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Abstract

Metformin is a commonly used anti-diabetic but whether its mechanism involves action on the insulin receptor or on downstream events

is still controversial. With a time course that was slow compared with insulin action, metformin increased tyrosine phosphorylation of the

regulatory domain of the insulin receptor (specifically, tyrosine residues 1150 and 1151). In a direct action, therapeutic levels of metformin

stimulated the tyrosine kinase activity of the soluble intracellular portion of the beta subunit of the human insulin receptor toward a

substrate derived from the insulin receptor regulatory domain. However, metformin did not alter the order of substrate phosphorylation by

the insulin receptor kinase. Using a Xenopus oocyte preparation, we simultaneously recorded tyrosine kinase and phosphatase activities

that regulate the insulin receptor by measuring the tyrosine phosphorylation and dephosphorylation of peptides derived from the

regulatory domain of the human insulin receptor. In an indirect stimulation of the insulin receptor, metformin inhibited endogenous

tyrosine phosphatases and purified human protein tyrosine phosphatase 1B that dephosphorylate and inhibit the insulin receptor kinase.

Thus, there was evidence that metformin acted directly upon the insulin receptor and indirectly through inhibition of tyrosine

phosphatases.
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1. Introduction

Without causing hyperinsulinaemia, weight gain or

hypoglycaemia, metformin (N,N-dimethylbiguanide or

N,N-dimethylimidodicarbonimidic diamide; with pro-

prietary inclusions, sold under name of ‘‘Glucophage’’)

reduces macroangiopathy, hyperglycemia, and gluconeo-

genesis and improves lipid profile [1,2]. However, the

exact mechanism(s) of action of metformin is still

debated.

1.1. Metformin stimulation of the insulin receptor

tyrosine kinase

Since therapeutic levels of metformin elevated the

level of phosphotyrosine on the insulin receptor and

IRS-1 in Xenopus oocytes or a plasma membrane-cortex

(PMC) preparation obtained from the oocyte, we have

suggested that metformin acts through stimulation of the

insulin receptor tyrosine kinase activity [3]. This mechan-

ism of action is very different from a recent suggestion

that the drug acts through inhibition of mitochondrial

function and stimulation of AMP-dependent protein

kinase [4–10].

In support of a mechanism involving stimulation of

insulin receptor kinase activity, metformin has also been

found to stimulate insulin receptor tyrosine phosphoryla-

tion in rat tissue (muscle from diabetic rats [11], human

vascular smooth muscle cells [12], human hepatoma
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HepG2 cells [13], primary human hepatocytes and hepa-

toma Huh7 cells [14], and human erythrocytes [15]).

In another study, chronic insulin treatment of C2C12

skeletal muscle cells drastically reduced insulin receptor

tyrosine phosphorylation, PI3-kinase activity and glucose

uptake, however metformin treatment was able to restore

all three measures of insulin action [16]. Metformin was

also able to restore insulin-induced receptor tyrosine phos-

phorylation and PI3-kinase activation in cholesterol hemi-

succinate-treated HepG2 cells [13]. Tyrosine kinase

blockers (Tyrphostin B46 or AG 555, and AG 1024)

inhibited metformin stimulation of glycogen synthase

activity in oocytes [17], and 2-deoxyglucose uptake in

human hepatoma cells [14]. In addition, diabetic patients

with mutant insulin receptors (due to a deletion of exon 17

and subsequent loss of a portion of the tyrosine kinase

domain of the insulin receptor) are unresponsive to met-

formin [18].

Metformin inhibition of hepatic glucose production [14]

may be central in the ability of metformin to lower blood

glucose. Since activation of the insulin receptor reduces

hepatic glucose production, the fact that metformin

increases insulin receptor tyrosine phosphorylation and

tyrosine kinase activity in primary human hepatocytes

and human hepatoma cells [14] is support for the belief

that metformin acts at least in part through activation of the

insulin receptor.

1.2. Regulation of the insulin receptor

As human protein tyrosine phosphatase 1B (hPTP-1B)

lowers insulin receptor tyrosine phosphorylation and

inhibits insulin action in Xenopus oocytes [19,20], we

examined the effect of metformin on hPTP-1B activity.

hPTP-1B preferentially removes phosphate from tyrosine

residues 1150 and 1151 of the regulatory domain of the

insulin receptor [21,22] to attenuate insulin signaling

[23–34].

We have developed a new assay system that simulta-

neously records phosphorylation and dephosphorylation of

specific regulatory tyrosine residues within the regulatory

domain of the insulin receptor. When the insulin receptor

regulatory domain (amino acids 1142–1153) is phosphory-

lated on tyrosines 1146, 1150 and 1151, the insulin re-

ceptor kinase activity is fully active and insulin signaling

is maximized [35]. Since the PMC preparation retains

coupling between the insulin receptor and immediate

downstream signaling enzymes [3,36] and reduces ‘‘back-

ground’’ signals (e.g., phosphorylation or dephosphoryla-

tion events occurring in the cytoplasm, organelles, nuclei

or nonmembrane events in whole cells), this membrane

preparation provides significant improvement over other

assay systems. With this new assay system, we find that

metformin indirectly stimulates the insulin receptor

through a decrease in inhibitory tyrosine phosphatase

activity.

2. Materials and methods

2.1. A model system: the Xenopus oocyte

Since, at therapeutic levels, metformin or other bigua-

nide derivatives enhanced and mimicked insulin action in

the Xenopus oocyte [3,4,17,37,38], the oocyte has also

been used as a model system in the study of metformin and

insulin [3,20,23,39–55].

Xenopus laevis (Xenopus Express) stage VI oocytes were

obtained by manual dissection from ovaries of primed

animals. Priming was achieved with injection of 50 IU of

pregnant mare’s serum gonadotropin (Sigma Chemical

Co.) into the animals 3–10 days before use. This maximizes

and synchronizes the response of oocytes to insulin [56].

Cells were kept in modified 0-R2 solution (83 mM NaCl,

0.5 mM CaCl2, 1 mM MgCl2, 10 mM HEPES, pH 7.9).

2.2. ELISA for phosphorylation of insulin receptor

phosphotyrosines 1150 and 1151

To record metformin action on the level of tyrosine

phosphorylation of the insulin receptor regulatory domain

in whole cells, metformin hydrochloride (MERCK-Santé)

was added (10 mg/ml) to groups of 30 Xenopus oocytes.

