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Abstract

The development of numerous types of cardiovascular disease is associated with alteration of the 

vascular smooth muscle cell (SMC) phenotype. We have previously shown that abdominal aortic 

aneurysm progression in a mouse model of the disease is associated with reduced differentiation of 

SMCs within the lesion and that cyclooxygenase-2 (COX-2) is critical to initiation and progression 

of the aneurysms. The current studies utilized human aortic SMC (hASMC) cultures to better 

characterize mechanisms responsible for COX-2-dependent modulation of the SMC phenotype. 

Depending on the culture conditions, hASMCs expressed multiple characteristics of a 

differentiated and contractile phenotype, or a de-differentiated and secretory phenotype. The 

pharmacological inhibition of COX-2 promoted the differentiated phenotype whereas treatment 

with the COX-2-derived metabolite prostaglandin E2 (PGE2) increased characteristics of the de-

differentiated phenotype. Furthermore, pharmacological inhibition or siRNA-mediated knockdown 

of microsomal prostaglandin E synthase-1 (mPGES-1), the enzyme that functions down-stream of 

COX-2 during the synthesis of PGE2, significantly increased expression of characteristics of the 

differentiated SMC phenotype. Therefore, our findings suggest that COX-2 and mPGES-1 -

dependent synthesis of PGE2 contributes to a de-differentiated hASMC phenotype and that 

mPGES-1 may provide a novel pharmacological target for treatment of cardiovascular diseases 

where altered SMC differentiation has a causative role.

INTRODUCTION

Alteration of the vascular smooth muscle cell (SMC) phenotype plays a key role in 

pathologies that occur during the development of numerous cardiovascular diseases. The 

transition of vascular SMCs from a differentiated, contractile phenotype to a de-

differentiated, synthetic phenotype has been shown to occur following development of 

atherosclerosis, restenosis, and hypertension.(1–4) In addition, defects in specific contractile 

proteins or reduced contractile protein expression have been identified in SMCs of 

ascending thoracic aortic aneurysms in humans.(5–8) In a mouse model of abdominal aortic 

aneurysms, we have previously determined that the effectiveness of cyclooxygenase-2 

(COX-2) inhibition for limiting the progression of these aneurysms is associated with 

maintenance of a differentiated SMC phenotype.(9, 10) Therefore, targeting the specific 
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COX-2-dependent pathway responsible for reducing differentiation may provide a strategy 

for reversing alterations to the differentiated SMC phenotype that contribute to the 

development of vascular pathologies.

COX-2 is the inducible COX isoform and is primarily responsible for the increased synthesis 

of prostaglandins (PGs) that occurs during disease development. The COX isoforms are 

required for the synthesis of PGs, which are lipid mediators involved in numerous 

physiological and pathological processes. In the regulation of vascular SMC differentiation, 

a previously well characterized PG effect is the promotion a differentiated, contractile 

phenotype by PGI2, also known as prostacyclin. Activation of the prostacyclin receptor by 

exogenous treatment with a stable prostacyclin analog increases differentiation of cultured 

human aortic SMCs to a contractile phenotype.(11) The increased synthesis of prostacyclin 

by endothelial cells co-cultured with SMCs also promotes SMC differentiation.(12) In 

contrast to the promotion of differentiation by prostacyclin, the effects of other PGs on the 

SMC phenotype are less clear. The induction of COX-2 expression has been identified as a 

key marker associated with SMC de-differentiation following vascular injury in mice.(13, 

14) Furthermore, in a model of SMC de-differentiation induced by increased blood flow into 

the abdominal aorta of rats, COX-2 inhibitor treatment increases flow, smooth muscle 

disorganization and intimal hyperplasia, and decreases contractile responses and medial 

thickness.(4) Therefore, although the previously described role for PGs in regulating the 

SMC phenotype has been primarily the function of prostacyclin to enhance differentiation, 

there has also been evidence that COX-2 functions in the de-differentiation of SMCs.

The PG that is often associated with the over-expression of COX-2 that occurs during 

disease development is prostaglandin E2 (PGE2). The production of PGE2 involves a PGE2 

synthase which utilizes the substrate PGH2 formed by the COXs.(15) Microsomal 

prostaglandin E synthase-1 (mPGES-1) is the PGE2 synthase that is often co-expressed and 

functionally coupled with COX-2, and is thought to contribute to the increased production of 

PGE2 during the development of a variety of pathological conditions including 

inflammation, cardiovascular disease, and cancer.(16–22) In the current studies, we utilized 

human aortic SMCs to identify a role for PGE2 produced by the activity of COX-2 and 

mPGES-1 in promoting the de-differentiated SMC phenotype.

METHODS

Cell culture

Human aortic smooth muscle cells (hASMCs) were purchased from Cascade Biologics 

(Invitrogen) and cultured according to manufacturer instructions using recommended media 

(Medium 231) with supplements, penicillin (100 U/ml) and streptomycin (100 µg/ml) to 

induce either differentiation or de-differentiation. De-differentiation-promoting media 

contained 4.9% fetal bovine serum (FBS), heparin (5 ng/ml), human basic fibroblast growth 

factor (2 ng/ml), human epidermal growth factor (0.5 ng/ml), recombinant human insulin-

like growth factor-1 (2 µg/ml), and bovine serum albumin (0.2 µg/ml). Differentiation-

promoting media contained Medium 231 supplemented with 1% FBS, and heparin (30 µg/

ml). Cells used in all experiments were from passage 2 through 8 and were cultured in a 

humidified 5% CO2 atmosphere at 37°C.
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Cell lysis and protein collection

After cell culture and treatment, cell culture media were either collected for further analyses 

or discarded at pre-determined time points and adherent cells were rinsed briefly two times 

with 1XPBS. Cells were lysed with equal volumes of RIPA lysis buffer made up of 200 mM 

Tris with pH 7.6, glycerol, 10% SDS, 10% deoxycholate, Triton X-100, 200 mM EDTA 

containing protease and phosphatase inhibitors (PMSF and leupeptin). Cells lysates were 

subsequently scraped and pipetted into 1.5 ml Eppendorf tubes for storage at −20°C until 

further use. Prior to protein separation via SDS PAGE, protein content in each sample was 

analyzed using the Bicinchoninic Acid (BCA) method and specific volumes corresponding 

to equal amounts of protein was added to fixed volumes of loading buffer and heated at 

100°C for 10 minutes. The loading buffer was made up of 0.5 M Tris (pH 6.8), glycerol, 

10% SDS, 0.5% bromophenol and 5% β-mercaptoethanol. After heating, the tubes were 

vortexed briefly, spun-down using a microcentrifuge and then loaded unto polyacrylamide 

gels for protein separation via western blotting.

