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Metformin acutely lowers blood 
glucose levels by inhibition of 
intestinal glucose transport
olga Horakova, petra Kroupova, Kristina Bardova, Jana Buresova, petra Janovska, 
Jan Kopecky & Martin Rossmeisl

Metformin is currently the most prescribed drug for treatment of type 2 diabetes mellitus in humans. It 
has been well established that long-term treatment with metformin improves glucose tolerance in mice 
by inhibiting hepatic gluconeogenesis. Interestingly, a single dose of orally administered metformin 
acutely lowers blood glucose levels, however, little is known about the mechanism involved in this 
effect. Glucose tolerance, as assessed by the glucose tolerance test, was improved in response to 
prior oral metformin administration when compared to vehicle-treated mice, irrespective of whether 
the animals were fed either the standard or high-fat diet. Blood glucose-lowering effects of acutely 
administered metformin were also observed in mice lacking functional AMp-activated protein kinase, 
and were independent of glucagon-like-peptide-1 or N-methyl-D-aspartate receptors signaling. 
[18F]-FDG/PET revealed a slower intestinal transit of labeled glucose after metformin as compared to 
vehicle administration. Finally, metformin in a dose-dependent but indirect manner decreased glucose 
transport from the intestinal lumen into the blood, which was observed ex vivo as well as in vivo. 
our results support the view that the inhibition of transepithelial glucose transport in the intestine 
is responsible for lowering blood glucose levels during an early response to oral administration of 
metformin.

Metformin, the most potent of the biguanide analogs, was synthetized at the beginning of 20th century and intro-
duced to human medicine in 19581. Due to its excellent abilities to manage blood glucose levels accompanied 
by a superior safety profile, metformin became the most widely prescribed drug for type 2 diabetes (T2DM)2. 
Moreover, in the guidelines for the treatment of T2DM published in 2012, the American Diabetes Association 
and the European Association for the Study of Diabetes recommended metformin for the initial treatment of 
T2DM2. The main advantage of metformin is its ability to reduce blood glucose concentrations in the long term, 
which is accompanied by improvements in insulin sensitivity of peripheral tissues without increasing the risk of 
hypoglycaemia3 or body weight gain4. Moreover, metformin has also shown benefits in reducing cancer risk and 
improving cancer prognosis5, which could be associated with the ability of metformin to negatively regulate aer-
obic glycolysis (i.e. the Warburg effect) in cancer cells and to suppress tumor growth in vivo6. However, despite 60 
years of its extensive use the precise mechanism of metformin action is not sufficiently clarified.

It is widely accepted that the blood glucose-lowering effect of metformin is mediated mainly through the sup-
pression of hepatic glucose production. Therefore, the liver has been considered as the primary site of metformin 
action, and several mechanisms have been proposed, which could mediate metformin’s action including the acti-
vation of AMP-activated protein kinase (AMPK) by the upstream liver kinase B17, increased AMP/ATP ratio 
as a result of the inhibition of mitochondrial respiratory chain complex I8 and reduction of lactate and glycerol 
metabolism to glucose through a redox change by inhibiting mitochondrial glycerophosphate dehydrogenase9. 
Metformin could reduce hyperglycaemia also by improving peripheral insulin sensitivity and increasing glucose 
uptake in skeletal muscle10,11. Several studies suggest that the intestine also participates in blood glucose-lowering 
effect of metformin, mainly via changes in glucose uptake and anaerobic metabolism of enterocytes12, while 
increased production of an incretin hormone glucagon-like peptide-1 (GLP-1) could be involved as well13. 
Furthermore, there is convincing evidence that metformin changes intestinal microbiota in humans and the gut 
metabolome14, but the significance of this finding for whole-body glucose metabolism remains unclear. On the 
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other hand, the activation of the glucose-lactate-glucose futile cycle during long-term treatment with metformin, 
which includes both the intestine and the liver, results in increased energy consumption15.

Long-term effects of metformin have been the main focus of the majority of studies so far, and only few studies 
focused on the mechanism associated with blood glucose lowering in response to acute administration of met-
formin9,16,17. With regard to the acute effects of metformin, it has been shown recently that intraduodenal infu-
sion of this drug in obese and diabetic rats leads to a rapid (within the first 60 min) inhibition of hepatic glucose 
production during the clamp conditions, which is mediated via gut-brain axis, where the activation of duodenal 
AMPK represents the initial event18. It is also known that the activation of AMPK leads to an increase in GLP-1 
levels, both acutely and in the chronic setting16,18. Moreover, the expression of GLP-1 receptor (GLP1R) is widely 
distributed throughout the brain including neurons producing N-methyl-D-aspartate19, and vagal afferent acti-
vation enhances N-methyl-D-aspartate receptor (NMDAR)-mediated neuronal transmission in the nucleus of 
the solitary tract to lower glucose production via the hepatic vagal branch20. Further in this context, a rapid blood 
glucose-lowering effect during an oral glucose tolerance test (OGTT) has been demonstrated in mice and rats 
after oral administration of metformin16,21, however no clear explanation for this effect was provided.

