
Abstract

Aims/hypothesis. Rosiglitazone is used to treat Type 2
diabetes because it improves insulin sensitivity. How-
ever, the specific molecular mechanism by which this
compound acts has not yet been explained.
Methods. We used fetal rat primary brown adipocytes
cultured for 24 h with or without 10 µmol/l rosiglita-
zone and further stimulated for 5 min with 10 nmol/l
insulin. Next we measured glucose uptake and
GLUT4 translocation and submitted the cells to lysis,
immunoprecipitation and immunoblotting in order to
measure the insulin signalling cascade.
Results. Rosiglitazone noticeably activated basal glu-
cose uptake in a manner dependent on p38-mitogen-
activated protein kinase. Rosiglitazone also produced
a 40% increase in insulin-stimulated glucose uptake as
a result of increased GLUT4 translocation to the plas-
ma membrane. This happened without changes in the
expression of GLUT4 at the mRNA or protein level.
This effect correlated with the potentiation by rosig-
litazone of insulin-stimulated Tyr phosphorylation of

insulin receptor substrate-1 and to a greater extent of
insulin receptor substrate-2. It also correlated with the
subsequent activation of phosphatidylinositol 3-kinase
and Akt, without changes in protein kinase Cζ activi-
ty. Rosiglitazone treatment increased insulin receptor
expression and insulin-stimulated Tyr phosphorylation
of insulin receptor beta-chain, but decreased insulin-
stimulated Ser phosphorylation. It also potentiated in-
sulin-induced Tyr phosphorylation of insulin receptor
beta-chain and protein tyrosine phosphatase 1B in co-
immunoprecipitates and impaired insulin activation of
protein tyrosine phosphatase 1B activity.
Conclusions/interpretation. At the insulin receptor
level, rosiglitazone-induced improvements of insulin
sensitivity result from two convergent mechanisms:
increased insulin receptor expression and insulin re-
ceptor activation. [Diabetologia (2003) 46:1618–1628]
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Thiazolidinediones (TZDs) like troglitazone, pioglita-
zone and rosiglitazone are insulin-sensitising drugs
that improve insulin action in vivo across a wide spec-
trum of insulin-resistant states and have recently been
introduced for the treatment of Type 2 diabetes. They
are agonists for peroxisome proliferating activated re-
ceptor (PPAR) γ and, although there is increasing evi-
dence that TZDs have action mechanisms which are
independent of PPARγ, the relative ability of different
TZDs to bind and activate PPARγ in vitro correlates
with the antidiabetic action of these drugs in rodents
[1, 2]. However, it is far from clear what mechanisms



are used for TZDs to increase insulin sensitivity. Trog-
litazone has been shown to improve glucose disposal
by insulin in human skeletal muscle and adipose tissue
from prediabetic and Type 2 diabetic patients. It also
increased Akt phosphorylation, although insulin re-
ceptor (IR) kinase and phosphatidylinositol (PI) 3-ki-
nase activities were not changed [3, 4]. Rosiglitazone
reduced circulating concentrations of non-esterified
fatty acids in Zucker obese rats and potentiated insu-
lin-stimulated Akt phosphorylation in adipose and
muscle tissues, but in this case also increased Tyr
phosphorylation of IR and IRS-1 [5]. Studies in cellu-
lar models have shown that TZDs exert their insulin-
sensitising effects at the level of PI3-kinase and Akt
activation, as the Akt 2 gene seems to be essential for
the maintenance of normal glucose homeostasis [6].
However, other evidence suggests that TZDs affect
glucose uptake by modulating changes in the expres-
sion of IRS-2, p85-PI3-kinase, Cbl-associated protein,
GLUT4 or GLUT1, either in adipocyte or muscle cells
[4, 7, 8, 9, 10].

Brown adipose tissue is a target tissue for insulin
action, especially during late fetal development when
insulin supports survival and promotes adipogenic and
thermogenic differentiation of primary cells [11, 12,
13]. Glucose transport in this tissue is maintained
mainly by the activity of the insulin-regulated glucose
transporter GLUT4, although the ubiquitous GLUT1
glucose transporter is also present. Acute insulin treat-
ment stimulates glucose transport in brown adipocytes
largely by mediating translocation of GLUT4 from an
intracellular compartment to the plasma membrane, a
process involving the activation of PI3-kinase, Akt 1
and 2 isoforms and the atypical protein kinase C
(PKC) ζ [14, 15, 16]. Moreover, brown adipocytes are
also a target for rosiglitazone action since they have
high expression of PPARγ, and rosiglitazone increased
expression of the thermogenic uncoupling protein
(UCP) 1 through binding to the PPAR response ele-
ment described in the enhancer of the ucp1 gene [17].
This cell model therefore provides an ideal system for
investigating the mechanism by which TZDs increase
insulin sensitivity.

