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1 The present study was designed to clarify the cellular mechanism through which the
antihyperglycaemic drug, metformin, exerts its effects. For this purpose the contents of glucose
transporter protein isoforms GLUT1 and GLUT4 were measured in plasma membrane and intracellular
membrane fractions of skeletal muscle obtained from genetically obese, insulin-resistant Zucker rats.

2 Hindlimb muscles were dissected from metformin-treated (300 mg kg™' day~, p.o., for 12 days) and
control rats in basal treatment state, and after acute stimulation with insulin (22 u kg!, i.p.). Since
metformin treatment reduces food intake, we also used a pair-fed control group to investigate the effects
of altered insulinaemia per se. Glucose transporter levels were analysed by Western blot and slot blot-
techniques. In addition, 2-deoxy-[**C]-glucose uptake in isolated muscle strips was evaluated.

3 No changes were noted in the contents of GLUT1 proteins in any of the subcellular fractions after
metformin treatment. The contents of GLUT4 in subcellular fractions were not altered in the basal
treatment state. After acute insulin exposure the content of GLUT4 in the intracellular membrane
fraction declined significantly in the metformin-treated group, while no significant effect was seen in the
plasma membrane fraction. In agreement with these results, metformin treatment did not alter 2-
deoxyglucose uptake into isolated muscle strips.

4 In conclusion, the present study does not support the concept that metformin would enhance
translocation of glucose transporter proteins from the intracellular compartment to the plasma

membrane in skeletal muscle in vivo.
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Introduction

Skeletal muscle is the primary site for insulin-dependent glu-
cose utilization (Yki-Jarvinen, 1993). Glucose transport into
this tissue appears to be a rate limiting step in glucose utili-
zation under most physiological conditions (Yki-Jirvinen,
1993). Glucose is transported inside the myocyte by a process
of facilitated diffusion mediated by two isoforms of glucose
transporter proteins, GLUT1 and GLUT4 (Mueckler, 1994).
The primary vehicle for insulin-stimulated glucose uptake is
GLUTH4, which is translocated from the intracellular pool to
the plasma membrane in response to insulin, whereas GLUT1
acts mainly as a basal transporter (Shepherd & Kahn, 1993).
Insulin resistance at the level of skeletal muscle is a major
feature of obesity and non-insulin-dependent diabetes mellitus
(NIDDM) (Yki-Jarvinen, 1994). The biochemical background
for the development of insulin resistance is as yet unknown,
but defects have been proposed to exist at the postreceptor
level (Seely & Olefsky, 1993), such as in inappropriate reg-
ulation of glucose transporter proteins (Shepherd & Kahn,
1993).

Metformin is an antihyperglycaemic agent used widely for
the treatment of NIDDM (Bailey, 1993). Therapeutic effects of
metformin have been attributed to a combination of improved
peripheral glucose utilization, decreased hepatic glucose out-
put and decreased rate of intestinal absorption of carbohy-
drates (Bailey, 1993), but its cellular mode of action is still
incompletely understood. Metformin treatment potentiates the
effects of insulin on glucose uptake in streptozotocin diabetic
mouse skeletal muscle (Bailey & Puah, 1986). In cultured L6
muscle cells, metformin translocates GLUT1 proteins from the
intracellular pool to the plasma membrane (Hundal ez al.,
1992) and in adipocytes isolated from obese Zucker rats in vivo,
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metformin treatment has been shown to potentiate insulin-
stimulated translocation of both GLUT1 and GLUT4 proteins
from the intracellular compartment to the plasma membrane
(Matthaei et al., 1993). In recent studies, metformin treatment
failed to alter GLUT1 or GLUT4 protein content in skeletal
muscle crude membranes obtained from obese Zucker rats
(Handberg et al., 1993; 1994). However, it remains to be es-
tablished whether the effect of metformin on glucose trans-
porter protein translocation applies to skeletal muscle cells in
vivo (Bailey, 1993).

The purpose of the present study was to characterize the
mechanism of action of metformin in skeletal muscle by
studying the subcellular distribution of GLUT1 and GLUT4
proteins, and the uptake of 2-deoxyglucose in isolated muscle
strips after 12 days metformin-treatment. As an animal model
we used genetically obese, hyperinsulinaemic and insulin-re-
sistant Zucker rats (Bray et al., 1989). Many features in these
rats resemble human NIDDM; however, the obese Zucker rats
are not hyperglycaemic at the postabsorptive state.

