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Abstract

Lipoprotein lipase (LPL), a key enzyme for triglyceride hydrolysis, is an insulin-dependent enzyme and mainly synthesized in

white adipose tissue (WAT) and skeletal muscles (SM). To explore how pioglitazone, an enhancer of insulin action, affects LPL

synthesis, we examined the effect of pioglitazone on LPL mRNA levels in WAT or SM of brown adipose tissue (BAT)-deficient

mice, which develop insulin resistance and hypertriglyceridemia. Both LPL mRNA of WAT and SM were halved in BAT-deficient

mice. Pioglitazone increased LPL mRNA in WAT by 8-fold, which was substantially associated with a 4-fold increase of peroxisome

proliferator activated receptor (PPAR)-c mRNA (r ¼ 0:97; p < 0:0001), whereas pioglitazone did not affect LPL mRNA in SM.

These results suggest that pioglitazone exclusively increases LPL production in WAT via stimulation of PPAR-c synthesis. Since

pioglitazone does not affect LPL production in SM, this would contribute to prevent the development of insulin resistance due to

lipotoxicity.

� 2003 Elsevier Science (USA). All rights reserved.
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Lipoprotein lipase (LPL) is a rate limiting enzyme for

triglyceride (TG) hydrolysis that regulates the concen-

tration of plasma TG [1]. LPL regulates the entry of

fatty acids into adipose tissues and muscles [2,3]. Insulin

plays an important role in the biosynthesis of this en-

zyme, thus LPL production and its lipolytic activity

would be decreased in an insulin-resistant state [4,5].
However, it still remains largely unknown as to how

insulin resistance affects LPL synthesis in adipose tissues

and skeletal muscles. The effect of insulin on LPL syn-

thesis and release is different in adipose tissues and

skeletal muscles [6], which complicates this tissue.

Thiazolidinedione (TZD), an agonist for the nuclear

hormone receptor, peroxisome proliferator activated

receptor-gamma (PPAR-c), is widely used as an effective
therapy for type 2 diabetic patients with insulin resis-

tance. TZD facilitates the differentiation of adipocytes

through the action of PPAR-c and generates small-sized

adipocytes, which results in an improvement of insulin

resistance [7]. PPAR-c is highly expressed in white adi-

pose tissue (WAT) and brown adipose tissue (BAT)

[8–11], but it is not abundant in skeletal muscles. There

are a number of studies demonstrating that TZD has a

hypotriglyceridemic action in insulin-resistant state
[12,13]. However, it remains unclear whether this is due

to an increase of LPL biosynthesis. Even if TZD stim-

ulates LPL synthesis, it remains unknown as to how

PPAR-c is involved.

Brown adipose tissue (BAT) is responsible for non-

shivering thermogenesis, which is a major component of

the energy expenditure to control body weight and fuel

metabolism. Lowell et al. [14] created a transgenic
mouse with ablation of BAT, archive by using regula-

tory elements of the uncoupling protein (UCP) 1 gene

expressed specifically in brown adipocytes, to drive

expression of diphtheria toxin A chain (DTA).

These BAT-ablated transgenic mice (UCP–DTA) are
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characterized by hypothermia, reduced energy expendi-
ture, obesity, hypertriglyceridemia, and impaired glu-

cose tolerance associated with insulin resistance [14–16].

In this study, we investigated the mechanism of the

TG-lowering effect of TZD, and especially tried to de-

termine the effect of TZD on LPL synthesis in repre-

sentative insulin-sensitive organs, i.e., WAT and skeletal

muscles. We also examined the association between LPL

and PPAR-c. Since there is little BAT in adult humans
[17], UCP–DTA mice appeared to be an useful model of

adult humans with insulin resistance. In addition, this

animal does not have BAT, an organ abundant in LPL

and PPAR-c, therefore, it is useful to investigate LPL

and PPAR-c in WAT.

