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Introduction
Pigment epithelium-derived factor (PEDF) is a glycoprotein 

belonging to the serine proteinase inhibitor superfamily [1], which has 
multiple functions. PEDF is known to display various effects depending 
on the target cell type. For example, PEDF induces apoptosis and 
prevents migration in endothelial cells [2], while PEDF shows protective 
properties [3] and differentiating activity [4] in neurons. PEDF was 
first identified in the eye, in cultured retinal pigment epithelial cells, 
and found to possess anti-angiogenic activities [4]. Decreased serum 
PEDF levels were found to be associated with proliferative diabetic 

retinopathy [5]. In addition, recent studies have shown PEDF to also 
be expressed at high levels in normal kidneys, and that renal PEDF is 
decreased in diabetic rodents [6]. Thus, PEDF is a key regulator of the 
mechanisms protecting against diabetic complications. PEDF is widely 
distributed in a variety of organs, including the eye, brain, spinal cord, 
liver, heart, placenta, bone, pancreas and prostate [7].

Interestingly, the serum PEDF level was recently found to be up-
regulated in individuals with metabolic syndrome [8] and type 2 diabetes 
mellitus [9,10]. Moreover, PEDF, as an adipocyte secretory factor, was 
demonstrated to reduce insulin sensitivity and is a candidate for the 
possible causes of insulin resistance in obesity [11]. Thus, PEDF was 
suggested to be among the insulin resistance-inducing adipocytokines, 
such as TNFα, free fatty acids (FFA) and interleukins [12-14]. 

Herein, we investigated the regulation of PEDF expression in 3T3-
L1 adipocytes at both the transcriptional and the protein level using the 
RT-PCR system and western blot with a PEDF-specific antibody. PEDF 
expression was increased in parallel with adipocyte differentiation and 
negative regulations were observed in response to a protein kinase A 
(PKA) activator, oxidative stress and peroxisome proliferator-activated 
receptor (PPAR) agonists. These results are consistent with the idea 

that PEDF is one of the insulin resistance-inducing adipocytokines in 
obesity. 

Methods
Cell culture and chemicals

The 3T3-L1 fibroblasts were maintained in DMEM (Sigma-Aldrich, 
Co., St. Louis, MO) containing 10% donor calf serum (Dainippon 
Sumitomo Pharma, Co., Osaka, Japan) at 37°C in 10% CO2. Two days 
after the fibroblasts had reached confluence (day 0), differentiation 
was induced by treating the cells with DMEM containing 0.5mM 
3-isobutyl-1-methylxanthine (Sigma-Aldrich), 4µg/ml dexamethasone
(Sigma-Aldrich), and 10% fetal calf serum (FCS) (Dainippon Sumitomo
Pharma) for 48 hr. Cells were re-fed with DMEM supplemented with
10% FCS for the following 8 days (days 2-10). When more than 90% of
the cells expressed the adipocyte phenotype (days 6-10), the cells were
used for the experiments. The indicated concentrations of chemicals
were added 12 hr before cell lysate preparation. TNF-α, palmitate,
forskolin, H2O2 (Sigma-Aldrich), H89 (Seikagaku Co., Tokyo, Japan),
pioglitazone (Takeda Co., Tokyo, Japan), fenofibrate (Kissei Co.,
Tokyo, Japan) and human recombinant adiponectin (R&D Systems,
Inc., Minneapolis, MN) were purchased. Fatty acid solution was
prepared by a method described previously [15].
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Abstract
Pigment epithelium-derived factor (PEDF), secreted by adipocytes, was recently demonstrated to reduce insulin 

sensitivity and to possibly cause insulin resistance in obesity. In the present study, we investigated the regulation of 
adipocyte-expressing PEDF to clarify the underlying link between obesity and PEDF expression. We examined PEDF 
expression in 3T3-L1 adipocytes at both the transcriptional and the protein level using RT-PCR and western blot. First, 
we examined PEDF expression during 3T3-L1 adipocyte differentiation. PEDF expression peaked in 3T3-L1 fibroblasts 
and was lowest at 2 days after initiating the induction of differentiation into adipocytes (day 2). Then, PEDF expressions 
gradually rose until day 10, in parallel with adipocyte differentiation. Exposure of 3T3-L1 adipocytes to a PPARα or 
PPARγ activator reduced PEDF expression, suggesting these suppressions of PEDF expression to be involved in 
the mechanism by which PPAR agonists reduce insulin resistance. When 3T3-L1 adipocytes were treated with 0.5 
µM H2O2, PEDF levels were markedly reduced, indicating PEDF expression to be inhibited by oxidative stress. We 
demonstrated PEDF expression to increase in parallel with adipocyte differentiation and to be negatively regulated by 
oxidative stress and PPAR agonists. 
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Antibodies and western blotting
Western blotting was performed as previously described [16]. 

