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Abstract

Selective expression of dominant negative (DN) peroxisome proliferator-activated receptor gamma 

(PPARγ) in vascular smooth muscle cells (SMC) results in hypertension, atherosclerosis, and 

increased NF-κB target gene expression. Mesenteric SMC were cultured from mice designed to 

conditionally express wild-type (WT) or DN-PPARγ in response to Cre-recombinase to determine 

how SMC PPARγ regulates expression of NF-κB-target inflammatory genes. SMC-specific 

overexpression of WT-PPARγ or agonist-induced activation of endogenous PPARγ blunted 

TNFα-induced NF-κB target gene expression and activity of a NF-κB responsive promoter. 

TNFα-induced gene expression responses were enhanced by DN-PPARγ in SMC. Although 

expression of NF-κB p65 was unchanged, nuclear export of p65 was accelerated by WT-PPARγ 
and prevented by DN-PPARγ in SMC. Leptomycin B, a nuclear export inhibitor, blocked p65 

nuclear export and inhibited the anti-inflammatory action of PPARγ. Consistent with a role in 

facilitating p65 nuclear export, WT-PPARγ co-immunoprecipitated with p65, and WT-PPARγ was 

also exported from the nucleus after TNFα treatment. Conversely, DN-PPARγ does not bind to 

p65 and was retained in the nucleus after TNFα treatment. Transgenic mice expressing WT- or 

DN-PPARγ specifically in SMC (S-WT or S-DN) were bred with mice expressing luciferase 

controlled by a NF-κB-responsive promoter to assess effects on NF-κB activity in whole tissue. 

TNFα-induced NF-κB activity was decreased in aorta and carotid artery from S-WT, but was 

increased in vessels from S-DN mice. We conclude that SMC PPARγ blunts expression of pro-

inflammatory genes by inhibition of NF-κB activity through a mechanism promoting nuclear 

export of p65, which is abolished by DN mutation in PPARγ.
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Introduction

Peroxisome proliferator-activated receptor gamma (PPARγ) is a ubiquitously expressed 

ligand-activated transcription factor. PPARγ is well known to induce adipocyte 

differentiation and to regulate lipid metabolism, but other studies indicate roles and sites of 

PPARγ activity in other tissues such as macrophages and brain.1–3 PPARγ plays a 

protective role in the vasculature and PPARγ activators can protect against atherosclerosis 

and lower blood pressure.4,5 In contrast, patients carrying mutations in PPARγ exhibit 

severe early onset hypertension and insulin resistance and others exhibit hypertension and 

lipodystrophies.6,7 Taken together, experimental and clinical evidence point to a significant 

role for PPARγ in the regulation of cardiovascular homeostasis.

To explore the role of PPARγ in the vasculature, we generated mouse models expressing 

dominant negative (DN) mutations in PPARγ (either P467L or V290M) specifically in 

endothelium or vascular smooth muscle (SMC). Endothelial-specific interference with 

PPARγ led to cerebral vascular dysfunction in response to either high-fat diet (HFD) or 

angiotensin II,8,9 whereas overexpression of PPARγ in endothelium had a protective effect 

on interleukin-1β (IL-1β)-induced endothelial dysfunction.10 Transgenic mice expressing 

DN-PPARγ selectively in SMC (S-DN) exhibited systolic hypertension and severe vascular 

dysfunction through a RhoA/Rho kinase-dependent mechanism.11–14 When bred with 

ApoE-deficient mice and treated with a high cholesterol diet, both endothelial and SMC 

models exhibit exaggerated atherosclerosis associated with elevated expression of 

inflammatory markers in the vessel.15 Importantly, protection from atherosclerosis by a 

PPARγ agonist was dependent upon PPARγ activity in SMC.16 However, the precise 

mechanism by which DN-PPARγ function exacerbates inflammatory signals and augments 

atherosclerosis remains unclear.