Materials and methods

Animals. We used BAT-deficient mice (uncoupling protein-1 pro-

moter-driven diphtheria toxin A, UCP–DTA), originally established

by Flier�s Laboratory [14]. The BAT-deficient mice (FVB background)

were purchased from The Jackson Laboratory (Bar Harbor, ME) and

the animals were mated in our laboratory. Male UCP–DTA mice were

used in all the experiments. Male FVB/N mice were purchased from

Saitama Experimental Animal Supply (Saitama, Japan). They were

maintained on a 12-h light, 12-h dark cycle under controlled temper-

ature and humidity, and had free access to water and food. UCP–DTA

and FVB/N mice were used for the experiments at the age of 12–14

weeks. The UCP–DTA mice were fed standard mouse chow (Oriental

Food, Tokyo) with or without 0.01% pioglitazone for 2 weeks. Piog-

litazone (Actos) was a kind gift of Takeda Chemical Industries (Osaka,

Japan). The FVB mice were fed ad libitum standard mouse chow.

Food was removed at 9:00 a.m. on the day of the experiments and all

experiments were carried out after a 5-h fast.

Triglyceride secretion rate. Triglyceride secretion rate (TGSR) was

determined by measuring the increase in plasma TG concentration

after an intravenous injection of Triton WR 1339 (Sigma Chemical, St.

Louis, MO) (500mg/kg body weight, 25% solution in saline). Mice

were anesthetized with pentobarbital sodium, and blood was collected

immediately before Triton WR 1339 injection and at 30, 60, and 90min

thereafter. Plasma TG concentration was found to increase linearly

(r > 0:98) over the 90-min period in each mice. TGSR was calculated

from the increment in TG concentration per minute multiplied by the

plasma volume of mouse (estimated to be 0.035% of body weight (g))

and expressed in mg/min.

LPL activity in post-heparin plasma. Post-heparin blood samples

were obtained at 10min after the injection of heparin (1000U/kg) into

the femoral vein, and LPL activity was determined as the rate of re-

lease of radiolabeled fatty acids from a [14C]triolein emulsion in Triton

X-100 according to the method of Krauss et al. [18].

Subcloning of PPAR-c cDNA fragment by RT-PCR. PPAR-c
cDNA was synthesized from total RNA in WAT because PPAR-c
mRNA is abundantly expressed in WAT. Total RNA (0.8lg) from

WAT of Sprague–Dawley rat was reverse-transcribed by random

priming with Moloney murine leukemia virus reverse transcriptase

(Life Technologies, Rockville, MD). And then the first-strand cDNA

was utilized for polymerase chain reaction using specific oligonucleo-

tide primers (50-TGACATCAAACCCTTTACCACG-30 and 50-CTGT

GACAATCTGCCTGAGGTC-30, GenBank Accession No. Y12882)

and AmpliTaq Gold (Perkin–Elmer, Foster, CA). The resulting 1247-

bp fragment was cloned into TA-cloning vector, pGEM-T Easy

(Promega, Madison, WI). The nucleotide sequence of the PPAR-c
insert in pGEM-T Easy was confirmed by an Automatic DNA

Sequencer (Shimadzu, Kyoto, Japan). The plasmid carrying PPAR-c
insert was digested with EcoRI to obtain the PPAR-c cDNA fragment.

RNA preparation. Total RNA was prepared from epididymal

WAT and lower limb skeletal muscles of each animal using TRIzol

reagent (Life Technologies) according to the protocol provided by the

manufacturer. The concentration of the RNA was determined by

measuring the absorbance at 260 and 280nm. The quality of the

RNA was confirmed by ethidium bromide staining of 18S and 28S

ribosomal RNA after electrophoresis on 1% agarose gel containing

6% formaldehyde.

RNA quantification by Northern blot analysis. Total RNA was

loaded at 15 lg per lane onto 1% agarose gel containing 6% formal-

dehyde and transferred onto a nylon membrane (Hybond Nþ, Amer-

sham, Arlington Heights, IL). Then, each membrane was stained with

methylene blue and then equivalent loading was verified by the density

of both 18S and 28S rRNA bands visualized by the methylene blue

staining. After pre-hybridization for 4 h, membranes were hybridized

with [a-32P]dCTP-labeled cDNA probe (Megaprime, Amersham) for

mouse LPL (a gift of Dr. R. Zechner, Karl-Franzens University, Graz,

Austria [19]), mouse UCP2 (a gift of Dr. D. Ricquier, Centre de Re-

cherche sur l�Endocrinologie, Meudon, France [20]), and rat PPAR-c
at 42 �C for 16 h. The membranes were washed twice for 30min at

60 �C in 2� SSC, 1� SDS, and 0.2% sodium pyrophosphate, and then

washed for 10min at room temperature in 0:2� SSC and 0:1� SDS.

