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Abstract

In this study, we determined the in vitro effect of peroxisome proliferator-activated receptor-γ (PPAR-γ) activation on the aortic
relaxation, lipolysis and insulin-induced [3H]-glucose uptake of the abdominal (omental) adipocytes of the non-diabetic (+db/+m) and
obese/diabetic (+db/+db) mice. The expression of PPAR-γ (mRNA and protein) in aorta and adipose tissues was evaluated and compared.
Cumulative application of ciglitazone, pioglitazone and troglitazone (PPAR-γ agonists) caused a concentration-dependent aortic relaxation
(sensitive to 2-chloro-5-nitro-N-phenylbenzamide (GW9662) (1 μM, a selective PPAR-γ antagonist) and Nω-nitro-L-arginine methyl ester
(L-NAME) (20 μM, a nitric oxide synthase inhibitor)) with a maximum relaxation of ∼30% (3 μM) in +db/+m mice, whereas no relaxation
was observed in +db/+db mice. All PPAR-γ agonists examined did not alter the basal lipolysis of both species, but forskolin caused a
concentration-dependent lipolysis, with a greater magnitude observed in +db/+m mice. Insulin (0.1 and 1 μM) caused an enhancement of
[3H]-glucose uptake into adipocytes with a greater magnitude in +db/+m mice. In contrast, none of the PPAR-γ agonists tested (0.1, 1 and
10 μM) altered the basal and the insulin (0.1 μM)-induced [3H]-glucose uptake into adipocytes of both species. In addition, there was no
difference in PPAR-γ expression (mRNA and protein) in the aorta and adipose tissues between the species. In conclusion, our results
demonstrate that PPAR-γ is present in the abdominal (omental) adipose tissue and thoracic aorta. An acute activation of PPAR-γ produced a
small (∼30%) aortic relaxation (nitric oxide/endothelium-dependent) of +db/+m mice. However, all PPAR-γ agonists examined have no
acute effect on lipolysis and the insulin-induced glucose uptake into adipocytes of both +db/+m and +db/+db mice.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The increasing prevalence of diabetes and cardiovascular
diseases has become a serious health-service burden to our
societies. Hypertension is a common observation of non-insulin-
dependent diabetes mellitus and it has been suggested due to the
abnormal reactivity of vascular tissues under diseased conditions
e.g. an increased contractility and/or impaired dilatation (Chau
et al., 2003; Okon et al., 2003; Katakam et al., 2005). Free fatty
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acids released from the adipose tissues during lipolysis caused
aberrant responses of the vascular systems (Sainsbury et al.,
2004) that may account for the progression/development of
different cardiovascular diseases observed in diabetic patients.

Recent evidence suggested that the peroxisome proliferator-
activated receptor-gamma (PPAR-γ) activation has an impor-
tant link between obesity and atherosclerosis (Kersten, 2002;
Marx et al., 1999). PPAR-γ is abundantly expressed in adipose
tissues and is important in fat cells differentiation (Freake,
1999) and lipid storage (Tontonoz et al., 1994). More
importantly, a gene mutation encoding for PPAR-γ has been
suggested associated with extreme obesity (Freake, 1999). In
over-weight patients, the basal expression of PPAR-γ is not
altered, and a defect in PPAR-γ functions has been suggested
for the development of body fatness (Rieusset et al., 1999).
Paradoxically, ob/ob mice fed with rosiglitazone (a PPAR-γ
agonist) resulted in an increase in body weight (Wilson-Fritch et
al., 2004), and it is probably related to PPAR-γ activation-
mediated adipogenesis (Tontonoz et al., 1994). However, it is
not known whether PPAR-γ are involved in adipose tissue
lipolysis and the modulation of diabetic conditions on PPAR-γ-
mediated lipolysis remains to be determined.