Western blot analysis

Adherent cells were briefly rinsed with PBS and lysed in RIPA buffer (200 mM Tris pH 7.6, 

glycerol, 10% SDS, 10% deoxycholate, 1% Triton X-100, 200 mM EDTA, 1 mM PMSF, 

and 20 µM leupeptin) then heated at 100°C for 10 minutes. Protein content was determined 

using the BCA method (Pierce) and equal amounts of protein were loaded onto 12% 

polyacrylamide gels, separated via SDS-PAGE and transferred onto nitrocellulose 

membranes (GE Healthcare). Membranes were blocked for 1 hour with 5% bovine serum 

albumin in Tris-buffered saline containing 1% Tween 20 and incubated overnight at 4°C 

with primary antibodies. Antibodies against SM α-actin (Sigma Aldrich), and SM22α 
(Abcam Inc.), were used as markers of differentiation and either α-tubulin (Cell signaling) 

or calnexin (Cell signaling) were used as loading controls. Monoclonal α-actin primary 

antibody was conjugated with Cy3, while biotinylated anti-rabbit secondary antibodies 

together with Alexa Fluor 488-conjugated streptavidin complexes were used for detection of 

SM22α, α-tubulin and calnexin. For COX-2 (Vector laboratories) and mPGES-1 (Oxford 

biomedical research) detection, horse-radish peroxidase (HRP)-conjugated anti-rabbit IgG 

was used as the secondary antibody. Protein detection of fluorophore-conjugated antibodies 

was done using the Typhoon laser scanner (GE Healthcare), while HRP-conjugated 

antibodies were detected by enhanced chemiluminescence. Images were analyzed and 

quantified via densitometry using the ImageQuant analysis software (GE Healthcare).

mRNA isolation and quantitation

mRNA was isolated from the hASMCs using the RNeasy kit (Qiagen Inc., CA, USA) 

according to manufacturer’s instructions. Briefly, cultured cells were lysed and homogenized 

with QIAshredder spin columns in the presence of guanidine-thiocyanate-containing buffer. 

One volume of 70% ethanol was added to the homogenized lysate, transferred to RNeasy 

spin columns, and RNA was eluted for further analysis. Total RNA was reverse transcribed 

in a two-step process according to manufacturer’s instructions (Invitrogen). Real-Time 

Polymerase Chain Reaction (RT-PCR) was performed using Taqman primer/probe assays for 

smooth muscle α-actin, SM22α, COX-2, microsomal PGE2 synthase (mPGES-1), matrix 
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metalloproteinase −2 (MMP-2), smoothelin, myosin heavy chain 2 (MyhII), and hyaluronan 

synthase 2 (Has2) (Applied Biosystems). mRNA expression of the constitutively expressed 

housekeeping gene hypoxanthine phospho-ribosyl transferase (HPRT) was quantitated as an 

internal normalizing control gene. Relative gene expression levels were calculated by 

comparing cycle times for each target PCR using the ΔΔct method. The target PCR Ct values 

were normalized by subtracting the HPRT Ct value, to give the ΔCt value. The relative 

expression levels between treatments were then calculated using the equation: relative gene 

expression = 2−(ΔCtsample-ΔCtcontrol).

Immunocytochemistry

hASMCs plated in 12 or 24 well plates, were fixed with 4% paraformaldehyde, 

permeabilized with 0.5% Triton X-100, blocked with 1% bovine serum albumin (BSA) for 1 

hour, and incubated overnight with Cy3-conjgated SM α-actin antibody in 1% BSA at 4°C. 

Cellular DNA content was quantitated using SYBR green (AB systems) after incubation for 

1 hour at room temperature. Cells were washed with PBS and plates were imaged using a 

Typhoon fluorescence imager (GE Healthcare) after each incubation. Fluorescence was 

quantitated using ImageJ analytical software, and the ratio of α-actin to SYBR green 

detection was determined for each well of the plate.

mPGES-1 RNA interference using siRNA transfection

hASMCs were transfected with mPGES-1 siRNA (15540, Life Technologies) using the 

Lipofectamine RNAiMAX transfection reagent according to the manufacturer’s instructions 

(Invitrogen, NY USA). After two days, the transfection media was replaced with serum-free 

media for the designated times, followed by collection for PGE2 analysis. PGE2 

concentrations in cell culture media were determined using an enzyme immunoassay (EIA) 

monoclonal kit according to the manufacturer’s protocol (Cayman chemical company). 

Protein and mRNA samples were isolated from replicate treatments and analyzed by 

Western blotting or RT-PCR, respectively.

