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ATHEROSCLEROSIS IS A CHRONIC inflammatory disease induced by
an activated endothelium (23). An activated endothelium expresses vascular adhesion molecules, such as intercellular adhesion molecule-1 (ICAM-1), vascular cell adhesion molecule-1 (VCAM-1), and E-selectin, which aid in monocyte
rolling, firm adhesion, and transendothelial migration (as reviewed in Refs. 12 and 13). Endothelial cells (ECs) become
activated when exposed to inflammatory cytokines, such as
tumor necrosis factor (TNF)-␣. The EC response to TNF-␣
may be regulated by its substrate and surroundings. After
TNF-␣ treatment, different levels of adhesion molecule expression (E-selectin) were found between arterial and venous ECs
in organ culture as well as ECs in organ and cell culture (14).
Relative to ECs cultured alone, ECs cultured with proliferating
smooth muscle cells (SMCs) on the opposite side of a porous
membrane had increased EC adhesion molecule expression (4,
5) and TNF-␣-mediated leukocyte adhesion (21, 22). These
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results suggest that proliferating SMCs, as found within diseased vessels, prime the endothelium to a more activated state.
While flow waveforms present at sites susceptible to atherosclerosis promoted the inflammatory response of human umbilical vein endothelial cells co-cultured with quiescent SMCs
(7), the role of quiescent SMCs upon the inflammatory response of ECs in the presence of cytokines that arise during
atherosclerosis is not known.
We previously developed a direct-contact co-culture of ECs
adhered to quiescent SMCs to act as a model of a healthy
vessel wall (30). We found that quiescent SMCs produce
fibrillar fibronectin (FN), which induces fibrillar adhesion formation and blocks focal adhesion formation within ECs in
co-culture (31). Cell adhesion to fibrillar FN has a number of
effects on cellular behavior including decreasing cell migration, increasing cell adhesiveness, and decreasing the shearinduced NF-B nuclear translocation (18, 20). Therefore, EC
interactions with extracellular matrix (ECM) produced by quiescent SMCs may regulate the response of ECs to TNF-␣.
Since the inflammatory state of ECs influences early events
in atherosclerosis, we tested the following two hypotheses.
First, ECs in direct-contact co-culture with quiescent SMCs
have a reduced inflammatory response to TNF-␣ compared
with ECs cultured alone, which is due, in part, to the EC
interactions with the SMC-produced ECM. Second, directcontact co-culture increases the expression of the EC-specific
transcription factor Kruppel-like factor 2 (KLF2), which promotes an anti-oxidant and anti-inflammatory EC phenotype.
We compared the TNF-␣-mediated EC inflammatory response
of ECs cultured alone with ECs co-cultured in direct contact
with quiescent SMCs. These responses were examined under
both static and flow conditions. We found that quiescent SMCs
reduce the TNF-␣-mediated EC inflammatory response;
thereby, suggesting that SMCs within healthy vessels play a
role in preventing the initiation of atherosclerosis.
MATERIALS AND METHODS

Cell culture. All media were supplemented with 1⫻ antibioticantimycotic (GIBCO, Carlsbad, CA). To prepare co-cultures, human
aortic SMCs (passages 7–11; Clonetics, Palo Alto, CA) were plated at
85,000 cells/cm2 on tissue culture plastic dishes (Corning, Corning,
NY) or polystyrene Slideflasks (NUNC, Rochester, NY) that were
incubated with 3.3 g/ml human plasma FN (Sigma, St. Louis, MO)
for over 1 h. Proliferative (actively dividing) SMCs were grown to
confluence in smooth muscle basal media (Clonetics) supplemented
with SmGM-2 singleQuots (Clonetics) forming one or two layers.
