
In rats made obese by electrolytic lesion of the ven-
tromedial hypothalamus (VMH), the onset of the
syndrome is determined by the time of the lesion, al-
lowing a chronological study of the alterations associ-
ated with obesity. Lesion of the VMH induces hyper-
phagia, hyperinsulinaemia and obesity [1], associated
with alterations in the cellularity and metabolism of
the white adipose tissue (WAT). After the lesion,
there is an initial period of rapid weight gain (dy-
namic phase) followed by a slowing in the rate of
weight gain (static phase). During the dynamic phase
of the VMH obesity, a state of hyperresponsiveness
to insulin is observed in white adipose tissue [2]. This
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Summary Ventromedial hypothalamus lesions in rats
induce hyperphagia and hyperinsulinaemia associ-
ated with a rapid growth of white adipose tissue re-
sulting in massive obesity. It has been shown previ-
ously that at an early stage after the lesion, during
the dynamic phase of obesity, the white adipose tissue
is hyper-responsive to insulin. In the present work, we
show that the effects of insulin on the autophosphory-
lation of the insulin receptor and on its tyrosine-ki-
nase activity towards endogenous substrates are simi-
lar in intact adipocytes of control and ventromedial
hypothalamus lesioned rats. One week after the le-
sion, the expression of phosphatidylinisitol 3-kinase
and RAF-1 kinase, evaluated by Western-blotting,
was similar in control and ventromedial hypothala-
mus lesioned rats. In contrast, an important increase
in the expression of extracellular signal regulated ki-
nase 1 protein was observed in white adipose tissue
of ventromedial hypothalamus lesioned compared to
control animals. No difference in the expression of
extracellular signal regulated kinase 1 mRNAwas ob-
served in adipose tissue of control and ventromedial

hypothalamus lesioned rats, suggesting that a post-
transcriptional mechanism is involved in the over-ex-
pression of extracellular signal regulated kinase 1.
The kinase activity of extracellular signal regulated
kinase 1 and 2 is also markedly increased in adipo-
cytes of ventromedial hypothalamus lesioned com-
pared to control rats, both in the basal state and after
insulin stimulation. Six weeks after the ventromedial
hypothalamus lesion, this increase in mitogen-acti-
vated protein kinase expression and activity was still
observed in adipocytes of ventromedial hypothala-
mus lesioned rats. These results suggest that an early
and sustained increase in the expression and activity
of mitogen-activated protein kinase may participate
in the development of white adipose tissue in ventro-
medial hypothalamus lesioned rats. [Diabetologia
(1997) 40: 533–540]
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hyperresponsiveness to insulin is associated with an
increased expression of distal effectors of insulin ac-
tion such as the insulin-sensitive glucose transporter
Glut-4 and lipogenic enzymes (fatty acid synthase
and acetyl-CoA carboxylase) [3].

Changes in the expression and/or activity of effec-
tors involved in insulin signal transduction could also
play a role in this state of hyper-responsiveness. Bind-
ing of insulin to its receptor induces autophosphory-
lation of the insulin receptor (IR), leading to the sub-
sequent tyrosine phosphorylation of cellular proteins,
such as insulin receptor substrate-1 (IRS-1 or pp185),
a major target for insulin receptor kinase activity [4].
Upon tyrosine phosphorylation, IRS-1 complexes
with the enzyme phophatidylinositol (PI)3-kinase,
which could play an essential role in insulin-induced
glucose transporter translocation in rat adipocytes
[4]. IRS-1 also binds to the Grb2/Sos complex [4],
which then activates Ras, a GTP-binding protein. Se-
quential activation of Ras, Raf and the mitogen-acti-
vated-protein kinase kinase by insulin leads to the
stimulation of the mitogen-activated protein kinase
(MAPK) isoforms pp44MAPK/ERK-1 and pp42MAPK/
ERK-2. MAPK could play a role in various biological
processes such as metabolism, cell growth and prolif-
eration [5].

Alterations in the transmission of insulin signalling
are likely to play an important role in the modifica-
tions of insulin responsiveness observed in several
models of insulin resistance. Studies performed in
both streptozotocin-diabetic rats, insulin-resistant
old rats and gold-thioglucose obese mice have shown
a decreased kinase activity of IR in various tissues, in-
cluding muscle [6, 7], liver [6] and fat [8]. Moreover, a
reduced tyrosine phosphorylation in response to insu-
lin has been described for IRS-1 in liver and muscles
of ob/ob mice [9], and for pp60 in adipocytes of gold-
thioglucose obese mice [8]. In animal models of insu-
lin resistance, alterations of insulin stimulation of
PI3K have also been observed in muscle [6, 8, 10], li-
ver [6] and adipocytes [8]. It has also been shown
that the MAPK activation is impaired in skeletal
muscle of obese insulin-resistant mice [11].