Statistical analyses

Each experiment was repeated at least three times and statistical analyses were carried out 

using the GraphPad Prism software (GraphPad Software Inc). The mean and SEM were 

calculated for each parameter with a single treatment considered as n of 1. hASMC 

phenotype comparisons between differentiated and de-differentiated cells were analyzed by 

two-way repeated measures ANOVA with Bonferroni post-tests. To compare the 

significance of the difference between 3 or more treatment groups, one-way ANOVA, 

followed by the Dunnett’s multiple comparison post-hoc tests was utilized. Unpaired 

Student’s t test was used to compare the effects observed between two groups. Statistical 

significance was defined as p < 0.05.
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RESULTS

Time-course of contractile and synthetic marker expression during differentiation or de-
differentiation culture conditions

The hASMC differentiation characteristics that resulted from two different culture 

conditions were compared by measuring expression of the differentiation markers α-actin 

and SM22α, and the marker of de-differentiation, HAS-2. In culture conditions with reduced 

serum (1% v/v) and increased heparin (30 µg/ml) (differentiation conditions, DC), there was 

significantly greater expression of α-actin mRNA throughout the 4-day time-course, as 

compared to culture conditions containing increased serum (5% v/v) and growth factors (de-

differentiation conditions, d-DC) (Figure 1A). Beginning at the 2-day time-point, there was 

also a significant increase in α-actin protein expression under differentiating conditions, 

which continued throughout the 5-day time-course (Figure 1B). The comparison of an 

additional differentiation maker SM22α showed an increase in expression with 

differentiation which became significantly different at the 3-day time-point (Figure 1C).

The increased synthesis of the extracellular matrix component hyaluronic acid is a well-

described characteristic of the de-differentiated SMC phenotype.(23–25) In cultured human 

aortic SMCs, hyaluronic acid synthase 2 (HAS-2) is the predominant isoform responsible for 

increased production of hyaluronic acid.(26) Our current findings show that in contrast to 

the differentiation markers, HAS-2 mRNA expression was significantly greater under de-

differentiation conditions as compared to differentiation conditions, following either 1 day or 

2 days of culture (Figure 1D). Therefore, depending on the culture conditions, hASMCs 

show evidence of phenotypic modulation with varying characteristics of the contractile or 

synthetic state.

COX-2 contributes to reduced differentiation of hASMCs

With our finding that the level of differentiation was dependent on culture conditions, we 

compared the expression of COX-2 in hASMCs cultured with either differentiation-

promoting (DC) or de-differentiation-promoting (d-DC) conditions. Throughout a 4-day 

time-course, COX-2 mRNA expression was significantly greater in de-differentiated cells, as 

compared to differentiated cells (Figure 2A). Similar to the mRNA expression, COX-2 

protein expression showed a continual decline during a 5-day time-course for cells cultured 

in differentiating conditions where α-actin and SM22α were increased (Figure 2B). In 

contrast, hASMCs cultured in the de-differentiating conditions showed greater COX-2 

protein expression, which increased over the 5-day time-course (Figure 2B). The finding that 

increased COX-2 expression was inversely correlated with the expression of α-actin and 

SM22α suggests that COX-2 expressing hASMCs show a reduced level of differentiation.

To examine the role of COX-2 in contributing to reduced differentiation of hASMCs, we 

examined the effect of pharmacological inhibition of COX-2. hASMCs were treated with 

various concentrations of celecoxib over a 3-day time-course and analyzed for α-actin 

protein expression by Western blot. Following a 1-day treatment, α-actin protein expression 

showed a trend for increased expression with higher celecoxib concentrations that was not 

statistically significant (Figure 2C). Treatment with celecoxib for either 2 or 3 days resulted 

Adedoyin and Loftin Page 5

J Cardiovasc Pharmacol. Author manuscript; available in PMC 2017 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



in a dose-dependent increase in α-actin expression that was statistically significant at the 

higher dose of 10 (Figure 2, D and E). These findings indicate that inhibiting the activity of 

COX-2 promotes the differentiation of hASMCs.

Prostaglandin E2 promotes a de-differentiated hASMC phenotype

With the activity of COX-2 in human aortic SMCs known to contribute to the synthesis of 

PGE2,(27) we examined the effect of exogenous treatment with PGE2 on the expression of 

multiple differentiation markers. The treatment of hASMCs with PGE2 for 24 hours at 

concentrations of either 0.2 or 1 µM significantly reduced mRNA expression of α-actin, 

SM22α, myosin heavy chain, and smoothelin, as compared to vehicle-treated controls 

(Figure 3, A–D). In addition, the protein expression of both α-actin and SM22α showed 

significant decreases following treatments with 0.2 or 1 µM PGE2 (Figure 3, E and F). These 

findings indicate that PGE2 acts on hASMCs to decrease the characteristics of a 

differentiated phenotype.

The increased expression of HAS-2 and matrix metalloproteinase-2 (MMP-2) are widely 

used markers of SMC de-differentiation.(26, 28–30) We examined the effect of treating 

hASMCs with PGE2 on expression of these de-differentiation markers. Following culture in 

differentiation media, the SMCs were treated with either 0.2 or 1 µM PGE2 for two days. As 

compared to vehicle-treated controls, the higher PGE2 concentration of 1 µM significantly 

increased mRNA expression of both HAS-2 and MMP-2 (Figure 3, G and H). Therefore, the 

effect of PGE2 on modulating the SMC phenotype not only includes a reduction in 

differentiation, but also an increase in de-differentiation.

Pharmacological inhibition of mPGES-1 increases hASMC differentiation

mPGES-1 functions downstream of COX-2 in the synthesis of PGE2, and in human vascular 

SMCs, mPGES-1 is important for the synthesis of PGE2.(27, 31) In order to examine the 

effect of pharmacological inhibition of mPGES-1, hASMCs were treated with varying 

concentrations of the mPGES-1 inhibitor 15-deoxy-delta 12,14-prostaglandin J2 (15d-PGJ2) 

under conditions promoting de-differentiation.(32, 33) Treatment with 15d-PGJ2 at 

concentrations of 0.1, 1 or 10 µM significantly reduced the levels of PGE2 detected in the 

media from hASMC cultures (Figure 4A). There was also a significant reduction in PGE2 

following treatment of hASMCs with the COX-2 inhibitor celecoxib (Figure 4A), thereby 

suggesting that the synthesis of PGE2 in these cells is dependent on both COX-2 and 

mPGES-1. With the observed reduction of PGE2, we examined whether mPGES-1 inhibition 