Methods

Animals

Genetically obese 12-week-old (fa/fa) male Zucker rats were
purchased from IFFA CREDO, (L’Arbresle, France). All rats
were individually housed, maintained on a regular light-dark
cycle, lights on from 06 h 00 min to 20 h 00 min and provided
with normal laboratory rat chow.

Experiment 1

Thirty obese animals were divided into three experimental
groups (metformin-treated, pair-fed and control) matched with
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body weight and 24 h food intake recordings (n=10 in each
group). The animals were the same as those used for the de-
termination of brain neuropeptide Y mRNA expression in the
experiments described by Rouru ez al. (1995). The metformin-
treated group received 300 mg kg~! day™! metformin hydro-
chloride dissolved in the drinking water. The dose was based
on our previous experiments where the treatment was found
effective in decreasing plasma insulin levels and resulted in
plasma metformin concentrations comparable to those found
in NIDDM patients during maintenance metformin therapy
(Rouru et al., 1993). The 24 h fluid intake was monitored and
the concentration of metformin in the drinking water adjusted
every second day to maintain its correct daily dose. The con-
trol group and pair-fed group received drinking water without
metformin ad libitum. Because rats in the metformin group ate
less than those in the control group, the pair-fed group re-
ceived a restricted amount of food (at 16 h 00 min) to ensure
similar caloric intake with the metformin-treated rats. Food
intake and body weights were measured every day.

After 12 days treatment food and water were withdrawn
from all animals at 07 h 00 min and they were decapitated
between 09 h 30 min and 13 h 30 min. Blood was collected
into prechilled EDTA tubes, and plasma was separated and
stored at —70°C until analysed for insulin and glucose.
Hindlimbs were fixed and cleaned free of fat and connective
tissue. Four strips from soleus muscles were prepared from
each animal as described earlier (Crettaz et al., 1980) and
kept in 0.9% NacCl solution until used for the determination
of 2-deoxyglucose uptake. Tibialis muscles were removed
and quickly frozen in isopenthane on liquid nitrogen for the
immunohistochemical staining procedures. The rest of the
hindlimb muscles were dissected out and frozen in liquid
nitrogen for the subcellular fractionation procedure. The
frozen muscle samples were stored at —70°C until processed
further.

Experiment 2

Twenty obese animals were divided into two experimental
groups (metformin-treated and control) matched with body
weight (n=10 in each group). Metformin-treated group re-
ceived 300 mg kg~! day™! metformin hydrochloride dissolved
in the drinking water for 12 days as in experiment 1. The
control group received drinking water without metformin ad
libitum.

Food was withdrawn from all animals on the day before
decapitation at 17 h 00 min and restored 1 h before decap-
itation. In order to obtain a maximal insulin stimulus all rats
were given 22 u kg™ insulin i.p. 30 min before decapitation,
which was carried out between 09 h 30 min and 14 h 15 min.
Blood was collected into prechilled EDTA tubes, and plasma
was separated and stored at —70°C until analysed for insulin
and glucose. Hindlimbs were fixed and cleaned free of fat and
connective tissue and muscles were dissected out and frozen in
liquid nitrogen for the subcellular fractionation procedure. The
frozen muscle samples were stored at —70°C until processed
further.

2-Deoxyglucose transport

The determination of 2-deoxyglucose transport was carried out
essentially as described earlier (Crettaz et al., 1980). In brief,
once prepared, muscle strips were weighed and stretched on a
stainless-steel holder. After preincubation two strips from each
animal were incubated with 1 mu ml~! insulin and two strips
without insulin in the presence of 2-deoxy-['*C]-glucose and
[*H)-sucrose as extracellular marker. At the end of the in-
cubations, muscles were washed in cold 0.9% NaCl, hydro-
lysed in 1 M NaOH and counted with the Opti Phase ‘High
Safe’ II scintillation cocktail (FSA Laboratories Supplies,
Loughborough, U.K.) in a liquid scintillation counter (LKB
Wallac 1219, Turku, Finland), enabling the samples to be
counted for both '*C and *H radioactivity.

Membrane isolation and characterization

Plasma membranes and internal membranes from 8-16 g
hindlimb muscles were isolated by the method described
earlier by Klip et al (Klip et al., 1987; Marette et al., 1992).
After centrifugation in sucrose gradient the membrane
fractions floating on 25 and 35% sucrose were collected and
stored at —70°C until used for Western blot, slot blot and
protein assays and determination of 5-nucleotidase activity.
Protein content of membrane suspensions were assayed ac-
cording to the method of Peterson (1977). 5'-Nucleotidase
activity was measured as described by Aronson & Touster
(1974).

