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Abstract
OBJECTIVE—It is known that toll-like receptor (TLR)4 plays an important role in
atherosclerosis. Since both microvascular (MIC) and macrovascular (MAC) endothelial cells
(ECs) are present in atherosclerotic lesions, this study compared TLR4-triggered inflammatory
response and crosstalk with mononuclear cells between MIC and MAC ECs.

METHODS AND RESULTS—ELISA, real-time PCR and gene expression profiling showed
that TLR4 activation by LPS stimulated a much higher expression of inflammatory genes
including cytokines, chemokines, growth factors and adhesion molecules in MIC ECs than MAC
ECs. Furthermore, co-culture studies showed that TLR4 activation in MIC ECs, but not MAC
ECs, induced a crosstalk with U937 mononuclear cells through MIC EC-released IL-6 to
upregulate matrix metalloproteinase (MMP)-1 expression in U937 cells. To explore molecular
mechanisms underlying the different responses to TLR4 activation between MIC and MAC ECs,
we showed that MIC ECs had a higher expression of TLR4 and CD14 and a higher TLR4-
mediated NFκB activity than MAC ECs.

CONCLUSIONS—This study showed that TLR4 activation triggers a more robust inflammatory
response in MIC ECs than MAC ECs. Given the importance of inflammatory cytokines and
MMPs in plaque rupture, MIC ECs may play a key role in plaque destabilization through a TLR4-
dependent mechanism.
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Atherosclerosis is an inflammatory disease 1, 2. In atherosclerotic lesions, both immune cells
(monocytes, macrophages and lymphocytes) and vascular cells (endothelial cells and smooth
muscle cells) release inflammatory cytokines 3, 4 that contribute not only to plaque
development, but also to ultimate plaque rupture and acute coronary syndrome 5–7. Among
cells involved in atherosclerosis, endothelial cells (ECs) play a unique role in the vascular
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homeostasis and inflammation not only by serving as a barrier between circulating blood
and vascular wall, but also by participating in angiogenesis, thrombosis and vascular
remodeling 8–11. The role of endothelial dysfunction in atherogenesis is well known 12.

Vascular ECs represent a highly heterogeneous population of cells with their biological
functions 9. Based on their location in the vascular systems, ECs are separated into
macrovascular endothelial cells (MAC ECs) that line large- or medium-sized vessels and
microvascular endothelial cells (MIC ECs) that line small size vessels and capillaries. While
acute coronary syndromes are considered as macrovascular diseases as they occur in large/
medium sized vessels, microvascular system frequently occurs inside atherosclerotic
lesions 13. MIC ECs constitute the microvascular system that are largely developed from the
vasa vasorum and penetrate into atherosclerotic lesions to supply oxygen and nutrients 13.
Studies have indicated that MIC ECs in advanced plaques contribute to intraplaque
hemorrhage, lipid core expansion, and plaque rupture 13–15. However, the underlying
mechanisms have not been fully understood.

Toll-like receptors (TLRs) are receptors for the innate immune response that plays a crucial
role in inflammation-associated diseases 16. In recent years, studies have well documented a
role of TLR4 in diabetes 17, 18 and vascular diseases such as atherosclerosis 19, 20. Although
it is known that TLR4 is expressed by a variety of cell types including immune cells and
vascular cells 21, the studies on TLR4 have been largely focused on immune cells such as
monocytes, macrophages and lymphocytes. Indeed, the information concerning the role of
TLR4 in inflammatory response by vascular ECs, in particular MIC ECs, is relatively
scarce.

Previous studies have shown that MAC and MIC ECs have many different biological
properties. For example, pulmonary MAC ECs and MIC ECs have different signal
transduction and barrier properties 22, 23. In diabetic rats, cardiac MIC ECs had reduced
abilities for angiogenesis when compared with cardiac MAC ECs 24. Furthermore, human
umbilical vein ECs secreted substantially higher levels of matrix metalloproteinases
(MMPs) compared to ECs isolated from dermal capillaries 25. Clearly, these studies
compared the phenotypes between MIC and MAC ECs and provided insight into the
relationship between vascular locations and specific biological functions of ECs. More
importantly, defining the differences in specific phenotypes involved in inflammation
between MIC and MAC ECs may help find specific targets to inhibit inflammatory
response. Given the crucial role of ECs in atherosclerosis, it is interesting to delineate and
compare the responses from MIC and MAC ECs to TLR4 activation. In this study, we
demonstrated a marked difference between MIC and MAC ECs in inflammatory response to
TLR4 activation and its consequences.

