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Abstract 

Evidence has documented local angiotensin II (Ang II) as a pro-oxidant and pro-inflammatory 
molecule contributes to progressive deterioration of organ function in diseases. Peroxisome 
proliferator-activated receptor γ (PPARγ), a ligand-activated transcription factor, plays crucial roles 
in protection against oxidative stress and inflammation. Ang II stimulation decreases PPARγ protein 
in multiple types of cells, while the regulatory role of Ang II on PPARγ is not clear. Here we show 
that Ang II down-regulated PPARγ in ECV304 cells through 2 actions, inducing nuclear export and 
loss of protein. The nuclear export of PPARγ occurred transiently in the early phase, while the 
reduction in PPARγ protein happened in the later phase and was more persistent. Both alterations 
in PPARγ were accompanied by the decrease in PPARγ-DNA binding activity. Reduction of PPARγ 
protein levels was also coupled with the inhibition of PPARγ target genes. In addition, activation of 
PPARγ by its ligand troglitazone could completely counteract both 2 actions of Ang II on PPARγ. 
Further studies demonstrated that the decline of PPARγ protein was in association with 
ubiquitin-proteasome-dependent degradation, which was supported by the increase in 
polyubiquitin-PPARγ conjugates and the inhibitory effect of lactacystin, a specific proteasome 
inhibitor, on the loss of PPARγ. Taken together, this study uncovers a novel means by which Ang II 
down-regulates PPARγ. This down-regulation disrupts nuclear PPARγ function, which may lead to 
the loss of beneficial effects of PPARγ in response to Ang II stress. 
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Introduction 
The renin-angiotensin system (RAS) is a 

hormonal cascade that functions in the homeostatic 
control of arterial pressure, tissue perfusion, and 
extracellular volume. The classical view of the RAS 
pathway begins with renin cleaving its substrate, 
angiotensinogen, to produce the inactive peptide, 
angiotensin I, which is then converted to angiotensin 
II (Ang II) by angiotensin-converting enzyme (ACE). 
ACE activation of Ang II occurs most extensively in 
the lung. However, it is now recognized that there are 
also several tissue (local) renin-angiotensin systems. 
In particular, Ang II generation at the tissue level by 

these local systems appears to have physiologic effects 
that are as important as circulating Ang II and, under 
some circumstances, more important than circulating 
Ang II [1]. The discovery of local and intracellular 
RAS highlights several prominent non-haemodyna-
mic effects of Ang II including pro-inflammatory, 
pro-oxidative, proliferative and pro-fibrotic activities. 
Ang II promotes reactive oxygen species (ROS) 
production, cell apoptosis, extracellular matrix 
remodeling, mediates several key events of the 
inflammatory processes leading to tissue injury [2-5]. 

Peroxisome proliferators-activated receptor γ 
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(PPARγ) belongs to ligand-activated nuclear receptors 
that act as transcription regulators of genes encoding 
proteins involved in glucose and lipid metabolism. 
Recent studies have shown that, in addition to its 
classical role, PPARγ exerts significant anti-inflamma-
tory and anti-oxidative properties in multiple cells 
and tissues. For example, activation of PPARγ either 
by the ligand thiazolidinediones (TZDs) or by the 
overexpression of a constitutively active mutant of 
PPARγ in cultured endothelial cells (ECs) significantly 
reduced NF-κB activation and intercellular adhesion 
molecule-1 (ICAM-1) expression [6-7]. In PC12 
neuronal cell, PPARγ loss of function increases 
susceptibility to H2O2- or β-amyloid (Aβ)-induced 
oxidative toxicity, whereas PPARγ overexpression 
can prevent H2O2- or Aβ-induced ROS production 
and cell insult [8]. More recently, down-regulation of 
PPARγ protein and activity by cigarette smoke 
promotes inflammatory pathways in pulmonary 
epithelial cells [9]. These data suggest that PPARγ is 
important in cellular defense against inflammatory 
and oxidative injuries. It has been reported that Ang II 
stimulation can decrease the expression of PPARγ in 
various cells, such as endothelial progenitor cells 
(EPCs) [10], vascular smooth muscle cells (VSMCs) 
[11], cardiac myofibroblasts [12], hepatocytes [13], and 
macrophages [14], while the regulatory role of Ang II 
on PPARγ is not yet clearly explored.  

To address this issue, we investigated the effect 
of Ang II on PPARγ using ECV304 cell line. We 
provide evidence that Ang II regulates endogenous 
PPARγ through two actions: (1) inducing the early 
phase of PPARγ nuclear export into cytoplasm, and 
(2) causing the late phase of PPARγ protein degrada-
tion via ubiquitin-proteasome-dependent mechanism. 
These findings provide new clues in understanding 
the role of Ang II in PPARγ signaling regulation. 

