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Abstract

Adiponectin is an adipocyte-derived hormone that can improve insulin sensitivity. Its functions in regulating glucose utilization
and fatty acid metabolism in mammals are mediated by two subtypes of adiponectin receptors (AdipoR1 and AdipoR?2). This study
was conducted to determine the effect of insulin on the expression of adiponectin and its receptors. We demonstrated that in the
presence of 10nM insulin, addition of 1 wM of insulin or rosiglitazone (a peroxisome proliferator-activated receptor 'y (PPARYy)
agonist) had no effect on the expression of adiponectin and AdipoR genes in differentiated porcine adipocytes. However, the addition
of 1 uM insulin plus 1 wM rosiglitazone significantly increased the AdipoR2 mRNA in differentiated porcine adipocytes. Using
the phosphatidylinositol 3-kinase inhibitor (PI3K inhibitor, LY 294002), we found that insulin inhibited the expression of AdipoR2
through the PI3K pathway and this inhibition was blocked by addition of rosiglitazone. When porcine adipocytes were cultured
without insulin, supplementation with 10 nM insulin inhibited the expression of AdipoR2 and this inhibition effect was also blocked
by addition of rosiglitazone. Therefore, these data suggest that a PPAR<y agonist increases expression of AdipoR2 and that insulin
inhibits the expression of AdipoR2 through the PI3K pathway.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Adiponectin is an adipocyte-produced protein hor-
mone circulating in the blood [1-4]. Administration of
adiponectin to mice decreases plasma glucose, free fatty
acids, and triglycerides, and increases muscle fatty acid
oxidation and induces weight loss [5]. The function
of adiponectin is carried out through the activation of
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AMP-activated protein kinase [4]. Adiponectin-deficient
mice are mildly insulin-resistant and glucose intolerant
when fed a standard diet [6,7]. Furthermore, decreased
circulating adiponectin concentrations are associated
with insulin resistance, obesity, and type 2 diabetes
[8,9]. Therefore, adiponectin may modify the function
of insulin in mammals.

Thiazolidinediones (a class of type 2 diabetes drugs),
ligands for peroxisome proliferator-activated receptor y
(PPARY) increase adiponectin expression and plasma
adiponectin concentration in rodents [8,10]. Thiazo-
lidinediones also increase the expression of adiponectin
in type 2 diabetes mellitus and obese patients [11,12].
Dual activation of PPARa and v increases serum
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adiponectin concentration in adipose tissue of obese dia-
betic KK Ay mice [13]. Furthermore, there is a functional
PPAR-response element (PPRE) in the promoter region
of the adiponectin gene [14]. Thus, adiponectin should
be regulated by PPAR+ and its ligands.

Yamauchi et al. [15] first cloned the cDNA encoding
adiponectin receptors 1 (AdipoR1) and 2 (AdipoR2)
from the human and mouse. These two adiponectin
receptors contain seven transmembrane domains, but
they are structurally and functionally distinct from
G-protein-coupled receptors [15]. Both AdipoR1 and
AdipoR2 can mediate the function of adiponectin and the
expression of these two receptors is regulated by PPAR+y
ligands or a combination of ligands for PPARa and
PPARY in obese patients and mice [11-13]. In order to
clarify the regulation of gene expression of adiponectin
receptors in pigs, we have cloned the full-length cDNA
from porcine AdipoR genes [16]; in this study, we deter-
mined the insulin regulation of AdipoR1 and AdipoR2
expression in adipocytes. We also investigated the inter-
action of a PPAR ligand and insulin on the expression
of adiponectin and AdipoR genes in porcine adipocytes.

2. Materials and methods
2.1. Isolation of porcine stromal vascular (S/V) cells

The animal protocol was approved by the Experimen-
tal Animal Care and Use Committee at National Taiwan
University. Porcine adipose tissue samples were digested
and S/V cells were isolated and cultured as previously
described [17,18]. In brief, adipose tissue from 9-day-old