Nuclear factor-kappa B (NF-κB) is recognized as a central regulator of inflammation, a risk 

factor for cardiovascular disease. Inactive NF-κB is retained in the cytoplasm through 

association with its inhibitory factor Iκ-B, while phosphorylation of Iκ-B promotes 

dissociation of NF-κB and its import into the nucleus as an active transcription factor.17 In 

vascular cells, NF-κB activation increases pro-inflammatory mediators such as vascular 

adhesion molecular 1 (VCAM1), monocyte chemotactic protein 1 (MCP1) and matrix 

metalloproteinase (MMP9).18,19 PPARγ has been reported to regulate NF-κB activity in 

macrophages by a trans-repression mechanism involving the interaction between PPARγ 
and NF-κB, which does not require binding of the PPARγ/RXR heterodimer to DNA.20 

PPARγ was also reported to act as an E3 ubiquitin ligase regulating the ubiquitination and 

degradation of the p65 subunit of NF-κB.21 Here we tested the hypothesis that PPARγ 
controls the expression of inflammatory genes in SMC by regulating the activity of NF-κB 

p65. We provide evidence supporting the concept that PPARγ directly inhibits p65 in SMC, 

not through ubiquitination or altered expression, but by facilitating nuclear to cytoplasm 

transport of p65. This mechanism is impaired in SMC expressing the P467L dominant 

negative mutant in PPARγ which does not bind p65.
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Methods

Details of the experiments using cell culture, western blotting and immunoprecipitation, 

real-time RT-PCR, NF-κB promoter activity, immunostaining, bioluminescence imaging and 

chemicals are described in the expanded Methods section of the online-only Data 

Supplement.

Animals

Male transgenic mice carrying wide-type (WT) or the P467L dominant negative (DN) form 

of human PPARγ under the control of the CAG promoter were described previously.22,23 

Male transgenic mice carrying WT (S-WT) or P467L DN (S-DN) PPARγ under the control 

of the smooth muscle myosin heavy chain promoter were crossed with NF-κB-LUC mice 

expressing luciferase under the control of an NF-κB responsive promoter (the gift of Dr. 

Timothy Blackwell, Vanderbilt University).11,24 Experimental mice were S-WT X NF-κB-

LUC and S-DN X NF-κB-LUC. Age-matched single transgenic NF-κB-LUC littermates 

were used as controls. In some experiments, mice were injected with TNFα (66.7 μg/kg/

day) intraperitoneally for three consecutive days and were then sacrificed on the fourth day. 

Care of these mice met the standards set forth by the National Institutes of Health (NIH) 

guidelines for the care and use of experimental animals. All procedures were approved by 

The University of Iowa Animal Care and Use Committee.

Statistical analysis

Experiments were performed in similar numbers in both male and female mice. There was 

no difference between male and female mice; therefore, all data were merged. Results are 

expressed as mean ± SEM. Statistical evaluation of the data was performed using GraphPad 

Prism. Where appropriate, a paired or unpaired Student’s t-test was used to compare 

between two groups. In other studies, ANOVA followed by Tukey’s test for comparisons 

was performed. Differences were considered significant when P value was less than 0.05.

Results

Analysis of SMC from transgenic mice inducibly expressing WT- or DN-PPARγ

We previously reported the generation of transgenic mice carrying conditionally activatable 

transgenes designed to express either WT- or DN-PPARγ, each also expressing tdTomato 

(Figure 1A).22,23 First, we cultured mesenteric SMC from these mice and activated the 

transgene by infecting the cells with an adenovirus encoding Cre-recombinase (AdCre). 

Transgene expression remained silent in SMC infected with control adenovirus (AdGFP) but 

was induced in AdCre-infected SMC (Figure 1B–D). As evidence of PPARγ activation, 

expression of FABP4, a known PPARγ target, was induced in SMC derived from WT-

PPARγ (Figure 1E). Consistent with transcriptional impairment of DN-PPARγ, there was 

no induction of FABP4 expression in mesenteric SMC derived from DN-PPARγ mice 

(Figure 1F). Expression of tdTomato, which is co-activated in response to AdCre, was also 

induced in both groups (Figure 1B).

Mukohda et al. Page 3

Hypertension. Author manuscript; available in PMC 2018 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



WT-PPARγ antagonizes NF-κB-mediated inflammatory pathways in SMC

To examine if PPARγ can inhibit expression of NF-κB target genes in SMC, expression of 

the pro-inflammatory markers VCAM1, MCP1 and MMP9 was evaluated in AdCre- or 

AdGFP-treated SMC cultured from S-WT and S-DN mice after stimulation by tumor 

necrosis factor α (TNFα), IL-1β or lipopolysaccharide (LPS). Expression of all three genes 

were robustly induced by TNFα in AdGFP-treated mesenteric SMC from both WT-PPARγ 
and DN-PPARγ mice (Figure 2A–C). Similarly, expression of all three genes were robustly 

induced by IL-1β or LPS in AdGFP-treated mesenteric SMC from WT-PPARγ mice (Figure 

S1). AdCre-mediated activation of WT-PPARγ blunted the induction of VCAM1, MCP1 

and MMP9 by all three cytokines. Similarly, WT-PPARγ prevented the TNFα-mediated 

increase in activity of an NF-κB-responsive promoter in SMC (Figure 2D). By contrast, 

expression of DN-PPARγ augmented the TNFα-induced expression of NF-κB target genes 

(Figure 2A–C) and TNFα-induced activity of a NF-κB-responsive promoter (Figure 2D). 

