
INTRODUCTION

Dimethylbiguanide metformin or "metformin" is an orally

administered drug that lowers the blood glucose concentration

and improves the insulin sensitivity in type 2 diabetes.

Metformin is one of the most prescribed generic drugs with ~35

millions doses per year that is given as monotherapy in early

stages of type 2 diabetes or in combination with most of the

currently available antidiabetic drugs (1). The mechanisms of

action of metformin as antihyperglycemic agent have

extensively been studied (2). Its beneficial effect on blood

glucose appears to be a result of complex multifactorial

mechanisms including i) decreased hepatic neoglucogenesis

leading to reduced glucose output (3-5); ii) improved sensitivity

to insulin; iii) increased utilization of glucose by the small

intestine (5, 6) and iiii) increased uptake of glucose by the

skeletal muscles and white adipocytes (7-9). Intraduodenal

administration has been shown to be the major route for an

optimum overall glucose-lowering response to metformin in

human (10). After oral administration, metformin is absorbed

by the proximal small intestine through an active, saturable

process (1, 11, 12) mediated by a specific metformin pH-

dependent transporter present at the apical membrane of human

enterocytes (13).

Brush border membrane (BBM) of enterocyte is a primary site

of dietary sugars' absorption. The Na+/glucose cotransporter SGLT-

1 transports glucose and galactose from the lumen of the intestine

into enterocytes (14). SGLT-1 appears also to be a functional part

of a peripheral system that senses exogenous glucose to maintain

energy homeostasis (15). SGLT-1 activity is highly regulated by

several peptides and hormones active at either mucosal (16-18) or

serosal (19-21) enterocyte membranes. Regulation of SGLT-1

involves a post translational mechanism that allows rapid

ajustments of protein abundance in the BBM and recruitment of the

permease GLUT2 depending on luminal sugar levels (22) and

hormones (23, 24). SGLT-1 and GLUT2 activities are increased in

type 2 diabetes (25, 26), likely as a result of deregulation. Control

of glucose absorption by modulation of the glucose transporters's

activity appears to be a key mechanism and may be a paradigm for

action of orally active drugs to maintain normal blood glucose.

This work was designed to study the effect of metformin on

SGLT-1 and to examine the intracellular mechanisms of its action
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on glucose transporters in enterocyte. We also studied the effect of

metformin on transmural glucose transport and the consequences

of this rapid effect on circulating blood glucose in conscious rat.

MATERIAL AND METHODS

Animals

Male Wistar rats weighing 240-280 g (Centre Elevage

Janvier, Le Genest-St-Isle, France) were caged under standard

laboratory conditions with tap water and regular food provided

ad libitum, in a 12-h/12-h light/dark cycle at a temperature of 21-

23°C. The animals were treated in accordance with the European

Community guidelines based on declaration of Helsinki

concerning the care and use of laboratory animals and all efforts

were made to minimize animal suffering and the number of

animals used.

Oral glucose tolerance test

Oral glucose tolerance test (OGTT) was performed on

conscious rats, following a 18 hours fasting. Blood samples from

fasted animals were first taken from the tail vein by 10:00

o'clock in the morning. Metformin (1,1-dimethylbiguanide

hydrochloride) from Sigma-Aldrich (Meylan, France) was

diluted in NaCl 0.9% and given orally (300 mg/kg) 3 min before

the load of glucose. Controls were given NaCl 0.9%. Rats in all

groups were fed a 30% D-glucose solution (2 g/kg body weight)

and blood samples taken by tail bleeds at 15, 30, 60, 90 and 120

min after glucose administration. Glucose determination in

blood was run immediately using an Accu-Chek Go (Roche

Diagnostics, Meylan, France).

Tissue preparation and short-circuit measurement

Rats were fasted 16 hours with water ad libitum. Animals

were sacrified by i.p. pentobarbital overdose and the proximal

jejunum was dissected out and rinsed in cold saline solution.