Materials and Methods 
Materials 

Angiotensin II, troglitazone, lactacystin, and 
trypan blue dye were purchased from Sigma-Aldrich 
(St. Louis, MO). Anti-PPARγ protein polyclonal 
antibody (used for immunoprecipitations) and mono-
clonal antibody (used for western immunoblots), 
anti-Histone H1 antibody were from Santa Cruz 
Biotechnology Inc (Santa Cruz, CA). α-Tubulin 
antibody was obtained from Sigma-Aldrich (St. Louis, 
MO). Ubiquitin antibody was purchased from 
Cayman Chemical (Ann Arbor, MI).  

Cell culture 
ECV304 cells were obtained from Shanghai 

Institute of Cell Biology in the Chinese Academy of 

Sciences. In our experiments, the cells were cultured 
at 37°C under 5% CO2 in Dulbecco’s modified Eagle’s 
medium (DMEM) (containing 10% fetal calf serum, 50 
U/ml penicillin, 50 µg/ml streptomycin, and 2 mM 
glutamine, purchased from Invitrogen). Cells were 
switched to serum-free medium for 24 h when the 
confluence was about 95% and then received 
treatments in serum-free medium.  

Nuclear and cytoplasmic extraction 
After treatments, the cells were collected and 

washed twice with cold PBS. Nuclear and cytoplasmic 
proteins were separated with the Active Motif nuclear 
extract kit (Active Motif, Carlsbad, CA, USA) as we 
described [15].  

Western blot analysis  
Cells were washed in ice-cold PBS and then 

treated with a RIPA protein lysis buffer (Beyotime) to 
prepare total protein lysates. The protein content was 
determined by Lowry assay. After boiling in loading 
buffer, samples were analyzed by loading on a 10% 
SDS-PAGE, which was then transferred onto a 
nitrocellulose membrane. PPARγ was detected with 
its antibody (Santa Cruz, CA) at 4°C overnight. 
Antibody reactivity was visualized by chemilumines-
cence (ECL kit, Amersham). 

PPARγ-DNA binding assay 
To detect PPARγ nuclear activity in response to 

Ang II, PPARγ-DNA binding was monitored by using 
nuclear fraction from cells incubated 10 min or 4 h 
with Ang II (0.001-1 μM). Quantitative measurement 
of PPARγ binding to the specific PPRE was performed 
using an ELISA-based assay (TransAM PPARγ 
transcription factor assay kit, Active Motif, Carlsbad, 
CA, USA) as we described [15]. Nuclear proteins were 
isolated with the Active Motif nuclear extract kit 
(Carlsbad, CA, USA). Immunoblotting of α-tubulin 
was used to detect cytoplasmic contamination in 
nuclear extracts. 

Cell viability assay 
Cell viability was determined by Trypan blue 

dye exclusion assay. After treatment, cells were resus-
pended and a small aliquot of cell suspension (0.3 ml) 
was harvested from each culture, labeled with 0.4 % 
w/v trypan blue and then counted using a haemo-
cytometer to determine the percentage of cells that 
have clear cytoplasm (viable cells) versus cells that 
have blue cytoplasm (nonviable cells). Cell survival 
was also measured by 3-(4,5-dimethylthiazol-2-yl)-2, 
5-diphenyl-tetrazolium bromide (MTT) assay. The 
experimental procedure using MTT solution was 
performed exactly as we described recently [16]. 
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Total RNA isolation and RT-PCR amplification 
Cells were harvested 10 min or 4 h after Ang II 

exposure. RNA extraction and RT-PCR procedures 
were carried out as we reported [17]. In brief, total 
RNA was isolated from ECV304 cells with Tri reagent 
(Sigma, St. Louis, MO, USA) according to the manu-
facturer’s instructions. Total RNA was quantified by 
the absorbance at OD260. cDNA was converted from 
1.5 μg total RNA. The primers used for PCR 
amplification were as follows: PPARγ, 5’-TCTCTCCG 
TAATGGAAGACC-3’ and 5’-GCATTATGAGACAT 
CCCCAC-3’; PPARγ target gene fatty acid-binding 
protein 4 (FABP4), 5’-GCCAGGAATTTGACGAAG 
-3’ and 5’-ATCCCACAGAATGTTGTAGAGT-3’; and 
PPARγ target gene cytochrome P450 family 1 sub-
family A member 1 (CYP1A1), 5’-TCTTTCTCTTCCT 
GGCTTC-3’ and 5’-CTGTCTCTTCCCTTCACTCT-3’. 
Housekeeping genes GAPDH or β-actin was used for 
normalizing gene expression. 