METHODS
Cell Culture

Human aortic ECs and human adult dermal microvascular ECs as cell models for MAC ECs
and MIC ECs, respectively, as well as the corresponding cell culture media were purchased
from Invitrogen (Carlsbad, CA). Human aortic ECs were grown in Medium 200 with low
serum growth supplement (LSGS) containing 2% fetal bovine serum, 1 μg/ml of
hydrocortisone, 10 ng/ml of human epidermal growth factor (hEGF), 3 ng/ml of basic
fibroblast growth factor (bFGF) and 10 μg/ml of heparin. Human adult dermal
microvascular ECs were grown in Medium 131 with microvascular growth supplement
containing 5% fetal bovine serum, 1 μg/ml of hydrocortisone, 1 ng/ml of hEGF, 10 μg/ml of
heparin, 0.08 mM of dibutyl cyclic AMP. Human cardiac microvascular ECs (Lonza,
Allendale, NJ) were grown in EGM™-2 media containing 5% FBS, 0.04% hydrocortisone,
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0.4% bFGF, 0.1%vescular endothelial growth factor, 0.1% insulin like growth factor-1 and
0.1% 0.5 hEGF. The ECs were maintained at 37 °C with 5% CO2 and 95% humidity. The
ECs between passage 4 and 8 were used for the experiments. For all experiments, 100%
confluent cultures of MAC and MIC ECs were used. The 6-well Corning Transwell plates
(Sigma, St. Louis, MO) that have 2-compartments separated by a polycarbonate membrane
with 0.4 μm pores were used for coculture of ECs and U937 cells or human monocytes, in
which MIC or MAC ECs were grown to 100% confluence in the lower compartment and
U937 cells or human monocytes were grown (1 × 106 cells/well) in the upper compartment.
U937 mononuclear phagocytes 26 were purchased from American Type Culture Collection
(Manassas, VA). The cells were cultured in a 5% CO2 atmosphere in RPMI 1640 medium
(GIBCO, Invitrogen Cop. Carlsbad, CA) containing 10% fetal calf serum, 1% MEM non-
essential amino acid solution, and 0.6 g/100 ml of HEPES. Human monocytes were isolated
as described previously 27 from blood obtained from healthy donors and treated in the
medium that was same as that used for U937 cells. The blood donation for monocyte
isolation was approved by university Institution Review Board (IRB).

Enzyme-Linked Immunosorbent Assay (ELISA)
IL-6 and MMP-1 in medium were quantified using sandwich ELISA kits according to the
protocol provided by the manufacturer (R&D System, Minneapolis, MN).

Real-Time Polymerase Chain Reaction (PCR)
Total RNA was isolated from cells using the RNeasy minikit (Qiagen, Santa Clarita, CA).
First-strand complementary DNA (cDNA) was synthesized with the iScript™ cDNA
synthesis kit (Bio-Rad; Hercules, CA) using 20 μl of reaction mixture containing 0.5 μg of
total RNA, 4 μl of 5x iScript reaction mixture, and 1 μl iScript reverse transcriptase. The
complete reaction was then cycled for 5 minutes at 25°C, 30 minutes at 42°C and 5 minutes
at 85°C using a PTC-200 DNA Engine (MJ Research, Waltham, MA). The reverse
transcription reaction mixture was then used for PCR amplification in the presence of the
primers (Table 1). The Beacon Designer Software (PREMIER Biosoft International; Palo
Alto, CA) was used for primer designing (Supplementary Table 1). Primers were
synthesized by Integrated DNA Technologies, Inc. (Coralville, IA). Real-time PCR was
carried out in duplicates using 25 μl of reaction mixture that contained 1.5 μl of RT mixture,
0.2 μM of both primers, and 12.5 μl of iQ™ SYBR Green Supermix (Bio-Rad; Hercules,
CA). The real-time PCR was performed using the iCycler™ real-time detection system (Bio-
Rad; Hercules, CA) with a two-step method. The reaction was activated with hot-start
enzyme (95°C for 3 min) and cDNA was then amplified for 40 cycles consisting of
denaturation (95°C for 10 sec) and annealing/extension (56°C for 45 sec). A melt-curve was
then performed (55°C for 1 min and then temperature was increased by 0.5°C every 10 sec)
to detect the formation of primer-derived trimers and dimmers. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) as a control was amplified with the primers (Table 1). Data were
analyzed with the iCycler iQ™ I software. The average Ct (threshold cycle) of fluorescence
units was used for analysis. Quantification was calculated using the Ct of cytokine cDNA
relative to that of GAPDH cDNA in the same sample.

PCR Arrays
First-strand cDNA was synthesized from RNA using RT2 First Strand Kit (SuperArray
Bioscience Corp., Frederick, MD). Human pathway RT2 Profiler™ PCR Arrays (SuperArray
Bioscience Corp.) were performed using 2X SuperArray RT2 qPCR master mix and the first
strand cDNA by following the instruction from the manufacturer.
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Blocking Studies
For studies in which TLR4 or CD14 was blocked, MIC or MAC ECs were treated with 100
ng/ml of LPS in the absence or presence of 5 or 10 μg/ml of anti-TLR4 or anti-CD14
antibodies (R&D Systems) for 24 h. For blocking studies using neutralizing anti-cytokine
antibodies, medium conditioned by MIC or MAC ECs incubation in the absence or presence
of 100 ng/ml of LPS was collected after 24 h. U937 cells were then incubated with 75% of
fresh medium containing 100 ng/ml of LPS and 25% of the MIC EC-conditioned medium in
the absence or presence of 1 or 2.5 μg/ml of anti-IL-6, IL-1α, IL-1β or TNFα antibody
(R&D System) for 24 h. After the incubation, MMP-1 in culture medium was quantified
using ELISA.

Immunoblot
Fifty μg of cytoplasma protein in each sample was electrophoresed in a 10% polyacrylamide
gel. After transferring proteins to a PVDF membrane, TLR4, MD-2 and CD14 were
immunoblotted with primary antibodies (TLR4 and MD-2 antibodies from Abcam,
Cambridge, MA; CD14 antibody from Santa Cruz Biotechnology, Inc., Santa Cruz, CA;
GAPDH antibody from Cell Signaling Technology, Danvers, MA) and HRP-conjugated
secondary antibody (EMD Chemicals, Inc., Gibbstown, NJ). TLR4, MD-2 and CD14 were
detected by incubating the membrane with enhanced chemiluminescence (ECL) Plus
Lumigen™ PS-3 detection reagent (GE Healthcare, UK) for 1 min and exposing it to x-ray
film for 1 to 5 min.