Four adjacent proximal samples were mounted in Ussing

chambers as previously described (16, 27). The tissues were

bathed on each side with carbogen-gassed Krebs-Ringer

bicarbonate (KRB) solution having the following composition

(in mmol/L): NaCl 115.4, KCl 5, MgCl2 1.2, NaH2PO4 0.6,

NaHCO3 25, CaCl2 1.2 and glucose 10. In the solution bathing

the mucosal side of the tissue, glucose was replaced with

mannitol. Mannitol was kept in the bathing solution during

glucose challenge. Both solutions were gassed with 95% O2-5%

CO2 and kept at constant temperature of 37°C (pH at 7.4).

Electrogenic ion transport was monitored continuously as

short-circuit current (Isc) using the Easy Mount System

apparatus (Physiological Instruments, Inc., San Diego, USA)

and a DVC 1000 voltage clamp (WPI, Aston, England).

Metformin was added in the mucosal bath 3 min before luminal

glucose challenge. Results were expressed as the difference

(∆Isc) between the peak Isc after glucose challenge (maximum

measured after ~3 min) and the basal Isc (measured just before

the addition of glucose).

Transepithelial transport of glucose in jejunal loop ex vivo

Sixteen-hour fasted rats were sacrificed, laparotomized and

segments of jejunum (~5 cm) were removed and filled with 100

µL/cm of a Krebs modified buffer pH 6 containing 30 mM

glucose and 50 mCi/mmol of [14C] glucose in absence (control)

or presence of 10 µmol/L metformin in the lumen of the loop.

Effect of metformin on paracellular permeability was evaluated

using [14C] mannitol. Each segment was incubated in a 37°C

thermostat-controlled bath of Krebs modified buffer at pH 7.4

continuously gassed with 95% O2-5% CO2. In those experiments

in which cytochalasin B or 6-[4-(2-piperidin-1-

ylethoxy)phenyl)]-3-pyridin-4-ylpyrazolo[1,5-a] pyrimidine

(compound C, Sigma Chemicals, St Louis Mo USA) were used,

the segments were preincubated for 5 min before the addition of

the solution for time course study in absence or presence of

metformin, with the inhibitor also present in glucose solution.

Incubation medium were sampled at various time points

from 0 to 60 min. The radioactivity counted in the collected

samples was used to calculate amount of glucose. Apparent

permeability (Papp) was used to assess mucosal to serosal glucose

transport according to the following equation Papp=

(dQ/dt).(V/Q0.A) where V is the volume of the incubation

medium, A is the area of the loop, Q0 is the total radiolabelled
14C- glucose introduced into the loop and dQ/dt is the flux across

the jejunum loop.

