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Abstract—The effects of the antidiabetic drug metformin (NI, Nl-dimethylbiguanide)
on glucose uptake by isolated rat diaphragm muscle have been studied. A therapeutic
concentration of metformin (10 pg/ml) had no effect on glucose uptake by diaphragm
muscle from normal rats incubated in the absence or presence of insulin (100 and 1000
rU/ml), but increased uptake by diaphragm muscle from alloxan-diabetic rats incubated
in the presence of insulin (P < 0-05). Diaphragm muscle from normal rats incubated in
a medium containing sodium butyrate (0-25 mg/m!) showed a reduction in glucose
uptake similar to that seen in muscle from diabetic animals. Metformin (10 pg/ml)
also increased glucose uptake by this preparation in the presence of insulin (P < 0-01).
A higher concentration of metformin (100 ug/ml) caused a depression of glucose uptake
by diaphragms from normal rats, and the necessity for studying therapeutic concentra-
tions of the biguanide drugs is stressed. The relation of these findings to the antidiabetic
effect of the drug in man is discussed. The mechanisms involved are discussed in terms
of changes in glycogen metabolism,

THE BIGUANIDE antidiabetic drugs have a variety of metabolic effects in vifro, but the
relevance of these effects to the therapeutic action of the drugs is unclear. These
effects include inhibition of gluconeogenesis from a number of substrates in per-
fused*:? and minced?® liver preparations from rat and guinea-pig and in rat kidney
slices,* inhibition of glucose uptake by rat® and hamster”® small intestine and
inhibition of oxidation of ‘glucose, pyruvate and acetate in a number of tissues.>-®
These effects may all be related?® to the inhibition of oxidative phosphorylation pro-
duced by phenformin in vitro.1%1* However, in diabetic patients treated with phen-
formin glucose oxidation may in fact be increased.!? The elevation of fasting blood
lactic acid levels seen in some patients treated with phenformin!3—¢ suggests that
this drug may produce inhibition of aerobic oxidation i vivo, but this is not a neces-
sary part of the antidiabetic action since some patients respond to biguanide treatment
without rise in blood lactic acid levels,'” and metformin does not in any case produce
a rise in blood lactic acid when used to control diabetes.!®

A major difficulty in interpreting the results of in vitro studies of the biguanide
drugs is that the metabolic effects of these drugs may be related to their concentration.
Phenformin and metformin, for instance, inhibit glucose absorption by everted rat
jejunum when present in concentrations greater than 107* M (about 200 and 150
pg/ml, respectively), but cause increased absorption of glucose when present at lower
concentrations.!® Buformin in concentrations similar to its therapeutic plasma level
increases glucose oxidation in rat adipose tissue in vitro, but this effect diminishes as
the drug concentration is raised.?® The stimulation of glucose uptake into rat adipose
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tissue in vitro seen at a low concentration of phenformin (5 pg/ml) occurs without
increased lactate production, but as the drug concentration is raised an increase in
lactate output is seen.2*

One action of the biguanide drugs in vivo may be to increase glucose uptake into
skeletal muscle. Phenformin treatment increases glucose uptake in the human forearm
in diabetic patients, and not in non-diabetic subjects,??=2* and an increase in peri-
pheral glucose disposal may account for the stimulation of Cori cycle activity seen
when diabetic patients are treated with phenformin.!? Similarly, the clearance of
intravenously-administered glucose is significantly speeded up in diabetic patients
after treatment with metformin.?® A number of studies have been made on the effects
of the biguanide drugs on glucose uptake by the isolated rat diaphragm preparation,
but with conflicting results. Again this is probably because a wide range of drug
concentrations have been used. High concentrations of phenformin added to dia-
phragms from normal rats cause increased glucose uptake and depression of glycogen
content,2%-29 this effect being independent of exogenous insulin,?® and a similar effect
is seen with diaphragms from alloxan-diabetic rats incubated with phenformin at
1 mg/ml.2® However, at lower concentrations of phenformin the increased glucose
uptake is dependent on the presence of exogenous insulin,>® and with buformin in
low concentrations diaphragms incubated in human serum (containing insulin-like
activity) show depression of uptake.?® In addition, any explanation of the mode of
action of the biguanide drugs must be able to account for their lack of hypoglycaemic
effect in non-diabetic individuals under normal circumstances, and yet there have
been no satisfactory studies comparing the effects of the drugs in vitro on glucose
uptake by muscle from normal and diabetic animals.

The experiments to be described were therefore designed to test the effects of met-
formin, in a concentration comparable with its therapeutic blood level, on glucose
uptake by isolated rat diaphragm, using tissue from both normal and diabetic rats.