In addition, PPAR-γ receptors are found in different tissues/
organs including blood vessels (Buchanan et al., 1995; Ryan
et al., 2004). A decade ago, thiazolidinediones, a new class of
anti-diabetic agents, have been shown binding to and activating
PPAR-γ (Lehmann et al., 1995). Activation of PPAR-γ resulted
in an in vitro vascular relaxation (Ryan et al., 2004) and a
decrease in blood pressure of rats (Buchanan et al., 1995).
The vascular relaxation effect of PPAR-γ agonists observed
in different tissues of normal animals has been suggested
involving various ion channels gatings modulation (Knock
et al., 1999). In addition, it is unknown whether the vascular
effects, if any, of the PPAR-γ agonists are altered under the
diabetic conditions despite the fact that these agents are cur-
rently used in treating Type II diabetes mellitus (Saltiel and
Olefsky, 1996). Given the important characteristic of thiazoli-
dinediones on insulin's action (i.e. insulin sensitization), it is
important to elucidate the effect, if any, of PPAR-γ agonists on
insulin-induced response (e.g. glucose uptake) in adipocytes.

In the present study, the diabetic (+db/+db) mice were used
as these animals are commonly used models for obesity and
non-insulin-dependent diabetes mellitus research (Mukherjee
et al., 1997; Leckstrom et al., 1999; Winters et al., 2000; Lam
et al., 2006). It is important to indicate that the therapeutic/
beneficial effects of PPAR-γ agonists on most diabetic patients
and animal models are obvious only after a chronic (long-term)
use. However, it is well-documented that there are common
metabolic and physiological changes (e.g. oedema, increase in
body weight) observed after a long-term treatment with
thiazolidinediones (Sotiropoulos et al., 2006). In this study,
we therefore evaluated the acute effects of PPAR-γ agonists so
as to avoid physiological changes occurred (after a long-term
administration) that can complicate an accurate interpretation of
our results. We examined and compared the acute in vitro
vasodilatation response, lipolytic effect and glucose uptake
caused by the PPAR-γ activation, as well as the underlying
mechanism(s) involved in both lean (+db/+m) and obese/
diabetic (+db/+db) mice.

2. Methods and materials

2.1. Animals

C57BL/KsJ mice (female; 6 months old) (non-diabetic (+db/
+m) mice: 24.5±2.3 g; diabetic (+db/+db) mice: 58.2±3.4 g
were housed under a 12:12-h light–dark cycle (7:00 am, ON;
7:00 pm, OFF) (relative humidity: 55–60%; temperature: 22±
1 °C) and were given standard chow (Leiter et al., 1981) and
water ad libitum before they were sacrificed by cervical
dislocation. The +db/+db mice displayed typical phenotypes
of obesity, hyperinsulinemia and hyperglycemia, as reported by
our group previously (Lam et al., 2006). The Animal
Experimentation Ethics Committee of The Chinese University
of Hong Kong (HKSAR, China) approved all experiments
performed in this study (approval no: 04/054/MIS). The
recommendations from the Declaration of Helsinki and the
internationally accepted principles for the use of experimental
animals were adhered to. Every effort was made to limit animal
suffering and to limit the number of animals used in these
experiments.

2.2. Thoracic aorta and abdominal (omental) fat tissues isolation

Thoracic aorta (length: ∼12 mm; O.D. ∼0.8 mm) were
dissected from animals immediately after sacrificed. Fat and
connective tissues around the thoracic aorta were carefully
removed under the dissecting stereo-microscope (Leica,
Germany). Care was taken not to touch the lumen of the tho-
racic aorta during dissection to ensure the endothelium intact,
unless otherwise stated. Four aortic rings (1 mm in length) were
obtained from each aortic preparation and only one ring was
used for each drug treatment.

The abdomen of each mouse was opened, and the abdominal
(omental) adipose tissue (a metabolically active fat depot) was
harvested. In general, the amount of adipose tissue collected
from each +db/+m mouse was ∼0.4–0.7 g (n=50), whereas
∼4.2–6.0 g (n=50) was collected from each +db/+db mouse.

