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ABSTRACT

AIM: To study the effect of chronic insulin treatment on insulin post-receptor sgnali ng transduction and whether
the eff ects of metformin are transmitted throughout the cascade of insulin sgnaling intermediatesin a human
hepatomacell line (Hep G2). METHODS: Hep G2 cell s were incubated in serum free media contai ning e ther
insulin 100 nmol/L or insulin 100 nmol/L plus different concentrations (0.01-10 mmol/L) of metformin for 16 h and
then were stimulated with insulin 200 nmol/L for 1 min. RESULTS: Chronic treatment of insulin 100 nmol/L
induced asgnificant reduction in the phosphorylation and protein expresson of IRM3, IRS1 and IRS2, which there-
fore resulted in a downregulation of association of PI3K withIRS. Therapeutic concentrations(0.01-0.1 mmol/L)
of metformin prevented the changes induced by chronic insulin treatment in these post-receptor components of
insulin signaling pathway. Tyros ne phosphorylation of IRb, IRS1, and IRS2 was increased by 2.7 fold (P<0.01),
6.8 fold (P<0.01), and 2.3 fold (P<0.01) of chronicaly insulin-treated celIs done, respectively, after metformin
0.1 mmol/L wasadded. The asociation of p85 with IRS1 and IRS2 was also increased from 34 % to 86 %
(P<0.01) and from 30 % to 92 % (P<0.01), respectively. Incontrast, metformin in pharmacologica concentration
(1-10 mmol/L) further inhibited tyrosne phosphorylation of IRb, IRS1, IRS2 and the interaction of PI3K with IRS.
The association of IRS1 with p85 was further decreased by 58 % (P>0.05) and of IRS2 by 30 % (P<0.05).
CONCLUSION: Chronicinsulin exposure of Hep G2 cells inducesthe downregulation of insulin Sgna transduc-
tion viaPI3K pathway. The effect of metformin on insulin sgnaling transduction represent a primary mechanism
of metformin action in insulin resstant sate.

INTRODUCTION of type 2 diabetestherapy. Inrecent years, research
into the pharmacodynamic properties of metformin and
their clinical implications hasresulted in arenewa of
interesting™. The liver isnot only akey tissuefor glu-
cose metabolism, but also a mgjor ste of metformin
action. Recently, the importance of hepatic insulin
! Correspondenceto Dr YUAN Li, now in Department of Endo- resistance in glucose homeostasis has been emphasiz-
crinology in Union Hospital of Tongji Medical College, Huazhong ed?. In hepatocytes, insulin resistance can result from

University of Science and Technology, Wuhan 430022, China. . . . . . .
Phn 86-27-8572-6136. Fax 86.27-8577-6343. impaired signaling downstream of the insulin

E-mail yuanli18cn@yahoo.com.on receptor™®. Antihyperglycemic effect of metformin is
Recei ved 2002-01-07 Accepted 2002-10-14 mainly a consequence of reduced hepatic gucose output.

Metformin is anantihyperglycemic drug that treats
inaulin resstance and it has become a firg-line choice
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However, the mol ecular basis of metformin effect on
hepatocytesislargely unknown, involving the possible
effects of metformin on insulin sgnaing tranduction,
for ingtance, metformin could directly or indirectly in-
fluence protein-protein interactionswithin the sgnaing
cascade.

Chronic hyperinsulinam can induce insulin ress
tance”. Therefore, in the present study, we set up an
insulin resstant cell model, with the Hep G2 cells
chronic exposureto high concentration of insulin. The
amis (1) to examine the changes in insulin s gnaling
transduction af ter chronic insulin treatment. (2) to de-
termine whether the antihyperglycemic action of
metformin in hepatocytesis associated with effects on
signaling protein expresson and phosphorylation.

