no. 1662408ED; 1:500; Bio-Rad Laboratories,
Inc.) for 40 min at room temperature and an enhanced chemi-
luminescence detection system (GE Healthcare Life Sciences,
Little Chalfont, UK) was used for target protein band detec-
tion.
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Figure 1. oxLDL treatment promotes MMP-9 expression in human endothelial HUVEC-C cells. (A) MTT assay of HUVEC-C cells following treatment with
0, 10, 20 or 50 pug/ml oxLDL for 24 h. (B) mRNA levels of MMP-9 in HUVEC-C cells treated with 0, 10, 20 or 50 pzg/ml oxLDL for 12 h. (C) Western blot
assay of cytosolic MMP-9 in HUVEC-C cells treated with 0, 10, 20 or 50 pzg/ml oxLDL for 24 h. (D) Western blot assay of cytosolic MMP-9 in HUVEC-C
cells treated with 50 yg/ml oxLDL for 0, 12, 24 or 48 h. (E) MMP-9 activity in HUVEC-C cells treated with 0, 10, 20 or 50 pg/ml oxLDL for 24 h. Data are
presented as the average of triplicate results. "P<0.05, “P<0.01 and ““P<0.001 vs. 0 yg/ml oxLDL or 0 h. NS, not significant; HUVEC, human umbilical vein
endothelial cells; oxLDL, oxidized low density lipoprotein; MMP, matrix metalloproteinase.

Results

oxLDL promotes the expression of MMP-9 in HUVEC-C
cells. To investigate the regulation of the induction of MMP-9
by oxLDL treatment in HUVEC-C cells, HUVEC-C cells
were treated with 0, 10, 20 or 50 ug/ml oxLDL for 0, 12, 24
or 48 h. Cellular viability and the expression of MMP-9 in the
oxLDL-treated HUVEC-C cells were examined. As indicated

in Fig. 1A, oxLDL treatment with 0, 10, 20 or 50 pg/ml did
not significantly regulate the cellular viability of HUVEC-C
cells. However, MMP-9 expression was markedly promoted
by oxLDL treatment. MMP-9 mRNA levels were significantly
higher in HUVEC-C cells treated with 10 (P<0.05), 20 (P<0.01)
or 50 (P<0.001) ug/ml oxLLDL for 12 h, with a dose-dependent
increase noted between 20 and 50 yg/ml oxLDL (P<0.05;
Fig. 1B). Western blotting results confirmed the promotion of
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Figure 2. HIN1 PDM2009 virus infects and forms plaques in human endothelial HUVEC-C cells. (A) Plaque forming assay in HUVEC-C cells, which
were infected with 0, 0.001, 0.01, or 0.1 MOI HIN1 PDM2009 virus. (B) Growth curve of HIN1 PDM2009 virus in HUVEC-C cells, with a MOI of 0.001
or 0.01. (C) MTT assay for the viability of HUVEC-C cells, following infection with 1 or 5 MOI HIN1 PDM20009 virus for 0, 12 or 24 h. Experiments were
independently repeated in triplicate. "P<0.05 and ““P<0.01 vs. 0 h post-infection. HUVEC, human umbilical vein endothelial cells; NS, not significant; oxLDL,

oxidized low density lipoprotein; MOI, multiplicity of infection.

MMP-9 at a protein level (P<0.05, P<0.01 and P<0.001 for 10,
20 and 50 pg/ml, respectively; Fig. 1C), with a dose-dependent
increase noted between 10 and 20 pg/ml oxLDL (P<0.05).
MMP-9 promotion was also time-dependent, the MMP-9 in
protein level was significantly different between 12 and 48 h
post-treatment with 50 pg/ml oxLDL (P<0.05 and P<0.01,
respectively; Fig. 1D). In addition, MMP-9 activity was also
examined in the oxLDL-treated HUVEC-C cells. As shown
in Fig. 1E, MMP-9 activity was markedly promoted by the
oxLDL treatment with 20 or 50 pg/ml. These findings suggest
that treatment with oxLDL promoted the expression of MMP-9
in human endothelial HUVEC-C cells.