There was no significant change in the level of mRNA expression of TNFα receptor 1a or 

1b in cultured SMC from transgenic mice inducibly expressing WT-PPARγ or DN-PPARγ 
compared with control cells (data not shown).

We next used pioglitazone, a PPARγ agonist, and GW9662, a PPARγ antagonist, to assess 

the activity of endogenous PPARγ in SMC. Consistent with effects of overexpression, 

pioglitazone decreased TNFα-induced gene expression in SMC, an effect that was blocked 

by GW9662 (Figure 2E). Pioglitazone also induced the expression of the canonical PPARγ 
target gene FABP4, an effect blocked by GW9662 (Figure 2F). These data suggest that 

PPARγ activity in SMC attenuates NF-κB-dependent gene expression.

PPARγ does not decrease expression of p65 in SMC and HEK cells

Previous reports have found that PPARγ can act as an E3 ubiquitin ligase which targets p65 

for ubiquitination.21 To determine if this mechanism was operant in our model, we assessed 

the effect of WT-PPARγ overexpression on p65 protein levels during TNFα-induced NF-κB 

signaling. TNFα-induced activation of NF-κB in SMC was evidenced by degradation of Iκ-

Bα (Figure 3A). There was no alteration in the level of p65 protein or mRNA by WT-

PPARγ (Figure 3A–C). To assess if PPARγ affects p65 turnover, we employed HEK293 

cells transfected with p65. Overexpression of WT-PPARγ in HEK293 cells failed to elicit a 

change in p65 protein expression levels under baseline conditions or alter p65 stability in 

cells treated with cycloheximide (CHX) (Figure 3D). Similarly, there was no change in 

phospho-p65 or total p65 in the presence or absence of TNFα in response to overexpression 

of either WT-PPARγ or DN-PPARγ (Figure 3E). Addition of rosiglitazone, another PPARγ 
agonist, had no effect on phospho-p65 or total p65 levels. Combined treatment with 

rosiglitazone and TNFα had no effect on phospho-65 but modestly blunted total p65 

irrespective of the presence of PPARγ. Contrary to a previous report, we were not able to 

detect any increase in p65 ubiquitination under any of these conditions (Figure S2).21 Our 

results suggest that degradation of p65 was not responsible for the PPARγ-mediated 

inhibition of expression of NF-κB-target genes.
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WT-PPARγ accelerates nuclear export of p65 in SMC

To explore the molecular mechanism mediating the effects of PPARγ on NF-κB signaling, 

we determined the subcellular localization of p65 protein. Treatment with TNFα induced 

rapid nuclear import of p65 in control (untransfected) primary SMC and in primary SMC 

induced to express WT-PPARγ (Figure 4A). In control cells, nuclear export of p65 was 

evident by 2 hours, and by 3 hours there was little evidence of nuclear p65. Interestingly, 

nuclear export of p65 was accelerated in WT-PPARγ compared to control cells. In marked 

contrast, nuclear p65 was preserved 3 hours after TNFα-treatment in cultured SMC induced 

to express DN-PPARγ, a time point at which most nuclear p65 had been exported in control 

cells. The difference in nuclear export of p65 is evident when the data was quantified (Figure 

4B). Pretreatment with leptomycin B, a nuclear export inhibitor, decreased the export of p65 

and preserved significant levels of nuclear p65 3 hours after TNFα-treatment in control and 

WT-PPARγ SMC (Figure 4C). Notably, leptomycin B also increased expression of the NF-

κB target gene MCP1 in WT-PPARγ and control SMC treated with TNFα (Figure 4D), 

indicating that nuclear export restricts NF-κB-mediated gene expression in SMC. It is 

interesting that the effect of leptomycin phenocopies the effect of DN-PPARγ, suggesting 

that accelerated nuclear export of p65 may contribute to the inhibitory effect of PPARγ on 

expression of pro-inflammatory genes, and thus, this may contribute to the anti-

inflammatory effects of PPARγ.