by 15d-PGJ2 would affect SMC differentiation. hASMCs were treated with 15d-PGJ2 under 

conditions promoting de-differentiation and analyzed for α-actin expression via quantitative 

immunocytochemistry. Although the lower treatment concentrations of 0.1 or 1 µM did not 

significantly affect α-actin expression, the higher concentration of 10 µM significantly 

increased α-actin expression, as compared to vehicle-treated controls (Figure 4B). We also 

examined the effect of treatment with 15d-PGJ2 in serum-free conditions and determined 

that the lower concentration of 2 µM was also effective at significantly increasing the 

expression α-actin (Figure 4C).
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Previous studies using different cell types have shown that concentrations of 15d-PGJ2 

which range from 3 to 10 µM are effective for activating the transcription factor peroxisome 

proliferator-activated receptor gamma (PPARγ).(34–37) Because the activation of PPARγ 
has the potential to alter the expression of differentiation markers, we examined the effect of 

the potent PPARγ ligand rosiglitazone. The treatment of hASMCs with rosiglitazone under 

conditions similar to the previous 15d-PGJ2 treatment conditions in either de-differentiating 

or serum-free conditions did not significantly alter α-actin expression (Figure 4D). 

Therefore, the increase in hASMC differentiation that we observed following treatment with 

15d-PGJ2 is consistent with the inhibition of mPGES-1, rather than the activation of PPARγ.

In addition to reducing the levels of PGE2, the inactivation of mPGES-1 also has the 

potential to alter the levels of other prostanoids as a result of diversion of the PGH2 

substrate. The genetic inactivation of mPGES-1 in mice has been shown to increase 

production of PGI2 and thromboxane A2 (TXA2) by VSMCs following LPS stimulation, but 

only PGI2 production under basal conditions.(38, 39) Pharmacological inhibition of 

mPGES-1 in humans has also been shown to increase production of PGI2 and TXA2.(40) 

Our current findings show that inhibition of mPGES-1 in hASMCs with 0.1 or 1 µM 15d-

PGJ2 resulted in a significant increase in the detection of the stable PGI2 product 6-keto PG 

F1α, whereas the higher concentration of 10 µM significantly reduced 6-keto PG F1α levels 

(Figure 4E). In contrast, only the highest concentration of 10 µM 15d-PGJ2 produced a 

significant increase in the level of the stable TXA2 product TXB2 (Figure 4F). Furthermore, 

PGI2 metabolite production, but not TXB2 production, was significantly reduced by COX-2 

inhibition, thereby suggesting that the PGI2 synthesis was dependent on COX-2 and the 

TXA2 synthesis was dependent on COX-1.

siRNA-mediated knockdown of mPGES-1 expression increases hASMC differentiation

To further examine the role of mPGES-1 in altering the SMC phenotype, we used siRNA to 

specifically reduce mPGES-1 expression, and compared the effects to mock-transfected 

cells. Following the treatment of hASMCs with mPGES-1 siRNA, there was a significant 

reduction in the expression of mPGES-1 mRNA (Figure 5A) and protein (Figure 5B). The 

reduced expression of mPGES-1 was associated with a significant reduction of PGE2 levels 

that were detected in the culture media (Figure 5C). mPGES-1 siRNA transfection also 

decreased the levels of the stable PGI2 product 6-keto PG F1α that were detected in the 

culture media (Figure 5D), whereas there was no significant effect of reduced mPGES-1 

expression on the stable TXA2 product TXB2 (Figure 5E).

With our finding that siRNA-mediated attenuation of mPGES-1 expression significantly 

reduced the synthesis of PGE2, we examined the effects of mPGES-1 siRNA transfection on 

hASMC differentiation and de-differentiation. Reducing the expression of mPGES-1 

significantly increased mRNA expression of the differentiation markers α-actin and 

smoothelin (Figure 6, A and B). Although there was no detectable effect on the mRNA 

expression of SM22α (Figure 6C), siRNA-mediated mPGES-1 knockdown did significantly 

increase expression of the contractile proteins α-actin and SM22α (Figure 6, D and E). 

Therefore, the reduction of mPGES-1 expression and activity in hASMCs increases 

characteristics of the contractile SMC phenotype.
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Our previous findings show that PGE2 acts on hASMCs to promote the expression of the de-

differentiation markers HAS-2 and MMP-2 (Figures 3G and 3H). Thus, we examined the 

effect on the de-differentiated phenotype that resulted from reduced levels of PGE2 

following siRNA-mediated knockdown of mPGES-1. The treatment of hASMCs with 

mPGES-1 siRNA significantly decreased mRNA expression of HAS-2 and MMP-2, as 

compared to vehicle-transfected cells (Figures 6F and 6G). Therefore, reducing the 

expression mPGES-1 attenuates characteristics of the de-differentiated SMC phenotype.

Differential regulation of COX-2 and mPGES-1 expression by AngII in hASMCs

In different cell types, PGE2 has previously been shown to either increase or decrease the 

expression of COX-2.(41–43) A negative feedback mechanism would suggest that reducing 

the synthesis of PGE2 by mPGES-1 would result in the increased expression of COX-2, and 

the potential for synthesis of an altered PG profile. Thus, we examined the effects on COX-2 

mRNA after treating with PGE2 or reducing mPGES-1 expression. The treatment of 

hASMCs with either 0.2 or 1 µM PGE2 resulted in the significant increase in COX-2 mRNA 

expression, as compared to the vehicle-treated control (Figure 7A). In addition, siRNA-

mediated knockdown of mPGES-1 significantly decreased the levels of COX-2 mRNA, as 

compared to vehicle-transfected cells (Figure 7B). These findings suggest that in hASMCs 

decreasing the synthesis of PGE2 by mPGES-1 results in the reduced expression of COX-2.