The 25% sucrose fraction (plasma membrane fraction)
was enriched in the plasma membrane marker 5'-nucleoti-
dase activity 4.2—5.1 fold when compared with 35% sucrose
fraction representing intracellular membranes (data not
shown). This is in the same range as plasma membrane
marker enrichment reported earlier by this method (Klip ez
al., 1987).

Western blot and slot blot analyses

The specificity of GLUT1 and GLUT4 antibody binding on
proteins of subcellular membrane fractions was determined
by Western blot analysis. Membranes (10 ug of protein)
were supplemented with 2.5% sodium dodecyl sulphate
(SDS), electrophoresed on 12% polyacrylamide gels (PAGE)
with Bio-Rad Mini-PROTEAN II system (Bio-Rad La-
boratories Inc., Hercules, CA, U.S.A., buffer: 25 mM Tris,
192 mM glycine, 0.1% SDS), electrophoretically transferred
to nitrocellulose membrane (Schleicher & Schuell, Dassel,
Germany, buffer: 48 mM Tris, 39 mM glycine, 20% metha-
nol, 30 min) and air dried. Before primary antibody in-
cubation, the filters were blocked for 1 h with 5% nonfat
dry milk in buffer containing 50 mM Tris, 2 mM CaCl,,
0.2% Nonidet P-40 and 0.02% NaNs, pH 8 and washed in
five changes of TBS-T (20 mM Tris, 137 mM NaCl, 0.2%
Tween-20). The filters were incubated with GLUT1 or
GLUT4 antibody (1:2000 dilution in TBS-T, East Acres
Biologicals, Southbridge, MA, U.S.A.) for 1 h and washed
again in five changes of TBS-T. The filters were then in-
cubated with Horseradish peroxidase labelled second anti-
body (1:20000 dilution in TBS-T, Amersham, Bucking-
hamshire, U.K.) for 1 h and washed in seven changes of
TBS-T. The immunolabelled bands were visualized by pla-
cing the membranes against Hyperfilm ECL (Amersham)
after addition of a chemiluminescence reagent (ECL,
Amersham).

The determination of GLUT1 and GLUT4 protein levels
were carried out by slot blot hybridization manifold (Schlei-
cher & Schuell): 1 ug of total membrane protein was loaded
into each well in duplicate or triplicate, transferred to ni-
trocellulose filter membrane and air dried. The immunolabel-
ling was carried out as described for Western blots. Slot blots
were quantitated with a OS/2 based image analysis system
(MCID, Imaging Research Inc., Ontario, Canada), and the
results are expressed as relative optical density values per ug
protein. Because the exposure times were very short, the values
are not comparable between separate experiments.

Immunohistochemistry of GLUTI and GLUT4 and
plasma insulin and glucose

Tibialis muscles were cut on 8 um sections at —23°C. Sections
were thaw-mounted on gelatine-coated microscopic slides and
fixed in — 18°C acetone for 10 min. The immunostaining and
detection was performed as described by Muona et al. (1992).
The dilutions for antibodies were 1:250 for GLUT1 and 1:50
for GLUTA4. In control reactions, the primary antibody was
omitted.

Plasma insulin and glucose were analysed as in Rouru e? al.
(1995).
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Drugs

Meftormin hydrochloride was a generous gift from Leiras OY,
Turku, Finland. Insulin (Velosulin Human) was purchased
from Nordisk Gentofte A/S, Gentofte Denmark.

Statistical analysis

Statistical analysis of the data was carried out by one-way
analysis of variance (ANOVA) followed by Newman-Keuls
procedure for multiple comparisons or by Student’s ¢ test for
unpaired data. The 2-deoxyglucose uptake data were analysed
by analysis of covariance (ANCOVA) the weight of the muscle
strip being the covariate. If necessary, logarithmic transfor-
mation of the data was performed prior to analysis. The cal-
culations were performed using BMDP software (BMDP
Statistical Software Inc., Los Angles, CA, U.S.A.). A P-value
less than 0.05 was considered statistically significant. The va-
lues presented are means =+ s.e.mean.