Materials and methods

Materials. Rosiglitazone was kindly provided by Dr. S.A.
Smith (Glaxo SmithKline, Harlow, UK). PD169316 and
PD98059 were purchased from Calbiochem-Novabiochem In-
ternational (La Jolla, Calif., USA). Myelin basic protein
(MBP) was from Sigma Chemical (St. Louis, Mo., USA). Fetal
calf serum, PBS, culture media and Trizol came from Invitro-
gen (Paisley, UK). GeneScreen nylon membranes were sup-
plied by NEN Research Products (Boston, Mass., USA). Auto-
radiographic films were Kodak X-O-MAT/AR (Eastman Ko-
dak, Rochester, N.Y., USA). The following were purchased
from Amersham Biosciences (Little Chalfont, UK): 2-deoxy-
D[1-3H]-glucose (444 GBq/mmol), (α32P)dCTP, (γ32P)ATP, the

multiprimer DNA-labelling system kit and protein G-sepharo-
se. The cDNAs used as probes were GLUT4, GLUT1, UCP1
and fatty acid synthase (FAS) [18, 19, 20]. The rabbit anti-
GLUT1, anti-GLUT4 and anti-P-Ser antibodies were supplied
by Chemicon (Tamacula, Calif., USA). The anti-phospho and
anti- [Akt, p42/p44 mitogen-activated protein kinase (MAPK),
p38MAPK] antibodies were from Cell Signaling (Beverly,
Mass., USA). Antibodies against IRS-1, IRS-2 and P-Tyr
(4G10) were from Upstate Biotechnology (Lake Placid, N.Y.,
USA). Antibodies against P-Tyr (PY20) “sc-508”, IR β-chain
“sc-09”, IR α-chain “sc-710”, caveolin-1(N-20) “sc-894” and
anti-PKCζ “sc-216” were from Santa Cruz Laboratories (Palo
Alto, Calif., USA). The anti-protein tyrosine phosphatase
(PTP)1B and the anti-IR β-chain antibodies were from Onco-
gene Science (Uniondale, N.Y., USA). All other reagents used
were of the purest grade available.

Cell culture. Fetal brown adipocytes were obtained from inter-
scapular brown adipose tissue of 20-day Wistar rat fetuses and
isolated by collagenase dispersion [21]. The isolated cells were
plated in tissue culture dishes (1x106 cells per 60-mm diameter
dish, 4×106 cells per 100-mm diameter dish) in minimal essen-
tial medium (MEM) with Earle’s salts supplemented with 10%
FCS, the presence of which was essential for the cells to attach
to the plastic surface of the dishes. After 4 to 6 h of culture at
37°C, the cells were rinsed twice with PBS and a 70% conflu-
ent monolayer was observed under inverse light microscopy.
The cells were maintained for 20 h in a serum-free MEM me-
dium supplemented with 0.2% (w/v) BSA and then further in-
cubated for 24 h with or without 10 µmol/l rosiglitazone. In
some experiments cells were treated with rosiglitazone with 
or without inhibitors [PD169316, 800 nmol/l (PD*) for
p38MAPK and PD98059, 20 µmol/l (PD) for extracellular sig-
nal-regulated kinase]. At the end of the culture time some of
the cells were stimulated for 5 to 30 min with different doses
of insulin. The remaining cells were not stimulated. Wistar rats
were obtained from the Complutense University Animal
House. Principles of laboratory animal care were followed and
the study was approved by the local ethics committee and car-
ried out in accordance with the Declaration of Helsinki.

Measurement of glucose transport. Glucose transport was mea-
sured by incorporating 2-deoxy-D[1-3H]-glucose into cells
during the last 10 min of culture as described previously [14].