HINI PDM2009 influenza virus infects and replicates in
HUVEC-C cells. To investigate the influence of influenza
virus infection on OxLDL-promoted MMP-9 expression in
endothelial cells, we determined the infection efficiency of
HIN1 PDM2009 influenza virus in HUVEC-C cells. First, we
determined the plaque forming capacity of HIN1 PDM2009
virus in HUVEC-C cells. Fig. 2A demonstrated that inocula-
tion with 0.001, 0.01 or 0.1 MOI HIN1 PDM2009 promoted
plaque forming in HUVEC-C cells; and the plaque number
positively correlated with the MOI of HIN1 PDM2009. The
growth curve of HIN1 PDM2009 influenza virus was also
determined, which indicated that either a MOI of 0.001 or
0.01 HIN1 PDM2009 influenza virus replicated efficiently
in HUVEC-C cells, or the replication continued from 48 h
post-infection (Fig. 2B). In addition, the viability of HUVEC-C

cells following infection with 5 MOI HIN1 PDM2009 was
significantly reduced at 12 or 24 h post-infection, as compared
with 0 h (P<0.05 and P<0.01, respectively; Fig. 2C). Similarly,
the viability of HUVEC-C cells following infection with
1 MOI HIN1 PDM2009 was significantly reduced at 24 h
post-infection, as compared with 0 h (P<0.05). Therefore, the
HINI1 PDM2009 influenza viruses infected and replicated
efficiently in the human endothelial HUVEC-C cells.

HINI PDM2009 virus infection synergistically enhances
oxLDL-promoted MMP-9 in HUVEC-C cells. In order to
explore the influence of HIN1 PDM?2009 virus infection on
oxLDL-induced MMP-9 expression in HUVEC-C cells, we
examined the influence of HIN1 PDM?2009 virus infection
and oxLDL treatment on the viability of HUVEC-C cells. As
indicated in Fig. 3A, the cellular viability reduction was more
significant in the oxLDL-treated (20 yg/ml) HUVEC-C cells,
which were also infected with 1 MOI HIN1 PDM2009 virus
at 12 or 24 h post-treatment/infection (P<0.05 and P<0.01,
respectively; Fig. 3A). MMP-9 expression was markedly higher
in the oxLDL-treated and virus-infected HUVEC-C cells than
in the either oxLDL-treated or virus-infected HUVEC-C cells
(P<0.05 and P<0.01, respectively; Fig. 3B). This synergistic
effect on MMP-9 promotion was confirmed at the protein
level via western blotting in the HUVEC-C cells (P<0.01;
Fig. 3C). In addition, MMP-9 activity was also synergisti-
cally upregulated by oxLDL treatment and HIN1 PDM2009
virus infection (P<0.01; Fig. 3D). These results indicate that
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Figure 3. HIN1 PDM2009 virus infection synergistically enhances oxLDL-promoted MMP-9 in human endothelial HUVEC-C cells. (A) MTT assay of
HUVEC-C cells following treatment with 20 yg/ml oxLDL and/or following infection with 1 MOI HIN1 PDM2009 virus for 0, 12 or 24 h. (B) Relative
mRNA levels of MMP-9 in HUVEC-C cells treated with 20 yg/ml oxLDL and/or infected with 1 MOI HIN1 PDM20009 virus for 0, 6, 12 or 24 h. Western blot
analysis of (C) MMP-9 protein expression and (D) MMP-9 activity in HUVEC-C cells following treatment with 20 yg/ml oxLDL and/or following infection
with 1 MOI HIN1 PDM2009 virus for 24 h. Experiments were independently repeated in triplicate. "P<0.05 and “P<0.01. HUVEC, human umbilical vein
endothelial cells; NS, not significant; oxXLDL, oxidized low density lipoprotein; MMP, matrix metalloproteinase; MOI, multiplicity of infection.

the HIN1 PDM2009 virus infection synergistically enhanced
oxLDL-induced MMP-9 expression in HUVEC-C cells.

HINI PDM2009 virus and oxLDL synergistically promote
pro-inflammatory cytokines in HUVEC-C cells. To investigate
whether oxLLDL treatment and HIN1 PDM?2009 virus infec-
tion synergistically induced pro-inflammatory cytokines in
the endothelial HUVEC-C cells, we examined the expression
levels of TNF-a, IL-1p and IL-6 in HUVEC-C cells, following
treatment with 20 pg/ml oxLDL, infection with 1 MOI HIN1
PDM?2009 virus or with both treatments. mRNA levels of
TNF-a were markedly promoted by either treatment with
20 ug/ml oxLLDL or by infection with 1 MOI HIN1 PDM2009
virus (P<0.05 and P<0.01, respectively; Fig. 4A). Such promo-
tion of TNF-a was more notable in the HUVEC-C cells

subjected to both 20 xg/ml oxLDL treatment and infection with
1 MOI HIN1 PDM2009 virus (P<0.05). Synergistic promotion
by oxLDL treatment and virus infection was also recognized
in IL-1p and IL-6. mRNA levels of both cytokines were also
significantly higher in the HUVEC-C cells subjected to both
20 ug/ml oxLDL treatment and infection with 1 MOI HIN1
PDM2009 virus (P<0.05 and P<0.01, respectively; Fig. 4B
and C). Therefore, these findings demonstrated the synergistic
promotion of pro-inflammatory cytokines in HUVEC-C cells
by oxLDL treatment and influenza virus infection.