Since metformin uses water as a carrier, water was added to

all control groups in all experiments. For the analysis by

ELISA (KHR9131; BioSource International), cells

(�100 ml total volume in 1.7 ml Eppendorf v vials) were

homogenized in 300 ml of a mixture of protease inhibitors

([final]: 3.75 mM 4-(2-aminoethyl)-bezenesulfonylfluor-

ide; HCl, 3 mM aprotinin, 188 mM bestatin, 56 mM E-64,

75 mM leupeptin, and 38 mM pepstatin A; cat. no. 539134;

Calbiochem), tyrosine phosphatase inhibitors (dilute 1:100

mixture of sodium orthovanadate, molybdate, tartrate and

imidazole in extraction buffer; P5726; Sigma) and PMSF

([final]: 1 mM; prepared fresh daily). To remove storage

yolk proteins, 600 ml of freon (1,1,2-trichlorotrifluor-

oethane; Sigma) was added and the samples centrifuged

(15,000 � g, 10 min; 4 8C). The supernatant (�200 ml;

�6 mg protein) was incubated in wells precoated with a

monoclonal (capture) antibody to the beta subunit of the

insulin receptor. After incubation (overnight, 4 8C), the cell

homogenate solution was removed, the wells washed (four

times with working wash buffer included in the kit) and

rabbit (detection) antibody to phosphorylated tyrosines

1150/1151 of the insulin receptor regulatory domain was

added. After 1 h (room temperature), the wells were

washed again and anti-rabbit IgG conjugated to horse

radish peroxidase was added. Following incubation

(30 min, room temperature) and washing, stabilized chro-

magen (tetramethylbenzidine) was added and the 96-well

plate was incubated (30 min, room temperature) in the

dark. Subsequent to addition of a stop solution, a plate

reader (Multiskan Ascent 354, Thermo Labsystems) was

used to record the absorbance at 450 nm. The assay was
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linear over the range of cells (8–30 oocytes) and over the

time points utilized.

2.3. Plasma membrane-cortices (PMCs)

PMCs were isolated from Xenopus oocytes as previously

described by Stith et al. [3]. Briefly, in a solution of 10 mM

NaCl, 10 mM HEPES, pH 7.2, oocytes were broken open

with the points of microdissection tweezers and the nucleus

and most of the cytoplasm (�99.5% of cellular protein)

was washed away. Each PMC is about 10–50 nm thick and

contains �5 mg of protein. In this preparation, insulin can

stimulate the insulin receptor tyrosine kinase activity and

enzymes down-stream of the insulin receptor [3].

2.4. Phosphatase activity in PMC preparations

measured with non-insulin receptor peptides

To measure endogenous serine-threonine phosphatase

activity, a phosphopeptide (K-R-pT-I-R-R; 250 mM;

Upstate Biotechnology Inc.) was added to 15 PMC pre-

parations. After 15 min (15 8C) in the presence or absence

of metformin (0.1–100 mg/ml), samples were briefly cen-

trifuged (few seconds, 15,000 � g; Beckman Microfuge)

and 25 ml was removed from the supernatant and free

phosphate was measured by the malachite green assay [57].

Tomeasuretheeffectofmetforminontyrosinephosphatase

activity, the phosphopeptide was changed to: T-S-T-E-P-Q-

pY-Q-P-G-E-N-L (17–126; Upstate Biotechnology). The

phosphopeptide, which is a sequence from the src pp60 and

includes tyrosine 527, is a substrate for hPTP-1B and other

tyrosine phosphatases [57]. Phosphopeptide (200 mM final;

20 ml of 1 mM stock in distilled H2O) was added to 15 PMCs

(in 80 ml of 10 mM NaCl, 10 mM HEPES, pH 7.2) and

incubatedfor15 minat15 8C.Afteraflashspininacentrifuge

(Beckman Microfuge E), 20 ml of supernatant was analyzed

for free phosphatewith malachite green [57]. After this initial

period to measure control tyrosine phosphatase activity,

PMCs were resuspended and the control groups (see ‘‘C’’

inFig.2)received2 mlofH2O.SomePMCgroups(‘‘M þ W,’’

Fig. 2) were briefly incubated with 150 mM NaCl, 10 mM

HEPES, pH 7.2 to wash away peripheral membrane proteins

(followed by reconstitution in low tonicity control buffer).

Metformin(2 ml if40 mg/mlforafinalconcentrationof10 mg/

ml)wasaddedtosaltwashedgroups(‘‘M þ W’’,Fig.2)andto

PMCs that had not been salt washed (‘‘M,’’ Fig. 2). After a

second15-minincubationperiod,thePMCswereagaingently

pelleted and the supernatant analyzed for free phosphatewith

malachite green. Less than �30% of substrate was broken

down under the conditions used.

2.5. Human protein tyrosine phosphatase 1B in vitro

activity measurements

In initial experiments, recombinant hPTP-1B (14–358;

Upstate Biotechnology) activity was recorded with the use

of para-nitrophenol phosphate (pNPP) as a substrate. After

some groups were preincubated in metformin (10 mg/ml)

for 20 min, hPTP-1B (750 ng in 25 mM HEPES, 50 mM

NaCl, 5 mM dithiothreitol, 2.5 mM ethylene-diamine-tet-

raacetic acid, pH 7.2, 100 mg/ml bovine serum albumin,

and, to start the reaction, 5 mM pNPP) activity was mea-

sured over 10 min (37 8C). Reactions were stopped with

100 ml of 2 M K2CO3. After raising the volume to 1 ml

with water, absorbance was recorded (as is well-known,

after hPTP-1B removal of the phosphate from pNPP, the

absorbance at 405 nm increases).

Subsequent experiments measured hPTP-1B (173 ng; 49

units of activity where 1 unit is 1 nmol of phosphate of

pNPP released per min at 37 8C) activity in the presence of

20 PMCs. The reaction was begun by addition of 5 mM

pNPP, and after 15 min (37.5 8C), the sample was flash

spun (pressing the spin button of a Beckman microfuge) to

pellet the PMCs and the supernatant was then analyzed for

pNP production.

2.6. Use of peptides derived from the regulatory

region of the human insulin receptor

To measure tyrosine kinase or phosphatase activity

directed against the regulatory domain, we used commer-

cially-available peptides derived from the human insulin

receptor regulatory domain (Biomol). The amino acid

sequence of the peptides was: T-R-D-I-Y1146-E-T-D-

Y1150-Y1151-R-K. The peptides contained no phosphate

(referred to as ‘‘IR 0’’), one phosphate (‘‘IR 5’’ has a

phosphate on tyrosine 1146; ‘‘IR 9’’ has one phosphate on

tyrosine 1150; ‘‘IR 10’’ has one phosphate on tyrosine

1151), two phosphates (‘‘IR 5, 9’’; ‘‘IR 9, 10’’; and ‘‘IR 5,

10’’), or three phosphates (‘‘IR 5, 9, 10’’; with phosphates

on tyrosines 1146, 1150, and 1151).

To separate the unphosphorylated, mono-, bis-, and

trisphosphorylated forms of the insulin receptor peptides,

we utilized an HPXL 2 pump HPLC system with UV

detector set to 267 nm (Varian Instruments). The flow rate

through the LC-318 (Supelco) column was 1 ml/min. Over

a 40-min period, the percent acetonitrile was in increased

from 5 to 19.1% (0.05% trifluoroacetic acid was in all

solutions). Over the next 5 min, the percentage was

increased to 25% and then decreased to 5% over the

subsequent 5 min (total run time of 50 min).