Transfection and Luciferase Activity Assay
Endothelial cells were transfected with 1 μg of NFκB or AP-1 Cignal Reporter Assay kit
(Qiagen Inc., Valencia, CA) using Fugene 6 as transfection reagent (Roche Diagnostics
Corp., Indianapolis, IN) for 8 h. The constitutively expressing renilla luciferase constructs
were used as control. The cells were then treated with fresh medium containing 100 ng/ml of
LPS for 24 h. After the treatment, the cells were rinsed with cold PBS and lysed with Dual-
Luciferase Reporter Assay System (Promega, Madison, WI). Both firefly and renilla
luciferase levels were measured in a luminometer using the dual-luciferase reporter assay
reagents (Promega) according to the instruction from the manufacturer. The firefly
luciferase levels were normalized to the renilla luciferase levels.

Statistic Analysis
Data were presented as mean ± SD. Comparison between treatments was performed using
the one-way analysis of variance (ANOVA). A value of P< 0.05 was considered significant.

RESULTS
A Marked Difference in IL-6 Secretion in Response to TLR4 Activation between MIC ECs
and MAC ECs

To determine the difference in TLR4-mediated upregulation of cytokine production between
MIC and MAC ECs, we first focused on the secretion of IL-6, a key inflammatory cytokine,
in response to LPS, a potent ligand for TLR4 16. Results showed that the baseline level of
IL-6 released by untreated human dermal MIC ECs was much higher than that by untreated
human aortic MAC ECs and, in response to LPS, IL-6 secreted by MIC ECs was much
higher than that by MAC ECs (Fig. 1A). The amount of IL-6 secreted by LPS-treated MIC
ECs and MAC ECs was 185- and 17-fold of that by untreated cells (150,916 vs 814 pg/ml
for MIC ECs and 501 vs 29 pg/ml for MAC ECs), respectively. Similarly, quantification of
IL-6 mRNA showed that MIC ECs had much higher IL-6 mRNA expression in response to
LPS than MAC ECs (Fig. 1B). Furthermore, IL-6 secretion by human cardiac MIC ECs in
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response to LPS was also determined and results showed that cardiac MIC ECs released
similar amount of IL-6 as dermal MIC ECs (Supplementary Fig. 1A). To exclude the
possibility that different culture conditions for dermal MIC and aortic MAC ECs are
responsible for the difference in IL-6 secretion, aortic MAC ECs were cultured in Medium
131 that was used for dermal MIC ECs. Results showed that the culture in Medium 131 did
not significantly increase IL-6 secretion by aortic MAC ECs (Supplementary Fig. 1B). To
ensure that the stimulatory effect of LPS on IL-6 expression was a result of TLR4 activation,
we treated ECs with LPS in the presence or absence of anti-TLR4 antibody. Results showed
that 10 μg/ml of TLR4 antibody effectively antagonized the stimulatory effect of LPS on
IL-6 secretion from either MIC or MAC ECs (Fig. 1C and D). In contrast, antibody against
TLR2 had no effect on LPS-stimulated IL-6 secretion (data not shown). Taken together,
these results demonstrated that while TLR4 activation led to an increase in IL-6 secretion by
both MIC and MAC ECs, the difference in the amount of IL-6 released by MIC and MAC
ECs was tremendous.

TLR4 Activation in MIC ECs Led to a Higher Expression of Inflammatory Molecules than
that in MAC ECs

To further compare the inflammatory responses of MIC and MAC ECs to TLR4 activation,
PCR array analysis for gene expression profile of inflammatory cytokines, chemokines,
growth factors and adhesion molecules was performed. As shown in Table 1, TLR4
activation triggered a much stronger response in MIC ECs than MAC ECs for the expression
of many of the tested genes. For example, TLR4 activation increased chemokine CXCL10
expression by 5,405- and 12-fold in MIC ECs and MAC ECs, respectively. Table 2
summarizes the fold increases in the expression of cytokines, chemokines, growth factors
and adhesion molecules observed in MIC ECs as compared to those in MAC ECs after
TLR4 was activated. To confirm the findings from the above PCR arrays, several genes such
as IL-6, CXCL-1 and CXCL-10 were quantified using real-time PCR and the results were
consistent with those observed from PCR array (Supplementary Table 2). Furthermore,
TLR4 blockade significantly inhibited LPS-stimulated expression of MCP-1, ICAMP-1 and
E-selectin, the representatives of the inflammatory molecules stimulated by LPS in MIC
ECs (Supplementary Fig. 2), indicating again that TLR4 activation is responsible for the
upregulation of inflammatory molecules by LPS.

TLR4 Activation in MIC ECs Triggered an IL-6-mediated Crosstalk with U937 Mononuclear
Cells to Upregulate MMP-1 Expression by U937 Mononuclear cells

Data from our and other laboratories have shown that inflammatory cytokines such as IL-6,
IL-1β and TNFα are powerful stimulators of MMP expression by mononuclear cells 28–30.
Since the above studies showed that TLR4 activation led to a robust upregulation of
inflammatory cytokine expression by MIC ECs, we proposed that inflammatory cytokines
released by MIC ECs in response to TLR4 activation were capable of stimulating MMP
expression by mononuclear cells. Using a coculture system, we found that TLR4 activation
in the coculture of MIC ECs and U937 mononuclear cells led to a striking augmentation of
MMP-1 secretion that was 10-fold of the combined amount of MMP-1 secreted from
independent cultures of MIC ECs and U937 cells (Fig. 2A). Similar augmentation of
MMP-1 production was also observed in coculture of MIC ECs and human peripheral blood
monocytes treated without or with LPS (Fig. 2B). For MAC ECs, while unstimulated cells
had a high production of MMP-1, TLR4 activation further stimulated MMP-1 secretion by
2-fold (Fig. 2C). However, coculture of MAC ECs and U937 cells did not augment TLR4
activation-stimulated MMP-1 secretion (Fig. 2C).