MATERIALSAND METHODS

Chemicals RPMI-1640 medium and fetal bovine
serum (FBS) were obtained from Gibco BRL (Karlsruhe,
Germany). Reagentsfor sodium dodecy! sulf ate-poly-
acrylamide gel electrophoress (SDS-PAGE) and
immunobl otting were obtai ned from Bio-Rad (Hercules,
CA). Rabbit polyclona anti-insulin receptor b-subunit
(IRb), anti-insulin receptor subgtrate 1 (IRS1), anti-in-
sulin receptor subgtrate 2 (1RS2), and anti-p85 subunit
of phosphatidylinositol 3-kinase (PI3K) antibodiesused
for Western blotti ng were purchased from UBI (Lake
Placid, NY). Anti-biotin and mouse monaoclond anti-
phosphotyrosne (PY) antibody were from New En-
gland Biolabs (Frankfurt am Main, Germany). Protein
A and protein G sepharose and BCA-assay reagentswere
purchased from Pierce (Hamburg, Germany). HRPO-
conjugated anti-mouse and anti-rabbit antibodies, re-
agents for ECL were obtained from Amersham
Pharmacia Biotech (Uppsala, Sweden). Human inaulin
(Actrapid) was obtained from Novo Nordisk
(Deisenhofen, Germany). Metformin, aprotinin,
pepgatin, leupeptin, and other reagentswerefrom Sgma
(Steinheim, Germany).

Cell culture Hep G2 human hepatomacells were
grown to confluence in 10-cm plagtic culture dishes
containing 10 mL RPMI-1640 medium supplemented
with 10 % feta bovine rum, HEPES 25 mmol/L (pH
7.4), 1 % penicillin /streptomycin and gl utamine 25
mmol/L. The cells wereincubated a 37 °Cin ahu-
midified atmosphere of 5 % CO, and 95 % air.

Confluent Hep G2 cdlls were incubated in serum
freemediaincluding either insulin 200 nmol/L or inaulin

100 nmol/L plus metformin 0.01-10 mmol/L for 16 h
and then were stimulated with insulin 200 nmol/L for 1
min, as specified in the results section. Cells under
basal conditions were used as controls.

Immunoprecipitation and Western blotting
Phosphorylated proteins of IRb, IRS1, IRS2 and inter-
action of PI3K with IRS were determined by immuno-
precipitation assay. protein lysates 1000 ng were sub-
jected to immunopreci pitstion using corresponding spe-
cific antibodies (anti-IRb, anti-IRS1, anti-IRS2) and
incubation at 4°Cfor 2 h. Protein-antibody complexes
were conjugated with protein A and Protein G for an-
other 1 h. Precipitateswere take up in 30 nL sample
buffer containing Tris62.5 mmol/L, dithiothreitol
(DTT) 100 mmol/L, 10 % glyceral, 2 % SDS, 0.01 %
bromphenolblue and denatured at 95 °C for 10 min.
Protein samples were subjectedto 7.5 % SDS-PAGE.
After SDS-PAGE, dectrotransfer of protein from the
gel to nitrocdlulose membranes was performed by
Western blotting. Subsequently, nitrocellulose filters
were incubates a 4 °C overnight with one of the fol-
lowing antibodies (1st antibody) at a concentrati on of
1 mgL: anti-PY, anti-1Rb, anti-1RS1, anti-IRS2 or anti-
p85, each of those sugpended in 2.5 % non-fat dried
milk. Blots were then incubated with 1:3000 HRPO
conjugate (2nd antibody) at room temperature (28 °C)
for 1 h. Immunoreactive bands were determined with
the ECL detected reagents.

Immunoblotting Relativeprotein levelsof IRD,
IRS-1, IRS-2, and p85 were determined by Western-
immunoblattingin total cell lysaes. Simila szeaiquots
of sample (150 ny) were processed for 7.5% SDS-
PAGE and proteins were separated by electrophoress.
Immunablotting was performed as described above.

Statistical analysis Relative amounts of immu-
nor eacti ve proteins wer e quantitated by Image Quant
scanning densitometry. Experimental results were ex-
pressed as meantSD. Statistical analyss was per-
formed by Student’ s -test. Statistical significance was
assesed a P<0.05.