Briefly, after incubation with the indicated chemicals, cell lysates from 
3T3-L1 adipocytes were washed with ice-cold phosphate buffered 
saline (PBS), lysed in ice-cold lysis buffer (1% Triton/PBS), and 
then centrifuged at 14,000 x g for 10 min at 4°C. After the resulting 
supernatants, including tissue protein extracts, had been incubated with 
anti-PEDF polyclonal antibody (Santa Cruz, Santa Cruz, CA), protein 
A-Sepharose beads (Amersham Pharmacia Biotech, Piscataway, NJ) 
were used to precipitate the immune complexes. The beads were washed 
three times with lysis buffer and the immunoprecipitated proteins were 
separated from the beads by boiling in Laemmli buffer. The beads 
were removed by centrifugation, and supernatants were subjected 
to SDS-polyacrylamide gel, followed by electrophoretic transfer to a 
nitrocellulose membrane. Membranes were incubated for 1 hr at RT 
with anti-PEDF monoclonal antibody (R&D Systems). Commercial 
antibodies against PU.1 and ferritin heavy chain (Santa Cruz) were also 
used as primary antibodies. After blotting with the indicated secondary 
antibody, detection was performed using an ECL chemiluminescent 
kit (Amersham Pharmacia Biotech) according to the manufacturer’s 
instructions. 

RNA preparation and real time PCR
Total RNA from 3T3-L1 adipocytes was isolated with Isogen 

(Nippon Gene, Tokyo, Japan). cDNA was synthesized from the 
purified RNA using a reverse transcriptase kit (Amersham Pharmacia 
Biotech) according to the manufacturer’s instructions. For quantitative 
analysis of PEDF, p47 and p22 NADPH oxidase mRNA, we conducted 
real-time PCR using an ABI PRISM Model 7000 (Applied Biosystems, 
Foster City, CA) according to the manufacturer’s instructions. The 
primer sets and probes for murine PEDF (Assay ID; Mm441270_m1), 
p47 and p22 NADPH oxidase (Assay ID; Mm447921_m1, Mm514478_
m1, respectively) were purchased.

Generation and transfection of recombinant adenoviruses 
expressing PU.1-VP16 and ferritin heavy chain 

A full length mouse PU.1 cDNA was isolated from mouse 
embryo RNA by reverse transcriptase PCR. The oligonucleotide 
sequences used for PCR were as follows: coding sense strand sequence; 
5’-GATGTTACAGGCGTGCAAAATGG-3’, antisense strand 
sequence; 5’-ATCAGTGGGGCGGGAGGCGCCGCT-3’. The cDNAs 
were subcloned into TA vectors, pCRII (Invitrogen, Paisley, UK), 
sequenced to verify their identities and confirmed to have no unexpected 
mutations. VP-16 cDNA was kindly provided by H. Katagiri (Tohoku 
University Graduate School of Medicine) and ligated to the C-terminal 
portion of PU-1 cDNA with the Cla I site. Recombinant adenovirus 
containing full-length murine PU.1-VP16 or ferritin heavy chain 
(FHC) was prepared by homologous recombination of expression 
cosmid cassettes containing the corresponding cDNAs and the parental 
adenovirus genome, as described previously [17,18]. Lac Z adenovirus 
was used as a control. For adenovirus mediated transfection, 3T3-L1 
adipocytes were incubated with DMEM containing the adenoviruses 
for 2h at 37°C and the growth medium was then added. Experiments 
were performed 3 days after transfection. 