To determine the amount of various peptides produced

through the action of kinases and phosphatases, the

peak of absorbance for the various peptides was electro-

nically integrated. The peak area was then converted to

micromoles or micrograms through the use of standard

lines.

Before or after treatment with metformin, various insu-

lin receptor regulatory domain peptides were added to the

PMCs with or without the human insulin receptor kinase

IPbIRK or hPTP-1B. The action of tyrosine kinases or

phosphatases on specific tyrosine residues was compared

W. Holland et al. / Biochemical Pharmacology 67 (2004) 2081–2091 2083



by the relative amounts of phosphorylated or dephosphory-

lated peptides produced.

2.7. Measurement of tyrosine kinase activity with

insulin receptor regulatory domain peptides

We determined which tyrosine is preferentially phos-

phorylated by the human insulin receptor and tested the

influence of metformin on the human insulin receptor

tyrosine kinase activity. For these studies, recombinant

intracellular portion of the human insulin receptor

(IPbIRK) (Stratagene or Biomol Research Laboratories)

was used to phosphorylate the unphosphorylated insulin

receptor peptide (IR 0). IPbIRK exhibits the major func-

tional properties of the intact insulin receptor [58,59] and

consists of the juxtamembrane, tyrosine kinase, regulatory

and C terminal domains of the human insulin receptor.

In the presence or absence of metformin (10 mg/ml), IR 0

(32 mg or 1.6 units of 1 nmol/min of phosphorylation of

poly(glu:Tyr)4:1) was added to the reaction mixture (final

volume of 100 ml:1 mg IPbIRK in 5 mM MnCl2, 5 mM

MgCl2, 250 mM ATP, 1 mM DTT, 50 mM Tris, pH 7.4).

After 20 min (37 8C), 100 ml of 10% TCA was added and

the mixture was centrifuged (5 min; Beckman Microfuge

E). A portion (150 ml) of the supernatant was injected into

the HPLC and the phosphorylated and dephosphorylated

insulin receptor peptides were separated. After integration

of UV absorption peaks, the amount of peptides were

calculated from standard lines.

2.8. Simultaneous measurement of tyrosine kinase and

phosphatase activities directed against the insulin

receptor regulatory domain peptide IR 9

Since the PMC preparation contains both tyrosine phos-

phatase and kinase activities, the effect of metformin on

these activities was determined simultaneously. After met-

formin treatment (10 mg/ml) of some groups, phosphopep-

tide IR 9 (one phosphate located on tyrosine 1150 of the

insulin receptor regulatory domain; 16 mg of IR 9 in 16 ml)

was added to 15 PMCs in 5 mM MnCl2, 5 mM MgCl2,

1 mM ATP, 2 mM DTT, 1% BSA, 50 mM Tris (pH 7.4)

(total final volume of 100 ml). After 40 min at room

temperature, 100 ml of 10% TCA was added to stop the

reaction. After centrifugation (5 min in Beckman Micro-

fuge E), 150 ml of the total 200 ml was removed and

injected into the HPLC and the amount of insulin receptor

peptides without phosphate or with two phosphates was

recorded.

3. Results

Since metformin increases the level of phosphotyrosine

on the insulin receptor, we [3] and others (see Section 1)

have suggested that this action is central to metformin’s

ability to potentiate insulin action. To confirm and extend

our prior work with whole cells (involving nonspecific

phosphotyrosine antibodies), we quantified the level of

phosphorylation of the specific regulatory sites on the

insulin receptor (tyrosine residues 1150 and 1151). Both

insulin and metformin increased the tyrosine phosphoryla-

tion of the regulatory domain to about the same level but

metformin required a much longer incubation period

(90 min) than insulin (20–30 min) (Fig. 1). The basal level

of phosphorylated insulin receptor was 33:4 � 2:8 pg per

oocyte (n ¼ 8) whereas insulin or metformin addition

increased this number to about 47 pg per oocyte.

Since tyrosine phosphatases can lower phosphorylation

of the tyrosine residues found in the regulatory domain of

the insulin receptor to inhibit the receptor tyrosine kinase

activity, we examined the effect of metformin on tyrosine

phosphatase activity. That is, we examined whether met-

formin could inhibit tyrosine phosphatases found in the

PMC preparation or hPTP-1B.

With a substrate utilized by hPTP-1B and many other

tyrosine phosphatases [57], metformin inhibited endogen-

ous tyrosine phosphatase activity in the PMC preparation

(Fig. 2; compare control release of phosphate, control

group ‘‘C,’’ versus metformin treated group ‘‘M’’). Due

to prior washing of the PMC preparation with a low

tonicity medium, the tyrosine phosphatase activity mea-

sured would be bound to the plasma membrane or cortex.

Various therapeutic levels (1–10 mg/ml, which is equiva-

lent to 8–80 mM) of metformin were able to inhibit the

tyrosine phosphatase activity however 0.01 mg/ml was not

effective. Monomethylbiguanide (10 mg/ml), a very close

derivative of metformin that is ineffective in fighting

diabetes and unable to stimulate isolated IPbIRK [3],

was unable to inhibit tyrosine phosphatase activity (data

not shown).
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Fig. 1. Using a phosphospecific antibody, metformin increased phosphor-

ylation of insulin receptor regulatory sites. Addition of either 2 mM insulin

(dashed line) or 10 mg/ml metformin (solid line) to Xenopus oocytes

increases the level of phosphorylation of sites 1150 and 1151 on the insulin

receptor. An ELISA was used to quantify the level of phosphorylation.

Individual determinations are graphed for insulin and there were four to

eight determinations for metformin. Due to variance between basal levels,

data were expressed relative to the control value for each experiment.

Asterisks with the metformin data denote significance at P < 0:05.
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In addition, when PMCs were washed with high salt to

remove peripheral proteins, metformin was unable to

inhibit the phosphatase activity (‘‘W þ M,’’ Fig. 2). This

suggested that metformin inhibited tyrosine phosphatases

through an intermediate that was located at or near the

plasma membrane and was removed by salt washing. In

addition, it shows that metformin does not simply interfere

with the tyrosine phosphatase assay or malachite green

determination of phosphate. Since tyrosine phosphatase

activity in the washed PMCs did not significantly decrease

from control values (PMCs not salt washed, ‘‘C’’), tyrosine

phosphatase activity must be bound to the plasma mem-

brane (or structures associated with the plasma membrane)

rather tightly. Consistent with this finding is that human

tyrosine phosphatases that act upon the insulin receptor are

not removed from membranes by washing with 0.6 M KCl

[60,61].

To see if metformin inhibited other types of phospha-

tases, we examined serine-threonine phosphatase activity.

With a commonly-used peptide substrate (K-R-pT-I-R-R)

and oocyte homogenates or the PMC preparation, metfor-

min (0.1–200 ug/ml) had no effect on activity (data not

shown).