Western blot analysis

Fasted rats were anesthetized by i.p. administration of

pentobarbital and laparotomized. Three jejunal loops (7 cm

long) were prepared as previously described (10, 16, 22, 23) and

filled with 3 mL of KRB-mannitol without (control) or with 10

µmol/L metformin. After 3 min in vivo incubation, the loops

were injected with ~1 ml of a 10 mM-D glucose solution and

again incubated for 3 min. After sacrifice, loops were removed,

opened along the mesenteric border and the mucosa was scraped

off on ice with a glass blade. In some experiments, 50 µmol/L

compound C was injected into the intestinal loop and allowed to

stay for 30 min before metformin administration. For total

protein extraction, jejunal mucosa scrapings were homogenized

at 4°C in lysis buffer (250 mM sucrose tris/HCL 50 mM, ph

7.35) supplemented with 0.1 mg/ml phenylmethylsulfonyl

fluoride, 100 µmol/L aprotinin, and 100 mmol/L NaVO4. The

homogenates were centrifuged at 15000 g for 30 min at 4°C, and

the supernatants were collected for western blot analysis of total

cell proteins. BBM were prepared from jejunal mucosa

scrapings as described (16, 23). Protein concentration was

quantified using the Bio-Rad protein assay (Bio-Rad

Laboratories, Hercules, CA). Solubilized proteins were resolved

by electrophoresis on 12.5% SDS-PAGE gels. The resolved

proteins were transferred onto nitrocellulose membranes and

subjected to immunoblot analysis with a rabbit anti-SGLT-1

polyclonal antibody (AB 1352, Chemicon Millipore, Temecula,

CA) diluted 1:7,500 and reprobed with anti-GLUT2 polyclonal

antibody (sc-9117, Santa Cruz Biotechnology Inc., Santa Cruz

CA) diluted 1:500 or with rabbit polyclonal P-AMPKα2 (sc-

101631, Santa Cruz Biotechnology Inc., Santa Cruz CA) diluted

1:500 or with mouse monoclonal β-actin antibody or total-

AMPK antibody (sc-81178 and sc-25792 respectively from

Santa Cruz Biotechnology Inc., Santa Cruz CA). Immune

complexes were detected by enhanced chemiluminescence

(Pierce, Rockford, IL). The intensity of the immunoreactive

bands was quantified using NIH Image (Scion Corp. Frederick

Maryland, USA). β-actin or total AMPK were used as loading

controls. The results were expressed in relation to control and the

value of control was arbitrarily set to 1.

Statistical analysis

Results are expressed as means±SEM with n = number of

tissues. One-way ANOVA with Tukey-Kramer multiple

comparison post test was performed using GraphPad Prism

version 3.0 for Windows (Graphpad software Inc., San Diego,

CA). p<0.05 was considered significant.
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RESULTS

Luminal metformin inhibits Na+-dependent glucose absorption

The effect of metformin on glucose absorption was studied

in vitro on rat jejunum isolated in Ussing chamber (16, 23, 27).

Luminal addition of 10 mmol/L D-glucose to mucosal bath of

the Ussing chamber induced a rapid and marked increase in Isc

(vs. basal conditions), which plateaued after 3 min (Fig. 1A).

Mucosal addition of metformin 3 min before glucose challenge

markedly reduced the glucose-induced Isc (∆Isc; Fig. 1B). As

depicted on Fig. 1C, inhibition of ∆Isc was dose-dependent with

a maximal inhibition observed for a concentration of 1 µmol/L

and a IC50 of 8 nmol/L.

Metformin inhibits SGLT-1 and increases GLUT2 abundance

in BBM

We then examined whether metformin can modify glucose

transporters abundance in BBM after a 3-min incubation time in

vivo. As shown in Fig. 2, metformin (10 µmol/l) significantly

reduced the basal level of SGLT-1 in BBM. Glucose (10 mmol/l)

induced a 1.7-fold increase of SGLT-1 amounts in BBM

compared to controls. This increase in SGLT-1 abundance was

significantly prevented by the presence of 10 µmol/l metformin

injected into the loop 3 min before glucose. No significant

change in the amount of SGLT-1 immunoreactive protein in total

protein extracts was noticed after the glucose challenge, neither

in the presence nor in the absence of metformin (not shown).

When the same membranes were further studied with

GLUT2 antibody, we observed a significant effect of metformin

to increase abundance of GLUT2 in BBM. Glucose alone also

induced a 2.1-fold increase in apical GLUT2 protein (lane 3).

Metformin given before glucose further increased

immunoreactive GLUT2 in BBM (Fig. 2B, lane 4).

As glucose utilization by enterocyte may constitute a signal

for this regulation, same experiments were performed using non-

metabolized substrate 3-O-methyl glucose (3-OMG). No

differences were found in SGLT-1 (+2.2 fold increase vs. +1.7

fold) or GLUT2 (+2.2 fold increase vs. +1.9 fold) abundance in

BBM with 3-OMG or glucose alone, respectively. Metformin

reduced the sugar-induced abundance of SGLT-1 by 43 and 45%

in 3-OMG and glucose, respectively and induced an increase of

21% of GLUT2 with both sugars.

Metformin increases phosphorylation of AMPK α2 in jejunal

mucosa

We also examined if metformin alone or in combination with

glucose was able to modify the activity of mucosal AMPK by

measuring the abundance of phosphorylated immunoreactive

form of α2 subunit. As shown, 10 µmol/L metformin significantly

increased the level of phosphorylated α2 AMPK (2.9-fold). This

effect was also observed in the presence of glucose alone (see

above) where the effect of metformin was even more pronounced

reaching 3.8-fold the control level (Fig. 2C).