Detection of intracellular ROS production
Intracellular ROS production was monitored by flow cytometry 

(Becton Dickinson, Franklin Lakes, NJ, USA) using 5-(and 
6)-chloromethyl-2’,7’-dichlorodihydrofluorescein diacetate, acetyl 
ester (CM-H2DCFDA) (Invitrogen). Cells were stimulated with the 

indicated reagents in culture dishes and incubated for 12 hr. Then, 
these cells were washed twice in PBS, followed by addition of 10 μM 
CM-H2DCFDA in PBS, and finally placed in the dark at 37°C for 1hr. 
CM-H2DCFDA enters cells, is then oxidized by ROS, and stays within 
the cells. The cells were washed once, harvested and suspended in 500 
μl of PBS. Dead cells were excluded by adding 10 μM propidium iodide, 
a nuclear stain to which viable cells are impermeable. ROS levels were 
measured flow cytometrically by determining the mean fluorescent 
intensity relative to that of the control group. Using this method, we 
were able to measure not only H2O2, but also hydroxy radical (.OH) and 
peroxynitrite (ONOO-) levels.

Results
We investigated transcriptional and translational levels of 

PEDF expression during adipocyte differentiation of 3T3-L1 cells. 
First, we attempted to collect PEDF in the cell culture medium by 
immunoprecipitation. However, PEDF was undetectable in the 
immunoprecipitates by western blot. Since PEDF expression in the 
culture medium was apparently extremely low, we did not attempt 
further examination of the PEDF secreted by adipocytes. (Figure 1A) 
presents the changes in PEDF mRNA (1A, lower panel) and proteins 
(1A, upper panel) in 3T3-L1 cells from days 0 to 10 every 2 days. 
Interestingly, the expression levels of PEDF mRNA and protein were 
highest in 3T3-L1 fibroblasts (day 0) and lowest 2 days after changing 
to induction medium. Then, the expression levels of PEDF mRNA 
and proteins gradually increased through day 10, in parallel with 
adipocyte differentiation. With our experimental manipulations, over 
than 90% of cells expressed the adipocyte phenotype at day 6, and both 
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Figure 1: PEDF expression (western blot; upper panel, Q-PCR; lower 
panel) in 3T3-L1 adipocytes during differentiation from fibroblasts 
into mature adipocytes (A) and the effects of energy deprivation (B). 
Differentiation was induced two days after the 3T3-L1 fibroblasts had reached 
confluence by treating them with the indicated medium for 48 h (day 0). Cells 
were re-fed with FCS-containing DMEM for the following 8 days (days 2-10). To 
study the effects of energy deprivation, FCS-containing medium was changed to 
DMEM with low glucose (1000 mg/L) on day 4. At the indicated time, cell lysates 
were lysed and centrifuged at 14,000 x g for 10 min at 4°C. After the resulting 
supernatants, including tissue protein extracts, had been incubated with anti-
PEDF polyclonal antibody, protein A-Sepharose beads were used to precipitate 
immune complexes. After washing the beads, the immunoprecipitated proteins 
were subjected to SDS-PAGE, followed by electrophoretic transfer to a 
nitrocellulose membrane. Membranes were incubated for 1 hr at RT with anti-
PEDF monoclonal antibody. After blotting with the indicated secondary antibody, 
detection was performed using an ECL chemiluminescent kit (upper panel). 
Total RNA from 3T3-L1 adipocytes was isolated with Isogen and cDNA was 
synthesized from purified RNA using a reverse transcriptase kit. For Q-PCR of 
PEDF (lower panel), we conducted real-time PCR using an ABI PRISM Model 
7000. Representative data from four independent experiments are presented. 
*Significant difference (P <0.05) relative to PEDF expression in control cells.
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droplet size and cell volume of the adipocytes continued to increase 
after day 6. To examine whether PEDF expression is associated with 
energy deprivation, we changed from high glucose (4500 mg/L) to low 
glucose (1000 mg/L) medium at 4 days. As shown in (Figure 1B), PEDF 
expression decreased as incubation time increased, indicating that 
energy deprivation is likely to decrease PEDF expression. 