Subcellular fractionation. Cells were washed with ice-cold
PBS and scraped in homogenisation buffer containing:
20 mmol/l Tris-HCl, 2 mmol/l EGTA, 2 mmol/l EDTA,
1 mmol/l phenylmethylsulfonyl fluoride, 10 mmol/l β-mercap-
toethanol, 10 µg/ml aprotinin, and 10 µg/ml leupeptin (pH 7.4).
After a 10-min incubation period cells were homogenised with
30 strokes of a Dounce homogeniser using a tight-fitting pes-
tle. Nuclei were pelleted by 5 min of centrifugation at 500 g,
and the low-speed supernatant was centrifuged for 30 min at
100,000 g. The high-speed supernatant constituted the internal
membrane fraction. The pellet was washed three times and ex-
tracted for 60 min in ice-cold homogenisation buffer contain-
ing 1% Triton X-100. The Triton-soluble component (plasma
membrane fraction) was separated from the Triton-insoluble
material (cytoskeletal fraction) by centrifugation at 100,000 g
for 15 min. Internal and plasma membrane fractions were kept
at −70°C before protein quantification and western blotting
with GLUT4 and Caveolin-1 antibodies [22].

RNA extraction and analysis. For northern-blot analysis of
RNA at the end of the culture time the cells were washed twice
with ice-cold PBS and lysed directly with Trizol according to
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the manufacturer’s protocol for total RNA isolation. Total cel-
lular RNA (15 µg) was submitted to northern blot analysis as
described [23]. For serial hybridisation with different probes,
the blots were stripped and then rehybridised as needed in each
case. The membranes were subjected to autoradiography and
the relative densities of the hybridisation signals were mea-
sured by densitometric scanning of the autoradiograms in a la-
ser densitometer (Molecular Dynamics, Sunnyvale, Calif.,
USA).

Immunoprecipitations. Cells were extracted with lysis buffer I
containing: 10 mmol/l Tris, 50 mmol/l NaCl, 1% Triton X-100,
5 mmol/l EDTA, 20 mmol/l sodium pyrophosphate, 50 mmol/l
NaF, 100 µmol/l Na3VO4, 1 mmol/l phenylmethylsulfonyl flu-
oride (pH 7.5). They were then immunoprecipitated with dif-
ferent antibodies. PI3-kinase activity was measured in anti-
IRS-1, anti-IRS-2 or anti-P-(Tyr) (PY20 antibody) immunopre-
cipitates by in vitro phosphorylation of PI as described [22].
The association between IR and PTP1B was done by immuno-
precipitation with anti-PTP1B antibody and immunoblotting
with anti-P-Tyr (4G10) or anti-IR β-chain (Oncogene Science)
or anti-PTP1B antibodies. To measure p38MAPK and PKCζ
activities, lysates were immunoprecipitated with anti-
p38MAPK or anti-PKCζ antibodies, and the immune complex-
es were used for in vitro phosphorylation of MBP, as described
[22, 24].

PTP1B activity. Cells were cultured in a phosphate-free MEM
medium, then lysed in lysis buffer II containing: 50 mmol/l
Tris, 150 mmol/l NaCl, 1% Triton X-100, 2 mmol/l EDTA (pH
7.5). Cell lysates were applied through a Sephadex G-25 col-
umn to remove the free phosphate present in the lysates. After
protein determination, PTP1B activity was measured in terms
of phosphate release using a synthetic Tyr phosphorylated pep-
tide from IR β-chain regulatory autophosphorylation sites
(Biomol Research Laboratories, Plymouth, UK) and the mala-
chite green assay (Upstate Biotechnology).

Western blotting. Cells were lysed in lysis buffer I and cellular
proteins (30 µg) were submitted to SDS-PAGE, transferred to
Immobilon membranes and blocked using 5% non-fat dried
milk in 10 mmol/l Tris-HCl and 150 mmol/l NaCl (pH 7.5).
They were incubated overnight with several antibodies as indi-
cated in each case in 0.05% Tween-20, 1% non-fat dried milk
in 10 mmol/l Tris-HCl and 150 mmol/l NaCl (pH 7.5). Immu-
noreactive bands were visualised using the enhanced chemi-
luminiscence (ECL-Plus) western blotting protocol (Amers-
ham).