The aim of the present work was to determine
whether the increase in insulin responsiveness ob-
served in WAT of VMH rats is also associated with
modification of the expression and/or activity of pro-
teins involved in the insulin signalling pathway.

Materials and methods

Materials. Collagenase, protein A-sepharose, CNBr activated
sepharose, Triton X-100, bovine serum albumin, aprotinin,
pepstatin, antipain, leupeptin, phenylmethylsulfonyl fluoride
(PMSF), sodium orthovanadate, myelin basic protein (MBP),
dextran sulfate and agarose were from Sigma (Saint-Quentin
Fallavier, France). Reagents and secondary antibodies for en-
hanced chemoluminescence (ECL kit) were from Amersham

(Les Ulis, France). All reagents for sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis were from BioRad
(Ivry-sur-Seine, France). Formamide and formaldehyde were
from Prolabo (Paris, France). [a-32P] dCTP, g [32P]-ATP and
hyperfilms MP, nylon “Hybond-N” membranes, rediprime la-
belling system kit were from Amersham.

Animals. Female Wistar rats (IFA Credo, L’Arbresles, France)
weighing 200–220 g were housed in a room with light on from
07.00 to 19.00 hours and had free access to water and labora-
tory chow.

Rats were anaesthetized intraperitoneally with 95 mg ket-
amine/kg body weight (Imalgene 500, Bio-Mérieux, France),
and VMH lesions were carried out as described previously
[12]. Experiments were performed 1 week after the VMH le-
sion. In some experiments, VMH rats were also studied
6 weeks after the VMH lesion, during the static phase of obe-
sity. Control and VMH rats were killed by cervical dislocation.
Periovarian WATwas rapidly removed, and either used for ad-
ipocyte isolation or frozen in liquid nitrogen and stored at
− 80 °C for subsequent analysis.

Fat cell size and DNA content. Diameters of fat cells were mea-
sured under a microscope on adipose tissue slices, floating in
an iso-osmolar solution. The slices were obtained by freeze
cutting after a brief formaldehyde fixation. All cells in a given
part of the slice were measured. The calculation of the fat cell
size was performed as previously described [13]. DNA content
was measured by a spectrofluorometric assay [14].

Cell preparation. White adipocytes from control and VMH rats
were isolated as described previously [15]. The periovarian fat
pads were removed and washed in Krebs-Ringer-bicarbonate
buffer, pH 7.4, supplemented with 10 mmol/l HEPES contain-
ing 1 mmol/l CaCl2 (buffer A). The tissue was cut into small
pieces and digested for 1 h in the buffer A containing 1 mg/ml
collagenase in a shaking water bath at 37 °C. The digested tis-
sue was then filtered through a 200-mm nylon mesh and the iso-
lated cells were washed three times in buffer A devoid of colla-
genase. Adipocytes from VMH and control rats (6 × 106 cells)
were stimulated for 5 min with insulin (67 nmol/l) in buffer A
supplemented with 1 mmol/l CaCl2 and 4 % (w/v) fatty-acid-
free bovine serum albumin. Incubations were stopped as de-
scribed previously [16] by adding 6 ml of ice-cold extracting
buffer (100 mmol/l HEPES, pH 7,6, 2 % Triton X-100,
40 mmol/l EDTA, 20 mmol/l NaF, 60 mmol/l sodium pyro-
phosphate, 4 mmol/l benzamidine, 2 mmol/l Na3VO4, 2 mmol/l
PMSF and 2 mg each of aprotinin, pepstatin, antipain and leu-
peptin) into the incubation buffer. The vials were then immedi-
ately frozen in liquid nitrogen. The extracts were allowed to
thaw out slowly at 4 °C. After centrifugation of 10 000 g for
10 min, the fat cake and the insoluble material were discarded.
The soluble extracts were then collected for subsequent analy-
sis.

Adipose tissue extraction. In some experiments, WAT (400–
500 mg) from control and VMH rats was directly homogenized
with a polytron in 5 ml of extraction buffer 20 mmol/l MOPS,
pH 7.4, and containing 2.5 mmol/l benzamidine, 1 mmol/l
EDTA, 0.1 % Triton X-100, 1 mg/ml each of leupeptin, anti-
pain, and pepstatin. The homogenate was centrifuged at
10 000 g for 30 min. The supernatants were then collected and
used for immunoprecipitation.