Based on previous reports that PEDF is up-regulated in the 
serum of obese subjects [8-10], we examined whether oxidative 
stress, i.e. H2O2, palmitate (FFA) and TNFα, which are elevated in 
obese subjects, have effects on PEDF expression. Unexpectedly, 
PEDF expression was decreased by exposure to oxidative stress, 
FFA and TNFα, in a concentration-dependent manner (Figure 2A; 
upper panels; PEDF proteins, lower panels; PEDF mRNA). These 
results indicate that the serum PEDF level is increased despite PEDF 
expression being suppressed, via up-regulation of oxidative stress, 
FFA and adipocytokines, in the obese state. Next, we examined the 
effects of enhancing PPARα and γ activities, which have beneficial 
effects on insulin resistance [19,20], on PEDF expression. As shown in 
(Figure 2B), the PPARγ agonist (pioglitazone) and the PPARα agonist 
(fenofibrate) inhibited PEDF expression by approximately 40% and 
30%, respectively. These results indicate that the suppression of PEDF 
expression by PPAR agonists is involved in the mechanism by which 
PPAR agonists reduce insulin resistance. 

We further examined the effects of adiponectin, a PKA activator and 
components of the induction medium, i.e., insulin and dexamethasone, 
on PEDF expression. When incubated with 20 µg/ml full-length 
adiponectin and 200 µM forskolin, a PKA activator, marked reductions 
of both mRNA and proteins of PEDF were observed (Figure 2C and 
D). This effect of forskolin was partially abolished by the addition of 
H89, a PKA inhibitor, suggesting that PEDF expression was inhibited 
by enhancing PKA activity. We previously presented data showing 
that a PKA activator stimulated PPARγ activity in 3T3-L1 adipocytes 
[21], which may explain the mechanism by which PEDF expression is 
inhibited by a PKA activator. The induction medium components, i.e., 
insulin or dexamethasone, did not alter PEDF expression significantly, 
indicating that PEDF expression is not affected by insulin signaling 
(Figure 2E). 

To confirm the effects of oxidative stress on PEDF expression more 
precisely, we adopted a method which regulates ROS directly by inducing 
recombinant proteins via adenovirus transfection. We first prepared 
the adenovirus expressing PU.1-VP16, which is a constitutively active 
form of the PU.1 transcription factor. With overexpression of PU.1-
VP16 in 3T3-L1 adipocytes, p22 or p47 NADPH oxidase subunits were 
markedly increased depending on the expression level of PU.1-VP16 
proteins (Figure 3A). Then, we evaluated ROS accumulation in the 
presence or absence of FFA by employing the ROS assay. As shown 
in the upper panel of (Figure 3B), ROS accumulation was significantly 
increased in the presence of FFA, while no increase was observed in 
the absence of FFA. These results suggest that the constitutively active 
PU.1 transcription factor promotes ROS production only in the 
presence of substrates, i.e., FFA. Under these conditions, we analyzed 
PEDF expression. As expected, the PEDF transcriptional level was 
decreased in parallel with ROS accumulation (Figure 3B, lower panel). 
We also prepared adenovirus expressing recombinant FHC proteins, 
which reduce ROS accumulation as previously described [18]. With 
overexpression of FHC proteins, ROS accumulation, which was 
elevated in the presence of 0.5 µM H2O2, was completely abolished 
(Figure 4A). Under these conditions, we similarly analyzed the 
transcriptional levels of PEDF (Figure 4B). The reducing effects of H2O2 

on PEDF expression were partially or completely restored when FHC 
proteins were overexpressed, suggesting the level of oxidative stress to 
directly reduce PEDF expression. 