Fig. 1a–d. Rosiglitazone potentiates insulin-induced glucose
uptake and GLUT4 translocation to plasma membrane in fetal
brown adipocytes. Brown adipocytes (a) were pretreated or not
pretreated with rosiglitazone for 24 h and stimulated or not
stimulated with insulin for 30 min. Glucose uptake was mea-
sured during the last 10 min of stimulation by incorporating 2-
deoxy-D[1-3H]-glucose. Results are expressed as disintegra-
tions per minute per microgram of protein and are means ±
SEM (n=10). Statistical significance was tested. Differences
between values are shown by: (●) with or without insulin; (●●)
rosiglitazone and control; and (■) rosiglitazone plus insulin vs
insulin; (● p=0.0001; ■ p=0.047; ●● p=0.001). Cells (b) were
treated as in (a), and at the end of the culture time harvested
and subjected to subcellular fractionation. Plasma membrane
proteins were submitted to SDS/PAGE, blotted on to nylon
membrane, immunodetected with anti-GLUT4 and anti-Caveo-
lin-1 antibodies and developed with enhanced chemilumini-
scence. Histograms from densitometric analysis are means 
± SEM (n=4), and statistical significance was tested as in (a).
Brown adipocytes were treated (c) or not treated with rosiglita-
zone for 24 h. Total RNA was submitted to northern-blot anal-
ysis and hybridised with labelled GLUT4, GLUT1, FAS and
UCP1 cDNAs. Total protein was submitted (d) to western blot-
ting and immunodetected with antibodies against GLUT4 and
GLUT1 proteins
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Data analysis. Results are means ± SEM (n=4 to 10) for dupli-
cate dishes from four to ten independent experiments. Statisti-
cal significance was tested with ANOVA followed by the pro-
tected least significant different test. A p value of less than
0.05 was considered significant. In experiments using X-ray
films (Hyperfilm), different exposure times were used to en-
sure that bands were not saturated.

Results

Fetal rat brown adipocytes isolated and cultured for
44 h in a serum-free medium (0.2% BSA-MEM)

maintained the expression of characteristic lipogenic
and thermogenic genes such as FAS and UCP1, as
well as expressed the insulin-regulated glucose trans-
porter GLUT4 together with the ubiquitous glucose
transporter GLUT1 (Fig. 1c). Under these conditions,
treatment for 30 min with 10 nmol/l insulin increased
glucose uptake 2.5-fold compared with untreated cells
(Fig. 1a). When cells were cultured for 20 h in a se-
rum-free medium and pretreated for 24 h with
10 µmol/l rosiglitazone, insulin stimulation of glucose
uptake was much higher (3.5-fold higher than basal
and 40% higher than the insulin-stimulated value).
Rosiglitazone per se also produced a 25% increase
over basal glucose uptake (Figs. 1a, 2c).

As insulin stimulation of glucose transport is medi-
ated by the translocation of GLUT4 to the plasma
membrane, we established the permissive effect of
rosiglitazone on glucose uptake by examining GLUT4
translocation. Insulin increased GLUT4 translocation
to plasma membrane fraction by twofold, but pro-
duced a threefold translocation when brown adipo-
cytes were pretreated with rosiglitazone for 24 h. Ca-
veolin-1, which was used as a marker protein of the
plasma membrane, remained essentially unchanged
under the different treatments used (Fig. 1b). To vali-
date if the increase in insulin-induced glucose uptake
and GLUT4 translocation produced by rosiglitazone
was dependent on GLUT gene expression, the levels
of these mRNAs were analysed together with lipogen-
ic and thermogenic markers (Fig. 1c). Rosiglitazone
treatment for 24 h did not change GLUT4 or GLUT1
expression at the mRNA or protein level (Fig. 1c, d).
FAS mRNA levels also remained unchanged, although
expression of UCP1, a target gene for rosiglitazone,

Fig. 2a–d. Rosiglitazone induction of basal glucose uptake de-
pends on activation of p38MAPK but not on p44/p42MAPK.
Brown adipocytes were cultured for 6 h with or without rosig-
litazone and without or with PD98059 (PD) or PD169316
(PD*) (a, b). Cell lysates were immunoprecipitated with anti-
p38MAPK antibody and assayed for kinase activity using
MBP as substrate (a) or submitted to western blotting and im-
munodetected with anti-phospho- or anti-(p44/p42MAPK) an-
tibodies (b). Cells were cultured for 24 h with or without rosig-
litazone and with or without PD or PD* (c). After 24 h, glu-
cose uptake was measured for 10 min by incorporating 2-de-
oxy-D[1-3H]-glucose. Results are expressed as disintegrations
per min per microgram of protein and are means ± SEM
(n=10). Statistical significance was tested. Differences be-
tween values are shown by: (●●) presence of rosiglitazone vs
control; (▲▲) presence of rosiglitazone plus PD* vs rosiglita-
zone. Cells (d) were cultured as in (c), and after 24 h stimulat-
ed with insulin for 30 min. Glucose uptake was measured in
the last 10 min of stimulation. Results are expressed as in (c).
Statistical significance was tested. Differences between values
for the presence and absence of rosiglitazone are shown by
(■); (●●, ▲▲, ■) p<0.05
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was dramatically induced in these experimental condi-
tions (Fig. 1c).