EXPERIMENTAL

Animals. Wistar rats of either sex initially weighing 100-130 g were used. All rats
were fasted for 24 hr before killing.

Preparation of alloxan-diabetic rats. Diabetes was induced by administration of a
freshly-prepared solution of alloxan in water (250 mg alloxan anhydrate/kilogram
body wt) intraperitoneally. Rats were used 48-96 hr after injection, baving been fasted
for 24 hr before killing. Blood was taken after killing but before removal of the
diaphragm for estimation of the fasting blood glucose level. Rats used in the study
all had fasting blood glucose levels greater than 120 mg/100 ml (normal value under
these conditions: 55 4 10 mg/100 ml, mean -+ S.D., N = 21).

Reagents. Metformin hydrochloride was a gift from Rona Laboratories Ltd.,
Hitchin. All concentrations of metformin are expressed in terms of the hydrochloride.
Recrystallised ox insulin (24-0 U/mg) was a gift from Burroughs Wellcome and Co.,
Dartford. Bovine serum albumin (Cohn fraction V) and oyster glycogen were from
Sigma (London) Chemical Co., Ltd. Reagents for the glucose oxidase technique were
from Hughes and Hughes (Enzymes) Ltd., Brentwood. All other reagents were of
analytical grade.

Preparation and incubation of diaphragms. The incubation medium was Krebs—
Henseleit bicarbonate buffer®! saturated with 959 oxygen, 5% carbon dioxide, to
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which was added bovine serum albumin (2 mg/ml), to prevent losses of insulin by
adsorption to glass,®* and glucose (3 mg/mi). Metformin hydrochloride and sodium
butyrate were dissolved in this medium as required. Insulin solutions were prepared
by dilution with the medium from a stock solution (1 mg/ml) in 0-03 M-HCI.

Hemidiaphragms were prepared by the method of Vallance-Owen and Hurlock.?3
They were rinsed for 15 min in ice-cold medium with no additions, then gently
blotted, weighed on a torsion balance, and placed in a conical flask containing 2 ml
of medium with the appropriate additions. The flasks were incubated with shaking
at 37° for 90 min. The hemidiaphragms were then blotted and dissolved in 2 ml
309% (w/v) KOH at 100° for estimation of glycogen content. Duplicate samples of
residual medium were taken for glucose estimation.

Glucose and glycogen estimation. Glucose was estimated by a glucose oxidase tech-
nique.®* Glycogen was estimated by a method based on that of Walaas and Walaas.3®
After hydrolysis of glycogen the resulting glucose was estimated by the glucose oxidase
method as above.

Experimental design. One hemidiaphragm from each rat was used as a control (no
metformin added). The other was incubated under identical conditions but with
metformin added. Equal numbers of left and right hemidiaphragms were used as
controls. Experimental design was balanced to eliminate any effects resulting from
the order of commencing incubation.

Results are expressed as amount of glucose utilized during 90 min (or as glycogen
content after incubation) in milligrams per gram wet wt of tissue. Percentage changes
due to drug are calculated “within rats”, and mean percentage changes are shown for
each experiment.

RESULTS

Effects of metformin on normal isolated rat diaphragm. Metformin in a concentration
of 10 pg/ml had no significant effects on glucose uptake by diaphragm muscle from
non-diabetic rats in the presence of various concentrations of insulin. At a concentra-
tion of 100 pg/m metformin caused a significant depression of uptake (Fig. 1).
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Fic. 1. Effects of metformin on glucose uptake by isolated hemidiaphragms from non-diabetic rats.
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Fic. 2. Effects of metformin (10 pg/mi) on glycogen content (after 90 min incubation) of isolated
hemidiaphragms from non-diabetic rats.

The effects of metformin (10 pg/ml) on glycogen deposition by this preparation are
shown in Fig. 2. The glycogen content of the muscle was decreased after incubation
with metformin in the absence of insulin and in the presence of a high insulin con-
centration (1000 pU/ml), and increased by metformin in the presence of insulin at an
intermediate concentration of 100 pU/ml.

Effects of metformin on diaphragms from alloxan-diabetic rats. Glucose uptake by
diaphragms from alloxan-diabetic rats was significantly reduced both in the absence
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Fic. 3. Comparison of glucose uptake by isolated hemidiaphragms from normal and matched alloxan-
diabetic rats.
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and the presence of insulin (100 £ U/ml) when compared on a ““between rats” basis with
diaphragms from normal rats, matched with respect to the time of killing (Fig. 3).
The percentage increase in uptake due to insulin (100 U/ml) was also reduced in
these diaphragms. (Percentage increase in glucose uptake caused by insulin (between-
rats comparisons): Diabetic 4+ 37 =+ 32 per cent, Normal 4 65 4 14 per cent,
means 4 S. E.; N = 10 in each case.) Metformin (10 pg/ml) caused a significant
increase in glucose uptake by diaphragms from alloxan-diabetic rats in the presence
of insulin (100 pU/ml) but had no significant effect in the absence of insulin (Fig. 4).
Changes in glycogen level produced by metformin were not significant at the 0-05
level in either case. (Results not shown.)
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FiG. 4. Effects of metformin (10 ug/ml) on glucose uptake by isolated hemidiaphragms from alloxan-
diabetic rats.