 Immunoprecipitation  
Cells were washed twice in ice-cold phosphate- 

buffered saline (PBS), then lysed on ice with PBS 
containing 1% Triton X-100, 1 mM EDTA, 1 mM 
PMSF, 1 μM pepstatin, 10 μM leupeptin and freshly 
prepared 10 mM N-ethylmaleimide [18]. PPARγ was 
immunoprecipitated from whole cell lysates with 
polyclonal anti-PPARγ antibody followed by rotating 

for 3 h at 4 °C. Immunocomplex was captured by 
adding protein G agarose bead slurry (Santa Cruz, 
CA) and rocked overnight at 4°C. Then, agarose beads 
were collected by centrifugation and washed in PBS 
for three times. Immunocomplexes were dissociated 
from agarose beads by boiling with SDS-PAGE 
sample buffer for 5 min. PPARγ-ubiquitin conjugates 
were analyzed by immunoblotting after SDS-PAGE 
using monoclonal anti-PPARγ and polyclonal 
anti-ubiquitin antibodies. A HRP-conjugated VeriBlot 
for IP secondary antibody (Abcam, Cambridge, MA, 
USA) was used to exclude interference from the 
antibody heavy and light chains. 

Statistical analysis 
The experimental data are expressed as mean ± 

SEM and SPSS 11.0 software package was used for 
data processing. One-way ANOVA was used to 
compare the means of different groups. Comparisons 
between two groups were conducted by t-test. A P 
value less than 0.05 was considered as statistically 
significant. 

Results  

Ang II down-regulates PPARγ via both nuclear 
export and decrease in protein expression  

The effects of Ang II on PPARγ expression and 
subcellular distribution were examined by Western 

blot in our study. Clearly, the analysis of whole 
cell extracts revealed that PPARγ levels were 
stable for approximately 1 hour after cells were 
exposed to Ang II, then declined markedly 
thereafter (Fig. 1A). As PPARγ is a nuclear 
receptor, we then dissected the impact of Ang 
II on PPARγ in both cytoplasmic and nuclear 
fractions (Fig. 1B). The purity of cell fractiona-
tion was verified by the clear separation 
between the nuclear histone H1 and the 
cytosolic tubulin. Under the basal condition, 
PPARγ proteins were observed in both 
subcellular fractions with a much higher level 
in the nucleus. Upon the stimulation with Ang 
II, PPARγ proteins decreased in both cytosol 
and nuclear compartments at 2 h, reached the 
maximal level at about 4-8 h, and gradually 
returned to the basal level within 12-24 h. 

Besides the level of protein expression, 
the control of nuclear localization is also an 
important mechanism to regulate PPARγ 
activity [19]. Nucleo-cytoplasmic shuttling of 
PPARγ has been noticed in cells stimulated 
with mitogen tetradecanoyl phorbol acetate 
(TPA) [20]. To detect whether Ang II provokes 
shuttling of PPARγ from the nucleus to the 

 

 
Figure 1. Ang II reduces the levels of PPARγ protein in both cytosol and nuclear 
fractions. The cells were switched to serum-free medium for 24 hours, and then treated 
with 0.01 µM Ang II for indicated time periods. PPARγ protein expression in (A) total cell 
lysates (GAPDH loading control), (B) nuclear (Histone H1 loading control) and cytoplasmic 
fractions (Tubulin loading control) were analyzed with anti-PPARγ antibody by Western 
blotting. The bar graph illustrates the densitometrical analysis of the related bands. Values 
were normalized to corresponding loading control and are mean ± SEM (n = 6). *P<0.05 
versus corresponding control (Ctrl). 
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cytosol, we analyzed the Ang II-driven dynamic of the 
subcellular distribution of PPARγ by further 
subdividing the exposure time of Ang II. As 
demonstrated in Figs. 2A and 2B (quantified in Figs. 
2C and 2D), there are two time-phases of the change 
in intracellular PPARγ. The early phase (0-1 h) 
showed that the addition of Ang II resulted in a rapid 
increase in cytosolic PPARγ 10 and 20 min with a 
concomitant decrease in nuclear PPARγ (Fig. 2A), 
suggesting an induction of nuclear export of PPARγ. 
Then, the nuclear content of PPARγ started to recover 
at 30 min and reverted to basal levels within 60 min (1 
h) (Fig. 2A). These changes indicated that nuclear 
export of PPARγ was a rapid and transient process 
under the stimulation of Ang II. No detectable 
alteration in whole PPARγ expression was observed 
in the early phase. In contrast, as shown in Fig. 2B, a 
time-dependent repression of PPARγ protein was 
observed in both nucleus and cytoplasm at later 
phase, which was consistent with the results in Fig. 
1B. A similar decrease of whole PPARγ was found in 
this later phase. In addition, the effect of Ang II was 
dose-dependent in inducing both nuclear export (Fig. 
3A) and reduction in PPARγ (Fig. 3B). 