The 25% increase in basal glucose uptake induced
by rosiglitazone without a detectable increase in
GLUT4 translocation could result from activation of
the glucose transporter, an event that has been related
to p38MAPK activation. To explore the possible in-
volvement of p38MAPK or extracellular signal-regu-
lated kinase on the induction of glucose uptake by
rosiglitazone, either with or without insulin, we used
chemical inhibitors for those kinases (Fig. 2a, b).

The rosiglitazone-induced increase in basal glucose
uptake was inhibited by PD* but not by PD (Fig. 2c).
A 40% higher increase in insulin-stimulated glucose
uptake was produced by pretreatment with rosiglita-

zone, regardless of whether inhibitors were present or
not (Fig. 2d).

We also examined whether rosiglitazone activates
the main insulin signalling pathways (Akt and PKCζ)
proposed to mediate translocation of GLUT4 from an
intracellular compartment to the plasma membrane in
brown adipocytes (Fig. 3). Brown adipocytes ex-
pressed PKCζ and its enzymatic activity was analysed
in the anti-PKCζ immune complexes. As shown in
Fig. 3a, insulin-induced MBP phosphorylation was
not modified by pretreatment with rosiglitazone.
Western blotting with the anti-phospho Akt antibodies
for regulatory residues Ser 473 and Thr 308, and with
the total Akt antibody showed that upon insulin stimu-
lation Akt was highly Ser phosphorylated and to a
lower extent Thr phosphorylated. Both effects were
increased by pretreatment with rosiglitazone, although
rosiglitazone per se did not produce Akt activation
(Fig. 3b). These data indicate that the increase in insu-
lin-induced glucose uptake produced by rosiglitazone
was parallel to the increase in insulin-activation of
Akt.

We further explored this sensitising effect of rosig-
litazone on insulin stimulation of Akt in kinetics and
dose-response studies. Insulin-optimal phosphoryla-
tion of Akt occurred after treatment for 10 min, al-
though 2 min of insulin stimulation was enough for
maximal Akt activation in cells pretreated with rosig-
litazone (Fig. 3c). Moreover, the potentiation of Akt

Fig. 3a–d. Rosiglitazone potentiates insulin activation of Akt
but not of PKCζ in brown adipocytes. Brown adipocytes (a, b)
were pretreated or not pretreated with rosiglitazone for 24 h.
After 24 h cells were stimulated with insulin for 5 min. Cell ly-
sates were immunoprecipitated with anti-PKCζ antibody and
assayed for kinase activity using MBP as substrate (a). Total
protein (30 µg) was submitted to western blotting and immuno-
detected with anti-phospho- or anti-(Akt) antibodies (b).
Brown adipocytes (c, d) were pretreated or not, as in (a) and
(b), stimulated for 2 to 30 min with 10 nmol/l insulin (c) or for
5 min with 1 to 100 nmol/l insulin (d), and submitted to west-
ern blotting with an anti-phospho-Akt (Ser 473) antibody. Dia-
grams from densitometric analysis are means ± SEM (n=4)
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phosphorylation seen in the presence of rosiglitazone
was maintained after 30 min of insulin stimulation.
This is consistent with the data on glucose uptake and
GLUT4 translocation at this time point. The sensiti-
sing effect of rosiglitazone on Akt phosphorylation by
insulin was detected at all the insulin doses tested
(Fig. 3d).

We next examined whether insulin sensitisation by
rosiglitazone at the Akt level is a result of upstream
Akt potentiation. Tyr phosphorylation and PI3-kinase
activity associated with IRSs were measured in the im-
mune complexes after immunoprecipitation with either
the anti-IRS-1 or anti-IRS-2 antibodies (Fig. 4). Rosig-
litazone potentiated insulin-stimulated Tyr phosphory-
lation of IRS-1 and to a greater extent of IRS-2, with-
out modifying expression of IRSs (Fig. 4a). Moreover,
insulin-induced PI3-kinase activity in P-Tyr or IRS-1
or IRS-2 immunoprecipitates noticeably increased un-
der pretreatment with rosiglitazone, this effect being
again more prominent at the IRS-2 level (Fig. 4b).