Immunoprecipitation. Immunoprecipitation was performed
using the following antibodies: CT1 (anti-insulin-receptor
antibody kindly provided by Prof. K. Siddle, University of
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Cambridge, UK) [17], anti-ERK1 (K23, Santa Cruz, USA),
anti-ERK2 (CI4; Santa Cruz), anti-PI3K (PI3K; Santa Cruz),
anti-Raf1-K (C-12sc133; Santa Cruz). Antibodies were ab-
sorbed on protein-A sepharose (1.25 mg protein-A sepharose/
ml antiserum) except for CT1 antibody which was covalently
linked to CNBr-activated sepharose as described previously
[18]. Immunoprecipitations were carried out for 2 h at 4 °C. Af-
ter centrifugation (2 min, 10 000 g ) the sepharose pellet was
washed three times with 4 ml of washing buffer (50 mmol/l He-
pes, pH 7.6, 0.1 % Triton X-100, 20 mmol/l EDTA, 30 mmol/l
NaF, 30 mmol/l sodium pyrophosphate, 2 mmol/l benzamidine,
1 mmol/l Na3VO4, 1 mmol/l PMSF and 1 mg/ml each of aproti-
nin, pepstatin, antipain and leupeptin) and then with 1 ml of
this buffer diluted 10-fold in distilled water. The proteins that
bound to the sepharose pellet were then eluted by boiling in
SDS/PAGE sample buffer containing 2.5 % SDS and
200 mmol/l dithiothreitol.

In some experiments, after immunoprecipitation with anti-
insulin receptor antibody, the cell extracts were incubated
with 0.75 ml hydroxyapatite for 2 h at 4 °C as previously de-
scribed [16]. After centrifugation, the proteins absorbed on hy-
droxyapatite were eluted by boiling in a SDS/PAGE sample
buffer containing 2.5 % SDS and 200 mmol/l dithiothreitol.

Immunoblotting. For immunoblotting experiments, proteins
were submitted to SDS-PAGE in 7 % polyacrylamide gel, ex-
cept for ERK1 and ERK2 proteins which were submitted to a
10 % polyacrylamide gel electrophoresis. Proteins were then
electrotransferred onto a nitrocellulose membrane using a
semi-dry apparatus (Multiphore II; Pharmacia LKB, Uppsala,
Sweden). The membranes were incubated overnight at room
temperature in blocking buffer (10 mmol/l Tris-HCl, pH 7.5,
150 mmol/l NaCl, 1 mmol/l EDTA, 0.2 % Tween-20, 3 % bo-
vine serum albumin).

Membranes were then incubated for 3 h with the following
antibodies: MAP2K antibody which recognized both isoforms
ERK-1 and ERK-2 (MAB3054, Chemicon International,
Temecula, Calif., USA), antiphosphotyrosine antibody (PY-
20; Chemicon) anti-PI3K antibody (PI3K; Chemicon) anti-
RAF-1K antibody (RAF-1K, Santa Cruz). Membranes were
revealed by enhanced chemoluminescence according to the
manufacturer’s instructions.

In order to determine the amount of IR present in each
preparation, the antiphosphotyrosine (PY-20) antibody was
stripped-off by incubation of the membranes for 2 min in a buf-
fer containing 0.2 % SDS, 50 mmol/l glycine and 24 mmol/l
HCl (pH 2.6). Membranes were then reprobed with a poly-
clonal antiinsulin receptor antibody (Ros-2, dilution 1 :500),
kindly provided by Prof. K. Siddle (University of Cambridge,
UK) and revealed by enhanced chemoluminescence.

MAP kinase assay. Adipocytes from control and VMH rats
were incubated in the absence or presence of insulin
(67 nmol/l) at 37 °C for 5 min. Proteins were extracted as de-
scribed previously. Equivalent amounts of proteins were incu-
bated for 2 h at 4 °C with a mixture containing 2.5 mg of anti-
ERK1 and 2.5 mg of anti-ERK2 antibodies and 10 mg of pro-
tein-A sepharose. After immunoprecipitation, the pellets
were washed four times with 1 ml of buffer containing
50 mmol/l Tris, 100 mmol/l NaCl, 5 mmol/l EDTA, 1 % Triton
X-100, 30 mmol/l NaF, 0.4 mmol/l Na3Vo4, 1 mmol/l PMSF
and 1 mg/ml each of aprotinin, pepstatin, antipain and leupep-
tin, then one time with 1 ml of the kinase reaction buffer
(20 mmol/l HEPES, 1 mmol/l dithiothreitol, 10 mmol/l
MgCl2, 50 mmol/l ATP). The reactions were initiated by add-
ing the kinase reaction buffer containing 0.25 mg/ml of myelin
basic protein and 0.5 mCi of [g -32 P] ATP in a final volume of

40 ml. After incubation for 10 min at 30 °C, the reactions were
arrested by the addition of 10 ml of SDS/PAGE sample buffer.
The mixtures were boiled for 5 min and subjected to SDS-
PAGE in 12 % polyacrylamide gel.