The down-regulation of PPARγ by Ang II is 
associated with reduction in PPARγ nuclear 
activity 

The net effect of Ang II on PPARγ was the 
reduction in PPARγ nuclear protein. As a nuclear 
receptor, the level of PPARγ in the nucleus is closely 
correlated with its transcriptional activity. To confirm 
whether exposure to Ang II inhibits PPARγ nuclear 
activity, an ELISA-based assay was carried out to 
examine PPARγ specific DNA binding activity. Cell 
cultures were incubated for 10 min or 4 h with 
increasing concentrations of Ang II. Nuclear proteins 
were extracted, then incubated in a 96-well plate 
immobilized synthetic oligonucleotides containing 
the specific PPRE sequences. As expected, 
PPARγ-DNA binding activity was inhibited in a 
concentration-dependent manner (Figs. 4A and 4B), 
which was in parallel with the alterations of nuclear 
PPARγ protein induced by 10 min- (Fig. 3A) and 4 h- 
(Fig. 3B) treatment of Ang II, respectively.  

In addition, we performed the functional 
analysis of PPARγ in Ang II-treated cells by assessing 
transcription of the confirmed gene targets of PPARγ, 
CYP1A1 and FABP4. No significant alterations were 
detected 10 min after exposure to Ang II, whereas a 
dose-dependent inhibition in CYP1A1 and FABP4 
mRNA was observed by the 4 hours exposure to Ang 
II (Fig. 4C). These data suggested Ang II-induced 
functional inactivation of PPARγ. 

 
Figure 2. Ang II induces nuclear export of PPARγ. The cells were 
switched to serum-free medium for 24 hours, then treated with 0.01 µM Ang II 
for indicated times. (A, B) PPARγ protein expression in total cell lysates 
(GAPDH loading control), nuclear (Histone H1 loading control), and 
cytoplasmic fractions (Tubulin loading control) were determined by Western 
blot analysis. (C, D) Quantitative analysis of A and B. At the indicated time 
points, the average grey scale of each band representing PPARγ in cytosol and 
nucleus (C), or whole PPARγ (D) was determined, respectively (n = 6). *P<0.05 
versus corresponding control (Ctrl).  

 

 
Figure 3. The down-regulation of PPARγ by Ang II is dose-dependent. 
Cells were serum-deprived for 24 hours and treated with Ang II (0.001, 0.01, 
0.1, and 1µM) for 10 minutes (A) and 4 hours (B), respectively. PPARγ protein 
expression in total cell lysates (GAPDH loading control), nuclear (Histone H1 
loading control) and cytoplasmic fractions (Tubulin loading control) were 
analyzed by anti-PPARγ antibody. Values were normalized to corresponding 
loading control and are mean ± SEM (n = 6). *P<0.05 versus corresponding 
control (Ctrl). aP<0.05 versus Ctrl. 
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Figure 4. Ang II treatment suppresses nuclear activity of PPARγ. Cells 
were serum-deprived for 24 hours and treated with Ang II (0.001, 0.01, 0.1, and 
1µM) for 10 minutes and 4 hours, respectively. (A, B) Nuclear proteins were 
extracted and nuclear activity of PPARγ was quantified by PPARγ-DNA binding 
activity utilizing the PPARγ transcription factor assay kit. Data are expressed as 
mean ± SEM (n = 6). *P<0.05 versus Ctrl (control). (C) Ang II decreases PPARγ 
regulated gene transcription. PPARγ target genes (CYP1A1 and FABP4) mRNA 
expression was evaluated by RT-PCR. Gene expression was normalized to 
GAPDH. Data are expressed as mean ± SEM (n = 6). *P<0.05 versus control 
(Ctrl). (D) Cells viability was measured by the trypan blue exclusion and MTT 
assay. The percentage of surviving cells compared with that of vehicle-treated 
control cells is shown from six independent experiments. 

 
To rule out the possibility that the loss of PPARγ 

activity could be due to a loss of cell viability, we 
measured cell viability by trypan blue dye exclusion 
and MTT assay. As shown in Fig. 4D, Ang II slightly 
increased cell survival rate, but the difference was not 
statistical significant. These results suggested the loss 
of PPARγ activity mediated by acute exposure of cells 
to Ang II was not due to damage to cell viability. 