One day after SMCs were seeded, the medium was changed to a
serum-free quiescent medium composed of DMEM/F-12 (GIBCO)
supplemented with 1⫻ insulin-transferrin-selenium (GIBCO). NIH/
3T3 fibroblasts (ATCC, Rockville, MD) were cultured under the same
conditions as SMCs. Two days after addition of the quiescent medium, human aortic ECs (passages 7–10; Clonetics) were seeded at a
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used a direct-contact endothelial cell-smooth muscle cell (EC-SMC)
co-culture to examine whether quiescent SMCs regulate the EC
inflammatory response to tumor necrosis factor (TNF)-␣. ECs were
cultured under static and physiological flow conditions. Compared
with TNF-␣-treated ECs in monoculture, TNF-␣-treated ECs in coculture had less NF-B nuclear translocation; less intercellular adhesion molecule-1 (ICAM-1), vascular cell adhesion molecule-1
(VCAM-1), and E-selectin surface protein expression; no change in
TNF receptor expression, but greater Kruppel-like factor 2 (KLF2)
gene expression. After flow preconditioning for 24 h at 15 dyne/cm2,
and exposure of ECs to flow and TNF-␣ for 4.5 h, ECs in co-culture
had less ICAM-1, VCAM-1, and E-selectin surface protein expression. Exposure to flow greatly increased KLF2 gene expression levels
in both EC cultures; as a result, ECs in co-culture and monoculture
had similar levels of post-flow KLF2 gene expression. The reduced
levels of TNF-␣-induced adhesion molecule expression in co-culture
required the presence of quiescent SMCs; adhesion to decellularized
extracellular matrix (ECM) or co-culture with fibroblasts produced
only a modest reduction in EC adhesion molecule expression. Furthermore, co-culture of quiescent SMCs and ECs on the opposite side
of a 10-m-thick porous membrane did not alter the TNF-␣-mediated
ICAM-1 surface protein expression. Although the ECM produced by
SMCs plays some role in reducing TNF-␣-mediated inflammation,
these results suggest that the direct contact between ECs and quiescent
SMCs is required to inhibit TNF-␣-mediated activation.
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Fig. 1. Typical flow cytometry gate setup to distinguish endothelial cells (ECs)
from smooth muscle cells (SMCs). The flow cytometer gated the cells based on
light scattering (A) and CellTracker Green (CTG) fluorescent intensity (B).
ECs are separately gated from the SMCs due to the CTG labeling.

EC-bead complexes were resuspended in 0.1% BSA in DPBS. The
solution was placed in the magnet and the supernatant was discarded.
ECs were then washed three more times to increase EC purity. EC
purity was previously measured to be 98.7 ⫾ 0.4% using this separation technique (31). Total EC RNA was isolated from the EC-bead
complex using a commercially available RNA isolation kit (HighPure Total RNA Isolation Kit, Roche Applied Science, Indianapolis,
IN). Cell separation and EC total RNA isolation were also described
previously (31).
Quantitative real-time RT-PCR. RNA purity and quantity were
measured using a NanoDrop Spectrophotometer (NanoDrop Technologies, Wilmington, DE). Total RNA (50 ng) was reverse transcribed
using the cDNA Synthesis Kit (Bio-Rad, Hercules, CA) and a
MyCycler (Bio-Rad) thermal cycler. One cycle of 5 min at 25°C, 30
min at 43°C, and 5 min at 85°C was performed. Primers, RNAse-free
water, and IQ SYBR Green Supermix (Bio-Rad) were combined with
the cDNA samples and placed in a MyIQ single color real-time PCR
detection system (Bio-Rad). A two-step cycle configuration was
performed with an initial denaturation for 3 min at 95°C and 50 cycles
at 95°C for 15 s and 61°C for 1 min. All samples were performed in
triplicate for all genes. The 2⫺⌬⌬CT method was used to determine the
relative gene expression (15). Primers were selected based on the gene
sequence (PubMed) of interest and using the Primer 3 shared software
(24) or purchased from BioChain Institute (for TNFR2). The primers
(IDT Technologies, Coralville, IA) used to complete the studies were
1) ␤2-microglobulin: 5=-GGC TAT CCA GCG TAC TCC AAA G-3=
and 5=-CAA CTT CAA TGT CGG ATG GAT G-3=; 2) TNFR1:
5=-CTG CTG CCG CTG GTG CTC CTG-3= and 5=-TGC CGG TAC
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confluent density directly on top of the quiescent (nondividing) SMCs
in endothelial basal media-2 (EBM-2; Clonetics) supplemented with
EGM-2 SingleQuots (Clonetics). After ⬃24 h, the medium was
changed to co-culture media composed of EBM-2 supplemented with
3.3% heat-inactivated FBS (GIBCO) and 1⫻ insulin-transferrin-selenium (GIBCO). All cell cultures were maintained in a tissue culture
incubator at 37°C and 5% CO2, and the medium was exchanged every
other day. To assess the role of the SMC-produced ECM, the quiescent SMCs were treated with 0.02 N NH4OH for 5 min at 37°C and
then rinsed three times with DPBS to remove all cellular content. Cell
culture reagents and techniques, including co-culture formation, have
also been described previously (31).