WT-PPARγ binds p65 and promotes cytoplasmic export in TNFα-treated SMC

That PPARγ facilitated nuclear export of p65 suggested there might be a direct interaction 

between the proteins. Thus, we next determined if PPARγ binds to p65 using HEK293 cells 

transfected with p65 and WT- or DN-PPARγ. Co-immunoprecipitation showed that WT-

PPARγ but not DN-PPARγ was associated with p65 (Figure 5A). Consistent with this 

association, treatment of SMC with TNFα induced nuclear export of WT-PPARγ but not 

DN-PPARγ (Figure 5B). This export was blocked by either leptomycin B or by a p65-

specific (pSer529, pSer536) inhibitor peptide. These data support the hypothesis that WT-

PPARγ accelerates nuclear export of p65 by directly binding to p65.

WT-PPARγ inhibits NF-κB promoter activity in vessels

In order to examine the anti-inflammatory role of SMC PPARγ in whole vessels, we 

injected TNFα intraperitoneally in our previously reported mouse models expressing DN-

PPARγ (S-DN) selectively in SMC.11 Injection with TNFα (66.7 μg/kg/day) for three 

consecutive days equivalently increased total leukocytes (CD45+) and monocytes/

macrophages (CD45+/F4/80+) in aorta from non-transgenic and S-DN (Figure S3). Total T 

lymphocytes (CD3+), T helper (CD3+CD4+) and cytotoxic T cells (CD3+CD8+) were not 

altered in either group. These data indicate that the degree of leukocyte infiltration in aorta 

induced by systemic inflammatory activity is not altered by interference with SMC PPARγ.

To assess direct effects on inflammation-stimulated NF-κB activity in SMC of intact vessels, 

we bred transgenic mice expressing WT-PPARγ (S-WT) or DN-PPARγ (S-DN) 

specifically in SMC with mice expressing luciferase under control of a NF-κB-responsive 

promoter.24 TNFα-induced NF-κB activity was decreased in aorta and particularly in carotid 

artery from S-WT X NF-κB-Luc mice compared to mice expressing only NF-κB-Luc 
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(Figure 6A). In contrast, S-DN exhibited enhanced TNFα-induced NF-κB activity (Figure 

6B).

Discussion

Thiazolidinediones such as rosiglitazone and pioglitazone are potent activators of PPARγ 
and were previously used to improve glycemic control in type 2 diabetes. The PROactive 

clinical trial reported that pioglitazone decreased macrovascular events and lowered blood 

pressure and cardiovascular risk.4 In contrast, patients with PPARγ mutations exhibit 

hypertension.6 We previously showed that loss of PPARγ function in SMC exaggerated 

aortic atherosclerosis with increased NF-κB target gene expression in ApoE-deficient mice 

fed with western diet.15 Because NF-κB-induced proinflammatory signals drive initiation, 

progression and development of atherosclerotic lesions,25 the present study determined the 

effect of SMC-PPARγ on NF-κB activity using transgenic mice inducibly over-expressing 

WT- or DN-PPARγ in SMC. The main findings from our study are: 1) cytokine-induced 

NF-κB activity in cultured SMC, as measured by expression of NF-κB target genes and the 

activity of a NF-κB-responsive promoter, was blunted by overexpression of WT-PPARγ, but 

was increased by DN-PPARγ, 2) SMC-PPARγ protects against cytokine-induced NF-κB 

activity by facilitating nuclear export of p65 subunit, 3) PPARγ facilitates nuclear export of 

p65 by direct interaction, which is blocked by the DN P467L mutation in PPARγ, and 4) 

WT-PPARγ blunts whereas DN-PPARγ augments TNFα-induced activity of an NF-κB 

responsive promoter in aorta and carotid artery.

NF-κB is well-known as a central regulator of inflammation, and several lines of evidence 

suggest that PPARγ protects against inflammation by interfering with NF-κB activity. Hou 

et al reported that PPARγ has a RING domain similar to E3 ubiquitin ligases, can directly 

bind to the p65 subunit of NF-κB, and induce ubiquitination and degradation of p65.21 

Although we can confirm that PPARγ and p65 can directly interact, we did not find 

evidence supporting ubiquitination of p65 by PPARγ. First, steady state levels of p65 

protein were not altered by overexpression of WT-PPARγ or by rosiglitazone. Second, 

PPARγ did not alter the rate of p65 degradation in cells treated with the protein synthesis 

inhibitor cycloheximide. Third, PPARγ did not induce ubiquitination of p65. This suggests 

that an alternative mechanism accounts for PPARγ-mediated interference with NF-κB 

activity, at least in vascular SMC.