In the present study, we examined the mechanisms that mediate the acute blood glucose-lowering effect of 
orally administered metformin in obese C57BL/6J mice fed a high-fat diet (HFD) or in their lean counterparts. 
We aimed to identify the tissues that are involved in the effect of oral metformin administered to overnight fasted 
mice 30 min before the start of OGTT. Our results strongly implicate changes in glucose uptake and transport in 
the small intestine in the blood glucose-lowering effect of orally administered metformin and suggest that these 
effects are independent of functional AMPK, as well as of GLP1R and NMDAR signaling.

Results
Dose-dependent improvement of glucose tolerance in response to acute oral administration 
of metformin in high-fat diet-fed mice. Male C57BL/6J mice were fed for 8 weeks a HFD starting at 3 
months of age (see Table S1 in Supplementary appendix for basic characteristics). To evaluate the acute effect of 
metformin on glucose homeostasis, overnight fasted mice were gavaged with metformin at 400, 200 or 60 mg/kg  
of body weight (i.e. M400, M200 and M60, respectively), and 30 min later they received glucose by gavage in 
the frame of a standard OGTT. Administration of a single dose of metformin resulted in the dose-depend-
ent improvement of glucose tolerance as evidenced by decreased blood glucose concentrations during OGTT 
(Fig. 1a; P < 0.001). The level of glucose intolerance expressed as the total area under the glucose curve (AUC) was 
reduced in all metformin-treated groups as compared to vehicle-treated controls (Fig. 1b; P < 0.001). Moreover, 
the reduction in AUC caused by the highest dose of metformin (i.e. M400) was significantly greater than that 
caused by the lowest metformin dose (i.e. M60; Fig. 1b). To assess the impact of the route of glucose administra-
tion regarding the effect of metformin on blood glucose levels, overnight fasted mice were gavaged with M400 or 
vehicle and 30 min later they received glucose via i.p. injections in the frame of a standard intraperitoneal glucose 
tolerance test (IPGTT). In contrast to OGTT, blood glucose levels did not significantly differ between the groups 
at 15 and 30 min after glucose administration (Fig. 1c). Of note, the change in plasma insulin levels that were 
determined at the baseline and 30 min after oral glucose administration was similar in all metformin-treated 
groups, thus suggesting that metformin-induced lowering of glycaemia during the OGTT cannot be explained by 
changes in plasma insulin levels (Figs 1d and S1).

Dose-dependent improvement of glucose tolerance induced by metformin in the presence of similar plasma 
insulin levels suggest some alternative mechanism to lowering blood glucose levels in response to metformin. 
Thus, in order to understand the blood glucose-lowering effect of a single dose of metformin we performed 2-[1,2–
3H (N)]-deoxy-D-glucose ([3H]-2-DG) uptake assay and examined the uptake of radioactively-labelled glucose 
from the blood into various tissues (Fig. 1e). M400 increased the [3H]-2-DG uptake in the brain and small intes-
tine 60 min after [3H]-2-DG administration, while it unexpectedly decreased glucose uptake in the liver as com-
pared to vehicle-treated animals (Fig. 1e; P < 0.05). Acute administration of metformin did not significantly affect 
[3H]-2-DG uptake in other major insulin-sensitive tissues such as adipose tissue and skeletal muscle when com-
pared to vehicle-treated mice (Fig. 1e). Next, we examined whether the response to orally given metformin is also 
associated with glucose tolerance of STD fed animals. OGTT in a standard diet (STD) fed mice (see Table S1 in 
Supplementary appendix for basic characteristics) revealed that orally given metformin is able to lower blood 
glucose levels independently of the diet (Fig. 2a,b; P < 0.001).

Glucose-lowering effect of acutely administered metformin is independent of functional AMPK 
and GLP1R or NMDAR signaling. In the following experiments, we tested whether any of the previously 
published mechanisms regarding the involvement of AMPK or GLP1R and NMDAR signaling could be involved 
also in the glucose-lowering effect of acutely administered oral metformin. To determine the role of AMPK, we 
performed OGTT in mice with a whole-body deletion of the α2 catalytic subunit of AMPK (AMPKα2-KO) 
mice and their wild-type littermates fed a low-fat chow, and also administered Compound C, a specific inhibitor 
of AMPK; the involvement of GLP1R and NMDAR signaling was then evaluated by examining the effects of their 
respective antagonists Exendin 9–39 and MK-801, respectively. In this context, metformin administered 30 min 
before the glucose gavage reduced glycaemia during OGTT in both wild-type and AMPKα2-KO mice (Fig. 2c,d; 
P < 0.001), as well as in mice that received Compound C (Supplementary appendix Fig. S2), Exendin 9–39 
(Fig. 2e,f; P < 0.005) or MK-801 (Fig. 2g,h; P < 0.007). These data demonstrate that metformin-induced improve-
ments in glucose tolerance are likely not mediated through the AMPK-GLP1R-NMDAR pathway activation.