Immunofluorescence. Cell cultures were fixed with 3.7% paraformaldehyde for 15 min at 37°C. For NF-B p65 immunostaining, the
cells were permeabilized with 0.2% Triton X-100 (Sigma) at room
temperature for 5 min. The cells were rinsed with DBPS and then
incubated with 10% goat serum for 30 min at 37°C to block nonspecific binding. A mouse anti-human p65 antibody (1:100; Santa Cruz
Biotechnology, Santa Cruz, CA) or a mouse anti-human ICAM-1
antibody (1:200; BD Biosciences Pharmingen, San Diego, CA) was
incubated with the cells for 1 h at 37°C in 10% goat serum. Cells were
rinsed multiple times and then incubated at 37°C for 45 min in 10%
goat serum with Alexa Fluor 488 goat anti-mouse secondary antibody
(1:500; Invitrogen, Carlsbad, CA).
NF-B translocation. Two days after the ECs were plated, cell
cultures were treated with 5, 50, or 100 U/ml human TNF-␣ (100
U/ml ⬇ 1 ng/ml; Sigma) for 4.5 h and then NF-B p65 was
immunolabeled as described above. For each experiment, 10 random
images of the labeled NF-B p65 were captured using a confocal
laser-scanning microscope (LSM 510, Carl Zeiss, Thornwood, NY).
The number of ECs per unit area that had positive nuclear staining of
NF-B p65 was counted along with the total number of ECs to
calculate the percentage of ECs with NF-B nuclear translocation.
Flow cytometry. Before being plated, ECs were stained with 2 M
CellTracker Green (Invitrogen) for 15 min at 37°C. Two days after the
ECs were plated, TNF-␣ (Sigma) was added to the culture media for
4.5 h before typsinizing with 0.5% trypsin/EDTA (GIBCO) for 5 min
at 37°C. After trypsin-neutralizing solution (Clonetics) was added, the
cell suspension was pipetted multiple times to break any remaining
bonds between the cells. The cells were pelleted and resuspended in
10% goat serum containing mouse anti-human ICAM-1, VCAM-1, or
E-selectin (BD Biosciences) at 1:200 dilution with a total volume of
300 l. The cell solution was rotated for 45 min at 37°C, and then 500
l of DBPS were added to the cell solution before the cells were
pelleted. The cells were resuspended in 250 l of 10% goat serum
containing anti-mouse IgG-R-Phycoerythrin (PE; 1:50; Sigma). The
cell solution was rotated at 37°C for 30 min, and then 600 l of DBPS
were added to the cell solution before the cells were pelleted. The cells
were resuspended in 3.7% paraformaldhyde and analyzed on a FACSCalibur (Becton Dickinson, Lincoln Park, NJ) flow cytometer. ECs
were positively gated by light scattering and CellTracker Green
intensity as illustrated in Fig. 1. The mean immunofluorescence
intensity of the adhesion molecule surface protein expression among
ECs was determined for each experiment.
Separation of ECs from SMCs for total RNA isolation. Co-cultures
were washed with DPBS without Ca2⫹ and Mg2⫹ to remove media
proteins. Trypsin/EDTA (0.5%; GIBCO) at 37°C was then added to
the cells for 5 min. The trypsin was neutralized with trypsin-neutralizing solution, and the cell suspension was pipetted multiple times to
break any remaining bonds between the cells. The cells were pelleted
and resuspended with 1 ml of 0.1% BSA (Sigma) in DPBS. The ECs
and SMCs were then separated using magnetic beads.
A volume of 26 l of CD31 endothelial cell dynabeads (Invitrogen)
was mixed with the cell sample for 20 min at room temperature. The
bead-cell solution was placed in the Dynal MPC Magnet (Invitrogen)
where the EC-bead complex was pulled to the side of the magnet, and
the supernatant, containing SMCs in suspension, was removed. The
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TGG TTC TTC CTG-3=; 3) KLF2: 5=-GCA CGC ACA CAG GTG
AGA AG-3= and 5=-ACC AGT CAC AGT TTG GGA GGG-3=; and
4) eNOS: 5=-GTG ATG GCG AAG CGA GTG AAG-3= and 5=-CCG
AGC CCG AAC ACA CAG AAC-3=. Melting curves were plotted
following each reaction to verify that only the target cDNA was
amplified. Quantitative real-time RT-PCR techniques have also been
described previously (31). Reference RNA, collected from a large
batch of ECs, was used as a common reference for all samples tested
except the TNFR1 and TNFR2 experiments (no reference used). The
reference RNA was isolated, aliquoted, and stored at ⫺80°C until
needed.
Exposure of ECs to flow. A pusatile pump (Cole Parmer, Vernon
Hills, IL), pulse dampener (Cole Parmer), and silicon tubing (Cole
Parmer) provided a recirculating, steady flow of co-culture media to a
custom-made parallel-plate flow chamber. A silicon gasket was placed
between the two plates to maintain the height (450 m) and width (1.8
cm) of the fluid flow path. For a Newtonian fluid, the wall shear stress
w (dyne/cm2) is w ⫽ 6Q/wh2, where  (0.97 cp) is the fluid
viscosity, Q is the volumetric flow rate, w is the channel width, and h
is the channel height.