AMPK phosphorylation in response to 3-OMG was not

significantly modified when compared to glucose (+2.7 fold

increase vs. +2.5 fold in glucose). In presence of metformin

AMPK phosphorylation reached 3.5 and 3.3 fold, respectively

(data not shown).

Compound C prevents the effect of metformin on glucose

transporters

We studied the effect of compound C, an inhibitor of

AMPK phosphorylation, on metformin-induced regulation of

glucose transporters. As expected (Fig. 3B), compound C

prevented the metformin-induced phosphorylation of AMPKα.

Luminal instillation of metformin in isolated loops of small
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Fig. 1. Effect of luminal metformin on glucose-induced short-

circuit current (Isc). Non-cumulative response curve to metformin

was achieved by measuring ∆Isc response to a luminal 10

mmol/L-glucose challenge (see Material and Methods). (A)

Typical recording of Isc in isolated rat jejunal tissus. Metformin

(or saline) was added in luminal compartment of Ussing chamber

3 min before glucose challenge; (B) Effect of 1 µmol/L metformin

on glucose-induced Isc (in µA.cm2). ** , p<0.01; (C). Response

curve to metformin. Each point is mean±SEM of 4-6 tissues. Note

that maximum inhibition is observed for 1 µmol/L metformin and

IC50= ~8 nmol/L.



intestine rapidly modulated immunoreactive SGLT-1 and

GLUT2 abundance in BBM in opposite manner and this was

totally blocked by compound C. These data suggest that the

effect of metformin on the relative abundance of glucose

transporters in apical membrane is mediated by AMPK

activation.

Metformin modulates 14-C glucose transepithelial transport

Effect of metformin on transmural glucose transport was

evaluated in isolated loops prepared from rat jejunum. Luminal

glucose (30 mmol/L) instilled in the loop was followed as a net

mucosal-to-serosal glucose flux using 14C-glucose (14.8±1.32

pmol/mg prot/min). Luminal metformin enhanced the jejunal

transport of glucose by 18% (p<0.05; Fig. 3) but had no effect

on 30 mM mannitol transport (not shown). Thus, the increase in
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Fig. 2. Effect of metformin on expression of glucose transporters

and phosphorylated form of AMPKinase α2 (p-AMPK α2) in

jejunal mucosa. Sodium-dependent glucose transporter-1 SGLT-1

was analyzed by western blot in proteins prepared from the brush

border membranes, then the blots were reprobed for GLUT2 and

β-actin (typical image is shown). AMPK was studied in total

protein from mucosal preparation. Data showed in the graph are

mean±SEM of 3-5 determinations. Value of control (NaCl, 0.9%

NaCl) was assessed to 100%. * , statistically significant from

control, p<0.05; * * , p<0.01; * * *, p<0.001.

Fig. 3. Effect of Compound C (CC) on metformin-induced control

of glucose transporters and p-AMPK. CC was injected in intestinal

loops 30 min before metformin or saline (0.9% NaCl). After

another 3 min-period, glucose was injected and loops were kept

warm for another 3 min before dissection of loops and preparation

of proteins (total and brush border proteins), as presented in Fig. 2.

** : statistically significant from glucose only, p<0.01.



jejunal glucose transport induced by metformin is unlikely to

have been caused by changes in paracellular permeability.

Further cytochalasin B, a specific inhibitor of GLUT2 (28),

markedly reduced (-56%; p<0.01) the transport of glucose

induced by metformin in line with the involvement of GLUT2

observed under metformin. Furthermore, the effect of metformin

on transmural glucose fluxes were markedly reduced (-77%;

p<0.001) by pretreatment with compound C, an inhibitor of

AMPK, indicating that activation of AMPK is required for the

metformin-induced modulation of glucose flux.