Protein assay. The protein assay was performed as previously
described [19] using bovine serum albumin as standard.

Preparation of total cellular mRNA. Total RNA was extracted
from 500 mg of WAT using the guanidine thiocyanate method
[20] and the RNA solution was stored at − 80 °C. The concen-
tration of RNA was determined by measuring the absorbance
at 260 nm. All samples had an A260/A280 ratio of about 1.8–2.

Northern blot analysis. Total RNA (20 mg) was denatured by
heating at 95 °C for 2 min in 2.2 mmol/l formaldehyde and
50 % (vol/vol) formamide, and size-fractionated by electro-
phoresis in 1 % agarose gel for 16–18 h at 60 V and then trans-
ferred onto a nylon membrane (Hybond N; Amersham).

Blots were hybridized successively with several cDNA
probes. A hamster ERK-1 probe was kindly provided by Dr.
G.L’Allemain (Université de Nice, France), the FAS probe
and the PEPCK probe were as described previously [21].
These probes were labelled with [a-32P] dCTP using a redi-
prime labelling system kit. Hybridization conditions were per-
formed as described previously [21–23]. The blots were ex-
posed for 6–48 h at − 80 °C with intensifying screens. Quantifi-
cation was performed by densitometric scanning.

Statistical analysis. Results are expressed as mean ± SEM. Sta-
tistical analysis was performed by Student’s t -test for unpaired
data.

Results

Characteristics of VMH-lesioned animals. One week
after the lesion, body weight and periovarian adipose
tissue weight were much higher in VMH compared to
controls rats (Table 1). Adipocyte volume and pro-
tein content per cell were significantly higher in
VMH-lesioned rats compared to controls (Table 1).
This suggested that an increase in adipocyte size was
involved in the enlargement of adipose tissue mass.

Effect of insulin on the tyrosine kinase activity of the
insulin receptor in intact adipocytes. After cell isola-
tion, adipocytes were numbered with an haematocy-
tometer under light microscopy. An equivalent num-
ber of cells from control and VMH-lesioned rats
were incubated in the absence or presence of insulin
for 5 min. After cell extraction, IR were immunopre-
cipitated with CT1 antibody and the phosphorylation
of the b -subunit on tyrosine residues was measured
by immunoblotting with an antiphosphotyrosine anti-
body (PY-20 antibody). In the absence of insulin, the
phosphotyrosine content of the b -subunit of the re-
ceptor was barely detectable in both control and
VMH-lesioned rats (Fig. 1A). Insulin strongly stimu-
lates the autophosphorylation of the b -subunit of
the receptor on tyrosine residues. Densitometric
analysis of the autoradiographs (Table 2) shows that
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the phosphotyrosine content of the insulin receptor
b -subunit per cell was not significantly different in
the two groups of adipocytes. Reprobing the mem-
brane (Fig. 1 B) with an antibody directed against the
C-terminus end of the b -subunit (Ros-2 antibody)
clearly shows that the number of receptors in the
VMH-lesioned rats was markedly increased com-
pared to control rats. Densitometric analysis indi-
cated that insulin-receptor expression was 2.2 ±
0.4 times higher in VMH compared to control rats
(p < 0.05, n = 5). Such an increase of insulin receptor
number in adipocytes from VMH rats has already
been reported by Kasuga et al. [24]. This suggests
that the autophosphorylation of the b -subunit per re-
ceptor is rather lower in VMH rats than in control
rats.

In order to determine whether the activity of IR
towards its physiological substrates was modified in
VMH rats, we studied the effect of insulin on the ty-
rosine phosphorylation of cellular proteins in intact
adipocytes. After immunoprecipitation of the insulin
receptor, the cell extracts were incubated with hy-
droxyapatite [16]. After SDS-PAGE, the level of
phosphorylation on tyrosine residues of proteins
absorbed on hydroxyapatite was measured by im-
munoblotting with PY-20 antibody. As described
previously [16], insulin strongly stimulates the phos-
phorylation of two major groups of proteins collec-
tively named pp60 and pp130–190 respectively
(Fig. 1C). Pp130–190 migrated on SDS-PAGE like a

heterogenous group of proteins with an apparent mo-
lecular weight of approximately 130–190 kd. This
group of proteins is likely to include insulin receptor
substrates 1 and 2 (IRS1 and IRS2) which have ap-
parent molecular weights of 185 and 190 kd, respec-
tively. Densitometric analysis of the autoradiographs
shows that the effect of insulin on the phosphoryla-
tion of pp130–190 and pp60 is similar in the adipo-
cytes of control and VMH rats (Table 2). Thus, the in-
creased insulin responsiveness observed in adipo-
cytes of VMH animals is unlikely to be due to an in-
creased tyrosine kinase of the IR towards its intracel-
lular substrates.

