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Abstract-New evidence that metformin increases intestinal glucose 
metabolism has necessitated a re-examination of the effect of 
metformin on intestinalglucose absorption. Normal 18 h fasted mice 
received an intragastric bolus of metformin 2 h before preparation of 
everted gut sacs from the proximal, middle and distal regions of the 
jejunum and ileum. Net mucosal glucose transfer from the intestinal 
lumen into the tissue was reduced by 15 and 28% after 50 and 250 mg 
kg- I metformin, respectively (ANOVA, P < 0.05). Net glucose 
transfer into the serosal fluid was reduced by 12 and 70% after 50 and 
250 mg kg-' metformin respectively (ANOVA, P c  0.05 and 
P< 0.01). The inhibitory effect of metformin on both the mucosal 
and serosal glucose transfer mechanisms was greatest in the middle 
portion of the small intestine. The results suggest that metformin 
decreases intestinal glucose absorption in a dose-dependent manner 
by effects on mucosal and serosal glucose transfer. 

The glucose-lowering effect of metformin (dimethylbiguanide) 
has been attributed to increased peripheral glucose disposal and 
decreased hepatic glucose output (Bailey & Nattrass 1988). It 
has also been suggested that metformin might suppress intestinal 
glucose absorption, since the drug decreased glucose uptake by 
intestinal rings (Caspary & Creutzfeldt 1971) and decreased the 
appearance of glucose on the serosal side of everted gut sacs 
(Lorch 1971). However, the interpretation of these results must 
be re-examined in the light of recent reports that metformin 
increases intestinal glucose utilization (Bailey et  al 1989a; 
Penicaud et a1 1989; Wilcock & Bailey 1990), which could itself 
reduce the amount of glucose appearing a t  the serosal surface. 
Thus the present study was undertaken to determine simulta- 
neously the effect of metformin on glucose uptake from the 
lumen and its appearance at the serosal surface of the intestine. 

Materials and methods 

Adult male albino MF1 mice, 25-35 g, were housed and 
maintained as described previously (Bailey et al 1989b). Metfor- 
min hydrochloride (batch 2452) was obtained from Lipha 
Pharmaceuticals Ltd, West Drayton, U K  and all other chemi- 
cals were from BDH, Poole, UK. Groups of 18 h fasted mice 
received either metformin (50 or  250 mg kg-I) or water (5 mL 
kg-I) by gavage. After 2 h the mice were killed by cervical 
dislocation and the intestine from the ligament of Treitz to the 
ileocaecal junction was immediately removed and everted 
(Wilson & Wiseman 1954). The everted intestine was divided 
into 6 sacs corresponding to the proximal, middle and distal 
regions of the jejunum and ileum. Krebs Ringer bicarbonate 
(KRB) buffer (0.2 mL), pre-gassed with 95% 02-5% COz, pH 
7.4, supplemented with 5 mM glucose was injected into each sac. 
The sacs were weighed and incubated for 1 h a t  37°C in 5 mL pre- 
gassed KRB buffer supplemented with 15 mM glucose. After 
incubation, sacs were blotted, weighed, emptied of their fluid 
content and re-weighed. The glucose concentration was deter- 
mined (Stevens 1971) in the sac fluid (serosal fluid) and in the 
incubation medium (mucosal fluid). Changes in weight and 
glucose concentration were used to calculate net fluid and 
glucose movements (Levin 1967). Net mucosal glucose transfer 
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(MGT) is the amount of glucose disappearing from the mucosal 
fluid, and net serosal glucose transfer (SGT) is the amount of 
glucose appearing in the serosal fluid. Glucose transfer values 
were expressed as pmol g-l initial wet weight of tissue over the 
1 h incubation period. Net mucosal fluid transfer (MFT) is the 
decrease in volume of mucosal fluid and net serosal fluid transfer 
(SFT) is the increase in volume of serosal fluid, expressed as 
pL g-I wet weight of tissue. 

Data were analysed by two-way analysis of variance 
(ANOVA) and individual groups were compared using Stu- 
dent's unpaired t-test. Differences were considered to be signifi- 
cant for P < 0.05. 

Results and discussion 

In control mice, MGT and SGT were affected by the region of 
small intestine (ANOVA, P< 0.05), being greatest in the middle 
portion of the small intestine as shown in Fig. 1 and as reported 
by Newey (1967) and Pritchard & Porteous (1977). Intragastric 
administration of metformin (50 and 250 mg kg-I) 2 h before 
incubation oftissue reduced MGT and SGT in a dose-dependent 
manner ( P <  0.05). The mean total MGT (proximal jejunum to 
distal ileum) was reduced by 15% ( P  < 0.05) and 28% ( P  < 0.05), 
and the mean total SGT was reduced by 12% (P  < 0.05) and 70% 
( P <  0.01) after 50 and 250 mg kg-I metformin, respectively. The 
greatest reduction occurred in the middle portion of the small 
intestine. MFTand SFT were reduced (P<O.O5) by 250mg kg-' 
metformin (Fig. 2). The effect was most evident in the middle 
portion of the small intestine. The volume of fluid accumulated 
by the intestinal tissue (increase in wet weight of tissue) was not 
significantly altered by metformin (data not shown). 