This prompted us to explore the effects of rosiglita-
zone on insulin signalling at the level of IR. Direct
western blotting with anti-IR β-chain or α-chain anti-
bodies showed that pretreatment with rosiglitazone
doubled the amount of IR compared with cells cul-
tured without rosiglitazone (Fig. 5a). This also hap-
pened in IR immunoprecipitates, where insulin-in-
duced Tyr phosphorylation of IR after 5 or 30 min in-
creased after pretreatment with rosiglitazone (Fig. 5b).
Stimulation with insulin for 5 min not only increased
Tyr phosphorylation of IR but also produced Ser phos-
phorylation of the IR, as shown in immunoprecipitates
with P-Ser antibodies and western blotting with IR β-
chain antibody. Surprisingly, Ser phosphorylation of
IR was lower in brown adipocytes pretreated with
rosiglitazone and stimulated with insulin, resulting in
a reciprocal increase in IR Tyr phosphorylation
(Fig. 5c). This suggests that rosiglitazone modulates
insulin signalling by acting through phosphatases at
the level of the IR. Of these PTP1B has been shown to
be expressed in insulin-sensitive tissues and also to
bind to and dephosphorylate IR and IRS-1. The IR co-
precipitated with PTP1B in lysates from untreated
cells, this interaction being increased after insulin
stimulation. Immunoblotting with anti-P-Tyr antibody
showed that PTP1B was phosphorylated under insulin
stimulation, but Tyr phosphorylation of IR remained
low. However, under insulin stimulation after pretreat-
ment with rosiglitazone an increase was observed in
IR association with PTP1B and especially in Tyr

Fig. 4a, b. Rosiglitazone increases insulin-induced Tyr phos-
phorylation of IRS-1 and IRS-2 and its associated PI3-kinase
activity in brown adipocytes. Cells were cultured as in Fig. 3a
and lysates immunoprecipitated with anti-IRS-1 or anti-IRS-2
antibodies and assayed for Tyr phosphorylation (a) or PI3-ki-
nase activity (b). Histograms from densitometric analysis are
means ± SEM (n=4). Statistical significance was tested as in
Fig. 1a
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phosphorylation of PTP1B and IR. Equal amounts of
PTP1B were present in the immunoprecipitates, as
seen upon stripping and reblotting with an anti-PTP1B
antibody (Fig. 6a). The amount of PTP1B or other
phosphatases such as SHP2 or PTEN remained unal-
tered by rosiglitazone treatment as assessed by direct
western blotting (Fig. 6b).

Given the above, our last experiment was an assay
of PTP1B activity using a Tyr phosphorylated peptide

including the regulatory autophosphorylation sites (P-
Tyr1146, 1150 and 1151) of the IR β-chain subunit as
substrate (Fig. 6c). Insulin stimulation for 5 min in-
creased PTP1B activity, which was impaired in cells
pretreated with rosiglitazone. This effect represents a
second mechanism, by which rosiglitazone could con-
tribute to increasing Tyr phosphorylation of IR, as de-
tected in the PTP1B and IR immunoprecipitates
(Fig. 5, Fig. 6).

Discussion

In recent years our laboratory has established that fetal
brown adipocytes constitute a suitable cell model to
study insulin signalling and glucose uptake under
physiological and insulin-resistant conditions. These
cells have numerous high-affinity insulin binding sites,
and glucose transport is maintained mainly by the insu-
lin-regulated glucose transporter GLUT4 [21, 25].
Brown adipocytes are also a target for the action of
TZDs, as they show high expression of PPARγ [17].
We have recently proposed that rosiglitazone increases
UCP1 gene expression by acting as a PPAR/RXR ago-
nist and also by activating p38MAPK [26]. In this
work we found that rosiglitazone increased basal and
insulin-stimulated glucose uptake by different mecha-
nisms. Chronic treatment with rosiglitazone produced
a modest but significant increase in basal glucose up-
take. This effect was not the result of changes in the
expression of the GLUT4 gene, but was dependent on