To determine which cells, MIC ECs or U937 cells, in the coculture contributed to increased
MMP-1 production, MMP-1 mRNA expression in cocultured MIC ECs or U937 cells was
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quantified and compared to that in the independent culture. Results showed that TLR4
activation led to a remarkable increase in MMP-1 mRNA expression in U937 cells, but not
MIC ECs (Fig. 2D), indicating that U937 cells in the coculture were the major contributors
to the increased MMP-1 production.

To investigate whether MIC ECs interacted with U937 mononuclear cells through released
agent (s) that increased MMP-1 production by U937 cells, we treated U937 cells with MIC
EC-conditioned medium and LPS, and found that the addition of the conditioned medium to
U937 cells markedly augmented LPS-stimulated MMP-1 secretion (Fig. 2E), suggesting that
soluble factor (s) released by MIC ECs had a synergistic stimulation with TLR4 activation
on MMP-1 secretion by U937 cells. To identify the soluble factor (s), we performed
blocking studies using neutralizing antibodies against to IL-6, IL-1α, IL-1β, or TNFα.
Results showed that among these antibodies, anti-IL-6 antibody significantly inhibited the
augmentation of MMP-1 production by U937 cells incubated with MIC EC-conditioned
medium and LPS (Fig. 2F), suggesting that IL-6 released by MIC ECs in response to TLR4
activation is the major soluble factor responsible for the increased MMP-1 secretion by
U937 cells. Additionally, anti-TNFα antibody at 2.5 μg/ml also inhibited MMP-1 secretion
with a less percentage reduction as compared to anti-IL-6 antibody, indicating a minor role
of TNFα in MMP-1 secretion. Quantification of IL-6 in medium from the coculture of MIC
ECs or MAC ECs with U937 cells showed that IL-6 released by the coculture of MIC ECs
and U937 cells was much more than that released by the coculture of MAC ECs and U937
cells (Fig. 2G). Moreover, studies showed that LPS and IL-6 had a synergistic effect on
MMP-1 expression by U937 cells (Fig. 2H).

MIC ECs Had a Significantly Higher Expression of TLR4 and CD14 than MAC ECs
To unravel the mechanisms by which MIC ECs have stronger inflammatory response to
TLR4 activation than MAC ECs, we compared the expression of TLR4, CD14 and MD-2
between MIC and MAC ECs in the absence or presence of TLR4 activation. Results showed
that the baseline of TLR4 expression in MIC ECs was about 3-fold of that in MAC ECs, and
TLR4 activation by LPS did not change TLR4 expression (Fig. 3A and B). While MD-2
expression had no significant difference between MIC and MAC ECs, the baseline
expression of CD14 in MIC ECs was significantly higher than MAC ECs, and TLR4
activation further increased CD14 expression in MIC ECs (Fig. 3A and B). These findings
suggest that the higher expression of TLR4 and CD14 by MIC ECs when compared to MAC
ECs may lead to the stronger inflammatory response to TLR4 activation in MIC ECs. The
role of CD14 in LPS-stimulated IL-6 secretion by MIC ECs was confirmed by the
observation that neutralizing anti-CD14 antibody effectively blocked the stimulatory effect
of LPS (Fig. 3C).

TLR4 Activation Led to a Higher NFκB Transcriptional Activity in MIC ECs than that in MAC
ECs

It is known that TLR4 activation leads to increased NFκB transcriptional activity that is
responsible for the transcriptional upregulation of inflammatory cytokines 16. In this study,
we used luciferase reporter constructs to determine the NFκB transcriptional activity in MIC
and MAC ECs in response to TLR4 activation. Results showed that TLR4 activation
increased NFκB transcriptional activity by 10- and 3-fold, respectively, in MIC and MAC
ECs (Fig. 4A). Interestingly, TLR4 activation did not increase AP-1 transcriptional activity
in either MIC or MAC ECs. To confirm the role of NFkB in TLR4-mediated inflammatory
response by MIC ECs, MIC ECs were treated with LPS in the presence of Bay117085, a
specific inhibitor of NFkB signaling pathway, or SP600125, a specific inhibitor of JNK
signaling pathway that is involved in AP-1 activation. Results showed that Bay117085
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abolished LPS-stimulated IL-6 secretion, but SP600125 had no effect (Fig. 4B), which is
consistent with the results presented in Fig. 4A.

DISCUSSION
Previous studies have demonstrated neovascularization in the intima and media of
atherosclerotic lesions13, 14. The observation that total microvessel content correlated with
intimal thickness 31 suggests that microvascular system nurtures cells in atherosclerotic
lesions. In addition, studies also indicate that microvascular system facilitates leukocyte
recruitment32 as O’Brien et al. 33, 34 have demonstrated that the expression of VCAM-1,
ICAM-1 and E-selectin was 2 to 3-fold higher on neovessels than that on arterial luminal
endothelial cells. Furthermore, it was reported that while atherosclerotic plaques with
moderate and severe inflammation had significantly increased neovessel content, ruptured
plaques exhibited the highest degree of neovascularization35. Studies using ultrasound
image or biomarker detection have also clearly demonstrated that neovascularization is
associated with plaque destabilization36–38.