=

crossbred pigs was removed from the dorsal s.c. depot
in the neck, shoulder, and back regions. The slices of
adipose tissue (10 g) were digested with 4500 IU of col-
lagenase (Sigma C6885; Sigma, St. Louis, MO, USA)
in sterile Krebs Ringer bicarbonate buffer at 37 °C for
90 min. The S/V cell fraction was isolated by centrifuga-
tion at 800 x g for 10 min and the pellet was washed three
times by resuspension with DMEM/F12 medium (Sigma
D8900) supplemented with NaHCO3 (14 mM), 100U
penicillin/mL, 100mg streptomycin/mL, 1.5 pg/mL
amphotericin B and 10% fetal bovine serum. Before the
last washing step, the S/V cell fraction was treated with
red blood cell lysing buffer (155 mM NH4Cl, 5.7 mM
KoHPO4, 0.1mM EDTA at pH 7.3) to remove red
blood cells which may reduce adhesion of S/V cells.
The washed S/V cells were resuspended in DMEM/F12
containing 10% fetal bovine serum and plated at a con-
centration of 5 x 10* cells/cm?. The S/V cells were then
cultured at 37 °C in air containing 5% CO, for 48 h to
let the cells fully attach to the dish (Fig. 1).

2.2. Cell culture and differentiation of porcine
adipocytes

After 48h of initial incubation for proliferation
(defined as day 0), the medium was removed and
replaced by serum-free, hormone-supplemented differ-
entiation medium (DMEM/F12 containing NaHCO3
(14 mM), 25 mM glucose, 1 uM bovine insulin, 10 pg
transferrin/mL, 2mM vL-glutamine, 33 wM biotin,
17 oM pantothenate, 100nM dexamethasone, 1nM
triiodothyronine, 100U penicillin/mL, 100 mg strep-
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Fig. 1. Signal transduction pathway for insulin. The insulin/IGF-1 receptors function through activating PI3K or MAPK which then regulates
glucose, lipid, and protein metabolism (modified from Saltiel and Kahn, 2001 [41]). LY 294002 is the inhibitor for PI3K and PD 98059 is the

inhibitor for MAPK.
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Fig. 2. Differentiation-dependent adiponectin, and AdipoR genes
expression in porcine adipocytes. Porcine S/V cells were differen-
tiated and on the indicated days (0, 3, 6, and 9), total RNA was
extracted for detecting adiponectin, AdipoR1, AdipoR2, and B-actin
gene expression by Northern analysis. The results are the means of
three independent experiments with S/V cells isolated from three dif-
ferent pigs. The average of AdipoR1 day O data was set to 100 and
other data were expressed as relative abundance to this value. Each
point represents the mean + S.E.M. and mRNA values were normal-
ized to B-actin. Data were analyzed by ANOVA; means without a
common letter differ, P < 0.05, from 100 (a.u. for 0-day AdipoR1).

tomycin/mL, 1.5 pg/mL amphotericin B and 1M
rosiglitazone) for 3 days to induce adipogenesis. The
medium was then changed to differentiation medium
without rosiglitazone. The medium was replaced every
3 days. After 9 days, up to 90-95% of the attached cells
were differentiated to cells with visible lipid droplets.
For studying the expression of genes during porcine
adipocyte differentiation, porcine S/V cells were induced
to differentiation and on the indicated days (0, 3, 6, and
9), total RNA was extracted for measuring adiponectin,
AdipoR1, AdipoR2, and B-actin mRNA by Northern
analysis. The results were the means of three independent
experiments, each with S/V cells isolated from a different

pig (Fig. 2).

2.3. Time—course effect of insulin and rosiglitazone

To study the effect of insulin on the expres-
sion of adiponectin and AdipoRs, 9-day-differentiated

adipocytes were washed with phosphate-buffered saline
and then cultured in low glucose DMEM/F12 (DMEM,
Sigma D5523: nutrient mixture F12, Sigma N6760=1:1,
with a final glucose concentration of 7.78 mM) with
10 nM insulin for 6 h, and then 1 uM insulin (a concen-
tration reported to be effective with 3T3-L1 cells [19]),
1 uM rosiglitazone [20] or insulin + rosiglitazone were
added for 2, 12, or 24 h. Total RNA was extracted to
measure adiponectin, AdipoR1, AdipoR2, and B-actin
mRNA abundance by Northern analysis. The results
were the means of four independent experiments, each
using cells isolated from a different pig (Fig. 3).