Signals were analyzed and quantified using the Fujix BAS2000 Bio-

imaging Analyzer (Fuji Photo Film, Tokyo, Japan) and then exposed

to X-ray films (Fuji Photo Film) at )80 �C, using an intensifying

screen.

Biochemical measurements. Plasma glucose levels were determined

by the glucose oxidase method (Glucose B-test, Wako Pure Pharma-

ceutical Industries, Osaka). Plasma immunoreactive insulin concen-

trations and plasma leptin concentrations were determined using the

specific ELISA Kits (Morinaga, Tokyo). Plasma triglyceride concen-

tration was determined by an enzymatic method using a kit (triglyc-

eride-G, Wako Pure Pharmaceutical).

Statistical analysis. Data are expressed as means� SE. The signif-

icance of the difference in mean values of metabolic parameters between

UCP–DTA and FVB mice was evaluated by unpaired Student�s t test.
The significance of the difference in mean values of metabolic param-

eters in UCP–DTA mice between pre- and post-treatment with piog-

litazone was evaluated by paired Student�s t test. Differences in gene

expression between UCP–DTA and FVB/N and pre- and post-treated

UCP–DTA mice were analyzed for statistical significance by unpaired

Student�s t test. The level of statistical significance was set at p < 0:05.

Results and discussion

Effects of pioglitazone on insulin, leptin, glucose, triglyc-

eride, triglyceride secretion rate, and post-heparin plasma

LPL activity

Table 1 summarizes data on body weight, WAT

weight, plasma insulin, TG, leptin, glucose, TGSR, and

post-heparin plasma LPL activity of FVB and UCP–

DTA mice. The body weight and WAT weight of

UCP–DTA mice were significantly larger than wild-type

control mice (FVB/N). The plasma level of insulin was

2.5-fold higher in UCP–DTA than in FVB mice, but
plasma glucose levels were comparable between these

animals, suggesting the development of insulin resistance

in UCP–DTA mice. UCP–DTA mice had a plasma TG

concentration that was 2.9-fold higher than that of FVB
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mice. UCP–DTAmice had a plasma leptin concentration

that was 1.9-fold higher than that of FVB mice. UCP–

DTA mice bred in our animal facility had hyperinsulin-

emia and hyperleptinemia due to insulin resistance and

fatty obesity, which were consistent with Lowell�s results
[14]. Table 1 also shows the effects of pioglitazone on

various measurements in UCP–DTA mice. Treatment

with pioglitazone for 2 weeks did not affect food intake
nor body weight gain in UCP–DTA mice and the final

body weight was comparable between treated and un-

treated groups. Unlike untreated mice, WAT weight was

not significantly increased in pioglitazone-treated UCP–

DTA mice. Hyperinsulinemia was completely attenuated

by treatment with pioglitazone in UCP–DTA mice

without affecting the plasma glucose level, suggesting

that insulin resistance was largely improved. Mantzoros

et al. [15] reported severe leptin resistance in UCP–DTA

mice. The hyperleptinemia in UCP–DTA mice was also

improved by pioglitazone treatment, suggesting that

pioglitazone promotes differentiation of adipocytes and

reduces fat enriched adipocytes, which secrete more lep-
tin [7]. Pioglitazone significantly decreased plasma TG

concentration by 21% in UCP–DTA mice, but the TG

concentration was still 2.2-fold higher than that of

FVB mice. The triglyceride secretion rate (TGSR) in

UCP–DTA mice was 6.7-fold larger than that in FVB

Table 1

Characteristic features of FVB control, and UCP–DTA pre- and post-treated with pioglitazone (Pio.)

FVB/N UCP–DTA

Untreatment of Pio. Post-treatment of Pio.

n 10 11 11

Initial body weight (g) 25:2� 0:7 29:6� 1:2a 29:2� 0:7

WAT weight (mg) 502:3� 51:2 682:9� 54:2a 519:6� 54:2

Plasma glucose (mg/dl) 165:0� 18:3 181:4� 9:9 164:6� 7:2

Plasma insulin (ng/ml) 3:0� 0:6 7:6� 1:4a 2:0� 0:3b

Plasma leptin (ng/ml) 3:4� 0:6 6:7� 0:9a 4:5� 1:0b

Plasma TG (mg/dl) 63:8� 11:7 182:4� 10:1a 143:6� 11:4b

TGSR (mg/min) 0:006� 0:002 0:04� 0:013a 0:032� 0:008

Post-heparine LPL (FFA release lmol/ml/min) N/A 1:0� 0:2 1:6� 0:2b

Results are expressed as means� SE. WAT weight in pre-treated UCP–DTA mice was used in other age-matched UCP–DTA mice ðn ¼ 11Þ.
a p < 0:05 vs. FVB.
b p < 0:05 vs. UCP–DTA mice untreated with pioglitazone.