Western blotting analysis of enzymes involved in the
insulin signalling pathway: PI3K, RAF-1 kinase and
MAPK. In order to determine whether changes in
the cellular content of key signal transduction pro-
teins could be involved in the hyper-responsiveness
to insulin in WAT of VMH rats, we have studied the
expression of PI3K, RAF-1K and the MAPK isoform
ERK-1.

Soluble extracts from an equivalent number of adi-
pocytes of control and VMH-lesioned rats were incu-
bated with antibodies against PI3K, RAF-1K or
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Table 1. Characteristics of control and VMH rats 1 week after
the VMH lesion

n Control VMH P value

Body weight (g) 10 239 ± 5 303 ± 4 < 0.001

Periovarian adipose
tissue weight (mg) 5 14 ± 3 59 ± 3 < 0.001

Adipocyte volume
(mm 3 × 105) 5 2.03 ± 0.21 5.03 ± 0.68 < 0.01

Protein content
(mg/mg DNA) 5 2.62 ± 0.47 6.53 ± 0.83 < 0.01

Values are mean ± SEM. n represents number of experiments
for each value. P value indicates significance of the difference
when compared to control

Table 2. Insulin receptor and intracellular protein tyrosine
phosphorylation in adipocytes from control and VMH rats

Tyrosine phosphorylation

b -subunit pp130–190 pp60

Control − Ins
+ Ins

30 ± 4
650 ± 85

288 ± 78
784 ± 74

371 ± 228
1339 ± 235

VMH − Ins
+ Ins

35 ± 5 NS
950 ± 160 NS

377 ± 72 NS
879 ± 207 NS

437 ± 62 NS
1433 ± 354 NS

Results are expressed in arbitrary units as mean ± SEM for five
independent experiments. NS, Non-significantly different from
control

Fig. 1 A–C. Equivalent number of adipocytes from control and
VMH rats incubated for 5 min in absence or presence of insu-
lin (67 nmol/l). Insulin receptors were immunoprecipitated
with CT1 antibody and were submitted to Western blotting as
described in the Experimental Procedures. Membranes were
probed with either the antiphosphotyrosine antibody PY-
20 (A) or the anti-insulin receptor b-subunit antibody Ros-
2 (B). A representative experiment is shown. After immuno-
precipitation with the CT1 antibody, the proteins remaining in
the supernatant were absorbed onto hydroxyapatite and sub-
mitted to Western blotting. Membranes were then probed
with the antiphosphotyrosine antibody PY-20 (C). A represen-
tative experiment is shown



ERK-1. The immunoprecipitated proteins were sub-
mitted to SDS-PAGE and quantified by immunoblot-
ting. We observed no difference in the amount of
PI3K and Raf1-K (Fig. 2) in the two groups of rats.
In contrast, ERK-1 protein level per adipocyte was
much higher in VMH compared to control rats. Den-
sitometric analysis of five experiments indicated that
the amount of ERK-1 per adipocyte was increased
by 7.5 ± 1.3 fold in VMH-lesioned rats compared to
control rats (p < 0.001). Similar results were obtained
when the proteins from total cell extracts were ad-
sorbed on hydroxyapatite and submitted to Western
blotting without specific immunoprecipitation, indi-
cating that the observed differences between control
and VMH rats could not be due to artefactual recov-
eries during the immunoprecipitation procedure of
ERK-1 protein.

ERK-1 mRNA expression. Since ERK-1 protein is
over-expressed in WAT of VMH rats, we have mea-
sured the level of ERK-1 mRNA in adipose tissue of
control and VMH rats. As internal controls, we stud-
ied the mRNA expression of two important meta-
bolic enzymes, fatty-acid synthase (FAS) and phos-
phoenolpyruvate carboxykinase (PEPCK) which are
subjected to important hormonal and nutritional reg-
ulation in WAT [22, 25]. Representative Northern
blot hybridizations with cDNA encoding for FAS,
PEPCK and ERK-1 are shown in Figure 3. The densi-
tometric analysis of seven experiments revealed that
1 week after the VMH lesion the FAS mRNA expres-
sion was markedly increased (6-fold, p < 0.01) in
WAT of VMH rats, in agreement with previous re-
sults [3]. PEPCK mRNA expression was markedly
decreased (10-fold, p < 0.05) in WAT of VMH rats,

in agreement with the well-known opposite regula-
tion of FAS and PEPCK in WAT by modification of
the hormonal and nutritional environment [22, 26].