Angiotensin II treatment reduces α-actin expression and increases expression of 
mPGES-1

We have previously shown that chronic infusion of Angiotensin II (AngII) in mice decreases 

expression of differentiation markers in aortic smooth muscle.(9, 10) In the current study, 

hASMCs were treated with AngII over a 4-day time-course and analyzed for α-actin 

expression by quantitative immunocytochemistry. The treatment of hASMCs with AngII for 

either 1 or 2 days did not significantly alter α-actin expression (Figure 7C and 7D). 

Following 3 days of treatment, however, 1 µM AngII significantly decreased α-actin 

expression, and following 4 days of treatment, there was a significant reduction in α-actin 

expression with AngII concentrations of 0.5 and 1 µM (Figure 7E and 7F). We also 

examined the effect of AngII treatment on the protein expression of COX-2 and mPGES-1 in 

hASMCs. Although there was no significant effect of AngII treatment on the expression of 

COX-2, following 2 days of AngII treatment there was a significant increase in the 

expression of mPGES-1 (Figure 7G and 7H). At the time-point of increased mPGES-1 

expression following 2 days of AngII incubation, we also measured PGE2 levels in the 

media, but did not detect a significant increase in PGE2 production following AngII 

treatment (Control: 1328 pg/ml ± 112; AngII treated: 1647 pg/ml ± 111). Therefore, at the 

2-day time-point, the absence of induced COX-2 expression may limit increased synthesis of 

PGE2 following AngII induction of mPGES-1 expression.

DISCUSSION

Normal mature blood vessels under physiological conditions possess vascular SMCs that 

exist in the contractile, differentiated, and quiescent state. During the progression of 

numerous types of cardiovascular diseases, including atherosclerosis, intimal hyperplasia 
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following vascular injury, and aortic aneurysms, pathological remodeling of the vessel wall 

involves a change to the differentiated SMC phenotype.(1) During these disease processes, a 

phenotypic switch from the contractile to the synthetic phenotype with decreased expression 

of SMC markers of differentiation has been reported.(24, 44, 45) We have previously shown 

in a mouse model of abdominal aortic aneurysms (AAAs), that progression of the disease is 

associated with a significant reduction in the expression of markers of SMC differentiation.

(10) To model the phenotypic modulation that we have previously observed, as well as 

characterize the mechanisms responsible for contributing to attenuation of SMC 

differentiation, the current report has utilized hASMCs cultured under different conditions 

that promote either differentiation or de-differentiation.

Smooth muscle α-actin is the most abundant and the most studied protein in differentiated 

SMCs, and its expression has been shown to decrease as SMCs acquire a de-differentiated 

phenotype during the development of cardiovascular disease.(44) The current studies 

utilized the quantitation of α-actin expression by hASMCs to characterize the level of 

differentiation in response to various culture conditions. Our findings show that 

differentiation-promoting culture conditions (DC) significantly increased α-actin mRNA 

expression at each point over a 4-day time-course and α-actin protein expression beginning 

on the second day of a 5-day time-course, as compared to de-differentiation-promoting 

conditions (d-DC) (Fig. 1A and B). We also examined the effect of the differentiation or de-

differentiation culture conditions on the protein expression of SM22α. Although, the 

differences in SM22α expression were similar to those observed for α-actin expression, the 

statistical significance over the 5-day time-course was greater for the expression of α-actin 

(Fig. 1C). In addition to the markers of differentiation, we examined the effect of the 

different culture conditions on expression of HAS-2, a marker of de-differentiation that we 

have previously shown to be significantly increased during the development of in vivo 
vascular pathology.(9, 10, 23, 24) The culture of hASMCs with de-differentiation conditions 

for either 1 day or 2 days resulted in a significant increase in HAS-2 mRNA expression, as 

compared to the differentiation conditions (Fig. 1D). Our findings show that depending on 

the specific culture conditions hASMCs undergo phenotypic modulation between 

differentiated and de-differentiated states that is maintained up to 5 days of culture.

COX-2 has been shown to provide opposing functions that may increase or decrease 

pathological processes during the development of different types of cardiovascular disease. 

In models of atherosclerosis, inactivation of COX-2 has been shown to increase, decrease, or 

have no effect on severity of the disease, which may occur because of differences in the 

animal models and the cell types expressing COX-2.(46–50) Similarly, in models of vascular 

injury, there have also been varying conclusions as to the role of COX-2, as the result of 

COX-2 inhibition either increasing or decreasing intimal hyperplasia and the identification 

of multiple COX-2-expressing cell types at the site of injury.(51, 52) In contrast to these 

other cardiovascular disease models, we have previously shown by both genetic and 

pharmacological inactivation that COX-2 is critical to the development of AAAs in a mouse 

model of the disease.(53, 54) Furthermore, COX-2 inhibition that is initiated after AAAs 

have formed significantly delays further AAA progression.(9, 10) In this AAA model, 

COX-2 expression is specifically induced in the SMCs of the abdominal aorta at the site of 

the developing lesion.(9, 54) We also determined that the induced expression of COX-2 co-
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localizes in SMCs with reduced expression of markers of differentiation.(9) The analysis of 

numerous SMC differentiation markers shows that COX-2 inhibition attenuates the de-

differentiation of SMCs in the abdominal aorta that occurs during AAA progression.(10) 

Therefore, in a disease model such as AAAs where the induction of COX-2 expression is 

localized specifically to SMCs, the decisively pathological role for COX-2 may be 

dependent on enhancing SMC de-differentiation.