Fig. 1. Effect of 2-week treatment of pioglitazone (Pio.) on LPL mRNA in epididymal WAT (A) and lower limb skeletal muscle (B). Each value

represents mean� SE. The data for each band are shown as relative value to the LPL mRNA level of FVB/N control group or UCP–DTA mice

treated without pioglitazone. FVB: FVB/N control mice ðn ¼ 6Þ; UCP–DTA: UCP–DTA mice ðn ¼ 4Þ; Normal Chow: UCP–DTA mice treated

without pioglitazone ðn ¼ 10Þ; +Pio.: UCP–DTA mice treated with pioglitazone ðn ¼ 7Þ. ap < 0:05 vs. FVB/N control mice; bp < 0:05 vs. UCP–DTA

mice untreated with pioglitazone (Normal Chow).
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control mice. Pioglitazone did not decrease the high rate
of TG production in UCP–DTA mice. We measured

post-heparin plasma LPL activity in UCP–DTA mice

treated or not with pioglitazone. LPL activity was slightly

decreased in UCP–DTA mice. Treatment with pioglit-

azone increased LPL activity by 60%. These results sug-

gest that the hypotriglyceridemic effect of pioglitazone in

UCP–DTAmice is solely attributable to an improvement

of TG catabolism via an increased LPL activity. The
failure of pioglitazone to suppress the high rate of TG

production may be the reason that the hypotriglyceri-

demic power of this agent is mild.

Effect of pioglitazone on the gene expression of LPL in

epididymal WAT and lower limb skeletal muscles

Fig. 1 shows the expression of UCP2 in epididymal

WAT and lower limb skeletal muscles of UCP–DTA
and FVB control mice. LPL mRNA level in WAT of

UCP–DTA mice was 50% that of FVB mice. LPL

mRNA levels in skeletal muscles of UCP–DTA mice

also decreased to 50% of FVB control mice. These

findings indicate that decreased lipolysis by LPL as well

as overproduction of TG contributes to the hypertri-

glyceridemia in UCP–DTA mice. Several studies have

reported that insulin resistance decreases LPL content in
representative LPL producing organs such as WAT [4,5]

or skeletal muscle [5]. Our results suggest that LPL

mRNA expression is decreased by insulin resistance and

that there is no apparent organ specificity regarding

insulin resistance and LPL synthesis. Pioglitazone re-

markably increased LPL mRNA in WAT of UCP–DTA

mice by 840% (Fig. 1). In contrast, LPL mRNA in

skeletal muscle was not altered by the treatment with
pioglitazone (Fig. 1). Increased LPL gene expression in

WAT but unchanged LPL gene expression in skeletal

muscle may explain the modest increase of post-heparin

plasma LPL activity and the mild TG lowering effect of

pioglitazone treatment. LPL plays an important role in

the hydrolysis of TG-rich lipoprotein and delivery of

fatty acid to organs. It is well known that increased fatty

acid impairs glucose disposal, which is called lipotoxicity
[21,22]. Thus, it is possible that an agent stimulating

LPL biosynthesis in skeletal muscles worsens insulin

resistance via lipotoxicity. In fact, mice overexpressing

the human LPL gene in skeletal muscle develop severe

insulin resistance [23–25]. In the present study, we ob-

served that pioglitazone selectively increased LPL

mRNA in WAT but not in skeletal muscles. No change

of LPL production in skeletal muscles by pioglitazone
would contribute to prevent the development of insulin

resistance due to increased delivery of fatty acids to the

muscles. Alternatively, the remarkable increase of LPL

synthesis in WAT may in part explain the increased

adiposity observed during long-term treatment with

TZDs [26,27].

Effect of pioglitazone on gene expression of PPAR-c and

UCP2

We measured PPAR-c mRNA in WAT of FVB and

UCP–DTA mice treated or not with pioglitazone (Fig.