PPARγ ligand reverses Ang II-induced 
down-regulation of PPARγ  

We previously reported that PPARγ ligand 
activates PPARγ and induces PPARγ nuclear 
translocation [15, 21], we next examined whether 
exposing cells to PPARγ ligand could counteract the 
action of Ang II on PPARγ down-regulation. In the 
first set of test, to observe the effect of Tro on Ang 
II-induced PPARγ nuclear export, cells were treated 
with a synthetic ligand of PPARγ troglitazone (Tro) 

3 h prior to the addition of Ang II for 10 min (Figs. 5A 
and 5B). Cultures treated with Ang II alone showed 
marked nucleo-cytoplasmic translocation (Fig. 5A). 
Significantly, this PPARγ nuclear export was 
prevented by pre-incubation with different 
concentrations of Tro (10 and 20 µM). Furthermore, 
the higher concentration of Tro (20 µM) not only 
completely blocked the effect of Ang II, but further 
promoted PPARγ nuclear translocation. This counter-
acting state between Ang II and PPARγ ligand was 
also evidenced by the result that Tro-induced PPARγ 
nuclear translocation could be partially inhibited by 
further increasing the concentration of Ang II (Fig. 
5B). In the second set of test, we evaluated the effect of 
Tro on Ang II-induced reduction in PPARγ protein by 
extending Ang II exposure time to 4 hours. As 
illustrated in Fig. 5C, Tro pretreatment not only 
promoted PPARγ translocation into the nucleus but 
effectively maintained PPARγ protein in cells treated 
with the combination of Tro and Ang II. Overall, these 
findings suggested that PPARγ ligand could comple-
tely counteract both 2 actions of Ang II on PPARγ. 

Ang II induces PPARγ degradation by 
increasing polyubiquitination of PPARγ 

Ang II-induced rapid loss of PPARγ protein 
occurred within 2 hours and no alteration in PPARγ 
mRNA was observed by RT-PCR (Fig. 6A), both of 
which suggested a possible involvement of protein 
degradation. We presumed the Ang II-induced loss of 
PPARγ may due to the activity of ubiquitin- 
proteasome system. To verify this hypothesis, we first 
examined whether the decline of PPARγ by Ang II is 
related to proteasome by treating cells with a specific 
proteasome inhibitor, lactacystin [22]. As shown in 
Fig. 6B, pretreatment of cells with 10 µM of lactacystin 
did not alter the basal level of PPARγ, however, the 
proteasome inhibitor completely prevented Ang 
II-induced decline in PPARγ protein expression.  

The recognition of protein substrates by protea-
some requires covalent bond between polyubiquitin 
chain and the proteins. We next explored the effect of 
Ang II on PPARγ ubiquitylation with or without the 
pretreatment of proteasome inhibitor lactacystin to 
preserve short-lived ubiquitin (Ub) conjugates (Fig. 
6C). PPARγ proteins were immunoprecipitated from 
whole cell extracts and the immunoprecipitations 
were then analyzed by immunoblotting using either 
an anti-PPARγ antibody (Fig. 6C, left panel) or an 
anti-ubiquitin antibody (Fig. 6C, middle panel). As 
shown in Fig. 6C, the loss of PPARγ was reversed by 
lactacystin pretreatment (Fig. 6C, left panel). Although 
treatment of cells with lactacystin alone had little 
effect on the level of ubiquitinated PPARγ, 



Int. J. Biol. Sci. 2019, Vol. 15 
 

 
http://www.ijbs.com 

1220 

co-treatment with Ang II and lactacystin increased the 
amount of ubiquitination of PPARγ (Fig. 6C, middle 
panel). The Ub reactivity of the PPARγ immunopreci-
pitations showed a series of Ub Ab-reactive bands at 
higher molecular weight, indicating the polyubiquit-
inated PPARγ molecule (Fig. 6C, middle panel). We also 
examined the effect of lactacystin on the ubiquitina-
tion of proteins in whole cell lysates and found that 
lactacystin treatment, as expected, enhanced the 
accumulation of ubiquitinated proteins (Fig. 6C, right 
panel). These findings suggest that Ang II-stimulated 
loss of PPARγ protein may due to the ubiquitination 
of the protein and degradation by the proteasome 
pathway. 

 

 
Figure 5. PPARγ ligand reverses Ang II-induced down-regulation of 
PPARγ. Cells were cultured in serum-free medium for 24 hours, and then 
challenged to Ang II and the PPARγ ligand troglitazone (Tro) treatment. PPARγ 
protein expression in total cell lysates (GAPDH loading control), nuclear 
(Histone H1 loading control), and cytoplasmic fractions (Tubulin loading 
control) were analyzed by anti-PPARγ antibody. (A) Cells were treated with 
Tro (0, 10, or 20 µM) for 3 hours, and then incubated with Ang II (0.01 µM) for 
10 minutes. Data are expressed as mean ± SEM (n = 6). *P<0.05 versus all other 
groups. #P<0.05 versus all other groups except control (untreated). (B) Cell 
cultures were exposed to Tro (20 µM) 3 hours prior to the addition of Ang II (0, 
0.01, 0.1 µM) for 10 minutes. *P<0.05 versus all other groups. #P<0.05 versus 
control (untreated) and Tro alone. (C) Cells were treated with Tro (20 µM) for 
3 hours, and then incubated with Ang II (0.01 µM) for additional 4 hours. Data 
are expressed as mean ± SEM (n = 6). *P<0.05 versus all other groups. aP<0.05 
versus control (Ctrl). 