Reduced whole-body glucose oxidation during an early response to metformin. Changes in tissue 
glucose uptake (Fig. 1e) cannot explain the above described decrease in blood glucose levels following an oral admin-
istration of metformin. Thus, we focused on the effect of metformin on whole-body energy metabolism. Indirect 
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calorimetry measurements performed in overnight fasted animals treated orally with M400 or vehicle revealed no 
differences in the mean values of respiratory quotient (RQ) between the groups before glucose gavage (Supplementary 
appendix Fig. S3). In response to glucose administration, RQ values increased more in the vehicle-treated group, sug-
gesting a higher glucose oxidation in mice without metformin. However, the RQ curves observed after glucose load-
ing did not differ significantly between the metformin- and vehicle-treated groups (Supplementary appendix Fig. S3). 
The maximal achieved glucose oxidation rates were significantly higher in the vehicle (1.5 mg/min) as compared to 
metformin (1.0 mg/min) group (Fig. 3a), and corresponded to a significantly higher amount of oxidized glucose in 
the vehicle-treated animals measured during the 1-hour period following glucose administration (Fig. 3b; P = 0.021), 
which corresponded to pronounced differences in both RQ (Supplementary appendix Fig. S3). Conversely, in the 
metformin-treated mice, a greater portion of exogenous glucose was not oxidized as compared to vehicle-treated mice 
(Fig. 3c; P = 0.014). This could suggest that after metformin treatment there was an incomplete glucose oxidation to 
CO2 or glucose was not transported from gastrointestinal tract to plasma.

Inhibition of transepithelial glucose transport from the intestinal lumen to the blood during 
an early response to metformin. Based on our observation that anaerobic glycolytic activity in the small 
intestine is not altered by oral gavage with metformin (Supplementary appendix Fig. S4), we investigated the 
effect of metformin on the intestinal transport of orally administered glucose (Fig. 4). First, we performed PET 
imaging using radiopharmaceutical [18F]-FDG to visualize the accumulation of the tracer in the small intestine 

Figure 1. Metformin improves glucose tolerance independently of changes in plasma insulin levels. Overnight 
fasted mice fed HFD for 8 weeks were first given either vehicle or metformin at a dose of 400 mg/kg body weight 
(M400), 200 mg/kg (M200), or 60 mg/kg (M60) by oral gavage, and 30 min later D-glucose was administered either 
orally at a dose of 3 mg/g body weight or intraperitoneally at a dose of 1 mg/g body weight to start OGTT and 
IPGTT, respectively. (a) Glycemic curves during OGTT, and (b) the corresponding AUC values (a–b; aP < 0.001 
vs. vehicle; bP < 0.015 vs. M60; One-way ANOVA. (c) Glycemic curves during IPGTT (aP < 0.005 vs. vehicle; 
t-test). (d) Plasma insulin concentrations during OGTT (One-way ANOVA). (e) Tissue uptake of [3H]-2-DG 
administered by i.p. injections to metformin (M400) or vehicle-treated HFD mice, and assessed 60 min after the 
injection of [3H]-2-DG. eWAT, epididymal white adipose tissue; BAT, brown adipose tissue; SMQ, skeletal muscle 
(m. quadriceps); SMS, skeletal muscle (m. soleus). aP < 0.05 vs. vehicle; t-test. Data are means ± SEM (n = 6).
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Figure 2. Metformin improves glucose tolerance independently of obesity, AMPK or GLP-1R and NMDAR 
signaling. Overnight fasted mice were given either vehicle (V) or metformin (M) at a dose of 400 mg/kg body 
weight by oral gavage, and 30 min later D-glucose was orally administered at a dose of 3 mg/g to start OGTT. 
(a) Glycemic curves during OGTT performed in STD- and HFD-fed mice treated with vehicle (V-STD and 
V-HFD mice) or metformin (M-STD and M-HFD mice), and (b) the corresponding AUC values. Data are 
means ± SEM (n = 6). aP < 0.001 vs. V-STD; bP < 0.001 vs. V-HFD; cP < 0.001 vs. M-HFD by One-way ANOVA. 
(c) Glycemic curves during OGTT performed in AMPKα2-KO (KO) or wild-type (WT) mice treated with 
vehicle (V-KO and V-WT mice) or metformin (M-KO and M-WT mice), and (d) the corresponding AUC 
values. Data are means ± SEM (n = 6). aP < 0.001 vs. V-WT; bP < 0.001 vs. V-KO by One-way ANOVA. (e) 
Glycemic curves during OGTT performed in mice treated either with vehicle (V) or Exendin 9–39 (EXE), 
which were given via i.p. injections 10 min before either metformin (M-V and M-EXE mice) or vehicle (V-V 
and V-EXE mice) administration, and (f) the corresponding AUC values. Data are means ± SEM (n = 6). 
aP < 0.005 vs. V-V; bP < 0.005 vs. V-EXE by One-way ANOVA. (g) Glycemic curves during OGTT performed 
in mice treated either with vehicle (V) or MK-801 (MK), which was given via i.p. injections 10 min before either 
metformin (M-V and M-MK mice) or vehicle (V-V and V-MK mice) administration, and (h) the corresponding 
AUC values. aP < 0.007 vs. V-V; bP < 0.007 vs. V-MK by One way ANOVA. Data are means ± SEM (n = 4–5).
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of mice pretreated with either M400 or vehicle (Fig. 4b); it showed that the intestinal transit of [18F]-FDG, 
assessed 30 min after its oral administration, was slower in metformin-treated mice than in vehicle-treated con-
trols (Fig. 4b). The level of tissue [18F]-FDG uptake from the intestinal lumen, assessed 60 min after [18F]-FDG 
administration, was ~10-fold higher in the proximal small intestine of mice pretreated with metformin than in 
vehicle-treated controls (Fig. 4a; P < 0.005), while in the distal small intestine, colon and liver it was comparable 
between the two groups (Fig. 4a). In order to further analyze the transport capacity of the intestine for glucose, we 
performed ex vivo analysis of glucose transepithelial transport in the direction from the intestinal lumen to the 
blood using the technique of everted sacs prepared from different intestinal segments of mice pretreated either 
with metformin or vehicle (Fig. 4c). Glucose concentration in the serosal solution was almost ~3-fold lower when 
using everted sacs from proximal jejunum and proximal ileum of metformin-treated mice (Fig. 4c; P < 0.001; 
t-test), while in the sacs from distal jejunum and distal ileum glucose concentrations were comparable in both 
groups of mice (Fig. 4c). To examine whether metformin has a direct effect on glucose transport, everted sacs 
obtained from untreated mice were incubated for 60 min in the presence or absence of metformin (50 mmol/L). 
However, under these conditions, glucose concentrations in the serosal fluid were similar in both groups (Fig. 4d). 
To confirm the relationship between the reduced transepithelial glucose transport in the small intestine and blood 
glucose-lowering effect of acutely administered metformin, we tested whether the inhibition of intestinal glucose 
transport by metformin is also dose-dependent. Ex vivo analysis of glucose transepithelial transport in everted 
sacs prepared from mice that received either M60 or M400 revealed reduction of glucose transport in proximal 
jejunum by 28% and 70%, respectively, and in proximal ileum by 30% and 76%, respectively, when compared to 
vehicle-treated group (Fig. S5; P < 0.001). While the PET data may suggest not only slower intestinal transit but 
also delayed gastric emptying, possibly resulting in lower availability of glucose in the intestine of metformin 
treated animals, we bypassed the stomach through intraduodenal administration of glucose bolus 30 min after 
oral administration of metformin or vehicle. Glucose concentrations measured in portal vein blood 10 min later 
were significantly lower in metformin-treated mice (11.6 ± 0.8 mmol/L) as compared to vehicle-treated controls 
(17.7 ± 1.3 mmol/L; Fig. 4e; P = 0.008).