3.1. Metformin inhibition of recombinant hPTP-1B

Since metformin inhibited tyrosine phosphatase activity

in the PMC preparation, and since hPTP-1B is believed to

be a major inhibitor of the human insulin receptor, we

determined whether the drug could directly inhibit hPTP-

1B in vitro. After utilizing various incubation times and

concentrations of metformin with purified recombinant

hPTP-1B, metformin was unable to directly inhibit

hPTP-1B (Fig. 3).

If metformin acts through an intermediate located at or

near the plasma membrane, addition of PMCs would

rescue the inhibition of hPTP-1B by metformin. Indeed

this is the case as, in the presence of PMCs, therapeutic

levels of metformin (greater than 1 mg/ml) inhibited hPTP-

1B by 57% (Fig. 4).

3.2. The action of kinases and phosophatases on the

insulin receptor regulatory domain

Our model suggests that metformin stimulates insulin

signaling by increasing phosphorylation of specific tyro-

sines in the insulin receptor regulatory domain. Thus, we
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Fig. 2. Metformin inhibited tyrosine phosphatase activity in PMCs. The

release of phosphate from a tyrosine on a phosphopeptide in the presence

of 15 PMCs (that contain ‘‘endogenous’’ tyrosine phosphatase activity) is

linear over 45 min (‘‘C’’). The phosphopeptide, T-S-T-E-P-Q-pY-Q-P-G-E-

N-L, is a substrate for many tyrosine phosphatases [60]. Addition of 10 mg/

ml metformin to some groups (‘‘M’’) at 15 min inhibited tyrosine

phosphatase activity in the PMC preparation. Metformin did not inhibit

tyrosine phosphatase activity if the PMC was first washed with 150 mM

NaCl first (W þ M). For each group, N ¼ 9 and an asterisk represents

P < 0:05.
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Fig. 4. PMCs rescued metformin inhibition of hPTP-1B. The effect of

metformin on hPTP-1B was assayed in the presence of 15 PMCs.

Phosphatase activity was measured with pNPP. For each concentration,

N ¼ 4 and an asterisk represents P < 0:05.
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switched from artificial substrates to a more appropriate

substrate derived from the human insulin receptor regula-

tory domain. The human insulin receptor is stimulated by

phosphorylation of the three tyrosines (residues 1146, 1150

and 1151) located in a regulatory region of the intracellular

portion of the insulin receptor [35].

Peptides derived from the insulin receptor regulatory

domain (amino acids 1142–1153 of the human insulin

receptor: T-R-D-I-Y1146-E-T-D-Y1150-Y1151-R-K) can

have up to three phosphotyrosines; ‘‘IR 0,’’ ‘‘IR 5,’’ ‘‘IR

9,’’ or ‘‘IR 10’’ (no phosphate, phosphate on tyrosine 1146,

1150 or 1151, respectively). When two phosphates are

present, there are three possibilities: ‘‘IR 5, 9’’; ‘‘IR 9,10’’;

and ‘‘IR 5, 10.’’ With three phosphates, the peptide is

referred to as ‘‘IR 5, 9, 10.’’ The time of elution for each

peptide is found in Table 1 and a typical HPLC run showing

separation of different phosphopeptides is shown in Fig. 5.

With addition of the IR 5, 9, 10 peptide, the activity of a

tyrosine phosphatase can be followed. With the use of IR 0,

tyrosine kinase activity directed toward the insulin regu-

latory domain can be recorded by measuring the rate at

which phosphate is added to the three tyrosine residues of

the insulin receptor regulatory domain peptide. With the

use of IR 9 (one phosphate, on tyrosine 1150), we can

simultaneously quantify tyrosine phosphatase and kinase

action on the insulin receptor domain. PMCs, which con-

tain both can be used as a source phosphatases and kinases,

or purified enzymes such as IPbIRK or hPTP-1B can be

added to the insulin receptor peptides. The use of the PMC

preparation offers the additional advantage that endogen-

ous kinases and phosphatases measured are those found at

or near the plasma membrane (lowering background noise

from those phosphorylation events that occur deep within

the cytoplasm or nucleus).

3.3. The effect of metformin on IPbIRK activity directed

toward the regulatory domain from the human insulin

receptor

IR 0 (the insulin receptor regulatory domain peptide

without any phosphate) was added to IPbIRK and by

recording the mass of insulin receptor peptides with dif-

ferent levels of tyrosine phosphorylation, the order of

phosphorylation preferred by human IPbIRK can be deter-

mined. After determining optimal conditions, we found

that IPbIRK showed an approximately 60-fold preference

toward phosphorylation of tyrosine 1150 (making the

peptide referred to as ‘‘IR 9’’) over tyrosines 1151 and

1146 (Fig. 6). As noted in Fig. 6, metformin did not alter

the substrate specificity of IPbIRK.

In the presence of metformin (Fig. 6), there appeared to

be a small increase in the tyrosine kinase activity of

IPbIRK that is directed toward the insulin receptor reg-

ulatory domain. In a prior publication, we described a

small in vitro, direct stimulation of IPbIRK by metformin

(no PMCs or cell extract were present) with an artificial

tyrosine kinase substrate (RR-SRC, derived from src pp60

protein and modified with the addition of two arginine

Table 1

HPLC separation of peptides derived from the insulin receptor regulatory

domain

Phosphorylated tyrosine (amino acid

number in the human insulin receptor)

Abbreviated

name

HPLC elution

time (min)

None IR 0 36

Monophosphorylated

1146 IR 5 32.7

1150 IR 9 34.6

1151 IR 10 33.7

Bisphosphorylated

1146, 1150 IR 5, 9 26.8

1146, 1151 IR 5, 10 28.3

1150, 1151 IR 9, 10 27.3

Trisphosphorylated

1146, 1150, 1151 IR 5, 9, 10 19

Fig. 5. HPLC separation of human insulin receptor regulatory domain

peptides. IPbIRK was incubated with the unphosphorylated, human insulin

receptor regulatory domain peptide (IR 0) (32 mg) for 40 min. After

stopping the reaction with TCA, the phosphopeptides were separated on an

HPLC. Peak 1 is the trisphosphorylated regulatory domain peptide (IR 5,

9, 10); peak 2 is a bisphosphorylated regulatory domain peptide; peak 3 is

a monophosphorylated regulatory domain peptide, and peak 4 is the

unphosphorylated regulatory domain peptide (IR 0).
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regulatory domain. N ¼ 3 for each column.
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residues) [37]. With further experiments, metformin was

able to weakly (13%) stimulate the ability of IPbIRK to

phosphorylate the preferred site on the insulin receptor

regulatory domain: tyrosine 1150 (Fig. 7).

However, no tyrosine phosphatases were present in these

in vitro assays. In a whole cell, it is possible that the small

in vitro stimulation of the insulin receptor kinase would be

negated by the presence of tyrosine phosphatases. Thus, to

more closely replicate cellular conditions (i.e., both tyr-

osine kinase and phosphatase activities present), we uti-

lized the insulin receptor peptide IR 9 (the peptide with one

phosphate on the site that is preferred by the insulin

receptor kinase, tyrosine 1150) and the PMC preparation.