To rule out the possibility that PPARγ was 
degraded by lysosomal proteases, cells were treated 
with Ang II alone or with Ang II plus the lysosomal 
protease inhibitors NH4Cl [23]. NH4Cl (20 mM) 
pretreatment failed to show any significant effects on 
Ang II-induced PPARγ decline (data not shown), 
indicating the loss of PPARγ was not a result of the 
degradation by lysosomes. 

Discussion  
The data from our report revealed that Ang II 

regulated PPARγ through 2 modes of action, the early 
and rapid phase was characterized with exporting 
PPARγ from the nucleus to the cytoplasm while the 
later phase was composed with reduction in the 
protein levels of PPARγ. Concomitantly, the two 
actions of Ang II were accompanied by the 
suppression of PPARγ-DNA binding activity, and the 
decrease in PPARγ protein was also coupled with the 
inhibition of PPARγ target genes. Thus, the net effect 
of Ang II on PPARγ is the down-regulation of nuclear 
PPARγ protein and activity.  

The regulation of transcription factor activity 
plays an important role in many biological processes. 
The expression levels regulation, post-translational 
modification, and protein stability affection are all key 
mechanisms known to influence transcription factor 
activity [24-25]. Nevertheless, the control of nuclear 
localization is another strategy used for a particular 
transcription factor to regulate its nuclear activity [19]. 
PPARγ was shown in our data and several other 
studies [26-27] to localize mainly in the nucleus of 
resting cells. However, the high cytosolic content of 
PPARγ can be achieved upon stimulations, such as the 
mitogen TPA [20]. This process probably plays an 
important regulatory role in terminating the nuclear 
activity of PPARγ [28]. Indeed, in our study, we found 
decreased PPARγ-DNA binding activity (Fig. 4A) 
concomitant with increased cytoplasmic PPARγ (Fig. 
3A) in Ang II (10 min)-exposed cells. However, so far 
no nuclear export signals (NES) have been identified 
in PPARγ [29], and therefore, the mechanism that 
allows PPARγ cytoplasmic localization upon stimula-
tion is not clear. Recently, Burgermeister et al. [20] 
observed that MEK (MAP kinase kinase) functioned 
as a shuttle protein for PPARγ and modulated 
redistribution of PPARγ from the nucleus to the 
cytoplasm. They found the mitogen TPA-induced 
export of PPARγ from the nucleus via PPARγ 
interaction with MEK. TPA-induced nuclear shuttling 
of MEK was demonstrated in their study to assist 
PPARγ export to the cytosol. Similar to TPA, Ang II is 
also a mitogenic stimulator [30], and can stimulate 
MEK activation in a variety of cells [31-34]. Among 
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them, in pancreatic beta cells, there was a significant 
increase in phosphorylated MEK at 5 minutes after 
Ang II treatment [34], suggesting the rapid MEK 
activation by Ang II. Actually, we observed the 
similar activation of MEK 10 min after initiation of 
exposure to Ang II in ECV304 (data not shown). 
Moreover, in both Burgermeister’s data [20] and our 
findings, PPARγ was observed to be exported rapidly 
from the nucleus toward the cytosol upon stimulation 
for 10-15 min and the relocalization was most 
pronounced within 60 min. Therefore, we speculate 
that in our study Ang II might, like TPA, evoke MEK- 
dependent redistribution of PPARγ at the early phase.  

In our study, we also observed that PPARγ 
ligand Tro could completely inhibit the 2 actions of 
Ang II on PPARγ. MEK, the key enzyme in the MAP 
kinase cascade, phosphorylates and activates ERK1/2. 
It has been reported that PPARγ ligands inhibited 
ERK1/2 phosphorylation induced by Ang II or other 
stimulators [35-36], implying the possible inhibition of 
MEK under PPARγ ligands. Thus, in our study the 
repression of Ang II-induced PPARγ export by PPARγ 
ligand might proceed through inhibiting MEK and 
MEK-PPARγ interaction. Alternatively, the activation 
of PPARγ by ligands and thereby increase in PPARγ 
association with DNA may result in a reduction in the 
free PPARγ available for the interaction with MEK in 
the nucleus, thus inhibiting MEK-mediated PPARγ 
nuclear export. 