2.3. Isometric tension measurement

The thoracic aortic ring was mounted in a 5-ml small-vessel
wire-myograph (DMT, Denmark) containing physiological salt
solution (gassed with 16% O2/6% CO2 balanced with N2,
pO2∼100 mmHg) of the following composition (mM): NaCl
118, KCl 4.7, MgSO4 1.2, KH2PO4 1.2, NaHCO3 25, glucose
11 and CaCl2 1.8 (pH 7.4, 37 °C). To exclude the involvement
of cyclo-oxygenase cascade, indomethacin (1 μM, a non-
selective cyclo-oxygenase inhibitor) was included in physio-
logical salt solution throughout the experiments. In some
preparations, the role of nitric oxide synthase (NOS) and
endothelium was evaluated by Nω-nitro-L-arginine methyl
ester (L-NAME) (20 μM, a NOS-inhibitor) and mechanical
rubbing of the lumen of the aorta with a stainless-steel wire.
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The preparations were equilibrated under the resting tension of
6.0±0.3 mN, as described previously (Okon et al., 2003; Lam
et al., 2006) in the bath solution for 90 min. Resting tension was
re-adjusted, if necessary, before commencing the experiments.
All blockers used in this study were allowed to incubate with
the preparation for 30 min before the construction of the
concentration–response curve. Increasing concentrations of
individual relaxant were administered at half-log increments
at the plateau (i.e. steady-state) of the previous response. The
response at each concentration of drug added (expressed as final
bath concentration) was measured using the MacLab Chart
v 3.6 program (AD Instruments, Australia). Relaxation in
response to individual agent was expressed as % of the phen-
ylephrine (1 μM) (∼90% of maximum contractile response
elicited by 1 μM phenylephrine observed in individual specie;
n=5 for each specie)-induced tone (Okon et al., 2003; Lam
et al., 2006), and 100% relaxation was considered when the
active tone returned to the baseline level.

2.4. Adipocytes preparation and lipolysis measurement

After harvesting, the abdominal (omental) adipose tissue
from each mouse was incubated immediately in Krebs'-Ringer
buffer with collagenase (0.5 mg/ml) (Sigma-Aldrich, USA) at
Fig. 1. Cumulative concentration–response curves of ciglitazone, pioglitazone and tro
(open symbols:○,△) and the presence (closed symbols:●,▲) of GW9662 (1 μM, le
+db mice (△,▲)). Results are expressed as means±S.E.M.
37 °C in a shaker bath for 90 min. After enzymatic treatment,
adipocytes were collected and allowed to incubate in Krebs'-
Ringer buffer (with the supplement of 3% bovine serum
albumin) with different concentrations of drugs at 37 °C for
150 min. The number of adipocytes harvested after enzymatic
dissociation was counted under the phase-contrast microscope
after trypan blue staining using a hematocytometer. The amount
of glycerol released was measured after drug treatment using the
commercial free glycerol determination kit (Sigma-Aldrich,
USA) according to the manufacturer's protocols. The amount of
glycerol released (expressed as μg glycerol/1×106 adipocytes)
was used as an index of lipolysis for comparison.