Acute administration of metformin increases glucose tolerance

in OGTT

We finally evaluated the impact of acute administration of

metformin on glucose tolerance. As depicted in Fig. 4, blood

glucose concentration after glucose feeding was significantly

reduced in rats given metformin (300 mg/kg). This difference

was found significant at all time points and the AUC was

reduced by 27.6% (p<0.001) after administration of metformin

per os.

DISCUSSION

The present study shows that metformin induces a fast

regulation of the two major intestinal glucose transporters SGLT-

1 and GLUT2, through a rapid AMPK phosphorylation. The

small intestine was previously reported to be a major site for

accumulation and action of biguanides, particularly metformin

(2, 29). This transport is ensured by an organic cation transporter

from the OCT family that has recently been identified (13). Both

metformin and glucose are likely to be transported by enterocyte.

However, the exact nature of the effects of metformin on glucose

transport and metabolism in these cells remains elusive and some

effects of metformin on glucose transporters seem contradictory.

In one hand, metformin accumulates in the intestinal mucosa (30)

and decreases glucose transport by the intestine in different

animal models (30-32). On the other hand, it seems that

metformin enhances the abundance of permease GLUT2 at the

BBM (33), a mechanism of regulation that is normally set up

when the level of glucose uptake increases (34). In line with this

increased entry of glucose into enterocyte, metformin can further

enhance the utilization of glucose (5, 6) and the anaerobic

production of lactate by intestinal cells (2).

An important finding was the discovery that metformin can

activate AMPK, a regulatory kinase which is a sensor of energy

in most cell (35-37). AMPK is a serine/threonine kinase which

acts as a master switch to maintain energy balance by regulating

the rates of ATP-consuming and ATP-generating pathways

within the cell. It was previously reported that metformin

inhibits the glucagon-stimulated hepatic glucose production

through activation of AMPK α2 subunit (36). The mechanism of

AMPK activation by metformin involves inhibition of ATP

synthesis in the complex I of the respiratory chain (38) leading

to subtle modifications of AMP binding to AMPK and optimum

phosphorylation by upstream kinase LKB1. Although it is clear

that metformin activates AMPK, no studies have examined the

effect of AMPK activation by metformin on intestinal glucose

transporters. Walker et al. (39) made the important

demonstration in mice jejunum that pharmacological activation

of AMPK by 5-amino-4-imidazolecarboxamide ribonucleoside

(AICAR) results in a switch in glucose transporters, reducing the

ATP-consuming SGLT-1 activity and concomitantly increasing

the abundance of GLUT2 at BBM. They also observed that the

activation of AMPK occurred 30 min after the exposure of mice

jejunum to high concentration of metformin, but they did not

examine the effect of metformin on SGLT-1 activity.

In this study, we show that metformin strongly and rapidly

decreased glucose-induced abundance of SGLT-1 in BBM,

similarly to that previously reported for leptin (16) and resistin-

like molecule β (23). As metformin concomitantly increased

GLUT2 protein levels in BBM (a hallmark of AMPK activity
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Fig. 4. Effect of metformin on transmural glucose transport ex vivo.

Jejunal loops were prepared and incubated with a Krebs Ringer

solution containing 30 mM glucose. Metformin or saline (0.9%

NaCl) was added to the luminal side. In some experiments, loops

were pretreated with cytochalasin B (CB) or compound C (CC) for

5 min. Transmural transport of glucose was studied as 14C-glucose

by liquid scintigraphie * , statistically significant compared to

glucose only, p<0.05; **, p<0.01.

Fig. 5. Effect of metformin on glucose tolerance in rat. Oral

glucose tolerance test (OGTT) to 2 g/kg body weight was

achieved in 16 h-fasted male Wistar rats. Metformin (300 mg/kg

body weight in water, �) was given by gavage 3 min before

glucose. Control (o) received 0.9% NaCl. Evolution of glycemia

as a function of time is presented together (insert) with areas under

the curves (AUC in mmol/L x min ) calculated for each group of

rats. ** , significantly different from control value (p<0.01).