Discussion

The mechanism underlining the development of athero-
sclerosis, which is mediated by oxLDL and infection, is not
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Figure 4. RT-qPCR analysis of pro-inflammatory cytokines in HINI
PDM2009 virus-infected and oxLDL-treated human endothelial HUVEC-C
cells. HUVEC-C cells were treated with 20 zg/ml oxLDL and/or infected with
1 MOI HIN1 PDM2009 virus for 12 h. Subsequently, RT-qPCR was performed
to quantify the mRNA levels of (A) TNF-a, (B) IL-18 and (C) IL-6. Data are
expressed as the mean + standard deviation of experiments independently
repeated in triplicate. “P<0.05, “P<0.01, ““P<0.001 and ""*P<0.0001 vs. blank.
RT-qPCR, reverse transcription-quantitative polymerase chain reaction;
HUVEC, human umbilical vein endothelial cells; oxLDL, oxidized low
density lipoprotein; MOL, multiplicity of infection; TNF, tumor necrosis factor;
IL, interleukin.
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well-documented. oxLDL-, free radical-, or infection-induced
inflammatory responses have been demonstrated to lead
to endothelial dysfunction (30), and thus may contribute to
atherosclerosis. In the present study, we demonstrated the
promotion to MMP-9 expression by ox-LDL treatment in
HUVEC-C cells. oxLDL treatment significantly promoted
mRNA and protein levels of MMP-9 in the in vitro-cultured
HUVEC-C cells dose-dependently and time-dependently.
MMP-9 activity was also markedly promoted by oxLDL
treatment in HUVEC-C cells. Previous in vivo results also
demonstrated MMP-9 overexpression in human progressive
atherosclerotic plaques (9); and high levels of MMP-9 have
been associated with an increased risk of severe atheroscle-
rosis and unstable plaques in atherosclerotic patients (31). The
present study also demonstrated that HIN1 PDM2009 influ-
enza virus infected and replicated efficiently in HUVEC-C
cells and the HIN1 PDM2009 virus infection synergistically
enhanced the oxLDL-promoted MMP-9 levels in HUVEC-C
cells. Therefore, we propose that the promotion of MMP-9 by
oxLDL underlines oxLDL-induced atherosclerosis.

Inflammation involves the development of atherosclerosis
both via mediating the effects of above-mentioned risk factors
(ox-LDL and infection) and by directly affecting the vessel
wall (32). The vascular inflammation (23,24) impairs the vascu-
larity and causes endothelial cell dysfunction. A previous mice
model study indicated that influenza virus directly infects, and
resides in atherosclerotic arteries, in association with systemic
and arterial-level pro-inflammatory changes (33). Influenza
virus infection-induced autoimmune mechanisms have also
been shown to participate in athermanous lesions (34). Our
study findings indicated that HIN1 PDM2009 virus infection
synergistically promotes pro-inflammatory cytokines with
oxLDL in HUVEC-C cells. mRNA levels of TNF-a, IL-1$
and IL-6 were markedly and synergistically promoted by
treatment with 20 yg/ml oxLDL and infection with 1 MOI
HIN1 PDM2009 virus.

A previous study demonstrated that influenza virus aggra-
vates the ox-LDL-induced apoptosis of human endothelial
cells by promoting p53 signaling (35). Infection with A/Porto
Rico/8/1934 (HIN1) (PR8) influenza virus in human endothe-
lial EA hy926 cells induced apoptosis, which was aggravated
by ox-LDL treatment. p53 signaling was also synergistically
activated by both influenza virus infection and oxLDL treat-
ment. Our study expanded the current understanding of the
synergistical regulation by both oxLDL treatment and influenza
virus infection in human endothelial cells.

In conclusion, the present study is the first to demonstrate
the synergistical promotion of the expression of MMP-9 and
pro-inflammatory cytokines in human endothelial HUVEC-C
cells. Such synergistical promotion may contribute to influenza
virus infection and oxLDL-mediated endothelial dysfunction.
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