The ubiquitin-proteasome system (UPS) 
catalyzes the breakdown of the majority of cellular 
proteins [37]]. In this system, ubiquitin (Ub), 
containing 76 amino acids, is conjugated to proteins 
destined for degradation [38]]. This process is 
repeated as multiple Ub molecules are added to form 
an Ub chain. Ub protein conjugates are recognized 
and rapidly degraded by a 26S proteasome complex 
in an ATP-dependent manner. Ang II interacts with 
the ubiquitin-proteasome system in multiple ways. 
Ang II directly stimulates protein degradation in 
myotube cultures through an increased expression 
and activity of key components of the 
ubiquitin-proteasome proteolytic pathway [39]. Also, 
Ang II activates the 26S proteasome in human 
umbilical vein endothelial cells via peroxi-
nitrite-induced tyrosine nitration of PA700, a 26S 
proteasome regulatory subunit. The subsequent 
enhanced GTP cyclohydrolase I degradation results in 
nitric oxide signaling pathway dysfunction [40]. Very 
recently, it was reported that Ang II regulates Th1 T 
cell differentiation through the activation of 
AT1R/PKA signaling pathway and the consequent 
increases in the activities and expression of 
proteasome catalytic subunits [41]. In our study, we 
demonstrated for the first time that Ang II activates 

ubiquitination-proteasome system, which promotes 
degradation of PPARγ. Our finding showed that 
lactacystin could block the effect of Ang II on the 
decline of PPARγ protein. As lactacystin is a highly 
specific proteasome inhibitor, this data indicate that 
the loss of PPARγ following Ang II treatment was 
mediated by targeting of PPARγ to the proteasome. 
Our experiments with Ub Ab demonstrating the 
accumulation of high molecular weight polyubiquit-
inated species of PPARγ in Ang II-treated cells, which 
suggested Ang II enhancement of Ub conjugation to 
PPARγ, also supports PPARγ degradation by Ang II 
through ubiquitination -proteasome system.  

 

 
Fig. 6 Ang II induces ubiquitin-proteasome-dependent degradation 
of PPARγ. (A) mRNA expression of PPARγ in Ang II-treated cells. Cells were 
treated with Ang II (0.01 µM) for 30 minutes, 1 hour, and 2 hours, respectively. 
Total RNA was isolated and PPARγ mRNA expression was assessed by 
RT-PCR. Housekeeping genes GAPDH and β-actin were used for normalizing 
gene expression. Data are expressed as mean ± SEM (n = 6). (B, C) Cell cultures 
were pretreated with 10 µM lactacystin for 90 minutes and then incubated in 
the presence or absence of 0.01 µM Ang II for 2 hours. (B) The proteasomal 
inhibitor lactacystin prevents Ang II-induced depletion of PPARγ. Whole cell 
lysates were processed for immunoblotting with anti-PPARγ antibody. The bar 
graph illustrates the densitometrical analysis of the related bands. Values were 
normalized to GAPDH and are mean ± SEM (n = 6). *P<0.05 versus all other 
groups. (C) Ang II treatment is associated with an increase in PPARγ-ubiquitin 
conjugates. Whole cell extracts were immunoprecipitated (IP) with Ab specific 
to PPARγ. The PPARγ immunoprecipitations were then immunoblotted (IB) 
with PPARγ Ab (left panel) or ubiquitin Ab (middle panel). For comparison, both 
PPARγ immunoprecipitations (middle panel) and 25 µg aliquots of whole cell 
lysates (right panel) were probed for ubiquitin. Molecular mass is indicated in 
kilodaltons on the left. 
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To date, the ubiquitin/proteasome system- 
mediated degradation occurs primarily in the 
cytoplasm. However, evidence has reported this 
pathway- dependent degradation of certain proteins 
can also occur in the nucleus [42-44]. For example, the 
promyelocytic leukemia (PML)-nuclear bodies has 
been implicated in the nuclear degradation of 
transcription factor Nrf2. Nrf2 is recruited to 
PML-nuclear bodies where it undergoes polyubiquit-
ylation and subsequent proteasomal degradation [44]. 
In our study, PPARγ was predominantly present in 
the nucleus under the basal condition. PPARγ 
degradation does not occur immediately following its 
translocation from nucleus to cytoplasm. Instead, the 
degradation was observed after the elimination of 
PPARγ nuclear export and the restoration to basal 
nuclear distribution of PPARγ, suggesting the 
possibility of nuclear degradation of PPARγ. 
PML-nuclear bodies are dynamic structures in the 
nucleus and assembled under conditions of oxidative 
stress [45], a recognized factor contributing to Ang 
II-induced injury [2-5]. Furthermore, Ang II has been 
documented to significantly trigger the assembly of 
PML-nuclear bodies in neonatal mouse cardiac 
fibroblasts [46]. Accordingly, we speculate that 
PPARγ may, as in the case of Nrf2, be degraded in 
PML-nuclear bodies in our study. Future works using 
nuclear fraction to explore PPARγ degradation and 
using live cell imaging to monitor the kinetics of 
PPARγ trafficking to PML-nuclear bodies are needed 
to provide direct evidence for nuclear degradation of 
PPARγ and the involvement of PML-nuclear bodies. 