More specifically, tyrosine phosphatase (IR 9 being meta-

bolized to IR 0) and tyrosine kinase (IR 9 metabolized to

bisphosphorylated insulin receptor peptides) activities

were measured.

Metformin, in the presence of both tyrosine kinases and

phosphatases from the PMC preparation, stimulated the

rate of insulin receptor peptide phosphorylation by 31%

(Fig. 8A) and inhibited an endogenous tyrosine phospha-

tase that acts upon the insulin receptor regulatory domain

by 55% (Fig. 8B).

4. Discussion

Metformin addition to whole Xenopus oocytes stimu-

lated phosphorylation of the regulatory domain 1150/1151

tyrosine residues in the insulin receptor regulatory domain

when metformin was added to whole Xenopus oocytes

(Fig. 1). The prior studies of metformin action on insulin

receptor phosphorylation (e.g., [3,14]) were obtained with

a less specific anti-phosphotyrosine antibody and Western

blotting. It was always possible that the general phospho-

tyrosine antibody used in these prior studies recorded

unimportant phosphorylation on tyrosines not located in

the regulatory domain of the insulin receptor, that con-

taminating �94 kDa phosphoproteins were present in the

Western blot, or that the antibody was not specific for

tyrosine phosphorylation.

The increase in the levels of tyrosine phosphorylation on

the insulin receptor in whole cells is consistent with the

finding that metformin stimulated the activity of endogenous

tyrosine kinase activity, located at or near the plasma mem-

brane (i.e., in the PMC preparation), that was directed toward

the human insulin receptor regulatory domain (Fig. 8A).

In whole oocytes, metformin took much longer to

increase phosphorylation of regulatory tyrosine residues

1150 and 1151 than insulin (90 min versus 20–30 min). In

prior results with a nonspecific anti-phosphotyrosine anti-

body and Western blotting, metformin required �60 min to

increase tyrosine phosphorylation in a 94 kDa band [3],

whereas insulin required 10 min to double the level of

phosphorylation and a maximum was achieved at �15–

30 min after insulin addition (insulin experiments con-

ducted at the same time as metformin; unpublished).

A relatively longer incubation time metformin action

(versus insulin action) was also found in hepatocytes:

metformin required 15 min to increase insulin receptor

phosphotyrosine versus only 1 min for insulin [14].

In contrast to the 90-min incubation time with whole cells,

and similar to its action on hepatocytes [14], metformin
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1150 of the insulin regulatory domain, the unphosphorylated peptide (IR 0)

was measured. There were three determinations per column and an asterisk

represents P < 0:05.
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action on PMCs required only 15 min [3]. Based on the

relative incubation times between the PMC and whole

cells, we have suggested that metformin must enter the

cell to act [3]. There are other data consistent with an

intracellular site of action for metformin: since the15-min

incubation time with hepatocytes is much shorter than 60–

90 min required for metformin action on the oocyte,

cellular metformin concentrations may build up faster in

the hepatocytes (which is �1 million times smaller than the

Xenopus oocyte). Further evidence that metformin must

enter the cell is that when metformin was covalently linked

to beads (thus preventing the entry of metformin through

the membrane), the drug was unable to stimulate insulin

action [60].

We now find (Fig. 1) that metformin was able to

stimulate levels of tyrosine phosphorylation of the regu-

latory domain of the insulin receptor that were equivalent

to the level stimulated by insulin. Prior results with Xeno-

pus oocytes and human hepatocytes found that metformin

addition produced lower levels of insulin receptor tyrosine

phosphorylation than insulin addition [3,14]. Perhaps the

use of a nonspecific anti-phosphotyrosine antibody in these

prior studies resulted in a perceived lower level of met-

formin stimulation.

4.1. Direct action of metformin on the insulin

receptor tyrosine kinase

We have described both a direct and indirect stimulation

of the insulin receptor. There is a small 15–25% stimula-

tion of recombinant, intracellular portion of the beta sub-

unit of the insulin receptor (IPbIRK) when metformin is

added in vitro [37]. An artificial tyrosine kinase substrate,

RR-SRC, was used in this prior work. We go beyond

simple confirmation of this prior result to show that

metformin stimulated human IPbIRK activity directed

toward the human insulin receptor regulatory domain

tyrosine 1150 by �13% (Fig. 7) and that metformin did

not alter substrate specificity of the insulin receptor kinase

(Fig. 6).

In contrast, addition of 1 mg/ml metformin to whole

insulin receptor partially purified (by antibody or WGA)

from human hepatocytes stimulated tyrosine kinase activ-

ity by �125% [14]. Although the effect of metformin on

the recombinant beta subunit IPbIRK is relatively weak,

these results provide further evidence that metformin can

directly stimulate the insulin receptor kinase (e.g., met-

formin binds to the intracellular portion of the human

insulin receptor).

4.2. A second action: the indirect action of metformin

on the insulin receptor through inhibition of tyrosine

phosphatase activity

Metformin (a) inhibited, through an intermediate,

endogenous tyrosine phosphatase activity, located at or

near the plasma membrane, that is directed toward a

commonly-used tyrosine phosphatase substrate (Fig. 2),

(b) inhibited, through an intermediate, hPTP-1B by 57%

(Fig. 4), (c) inhibited an endogenous tyrosine phospha-

tase activity (located at or near the plasma membrane)

directed toward the human insulin receptor regulatory

domain by 55% (Fig. 8B), and (d) did not affect serine-

threonine activity.

Some of these experiments recording tyrosine phospha-

tase activity involved the use of PMCs and since PMCs

have been washed with low salt buffers to remove most

cytoplasmic proteins, one wonders whether important

enzyme activity was removed. It is important to note

that over 90% of protein tyrosine phosphatase activity

(including hPTP-1B) is associated with membrane frac-

tions [25] and hPTP-1B may be held at the membrane due

to its interaction with docking proteins such as p130 Cas

[62].

Metformin inhibition of endogenous tyrosine phospha-

tase activity, measured with release of free phosphate

from RR-SRC (Fig. 2), demonstrated over 100% inhibi-

tion (the slope of the line showing release of phosphate

was actually negative). This unusual level of inhibition

may in part be due to incorporation of free phosphate

since the PMC preparation contains many relatively

intact cellular components located near the plasma mem-

brane.

However, as noted above, two other phosphatase assays

also showed that metformin inhibited tyrosine phosphatase

activity by about 56%. One assay utilized measurement of

pNP production by hPTP-1B (Fig. 4) and the second utilized

measurement of insulin receptor regulatory domain peptide

by endogenous tyrosine phosphatases located at or near the

plasma membrane (Fig. 8B).

There are two lines of evidence for the presence of an

intermediate between metformin and the inhibited tyrosine

phosphatase: one, the salt washing of the PMCs (which

removes proteins loosely bound to the membrane prepara-

tion) inhibits metformin action, and, two, metformin inhi-

bits hPTP-1B only in the presence of the PMCs. Additional

studies will attempt to identify the intermediate(s). Initial

studies with PMCs failed to detect an increase in 32P in

hPTP-1B in the presence of metformin.