These data demonstrate that metformin stimulates glucose uptake from the intestinal lumen to the tissue 
primarily in the proximal jejunum, but at the same time reduces the transport of glucose to the blood across 
intestinal epithelia in the proximal jejunum as well as in proximal ileum in a dose-dependent manner. These 
metformin-driven changes in the intestinal glucose transport are apparent when metformin is administered by 
oral gavage in vivo but not when it is directly applied to intestinal tissue ex vivo.

Figure 3. Whole-body glucose oxidation is reduced in response to oral administration of metformin. 
Overnight fasted mice fed HFD for 8 weeks were placed in the measuring chambers of the indirect calorimetry 
system INCA, and then given either vehicle or metformin at a dose of 400 mg/kg body weight (M400) by 
gavage. Thirty min later (i.e. at 11:30 a.m.) D-glucose was orally administered at a dose of 3 mg/g body weight. 
The use of substrates during the experiment was monitored as the change in the RQ values measured by INCA. 
(a) The curves representing changes in the whole-body glucose oxidation rate that was calculated from the 
data obtained by indirect calorimetry (see Methods for details); arrows indicate the administration times 
of metformin (vehicle) and D-glucose. (b) The amount of glucose oxidized during a time interval of 60 min 
(12:00 p.m.–13:00 p.m.) within the indirect calorimetry measurements. aP = 0.021 vs. vehicle by t-test. (c) The 
amount of exogenous (i.e. administered) glucose that was not oxidized to CO2, calculated for a time interval of 
60 min (12:00 p.m.–13:00 p.m.) during the indirect calorimetry measurements. aP = 0.014 vs. Vehicle by t-test; 
Data are means ± SEM (n = 5).
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Discussion
We present evidence that the small intestine plays a key role in the early response to oral administration of met-
formin in mice. Metformin was more effective in lowering blood glucose levels when it was administrated orally 
as compared to its intravenous administration. In agreement with this observation, we demonstrate that within 