Genome-wide mRNA expression analysis has previously shown a correlation between the 

induced expression of COX-2 and modulation of the vascular SMC phenotype both in vitro 
and in vivo.(14) In addition to these correlative findings, COX-2 inhibition has been shown 

to increase expression of the SMC differentiation marker MHC following 1 week of 

celecoxib treatment, which was then attenuated following 3 weeks of treatment, in contrast 

to the expression of desmin which was only increased after 3 weeks of treatment.(4) 

Furthermore, in this previous study, celecoxib treatment did not alter the expression of α-

actin, but COX-2 inhibitor treatment did decrease contractile responses and increase intimal 

hyperplasia,(4) effects not necessarily expected from enhanced differentiation. In the current 

report, we used the manipulation of hASMC differentiation in culture to characterize 

mechanisms by which COX-2 regulates the SMC phenotype. We observed significantly 

greater mRNA expression of COX-2 in de-differentiation, as compared to differentiation 

conditions, thereby producing an inverse correlation between COX-2 expression and 

differentiation marker expression (Figure 2, A). For protein expression analysis, hASMCs 

were cultured to near confluence in de-differentiation conditions prior to being passaged and 

changed to either differentiation conditions or de-differentiation conditions. During a 5-day 

time-course in differentiation conditions (which lack growth factor supplements and contain 

reduced serum and increased heparin concentrations), there was a decline in COX-2 protein 

expression and an increase in contractile protein expression (Figure 2, B). At the beginning 

of the time-course after 1 day in differentiation conditions, COX-2 protein was detected 

which suggests an initial de-differentiated state which then declined over time (Figure 2, B). 

To determine whether there was a causative effect of COX-2 activity on regulating the 

hASMC phenotype, we examined the effects of pharmacological inhibition of COX-2 by 

celecoxib. Treatment with varying concentrations of celecoxib for multiple days identified a 

significant increase in α-actin expression following 2 or 3 days of treatment with the 10 µM 

concentration (Figure 2, C–E). Although there appeared to be an earlier trend for an 

increase, it is not known why 2 days of treatment with celecoxib were required to 

significantly increase α-actin expression. Nevertheless, prolonged treatment with a COX-2 

inhibitor over multiple days of culture significantly increases hASMCs differentiation.

With our finding that the activity of COX-2 contributed to reduced differentiation of 

hASMCs, we utilized exogenous treatment with the two PGs primarily produced by vascular 

SMCs,(39) to identify PGs capable of producing de-differentiation. In contrast to the effects 

of celecoxib, we observed a significant increase in α-actin expression following treatment of 

hASMCs with the PGI2 mimetic iloprost (data not shown), similar to findings previously 

reported.(11) However, unlike the effects of PGI2, exogenous treatment with PGE2 

significantly reduced the mRNA and protein expression of multiple differentiation markers 

important for contractile properties of smooth muscle (Figure 3, A–F).

Adedoyin and Loftin Page 10

J Cardiovasc Pharmacol. Author manuscript; available in PMC 2017 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In addition to the reduction in contractile protein expression, SMC de-differentiation is 

characterized by increased secretion of extracellular components important for pathological 

vascular wall remodeling. The increased expression of MMP-2 is a well-defined marker of 

SMC de-differentiation and has been shown to be induced by factors which promote the 

secretory phenotype and down-regulated by factors which promote the contractile 

phenotype. (29, 30, 55) In human aortic aneurysms, the increased expression of MMP-2 that 

occurs during SMC de-differentiation is an early characteristic of the disease.(8, 56) In both 

human aortic aneurysms and mouse aortic aneurysm models, the increased expression of 

MMP-2 is primarily derived from resident cells of the vascular wall, and not from the 

infiltration of inflammatory cells.(57–60) Our previous findings in mice have shown the 

increased aortic aneurysm progression that is dependent on the induction of COX-2 in aortic 

SMCs, directly correlates with increased expression of MMP-2.(9) Our current findings 

show that PGE2 treatment significantly increased mRNA expression of MMP-2 (Figure 3, 

H), thereby suggesting that COX-2-dependent SMC de-differentiation that we have observed 

results from increased production of PGE2.

Pathological vascular remodeling that is dependent on SMC de-differentiation is in part 

characterized by changes to the extracellular matrix. Remodeling of the extracellular matrix 

augments the migratory and proliferative characteristics of de-differentiated SMCs thereby 

promoting vascular lesion development. An early remodeling event that occurs during the 

development of atherosclerosis and vascular restenosis in humans is SMC deposition of the 

extracellular matrix component hyaluronic acid, which is therefore used as a marker of SMC 

de-differentiation. (23, 25, 61, 62) The overproduction of hyaluronic acid in vascular SMCs 

that results from SMC-specific transgenic overexpression of HAS-2 significantly increases 

atherosclerosis in a mouse model of the disease.(28) We have previously shown that COX-2-

dependent de-differentiation of aortic SMCs that occurs during the development of aortic 

aneurysms in mice is associated with increased production of hyaluronic acid and HAS-2 

mRNA expression.(10) The increased expression of HAS-2 mRNA and resulting increased 

production of hyaluronic acid requires the activity of COX-2 and is induced by exogenous 

treatment with vasodilatory PGs, including PGE2.(63) In SMCs induced to de-differentiate, 

PGE2 treatment enhances actin filament disorganization, although changes in the expression 

of contractile proteins used as established markers of differentiation were not described in 

this report.(64) With our current finding that PGE2 treatment of hASMCs significantly 

increased HAS-2 mRNA expression (Figure 3, G), the COX-2-dependent promotion of SMC 

de-differentiation that we have observed both in vitro and in vivo may result from increased 

production of PGE2.

To better characterize the contribution of PGE2 synthesized by hASMCs in promoting de-

differentiation, we examined the effect of inhibiting PGE2 synthesis independent of 

inhibiting COX activity. mPGES-1 is the PGE2 synthase that functionally couples with 

COX-2 and contributes to the increased synthesis of PGE2 in a variety of pathological 

processes.(65) Although there is significant interest in developing inhibitors of mPGES-1, 

there are a limited number of reports describing mPGES-1 inhibitors that are effective in 

whole cells.(66) Recently, the metabolite of PGD2, 15d-PGJ2, has been shown to be active 

for inhibiting mPGES-1.(32, 33) To confirm the activity of 15d-PGJ2 for inhibiting the 

PGE2 synthesis by hASMCs, we analyzed PGE2 levels produced by hASMCs following 
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treatment with varying concentrations of 15d-PGJ2. A concentration of 10 µM 15d-PGJ2 

resulted in significant reduction of PGE2 synthesis and a significant increase in α-actin 

protein expression (Figure 4, A and B). 15d-PGJ2 was originally identified as a ligand for 

PPARγ, an effect which has been shown to occur at a concentration of approximately 10 

µM,(34, 35, 37, 67) whereas the inhibition of mPGES-1 in serum-free conditions occurs in 

the low micro-molar range.(32, 33) We observed that in serum-free conditions a lower 15d-

PGJ2 concentration of 2 µM was also effective at significantly increasing α-actin expression, 

whereas treatment with the specific PPARγ ligand rosiglitazone in either serum-containing 

or serum-free conditions did not affect α-actin expression (Figure 4, C and D). Therefore, 

the inhibition of mPGES-1 rather than activation of PPARγ may provide a mechanism for 

increased differentiation marker expression following 15d-PGJ2 treatment of hASMCs.