One day after a confluent layer of ECs was plated on FN-coated
plastic or quiescent SMCs, EC cell cultures were exposed to steady
laminar fluid flow at a physiological shear stress of 15 dyne/cm2. After
24 h of flow, 100 U/ml of TNF-␣ were added to the media reservoir
and the flow conditions continued for 4.5 h. Static cell cultures were
also exposed to the TNF-␣ treatments in parallel with the flow
samples.
Statistical analysis. An ANOVA was performed when making
multiple comparisons and a Tukey-Kramer analysis was used as a post
hoc test. The Student’s t-test was performed when comparing only
two groups of data. A value of P ⬍ 0.05 was considered statistically
significant. Data were expressed as means ⫾ SE.
RESULTS

Effect of co-culturing ECs with quiescent SMCs on the
TNF-␣-mediated EC inflammatory response. EC monocultures
and co-cultures were treated with 0, 5, 50, or 100 U/ml TNF-␣,
and flow cytometry was used to measure the EC surface protein
expression of ICAM-1, VCAM-1, and E-selectin. As shown
with representative raw flow cytometry data after stimulation
with various concentrations of TNF-␣ (Fig. 2), ICAM-1 surface protein expression on EC monocultures was greater than
ECs co-cultured with quiescent SMCs. The mean intensity
values were used in subsequent comparisons. Relative to TNF␣-treated ECs in monoculture, TNF-␣ treatment of ECs in
co-culture produced significantly less ICAM-1 surface protein
expression (Fig. 3A; P ⬍ 0.02, n ⫽ 3). VCAM-1 and E-selectin
surface protein expression exhibited similar trends (not
shown). Consistent with the flow cytometry results, the
ICAM-1 immunofluorescence intensity is higher on ECs in
monoculture compared with co-culture after treatment with
100 U/ml TNF-␣ (Fig. 3B).
To investigate the possible mechanism responsible for the
reduction of the TNF-␣-mediated EC adhesion molecule expression induced by co-culture, we measured the gene expression of the TNF-␣ receptors along with the response of two key

Fig. 2. Representative raw flow cytometry data of intercellular adhesion
molecule-1 (ICAM-1) surface protein expression after tumor necrosis factor
(TNF)-␣ treatment. The surface protein expression of ICAM-1 on ECs in
monoculture (dotted line) and co-culture (solid line) after TNF-␣ stimulation
was determined by flow cytometry techniques.
AJP-Heart Circ Physiol • VOL
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Fig. 3. Effect of co-culture on ICAM-1 surface protein expression after TNF-␣
treatment. The surface protein expression of ICAM-1 (n ⫽ 3; A) in monoculture (EC Mono) and co-culture (EC C-C) after TNF-␣ stimulation was
determined by flow cytometry techniques (A). Immunofluorescent images of
ICAM-1 on the surface of EC monocultures and co-cultures were captured to
verify flow cytometry results after treatment with 100 U/ml TNF-␣ (B). **P ⬍
0.02 compared with EC C-C.

EC transcription factors, NF-B (2) and KLF2 (26), known to
play a role in regulating the EC inflammatory response. Relative to ECs in monoculture, ECs in co-culture did not have
significantly different expression levels of TNFR1 (1.06 ⫾
0.26) or TNFR2 (1.17 ⫾ 0.53), as measured by real-time
quantitative RT-PCR (n ⫽ 3). After stimulation with increasing concentrations of TNF-␣, the percentage of cells exhibiting
nuclear translocation of NF-B p65 increased in both EC
monocultures and co-cultures (n ⫽ 4; Fig. 4A). Relative to ECs
in monoculture, ECs in co-culture had significantly less TNF␣-mediated NF-B p65 nuclear translocation at each of the
TNF-␣ treatments tested (5 U/ml, P ⬍ 0.02; 50 U/ml, P ⬍
0.002; 100 U/ml, P ⬍ 0.05). As expected, TNF-␣ reduced the
expression of KLF2 in ECs in co-culture and monoculture (Fig.