Figure 4. Metformin slows down the intestinal transit and stimulates glucose uptake from intestinal lumen into 
proximal intestinal segments while inhibiting glucose transport from intestinal lumen to circulation. Overnight 
fasted mice fed HFD for 8 weeks were first given vehicle or metformin at a dose of either 400 mg/kg (M400; 
a–c,e) or 60 mg/kg (M60; e) by oral gavage, followed by oral administration of [18F]-FDG (a,b) or incubation in 
10 mM D-glucose solution (c–e) 30 min later. (a) The accumulation of [18F]-FDG in selected tissues measured 
during a time interval of 60 min following the administration of radioisotope. The intestinal content was 
carefully removed before the measurement. aP < 0.005 vs. vehicle by t-test (b) Representative images of [18F]-
FDG accumulation obtained by PET/CT scanning; the time frame is 20–30 min following the administration 
of [18F]-FDG; arrows: green, stomach; blue, proximal segments of small intestine; red, distal segments of small 
intestine; yellow, bladder. (c) Glucose transport across intestinal epithelia measured ex vivo using everted gut 
sacs prepared from mice previously treated with either metformin (M400) or vehicle. (d) Glucose transport 
across intestinal epithelia into serosal fluid measured ex vivo using everted gut sacs prepared from vehicle-
treated mice, and in the presence of 50 mM metformin (M 50 mM) only in the medium. (e) Glucose levels 
measured in vivo in blood samples from portal vein 10 min after intraduodenal administration of 75 mg glucose 
in mice previously treated with either metformin (M400) or vehicle. JEJ1, proximal jejunum; JEJ2, distal 
jejunum; IL1, proximal ileum; IL2, distal ileum. aP = 0.008 vs. vehicle; t-test. Data are means ± SEM (n = 6).
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60 min after oral administration of metformin transepithelial glucose transport in the proximal segment of both 
jejunum and ileum is inhibited, presumably via indirect manner. We further demonstrate that the acute effects of 
orally administered metformin in terms of blood glucose-lowering are independent of functional AMPK, as well 
as of GLP1R and NMDAR signaling.

Long-term effects of metformin with regard to regulation of glucose homeostasis are based on several distinct 
activities in various organs and tissues, which include increased glucose disposal, particularly in the skeletal 
muscle22, as well as reduced hepatic glucose production9,23. However, in our current study, peripheral uptake of 
intraperitoneally injected [3H]-2-DG, a non-metabolizable analogue of glucose, increased significantly only in 
the brain and small intestine during the early phase of acute response to oral metformin in fasted HFD mice. 
In this respect, an intense and diffuse accumulation of intravenously injected [18F]-FDG has been previously 
observed in the small intestine and colon in humans, which was interpreted as a physiological response to both 
short- and long-term treatment with metformin24,25. Furthermore, glucose uptake in enterocytes from the 
blood was increased ~2-fold in the small intestine and ~3-fold in the colon of metformin-treated humans and 
mice, which was associated with improved glycemic control26. In our study, we observed a ~10-fold increase 
in [18F]-FDG uptake from the intestinal lumen of the proximal part of the small intestine, which was assessed 
60 min after oral administration of metformin and 30 min after oral administration of [18F]-FDG. This suggests 
that intestinal glucose uptake both from the intestinal lumen and from the circulation is an important deter-
minant of the early-phase of metformin action. Increased glucose utilization in the intestine may contribute to 
metformin-induced lactic acidosis. Our findings that oral metformin administered at 400 mg/kg to fasted HFD 
mice did not induce an increase in lactate production is in agreement with the unchanged plasma levels of lactate 
after the intragastric administration of metformin at 300 mg/kg, which was reported previously in normoglyce-
mic rats27.

Our current data suggest that reduced transport of intragastrically administered glucose across intestinal epi-
thelia might be responsible for blood glucose lowering in response to oral metformin administration. This con-
clusion is based on the calculation of whole-body glucose oxidation, which was derived from the data obtained 
by indirect calorimetry, as well as on the fact that lactate production was not changed after oral metformin. An 
important role of the intestine is also supported by the fact that the strongest glucose-lowering effect of met-
formin is observed after its oral administration as compared to intraportal or intravenous infusions28. Following 
an oral administration of metformin in humans, ~70% of the dose is absorbed from the small intestine while the 
remainder passing into the colon before being excreted in feces29. Non-metabolized metformin is also excreted in 
urine, since no metabolites have been reported29.

We found that the acute response to oral administration of metformin followed by orally given glucose 
includes a profound inhibition of glucose transport from the intestinal lumen to circulation in the proximal seg-
ment of both jejunum and ileum. The difference between the uptake of [18F]-FDG into tissue in vivo and glucose 
transport in everted gut sacs of proximal ileum is presumably caused by different glucose availability. Thus, in 
postprandial state, glucose passing through the intestine reached low concentrations in the ileum, whereas all 
the gut segments that were analyzed as the everted sacs ex vivo were incubated in the solution of equally con-
centrated glucose. Glucose absorption from lumen to enterocytes is known to be mediated by Na(+)/glucose 
co-transporter (also known as SGLT1) that is located on the apical membrane of the cells, while the passive 
exit of glucose across the basolateral membrane occurs through the uniporter glucose transporter 2 (GLUT2)30. 
Mutations in SGLT1 cause a major defect in glucose absorption, but mutations in GLUT2 do not appear to dis-
rupt glucose absorption31. Studies on Fanconi-Bickel patients with a mutation in GLUT2 suggest that there is 
another exit pathway for glucose that may involve exocytosis32. Little is known about how metformin regulates 
GLUT transporters, although some evidence shows that metformin promotes their translocation to the apical 
membrane33. It is also reported, that metformin stimulates expression of SGLT1 and GLUT234. Recently, a pol-
ymorphism in the Slc2a2 gene, associated with altered GLUT2 expression in the small intestine, liver and other 
tissues, was identified as a genetic component of the glycemic response to metformin using genome-wide associ-
ation studies34. We showed that metformin-induced inhibition of the intestinal glucose transport to circulation, 
together with the observed increase of intestinal glucose uptake into enterocytes, lead to accumulation of glucose 
in the intestine. This accumulation could be either a result of inhibited glucose transport to circulation or an 
impairment of glucose metabolism in enterocytes.