RESULTS

Effect of metformin on protein levels and phos-
phorylation of signaling proteins following chronic
insulin treatment In the basal date, no or little ty-
rosine phosphorylation of IRb, IRS1, and IRS2 was
detectable. Acute gimulation with insulinfor 1 min
resulted in an extensive phosphorylaion on tyros ne



Yuan L et all ActaPharmacol Sin 2003 Jan; 24 (1): 55-60 - 57-

residues of sgnaling proteins. After cells were treated
with insulin 100 nmol/L for 16 h, insulin-induced
autophosphorylations of IRb, IRS1, and IRS2 weresig-
nificantly deareased. By comparison withcontrol cells,
tyrosine phosphorylation of IRb was decreased to
22 % (P<0.01) of control level. For IRS1 an even
more sgnificant reduction ininsulin-induced phospho-
rylation was obsarved, as anti-PY detedtable protan was
reduced to 15 % (P<0.01). Similar to the changesin
IRS1, tyrosine phosphorylation of |RS2 was decreased
to 22 % (P<0.01) of control levels (Fig 1).

Therapeutic concentrations of metformin 0.01
mmol/L and 0.1 mmol/L reversed the reduction of ty-
rosne phogphorylation of insulin signaling protein in-
duced by chronic inaulin treatment. Tyrosine phos
phorylation of IRb wasincreased by 2.3 fold (P<0.01)
and 2.7fold (P<0.01) of chronicaly insulintreated cells
alone. Tyrosne phosphorylation of IRS1 wasincreased
by 6.4 fold (P<0.01) and 6.8 fold (P<0.01), and phos-
phorylation of | RS2 was increased 2.8 fold (P<0.01)
and 2.3fold (P<0.05) after cells were preincubated with
insulin 100 nmol/L for 16 h in the s multaneous pres-
ence of metformin 0.01 mmol/L and 0.1 mmol/L,
respectively.

When the concentration of metformin was fur-
ther increased to pharmacological doses (1-10
mmol/L), the effect of metformin on inaulin sgnd trans-
ducti on became inhibitory. Tyrosine phosphorylation
of IRb was further decreased to 3 % (P<0.01) of con-
trol levels. Quite smilar observations were made for
IRS1 and IRS2. When metformin 10 mmol/L was
added, IRS1 tyrosine phosphorylation was further de-
creased to only 4 % (P<0.01) and IRS2 phosphoryldion
to 11 % (P<0.01) of control levels (Fig 1).

There wereaso sgnificant changesin protein ex-
presson levelsof IRb, IRS1, and IRS2 following insu-
[in 100 nmol/L chronictregment. Protein level of IRb
was decreased to 42 % (P<0.01) of control levds, IRS1
was decreased to 63 % (P<0.01) and IRS2 was de-
creased to 47 % (P<0.05) compared to controls.
However, this chronic hyperinsulinism induced reduc-
tion of proteinlevelswas reversed after cells were pre-
incubated with different concentrations of metf ormin.
Level of IRb wasincreased by 1.1 fold (P<0.01) in the
presence of metformin 0.01 mmol/L and 1.6 fold
(P<0.01) inthepresance of metformin 10mmol/L. Lev-
elsof IRS1 and IRS2 did nat sSgnificantly changed fol-
lowing physiological concentration of metformin treat-
ment and increased by 43 % (P<0.01) and 112 %
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Fig 1. Effects of metformin on tyrosine phosphorylation of
IRb (A), IRS1 (B), and IRS2 (C) after chronic insulin
treatment. Hep G2 cells were treated either without insu-
lin (Ia), or with insulin 100 nmol/L (Ic) or with insulin 100
nmol/L and metformin 0.01, 0.1, 1, 10 mmol/L. (Ma, Mb, Mc,
Md) for 16 h and then were stimulated with insulin 100
nmol/L for 1 min, and cells cultured without these drugs
were used to demonstrate the basal level (B). A typical blot
for scanning densitometry by Image Quant (Molecular
Dynamics) is shown above. n=4. Mean+SD. They are
expressed as relative to Ia values, which were set at 100 %.
P<0.01 15 Ia. °P<0.05, 'P<0.01 vs I¢c. IP,immunoprecipitation;
IB, immun oblot; Met, metformin; Ins, insulin.
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(P<0.01) by exposure to metformin 10 mmol/L
(Tab 1).

Tab 1. Effects of metformin on protein levels of insulin
signaling molecules after chronic insulin treatment. n=4.
Mean#SD. °P<0.01 vs control. °P<0.05, ' P<0.01 vs Ic.