Effects of metformin on diaphragms incubated with free fatty acids (FFA). Dia-
phragms from normal rats incubated in a medium containing sodium n-butyrate (0-25
mg/mi) show reduced glucose uptake.®-37 In the present experiments this reduction
occurred both in the absence and presence of insulin (100 U/ml) but was statistically
significant only in the latter case (Fig. 5). Metformin (10 pg/ml) caused a significant
increase in glucose uptake by this preparation in the presence of insulin (100 pU/ml)
and a significant depression of uptake in the absence of insulin (Fig. 6). Glycogen
levels were increased and decreased respectively by metformin, but in neither case
was the change significant at the 0-05 level. (Results not shown.)

DISCUSSION

An important feature of the biguanide drugs is their lack of hypoglycaemic effect
in normally-fed non-diabetic individuals. In the present study it was shown that
metformin in a therapeutic concentration of 10 ug/ml has no effect on glucose uptake
by diaphragm muscle from non-diabetic rats in the presence of various concentrations
of insulin, but causes a significant increase in glucose uptake by diaphragms from
alloxan-diabetic rats and by normal diaphragms incubated with sodium butyrate in
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the presence of insulin at a physiological concentration (100 pU/ml). The metabolism
of diaphragms incubated with a high concentration of FFA is similar to that seen in
diabetes, as will be described below. These results are therefore consistent with the
effects of the drug in man.
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Fia. 5. Effects of sodium n-butyrate (0-25 mg/ml) on glucose uptake by isolated hemidiaphragms
from non-diabetic rats.

These results are in conflict with those of previous studies showing that phenformin
and buformin may increase uptake by diaphragms from non-diabetic rats. As dis-
cussed above this may be due to the use in earlier experiments of high drug concentra-
tions. The therapeutic blood levels of phenformin and buformin in man are of the
order of 0-2 ug/ml.38-3% Most previous studies have involved concentrations of phen-
formin in the range 120-1000 pg/ml,?5-2° although Daweke and Bach?® showed that
buformin in a concentration of 10 pg/ml causes increased uptake by normal rat
diaphragm incubated in buffer without added insulin. In the present study it was
shown that a concentration of metformin of 100 ug/ml, ten times greater than its
maximum therapeutic blood level in man,*® produced a depression of glucose uptake
by normal rat diaphragm, and this unexpected result emphasises the danger with
the biguanide drugs of extrapolation from results obtained with high drug concentra-
tions.

The distinction between the effects of the drug at its therapeutic concentration on
glucose uptake by diaphragms frocm normal and diabetic animals is explicable by
considering the metabolic differences between these tissues. In normal rat heart and
diaphragm membrane transport of glucose is the major rate-limiting step in glucose
utilization.*'~*¢ In muscle from a diabetic animal the membrane transport of glucose
is reduced when compared with normal muscle, and this defect is not fully overcome
by addition of insulin in vitre.*>-*® Under these conditions free intracellular glucose
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Fi1G. 6. Effects of metformin (10 pg/ml) on glucose uptake by isolated hemidiaphragms from non-
diabetic rats in the presence of sodium n-butyrate (0-25 mg/ml).

accumulates,*5:4%:50 showing that the phosphorylation of glucose by hexokinase
(EC 2.7.1.1) is also impaired and may become the rate-limiting step in glucose utiliza-
tion in muscle from a diabetic animal. This impairment of glucose uptake and insulin
sensitivity in diabetes, which has been demonstrated with the perfused rat heart and
“intact” diaphragm preparations, was confirmed in the present study using the iso-
lated rat hemidiaphragm (Fig. 3).