2.4. Inhibition of insulin signal pathways

There are two major signal transduction path-
ways, one through mitogen-activated protein kinase
(MAPK) and one through phosphatidylinositol 3-kinase
(PI3K), mediating the insulin effects on regulation
of gene expression (Fig. 1). Nine-day-differentiated
adipocytes were cultured in low glucose (7.78 mM)
DMEM/F12 with 10 nM insulin for 6 h. After 6h, 1 pM
insulin + 1 pMrosiglitazone were added to treat cells and
incubation was continued for 24 h. At 6 h, the mitogen-
activated protein kinase (MAPK) inhibitor, PD 98059 at
25 uM [21] or the phosphatidylinositol 3-kinase (PI3K)
inhibitor, LY 294002 at 10 WM were added to some
plates along with insulin + rosiglitazone; incubation was
continued for 24 h. Total RNA was extracted for deter-
mining AdipoR1, AdipoR2, and 3-actin gene expression
by Northern analysis. The results were the means of four
independent experiments, each using cells isolated from
a different pig (Fig. 4).

2.5. Insulin, rosiglitazone, and PI3K inhibitor
treatments

Nine-day-differentiated adipocytes were cultured in
low glucose (7.78 mM) DMEM/F12 without insulin.
After 6h, 10nM insulin, 1 uM insulin, 1 uM rosigli-
tazone, or 10 uM LY 294002 were added singly or in
combination to study the effect of insulin and an insulin
sensitizer on the expression of AdipoRs. Total RNA was
extracted for determining adiponectin, AdipoR2, and [3-
actin gene expression by Northern analysis. The results
were the means of four independent experiments, each
using cells isolated from a different pig (Fig. 5).

2.6. Northern analysis

Total RNA was extracted by the guanidinium—
phenol-chloroform extraction method [22]. The
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Fig. 3. Time—course effect of insulin and rosiglitazone on adiponectin,
and AdipoR genes expression. Porcine S/V cells were differentiated
for 9 days. The 9-day-differentiated adipocytes were then cultured in
low glucose (7.78 mM) DMEM/F12 with 10 nM insulin for 6 h, and
then 1 uM insulin or 1 M rosiglitazone (Rosi) or insulin + Rosi were
added for 2, 12, or 24 h. Total RNA was extracted to detect adiponectin
(panel A), AdipoR1 (panel B), AdipoR2 (panel C), and B-actin gene
expression by Northern analysis. The results are the means of four
independent experiments using cells isolated from four different pigs.
The average of the 2 h control medium data was set to 100 and other
data were expressed as relative abundance compared to 100. Each point
represents the mean = S.E.M.; *indicates that means for a given gene
differ from the 2 h control for that gene, P < 0.05.
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Fig. 4. Insulin inhibits the expression of AdipoR2 through the PI3K
pathway. Porcine S/V cells were differentiated for 9 days and then
differentiated adipocytes were cultured in low glucose (7.78 mM)
DMEM/F12 with 10 nM insulin for 6 h. Control cells were incubated
in this medium for an additional 24 h. After 6h, 1 wM insulin (In)
plus 1 uM rosiglitazone (Rosi) were added to some cells and incu-
bation was continued for 24 h. Also at 6 h, the MAPK inhibitor, PD
98059 at 25 uM (PD) or the PI3K inhibitor, LY 294002 at 10 wM (LY)
were added along with In+Rosi; incubation was continued for 24 h.
Total RNA was extracted for detecting AdipoR1, AdipoR2, and B-
actin gene expression by Northern analysis. The results are the means
of four independent experiments using cells isolated from four differ-
ent pigs and the average of the 24 h control medium data was set to 100
with other data expressed as relative abundance compared to the con-
trol value. Each bar represents the mean £ S.E.M. and mRNA values
were normalized to (3-actin. Data were analyzed by ANOVA; means
for AdipoR2 without a common letter differ significantly, P <0.05.