2). Expression of PPAR-c mRNA was decreased by 60%

in UCP–DTA mice as compared with FVB mice. The

low gene expression of PPAR-c in UCP–DTA mice may

provide a molecular mechanism for the severe insulin
resistance developed in these mice. We found that

pioglitazone remarkably increased gene expression of

PPAR-c by 430% in UCP–DTA mice, suggesting that

Fig. 2. Effect of 2-week treatment of pioglitazone (Pio.) on PPAR-c (A)

and UCP-2 (B) mRNA in epididymal WAT. Each value represents

mean� SE. The data for each band are shown as relative value to the

mRNA level of FVB/N control group or UCP–DTA mice treated

without pioglitazone. FVB: FVB/N control mice ðn ¼ 6Þ; UCP–DTA:

UCP–DTA mice ðn ¼ 4Þ; Normal Chow: UCP–DTA mice treated

without pioglitazone ðn ¼ 10Þ; +Pio.: UCP–DTA mice treated with

pioglitazone ðn ¼ 7Þ. ap < 0:05 vs. FVB/N control mice; bp < 0:05 vs.

UCP–DTA mice untreated with pioglitazone (Normal Chow).
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pioglitazone directly stimulates the transcription of

PPAR-c gene besides enhancing the action of PPAR-c
as its agonist. UCP2, which is a member of the UCP

family, is expressed in ubiquitous tissues, including

skeletal muscles [20,28]. Because UCP–DTA mice lacks

the UCP-1 gene, we expected a change in UCP-2 gene

expression to compensate the action of UCP-1. How-

ever, there was no significant difference in the level of

UCP-2 mRNA between UCP–DTA and FVB mice.

Pioglitazone did not affect UCP-2 mRNA in UCP–DTA
mice. These results suggest that the change in insulin

resistance in UCP–DTA mice was not associated with

UCP-2 gene expression.

A transcriptionally active PPAR response element

has been identified upstream of the LPL gene [6]. Re-

cently, Lapsys et al. [29] reported that LPL mRNA in

human skeletal muscles correlated with PPAR-c ex-

pression in the same samples, suggesting that LPL bio-
synthesis is strongly governed by PPAR-c. We found

that LPL mRNA levels in WAT highly correlated with

PPAR-c mRNA levels in UCP–DTA mice treated or

not with pioglitazone (r ¼ 0:97, p < 0:0001) (Fig. 3).

This provides an additional evidence that LPL gene is a

target for the action of PPAR-c.
In conclusion, LPL mRNA expression in WAT and

skeletal muscles was decreased to similar extent in in-
sulin resistant mice lacking BAT. However, pioglitaz-

one, an enhancer of insulin action, selectively increased

LPL mRNA expression in WAT but not in skeletal

muscle. We speculate that stimulation of LPL gene ex-

pression by pioglitazone is attributable to the action of

PPAR-c, which abounds in WAT but not in skeletal

muscles. The lack of effect of pioglitazone on gene ex-

pression of LPL in skeletal muscles would contribute to
prevent the development of insulin resistance caused by

excess fatty acid flux into the muscles.

Acknowledgment

This study was partly supported by a Grant-in-Aid (No. 14571109)

from the Japanese Ministry of Education, Science and Culture.

References

[1] R.H. Eckel, Lipoprotein lipase. A multifunctional enzyme rele-

vant to common metabolic diseases, N. Engl. J. Med. 320 (1989)

1060–1068.

[2] M.R. Greenwood, The relationship of enzyme activity to feeding

behavior in rats: lipoprotein lipase as the metabolic gatekeeper,

Int. J. Obes. 9 (1985) 67–70.

[3] R.V. Farese Jr., T.J. Yost, R.H. Eckel, Tissue-specific regulation

of lipoprotein lipase activity by insulin/glucose in normal-weight

humans, Metabolism 40 (1991) 214–216.

[4] O.J. Pykalisto, P.H. Smith, J.D. Brunzell, Determinants of human

adipose tissue lipoprotein lipase. Effect of diabetes and obesity on

basal- and diet-induced activity, J. Clin. Invest. 56 (1975) 1108–

1117.

[5] T. Pollare, B. Vessby, H. Lithell, Lipoprotein lipase activity in

skeletal muscle is related to insulin sensitivity, Arterioscler.