IRb IRS1 IRS2 p85

Control 0.167+0.012 0.35+0.03 0.241+0.010 0.38+0.03
la 0.18+0.06 0.34+0.06 0.238+0.017 0.39+0.05
Ic 0.07+0.03° 0.217+0.021° 0.107+0.017° 0.36+0.05
Ma 0.15+0.05"  0.27+0.05° 0.173#0.023 0.37+0.04
Mb 0.13+0.05° 0.26+0.04° 0.152+0.017 0.35+0.06
Mc 0.21+0.07"  0.29+0.05° 0.134+0.021 0.37+0.06
Md 0.19+0.04" 0.31+0.03" 0.24#0.05" 0.3810.05

HepG2 cels weretreated either without addition of insulin (1),
or with insulin 200 nmol/L (Ic) or with insulin 200 nmol/L plus
metf ormin 0.01, 0.1, 1, 10 mmol/L (Ma, M b, Mc, M d) for 16 h
and then stimulated with insulin 100 nmol/L for 1 min, cédls
cultured without these drugs were used to demonstrate the basa
control. The data are OD vdues of Scanning densitometry by
Image Quant (Molecular Dynamics).

Effect of metformin on the interaction of IRS1
and IRS2 with PI3K following chronic insulin treat-
ment To determinethe effed of reduced |RSL and IRS2
expression and phogphorylaion after chronicinsulin treat-
ment on their interaction with the p85 subunit of PI3K,
blots with immunopresipitates for IRS1 and RS2 were
immunoblatted with anti-p85 antibodies. Asdescribed
above, cellspretreated inthe absence of inaulin reponded
to anacute maximal inaulin gimulationwith aninaressein
IRS-asxociated p85 of more than 10-fold. In contradt,
after the cellswere exposed to insulin 100 nmol/L for
16 h, immunodetectable p85 wassignificantly decreased,
which was cons gent with changes in phosphorylation of
IRSL and IRS2. However, in the presence of metformin
0.01 mmol/L, these effectsof chronic insulin trestment
on the association of IRS with p85 were reserved.
Immunode-tectable p85 was increased from 34 % to
86% (P<0.01) of control levels in anti-1 RS1 i mmunopre-
cipitatesand from 30 % to 92 % (P<0.01) in anti-IRS2
immunoprecipitates. When the dose of metformin was
further increasedto the pharmacological concentration 10
mmol/L, asociation of 1RSL with p85 was further de-
creased by 58 % (P>0.05) and of IRS2 by 30 %
(P<0.05) of chronic treatment with inaulin 1200 nmol/L
aone(Fig2).
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Fig 2. Effects of metformin on association of p85 subunit of
PI3K with IRS1 (A) and IRS2 (B) after chronic insulin
treatment. HepG2 cells were treated either without insulin
(Ia), or with insulin 100 nmol/L (Ic) or with insulin 100
nmol/L and metformin 0.01, 0.1, 1, 10 mmol/L. (Ma, Mb, Mc,
Md) for 16 h and then were stimulated with insulin 100
nmol/L for 1 min, and cells cultured without these drugs
were used to demonstrate the basal level (B). A typical blot
for scanning densitometry by Image Quant (Molecular
Dynamics) is shown above. n=4. Mean+SD. They are
expressed as relative to Ia values, which were set at 100 %.
°P<0.01 vs Ia. °P<0.05, "P<0.01 vs Ic. IP,immunoprecipitation;
IB, immunoblot; Met, metformin; Ins, insulin.

The protein expression of p85was not significantly
changed, either therapeutic or pharmacological concen-
trations of metformin added to themedia (Tab 1).