4.3. Multiple actions of metformin

Since metformin has many diverse effects (in addition to

stimulating insulin receptor kinase activity, the drug

decreases diabetes-related myocardial infarction and

stroke, adipose tissue lipolysis, blood free fatty acids,

hepatic glycogenolysis, gluconeogesis by glucagon,

weight gain and increases muscle glucose uptake, PI3-

kinase and glycogen synthesis), the drug may act through

multiple mechanisms. For example, due to the finding that

hPTP-1B deficient mice are very resistant to obesity

[32,33], the ability of metformin to inhibit hPTP-1B
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may be related to the finding that patients using metformin

do not show a large gain in weight [63]. Metformin

inhibition of hPTP-1B is consistent with the fact that

metformin often lowers blood lipid levels and inhibition

of hPTP-1B induces similar benefits [64].

4.4. Other mechanisms of metformin action

Metformin also inhibits the respiratory chain complex

1 of mitochondria [4,5,8] that could lead to the simula-

tion of the AMP-activated protein kinase activity noted

with metformin [6,7,9,10]. In contrast to relatively rapid

two- to fourfold stimulation of insulin receptor tyrosine

phosphorylation by low levels of metformin (in Xenopus:

60 min, 8–80 mM metformin [3]; in human HepG2 cells:

120 min, 100 mM metformin [13]) or a rapid twofold

stimulation of PI3-kinase (10 min, 100 mM metformin

[13]), or a rapid twofold stimulation of glycogen

synthase (60 min; 1–10 mM [13,17,38]), similar concen-

trations of metformin required 4–18 h to inhibit mito-

chondrial respiratory complex 1 and stimulate AMP-

activated protein kinase [4,10]. Gunton et al. [14] suggest

that metformin causes a rapid stimulation of the insulin

receptor in human hepatocytes to increase phosphory-

lated IRS-2 (not IRS-1) which would stimulate Glut1

translocation. This rapid metformin action on the insulin

receptor would be contrasted with more long term met-

formin effects that would include transcriptional/transla-

tional regulation of enzymes such as glucokinase,

pyruvate kinase, or glucose-6-phosphate. The relative

contribution to metformin’s ability to enhance insulin

signaling through rapid and long term effects is still not

clear.

In summary, we provide evidence that metformin can

directly and indirectly stimulate the insulin receptor tyr-

osine kinase. The indirect path involves metformin inhibi-

tion of tyrosine phosphatase(s)—such as hPTP-1B—that

would in turn inhibit the insulin receptor.
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Laboratories, the Undergraduate Research Opportunities

Program at the University of Colorado-Denver, and the

National Science Foundation (IBN 0110609).

References

[1] Wiernsperger N. Biguanides: preclinical pharmacology. Handbook

Exp Pharmacol 1996;119:305–8.

[2] Wiernsperger NF, Bailey CJ. The antihyperglycaemic effect of met-

formin: therapeutic and cellular mechanisms. Drugs 1999;58(Suppl 1):

31–9.

[3] Stith BJ, Goalstone ML, Espinoza R, Mossel C, Roberts D, Wiern-

sperger N. The antidiabetic drug metformin elevates receptor tyrosine

kinase activity and inosital 1,4,5-trisphosphate mass in Xenopus

oocytes. Endocrinology 1996;137:2990–9.

[4] Detaille D, Guigas B, Leverve X, Wiernsperger N, Devos P. Oligatory

role of membrane events in the regulatory effect of metformin on the

respiratory chain function. Biochem Pharmacol 2002;63:1259–72.

[5] El-Mir MY, Nogueira V, Fontaine E, Averet N, Rigoulet M, Leverve X.

Dimethylbiguanide inhibits cell respiration via an indirect effect

targeted on the respiratory chain complex I. J Biol Chem 2000;

275:223–8.

[6] Fryer LG, Parbu-Patel A, Carling D. The anti-diabetic drugs rosigli-

tazone and metformin stimulate AMP-activated protein kinase

through distinct signaling pathways. J Biol Chem 2002;277:25226–

32.

[7] Musi N, Hirshman MF, Nygren J, Svanfeldt M, Bavenholm P,

Rooyackers O, et al. Metformin increases AMP-activated protein

kinase activity in skeletal muscle of subjects with type 2 diabetes.

Diabetes 2002;51:2074–81.

[8] Owen MR, Doran E, Halestrap AP. Evidence that metformin exerts its

anti-diabetic effects through inhibition of complex 1 of the mitochon-

drial respiratory chain. Biochem J 2000;348:607–14.

[9] Hawley SA, Gadalla AE, Olsen GS, Hardi G. The antidiabetic drug

metformin activates the AMP-activated protein kinase cascade via

an adenine nucleotide-independent mechanism. Diabetes 2002;51:

2420–5.

[10] Zhou G, Myers R, Li Y, Chen Y, Shen X, Fenyk-Melody J, et al. Role

of AMP-activated protein kinase in mechanism of metformin action. J

Clin Invest 2001;108:1167–74.

[11] Rossetti L, DeFronzo RA, Gherzi R, Stein P, Andraghetti G, Falzetti

G, et al. Effect of metformin treatment on insulin action in diabetic

rats: in vivo and in vitro correlations. Metabolism 1990;39:425–35.

[12] Dominguez LJ, Davidoff AJ, Srinivas PR, Standley P, Walsh MF,

Sowers JR. Effects of metformin on tyrosine kinase activity, glucose

transport, and intracellular calcium in rat vascular smooth muscle.

Endocrinology 1996;137:113–21.

[13] Meuillet EJ, Wiernsperger N, Mania-Farnell B, Hubert P, Cremel G.

Metformin modulates insulin receptor signaling in normal and cho-

lesterol-treated human hepatoma cells (HepG2). Eur J Pharmacol

1999;377:241–52.

[14] Gunton JE, Delhanty PJ, Takahashi S, Baxter RC. Metformin rapidly

increases insulin receptor activation in human liver and signals pre-

ferentially through insulin-receptor substrate-2. J Clin Endocrinol

Metab 2003;88:1323–32.

[15] Santos RF, Nomizo R, Bopsco A, Wajchenberg BL, Reaven GM,

Azhar S. Effect of metformin on insulin-stimulated tyrosine kinase

activity of erythrocytes from obese women with normal glucose

tolerance. Diabetes Metab 1997;23:143–8.

[16] Kumar N, Dey CS. Metformin enhances insulin signalling in insulin-

dependent and-independent pathways in insulin resistant muscle cells.

Br J Pharmacol 2002;137:329–36.

[17] Detaille D, Wiernsperger N, Devos P. Cellular and molecular mechan-

isms involved in insulin’s potentiation of glycogen synthase activity by

metformin. Biochem Pharmacol 1999;58:1475–86.