2.5. Measurement of 2-deoxy-[3H]-glucose uptake

All experiments were performed in HEPES-buffered Ringer's
solution containing (mM): 135NaCl; 5 KCl; 3.33NaH2PO4; 0.83
Na2HPO4; 1.0 CaCl2; 1.0MgCl2 and 5HEPES (pH 7.4). Aliquots
of adipocytes suspension (100 μl) were exposed to different
concentrations of thiazolidinediones (ciglitazone, pioglitazone
and troglitazone) for 150 min followed by 100 nM insulin for
30 min at 37 °C. Uptake measurements were initiated by the
addition of 2-deoxy-[3H]-glucose (10 μM, 1 μCi/ml). After
10 min incubation, the uptake process was terminated by the
glitazone in phenylephrine pre-contracted isolated thoracic aorta, in the absence
ft panels) and L-NAME (20 μM, right panels), of +db/+mmice (○,●) and +db/
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addition of cold HEPES-buffered Ringer solution (400 μl)
containing 50 μM cytochalasin B and 100 μM phloretin. Cells
were separated from the uptake buffer by centrifugation
(15,000 ×g, 1 min) through silicone oil. The radioactivity
associated with adipocytes was measured using a β-scintillation
counter. Non-specific uptake of 2-deoxy-[3H]-glucose was
determined by the addition of 50 μM cytochalasin B and
100 μM phloretin 30 min prior to 2-deoxy-[3H]-glucose
administration. Protein content of adipocytes was determined
spectrophotometrically using the bicinchoninic acid assay (Pierce
Biochemicals, USA).

2.6. Determination of mRNA expression of PPAR-γ

Thoracic aorta (endothelium removed) and the omental
adipocytes were isolated from +db/+m and +db/+db mice as
described in previous sections. Total RNA was prepared using
the RNeasy minikit (Qiagen, USA) according to the manufac-
turer's protocols. The integrity of RNA was checked by
electrophoresis in a 1% agarose gel containing ethidium bro-
mide. The RNA concentration was measured spectrophotomet-
rically. cDNAwas synthesized from isolated total RNA using an
oligo (dT) primer and ThermoScript™ RT-PCR system
(Invitrogen, USA). Briefly, 1 μg of total RNA was transcribed
into cDNA in a final vol. of 20 μl reaction mixture containing
1 μg total RNA, 10 μl H2O and 1 μl thermoscript reverse
transcriptase. After 60 min incubation at 55 °C, the reaction was
terminated by incubation at 85 °C for 10 min. Finally, 1 μl
Rnase H was added and the reaction was incubated at 37 °C for
another 20 min. The reverse transcription products were used
immediately in the polymerase chain reaction (PCR) experi-
Fig. 2. Cumulative concentration–response curves of forskolin and carbachol
in phenylephrine pre-contracted isolated thoracic aorta (endothelium intact)
of +db/+m mice (○) and +db/+db mice (●). Results are expressed as means±
S.E.M., and ⁎ Pb0.05 compared to +db/+m mice (○).

Fig. 3. Concentration–response curves of lipolysis of the abdominal (omental)
adipocytes (measured as glycerol released: μg/1×106 adipocytes) elicited by
(A) ciglitazone, (B) pioglitazone, (C) troglitazone and (D) forskolin of +db/+m
mice (open bar) and +db/+db mice (hatched bar). Results are expressed as
means±S.E.M.
ments. Primers used for PCR were designed based on the
sequence available in the GenBank database (Mural et al., 2002).
The following primers were used: PPAR-γ receptor: 5′-
GGCGAGGGCGATCTTGACAG-3 ′ ( forward) ; 5 ′ -
AGCAGGTTGTCTTGGATGT-3′ (reverse). The PCR products
were examined on 1% agarose gel containing ethidium bromide.

2.7. Western immunoblot analysis

Thoracic aorta (endothelium removed) and abdominal
(omental) fat tissues were homogenized in the presence of
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protease inhibitors to obtain extracts of proteins. Protein con-
centrations were determined using BCA™ protein assay kit
(Pierce, USA). Samples (25 μg of protein per lane) were loaded
onto a 10% SDS-polyacrylamide gel electrophoresis gel. After
electrophoresis (180 V, 60 min), the separated proteins were
transferred (12 mA, 60 min) to polyvinylidene difluoride
membrane (PerkinElmer™ Life Sciences, USA). Non-specific
sites were blocked with 5% non-fat dry milk for 120 min, and
the blots were then incubated with anti-PPAR-γ antibody,
1:1000 (Santa Cruz Biotechnology, USA) overnight at 4 °C.
Anti-mouse HRP conjugated IgG, 1:1000 (DakoCytomation,
Denmark) was used to detect the binding of its correspondent
antibody. Membranes were stripped and re-blotted with anti-β
actin antibody, 1:6000 (Sigma-Aldrich, USA) to verify an equal
loading of protein in each lane. The protein expression was
detected with Western Lightning Chemiluminescence Reagent
Plus (PerkinElmer Life Sciences, USA) and quantified using
NIH Image analysis programme.
Fig. 4. Summary of PPAR-γ expression in the thoracic aorta (A: mRNA, C: protein) a
(open bar) and +db/+db mice (hatched bar). Quantification of mRNA (RT-PCR) an
comparison. Results are expressed as mean (arbitrary units)±S.E.M. of three indepe
2.8. Chemicals