4B; n ⫽ 4). More importantly, relative to EC monocultures,
ECs in co-culture had significantly higher KLF2 gene expression levels (P ⬍ 0.02 for all TNF-␣ concentrations tested). The
endothelial nitric oxide synthase (eNOS) gene expression level
in static untreated EC monocultures was found to be 1.01 ⫾
0.13, while the level in EC co-cultures was 1.51 ⫾ 0.07
AJP-Heart Circ Physiol • VOL

Fig. 4. Effect of co-culture on nuclear translocation of NF-B and Kruppel-like
factor 2 (KLF2) gene expression after TNF-␣ treatment. NF-B nuclear
translocation within ECs in monoculture (EC Mono) or co-culture (EC C-C)
after TNF-␣ stimulation was determined by measuring the percent of ECs with
positive nuclear NF-B p65 immunofluorescent staining (n ⫽ 4; A). KLF2
gene expression of ECs in monoculture or co-culture after TNF-␣ stimulation
was determined by quantitative real-time RT-PCR (n ⫽ 4; B). *P ⬍ 0.05, **P ⬍ 0.02,
***P ⬍ 0.002 compared with EC C-C.
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compared with a reference RNA. These results suggest that the
reduced NF-B p65 nuclear translocation and the increased
KLF2 and eNOS gene expression within ECs in co-culture may
lead to the reduced expression of the EC adhesion molecules.
Effect of quiescent SMC co-culture with ECs on the TNF␣-mediated response during exposure to steady laminar shear
stress. To investigate whether the reduced inflammatory response found in static EC co-cultures persisted after exposure
to steady laminar flow at a physiological shear stress, we
exposed the cell cultures to a steady shear stress of 15 dyne/
cm2 for 24 h, added 100 U/ml TNF-␣, continued the flow for
an additional 4.5 h, and then measured the EC adhesion
molecule expression. Static controls were not exposed to flow
at any time during the experiment. ICAM-1, VCAM-1, and
E-selectin expression on ECs in co-culture was still significantly different from adhesion molecule expression on ECs in
monoculture when the cell cultures were exposed to steady
physiological shear stress (P ⬍ 0.02, n ⫽ 4; Fig. 5A); even
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though, exposure to flow reduced the ratio of the amount of cell
adhesion molecules between ECs in monoculture and coculture (P ⬍ 0.02; Fig. 5B). From these results, we hypothesized that shear stress increased the KLF2 within ECs in
monoculture and ECs in co-culture to similar expression levels,
which yielded the lower ratio of adhesion molecule expression
of ECs in monoculture relative to ECs in co-culture.
We measured the KLF2 gene expression within ECs in coculture and monoculture after flow preconditioning and treatment
with 100 U/ml of TNF-␣ during flow (n ⫽ 5– 6; Fig. 6). Exposure
to flow significantly increased KLF2 gene expression in both
EC monocultures (P ⬍ 0.002) and EC co-cultures (P ⬍ 0.02).
There was no significant effect of co-culture on KLF2 gene
expression when the cells were exposed to flow. These results
suggest that under flow conditions, there are additional factors,
other than KLF2, responsible for the lower TNF-␣-mediated
AJP-Heart Circ Physiol • VOL

Fig. 6. Effect of co-culture on KLF2 gene expression after flow and TNF-␣
treatment. EC Mono and EC C-C were exposed to a shear stress of 15
dyne/cm2 for 24 h before the addition of 100 U/ml of TNF-␣. The cultures
were then simultaneously exposed to the TNF-␣ and shear stress for 4.5 h. EC
KLF2 gene expression after flow and TNF-␣ stimulation was determined by
quantitative real-time RT-PCR (n ⫽ 5– 6). **P ⬍ 0.02, ***P ⬍ 0.002
compared with equivalent static, and ††P ⬍ 0.002 compared with static EC
Mono.
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Fig. 5. Effect of co-culture on ICAM-1, vascular cell adhesion molecule-1
(VCAM-1), and E-selectin surface protein expression after flow and TNF-␣
treatment. EC Mono and EC C-C were exposed to a shear stress of 15
dyne/cm2 for 24 h before the addition of 100 U/ml of TNF-␣. The cultures
were then simultaneously exposed to the TNF-␣ and shear stress for 4.5 h. The
surface protein expression of inflammatory cell adhesion molecules was
determined by flow cytometry techniques after exposure to flow (n ⫽ 4; A). To
illustrate the effect of flow on the adhesion molecule expression, the results are
presented as the ratio of the surface protein expression of ECs in monoculture
relative to ECs in co-culture (n ⫽ 4; B). **P ⬍ 0.02 compared with EC Mono
(A) or equivalent static (B).

EC adhesion molecule expression found within ECs in coculture.