Regarding the relationship between the two 
actions of Ang II, we do not currently know whether 
Ang II-induced PPARγ nuclear export is a 
prerequisite for the ubiquitin-dependent degradation 
of PPARγ or whether the two events are independent. 
However, our results that PPARγ ligand Tro 
increased PPARγ nuclear translocation and reversed 
the loss of PPARγ induced by Ang II (Fig. 5C) 
suggested that both events may be relevant. It is 
possible that PPARγ nuclear export in response to 
Ang II might function as a signal for subsequent 
PPARγ degradation. The modulation of pathways 
involved in Ang II-induced PPARγ nuclear export 
would make it possible to clarify this point. 

Our data demonstrated that both 2 actions of 
Ang II on PPARγ protein were accompanied by the 
decrease in PPARγ-DNA binding activity determined 
10 min and 4 h after initiation of exposure to Ang II 
(Figs. 4A and 4B). The alteration in PPARγ activity 
suggests the inhibition of nuclear function of this 
transcription factor. Indeed, 4 h after Ang II exposure 
we observed reduced PPARγ target genes (Fig. 4C) 
concomitant with decreased PPARγ nuclear activity. 

However, we failed to detect any alterations in these 
target genes 10 min after Ang II stimulation (Fig. 4C). 
The reason for the discrepancy between PPARγ 
activity and function at this time point may be due to 
the fact that 10 min treatment is too brief for the 
observation of changes in the downstream effect of 
PPARγ. e.g. In Burgermeister et al’s study showing 
TPA-induced export of PPARγ from the nucleus, the 
earliest reduction in PPARγ target genes were 
detected at about 1 h after TPA stimulation [20]. 
Alternatively, it is possible that PPARγ activity 
regulated by 10-min exposure of Ang II may not drop 
to the level sufficient to affect the downstream 
function. In line with this, our data showed that the 
decline of PPARγ activity 4 h after Ang II treatment 
was more pronounced than that of 10 min and was 
accompanied by decreased PPARγ-regulated genes 
expression. In addition, the complexity of PPARγ 
activity regulation, which is controlled by DNA 
binding activity and multiple nuclear receptor 
cofactors (co-repressors and co-activators) may also 
result in the mismatch between Ang II’s effect on 
PPARγ-DNA binding activity and on target genes 
expression. However, this possibility can be ruled out 
by the parallel reduction in PPARγ activity and 
targeted gene expression observed 4 h after Ang II 
treatment. 

Accumulating evidence has proven the 
anti-oxidant and anti-inflammatory effects of PPARγ 
in diverse cells and tissues, such as brain [7], lung [8], 
liver [47], and intestine [48]. Consistently, the 
anti-inflammatory effects of PPARγ through 
suppression of pro-inflammatory cytokines have also 
been identified in both vascular endothelial cells 
[49-50] and bladder epithelial cells [51], though 
whether ECV304 cells are endothelial cells or 
epidermal cells is still controversial. The down- 
regulation of PPARγ by Ang II disrupts PPARγ 
nuclear function, which may lead to the loss of 
beneficial effects of PPARγ on controlling oxidant- 
and inflammatory-related signaling. On the other 
hand, local Ang II as a pro-oxidant and pro- 
inflammatory molecule contributes to progressive 
deterioration of organ function in multiple diseases 
[2-5]. Moreover, Ang II stimulation reduces the 
expression of PPARγ in various cells, such as 
endothelial progenitor cells, vascular smooth muscle 
cells, cardiac myofibroblasts, hepatocytes, and 
macrophages [9-13]. These data suggested that 
inhibition of PPARγ pathway may be common for 
local Ang II signals in different cells. No matter 
whether ECV304 cells represent endothelial or 
epidermal cells, the regulatory mechanism of Ang II 
on PPARγ described in our study may provide new 
clues in understanding how Ang II negates PPARγ.  
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In summary, we demonstrated Ang II not only 
induced the redistribution of PPARγ from the nucleus 
to the cytosol but targeted this transcription factor to 
degradation by the ubiquitin-proteasome system. This 
presents a novel means of Ang II-induced down- 
regulation of PPARγ, and may shed some light on the 
mechanism underlying local Ang II signals. 
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