integrity of RNA was determined by examination of the
18S and 28S ribosomal RNA bands after electrophore-
sis. The RNA was quantified by spectrophotometry at
260nm and stored at —70°C. Total RNA (10 ng of
each sample) was electrophoresed and transferred to
nylon membranes for Northern analysis following the
procedure described by Liu et al. [23]. The porcine
adiponectin, AdipoR1, AdipoR2, and (-actin probe
sequences were previously described ([16,18], Table 1).
Probes were labeled with P32dC by PCR amplification.
Hybridization blotting images were quantified using a
Typhon 9200 phosphorimage scanner and ImageQuant
TL v2005 software (GE). The densitometric value for
an individual transcript in a sample lane was normalized
to the densitometric value for the 3-actin mRNA in the
same lane.
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Fig. 5. Insulin inhibits and rosiglitazone increases expression of Adi-
poR2 through the PI3K pathway. Porcine S/V cells were differentiated
for 9 days and then differentiated adipocytes were cultured in low
glucose (7.78 mM) DMEM/F12 without 10 nM insulin for 6 h, then
10nM insulin (10 nM In), I wM insulin (In), 1 pMrosiglitazone (Rosi),
or 10 puM LY 294002 (LY), or combinations were added to separate
plates for 24 h. Total RNA was extracted for detecting adiponectin,
AdipoR1, AdipoR2, and B-actin gene expression by Northern analy-
sis. The results are the means of four independent experiments using
cells isolated from four different pigs. The average of the 24 h con-
trol medium data for each gene was set to 100 with other data for
that gene expressed as relative abundance to the control value. Each
bar represents the mean &= S.E.M. and mRNA values were normalized
to B-actin. Data were analyzed by ANOVA; means for a given gene
without a common letter differ significantly, P < 0.05, from the control
value for that gene.

2.7. Statistical analysis

Data were presented as mean &= S.E.M. After verifica-
tion of the homogeneity of variances, data were analyzed
by ANOVA to determine the significance of major treat-
ment effects. For the first experiment, the effect of days
of differentiation was determined. For the second exper-
iment, the effects of insulin, rosiglitazone, and their

interactions were determined. For the third experiment,
the effects of insulin signaling pathway blockers were
determined. Duncan’s new multiple-range test was used
to evaluate differences among means (SAS Inst., Inc.,
Cary, NC) for all experiments. A significant difference
was indicated at P <(0.05. It should be noted that our
results represent data obtained in vitro from 3 or 4 repli-
cates, each using cells isolated from a different pig.
Extrapolation to the pig in vivo and to all breeds of pigs
must be tentative.

3. Results

3.1. Expression of adiponectin and AdipoR genes
during porcine adipocyte differentiation

Expression of both adiponectin and AdipoR2
increased during adipocyte differentiation, whereas the
expression of AdipoR1 increased during the initial 3 days
with no further increase during the later stages of differ-
entiation (Fig. 2). The data suggest that either AdipoR2
is more sensitive than AdipoR1 to the hormones present
in the adipocyte cell culture medium or that the Adi-
poR2 is amore important receptor mediating adiponectin
function in the differentiated porcine adipocyte.

3.2. Effects of insulin and rosiglitazone on
expression of adiponectin and AdipoRs

Treatment with a high concentration of insulin (1 uM)
for 2-24 h did not change the expression of adiponectin
or the AdipoRs (Fig. 3). Because in all treatments, there
was 10nM of insulin in the pre-incubation medium,
we cannot exclude the possibility that this 10nM
insulin was great enough to suppress the expression
of adiponectin and AdipoR genes so that the treat-
ment with 1 wM insulin had no additional effect. The
PPARY agonist, rosiglitazone alone did not increase the
expression of adiponectin or the AdipoRs (Fig. 3). How-
ever, the combination of a high-insulin concentration
(1 uM) plus rosiglitazone (1 uM) increased expression
of adiponectin and AdipoR2 in porcine adipocytes.

In order to clarify the relationship between insulin
and the PPARy agonist in regulating the expres-
sion of AdipoRs, we used insulin signaling pathway
inhibitors to block phosphatidylinositol 3-kinase (PI3K)
or mitogen-activated protein kinase (MAPK). Expres-
sion of AdipoR2, but not AdipoR1 mRNA was increased
in the presence of 1 uM insulin+ 1 uwM rosiglitazone
(Fig. 4), confirming data in Fig. 3, panels A and C. Addi-
tion of the MAPK inhibitor, PD 98059 had no effect
on expression of AdipoR1 or AdipR2 mRNA. However,
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Table 1