Lack of an inhibitory effect of metformin on the intestinal transepithelial glucose transport observed when 
metformin was applied directly to everted sacs obtained from different intestinal segments of previously 
untreated mice suggests that this process is regulated indirectly and is dependent on the oral route of metformin 
administration. Since metformin promotes apical localization of GLUT2 via activation of AMPK in rodent 
enterocytes35, and the inhibition of hepatic glucose production has been shown to be driven by the duodenal 
AMPK-GLP1R-NMDAR-dependent pathway18, we tested the role of AMPK in the acute response to orally given 
metformin. While the AMPK α1/β2/γ1 complex is more abundant in differentiated intestinal epithelial cells36, 
the AMPK α1 deletion in intestinal epithelium suppressed intestinal differentiation in mouse jejunum with a 
reduced mucosal height and villin content37. In contrast, mice lacking AMPKα2 are characterized by decreased 
protein levels of GLUT2 and GLUT5 in the intestine, and increased levels of SGLT1 in the jejunum38. In our cur-
rent study, in response to acute metformin treatment, the AMPKα2-KO mice exhibited an equal suppression of 
blood glucose levels during OGTT as wild-type mice. Furthermore, since neither Compound C, Exendin 9–39 
nor MK-801 affected the ability of metformin to lower blood glucose levels during OGTT, the involvement of 
the AMPK-GLP1R-NMDAR pathway in the inhibition of intestinal glucose transport during the acute response 
to oral metformin can be excluded. However, our results do not rule out other possible mechanisms involved in 
the blood glucose-lowering effect of oral metformin, such as the inhibition of hepatic glucose production (HGP) 
driven by the gut-brain-liver axis18. Nevertheless, inhibition of HGP appears to be less involved in acute lower-
ing of blood glucose levels in response to metformin when compared to inhibition of intestinal transepithelial 
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glucose transport in the intestine, since (i) we did not observe differences in blood glucose levels 30 min after 
administration of metformin (i.e. before the start of OGTT) as compared to vehicle-treated mice, (ii) we observed 
a stronger blood glucose lowering effect of metformin when glucose was administrated orally as compared to i.p. 
administration, and (iii) the expected effects of metformin on HGP during OGTT should be more profound in 
HFD mice with impaired insulin-driven HGP inhibition when compared to insulin sensitive STD mice, but this 
was not the case.

Our observation, that metformin slows down gastric and intestinal passage of FDG, implicates a delayed 
gastric emptying or decreased intestinal motility as a possible indirect mediator of metformin’s action. The rate 
of gastric emptying is now recognized to be a major determinant of the early as well as the overall postprandial 
glucose excursions in both healthy individuals and T2DM subjects39, while the acute oral metformin adminis-
tration was shown to slow down gastric emptying in both the diabetic and control mice40,41. The fact that intra-
duodenal administration of glucose did not diminish the blood glucose-lowering effect of metformin does not 
support the role of gastric emptying as the major mechanism involved. In this regard, a study in healthy humans 
using intraluminal impedance monitoring indicated that pharmacological reduction of intraduodenal flow with 
an anticholinergic agent is associated with delayed absorption of luminal glucose42. Reversely, a previous study 
has documented that stimulation of intestinal motility is associated with a rise in nutrient absorption in rats43. 
In both mice and humans, intestinal smooth muscle cells contractility in response to acetylcholine is mediated 
by M2 and M3 muscarinic receptors44. Previous study implicated the M3 muscarinic pathway in the mediation 
of the effect of metformin45. On the other hand, acute changes in the blood glucose concentration are now rec-
ognised to have a major, reversible impact on the motor function of the gastrointestinal tract46. The upper gut 
function appears to be modified by inputs from the central nervous system. Therefore, our finding that metformin 
increased glucose uptake also in the brain may suggest the role of CNS in the acute effect of metformin, proba-
bly at the level of glucose sensing and regulation of intestinal motility. It has been shown that acute metformin 
administration activated neurons in the paraventricular nucleus (PVN), area postrema, and central amygdala47. 
GLUT2, the more suitable candidate for brain glucose-sensing, is expressed in the PVN48, and glucose-excited as 
well as glucose-inhibited neurons are also located there. Furthermore, both types of neurons are located in the 
dorsal vagal complex in the brain stem, which encompasses the dorsal motor nucleus of the vagus49.

In conclusion, we show that the inhibition of segment-specific glucose transport from the intestinal lumen 
to the blood represents a common mechanism that is employed in the acute response to oral administration of 
metformin, which is independent of any changes of metabolism induced by obesity and/or insulin resistance. Our 
findings contribute to understanding of the general mechanisms by which metformin exerts its effects on glucose 
homeostasis, and which might also contribute to its anti-diabetic effects upon chronic administration.