[18] Vestergaard H, Lund S, Pedersen O. Rosiglitazone treatment of

patients with extreme insulin resistance and diabetes mellitus due

to insulin receptor mutations has no effects on glucose and lipid

metabolism. J Intern Med 2001;250:406–14.

[19] Cicirelli MF, Tonks NK, Diltz CD, Weiel JE, Fischer EH, Krebs EG.

Microinjection of a protein-tyrosine-phosphatase inhibits insulin ac-

tion in Xenopus oocytes. Proc Natl Acad Sci USA 1990;87:5514–8.

[20] Tonks NK, Cicirelli MF, Diltz CD, Krebs EG, Fischer EH. Effect of

microinjection of a low-Mr human placenta protein tyrosine phos-

phatase on induction of meiotic cell division in Xenopus oocytes. Mol

Cell Biol 1990;10:458–63.

[21] Pellegrini MC, Liang H. Mapping the subsite preferences of protein

tyrosine phosphatase PTP-1B using combinatorial chemistry ap-

proaches. Biochemistry 1998;37:15598–606.

W. Holland et al. / Biochemical Pharmacology 67 (2004) 2081–2091 2089



[22] Salmeen A, Andersen J, Myers MP, Tonks NK, Barford D. Molecular

basis for the dephosphorylation of the activation segment of the insulin

receptor by protein tyrosine phosphatase 1B. Mol Cell 2000;6:

1401–12.

[23] Bleasdale JE, Ogg D, Palazuk BJ, Jacob CS, Swanson ML, Wang XY,

et al. Small molecule peptidomimetics containing a novel phospho-

tyrosine bioisostere inhibit protein tyrosine phosphatase 1B and

augment insulin action. Biochemistry 2001;40:5642–54.

[24] Ahmad F, Li PM, Meyerovitch J, Goldstein BJ. Osmotic loading of

neutralizing antibodies demonstrates a role for protein-tyrosine phos-

phatase 1B in negative regulation of the insulin action pathway. J Biol

Chem 1995;270:20503–8.

[25] Kenner KA, Anyanwu E, Olefsky JM, Kusari J. Protein-tyrosine

phosphatase 1B is a negative regulator of insulin- and insulin-like

growth factor-I-stimulated signaling. J Biol Chem 1996;271:19810–6.

[26] Chen H, Wertheimer SJ, Lin CH, Katz SL, Amrein KE, Burn P, et al.

Protein-tyrosine phosphatases PTP1B and syp are modulators of

insulin-stimulated translocation of GLUT4 in transfected rat adipose

cells. J Biol Chem 1997;272:8026–31.

[27] Byon JC, Kusari AB, Kusari J. Protein-tyrosine phosphatase-1B acts

as a negative regulator of insulin signal transduction. Mol Cell

Biochem 1998;182:101–8.

[28] Cheung A, Kusari J, Jansen D, Bandyopadhyay D, Kusari A, Bryer-

Ash M. Marked impairment of protein tyrosine phosphatase 1B

activity in adipose tissue of obese subjects with and without type 2

diabetes mellitus. J Lab Clin Med 1999;134:115–23.

[29] Egawa K, Maegawa H, Shimizu S, Morino K, Nishio Y, Bryer-Ash M,

et al. Protein-tyrosine phosphatase-1B negatively regulates insulin

signaling in l6 myocytes and Fao hepatoma cells. J Biol Chem 2001;

276:10207–11.

[30] Gum RJ, Gaede LL, Koterski SL, Heindel M, Clampit JE, Zinker BA,

et al. Reduction of protein tyrosine phosphatase 1B increases insulin-

dependent signaling in ob/ob mice. Diabetes 2003;52:21–8.

[31] Zinker BA, Rondinone CM, Trevillyan JM, Gum RJ, Clampit JE,

Waring JF, et al. PTP1B antisense oligonucleotide lowers PTP1B

protein, normalizes blood glucose, and improves insulin sensitivity in

diabetic mice. Proc Natl Acad Sci USA 2002;99:11357–62.

[32] Elchebly M, Payette P, Michaliszyn E, Cromlish W, Collins S, Loy

AL, et al. Increased insulin sensitivity and obesity resistance in mice

lacking the protein tyrosine phosphatase-1B gene. Science 1999;283:

1544–8.

[33] Klaman LD, Boss O, Peroni OD, Kim JK, Martino JL, Zabolotny JM,

et al. Increased energy expenditure decreased adiposity and tissue-

specific insulin sensitivity in protein-tyrosine phosphatase 1B-defi-

cient mice. Mol Cell Biol 2000;20:5479–89.

[34] Walchli S, Curchod ML, Gobert RP, Arkinstall S, Hooft van Huijs-

duijnen R. Identification of tyrosine phosphatases that dephosphor-

ylate the insulin receptor. A brute force approach based on ‘‘substrate-

trapping’’ mutants. J Biol Chem 2000;275:9792–6.

[35] White MF, Kahn CR. The insulin signaling system. J Biol Chem

1994;7:1–4.

[36] Morrison T, Waggoner L, Whitworth-Langley L, Stith BJ. Nonge-

nomic action of progesterone: activation of Xenopus oocyte phospho-

lipase C through a plasma membrane-associated tyrosine kinase.

Endocrine 2000;141:2145–52.

[37] Stith BJ, Woronoff K, Wiernsperger N. Stimulation of the intracellular

portion of the human insulin receptor by the antidiabetic drug met-

formin. Biochem Pharmacol 1998;55:533–6.

[38] Detaille D, Wiernsperger N, Devos P. Potentiating effect of metformin

on insulin-induced glucose uptake and glycogen metabolism within

Xenopus oocytes. Diabetologia 1998;41:2–8.

[39] Andersen CB, Roth RA, Conti M. Protein kinase B/Akt induces

resumption of meiosis in Xenopus oocytes. J Biol Chem

1998;273:18705–8.

[40] Andersen CB, Sakaue H, Nedachi T, Kovacina KS, Clayberger C,

Conti M, et al. Protein kinase B/Akt is essential for the insulin—but

not progesterone-stimulated resumption of meiosis in Xenopus oo-

cytes. Biochem J 2003;369:227–38.

[41] Chuang LM, Myers Jr MG, Backer JM, Shoelson SE, White MF,

Birnbaum MJ, et al. Insulin-stimulated oocyte maturation requires

insulin receptor substrate 1 and interaction with the SH2 domains of

phosphatidylinositol 3-kinase. Mol Cell Biol 1993;13:6653–60.

[42] Chuang LM, Myers MG, Seidner GA, Birnbaum MJ, White MF, Kahn

CR. Insulin receptor substrate 1 mediates insulin and insulin-like

growth factor I-stimulated maturation of Xenopus oocytes. Proc Natl

Acad Sci USA 1993;90:5172–5.

[43] Deshpande AK, Kung HF. Insulin induction of Xenopus laevis oocyte

maturation is inhibited by monoclonal antibody against p21 ras

proteins. Mol Cell Biol 1987;7:1285–8.