Fig. 5a–c. Rosiglitazone increases IR expression and insulin-
stimulated IR β-chain Tyr phosphorylation. Cells were cul-
tured as in Fig. 1c and lysates submitted to direct western blot-
ting with antibodies against the β-chain and α-chain of IR or
against β-actin (a). Histograms from densitometric analysis are
means ± SEM (n=4). Statistical significance was tested. Differ-
ences between values for the presence of rosiglitazone vs con-
trol are represented by (●). Brown adipocytes were pretreated
or not pretreated with rosiglitazone for 24 h and then stimulat-
ed with insulin for 5 or 30 min (b). Cell lysates were immuno-
precipitated with antibodies against IR and immunoblotted
with anti-P-Tyr (4G10) antibody or with the antibody against
the β-chain of IR. Histograms from densitometric analysis are
means ± SEM (n=4). Differences between values are shown
by: (●) presence of insulin vs control; and (■) presence of
rosiglitazone plus insulin vs insulin. Cell lysates were immu-
noprecipitated with antibodies against P-Ser and immunoblot-
ted with the antibody against the β-chain of the IR (c). Histo-
grams from densitometric analysis are means ± SEM (n=4).
Differences between values are shown by: (●) presence of in-
sulin vs control; and (▲▲) presence of rosiglitazone plus insulin
vs insulin; (●, ■, ▲▲) p<0.05
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p38MAPK activation. The results of the present study
show that the effects of rosiglitazone on glucose up-
take are extragenic and mediated by activation of
p38MAPK. Since rosiglitazone did not modify GLUT4
translocation to the plasma membrane, its effect on
glucose uptake could be attributed to activation of the
glucose transporter. This would be consistent with the
previously described activation of GLUT4 by
p38MAPK in response to insulin [27, 28]. The same
team has also described the activation of GLUT4 by
p38MAPK in response to lipoic acid [29].

The increase in insulin-stimulated glucose uptake
produced by treatment with rosiglitazone (40%) was
still observable in the presence of the p38MAPK in-
hibitor PD169316, indicating that this effect was inde-
pendent of GLUT4 activation. Although rosiglitazone
treatment did not change expression of GLUT4 or
GLUT1 at the mRNA or protein level, it did increase
insulin-induced GLUT4 translocation from an intra-
cellular compartment to the plasma membrane. Glu-
cose uptake has been found to be increased by TZDs
in isolated adipocytes and in 3T3-L1 adipocytes due
to increases in GLUT4 or GLUT1 expression [4, 10].
We have shown that this effect in primary brown adi-
pocytes is a result of GLUT4 translocation to the plas-
ma membrane. Two kinases, Akt and PKCζ, can con-
tribute to GLUT4 translocation by insulin in these
cells [14, 15, 16]. Rosiglitazone potentiated insulin
activation of Akt at all the insulin doses tested and
modified the kinetic of induction, whereas PKCζ was
not affected. Our data are in contrast to previous find-
ings [30, 31], where PKCζ but not Akt was activated
in adipocytes under rosiglitazone stimulation. In
agreement with our results, insulin sensitising effects
of TZDs at the level of Akt have been reported in sev-
eral models of obesity and diabetes in vivo and in vit-
ro supporting the importance of this kinase, especially
the isoform Akt 2, in maintaining glucose disposal or
glucose uptake [3, 5]. This effect could be a conse-
quence of insulin sensitisation by rosiglitazone treat-
ment at this level or at an upper level. In this regard

Fig. 6a–c. Rosiglitazone increases insulin-induced Tyr phos-
phorylation of IR and PTP1B in PTP1B immunoprecipitates
and impairs insulin activation of PTP1B activity. Cells were
cultured as in Fig. 3a and lysates were immunoprecipitated
with antibodies against PTP1B and immunoblotted with anti-
P-Tyr antibody or with the antibody against the β-chain of the
IR or with anti-PTP1B antibody (a). Histograms from densito-
metric analysis are means ± SEM (n=4). Statistical signifi-
cance was tested as in Fig. 1a. Direct western blotting against
several phosphatases in cell lysates from cells cultured with or
without rosiglitazone are shown (b). Cells cultured in a phos-
phate-free medium were treated as described in (a), and at the
end of the culture time PTP1B activity was measured (c). Re-
sults are expressed as a percentage of stimulation of phospha-
tase activity compared with control cells and are means ± SEM
(n=4). Statistical significance was tested as described. Differ-
ences between values are shown by: (●) presence of insulin vs
control; and ▲▲, presence of rosiglitazone plus insulin vs insu-
lin; (●, ▲▲) p<0.05



we detected increased insulin-stimulated Tyr phos-
phorylation and PI3-kinase activity associated with
IRS-1 and IRS-2. This sensitising effect was more po-
tent at the level of IRS-2, in agreement with our previ-
ous findings on the more prevalent implication of this
docking protein in glucose uptake, both in brown adi-
pocytes and in other insulin-responsive cells [22, 32,
33].