Physiological salts (GR grade) for preparing Krebs' solution
for isometric tension measurement were obtained from Merck
(Darmstadt, Germany). L-phenylephrine hydrochloride, carba-
mylcholine chloride, forskolin, ciglitazone, pioglitazone, tro-
glitazone, indomethacin and Nω-nitro-L-arginine methyl ester
(L-NAME) were obtained from Sigma-Aldrich Co. (USA). 2-
Chloro-5-nitro-N-phenylbenzamide (GW 9662) was obtained
from Tocris Cookson (UK) and 2-deoxy-[3H]-glucose was
purchased from Amersham (USA). Insulin was purchased from
Affinity BioReagents, Inc. (USA).

2.9. Statistical analysis

Data are expressed as means±S.E.M.; n refers to number of
mice from which thoracic aorta or adipose tissue was taken for
experiments. Statistical comparisons were performed using
nd the abdominal (omental) adipocytes (B: mRNA, D: protein) of +db/+mmice
d protein (Western blotting) of PPAR-γ was normalized to β-actin content for
ndent experiments.
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analysis of variance (ANOVA) or Student's t-test, where appro-
priate. Difference was considered to be statistically significant
at Pb0.05.

3. Results

3.1. Comparison of the aortic relaxation of +db/+m and
+db/+db mice

After the phenylephrine (1 μM)-induced contraction reached
a steady-state condition, individual PPAR-γ agonists (ciglita-
zone, pioglitazone and troglitazone) (0.1 nM–3 μM) was added
cumulatively to the aortic preparation. All PPAR-γ agonists
elicited a concentration (0.1 nM–3 μM)-dependent aortic relax-
ation of +db/+m mice with ∼25–30% maximum relaxation at
3 μM (n=7–8). However, there was no apparent relaxation
response elicited by all PPAR-γ agonists over the same
concentration range in +db/+db mice (n=7–8) (Fig. 1). The
PPAR-γ agonist-induced relaxation of aorta was inhibited by 2-
chloro-5-nitro-N-phenylbenzamide (GW 9662) (1 μM, a
selective PPAR-γ receptor blocker) (n=5) (Fig. 1A, B and C)
and Nω-nitro-L-arginine methyl ester (L-NAME, 20 μM) (n=6)
(Fig. 1D, E and F), applied alone. In endothelium-denuded
preparations, PPAR-γ agonists caused no apparent relaxation in
both +db/+m and +db/+db mice (n=4–5) (data not shown).
Fig. 5. (A) Stimulation of 2-deoxy-[3H]-glucose uptake by insulin (0.1 μM and 1 μ
(B). Effects of ciglitazone (0.1 μM–10 μM), (C) pioglitazone (0.1 μM–10 μM) and (D
with or without stimulation by 0.1 μM insulin. (+db/+m mice (□), n=4; +db/+db
experiments.
Cumulative application of carbachol (an acetylcholine
analogue) (0.1 nM–10 μM) and forskolin (an adenylyl cyclase
activator) (0.1 nM–3 μM) caused a concentration-dependent
relaxation with ∼100% relaxation at 3 μM (n=5–6) (Fig. 2).
However, a smaller magnitude of relaxation caused by car-
bachol was observed in +db/+db mice compared to that was
observed in +db/+m mice (Fig. 2B). In contrast, forskolin
(0.1 nM–3μM) caused a similar magnitude of relaxation
irrespective of the type of mice used (Fig. 2A).