[44] Deuter-Reinhard M, Apell G, Pot D, Klippel A, Williams LT, Kava-

naugh WM. SIP/SHIP inhibits Xenopus oocyte maturation induced by

insulin and phosphatidylinositol 3-kinase. Mol Cell Biol 1997;17:

2559–65.

[45] Hainaut P, Giorgetti S, Kowalski A, Ballotti R, Van Obberghen E.

Antibodies to phosphotyrosine injected in Xenopus laevis oocytes

modulate maturation induced by insulin/IGF-I. Exp Cell Res 1991;

195:129–36.

[46] Hehl S, Stoyanov B, Oehrl W, Schonherr R, Wetzker R, Heinemann

SH. Phosphoinositide 3-kinase-gamma induces Xenopus oocyte ma-

turation via lipid kinase activity. Biochem J 2001;360:691–8.

[47] Hu Q, Klippel A, Muslin AJ, Fantl WJ, Williams LT. Ras-dependent

induction of cellular responses by constitutively active phosphatidy-

linositol-3 kinase. Science 1995;268:100–2.

[48] Liu XJ, Sorisky A, Zhu L, Pawson T. Molecular cloning of an

amphibian insulin receptor substrate 1-like cDNA and involvement

of phosphatidylinositol 3-kinase in insulin-induced Xenopus oocyte

maturation. Mol Cell Biol 1995;15:3563–70.

[49] Janicot M, Lane MD. Activation of glucose uptake by insulin and

insulin-like growth factor I in Xenopus oocytes. Proc Natl Acad Sci

USA 1989;86:2642–6.

[50] Kanzaki M, Watson RT, Khan AH, Pessin JE. Insulin stimulates

actin comet tails on intracellular GLUT4-containing compart-

ments in differentiated 3T3L1 adipocytes. J Biol Chem 2001;276:

49331–6.

[51] Korn LJ, Siebel CW, McCormick F, Roth RA. Ras p21 as a potential

mediator of insulin action in Xenopus oocytes. Science 1987;236:

840–3.

[52] Maller JL, Pike LJ, Freidenberg GR, Cordera R, Stith BJ, Olefsky JM,

et al. Increased phosphorylation of ribosomal protein S6 following

microinjection of insulin receptor-kinase into Xenopus oocytes. Nat-

ure 1986;320:459–61.

[53] Myers MG, White MF. The new elements of insulin signaling. Insulin

receptor substrate-1 and proteins with SH2 domains. Diabetes 1993;

42:643–50.

[54] Scavo L, Shuldiner AR, Serrano J, Dashner R, Roth J, de Pablo F.

Genes encoding receptors for insulin and insulin-like growth factor I

are expressed in Xenopus oocytes and embryos. Proc Natl Acad Sci

USA 1991;88:6214–8.

[55] Vera JC, Rosen OM. Reconstitution of an insulin signaling pathway in

Xenopus laevis oocytes: coexpression of a mammalian insulin receptor

and three different mammalian hexose transporters. Mol Cell Biol

1990;10:743–51.

[56] Stith BJ, Maller JM. Increased intracellular pH is not necessary for

ribosomal protein S6 phosphorylation increased protein synthesis, or

germinal vesicle breakdown in Xenopus oocytes. Dev Biol 1985;107:

460–9.

[57] Harder KW, Owen P, Wong LK, Aebersold R, Clark-Lewis I, Jirik FR.

Characterization and kinetic analysis of the intracellular domain of

human protein tyrosine phosphatase beta (PTP beta) using synthetic

phosphopeptides. Biochem J 1994;298:395–401.

[58] Cobb MH, Sang BC, Gonzalez R, Goldsmith E, Ellis L. Autopho-

sphorylation activates the soluble cytoplasmic domain of the insulin

2090 W. Holland et al. / Biochemical Pharmacology 67 (2004) 2081–2091



receptor in an intermolecular reaction. J Biol Chem 1989;264:

18701–6.

[59] Tavare JM, Clack B, Ellis L. Two-dimensional phosphopeptide ana-

lysis of the autophosphorylation cascade of a soluble insulin receptor

tyrosine kinase. J Biol Chem 1991;266:1390–5.

[60] Khan NA, Wiernsperger N, Quemener V, Moulinoux P-PH. Inter-

nalization of metformin is necessary for its action on potentiating the

insulin-induced Xenopus laevis oocyte maturation. J Endocrinol

1994;142:245–50.

[61] Faure R, Baquiran G, Bergeron JJ, Posner BI. The dephosphorylation

of insulin and epidermal growth factor receptors. Role of endosome-

associated phosphotyrosine phosphatase(s). J Biol Chem 1992;267:

11215–21.

[62] Liu F, Sells MA, Chernoff J. Transformation suppression by protein

tyrosine phosphatase 1B requires a functional SH3 ligand. Mol Cell

Biol 1998;18:250–9.

[63] Charles MA, Morange P, Eschwege E, Andre P, Vague P, Juhan-Vague

I. Effect of weight change and metformin on fibrinolysis and the von

Willebrand factor in obese nondiabetic subjects: the BIGPRO1 Study.

Biguanides and the Prevention of the Risk of Obesity. Diabetes Care

1998;21:1967–72.

[64] Rondinone CM, Trevillyan JM, Clampit J, Gum RJ, Berg C, Kroeger P,

et al. Protein tyrosine phosphatase 1B reduction regulates adiposity

and expression of genes involved in lipogenesis. Diabetes 2002;51:

2405–11.

W. Holland et al. / Biochemical Pharmacology 67 (2004) 2081–2091 2091


	Metformin (Glucophage) inhibits tyrosine phosphatase activity to stimulate the insulin receptor tyrosine kinase
	Introduction
	Metformin stimulation of the insulin receptor tyrosine kinase
	Regulation of the insulin receptor

	Materials and methods
	A model system: the Xenopus oocyte
	ELISA for phosphorylation of insulin receptor phosphotyrosines 1150 and 1151
	Plasma membrane-cortices (PMCs)
	Phosphatase activity in PMC preparations measured with non-insulin receptor peptides
	Human protein tyrosine phosphatase 1B in vitro activity measurements
	Use of peptides derived from the regulatory region of the human insulin receptor
	Measurement of tyrosine kinase activity with insulin receptor regulatory domain peptides
	Simultaneous measurement of tyrosine kinase and phosphatase activities directed against the insulin receptor regulatory domain peptide IR 9

	Results
	Metformin inhibition of recombinant hPTP-1B
	The action of kinases and phosophatases on the insulin receptor regulatory domain
	The effect of metformin on IPbetaIRK activity directed toward the regulatory domain from the human insulin receptor

	Discussion
	Direct action of metformin on the insulin receptor tyrosine kinase
	A second action: the indirect action of metformin on the insulin receptor through inhibition of tyrosine phosphatase activity
	Multiple actions of metformin
	Other mechanisms of metformin action

	Acknowledgements
	References