(39), we examined the effect of metformin on phosphorylation of

AMPKα2. We further demonstrate that mucosal metformin

markedly increased the phosphorylation of the catalytic subunit

α2 of AMPK in enterocyte. Moreover, metformin effect on

glucose transporters can be blocked by compound C, a classical

inhibitor of AMPK phosphorylation. Althought compound C

possibly inhibits other kinases, this makes a possible link

between the metformin-induced activation of AMPK and its

effect on the expression of glucose transporters. Indeed, the

events triggering this pathway may involve first a mobilization

of glucose transporters, since non-metabolized sugar 3-O methyl

glucose induces the same effects. Finally, when metformin was

given orally immediately before an oral load of glucose, it

markedly reduced glucose tolerance. Altogether, it can be

suggested that metformin modulates the activity of glucose

transporters and further regulates glycemia through rapid

activation of AMPKα2 subunit in enterocyte, in addition to its

concomitant action in muscle (7) and liver (36).

The short-term inhibition of SGLT-1 action was previously

found accompanied by a decrease in blood glucose (27). As the

inhibition of SGLT-1 by metformin is concomitant with an increase

in GLUT2 abundance in BBM, the question arises whether the

global effect is to reduce or to stimulate glucose uptake and

transport. In our experimental model, transmural glucose transport

was significantly increased after metformin, and this increase was

mostly mediated by an increase in luminal GLUT2. This increased

uptake of glucose is in line with increased metabolism (38) and

production of lactate (2) induced by metformin.

It is not known whether redistribution of sugar transporters

to or from the apical membrane is sufficient to modify their

overall abundance. Nevertheless, the rapid modification of

transporter density in the apical membrane has been shown to be

associated with significant changes in sugar levels with major

consequences for glucose transport and glycemia, and may be

consider as an accelerator of absorption (26, 33, 40).

It is noteworthy that D-glucose alone can activate AMPK

pathway in enterocyte, as observed in other tissues (15).

Fructose, another relevant dietary hexose, is also know to control

AMPK activity in small intestine (33, 41). The importance of the

AMPK pathway in the process of this autoregulation of intestinal

sugar entry has not been studied in enterocyte. Here we show

that this pathway is activated in the presence of luminal sugars

and modulates sugar absorption independently of glucose

metabolism. To this end, sugar transporters SGLT-1 and GLUT2

can be considered as membrane sensors for luminal sugars (22,

42). In addition to the detection of dietary sugars, it can be

proposed that this regulation may have a physiological role in

limiting the magnitude of the osmotic stress induced by SGLT-

1-mediated entry of sugar into enterocyte. Indeed, the intestinal

cell must at the same time transport efficiently glucose into the

tissues and also deal with a large quantity of water and sodium

molecules cotransported with glucose through SGLT-1 (43). The

capacity of GLUT2 for cotransport of water molecules is

considered to be much smaller -about 10 times- than that of the

SGLT-1 (44). In this view, the rapid AMPK-dependent switch of

the glucose transport system from sodium-dependent to passive

transport could appear as a resolution of these constraints.

Physiological signals for this switch from an energy-

dependent glucose entry to a passive transport are not

completely understood. It is known that sugars and hormones

constitute the major effectors. Substances present in food and

beverage like water-soluble green tea extract (45) are also active.

Leptin, which acts through control of AMPK in hypothalamus

(15, 46), adipose tissue (46) and liver (47), is a potent and rapid

inhibitor of the SGLT-1 activity (16) and we recently showed

that it modulates the glucose entry through this mechanism (33).

AMPK is also a target of angiotensin II and we recently

demonstrated that resistin-like molecule β can also control the

shuttling of SGLT-1 from and GLUT2 to the BBM (23). We

propose that metformin by a balanced action on glucose

transporters abundance in brush border through activation of

AMPK, could mimic some mechanisms of action of gut peptides

to control peripheral glucose transport. These data give new

insight in the mechanism of metformin-induced

antihyperglycemia and suggest that rapid control of intestinal

glucose transporters at luminal membrane of enterocyte

significantly contributes to maintain glucose homeostasis.
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