Effect of the direct contact between co-cultured ECs and SMCs
on the TNF-␣-mediated EC adhesion molecule expression. We
examined whether the reduced EC inflammatory response in
co-culture was influenced by the ECM secreted by the SMCs
and/or specific interactions unique to the underlying SMCs. To
determine whether the ECM produced by the quiescent SMCs
aided in the reduction of the EC adhesion molecule expression,
the quiescent SMCs were decellularized, the ECs were plated
on the remaining ECM, and the TNF-␣ (100 U/ml)-mediated
EC adhesion molecule expression was measured by flow cytometry. EC-fibroblast co-cultures were formed to determine
whether the inhibition of the TNF-␣-mediated ICAM-1 surface
expression is unique to EC-SMC interactions. No adverse
effects on the number of ECs attached or the confluent cell
density were observed when ECs were adhered to the decellularized matrix or quiescent fibroblasts.
Relative to ECs adhered to FN-coated plastic (EC monoculture), ECs adhered to the decellularized ECM produced by
quiescent SMCs had significantly less ICAM-1 (P ⬍ 0.002,
n ⫽ 12; Fig. 7). VCAM-1 and E-selectin expression was
regulated similarly to ICAM-1 (not shown). ECs adhered to
quiescent fibroblasts had significantly less ICAM-1 surface
protein expression compared with ECs in monoculture (P ⬍
0.02, n ⫽ 4 –12; Fig. 7); however, the reduction was not as
large as the results obtained when ECs were cultured on
quiescent SMCs. Immunofluorescence labeling of FN (not
shown) illustrated that the surface of quiescent fibroblasts was
covered with fibrillar FN as we observed previously on quiescent SMCs (31). Therefore, the fibrillar FN and other ECM
proteins within the decellularized matrix and on the surface of
the quiescent fibroblasts may reduce the TNF-␣-mediated adhesion molecule expression on the EC surface.
ECs in co-culture with quiescent SMCs had significantly less
ICAM-1 surface protein expression compared with ECs in
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monoculture, ECs on the decellularized ECM, or ECs cocultured with quiescent fibroblasts. VCAM-1 and E-selectin
surface protein expression for ECs on decellularized matrix
exhibited a similar trend as found with ICAM-1 (not shown).
These results suggest that the underlying SMCs contribute to
the reduction of EC adhesion molecule expression, and this is
specific to EC-SMC interactions.
To determine whether the proximity of the ECs from the
quiescent SMCs affected EC adhesion molecule expression,
we plated ECs and quiescent SMCs on opposite sides of a
10-m-thick porous membrane and measured ICAM-1 surface
protein expression after exposure to TNF-␣. Quiescent SMCs
on the opposite side of a porous membrane did not reduce the
TNF-␣-mediated ICAM-1 surface protein expression compared with ECs in monoculture (n ⫽ 3–12; Fig. 8). Thus, the
direct contact between ECs and SMCs in co-culture is required
to inhibit the TNF-␣-mediated ICAM-1 surface protein expression.

effect of culturing arterial ECs in direct contact with quiescent
arterial SMCs on the TNF-␣-mediated EC inflammatory response.
Our direct-contact co-culture system replicates the growth
state and architecture of tissue-engineered blood vessels and
represents a better model of healthy native arteries compared
with EC cultures grown on rigid, synthetic surfaces. Our novel
co-culture system enables investigations of the effect of EC
adhesion to a compliant cellular substrate, EC interactions with
quiescent SMCs, and EC adhesion on SMC-produced ECM
(30, 31). In the current study, we found that, under static and
physiological flow conditions, quiescent SMCs reduced the
TNF-␣-mediated EC inflammatory response. This response
was dependent on the direct contact of ECs with SMCs and
their apical ECM.
Prior studies report that proliferating SMCs induced an
inflammatory state within ECs by increasing EC NF-B p65
and p50 mRNA expression; NF-B-DNA binding activity (3);
EC ICAM-1, VCAM-1, and E-selectin mRNA expression (3,
5); E-selectin protein expression (4); and leukocyte adhesion to
ECs with (21) or without the presence of TNF-␣ (3). In
contrast, we found that quiescent SMCs did not affect adhesion
molecule expression and NF-B nuclear translocation in the
absence of cytokines and reduced the EC inflammatory response to TNF-␣.
There are two key differences between the co-culture systems that may explain the contrasting results: the separation of
cells with a porous membrane and the SMC phenotype. The
results within the literature were obtained using a membrane coculture system where ECs and proliferative SMCs were grown
on opposite sides of a porous membrane. Our co-culture
system is a direct-contact model consisting of an EC monolayer adhered to the surface of quiescent SMCs and their apical
ECM. Structurally, with the ECs adhered to ECM produced by
and in close proximity to quiescent SMCs, our direct-contact
co-culture system represents a model of a healthy blood vessel.