Although PGE2 may be synthesized by 3 different synthases depending on the cell type, in 

human aortic SMCs, mPGES-1 expression is required for the formation of PGE2.(27) The 

expression of mPGES-1 has been shown to be induced by a variety of agents, including 

growth factors and cytokines.(16, 17) In addition, mPGES-1 expression is potently induced 

by Egr-1, a transcription factor that increases target gene expression in response to serum 

stimulation.(68) Because the culture media used in the current studies for de-differentiation 

conditions contained serum and growth factors, these conditions allow for the detection of 

mPGES-1 mRNA and protein. In addition to the pharmacological inhibition of mPGES-1, 

we also utilized RNA interference to specifically reduce the expression of mPGES-1 and the 

synthesis of PGE2. Following mPGES-1 siRNA-mediated transfection, there were 

significant reductions in mPGES-1 mRNA and protein levels, together with reduced PGE2 

levels (Figure 5, A–C). This attenuation of mPGES-1-specific PGE2 production resulted in a 

significant increase in mRNA and protein expression of markers of differentiation (Figure 6, 

A–E), as well as a significant reduction in de-differentiation marker expression (Figure 6, F 

and G). These findings are in agreement with our results showing that pharmacological 

inhibition of mPGES-1 with 15d-PGJ2 increased differentiation, whereas treatment with 

PGE2 decreased differentiation. Therefore, our current findings have demonstrated that the 

synthesis of PGE2 that results from the combined activities of COX-2 and mPGES-1 may be 

a prominent mechanism contributing to hASMC de-differentiation.

In vascular smooth muscle cells, the prostanoids that have been shown to increase as a result 

of the genetic deficiency of mPGES-1 are the stable PGI2 product 6-keto PG F1alpha and 

the stable TXA2 product TXB2.(38) Pharmacological inhibition of mPGES-1 in humans has 

also been shown to increase production of PGI2 and TXA2.(40) Our current finding show 

that at the lower concentrations of mPGES-1 inhibitor treatment, PGI2 significantly 

increased, whereas the highest concentration significantly reduced PGI2 levels (Figure 4E). 

Furthermore, the mPGES-1 siRNA transfection produced effects similar to the highest 

concentration of the mPGES-1 inhibitor. With our finding that the production of PGI2 is 

dependent on the activity of COX-2 (Figure 4E), the reduction in PGI2 that occurs following 

treatment with higher concentrations of the mPGES-1 inhibitor or following mPGES-1 

siRNA transfection, may result from reduced expression of COX-2, which also occurs 

following mPGES-1 inactivation (Figure 7B).
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The regulation of COX-2 expression in response to PGE2 has been shown to vary in vascular 

SMCs isolated from different tissue sources. In human coronary artery SMCs, exogenous 

treatment with PGE2 reduces the expression of COX-2, an effect that does not occur in 

venous SMCs.(69) A similar down-regulation of COX-2 expression occurs in porcine aortic 

SMCs in response to PGE2.(43) The effectiveness of inhibiting the activity of mPGES-1 as a 

mechanism to limit SMC de-differentiation could potentially be diminished by a feedback 

mechanism that resulted in the increased expression of COX-2 in response to decreased 

levels of PGE2. However, we determined that treatment of hASMCs with PGE2 significantly 

increased COX-2 mRNA expression, whereas RNA interference-mediated attenuation of 

mPGES-1 expression significantly decreased COX-2 mRNA expression (Figure 7, A–B). 

Therefore, in the hASMCs used in the current studies, the effectiveness of mPGES-1 

inhibition for increasing SMC differentiation is not expected to be limited by a feedback 

mechanism that results in the increased expression of COX-2.

AngII contributes to the development of multiple cardiovascular diseases including 

hypertension, atherosclerosis, restenosis and aortic aneurysms. The hypertension promoting 

pathology of AngII results from contractile and hypertrophic effects of AngII on SMCs to 

increase expression of contractile proteins.(70–72) In contrast, AngII promotes the 

contribution of SMCs to the pathology of atherosclerosis and restenosis following vascular 

injury by increasing migration and proliferation, characteristics associated with decreased 

contractile protein expression and a de-differentiated phenotype.(1, 2, 73, 74) Similar to 

atherosclerosis, the characteristics of SMCs contributing to aortic aneurysm development in 

humans involves conversion to a de-differentiated phenotype.(8) In mice, the chronic 

infusion of AngII for 28 days results in a significant incidence of abdominal aortic 

aneurysms, and we have previously shown that under these conditions AngII-dependent 

aneurysm formation is dependent on the expression of COX-2.(54) We have also shown that 

AngII infusion in mice significantly down-regulates expression of markers of differentiation 

and increases de-differentiation marker expression.(10) Our current studies with hASMCs 

show that in order for AngII to induce a reduction in differentiation marker expression, 

chronic AngII treatment for either 3 or 4 days was required (Figure 7, C–F). Prior to the 

attenuation of differentiation, we did not observe an effect on COX-2 expression, but there 

was a significant increase in the expression of mPGES-1 protein (Figure 7, G–H). Therefore, 

increased expression of mPGES-1 and resulting PGE2 formation may contribute to the de-

differentiation that occurs following chronic exposure of hASMCs to AngII.
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Figure 1. Time-course of hASMC phenotypic modulation in response to differentiation or de-
differentiation culture conditions
hASMCs were cultured for up to 5 days under conditions promoting either differentiation 