3.2. Comparison of the lipolytic effect of ciglitazone,
pioglitazone, troglitazone and forskolin in +db/+m and +db/
+db mice

Three PPAR-γ agonists (ciglitazone, pioglitazone and
troglitazone) (1 nM–10 μM) were evaluated on the lipolysis
response of the abdominal (omental) adipocytes. The basal (i.e.
without drug challenge) glycerol release in +db/+m mice was
∼3 times higher than that in +db/+dbmice (∼0.8 μmol/1×106

adipocytes versus ∼0.3 μmol/1×106 adipocytes). However, all
three PPAR-γ agonists tested failed to alter the basal lipolysis in
both +db/+m and +db/+db mice (n=5 for each PPAR-γ
agonist) (Fig. 3A, B and C). In contrast, forskolin (1 nM–
100 μM) elicited a concentration-dependent lipolysis and a ∼4-
fold increase in glycerol release occurred at 100 μM (compared
M) into adipocytes of +db/+m mice (□), n=4) and +db/+db mice (■, n=4).
) troglitazone (0.1 μM–10 μM) on 2-deoxy-[3H]-glucose uptake into adipocytes,
mice (■), n=4). Results are expressed as means±S.E.M. of three independent
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to the respective drug-free controls) in both strains of mice
(n=5), with a greater magnitude of lipolysis observed in +db/
+m mice, compared to +db/+db mice (Fig. 3D).

3.3. Determination of PPAR-γ (mRNA and protein) expression

There was no difference in PPAR-γ mRNA expression in
both the thoracic aorta (arbitrary units: 1.066±0.063 (+db/+m
mice) versus 1.037±0.957 (+db/+db mice)) (n=3) (Fig. 4A)
and the abdominal adipose tissues (arbitrary units: 1.318±0.043
(+db/+m mice) versus 1.232±0.104 (+db/+m mice)) (n=3)
(Fig. 4B) (PN0.05). In addition, there was no apparent
difference in PPAR-γ protein expression in the thoracic aorta
(+db/+m mice versus +db/+db mice) (Fig. 4C) and the
abdominal adipocytes (+db/+m mice versus +db/+db mice)
(Fig. 4D).

3.4. Glucose uptake in adipocytes

Under basal (i.e. drug-free) conditions, the rate of 2-deoxy-
[3H]-glucose uptake into the omental adipocytes of +db/+m
mice was higher than that in +db/+db mice (2.450±0.396
versus 1.151±0.252 pmol/mg protein/min) (Fig. 5A). In both
species, insulin (0.1 and 1 μM) caused a concentration-
dependent enhancement of 2-deoxy-[3H]-glucose uptake
into the adipocytes (insulin 0.1 μM: +db/+m mice, 9.312±
0.621 pmol/mg protein/min; +db/+db mice, 1.893 ±
0.297 pmol/mg protein/min) (insulin 1 μM: +db/+m mice,
15.230±2.347 pmol/mg protein/min; +db/+db mice, 3.140±
0.387 pmol/mg protein/min) (Fig. 5A). However, ciglitazone
(0.1, 1 and 10 μM) (Fig. 5B), pioglitazone (0.1, 1 and 10 μM)
(Fig. 5C) and troglitazone (0.1, 1 and 10 μM) (Fig. 5D), applied
alone, did not alter the basal 2-deoxy-[3H]-glucose uptake, and
all PPAR-γ agonists tested failed to modify insulin (0.1 μM)-
induced 2-deoxy-[3H]-glucose uptake into the adipocytes of
both species (Fig. 5B, C and D).