Although the link between neovascularization and plaque vulnerability has been well
documented, the mechanisms underling the link have not been well understood. In the
present study, we demonstrated that TLR4 activation in MIC ECs triggered a robust
upregulation of inflammatory cytokines, chemokines, growth factors and adhesion
molecules. Furthermore, we showed that the consequence of the increased cytokine
production by MIC ECs was a crosstalk with mononuclear cells through MIC EC-released
IL-6, leading to an upregulated MMP-1 expression by mononuclear cells. Given the crucial
role of inflammatory cytokines and MMPs in plaque rupture39, our study has elucidated a
novel mechanism potentially involved in neovascularization-associated plaque vulnerability.

To investigate the mechanisms by which MIC ECs exhibited a much stronger inflammatory
response than MAC ECs, we first excluded the possibility that the different culture
conditions for MIC and MAC ECs are the cause by the following studies. Firstly, we
showed that both dermal MIC and cardiac MIC ECs had a similar response to LPS although
their culture media have different compositions. Secondly, we showed that MAC ECs did
not have a remarkable increase in IL-6 secretion in response to LPS when their medium was
switched from Medium 200 to Medium 131, which was used for MIC ECs. Further
investigations on the TLR4 receptor system and transcriptional activation indicate that the
major causes for the powerful inflammatory response by MIC ECs are likely to be the higher
levels of TLR4 and CD14 expression and NFkB transcriptional activity.

Our study showed that MIC ECs had significantly higher expression levels of TLR4 and
CD14 than MAC ECs. It is known that CD14, a co-receptor for TLR4, is critical for TLR4
activation 40. Higher TLR4 and CD14 expression by MIC ECs is likely to lead to a stronger
TLR4 signaling and TLR4-mediated vascular inflammation. The role of TLR4 expression in
pathogenesis of acute coronary syndrome is indicated by the pathological studies that
showed the local expression of TLR4 at the site of ruptured plaques in patients with acute
myocardial infarction41. Another recent study showed that combined interference of TLR2
and TLR4 mRNA expression synergistically stabilized atherosclerotic plaques in
apolipoprotein E-knockout mice 42. Thus, TLR4 expression has been implicated in the
pathogenesis of not only atherogenesis, but also plaque destabilization. Our present study
showed that TLR4 activation in the coculture of MIC ECs and mononuclear cells triggered a
powerful upregulation of MMP-1 expression by mononuclear cells via a synergy between
IL-6 stimulation and TLR4 activation, supporting the role of TLR4 in plaque destabilization.
In addition to the higher levels of TLR4 and CD14 expression in MIC ECs, our data also
showed that NFκB transcriptional activity was stimulated by LPS to a higher level in MIC
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ECs than that in MAC ECs. Considering the importance of NFκ B activity in inflammatory
responses, the high NFκB transcriptional activity in MIC ECs, which may be related to the
increase in TLR4 and CD14 expression, is likely to play an essential role in the robust
responsiveness to LPS by MIC ECs.

It is noteworthy that the current study is an in vitro study that reported the difference of
TLR4 and CD14 expression between cultured MIC and MAC ECs. However, no study has
been published so far to show the difference of TLR4 and CD14 expression between MIC
and MAC ECs in atherosclerotic lesions. Obviously, the findings from in vivo studies are
essential since it would validate our in vitro observations. Currently, a study with
atherosclerosis-prone apolipoprotein E-deficient mice to compare the expression of TLR4
and CD14 by MIC and MAC ECs in advanced aortic atherosclerotic plaques is in progress
in our laboratory. Furthermore, it would be even more important to compare the expression
of TLR4 and CD14 by MIC and MAC ECs in human atherosclerotic plaques since the
findings are more relevant to human cardiovascular disease.

It is interesting to find that among the tested inflammatory cytokines, IL-6 was stimulated to
the highest level in MIC ECs by TLR4 activation (Table 1). The extremely high increase in
IL-6 secretion by MIC ECs in response to TLR4 activation leads to a powerful stimulation
of MMP-1 secretion from U937 mononuclear cells, indicating that IL-6 released by MIC
ECs plays a major role in the crosstalk between MIC ECs and U937 mononuclear cells.
These observations, along with our previous reports that IL-6 also serves as a mediator for
the crosstalk between fibroblasts and U937 cells to upregulate MMP-1 expression43, clearly
indicate that IL-6 is a vital soluble factor released by MIC ECs or fibroblasts to interact with
monocytes for stimulation of MMP-1 that is known to promote matrix degradation and
plaque destabilization39.

The difference in IL-6 secretion by MIC and MAC ECs in response to TLR4 activation was
striking: IL-6 secretion by MIC ECs and MAC ECs in response to TLR4 activation was 185-
and 17-fold higher, respectively, of that by control cells. The remarkable difference in IL-6
secretion may explain why the coculture of MIC ECs and U937 cells, but not that of MAC
ECs and U937 cells, led to a crosstalk with U937 cells and stimulation of MMP-1
production. Our previous study has shown that IL-6 at concentration of 1,000 pg/ml is
required to stimulate MMP-1 expression by U937 monocytes28. Thus, 501 pg/ml of IL-6
released by MAC ECs in response to TLR4 activation is insufficient to stimulate MMP-1
expression by U937 cells.