The depression of hexokinase activity in diabetes is due to a decrease in the total
activity of this enzyme®! as well as to regulation of its activity by the intracellular
concentration of glucose 6-phosphate (Glc 6-P), which is known to be a non-compe-
titive inhibitor in vitro.>? The abnormal FFA metabolism associated with diabetes33-33
may be involved.?%:37 Many of the metabolic changes associated with diabetes, in-
cluding the depression of hexokinase activity, are reproduced when normal heart or
diaphragm muscle is perfused with, or incubated in, a medium containing fatty acids
or ketone bodies.*%:% In the present study sodium s-butyrate (0-25 mg/ml) was shown
to impair glucose uptake by isolated rat diaphragm (Fig. 5). Short-chain fatty acids
such as butyric produce more consistent inhibition of glucose uptake than do long-
chain acids, probably because of the removal of the latter for esterification at high
insulin concentrations.?” The elevation of intracellular acetyl-CoA concentration
caused by fatty acid oxidation leads, via an increase in the citrate level, to inhibition
of phosphofructokinase (EC 2.7.1.11) and hence to an increased concentration of
Glc 6-P.*® In normal muscle in which membrane transport of glucose is the rate-
limiting step in its uptake, regulation of hexokinase by the intracellular Glc 6-P
concentration does not control membrane transport of monosaccharides.?

The stimulation of glucose uptake by metformin is thus seen in cases where the
phosphorylation of glucose may be rate-limiting. This is exactly the result to be ex-
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pected if metformin, in the presence of insulin, causes an increase in the rate of utiliza-
tion of Glc 6-P. In normal muscle, in which membrane transport of glucose is the
rate-limiting step, uptake of glucose is not affected, but when muscle from diabetic
animals or normal muscle incubated with FFA is stimulated with insulin so that
phosphorylation becomes rate-limiting, a reduction in Glc 6-P level will relieve
inhibition of hexokinase, and the resultant drop in intracellular free glucose concentra-
tion will cause increased membrane transport of glucose.

Some clues to the site of action of metformin in the muscle cell are provided by the
observations of the changes in glycogen deposition produced by metformin in normal
muscle (Fig. 2). In the presence of insulin at a physiological concentration (100 pU/ml)
the glycogen content is increased by metformin (10 pg/ml). This action of metformin
(“Action 17), a potentiation of the effect of insulin on glycogen synthesis, will result
in an increased rate of removal of Glc 6-P just as is necessary to explain the effects of
metformin on uptake by the “diabetic” muscle preparations.

The depression of glycogen content seen in the absence of insulin, and in the pre-
sence of a high concentration of insulin (1000 pU/ml) shows that metformin has an
additional effect (Action 2) opposed to that described above, this latter action being
independent of insulin.

The stimulation of glycogen synthesis by insulin is mediated by an increase in the
proportion of the “I” (physiologically active®®) form of the enzyme glycogen synthe-
tase (EC 2.4.1.11).%° These two actions of metformin may thus be seen as an inhibitory
action independent of insulin (Action 2), and a potentiation of the effect of insulin on
the conversion of the “D” (physiologically inactive®®) to the “I” form of glycogen
synthetase (Action 1). Since the insulin-stimulation of glycogen synthesis in this
preparation is fully saturated at a concentration of insulin of 1000 xU/m! (unpub-
lished observations), the inhibitory action (2) is again seen at high insulin concentra-
tions.

This leads to the prediction that in the absence of exogenous insulin the intracellular
Glc 6-P concentration will be raised by metformin, and that membrane transport of
glucose would be depressed in a situation in which phosphorylation is rate-limiting.
This is confirmed by the depression of glucose uptake caused by metformin in normal
diaphragms incubated with butyrate in the absence of added insulin (Fig. 6). No
significant effect is seen in diaphragms from diabetic rats in the absence of insulin
(Fig. 4) in which membrane transport is probably so reduced by the lack of endogenous
insulin that it is itself rate-limiting.

Previous workers have shown separate insulin-dependent and insulin-independent
actions of biguanides on glucose uptake into rat diaphragm muscle®*® and adipose
tissue.* This hypothesis may be simplified by a further speculation. Conversion of the
“D” to the “I” form of glycogen synthetase is mediated by the enzyme synthetase
“D’* phosphatase, which is subject to product inhibition by glycogen both in vitro®®
and in vivo.>® Both the postulated actions of metformin may be explained by suggest-
ing that the drug is bound preferentially to the glycogen binding site, producing some
degree of inhibition of this enzyme (Action 2). On stimulation of glycogen synthesis by
mnsulin the normal feedback inhibition by glycogen would be prevented, and so a
potentiation of the insulin effect would be seen (Action 1).

Whether or not these effects occur during biguanide treatment in vivo remains to
be tested, and information on glycogen levels in diabetic patients or animals treated
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with these drugs would be valuable. In rats, chronic treatment with phenformin
(100 mg/kg body wt s.c. for 7 days) produces a marked increase in the glycogen con-
tent of the diaphragm, heart and liver when compered with saline-treated controls.®!
No information is available in the case of metformin.
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