Thromb. 11 (1991) 1192–1203.

[6] K. Schoonjans, J. Peinado-Onsurbe, A.M. Lefebvre, R.A. Hey-

man, M. Briggs, S. Deeb, B. Staels, J. Auwerx, PPARa and

PPARc activators direct a distinct tissue-specific transcriptional

response via a PPRE in the lipoprotein lipase gene, EMBO J. 15

(1996) 5336–5348.

[7] A. Okuno, H. Tamemoto, K. Tobe, K. Ueki, Y. Mori, K.

Iwamoto, K. Umesono, Y. Akanuma, T. Fujiwara, H. Horikoshi,

Y. Yazaki, T. Kadowaki, Troglitazone increases the number of

small adipocytes without the change of white adipose tissue mass

in obese Zucker rats, J. Clin. Invest. 101 (1998) 1354–1361.

[8] P. Tontonoz, E. Hu, R.A. Graves, A.I. Budavari, B.M. Spiegel-

man, mPPARc 2: tissue-specific regulator of an adipocyte

enhancer, Genes Dev. 8 (1994) 1224–1234.

[9] P. Tontonoz, E. Hu, B.M. Spiegelman, Stimulation of adipogen-

esis in fibroblasts by PPARc 2, a lipid-activated transcription

factor [published erratum appears in Cell 1995 Mar 24;80(6):fol-

lowing 957], Cell 79 (1994) 1147–1156.

[10] P. Tontonoz, E. Hu, B.M. Spiegelman, Regulation of adipocyte

gene expression and differentiation by peroxisome proliferator

activated receptor c, Curr. Opin. Genet. Dev. 5 (1995) 571–576.

[11] A. Vidal-Puig, M. Jimenez-Linan, B.B. Lowell, A. Hamann, E.

Hu, B. Spiegelman, J.S. Flier, D.E. Moller, Regulation of PPARc
gene expression by nutrition and obesity in rodents, J. Clin.

Invest. 97 (1996) 2553–2561.

[12] T. Kazumi, T. Hirano, H. Odaka, T. Ebara, N. Amano, T.

Hozumi, Y. Ishida, G. Yoshino, VLDL triglyceride kinetics in

Wistar fatty rats, an animal model of NIDDM: effects of dietary

fructose alone or in combination with pioglitazone, Diabetes 45

(1996) 806–811.

[13] Y. Yamazaki, T. Osaka, T. Murakami, S. Inoue, JTT-501, a new

oral hypoglycemic agent, reverses hypertriglyceridemia in Zucker

fatty and ventromedial hypothalamus-lesioned obese rats, Me-

tabolism 49 (2000) 574–578.

[14] B.B. Lowell, V. S-Susulic, A. Hamann, J.A. Lawitts, J. Himms-

Hagen, B.B. Boyer, L.P. Kozak, J.S. Flier, Development of

obesity in transgenic mice after genetic ablation of brown adipose

tissue, Nature 366 (1993) 740–742.

[15] C.S. Mantzoros, R.C. Frederich, D. Qu, B.B. Lowell, E. Maratos-

Flier, J.S. Flier, Severe leptin resistance in brown fat-deficient

uncoupling protein promoter-driven diphtheria toxin A mice

despite suppression of hypothalamic neuropeptide Y and circu-

lating corticosterone concentrations, Diabetes 47 (1998) 230–238.

Fig. 3. Correlation of PPAR-c mRNA expression with LPL mRNA

expression in epididymal WAT of UCP–DTA treated without (open

circle) and with (closed circle) pioglitazone. Each value was quantified

using an image analyzer.

26 H. Kageyama et al. / Biochemical and Biophysical Research Communications 305 (2003) 22–27



[16] A. Melnyk, J. Himms-Hagen, Temperature-dependent feeding:

lack of role for leptin and defect in brown adipose tissue-ablated

obese mice, Am. J. Physiol. 274 (1998) R1131–R1135.

[17] G. Garruti, D. Ricquier, Analysis of uncoupling protein and its

mRNA in adipose tissue deposits of adult humans, Int. J. Obes.

Relat. Metab. Disord. 16 (1992) 383–390.

[18] R.M. Krauss, R.I. Levy, D.S. Fredrickson, Selective measurement

of two lipase activities in postheparin plasma from normal

subjects and patients with hyperlipoproteinemia, J. Clin. Invest.