Results

Food intake, body weights, plasma insulin and glucose

During the 12 day treatment the rats in the metformin group
(both in the experiments 1 and 2, P<0.05) and the rats in the
pair-fed group (in experiment 1, P <0.05) ate about 85% of the
food consumed by the control group as described earlier in

more detail (Rouru ez al., 1995). In experiment 1, body weight -

gains were reduced in the metformin-treated (P<0.05) and
pair-fed (P<0.05) groups when compared with the control
group (Rouru et al., 1995). In experiment 2, the body weight
gain was 1 =3 g in the metformin-treated group and 22+2 gin
the control group (P<0.05, values are means =+ s.e.mean).

In experiment 1, fasting plasma insulin concentrations were
40% lower both in the metformin-treated (P <0.05) and pair-
fed (P <0.05) rats when compared with the control rats (Rouru
et al., 1995). There were no significant differences in plasma
glucose levels between the treatment groups (Rouru et al.,
1995).

In experiment 2, plasma insulin concentrations rose 10 fold
after insulin injections when compared with the basal values in
experiment 1, (115379 and 1269 +223 ng ml~, in the met-
formin-treated and control rats, respectively), but there were
no significant differences between the metformin-treated and
control groups in this respect. Plasma glucose levels fell after
insulin injection about 2 mmol 17! when compared with ex-
periment 1 but again there were no significant differences be-
tween the groups (5.7+0.3 and 6.1+0.5 mmol 1™ in the
metformin-treated and control rats, respectively).

GLUT1 GLUT4
<— 94 kDA
<— 67 kDA
S caes W <— 43 kDA
<«— 30 kDA
<— 20 kDA

M PM IM PM

Figure 1 Representative Western blots of GLUT1 and GLUT4
from internal membrane (IM) and plasma membrane (PM) fractions
of skeletal muscle: 10 ug membrane proteins were separated on 12%
polyacrylamide gels, blotted onto nitrocellulose membrane and
probed with GLUT1 or GLUT4 antibodies.

2-Deoxyglucose uptake

Insulin significantly increased 2-deoxyglucose uptake in muscle
strips in all treatment groups (insulin effect: P<0.0001, ad-
justed cell means from ANCOVA were 239, 233 and
241 d.p.m. mg~' wet weight when no insulin was added and
290, 304 and 285 d.p.m. mg~! wet weight in insulin-stimulated
conditions in the control, pair-fed and metformin-treated
groups, respectively, n=20 in each group). However, there was
no significant difference in 2-deoxyglucose uptake between the
control, pair-fed and metformin-treated groups.

GLUT4 and GLUTI protein contents in subcellular
fractions

Representative Western blots from both subcellular fractions
of hindlimb muscle preparations are shown in Figure 1. Be-
cause Western blotting resulted in a single band of approxi-
mately 43 kDa size with very little background we were able to
perform the determination of GLUT1 and GLUT4 protein
levels by slot blot method, which resulted in much less varia-
tion than Western blotting between duplicate samples and se-
parate membranes.

In the basal state (experiment 1) and after insulin stimula-
tion (experiment 2) there were no significant differences in the
content of GLUT!1 protein either in the plasma membrane or
in internal membrane fractions in the separate treatment
groups (Figure 2). Similarly, basal GLUT4 protein content
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Figure 2 Relative GLUT1 protein levels in internal membrane (IM)
and plasma membrane (PM) fractions of skeletal muscle in control
(open columns), metformin-treated (solid columns) and pair-fed
(hatched columns) obese, Zucker rats in the basal state (a) and after
insulin-stimulation (b). Values are means=*s.e.mean, n=10 in each
group.
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Figure 3 Relative GLUT4 protein levels in internal membrane (IM)
and plasma membrane (PM) fractions of skeletal muscle in control
(open columns), metformin-treated (solid columns) and pair-fed
(hatched columns) obese, Zucker rats in the basal state (a) and after
insulin stimulation (b). *"P<0.01, Student’s ¢ test for unpaired data.
Values are means +s.e.mean, n=10 in each group.

was altered neither in plasma nor in internal membrane frac-
tions after metformin treatment or pair-feeding (Figure 3).
After insulin stimulation, GLUT4 protein content was sig-
nificantly lowered in internal membrane fraction of metformin-
treated animals (P <0.01). However, in the plasma membrane
fraction the change in GLUT4 content was not statistically
significant (P=0.15, Figure 3).

Immunohistochemistry

Microscopic pictures of GLUT1- and GLUT4-labelled tibialis
muscle sections from metformin-treated, control and pair-fed
animals are presented in Figure 4. With both antibodies the
plasma membranes appear rich in immunoreactive epitopes
while they are less concentrated inside the muscle cells. How-
ever, individual variations in the staining of muscle sections
were so great that no quantitative evaluation between treat-
ment groups was considered appropriate. Importantly, it is
evident that at least two distinct types of fibre coexist in the
muscle sections. Irrespective of treatment, approximately half
of the fibres show an intense staining whereas the other half
were stained less.