Another interesting observation from this study is that TLR4 activation stimulated a gene
cluster in the chemokine family including chemokine (C-X-C motif) ligand (CXCL)1,
CXCL3, CXCL6, CXCL9, CXCL10 and monocyte chemotactic protein-1 (MCP-1) to
higher levels in MIC ECs than MAC ECs (Table 2). Surprisingly, in response to TLR4
activation, CXCL5 and CXCL10 expression by MIC ECs was 147- and 1097-fold,
respectively, much higher than that by MAC ECs, suggesting that MIC ECs are more
capable of recruiting mononuclear cells than MAC ECs. In addition, it is known that some
chemokines also play a crucial role in angiogenesis44. The finding that MIC ECs had a high
expression of chemokines in response to TLR4 activation also suggests that TLR4 activation
may contribute to neovasculization in atherosclerosis. Moreno et al.14 have postulated that
TLR4 activation is a potential mechanism in addition to hypoxia in neovascularization in
atherosclerosis.

Vascular ECs express adhesion molecules that facilitate the adhesion and translocation of
mononuclear cells through the EC monolayer. Our present study showed that in response to
TLR4 activation, MIC ECs had a higher mRNA level of intercellular adhesion molecule
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(ICAM)-1, vascular cell adhesion molecule (VCAM)-1 and E-selectin than MAC ECs had
(Table 2), which is consistent with the findings from pathological studies on human
atherosclerotic plaques described by O’Brien et al., who demonstrated that the expression by
ECs in the neovessels of VCAM-1, ICAM-1 and E-selectin was significantly higher than
that observed in arterial luminal endothelial cells34. The increase in the levels of adhesion
molecules in response to TLR4 activation by MIC ECs indicates that MIC ECs may play a
more important role in the accumulation of mononuclear cell in atherosclerotic plaque and
plaque destabilization.

The role of TLR4 activation by LPS in atherosclerosis has been implicated in Chlamydia
pneumonia-associated atherosclerosis45. About 70% of patients with acute myocardial
infarction (AMI) show a seroresponse to a chlamydial LPS epitope46. Besides Chlamydia
pneumonia, specific infectious agents including the periodontal disease pathogen
Porphyromonas gingivalis have been implicated in the progression of atherosclerosis as
reported in recent years 47. It has been shown that Porphyromonas gingivalis-derived LPS
stimulates inflammatory response by engaging TLR448. In addition to bacteria-derived LPS
as an exogenous ligand for TLR4, other molecules produced endogenously, such as
minimally modified low-density lipoprotein, also engage TLR4 to stimulate inflammatory
response by macrophages49, 50.

In conclusion, the present study demonstrated that TLR4 activation stimulated a stronger
inflammatory response in MIC ECs than that in MAC ECs. It also showed that MIC ECs
have an increased expression of TLR4 and CD14 as well as a higher level of NFκB
transcriptional activity when compared to MAC ECs as the potential underlying
mechanisms. The findings from this study indicate that MIC ECs may play an important role
in plaque destabilization through TLR4-dependent mechanisms.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Stimulation of IL-6 expression by TLR4 activation in MIC and MAC ECs. A and B: 100%
confluent cultures of MIC or MAC ECs were treated with or without 100 ng/ml of LPS for
24 h. After the treatment, IL-6 in culture medium was quantified with ELISA (A) and IL-6
mRNA in cells was quantified with real-time PCR (B). C and D: MIC ECs (C) or MAC ECs
(D) were treated with or without 100 ng/ml of LPS in the absence or presence of 5 or 10 μg/
ml of anti-TLR4 antibody (Ab) for 24 h. After the treatment, IL-6 in culture medium was
quantified with ELISA. The presented data were from representative of three experiments
with similar results.
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Figure 2.
Augmentation of LPS-stimulated MMP-1 production by coculture of MIC ECs with
mononuclear cells. A and B: MIC ECs and U937 cells (A) or human monocytes (B) were
cultured independently or together (coculture) in the absence or presence of LPS (100 ng/ml
for U937 cells and 10 ng/ml for human monocytes) for 24 h. After the treatment, MMP-1 in
culture medium was quantified using ELISA. C: MAC ECs and U937 cells were cultured
independently or together (coculture) in the absence or presence of 100 ng/ml of LPS for 24
h. After the treatment, MMP-1 in culture medium was quantified using ELISA. D: The
expression of MMP-1 mRNA by MIC ECs and U937 cells in the independent culture or the
coculture. The MIC ECs and U937 cells from the above studies were used for RNA
isolation. MMP-1 mRNA was quantified using real-time PCR. E: Addition of MIC EC-
conditioned medium (CM) to U937 cells increased LPS-stimulated MMP-1 secretion by
U937 cells. CM was collected after 24 h incubation of MIC ECs without or with 100 ng/ml
of LPS. U937 cells were treated with or without 100 ng/ml of LPS in the absence or
presence of MIC EC-CM (25% of total medium) for 24 h. After the treatment, MMP-1 in
medium was quantified using ELISA. F: The role of inflammatory cytokines released by
MIC ECs in the augmentation of LPS-stimulated MMP-1 production by U937 cells. U937
cells were incubated with fresh medium (75% of total medium) containing 100 ng/ml of
LPS and the MIC EC-CM (25% of total medium) in the absence or presence of 1.0 or 2.5
μg/ml of anti-IL-6, IL-1α, IL-1β or TNFα antibody for 24 h. After the incubation, MMP-1
in culture medium was quantified using ELISA. G: Quantification of IL-6 in medium of
independent culture of MIC ECs, MAC ECs or U937 cells or in medium of the coculture of
MIC ECs or MAC ECs with U937 cells in the absence or presence of 100 ng/ml of LPS.
MIC ECs or MAC EC and U937 cells were cultured independently or together (coculture) in
the absence or presence of 100 ng/ml of LPS for 24 h. After the treatment, IL-6 in culture
medium was quantified using ELISA. H: Synergistic effect of IL-6 and LPS on MMP-1
production by U937 cells. U937 cells were treated with 10 ng/ml of IL-6, 100 ng/ml of LPS
or both for 24 h and MMP-1 in culture medium was quantified using ELISA. The presented
data (mean ± SD) were from representative of three experiments with similar results.
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Figure 3.
The expression of TLR4, MD-2 and CD14 by MIC and MAC ECs in the absence and
presence of LPS. A and B: MIC or MAC ECs were treated without or with 100 ng/ml of
LPS for 24 h. After the treatment, the mRNA and protein expression of TLR4, MD-2 and
CD14 were quantified using real-time PCR (A) and immunoblotting (B), respectively. C:
The effect of CD14 brocade on LPS-stimulated IL-6 secretion by MIC ECs. Confluent MIC
ECs were treated with 100 ng/ml of LPS in the absence or presence of 10 μg/ml of anti-
CD14 antibodies for 24 h. After the treatment, IL-6 in culture medium was quantified using
ELISA. The presented data (mean ± SD) were from representative of three experiments with
similar results.
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Figure 4.
The NFκB and AP-1 transcriptional activities in MIC and MAC ECs treated with or without
LPS. A. MIC or MAC ECs were transfected with NFκB promoter- or AP-1 promoter-
luciferase reporter constructs for 18 h and then treated with or without 100 ng/ml of LPS for
24 h. After the treatment, Firefly luciferase activities were assayed and normalized to
Renilla luciferase activities. B. MIC ECs were treated with or without 100 ng/ml of LPS in
the absence or presence of 5 μM of Bay117085 or SP600125 for 24 h. After the treatment,
IL-6 in culture medium was quantified using ELISA. The amount of IL-6 released by cells
treated with LPS in the absence of pharmacological inhibitors was considered as 100%. The
presented data (mean ± SD) were from representative of three experiments with similar
results.