54 (1974) 1107–1124.

[19] R. Zechner, T.C. Newman, E. Steiner, J.L. Breslow, The structure

of the mouse lipoprotein lipase gene: a B1 repetitive element is

inserted into the 30 untranslated region of the mRNA, Genomics

11 (1991) 62–76.

[20] C. Fleury, M. Neverova, S. Collins, S. Raimbault, O. Champigny,

C. Levi-Meyrueis, F. Bouillaud, M.F. Seldin, R.S. Surwit, D.

Ricquier, C.H. Warden, Uncoupling protein-2: a novel gene linked

to obesity and hyperinsulinemia, Nat. Genet. 15 (1997) 269–272.

[21] Y. Lee, H. Hirose, M. Ohneda, J.H. Johnson, J.D. McGarry,

R.H. Unger, b-cell lipotoxicity in the pathogenesis of non-insulin-

dependent diabetes mellitus of obese rats: impairment in adipo-

cyte-b-cell relationships, Proc. Natl. Acad. Sci. USA 91 (1994)

10878–10882.

[22] R.H. Unger, Lipotoxicity in the pathogenesis of obesity-depen-

dent NIDDM. Genetic and clinical implications, Diabetes 44

(1995) 863–870.

[23] L.D. Ferreira, L.K. Pulawa, D.R. Jensen, R.H. Eckel, Overex-

pressing human lipoprotein lipase in mouse skeletal muscle is

associated with insulin resistance, Diabetes 50 (2001) 1064–1068.

[24] J.K. Kim, J.J. Fillmore, Y. Chen, C. Yu, I.K. Moore, M. Pypaert,

E.P. Lutz, Y. Kako, W. Velez-Carrasco, I.J. Goldberg, J.L.

Breslow, G.I. Shulman, Tissue-specific overexpression of lipopro-

tein lipase causes tissue-specific insulin resistance, Proc. Natl.

Acad. Sci. USA 98 (2001) 7522–7527.

[25] P.J. Voshol, M.C. Jong, V.E. Dahlmans, D. Kratky, S. Levak-

Frank, R. Zechner, J.A. Romijn, L.M. Havekes, In muscle-

specific lipoprotein lipase-overexpressing mice, muscle triglyceride

content is increased without inhibition of insulin-stimulated

whole-body and muscle-specific glucose uptake, Diabetes 50

(2001) 2585–2590.

[26] C.J. de Souza, M. Eckhardt, K. Gagen, M. Dong, W. Chen, D.

Laurent, B.F. Burkey, Effects of pioglitazone on adipose tissue

remodeling within the setting of obesity and insulin resistance,

Diabetes 50 (2001) 1863–1871.

[27] A.B. King, D.U. Armstrong, Lipid response to pioglitazone in

diabetic patients: clinical observations from a retrospective chart

review, Diabetes Technol. Ther. 4 (2002) 145–151.

[28] R.E. Gimeno, M. Dembski, X. Weng, N. Deng, A.W. Shyjan, C.J.

Gimeno, F. Iris, S.J. Ellis, E.A. Woolf, L.A. Tartaglia, Cloning

and characterization of an uncoupling protein homolog: a

potential molecular mediator of human thermogenesis, Diabetes

46 (1997) 900–906.

[29] N.M. Lapsys, A.D. Kriketos, M. Lim-Fraser, A.M. Poynten,

A. Lowy, S.M. Furler, D.J. Chisholm, G.J. Cooney, Expression

of genes involved in lipid metabolism correlate with peroxisome

proliferator-activated receptor c expression in human skeletal

muscle, J. Clin. Endocrinol. Metab. 85 (2000) 4293–

4297.

H. Kageyama et al. / Biochemical and Biophysical Research Communications 305 (2003) 22–27 27


	Lipoprotein lipase mRNA in white adipose tissue but not in skeletal muscle is increased by pioglitazone through PPAR-gamma
	Materials and methods
	Results and discussion
	Effects of pioglitazone on insulin, leptin, glucose, triglyceride, triglyceride secretion rate, and post-heparin plasma LPL activity
	Effect of pioglitazone on the gene expression of LPL in epididymal WAT and lower limb skeletal muscles
	Effect of pioglitazone on gene expression of PPAR-gamma and UCP2

	Acknowledgements
	References