Figure 4 Immunohistochemical localization of GLUT4 (a-c) and
GLUTI1 (d-f) in transverse cryosections of tibialis muscles in control
(a, d), metformin-treated (b, €) and pair-fed (c, f) obese, Zucker rat in
the basal state. Bar =20 ym.

Discussion

The main finding of the present study was that the contents of
GLUT1 and GLUTH4 proteins were not increased in the plasma
membranes of skeletal muscle samples obtained either in the
basal state or after insulin stimulation in obese, insulin-resistant,
Zucker rats treated with metformin for 12 days. In line with these
results we did not find differences in the uptake of 2-deox-
yglucose in isolated muscle strips after metformin-treatment.

In an earlier in vitro study, in which cultured L6 muscle cells
were used, metformin increased GLUTI1 (but not GLUT4)
protein content in plasma membrane fraction and decreased its
content in the intracellular pool both in basal and in insulin-
stimulated conditions (Hundal et al., 1992). In our study, there
was a clear reduction of GLUT4 protein concentration in the
internal membrane fraction after insulin stimulus, and also a
nonsignificant decline in the plasma membrane fraction. The
design of the present study does not provide an explanation for
this reduction. The possibility that differences in circulating
insulin concentrations could mask effects of metformin on
glucose transport molecules was controlled in our study by the
presence of the pair-fed control group. Indeed, plasma insulin
concentrations were very similar in the metformin-treated and
pair-fed control groups.

Our study is the first to address the effect of metformin on
translocation of glucose transporter proteins in skeletal muscle
during in vivo treatment. In a study where white adipose tissue
was used, in vivo metformin treatment increased insulin sti-
mulated translocation of both GLUTI and GLUT4 from the
intracellular pool to the plasma membrane in obese Zucker
rats (Matthaei et al., 1993). This effect was not evident in obese
rats in the basal state or in lean Zucker rats either in the basal
or insulin-stimulated state (Matthaei et al., 1993). Thus, glu-
cose transporters seem to be regulated differentially after
metformin-treatment in L6 muscle cells, in white fat and in
skeletal muscles obtained from Zucker rats. This does not
necessarily conflict with the data in our study, because glucose
uptake in muscle and adipose tissue is known to be regulated in
a different manner during the development of insulin resistance
in Zucker rats (Pénicaud et al., 1987). However, due to its
major role in whole body glucose handling, skeletal muscle is
of special importance in this respect.
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The same GLUT1 and GLUT4 antibodies were used in the
determination of muscle glucose transporter levels and in the
immunohistochemical labelling of the muscle cryosections.
The results from the immunohistochemistry suggest that
structures with a physiologically relevant subcellular distribu-
tion were recognized with the antibodies. Because the im-
munohistochemical labelling of muscle sections with glucose
transporter antibodies demonstrate that muscle fibres appear
to stain differentially, it is supposed that well-stained muscle
fibres represent oxidative muscle fibres and weakly stained fi-
bres represent glycolytic fibres as demonstrated earlier (Mar-
ette et al., 1992).

The ability of metformin to improve insulin-mediated glu-
cose utilization in insulin-resistant patients and rats is well es-
tablished by glucose clamp studies (Rossetti ez al., 1990; Bailey,
1993). In line with this we found reduced fasting plasma insulin
concentrations in metformin-treated rats when compared to
control animals without alterations in the glycaemic status of
the rats, which indirectly suggests improved insulin sensitivity in
these insulin-resistant animals. However, we did not find dif-
ferences in the uptake of 2-deoxyglucose in isolated muscle
strips obtained from metformin-treated, pair-fed or control
animals either in basal state or after insulin stimulation, sug-
gesting that metformin-treatment did not influence the ability of
the muscle to take up glucose. Because no metformin was added
to the incubation medium, the results primary reflect the effects
of chronic exposure of the tissue to metformin; direct addition
of metformin into the incubation medium could have resulted in
a different effect. Nevertheless, it seems clear that metformin
does not have any sustaining effect on glucose transport into
skeletal muscle cells obtained from obese Zucker rats.

These obese Zucker rats are hyperinsulinaemic and insulin-
resistant. However, they are not markedly hyperglycaemic in
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