The present study provides evidence that metformin decreases 
both net glucose transfer from the lumen into the intestinal tissue 
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FIG. 1. Effect of metformin on mucosal glucose transfer and serosal 
glucose transfer by everted sacs of small intestine from mice. 0 
Control; 0 metformin 50 mg kg-I; metformin 2 5 0  mg kg-l .  
Metformin was administered by gavage 2 h before preparation of 
everted sacs. Sacs were incubated for I h. J1.52, J3 ,11 ,12 ,13  refer to 
sacs prepared from the proximal, middle and distal regions of the 
jejunum and ileum. Values are mean+s.e.m. of 6-10 determina- 
tions. *P<O.O5 compared with control. 
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FIG. 2. Effect of metformin on mucosal fluid transfer and serosal 
fluid transfer by everted sacs of small intestine from mice. 0 Control; 

metformin 50 mg kg- I ;  metformin 250 mg kg- I .  Metformin was 
administered by gavage 2 h before preparation of everted sacs. Sacs 
were incubated for I h. JI ,  52, J3, 11, 12, I3 refer to sacs prepared 
from the proximal, middle and distal regions of the jejunum and 
ileum. Values are meanfs.e.m. of 6-10 determinations. *P<0.05 
compared with control. 

(MGT) and net glucose transfer across the serosal boundary 
(SGT). Studies with isolated enterocytes have established that 
glucose transport at  the mucosal brush border is secondary 
active and Na+-dependent (Kimmich 1981; Hopfer 1987). 
Metformin might reduce MGT by a direct effect on the glucose 
transporter or indirectly by an unknown mechanism. 

The reduction of SGT by 70% after an intragastric dose of 250 
mg kg-' metformin was comparable with a previous study 
(Lorch 1971). However, it is noteworthy that a therapeutically 
more relevant dose of 50 mg kg- metformin produced only a 
small (12%) reduction of SGT. Glucose transfer at  the basola- 
teral boundary of the enterocyte is mainly via a facilitated 
process which is Na+-independent, the net flux being directed by 
the glucose concentration gradient across this boundary (Kim- 
mich 1981; Hopfer 1987). 

Reduction of SGT by metformin could arise by a number of 
mechanisms. Firstly, inhibition of MGT would be expected to 
reduce the amount of glucose available for transfer out of the 
tissue at the serosal boundary. In the present study, inhibition of 
SGT may not be entirely a consequence of the reduction of 
MGT, since the higher dose of metformin (250 mg kg-I) reduced 
SGT for the whole intestine (70%) to a much greater extent than 
it reduced MGT (28%). Thus, in addition to an effect on the 
mucosal brush border, metformin appears able to affect glucose 
transfer a t  a subsequent step. 

Secondly, metformin might increase the amount of glucose 
retained within the intestinal wall. This is difficult to quantify 
since glucose is rapidly metabolized by intestinal tissue. How- 
ever, metformin did not increase fluid accumulation by the 
intestinal tissue, suggesting that the fluid for glucose distribution 
was not significantly altered. It is noteworthy that metformin 
reduced both MFT and SFT, which may reflect reduced solute 
transfer at  both the mucosal and serosal boundaries (Parsons 
1967). 

Thirdly, the direction of net glucose transfer across the serosal 
boundary would be sensitive to changes in glucose utilization by 
the tissue. Recent studies in our laboratory using intestinal rings 
and in-vivo techniques have demonstrated that metformin 
increases glucose utilization by the intestine, associated with 
increased lactate production (Bailey et al 1989a; Wilcock & 
Bailey 1990). 

Finally, metformin might act directly or indirectly to alter the 
number or  activity of the transporters responsible for glucose 
transfer a t  the serosal boundary. Acute changes of glucose 
metabolism and lactate production by the small intestine are 
Insulin-sensitive (Kellett et al 1984). Metformin can increase 
Insulin receptor binding, glucose uptake and glucose metabolism 
In other insulin-sensitive tissues (Bailey 1988; Bailey & Nattrass 

1988), and insulin receptors have recently been noted in the 
basolateral membrane of enterocytes (Gingerich et a1 1987). 
Since SGT is a net measure of bidirectional glucose transfer, the 
relative contribution of unidirectional glucose movements can- 
not be distinguished by the present technique. 

The present study has established that metformin reduced 
glucose uptake from the intestinal lumen as well as the transfer 
of glucose out of the tissue a t  the serosal boundary. Intestinal 
effects are envisaged to contribute together with increased 
peripheral glucose disposal and reduced hepatic gluconeogenesis 
to account for the antihyperglycaemic effect of metformin after 
an oral glucose challenge. 
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