The membrane co-culture system used in many previous studies mimicked a diseased vessel, since the SMCs were main-

DISCUSSION

Previous studies indicate that when ECs and proliferating
SMCs are cultured on opposite sides of a porous membrane,
the proliferating SMCs produce an increase in the EC inflammatory response, even in the absence of cytokines (3–5, 21,
22). While the two cell types may form connections through
the narrow pores (9), the use of the porous membrane limits the
interactions between the ECs and SMCs, increasing the diffusion distance and reducing the frequency of myoendothelial
gap junction formation and EC interaction with the ECM
produced by SMCs. The porous membrane also introduces a
synthetic and stiffer surface between the ECs and SMCs than
occurs in vivo. In addition, many of the previous co-culture
studies on porous membranes utilized venous ECs, rather than
arterial ECs, and proliferative SMCs, which model the state of
a diseased vessel rather than quiescent SMCs that are found
within healthy vessels. To address these limitations, we utilized
our novel direct-contact co-culture system to investigate the
AJP-Heart Circ Physiol • VOL

Fig. 8. Effect of the direct contact between ECs and SMCs in co-culture on
TNF-␣-Mediated ICAM-1 surface protein expression. EC Mono (n ⫽ 12), EC
C-C (n ⫽ 12), ECs in monoculture on a porous membrane (EC Mono PM,
n ⫽ 3), and ECs on opposite side of porous membrane as quiescent SMCs (EC
C-C PM, n ⫽ 3) were treated with 100 U/ml TNF-␣ and ICAM-1 surface
protein expression was measured with flow cytometry techniques. ***P ⬍
0.002 compared with EC Mono.
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Fig. 7. Effect of substrate on TNF-␣-mediated ICAM-1 surface protein
expression. ECs adhered to fibronectin (FN)-coated plastic (EC Mono, n ⫽
12), quiescent SMCs (EC C-C, n ⫽ 12), decellularized ECM produced by
quiescent SMCs (EC Decell, n ⫽ 12), or quiescent fibroblasts (EC Fibro C-C,
n ⫽ 4) were stimulated with 100 U/ml TNF-␣ before ICAM-1 surface protein
expression was measured by flow cytometry techniques. *P ⬍ 0.02, ***P ⬍
0.002 compared with EC Mono and #P ⬍ 0.002 compared with EC C-C.
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TNF-␣-mediated leukocyte adhesion as found in their cocultures using proliferative SMCs. Thus, the SMC phenotype
seems to play a significant role in determining the inflammatory response of the endothelium.
Our results provide some insight into possible candidate
pathways. Since ECs in monoculture and co-culture had similar expression levels of the TNF-␣ receptors, ECs in both
conditions received the same degree of stimulation from the
TNF-␣. This suggests that the underlying mechanism causing
the different EC inflammatory responses to the TNF-␣ in
monoculture and co-culture is due to altered intercellular signaling mechanisms. TNF-␣ induces the phosphorylation of
IB, which increases its degradation. The reduction in IB
levels led to the nuclear translocation of the inflammatory
transcription factor NF-B (29) and subsequent increase in EC
adhesion molecule expression (2). Conversely, NF-B nuclear
translocation is inhibited by NO production, which increases
the amount of cytoplasmic IB␣ (27). eNOS and KLF2 (Fig.
4B), an EC transcription factor that increases eNOS enzymatic
activity (26), gene expression were found to be increased in
static EC co-cultures compared with EC monocultures. The
eNOS gene expression levels in EC co-cultures were 50%
higher than the levels found in EC cultured alone. Therefore,
ECs in static co-culture, relative to ECs in static monoculture,
could have increased NO production due to higher KLF2 and
eNOS gene expression levels, yielding more cytoplasmic IB␣
to inhibit NF-B nuclear translocation (Fig. 4A) and EC
adhesion molecule expression (Fig. 3). The possible difference
in NO production between static EC monocultures and cocultures may be negated after exposure to flow due to similar
levels of KLF2 gene expression (Fig. 6), which reduced the
ratio of ICAM-1, VCAM-1, and E-selectin surface protein
expression between ECs in monoculture and co-culture after
flow (Fig. 5B). Even though flow reduced the EC adhesion
molecule expression, significant differences remained between
ECs in monoculture and co-culture (Fig. 5A). Thus, KLF2
could be responsible for the reduced TNF-␣-mediated inflammatory response in static ECs in co-culture, but additional
factors inhibit this inflammatory response in co-culture after
exposure to flow.
The low time-averaged shear stress found in atheroprone
shear waveforms induces an EC phenotype that may be similar
to statically cultured ECs compared with ECs exposed to
atheroprotective shear levels. For example, ECs cultured under
static conditions or exposed to an atheroprone oscillatory shear
waveform had very low levels of KLF2 gene expression
relative to a pulsatile atheroprotective shear waveform (32).