4. Discussion

In our study, we have demonstrated that all three peroxisome
proliferator-activated receptor-γ (PPAR-γ) agonists (ciglita-
zone, pioglitazone and troglitazone), applied acutely, elicited a
cumulative concentration-dependent relaxation of isolated
thoracic aorta of +db/+m mice, but not +db/+db mice. It is
consistent with a pervious study in which activation of PPAR-γ
by rosiglitazone caused a vasodilatation of the carotid artery of
the hypertensive transgenic mice (Ryan et al., 2004). In
addition, pioglitazone reduced the blood pressure in fructose-
fed and chow-fed rats (Buchanan et al., 1995). In our study,
inhibition of PPAR-γ agonist-induced relaxation by 2-chloro-5-
nitro-N-phenylbenzamide (GW9662, a selective PPAR-γ
blocker) (Seargent et al., 2004) suggesting that PPAR-γ
activation plays an essential role in the relaxation response.

Reduction of reactive oxygen species production is one of
the possible mechanisms that has been suggested involved in
PPAR-γ agonist-mediated vasodilatation (Majithiya et al.,
2005). A reduction of reactive oxygen species generation
results in an enhancement of vasodilatation by increasing the
bioavailability of nitric oxide. It has been demonstrated that
troglitazone improved flow-mediated vasodilatation of the
brachial artery in obese human subjects by reducing reactive
oxygen species generated from lipid peroxidation (Garg et al.,
2000). In our study, our data suggest that the PPAR-γ-induced
relaxation was endothelium-dependent where the relaxation
was abolished by the administration of Nω-nitro-L-arginine
methyl ester (L-NAME) (20 μM, a nitric oxide synthase
inhibitor). Although the relaxation elicited by PPAR-γ was
rather modest with ∼30% at 3 μM, it is important to point out
that instead of acting indirectly via a reduction of reactive
oxygen species generation (at least not after an acute admin-
istration of PPAR-γ agonists as demonstrated in the present
study), activation of the PPAR-γ receptor was directly involved
in the aortic vasodilatation.

In addition, our results demonstrate that the carbachol-
induced endothelium-dependent relaxation was impaired in
+db/+db mice. This finding is consistent with previous reports
in which nitric oxide/endothelium-dependent relaxation of
aorta was smaller (over the same concentration range) in +db/
+db mice than that was observed in the age-matched non-
diabetic (+db/+m) mice (Oyama et al., 1986; Matsumoto et al.,
2004; Lam et al., 2006). Perhaps, it may explain the absence of
the PPAR-γ agonists-induced, endothelium-dependent relaxa-
tion observed in +db/+db mice as the function of nitric oxide/
endothelium is curtailed which is associated with an increased
expression of caveolin-1 protein in +db/+db mice, as reported
by our group previously (Lam et al., 2006).

Various studies have demonstrated that PPAR-γ is expressed
in different tissues including vascular smooth muscle cells
(Ricote et al., 1998; Marx et al., 2004). Therefore, it is possible
that a different expression of PPAR-γ between normal and
diseased subjects is responsible for a different magnitude of the
vascular responses observed. In fact, it has been demonstrated
that the mRNA expression of PPAR-γ is higher in the aorta and
mesenteric artery of the Spontaneously Hypertensive rats (SHR)
compared to the normotensive Wistar-Kyoto rats (WKY)
(Xiong et al., 2005). Our data, in contrast, demonstrated that
there is no significant difference in the PPAR-γ expression
(mRNA and protein) of the thoracic aorta of both strains of
mice. Perhaps, it is possible that a malfunction of the
downstream signalling cascade could contribute to the absence
of the vascular relaxation elicited by PPAR-γ agonists in +db/
+db mice. However, we have reported (Lam et al., 2006) that
only acetylcholine- but not sodium nitroprusside-mediated
relaxation was blunted in +db/+db mice. We therefore
considered whether other intracellular signalling cascade (e.g.
adenylyl cyclase)-mediated relaxation was altered or not under
the diabetic conditions. Interestingly, forskolin (an adenylyl
cyclase activator) elicited a similar magnitude of relaxation in
both +db/+m and +db/+db mice. Our results therefore further
strengthened the conclusion that the endothelium/nitric oxide
cascade of the vascular tissues was attenuated in +db/+db
mice.