Methods
Animals and experimental setup. Three-months-old C57BL/6J strain susceptible to development of obe-
sity (from the colony maintained at the Institute of Physiology) as well as transgenic male AMPKα2-KO mice 
(see ref.50) and their wild-type littermates on C57BL/6J background were kept in a controlled environment, i.e. at 
22 °C, 50% humidity, and 12-h light-dark cycle, with food and water ad libitum. Mice were fed either STD (Ssniff 
R/M-H diet, Ssniff Spezialdieten GmbH, Soest, Germany), containing 9 wt% as lipids, or corn oil-based HFD 
containing 35 wt% as lipids51 for 8 weeks. On the day before each experiment, food was removed from the cages 
for ~15 hours (starting at 6:00 p.m.). On the day of experiment, mice were randomly assigned to treatments at a 
number of 5–6 mice per group. The experiments followed guidelines for the use and care of laboratory animals of 
the Institute of Physiology which are based on the Czech law regarding the protection of animals against cruelty 
(no. 246/1992). The experiments were approved by the Ethical Committee of the Czech Academy of Sciences 
under the protocol no. 81/2016.

Glucose tolerance test and administration of drugs. Overnight fasted mice were treated either with 
saline (vehicle) or M400, M200 and M60, respectively(Glucophage; Merck, France) administered by oral gavage. 
Thirty min later animals were given D-glucose either orally at a dose 3 g/kg or intraperitoneally at a dose 1 g/kg  
and subjected to GTT. The degree of glucose intolerance was quantified as AUC. Insulin levels were measured 
in plasma obtained from blood samples collected before and 30 min after glucose administration, using the 
Sensitive rat insulin RIA kit (Merck Millipore, USA). Compound C (20 mg/kg body weight; Abcam), Exendin 
9–39 (0.1 mg/kg body weight; Sigma Aldrich) and MK-801 (0.3 mg/kg body weight; Sigma Aldrich), i.e. the phar-
maceutical antagonists of the AMPK, GLP1R and NMDAR, respectively, were administered via i.p. injections 
30 min (Compound C) or 10 min (Exendin 9–39, MK-801) before metformin.

Glucose uptake. Tissue uptake of glucose after metformin administration was evaluated using [3H]-2-DG 
solution (1 mCi/ml, Perkin Elmer, USA). Overnight fasted mice were first given either M400 or vehicle by oral 
gavage and 30 min later the mice received D-glucose (3 g/kg) by oral gavage and [3H]-2-DG (4 µCi/mouse) via 
i.p. injection. After additional 60 min (i.e. 90 min after metformin/vehicle administration), mice were killed by 
cervical dislocation under diethylether anaesthesia and the brain, liver, skeletal muscle (i.e. m. soleus and m. 
quadriceps femoris), white adipose tissue from the epididymal fat depot, interscapular brown fat, small intestine, 
and kidney were dissected. Tissues were dissolved in Solvable tissue solubilizer (Perkin-Elmer, USA), radioactiv-
ity was measured by liquid scintillation counting, and the final results were presented as disintegrations per min 
(DPM) per 100 mg of wet tissue.

Measurement of lactate production. The lactate production was measured in jejunal explants using the 
Seahorse XF24 instrument. For a more detailed description see the Supplementary appendix.
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Indirect calorimetry. Overnight fasted mice were given either M400 or vehicle by oral gavage and placed 
into the measurement chambers of the indirect calorimetry system INCA (Somedic, Sweden). The chambers were 
thermostatically controlled at 22 °C, the readings corresponding to VO2 consumption and VCO2 production were 
recorded every 2 min under a constant airflow rate (1000 ml/min). After 60 min representing the baseline meas-
urement, mice were given D-glucose solution (3 g/kg) by oral gavage and returned to the measurement chambers. 
To assess fuel partitioning, RQ was calculated (RQ = VCO2/VO2). The level of whole-body glucose oxidation was 
calculated using the equation (4.55 × VO2) − (3.21 × VCO2)52. The amount of oxidized glucose was calculated from 
a 60 min interval starting 30 min after glucose administration. The amount of non-oxidized glucose was calcu-
lated as the amount of glucose delivered by gavage minus the amount of glucose oxidized.

[18F]-FDG-PET imaging. Overnight fasted mice were treated with a single dose of M400 or vehicle admin-
istered by oral gavage 30 min prior to [18F]-FDG administration. Approximately 10 MBq of [18F]-FDG dissolved 
in 0.3 ml of vehicle was administered by oral gavage. To verify the net injected dose, the residual dose of radiop-
harmaceuticals in the syringe was measured after the injection. Mice were maintained under the isoflurane anes-
thesia during the accumulation and scanning periods. PET and computed tomography (CT) scans were obtained 
on a dedicated μ-PET Albira system (Bruker, USA). A 10-min PET image acquisition began at 20 min following 
oral administration of [18F]-FDG. A CT-image was acquired for attenuation correction purposes. Images were 
reconstructed using the software PMOD (PMOD Technologies Ltd., Switzerland). All scans were visually ana-
lyzed. Liver, skeletal muscle, stomach and various segments of the small and large intestines (free of stool) were 
immediately excised and measured for radioactivity by a gamma counter.