In contrast, no significant change in ERK-1
mRNA expression in the WAT of VMH animals was
observed (n = 7, Fig. 3).

ERK-1 and ERK-2 specific expression and activity.
Since the total protein content per cell was increased
in adipocytes of VMH rats (Table 1), it was important
to determine whether the increase in ERK-1 protein
observed per adipocyte was not simply a reflection
of the general increase in protein content. For this
purpose, proteins were extracted from WAT of con-
trol and VMH rats. Cellular extracts were then ad-
justed in order to incubate equivalent amounts of to-
tal proteins from control and VMH adipocytes with
a mixture containing anti-ERK1 and anti-ERK2 anti-
bodies as described in the experimental procedures
section. ERK-1 and ERK-2 expression was assessed
by immunoblotting (Fig. 4 A). Densitometric analysis
of four experiments indicated that, when normalized
per milligram of protein, the amounts of ERK-1 and
ERK-2 remained respectively, 2.2-fold (p < 0.001)
and 3.2-fold (p < 0.05) higher in VMH compared to
controls. This suggested that ERK-1 and ERK-2 pro-
tein expression was specifically increased in VMH
rats.

To determine whether the higher level of MAPK
protein in the WAT of VMH was associated with an
increased insulin-simulated MAPK activity, we mea-
sured the activity of ERK-1 and ERK-2 immunopre-
cipitated from adipocytes incubated in the presence
or absence of insulin for 5 min. After insulin stimula-
tion of adipocytes from control and VMH rats, pro-
teins were extracted as previously described.
The cell extracts were adjusted in order to incubate
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Fig. 2. Expression of key enzymes involved in insulin signal-
ling pathway. Equivalent numbers of adipocytes from control
and VMH rats were incubated for 5 min in presence or ab-
sence of insulin. After immunoprecipitation with specific anti-
bodies, the relative amount of PI3K, Raf-1K and ERK-1 pro-
teins was estimated by Western blotting with specific anti-
PI3K, anti-Raf-1K and anti-ERK-1 antibodies. Representative
experiments are shown

Fig. 3. Northern blot analysis of ERK-1, FAS and PEPCK
mRNA in control and VMH rats. Total RNA (20 mg) from
periovarian WAT of control and VMH rats was loaded in
each lane. A representative Northern blot hybridized with
ERK-1, FAS and PEPCK probes is shown



equivalent amounts of proteins with anti-ERK-1 and
anti-ERK-2 antibodies. ERK-1 and ERK-2 activities
towards MBP were measured in vitro as described in
the method section (Fig. 4B). Basal and insulin-stim-
ulated activity of MAP-kinases were higher in adipo-
cytes from VMH than from control rats (Fig. 5A).
Thus, the increase of ERK-1 and ERK-2 protein ex-
pression in WAT leads to an increase of ERK-1 and
ERK-2 activity.

After VMH lesions, there is an initial period of
weight gain (dynamic phase) followed by a slowing
in the rate of weight gain (static phase) [1]. In order
to study whether the overexpression of MAPK pro-
teins persists during the course of obesity, we quanti-
fied MAPK 6 weeks after the VMH lesion (Fig. 4 C).
In the static phase of obesity, the expression of
ERK-1 and ERK-2 per milligram of protein was still
higher for an equivalent amount of cell protein, in
WATof obese compared to control animals. Densito-
metric analysis of six experiments indicated that the
amount of ERK-1 and ERK-2 expression remained
respectively 1.7-fold and 1.8-fold (p < 0.01) higher in
VMH compared to control rats. The MAPK activity
towards myelin basic protein, expressed per milli-
gram of protein, was also higher both in the absence
and presence of insulin (Fig. 4D, Fig. 5B). These

results indicate that the expression and activity of
ERK1 and ERK2 proteins remain elevated in WAT
of VMH rats well after the initial dynamic phase of
obesity.