Even though the abundance of total cellular p65 was not altered by PPARγ, important 

changes in the temporal localization of p65 in SMC were observed. There was no difference 

between groups in the import of p65 into the nucleus at 30 min after TNFα treatment. 

However, 1–2 hrs after treatment, the amount of p65 remaining in the nucleus was 

significantly lower in WT-PPARγ overexpressing SMC compared to control cells. This 

finding is consistent with previous reports in Caco-2 cells and HUVECs.26,27 IL-1β-induced 

nuclear p65 protein was also decreased by pioglitazone in vascular SMC from hypertensive 

rats.28 The functional importance of PPARγ to accelerate nuclear export of p65 is further 

illustrated by our finding that WT-PPARγ-mediated reduction in NF-κB target gene 

expression can be impaired by pharmacological inhibition of nuclear export. Moreover, that 
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nuclear export of PPARγ was occurring with the same time course and could be blocked 

with an NF-κB inhibitor lends support for a PPARγ-dependent mechanism.

Interestingly, nuclear export of p65 was severely impaired in SMC expressing DN-PPARγ. 

The DN mutation in PPARγ also affects its association with p65, which could co-

immunoprecipitate with WT-PPARγ but not the P467L mutant form of PPARγ. The P467L 

mutation resides in the ligand binding domain of PPARγ. The P467L-PPARγ protein is 

transcriptionally defective and acts dominant negatively. Moreover, the mutation causes 

hypertension in subjects carrying the mutation, and hypertension in mice expressing the 

mutant protein selectively in SMC.6,11 It was reported that WT-PPARγ can bind p65 in the 

absence of ligand, but that the ligand binding domain of PPARγ is nonetheless required.21,29 

Thus, the loss of PPARγ-induced p65 nuclear export in SMC expressing the P467L 

mutation in PPARγ is consistent with this.

One potential limitation of our study is that the molecular details of how DN-PPARγ 
induces accumulation of nuclear p65 after TNFα treatment remain unclear. Expression of 

DN-PPARγ prevents export of both p65 and DN-PPARγ. Yet, DN-PPARγ and p65 do not 

physically interact, at least in a stable way detected by co-immunoprecipitation. SMC 

endogenously express PPARγ and pioglitazone blunted induction of an NF-κB target gene 

(VCAM1) in response to TNFα suggesting that DN-PPARγ interferes with effects of 

PPARγ to block expression of inflammatory genes. Perhaps DN-PPARγ interferes with an 

association between endogenous PPARγ and p65. It is also possible the effect of PPARγ on 

p65 involves a PPARγ target gene whose expression is altered by DN-PPARγ. Indeed, we 

reported that expression of the P465L (the mouse equivalent to human P467L) mutation in 

PPARγ results in the alteration of many genes in the aorta.30,31 Future molecular studies 

closely examining the interaction between WT-PPARγ and p65 in the presence or absence 

of DN-PPARγ are warranted to fully define the mechanism of this anti-inflammatory 

activity.

It is well accepted that the proliferation and migration of VSMC, which is regulated in part 

by NF-κB, is critically involved in progression of atherosclerosis.32 It is also known that 

VSMC migration is increased in association with vascular remodeling when SMC PPARγ 
activity is impaired via dominant negative P467L mutation.33 Activation of PPARγ is 

protective in atherosclerosis,5,34 and this protective action requires SMC PPARγ.16 Indeed, 

interference with PPARγ function by expression of DN-PPARγ in SMC enhances 

atherosclerosis and augments NF-κB target gene expression in aorta from ApoE-deficient 

mice fed a high-fat diet. Thus, it is tempting to speculate that macrophage recruitment and 

atherosclerotic development is inhibited by PPARγ-dependent antagonism of NF-κB 

activity in SMC. We did not find that expression of DN-PPARγ selectively in SMC 

enhanced TNFα-induced macrophage infiltration in aorta, but this infiltration was likely a 

result of direct action of TNFα on macrophages expressing only endogenous PPARγ. In this 

regard, it will be instructive to determine if development of inflammatory lesions is affected 

by PPARγ activity in SMC when inflammation is initiated directly within the vasculature.