Discussion
A number of studies described PEDF as having various functional 

roles [2-6]. Among these, PEDF plays crucial roles in preventing 
diabetic complications, because its anti-angiogenic activity is exerted 
via inhibition of retinal angioneogenesis [5] and its anti-fibrogenic 
activity prevents the progression of diabetic nephropathy [6,22]. Thus, 
PEDF was thought for several years to be one of the major proteins 
in type 2 diabetes. However, this idea was recently challenged by 
two reports indicating circulating levels of PEDF to be up-regulated 
in patients with type 2 diabetes [9] and also that PEDF is involved in 
obesity-induced insulin resistance [11]. Though the precise mechanism 
by which PEDF triggers insulin resistance is unclear, the insulin 
mediated IRS-1 phosphorylation in muscle and liver is attenuated 
by PEDF administration [11]. In this study, we investigated the 
regulation of PEDF expression in 3T3-L1 adipocytes and found that 
oxidative stress accumulation to suppress PEDF expression. Although 
our results are likely to be inconsistent with the relatively high serum 
PEDF levels in obese people, this might be explained by the serum level 
of an adipocytokine not necessarily correlating with its intracellular 
expression level. Resistin, which is also an insulin resistance-inducing 
adipocytokine, is a good example. Though serum circulating resistin 
is elevated in obese mice, its expression per adipose tissue weight is 
actually reduced in this murine model [23]. While PEDF expression 
per adipose tissue weight is reduced by factors such as oxidative stress, 
FFA and TNFα, the overall amount of PEDF secreted per adipose 
tissue weight may actually be increased, resulting in the high serum 
circulating levels of PEDF, as well as resistin, in obese subjects.
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Figure 2: PEDF expression (western blot; upper panel, Q-PCR; lower 
panel) in 3T3-L1 adipocytes with 12 hr incubation using H2O2, FFA and 
TNFα (A), PPAR agonists (B), adiponectin (C), PKA agonists (D), insulin 
and dexamethasone (E). The mature 3T3-L1 adipocytes (days 6-10) were 
incubated with the indicated chemicals for 12 hr, followed by western blot (upper 
panel) and Q-PCR (lower panel). Representative data from four independent 
experiments are presented. *Significant difference (P <0.05) relative to PEDF 
expression in control cells. N.S.; not significant relative to control cells.
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also explain one of the mechanisms by which pioglitazone relieves 
insulin resistance. To date, many studies have tackled this issue, and 
demonstrated pioglitazone to inhibit the expressions of a number of 
substances which induce insulin resistance, including TNFα, FFA, 
resistin, etc [20,23]. Our results support the idea that suppression of 
PEDF expression in adipose tissue is a mechanism through which 
pioglitazone contributes to improved insulin resistance. Further 
studies, investigating serum PEDF level changes in type 2 diabetic 
patients being treated with pioglitazone, are needed clarify this issue. 

To confirm the effects of oxidative stress on PEDF expression, 
we employed adenovirus expressing oxidative stress-related genes. 
NADPH oxidase expression was reported to be augmented in adipose 
tissue of genetically obese mice and to be related to oxidative stress 
production [25]. Thus, to artificially mimic the condition of these 
mice by increasing NADPH oxidase expression, we overexpressed 
constitutively activated PU-1 transcription factor in 3T3-L1 adipocytes. 
The promoter activity of the p47(phox) isoform of NADPH oxidase 
was previously reported to be enhanced by PU.1 in myeloid cells [26]. 
In this study, though we demonstrated marked increases only in the 
p22 and p47 NADPH isoforms, other isoforms were also increased 
(data not shown). Under these conditions, not only H2O2, but also 
other ROS (superoxide anion, etc) are increased by up-regulation of 
NADPH oxidase in the presence of FFA. In addition, we feel that our 
methods are more useful for evaluating the physiological effects of 
oxidative stress than the addition of H2O2, which is very toxic to the 
cells. We also transfected adipocytes with the adenovirus expressing 
FHC, an antioxidative protein, which was demonstrated to reduce ROS 
in our previous study [18]. As this antioxidative protein has a crucial 
role in balancing the accumulation of oxidative stress, it is important to 
observe the physiological effects of oxidative stress by modulating the 
expressions of antioxidative proteins.

In conclusion, we examined the regulation of PEDF expression 
in 3T3-L1 adipocytes and found this expression to be regulated by 
adipocyte differentiation, exposure to PPAR agonists and oxidative 
stress, which may partially explain the triggering or negative feedback 
systems against insulin resistance in adipose tissues of obese subjects. 
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PEDF expression was decreased by incubation in low glucose 
medium, indicating that energy deprivation is likely to decrease PEDF 
expression. A recent study by Franck et al. [24] showed mRNA and 
serum levels of PEDF to be decreased by caloric restriction and increased 
by refeeding and overfeeding. Thus, the decrease in PEDF expression 
in response to decreased glucose levels observed in our study may 
reflect PEDF regulation via energy availability being independent of fat 
accumulation, as demonstrated by the Franck et al study. Our results 
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