List of the Northern analysis probes

Genes?* Primers” Source of primers Size (bp)
Adiponectin S 5'-GCTCAGGATGCTGTTGTTGG-3' Pig 768
(AY589691) A 5-TGGTGGAGGCTCTGAGTTGG-3

AdipoR1 S 5-AGGTACCAGCCAGATGTCTT-3' Human 1220
(AY578142) A 5-CTCTTCCTCTCACTTCAGCA-3

AdipoR2 S 5-AAAGGCTTGGGTATCCCATG-3 Human 1391
(AY606803) A 5'-CTCCTCTGGTACTGGCATCA-3’

B-Actin S 5-GTGGGCCGCTCTAGGCACCA-3’ Mouse 245
(AF054837) A 5-CGGTTGGCCTTAGGGTTCAGGGGGG-3

% GenBank accession number is indicated parenthetically.
b S: sense; A: antisense.

the AdipoR2 mRNA was increased when the PI3K sig-
nal pathway was inhibited by addition of LY 294002,
suggesting that insulin may decrease the expression of
AdipoR2 through the PI3K pathway.

In order to exclude the possibility that 10 nM insulin
(used in most experiments to maintain cell viability) sup-
pressed adiponectin or AdipoRs gene expression, we
designed another experiment to clarify the interaction
of insulin and a PPAR+y agonist on adiponectin and Adi-
poRs gene expression. After treating with insulin-free
medium for 6 h, addition of 10 nM insulin reduced both
adiponectin and AdipoR2 mRNAs (Fig. 5A), indicating
a minute amount of insulin suppresses the expression
of adiponectin and AdipoR2 genes. Addition of the
PPAR<y agonist, rosiglitazone for 24h to differenti-
ated adipocytes previously cultured in medium without
insulin for 6 h significantly increased adiponectin mRNA
expression, but not AdipoR2 mRNA (Fig. 5B). The PI3K
inhibitor, LY 294002, promoted the expression of both
adiponectin and AdipoR2 mRNAs (Fig. 5), even in the
presence of insulin (Fig. 5A) and insulin + rosiglitazone
(Fig. 5B). Hence, these findings suggest that insulin
suppresses the expression of adiponectin and AdipoR2
mRNAs through the PI3K pathway. The exact mecha-
nism for the increased mRNA expression in the presence
of the PI3K inhibitor is yet to be determined.

4. Discussion

Adiponectin is an adipocyte-derived hormone that
can improve insulin sensitivity by regulating glucose
utilization and fatty acid metabolism. Overexpression
of adiponectin not only promotes adipogenesis by pro-
longing and enhancing the key adipogenic transcription
factors, i.e., PPARy, CCAAT/enhancer-binding protein
o, and adipocyte determination and differentiation factor
1/sterol-regulatory element-binding protein 1c, but also
stimulates glucose uptake by increasing glucose trans-
porter 4 gene expression [24]. Adiponectin increases

PPARY2 expression in porcine adipocytes, suggest-
ing that adiponectin enhances or maintains porcine
adipocyte morphology through the regulation of PPAR~y
and other adiponectin target genes [25]. The expression
of both AdipoR1 and AdipoR2 genes was down-
regulated in adipocytes overexpressing adiponectin [24]
and adiponectin downregulates its own production and
the expression of its AdipoR2 receptor in transgenic mice
[26]. These results suggest that adiponectin may act in
an autocrine or paracrine fashion to regulate the function
of its receptors in adipose tissue. The receptor down-
regulation may decrease the adiponectin responses to
slacken the adipogenic progression; however, recep-
tor down-regulation may only occur when adiponectin
concentration reaches extreme levels, as in the overex-
pressing cells and mice.