Thus, it is conceivable that EC-SMC interactions, yielding
increased KLF2, could aid in the inhibition of the progression
of atherosclerosis in flow-reduced areas within the vasculature.
We did find that the ECM produced by the SMCs contributed to the altered functional response of the ECs in co-culture,
which could be due to the distinct mechanism by which ECs
adhere to quiescent SMCs (31). In co-culture, quiescent SMCs
present the endothelium an ECM-containing fibrillar FN,
which induces tensin-rich fibrillar adhesion formation due to
interactions with the fibrillar FN and EC ␣5␤1 integrin complex. ECs in co-culture lacked focal adhesions and, relative to
ECs in monoculture, had less RhoA mRNA expression (31).
RhoA activation is suppressed by the clustering of ␤1 integrin
molecules (19). RhoA is a key mediator of 1) the clustering of
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tained in a proliferative phenotype. Therefore, these results
suggest that SMCs within a diseased vessel may aid in the
activation of ECs, whereas SMCs within a healthy vessel may
aid to reduce the activation of ECs.
Different experimental procedures cannot explain the difference between our results and previously published results. In
the current studies, a high concentration (0.25– 0.5%) of trypsin/EDTA was needed to detach ECs from the surface SMCs
for flow cytometry. Since VCAM-1 may be hydrolyzed to a
certain extent due to trypsinization (6), EC co-cultures and
monocultures were always treated in parallel with the same
procedures, thus any hydrolysis of the EC adhesion molecules
would have occurred to the same extent for both conditions.
During the flow cytometry analysis, the ECs were distinguished from the SMCs by positive staining of CellTracker
Green. A gate was placed between the two distant peaks
formed by the positive and negative CellTracker Green staining, so that only the EC adhesion molecule expression would
be quantified in the samples (Fig. 1). Therefore, the difference
in EC adhesion molecule expression between ECs in co-culture
and monoculture is not due to the SMCs diluting the EC
population in the co-culture samples.
While SMCs express receptors for TNF-␣, several lines of
evidence suggest that SMCs in the co-culture are not likely to
act as a TNF-␣ sink, depleting the stimulating cytokine. One,
Fig. 8 illustrates that ECs in co-culture with SMCs separated
by a porous membrane do not have a reduced ICAM-1 expression as found with ECs in direct contact with SMCs. Two, Fig.
7 shows that ECs in a direct-contact co-culture with fibroblasts
do not have a similar level of reduced ICAM-1 expression as
our EC-SMC co-culture. If the fibroblasts in direct-contact
co-culture and the SMCs in a porous membrane co-culture did
bind significant numbers of TNF-␣ to deplete the level of
soluble TNF-␣, then we would expect similar responses of ECs
to direct-contact co-culture and co-culture on opposite sides of
porous membranes. Furthermore, TNF receptor levels on EC
and SMCs are low (17, 34). The confluent EC layer likely acts
as a barrier to the TNF-␣, limiting exposure of the SMCs so
binding of TNF-␣ to receptors on SMCs is not likely to reduce
the concentration sufficiently to affect the amount of TNF-␣
bound to ECs.
While the SMC-produced ECM reduces the EC adhesion
molecule expression relative to ECs in monoculture (Fig. 7),
ECs in co-culture have a significantly lower EC adhesion
molecule expression compared with ECs attached to the decellularized ECM. Thus, other factors aid in the reduction of the
adhesion molecules in co-culture besides the SMC-produced
ECM. Another possibility is that the SMC-produced ECM does
not fully mimic the ECM on the surface of the SMCs in
co-culture. The decellularization process did remove some of
the ECM and may have damaged some of the ECM causing
reduced EC interactions with the SMC-produced ECM compared with ECs in co-culture.
The results presented in this study suggest that, under static
or physiological flow conditions, quiescent SMCs reduce the
TNF-␣-mediated EC inflammatory response and that this response is dependent on the direct contact with SMCs and their
apical ECM. Although there were not enough samples gathered
to draw a valid conclusion (n ⫽ 1), Rainger and Nash (21)
noted that contractile (and presumably quiescent) SMCs in
their membrane co-culture system did not produce significant
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tissue-engineered blood vessels. We previously showed that
our direct-contact EC-SMC co-culture could be used as an
effective model of a tissue-engineered blood vessel (30).
Therefore, we predict that the EC-SMC interactions within
tissue-engineered blood vessels will help to protect the endothelium from the TNF-␣-induced inflammation, which could
reduce the initiation and progression of atherosclerosis within
the tissue-engineered blood vessel.
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