Lu et al. Page 17

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2013 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Lu et al. Page 18

Ta
bl

e 
1

C
om

pa
ri

so
n 

of
 f

ol
d 

in
cr

ea
se

 in
 in

fl
am

m
at

or
y 

ge
ne

 e
xp

re
ss

io
n 

in
 r

es
po

ns
e 

to
 L

PS
 b

et
w

ee
n 

m
ic

ro
va

sc
ul

ar
 a

nd
 m

ac
ro

va
sc

ul
ar

 e
nd

ot
he

lia
l c

el
ls

G
en

es
M

ic
ro

va
sc

ul
ar

 E
C

s
M

ac
ro

va
sc

ul
ar

 E
C

s

C
t i

n 
co

nt
ro

l c
el

ls
C

t i
n 

L
P

S-
 t

re
at

ed
 c

el
ls

Δ
C

t
F

ol
d 

in
cr

ea
se

C
t i

n 
co

nt
ro

l c
el

ls
C

t i
n 

L
P

S-
 t

re
at

ed
 c

el
ls

Δ
C

t
F

ol
d 

in
cr

ea
se

IL
-6

26
.7

19
.9

6.
8

11
1.

4
25

.6
24

1.
6

3.
0

IL
-8

19
.4

15
.9

3.
5

11
.3

20
.9

19
.1

1.
8

3.
5

T
N

Fα
29

27
.7

1.
3

2.
5

30
.7

30
.1

0.
6

1.
5

T
N

FA
IP

2
24

.4
21

.5
2.

9
7.

5
25

.9
25

.2
0.

7
1.

6

IL
-1
β

24
.3

22
.5

1.
8

3.
5

27
.6

24
.4

3.
2

9.
2

C
X

C
L

1
21

.6
17

4.
6

24
.3

22
.4

19
.2

3.
2

9.
2

C
X

C
L

10
28

.5
16

.1
12

.4
54

04
.7

29
.8

26
.2

3.
6

12
.1

C
X

C
L

3
26

.6
19

.7
6.

9
11

9.
4

26
.7

22
4.

7
26

.0

C
X

C
L

5
26

.9
19

.5
7.

4
16

8.
9

29
.6

26
.7

2.
9

7.
5

C
X

C
L

6
25

.9
17

.4
8.

5
36

2.
0

24
.6

22
2.

6
6.

1

C
X

C
L

9
28

.4
25

.3
3.

1
8.

6
29

.6
28

.9
0.

7
1.

6

M
C

P-
1

20
.4

16
.9

3.
5

11
.3

23
.6

19
.5

4.
1

17
.1

IC
A

M
-1

21
.4

17
.2

4.
2

18
.4

24
.6

21
.7

2.
9

7.
5

V
C

A
M

-1
27

.3
23

.0
4.

3
19

.7
29

.0
25

.9
3.

1
8.

6

E
-S

el
ec

tin
28

.0
23

.7
4.

3
19

.7
29

.4
25

.3
4.

1
17

.1

H
G

F
28

.3
26

.9
1.

4
2.

6
27

.1
26

.7
0.

4
1.

3

V
E

G
FA

26
24

.9
1.

1
2.

1
25

24
.6

0.
4

1.
3

V
E

G
FC

24
.2

21
.2

3
8.

0
24

.7
24

.1
0.

6
1.

5

G
A

D
PH

15
.8

15
.8

0
0

15
.6

15
.5

0.
1

1.
1

β 
ac

tin
14

.7
14

.8
−

0.
1

0.
9

15
.0

15
.3

−
0.