Mukohda et al. Page 7

Hypertension. Author manuscript; available in PMC 2018 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Perspectives

Activation of PPARγ is clinically important because it increases insulin sensitivity and 

improves glycemic control in type II diabetes. PPARγ activation also lowers blood pressure 

and protects against vascular diseases such as atherosclerosis.5,34 However, adverse effects 

have also been reported. PPARγ activation, at least by TZDs, causes weight gain, water 

retention, bone fracture, and has also been reported to increase the risk of heart failure.35 

Newer, non-agonist activators of PPARγ have been reported to have similar potent 

antidiabetic action but without the adverse weight gain and water retention.36 PPARγ also 

has anti-oxidant and anti-inflammatory properties. A number of mechanisms involving NF-

κB have been proposed to explain the anti-inflammatory actions of PPARγ including 

transrepression and p65 turnover.20,21 Herein, we examined a mechanism for the anti-

inflammatory actions of PPARγ specifically in vascular SMC. Our results suggest that 

PPARγ protects against cytokine-induced activation of NF-κB-dependent inflammatory 

gene expression through a mechanism involving direct interaction and nuclear export of the 

p65 subunit. Thus, PPARγ does not appear to prevent the activation of NF-κB-dependent 

inflammatory gene expression, but acts to terminate transcription by removal of the critical 

p65 subunit from the nucleus. The hypertension-causing P467L mutation in PPARγ resulted 

in accumulation of nuclear p65, presumably due to loss of p65 binding preventing export of 

a PPARγ:p65 complex, thus prolonging NF-κB-mediated inflammatory gene expression. 

These findings expand our understanding of SMC PPARγ activities and suggest potential 

beneficial actions of PPARγ independent of its well characterized role as a regulator of 

transcription. Thus, while the global actions of PPARγ are complex, involving multiple cell 

types and molecular mechanisms, results from the present study provide strong evidence that 

the direct actions of PPARγ in the vasculature are protective against cardiovascular disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Novelty and Significance

What Is New?

• We studied the mechanism by which PPARγ antagonizes cytokine-induced 

NF-κB target gene expression and NF-κB activity in cultured smooth muscle 

cells from mice conditionally expressing either wildtype or dominant negative 

PPARγ and in aorta and carotid artery from mice selectively expressing 

dominant negative PPARγ selectively in vascular smooth muscle.

What Is Relevant?

• PPARγ exerts anti-inflammatory actions by modulating the activity of NF-κB 

and expression of NF-κB target genes in response to cytokines such as TNFα 
in vascular smooth muscle cells.

• PPARγ terminates NF-κB target gene expression and limits NF-κB activity 

by promoting nuclear export of the p65 subunit of NF-κB.

• Hypertension-causing dominant negative mutations in PPARγ prevent nuclear 

export of p65.

Summary

• These data support a new paradigm for the control of NF-κB activity and 

expression of inflammatory genes controlled by NF-κB by PPARγ in 

vascular smooth muscle.

• Our data suggests that impairment of PPARγ activity in vascular smooth 

muscle promotes inflammation by augmenting NF-κB-dependent expression 

of inflammatory genes.

• This PPARγ-NF-κB mechanism may influence the degree of inflammatory 

activity in the blood vessel in hypertension and atherosclerosis.
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Figure 1. Experimental Model
A) Schematic of the transgene inducibly expressing either WT-PPARγ or DN-PPARγ and 

tdTomato in response to Cre-recombinase. B) Western blot detecting the indicated protein in 

mesenteric artery SMC derived from the transgenic mice. Cells were infected with either 

control (AdGFP) or AdCre. This is representative of 4–6 experiments. Size markers 

transferred from the blots are shown. C–E) Relative mRNA expression of human PPARγ 
(C, n=10–12; D, n=6) and mouse FABP4 (E, n=10–12; F, n=6) were determined by 

quantitative real-time RT-PCR in these cells. Data were normalized to the control value, set 

to 1.0. All data are mean ± SEM. *P<0.05, control vs. AdCre.
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Figure 2. NF-κB Target Gene and Promoter Activity in SMC
A–C) Relative mRNA expression of mouse VCAM-1 (A, n=5), MCP1 (B, n=5) and MMP9 