Our results also indicate that treatment with rosig-
litazone resulted in a marked increase in the sensitivi-
ty of the IR for insulin. This is a consequence of two
convergent mechanisms: (i) increased IR expression
(presumably dependent on activation of nuclear recep-
tors); and (ii) activation of IR (probably extragenic ef-
fects). Regarding the first, rosiglitazone could bind to
specific nuclear receptors to activate the transcription
of IR, in a similar fashion to that described for UCP1
[26]. This effect does not seem to be related to the dif-
ferentiation-inducing properties of rosiglitazone, be-
cause expression of the adipogenic gene FAS remains
unmodified. Although no PPAR response element in
the IR promoter has yet been identified, a decrease in
IR expression has been described in adipocytes over-
expressing a dominant-negative mutant of PPARγ
[34].

Despite other evidence of the effects of TZDs on
expression of IRS-2, p85-PI3-kinase and Cbl-associat-
ed protein [7, 8, 9], we only detected changes in the
expression of IR. The higher amount of IR detected
under rosiglitazone treatment could explain the in-
creased Tyr phosphorylation observed in IR immuno-
precipitates. However, under these conditions a de-
crease in Ser phosphorylation of IR was detected, a
situation that also favours Tyr phosphorylation of IR,
indicating the possibility of an additional extragenic
mechanism. It has been proposed that the kinase do-
main of IR acts as a dual specificity kinase, making
phosphorylation of its own Ser and Tyr residues possi-
ble [35], as we detected in brown adipocytes. More-
over, rosiglitazone could modulate insulin signalling
by acting through phosphatases at the level of the IR.
In this regard we found that insulin induced IR associ-
ation with PTP1B, Tyr phosphorylation of PTP1B and
increased PTP1B activity, resulting in a low Tyr phos-
phorylated IR β-chain in PTP1B immunoprecipitates.
However, rosiglitazone increased insulin-induced Tyr
phosphorylation of PTP1B and IR β-chain and im-
paired PTP1B activation by insulin. Phosphorylation
of PTP1B at three Tyr residues seems to be necessary
for association with the IR and activation of the
PTP1B [36, 37], although extensive phosphorylation
such as that produced by rosiglitazone could phos-
phorylate motifs in the C-terminal domain, in close
proximity to the active site, thereby inactivating the
phosphatase [38]. This reduction of PTP1B activity by
rosiglitazone can contribute to increases in the signal-
ling through IR in fetal primary brown adipocytes in a
similar fashion to that detected in IGFIR-deficient

brown adipocytes [39], or in PTP1B−/− fibroblasts ex-
hibiting increased Tyr phosphorylation of EGFR and
PDGFR after growth factor treatment [40]. However,
we cannot rule out the implication of other phospha-
tases in insulin sensitisation by rosiglitazone, either at
the IR level or downstream in the insulin signalling
cascade.

Although the precise mechanism by which TZDs
enhance insulin sensitivity in vivo is not known, it is
believed to be mediated by their effects as PPARγ ag-
onists on fat tissues. However, the potentiation of glu-
cose uptake by rosiglitazone in 3T3-L1 adipocytes ex-
pressing a PPARγ dominant-negative mutant has been
described [10], suggesting the potential implication of
PPARγ-independent mechanisms which could also op-
erate in skeletal muscle, as we propose for brown adi-
pocytes through modulation of protein kinases and
phosphatases. In this context the potentiation of insu-
lin signalling by TZDs has also been described in the
soleus muscle, as well as in C2C12 myotubes, i.e.
cells which hardly express PPARγ [41, 42].

In conclusion, rosiglitazone improved insulin sensi-
tivity at the level of the IR. This increased IR expres-
sion and activation, and subsequently the insulin sig-
nalling cascade IRS-2/PI3-kinase/Akt, leading to po-
tentiation of insulin-induced GLUT4 translocation and
glucose uptake.
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