In 3T3-L1 adipocytes cultured with DMEM + 10%
FBS, rosiglitazone does not affect the expression of
adiponectin, even though there is a PPAR-response ele-
ment (PPRE) in the adiponectin promoter region [27].
Rosiglitazone does increase plasma adiponectin con-
centration in humans and mice in vivo [27,28]. The
authors suggest that an adequate insulin concentration
may be necessary to observe the rosiglitazone-stimulated
increase in the expression of the adiponectin gene [27].
With porcine adipocytes, we observed no effect of insulin
orrosiglitazone, but the combination of the two increased
expression of adiponectin and AdipoR2 mRNAs. Simi-
larly, AdipoR2, but not AdipoR1 mRNA, was increased
by rosiglitazone treatment in mouse primary adipocytes,
and HepG2 hepatocytes cultured with FBS [13,20].
Combined, these observations suggest that rosiglitazone
may activate the expression of adiponectin through the
insulin signaling pathway. In contrast, Tsuchida et al.
[29] recently demonstrated that insulin suppressed the
expression of AdipoRs via the PI3K/Foxol-dependent
pathway in rodent hepatocytes and myocytes. Although
treatment with a high concentration of insulin (1 uM)
alone did not down-regulate the expression of AdipoR2
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mRNA in porcine adipocytes, the expression of Adi-
poR2 mRNA was increased when the PI3K pathway was
inhibited by addition of LY 294002. These data suggest
that insulin at least partially suppressed the expression of
AdipoR?2 via the PI3K pathway. A direct insulin-induced
inhibition of AMPK activity through the PI3K/Akt path-
way in the heart [30], provides a potential mechanism by
which the expression of AdipoRs are inhibited by insulin
in adipocytes.

In pigs, the normal concentration of insulin
is maintained at 106+ 12.5pM and increased to
850+ 137.5pM 30min post-prandially [31]. Porcine
adipocytes respond poorly to insulin in vitro and require
100nM insulin for optimal adipogenesis or differen-
tiation in vitro [32,33]. At 1 or even 10 M insulin
differentiation is slightly, but not significantly reduced
[33]. We used 1 wM insulin plus a PPARYy ligand (not
used by [33]) in our differentiation medium to achieve
a very high degree of differentiation, i.e., more than
90% of the cells contained oil red O-stained mate-
rial. Optimal stimulation of lipogenesis requires from
approximately 10nM to 1 wM insulin [32,34]. The high-
insulin concentration (1 wM), used in our experiments,
is required to demonstrate modulation of the expres-
sion of the adiponectin gene in 3T3-L1 cells [19] and
is similar to the conditions in type 2 diabetes or other
hyperinsulinemia-induced metabolism syndromes. In
mammals, insulin concentration changes during feed-
ing/fasting do not affect the abundance of adiponectin
[16,35]. Whether insulin physiologically regulates the
expression of adiponectin and its receptors awaits further
investigation.

Regulation of adiponectin function may have ther-
apeutic potential for treating type 2 diabetes mellitus
and obesity. Over-expression of adiponectin in mice
improves insulin resistance [36], whereas adiponectin-
deficient mice are mildly insulin resistant [6,7]. Mice
lacking adiponectin show decreased hepatic insulin sen-
sitivity [37]. In addition, mutation in the adiponectin
and AdipoR genes and obesity appear to be hypo-
adiponectinemic and associated with type 2 diabetes
[38].

It should be noted that in the presence of 10nM
insulin, rosiglitazone had no effect on the expres-
sion of AdipoR2. This result confirmed data from our
experiment (Fig. 4) and was similar to that reported
in differentiated human myotubes [39,40], indicating
that the PPARy agonist may improve insulin sensitiv-
ity by increasing the serum adiponectin level with no
effect on its receptors. Recent research indicates that
administration of a thiazolidinedione to human type 2
diabetes mellitus patients to improve insulin sensitiv-

ity and increase adiponectin levels does not affect the
expression of AdipoR1 and AdipoR2 in muscle and adi-
pose tissue [41]. Although rosiglitazone may require
the presence of insulin to increase the expression of
adiponectin and AdipoR2 genes in porcine adipocytes,
the effect of rosiglitazone may be to reverse the inhibitory
effect of insulin.

In conclusion, the expression of the adiponectin and
AdipoR2 mRNAs is more strongly inhibited by insulin
and stimulated by the PPARy agonist, rosiglitazone
than the AdipoR1 mRNA in porcine adipocytes. This
is the first study to report that the insulin effect on
inhibiting the expression of porcine AdipoR2 was medi-
ated through the PI3K pathway as indicated by reversal
of the effect in the presence of the PI3K inhibitor,
LY 294002. Therefore, understanding the interaction
between insulin, PPAR+y and expression of adiponectin
and its receptors will provide mechanisms that may lead
to control of adipose fat deposition and to the treatment
of type 2 diabetes.
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