3
0.

8

N
ot

e:
 T

N
FA

IP
2,

 tu
m

or
 n

ec
ro

si
s 

fa
ct

or
-a

lp
ha

-i
nd

uc
ed

 p
ro

te
in

 2
; H

G
F,

 h
ep

at
oc

yt
e 

gr
ow

th
 f

ac
to

r;
 V

E
G

FA
, v

as
cu

la
r 

en
do

th
el

ia
l g

ro
w

th
 f

ac
to

r 
A

; V
E

G
FC

, v
as

cu
la

r 
en

do
th

el
ia

l g
ro

w
th

 f
ac

to
r 

C
; Δ

C
t, 

th
e

di
ff

er
en

ce
 o

f 
tw

o 
C

ts
. T

he
 d

at
a 

ar
e 

re
pr

es
en

ta
tiv

e 
of

 th
os

e 
fr

om
 tw

o 
ex

pe
ri

m
en

ts
 w

ith
 s

im
ila

r 
re

su
lts

.

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2013 July 01.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Lu et al. Page 19

Ta
bl

e 
2

C
om

pa
ri

so
n 

of
 s

tim
ul

at
ed

 in
fl

am
m

at
or

y 
ge

ne
 e

xp
re

ss
io

n 
in

 r
es

po
ns

e 
to

 L
PS

 b
et

w
ee

n 
m

ic
ro

va
sc

ul
ar

 a
nd

 m
ac

ro
va

sc
ul

ar
 e

nd
ot

he
lia

l c
el

ls

G
en

es
M

ic
ro

va
sc

ul
ar

 E
C

s
M

ac
ro

va
sc

ul
ar

 E
C

s
C

om
pa

ri
so

n 
be

tw
ee

n 
m

ic
ro

va
sc

ul
ar

 E
C

s 
an

d 
m

ac
ro

va
sc

ul
ar

 E
C

s

C
t i

n 
co

nt
ro

l c
el

ls
C

t i
n 

L
P

S-
 t

re
at

ed
 c

el
ls

C
t i

n 
co

nt
ro

l c
el

ls
C

t i
n 

L
P

S-
 t

re
at

ed
 c

el
ls

Δ
C

t b
et

w
ee

n 
L

P
S-

 t
re

at
ed

m
ic

ro
va

sc
ul

ar
 a

nd
 m

ac
ro

va
sc

ul
ar

E
C

s

F
ol

d 
in

cr
ea

se
 in

 m
ic

ro
va

sc
ul

ar
 E

C
s

co
m

pa
re

d 
to

 m
ac

ro
va

sc
ul

ar
 E

C
s

IL
-6

26
.7

19
.9

25
.6

24
4.

1
17

.1

IL
-8

19
.4

15
.9

20
.9

19
.1

3.
2

5.
3

T
N

Fα
29

27
.7

30
.7

30
.1

2.
4

5.
3

T
N

FA
IP

2
24

.4
21

.5
25

.9
25

.2
3.

7
13

.0

IL
-1
β

24
.3

22
.5

27
.6

24
.4

1.
9

3.
7

C
X

C
L

1
21

.6
17

22
.4

19
.2

2.
2

4.
6

C
X

C
L

10
28

.5
16

.1
29

.8
26

.2
10

.1
10

97
.5

C
X

C
L

3
26

.6
19

.7
26

.7
22

2.
3

4.
9

C
X

C
L

5
26

.9
19

.5
29

.6
26

.7
7.

2
14

7.
0

C
X

C
L

6
25

.9
17

.4
24

.6
22

4.
6

24
.3

C
X

C
L

9
28

.4
25

.3
29

.6
28

.9
3.

6
12

.1

M
C

P-
1

20
.4

16
.9

23
.6

19
.5

2.
6

6.
1

IC
A

M
-1

21
.4

17
.2

24
.6

21
.7

4.
5

22
.6

V
C

A
M

-1
27

.3
23

.0
29

.0
25

.9
2.

9
7.

5

E
-S

el
ec

tin
28

.0
23

.7
29

.4
25

.3
1.

6
3.

0

H
G

F
28

.3
26

.9
27

.1
26

.7
−

0.
2

0.
9

V
E

G
FA

26
24

.9
25

24
.6

−
0.

3
0.

8

V
E

G
FC

24
.2

21
.2

24
.7

24
.1

2.
9

7.
5

G
A

D
PH

15
.8

15
.8

15
.6

15
.5

−
0.

3
0.

8

β 
ac

tin
14

.7
14

.8
15

.0
15

.3
0.

5
1.

4

N
ot

e:
 T

N
FA

IP
2,

 tu
m

or
 n

ec
ro

si
s 

fa
ct

or
-a

lp
ha

-i
nd

uc
ed

 p
ro

te
in

 2
; H

G
F,

 h
ep

at
oc

yt
e 

gr
ow

th
 f

ac
to

r;
 V

E
G

FA
, v

as
cu

la
r 

en
do

th
el

ia
l g

ro
w

th
 f

ac
to

r 
A

; V
E

G
FC

, v
as

cu
la

r 
en

do
th

el
ia

l g
ro

w
th

 f
ac

to
r 

C
; Δ

C
t, 

th
e

di
ff

er
en

ce
 o

f 
tw

o 
C

ts
. T

he
 d

at
a 

ar
e 

re
pr

es
en

ta
tiv

e 
of

 th
os

e 
fr

om
 tw

o 
ex

pe
ri

m
en

ts
 w

ith
 s

im
ila

r 
re

su
lts

.

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2013 July 01.