(C, n=5) were determined by quantitative real-time RT-PCR in TNFα-treated (5 ng/ml, 6 hr) 

primary mesenteric SMC from mice with inducible expression of WT-PPARγ or DN-

PPARγ infected with either AdGFP or AdCre. D) Activity of an NF-κB-responsive 

promoter was determined by luciferase assay in TNFα-treated WT-PPARγ or DN-PPARγ 
expressing mesenteric SMC infected with NF-κB-LUC adenovirus (72 hr, n=6–8). E–F) 

mRNA expression of VCAM1 (E, n=6) and FABP4 (F, n=6) in control mesenteric SMC 
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either left untreated or treated with pioglitazone (1 μM) or GW9662 (10 μM) for 1 hr prior to 

TNFα. Data were normalized to TNFα (E) or pioglitazone (F) treated cells. All data are 

mean ± SEM. *P<0.05 vs. AdGFP + TNFα; #P<0.05 vs. AdCre + TNFα; $P<0.05 Pio vs. 

GW
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Figure 3. NF-κB p65 Expression in PPARγ-expressing SMC
A) Western blot detecting the indicated proteins (representative of 6 experiments). B) 

Quantification of Western blots such as the representative shown in A (n=6). C) Quantitative 

RT-PCR detecting mouse p65 mRNA (n=6) in mesenteric artery SMC infected with either 

AdGFP or AdCre from transgenic mice with inducible expression of WT-PPARγ. Data were 

normalized to the TNFα-treated control. All data are mean ± SEM. D-E) Western blots 

detecting the indicated proteins in HEK293T cells transfected with p65 and/or WT-PPARγ 
or DN-PPARγ before treatment with cycloheximide (30 mg/ml, 0–12 hr), TNFα (50 ng/ml, 

30 min) or rosiglitazone (1 μM, 1 hr) as indicated. p-p65 refers to the phosphorylated form 

of p65. Size markers transferred from the blots are shown.
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Figure 4. p65 Subcellular Localization
A) p65 immunostaining (green) in TNFα (0–3 hr)-treated cultured mesenteric artery SMC 

infected with AdCre from transgenic mice with inducible expression of either WT-PPARγ 
or DN-PPARγ. B) The fraction of cells with nuclear p65 was determined in a blinded 

fashion (50–200 cells counted per condition, n=7). C) p65 immunostaining (green) in 

control and WT-PPARγ expressing mesenteric SMC treated with leptomycin B (10 nM, 1 

hr) before TNFα treatment (5 ng/ml, 3 hr). D) Relative mRNA expression of mouse MCP1 

was determined by quantitative real-time RT-PCR in WT-PPARγ expressing cells treated 

with an inhibitor of nuclear export, leptomycin B (10 nM, 1 hr) prior to TNFα (5 ng/ml, 6 

hr, n=6). Data were normalized to the TNFα-treated control. All data are mean ± SEM. 

*P<0.05 vs. TNFα-treated control cells. #P<0.05 vs. TNFα-treated AdCre-infected cells.
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Figure 5. PPARγ Association with p65
A) HEK293T cells transfected with p65, WT-PPARγ or DN-PPARγ were treated with a 

proteasome inhibitor, MG132 (5 μM, 12 hr). Proteins were immunoprecipitated with p65 

antibody and immunoprecipitated proteins were Western blotted for the indicated protein. 

The top 2 blots represent immunoprecipitation with p65 and Western blot with the indicated 

antibody. The bottom 3 blots represent Western blots for the indicated protein from cell 

lysates. Size markers transferred from the blots are shown. B) PPARγ immunostaining 

(green) of WT-PPARγ or DN-PPARγ expressing SMC treated with TNFα for the indicated 

times. Where indicated, cells were treated with an NF-κB inhibitor (50 μMr) or leptomycin 

B (5 nM) for 1 hour prior to TNFα.
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Figure 6. NF-κB Activity in Aorta and Carotid Artery
NF-κB activity was measured by luciferase assay in TNFα (0–500 pg/ml, 16–24 h)-treated 

aorta and carotid arteries. Experimental mice are double transgenic mice carrying NF-κB-

LUC reporter mice and either S-WT (A) or S-DN (B). Age- and sex-matched single NF-κB-

LUC littermates from each breeding (n=8–9) were used as controls. Data were normalized to 

the samples from untreated single NF-κB-LUC mice. All data are mean ± SEM. *P<0.05 vs. 

untreated; #P<0.05, TNFα (500 μg/ml) NF-κB-LUC vs. S-WT X NF-κB-LUC or NF-κB-

LUC vs. S-DN X NF-κB-LUC.
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