DISCUSSION

Chronic hyperinsulinism can induce insulin re-
sstancd’. Cells cultured exposured to the high con-
centrations of insulin is an established modd to induce
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insulin resstance in vitro'*®. Thereby, in the present

sudy, wefird set up an insulin resistant model by us-
ing chronic treatment of Hep G2 cells with high doses
of insulin. Such in vitro dlows direct assessment of
the effect of an additiona treatment on the biologica
response to insulin gimulation. Since metformin ex-
ertsits beneficiary antihyperglycemic effect primarily
in liver, this should aso involve an ateration of the in-
aulinresigant satein thisorgan. Therefore, it appeared
interesti ng to focus on determining relevant molecules
which transmit the effects of metformin within the in-
aulin signaling cascadein a liver cell model system, in
which insulin resisance had been induced. Thedata
decribed herehavesuggeded that impairedinsulin sgnal
transduction linked to IRb, IRS1, IRS2, and PI3K is
associ ated with insulin resstance, which was caused
by chronicinsulin treatment.

Metformin could interact with insulin a many
potentia steps, including theincreased binding of insu-
lin to its receptor'®, the intensified of insulin receptor
tyrosine kinase activity!”?, the e evated inositol-1,4,5-
trisphosphate production, the augmented glycogen
synthess and theinhibition of PEPCK asa key enzyme
of gluconeogenesis™. In present experiment, the ef-
fect of chronic insulin treatment can be reversed by
metformin. It suggeststhat metformin’ saction siteis
mogt likely located at an early podt-receptor level and
may directly or indirectly interact with the intracellular
insulin sgnaling cascade.

Up to now, there were only afew reports regard-
ing the effect of metformin on intracellular insulin sig-
naing sysem and there has been a controversy in dif-
ferent experiments. Metformin wasreported to increase
insulin signaling transduction in cholesterol-treated Hep
G2 cell$™ and to reverse chronic insulin effects on
insulin signaling in rat adipocytes®. However,
metformin treatment had no effect oninsulin signaling
cascade in human adipoctey!™® and skeletal muscle®!.
These different observations may be due to diff erence
of tissuesand cultured conditions. 1n the present study,
therapeutic doses of metformin have reversed the re-
duction in phosphorylation of IRb , IRS1, and IRS2
induced by chronic insulin treatment. Namely, through
elevation of tyrosne phosphorylation of theinsulin re-
ceptor metformin can increase further tyros ne phos
phorylation of IRS1 and IRS2, aswell as the associa
tionof IRS1and IRS2 with PI3K. PI3K has been shown
to play acritica role in many insulin-regulated meta-
bolic processes, including stimulation of glucose

transport, activation of glycogen synthase, and i nhibi-
tion of PEPCK asthe key enzyme of gluconeogenesis.
Since the effect of metformin oninsulin sgnaling pro-
cesxes was observed a concentrati ons reached in the
serum of metformin-treated patients, these data are
somewhat suggestivefor theactua stuation in humans.
Thus, the primary mechanism of metformin’ saction to
restore insulin sengtivity in hepatocytes might be re-
lated to the increased insulin post-receptor signa trans
ductionlinked to tyrosine phosphorylation of IRb, IRS1
and RS2 and the activation of PI3K.

In contrag to the effect of metformin at thera
peutical concentrations, pharmacological concentrations
of metformin inhibit further phosphorylation of signal-
ing proteins and association of | RS with PI3K. These
inhibitory effects may reflect the fact that higher
metformin concentrationsinhibit insulin action. It
shoul d be noted that the changes in tyrosine phospho-
rylation associated with metformin trestment were not
pardld to the adterations of protein expression levdl,
which were increased in the presence of pharmaco-
logica concertrationsof metformin. Thissuggests that
effect of metformin on tyrosine phosphorylation of sig-
naing protein could not be explained by the changesin
the level of protein expression. Whether inhibitory ef-
fects of pharmacologica concentrations of metf ormin
arecorrelated with either theateration ininsulin receptor,
IRS1 and | RS2 serine phosphorylation, or the direct
action of metformin on insulin signa transduction or
other regulatory event, remains to be investigated in
future sudies.

In condusion, the present datasuggest that chronic
insulin exposure of Hep G2 cdlsresults in down-regu-
lation of insulin signal transduction via PI3K pathway.
Therapeutic concentrations of metformin can reverse
the effect of chronic hyperinsulinism on expresson and
activation of insulin sgnaling molecules, and pharma-
cological concentrations of metformin inhibit insulin
signal transduction. The effect of metformin on insulin
signal transduction representsa primary mechanism of
metformin actionin insulin resstant date.
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