The functions and mechanisms of the PPAR-γ cascade of the
adipose tissue are controversial. Previous reports have suggested
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that PPAR-γ plays an essential role in lipogenesis (Kubota et al.,
1999; Camp et al., 2001), and the regulatory role of PPAR-γ on
lipogenesis has been demonstrated in heterozygous PPAR-γ
mutant mice (Kubota et al., 1999). On a high-fat diet, the PPAR-
γ heterozygous mice gained a lesser weight with a significantly
smaller fat store than the wild-type mice.

Although the contribution of PPAR-γ on lipogenesis has
been extensively studied, surprisingly, the direct effect of
PPAR-γ agonist on lipolysis has not received much attention.
So far, most effort has been focused on how PPAR-γ agonist
altered the lipolysis phenomenon elicited by different lipolytic
agents. It has been shown that insulin (100 nmol/l, 2 day-
incubation)-stimulated human adipose tissue lipolysis. Howev-
er, a combination of insulin (1–1000 nmol/l) with rosiglitazone
(10 nmol/l) did not alter this lipolysis response (McTernan et al.,
2002). In our study, there was a∼3-fold higher basal lipolysis in
+db/+m mice compared to that in +db/+db mice. It is
tempting to speculate that an attenuation of the basal as well as
the agonist-induced lipolysis plays an important role in the
development of obesity. Unfortunately, all PPAR-γ agonists
tested failed to alter the basal lipolysis in both +db/+m and
+db/+db mice suggesting that an acute activation by PPAR-γ
agonists produced no apparent lipolysis of the omental
adipocytes.

In obese Zucker rats (Gorla-Bajszczak et al., 2000), the
PPAR-γ expression in white adipose tissue was 2-fold higher
compared to the lean controls. Consistent with previous studies
(Vidal-Puig et al., 1996; Shimoike et al., 1998), PPAR-γ
(mRNA and protein) is expressed in the adipose tissue of both
+db/+m and +db/+db mice and there was no significant
difference in the expression of PPAR-γ between these species.

In view of the well-documented insulin-sensitizing proper-
ties of PPAR-γ agonists after a long-term treatment (Bhatia and
Viswanathan, 2006; Wang and Tafuri, 2003), we have therefore
evaluated the modulation by PPAR-γ agonists of the basal and
insulin-induced glucose uptake into adipocytes. Similar to all
results obtained in this study, insulin-elicited a greater
magnitude of glucose uptake into the adipocytes of +db/+m
mice, compared to +db/+db mice. However, none of the
PPAR-γ agonists examined modified the basal and insulin-
induced glucose uptake into the adipocytes of both species. The
lack of an acute effect of PPAR-γ agonists on glucose uptake
into adipocytes is consistent to previous studies showing that at
least 24 h of treatment is required for PPAR-γ agonists to up-
regulate glucose transporters (Shintani et al., 2001). However, it
is important to point out that the lack of acute effects of PPAR-γ
agonists on insulin sensitivity (i.e. glucose uptake) observed in
our study cannot rule out the chronic effects of PPAR-γ agonists
on insulin's actions which are well-documented.

In conclusion, our study for the first time compares the in
vitro acute effect of PPAR-γ agonists on blood vessel (aorta)
and adipocytes activities of the non-diabetic (+db/+m) and
diabetic (+db/+db) mice. Interestingly, there is a generalized
depression of the biological responses (relaxation, lipolysis and
glucose uptake) evaluated in tissues of +db/+db mice. Despite
the fact that PPAR-γ is expressed in both the aorta and the
omental adipose tissue of both species, it only contributes
minimally to the acute responses of both blood vessel
(relaxation) and omental adipocytes (lipolysis and glucose
uptake) in both +db/+m and +db/+db mice.
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