(DC) or de-differentiation (d-DC) and analyzed for (A) α-actin mRNA, (B) α-actin protein, 

(C) SM22α protein or (D) HAS-2 mRNA. For quantitation of protein expression, 

densitometry was performed on bands from Western blots and a representative Western blot 

is shown for each graph. The data represent mean + SEM (n=4–5), * = p < 0.05, ** = p < 

0.01, *** = p < 0.001, and **** = p < 0.0001; two-way ANOVA used to determine 

differences due to culture condition and time.
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Figure 2. COX-2 contributes to reduced differentiation of hASMCs
hASMCs were cultured for up to 5 days under conditions promoting either differentiation 

(DC) or de-differentiation (d-DC) and analyzed for (A) COX-2 mRNA, (B) COX-2 protein, 

SM22α protein, α-actin protein, and α-tubulin loading control. hASMCs were treated with 

varying concentrations of the COX-2 inhibitor celecoxib for (C) 1 day, (D) 2 days, or (E) 3 

days and analyzed for expression of the differentiation marker α-actin. For quantitation of 

α-actin and the loading control calnexin, densitometry was performed on bands from 

Western blots and a representative Western blot is shown for each graph. The data represent 

Adedoyin and Loftin Page 20

J Cardiovasc Pharmacol. Author manuscript; available in PMC 2017 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



mean + SEM (n=4–5), * = p < 0.05, ** = p < 0.01, *** = p < 0.001, and **** = p < 0.0001; 

(A) two-way ANOVA used to determine differences due to culture condition and time; (C–

D) one-way ANOVA.
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Figure 3. PGE2 treatment decreases hASMC differentiation and increases de-differentiation
Following treatment with PGE2 for 1 day, hASMCs were analyzed for expression of (A) α-

actin mRNA, (B) SM22α mRNA, (C) myosin heavy chain mRNA, (D) smoothelin mRNA, 

(E) α-actin protein, (F) SM22α protein, (G) HAS-2 mRNA, or (H) MMP-2 mRNA. For 

quantitation of protein expression, densitometry was performed on bands from Western blots 

and a representative Western blot is shown for each graph. The data represent mean + SEM 

(n=4–5), * = p < 0.05, ** = p < 0.01, *** = p < 0.001; one-way ANOVA.
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Figure 4. mPGES-1 inhibition increases hASMC differentiation
Following treatment with the mPGES-1 inhibitor 15d-PGJ2 or the COX-2 inhibitor 

celecoxib (Cel, 2 µM) for 1 day in de-differentiation conditions, hASMCs were analyzed for 

(A) PGE2 in the culture media, or (B) α-actin protein expression by immunohistochemistry. 

(C) hASMCs were also treated with 15d-PGJ2 in serum-free conditions and analyzed for α-

actin protein expression by immunohistochemistry. (D) hASMCs were treated with 

rosiglitazone under de-differentiation (d-DC) and serum-free conditions (SFC) and analyzed 

for α-actin protein expression by immunohistochemistry. (E) hASMCs were treated for 1 
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day with 15d-PGJ2 or celecoxib (Cel, 2 µM) under de-differentiation conditions and 

analyzed for the stable PGI2 product 6-keto PG F1α in the culture media. (F) hASMCs were 

treated with 15d-PGJ2 or celecoxib (Cel, 2 µM) under de-differentiation conditions and 

analyzed for the stable TXA2 product TXB2. The data represent mean + SEM (n=4), * = p < 

0.05, *** = p < 0.001, and **** = p < 0.0001; one-way ANOVA.
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Figure 5. mPGES-1 knock-down decreases PGE2 and PGI2 synthesis
Following incubation with mPGES-1 siRNA for 3 days, hASMCs were analyzed for 

expression of (A) mPGES-1 mRNA, (B) mPGES-1 protein, (C) PGE2 in the culture media, 

(D) 6-keto PG F1α, or (E) TXB2. The data represent mean + SEM (n=3–5), * = p < 0.05, 

*** = p < 0.001, **** = p < 0.0001; unpaired two-tailed t-test.
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Figure 6. mPGES-1 knock-down increases differentiation markers and decreases de-
differentiation markers
Following incubation with mPGES-1 siRNA for 3 days, hASMCs were analyzed for 

expression of (A) α-actin mRNA, (B) smoothelin mRNA, (C) SM22α mRNA, (D) α-actin 

protein, (E) SM22α protein, (F) HAS-2 mRNA, or (G) MMP-2 mRNA. The data represent 

mean + SEM (n=3–5), ** = p < 0.01, *** = p < 0.001; unpaired two-tailed t-test.
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Figure 7. Regulation of COX-2 and mPGES-1 expression in hASMCs
(A) Following treatment with PGE2 for 1 day, hASMCs were analyzed for expression of 

COX-2 mRNA. (B) Following incubation with mPGES-1 siRNA for 3 days, hASMCs were 

analyzed for expression of COX-2 mRNA. hASMCs were incubated with angiotensin II 

(AngII), for (C) 1 day, (D) 2 days, or (E) 3 days, or (F) 4 days, hASMCs were analyzed for 

expression of α-actin protein by immunohistochemistry. Following incubation with AngII, 

hASMCs were analyzed for (G) COX-2 protein or (H) mPGES-1 protein. For quantitation of 

protein expression, densitometry was performed on bands from Western blots and a 
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representative Western blot is shown for each graph. The data represent mean + SEM (n=3–

5), * = p < 0.05, ** = p < 0.01, *** = p < 0.001; (A, C–F) one-way ANOVA, (B, G–H) 

unpaired two-tailed t-test, (G–H).
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