Discussion

The current model of insulin transmembrane signal-
ling involves activation of the IR b -subunit tyrosine
kinase upon insulin binding and subsequent phospho-
rylation of the receptor itself and of intracellular pro-
teins on tyrosine residues. In this work we have inves-
tigated severals steps of insulin signalling pathways in
order to determine whether changes in the expression
or in the activity of these proteins could explain the
modifications of insulin sensitivity observed in WAT
of VMH rats. During the dynamic phase of obesity,
the tyrosine kinase activity of the insulin receptor ex-
pressed per cell is not different in the two groups of
adipocytes, and would even appear to be lower in
VMH rats if corrected for the higher amount of insu-
lin receptor per adipocyte in these animals. These re-
sults are in contrast with those obtained by Pujol et
al. [27] who observed an increased tyrosine kinase ac-
tivity per receptor in WATof VMH rats. This discrep-
ancy could be due to the different methodologies
used. Pujol et al. [27] studied the autophosphoryla-
tion and the tyrosine-kinase activity of the insulin re-
ceptor in vitro using partially purified receptors and
artificial peptides as substrates. It is now becoming
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Fig. 4 A–D. ERK-1 and ERK-2 expression and activity in
WAT of control and VMH rats, 1 and 6 weeks after the VMH
lesion. Proteins from adipose tissue of control and VMH rats
were extracted as described in Experimental Procedure,
1 week after the VMH lesion (A) and 6 weeks after the VMH
lesion (C). Equivalent amounts of extracted proteins were in-
cubated with a mixture containing anti-ERK-1 and anti-ERK-
2 antibodies. After immunoprecipitation, the relative amount
of ERK-1 and ERK-2 proteins were evaluated by Western
blotting with MAP2K antibody. Representative experiments
are shown. For determination of MAPK activity, adipocytes
from control and VMH rats were incubated for 5 min in the ab-
sence or presence of insulin, 1 week after the VMH lesion (B)
and 6 weeks after the VMH lesion (D). Proteins were ex-
tracted as described in Experimental Procedure. Equivalent
amounts of extracted proteins were incubated with a mixture
containing anti-ERK-1 and anti-ERK-2 antibodies. MAPK ac-
tivity was assessed by studying the phosphorylation of myelin
basic protein (MBP) in (ERK-1/ERK-2) immunoprecipitates
from non-stimulated or insulin-stimulated adipocytes. Typical
autoradiograms are presented

Fig. 5 A, B. MAPK activity in response to insulin in adipocytes
from control and VMH rats, 1 (A) and 6 weeks (B) after the
VMH lesion. MAP-K activity, per milligram of protein, was
measured as the phosphorylation of MBP and quantitated by
densitometric analysis. Data are expressed as % of control in
absence of insulin and represent the mean ± SEM of four in-
dependent experiments. Significantly different from control
p < 0.01; p < 0.001



apparent that results obtained in vitro may not reflect
the situation in intact cells, probably because of the
loss of relevant regulatory proteins during the purifi-
cation procedure [18, 28]. In contrast, in the present
work, we studied in intact adipocytes the effect of in-
sulin on the autophosphorylation of the b -subunit
and on the phosphorylation on tyrosine residues of
physiological substrates of the insulin receptor. Our
results suggest that insulin receptor tyrosine kinase
activity does not play a significant role in the varia-
tions of insulin action on WAT during the develop-
ment of VMH obesity.

This study revealed that MAPK was overexpressed
in adipose tissue of VMH rats at the protein level.
ERK-1 protein was over-expressed in adipocyte of
VMH-lesioned rats whereas the ERK-1 mRNA con-
tent was similar in the two groups of animals. This sug-
gests that overexpression of ERK-1 was rather due to
a post-transcriptional mechanism. Hyperinsulinaemia
is one of the main obvious features of VMH-induced
obesity. It now appears that the regulation of the trans-
lation is an important mechanism by which insulin
stimulates the expression of cellular proteins [29]. In-
sulin can preferentially stimulate translation of
mRNA whose 5 ′untranslated region exhibits signifi-
cant secondary structure by activating initiation fac-
tors involved in melting such secondary structures
[30]. Whether such a mechanism could play a role in
the increased expression of MAP-K protein in WAT
of VMH rats remains to be demonstrated.

We observed in WAT of VMH rats an important
increase in both ERK-1 and ERK-2 protein expres-
sion leading to an increased basal and insulin-induced
activity. It is not clear whether MAPK plays a signifi-
cant role in the transmission of the metabolic effects
of insulin [31]. In contrast, MAPK are very likely to
be involved in insulin stimulated cell growth. Indeed,
no increase in the expression of ERK1 and ERK2
proteins was observed in the livers of obese and
VMH rats (results not shown), suggesting that the
overexpression of the MAPK could be a specific fea-
ture of the tissue which undergoes important growth
during obesity, i. e. the WAT. One week after the le-
sion, VMH adipocytes are characterized by an en-
hanced lipid accretion resulting in an enlargement of
the size of fat cells as well as an increase in protein
content per cell. Similar increases in protein content
have been observed previously in WAT of obese
VMH [3, 12, 27] and in Zucker rats [32]. Although
the potential role of MAPK in the regulation of pro-
tein synthesis is controversial [31, 33–35], it cannot
be excluded that the overexpression of MAPK in
WATof VMH rats could play a role in the general in-
crease in protein content in adipocytes of obese rats.
On the other hand, it has been shown in NIH3T3 fibro-
blasts that ERK-2 activation in vivo correlated with
enhanced activation of RNA polymerase II [36, 37].
Thus, MAPK overexpression could also contribute to

the adipocyte growth by increasing the transcrip-
tional activity of RNA polymerase II.

The increase of WAT mass in VMH rats is due to
an increase of the adipocyte size but also of the adipo-
cyte number [38]. It has been shown that MAPK in-
duces re-entry into the cell cycle, implicating MAPK
in the transmission of proliferative signals [39, 40]. In-
hibition of MAPK, by expressing p44Mapk antisense in
fibroblasts, markedly reduces colony number and
then decreases cell proliferation [39] whereas overex-
pression of MAPK promotes fibroblast proliferation
[41]. Moreover, it has been shown that activation of
MAPK increases the proliferation of white preadipo-
cytes [42]. ERK-2 also activates c-myc [43] which is
implicated in the ability of preadipocytes to respond
to mitogenic signals and to undergo in vitro clonal ex-
pansion [44]. Thus, MAPK may be involved in pro-
moting cell proliferation in adipose tissue during
VMH obesity.

MAPK could also play a role in the differentiation
of preadipocytes into adipocytes. Some studies have
demonstrated that overexpression of C/EBPb in
NIH3T3 cells can induce adipogenesis in the pres-
ence of adipogenic inducers [45]. Expression of C/
EBPb in NIH3T3 cells activates the synthesis of
PPARg mRNA that stimulates their conversion into
adipocytes [46]. It has been shown that MAPK initi-
ates the activation of C/EBPb by phosphorylation
[47, 48], suggesting that MAPK could be involved in
adipocyte differentiation.

Thus, a sustained increase of MAPK expression
and activity in WAT of VMH rats could play a signif-
icant role in the growth of adipose tissue observed
during the development of VMH obesity. The mecha-
nism by which lesion of VMH induces ERK-1 and
ERK-2 overexpression remains to be elucidated.
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31. Denton RM, Tavaré JM (1995) Does mitogen-activated-protein ki-
nase have a role in insulin action? The cases for and against. Eur J
Biochem 227: 597–611

32. Guerre-Millo M, Lavau M, Horne JS et al. (1985) Proposed mecha-
nism for increased insulin-mediated glucose transport in adipose
cells from young, obese Zucker rats. J Biol Chem 260: 2197–2201

33. Azpiazu I, Saltiel AR, DePaoli-Roach AA et al. (1996) Regulation
of both glycogen synthase and PHAS-1 by insulin in rat skeletal
muscle involves mitogen-activated protein kinase-independent
and rapamycin-sensitive pathways. J Biol Chem 271: 5033–5039

34. Diggle TA, Moule SK, Avison MB et al. (1996) Both rapamycin-
sensitive and insensitive pathways are involved in the phosphoryla-
tion of the initiation factor-4E-binding protein (4E-BP1) in re-
sponse to insulin in rat epididymal fat-cells. Biochem J 316: 447–453

35. Wiese RJ, Mastick CC, Lazar DF et al. (1996) Activation of mito-
gen-activated protein kinase and phosphatidylinositol 3 ′ kinase is
not sufficient for the hormonal stimulation of glucose uptake, lipo-
genesis, or glycogen synthesis in 3T3-L1 adipocytes. J Biol Chem
270: 3442–3446

36. Dubois M-F, Nguyen VT, Dahmus ME et al. (1994) Enhanced
phosphorylation of the C-terminal domain of RNA polymerase II
upon serum stimulation of quiescent cells: possible involvement of
MAP kinases. EMBO J 13: 4787–4797

37. Markowitz RB, Hermann AS, Taylor DF et al. (1995) Phosphoryla-
tion of the C-terminal domain of RNA polymerase II by the extra-
cellular-signal-regulated protein kinase ERK2. Bioch Bioph Res
Com 207: 1051–1057

38. Stern JS, Johnson PR (1978) Size and numbers of adipocytes and
their implications. In: H.Katzer, R. J.Mahler (eds) Diabetes, obe-
sity and vascular disease. Hemisphere Publishing Co., pp 303–308

39. Pagès G, Lenormand P, L’Allemain G et al. (1993) Mitogen-acti-
vated-protein kinases p42mapk and p44mapk are required for fi-
broblast proliferation. Proc Natl Acad Sci USA 90: 8319–8323

40. Brunet A, Pagès G, Pouysségur J (1994) Constitutively active mu-
tants of MAP kinase kinase (MEK1) induce growth factor-relax-
ation and oncogenicity when expressed in fibroblast. Oncogene 9:
3379–3387

41. Albanese C, Johnson J, Watanabe G et al. (1995) Transforming
p21ras mutants c-Ets-2 activate the cyclin D1 promotor through
distinguishable regions. J Biol Chem 270: 23 589–23597
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