Everted gut sacs. Overnight fasted mice were given M400 or vehicle by oral gavage. After 30 min mice 
were killed by cervical dislocation under diethylether anaesthesia and two segments of jejunum and two seg-
ments of ileum were prepared as everted gut sacs53. Each segment was approximately 2 cm long. Sacs were filled 
with KRB buffer (i.e. representing the serosal fluid; 118.5 mmol/L NaCl, 4.75 mmol/L KCl, 2.7 mmol/L CaCl2, 
1.19 mmol/L KH2PO4, 1.09 mmol/L MgSO4*7 H2O, 25 mmol/L NaHCO3; pH = 7,2) and incubated in oxygenated 
KRB buffer containing D-glucose (10 mmol/L) at 37 °C for 1 hour. After the incubation, serosal fluid from the sacs 
was drained into a tube and glucose concentration in the serosal fluid was assessed using the glucose oxidase kit 
(Erba-Lachema, Czech Republic).

In vivo assessment of intestinal glucose transport. Overnight fasted mice were treated either with 
saline (vehicle) or metformin (Glucophage; Merck, France) at 400 mg/kg of body weight administered by oral 
gavage. After 30 min animals were given 75 mg of D-glucose by injecting into the lumen of the duodenum of mice 
anesthetized with isoflurane. Ten min later, concentration of glucose was measured in blood sample collected 
from portal vein.

Statistics. Data are presented as means ± SEM. Statistical analysis was performed with SigmaStat software. 
Data were analysed by two tailed t-test or One way ANOVA followed by Holm Sidak test. Specific P values are 
stated in the text of Results section and in the legends to figures P < 0.05 was considered significant.

Data Availability
The datasets generated during and analysed during the current study are available from the corresponding author 
on reasonable request.

References
 1. Sterne, J. Blood sugar-lowering effect of 1,1-dimethylbiguanide. Therapie 13, 650–659 (1958).
 2. Inzucchi, S. E. et al. Management of hyperglycaemia in type 2 diabetes: a patient-centered approach. Position statement of the 

American Diabetes Association (ADA) and the European Association for the Study of Diabetes (EASD). Diabetologia 55, 
1577–1596, https://doi.org/10.1007/s00125-012-2534-0 (2012).

 3. Effect of intensive blood-glucose control with metformin on complications in overweight patients with type 2 diabetes (UKPDS 34). 
UK Prospective Diabetes Study (UKPDS) Group. Lancet 352, 854–865 (1998).

 4. Knowler, W. C. et al. Reduction in the incidence of type 2 diabetes with lifestyle intervention or metformin. The New England Journal 
of Medicine 346, 393–403, https://doi.org/10.1056/NEJMoa012512 (2002).

 5. Morales, D. R. & Morris, A. D. Metformin in cancer treatment and prevention. Annual Review of Medicine 66, 17–29, https://doi.
org/10.1146/annurev-med-062613-093128 (2015).

 6. Faubert, B. et al. AMPK is a negative regulator of the Warburg effect and suppresses tumor growth in vivo. Cell Metabolism 17, 
113–124, https://doi.org/10.1016/j.cmet.2012.12.001 (2013).

 7. Shaw, R. J. et al. The kinase LKB1 mediates glucose homeostasis in liver and therapeutic effects of metformin. Science 310, 
1642–1646, https://doi.org/10.1126/science.1120781 (2005).

 8. Owen, M. R., Doran, E. & Halestrap, A. P. Evidence that metformin exerts its anti-diabetic effects through inhibition of complex 1 
of the mitochondrial respiratory chain. The Biochemical Journal 348(Pt 3), 607–614 (2000).

 9. Madiraju, A. K. et al. Metformin suppresses gluconeogenesis by inhibiting mitochondrial glycerophosphate dehydrogenase. Nature 
510, 542–546, https://doi.org/10.1038/nature13270 (2014).

 10. Kristensen, J. M., Treebak, J. T., Schjerling, P., Goodyear, L. & Wojtaszewski, J. F. Two weeks of metformin treatment induces AMPK-
dependent enhancement of insulin-stimulated glucose uptake in mouse soleus muscle. American Journal of Physiology. 
Endocrinology and Metabolism 306, E1099–1109, https://doi.org/10.1152/ajpendo.00417.2013 (2014).

 11. Sajan, M. P. et al. AICAR and metformin, but not exercise, increase muscle glucose transport through AMPK-, ERK-, and PDK1-
dependent activation of atypical PKC. American Journal of Physiology. Endocrinology and Metabolism 298, E179–192, https://doi.
org/10.1152/ajpendo.00392.2009 (2010).

 12. Bailey, C. J., Wilcock, C. & Day, C. Effect of metformin on glucose metabolism in the splanchnic bed. British Journal of Pharmacology 
105, 1009–1013 (1992).

 13. Preiss, D. et al. Sustained influence of metformin therapy on circulating glucagon-like peptide-1 levels in individuals with and 
without type 2 diabetes. Diabetes, Obesity &. Metabolism 19, 356–363, https://doi.org/10.1111/dom.12826 (2017).

https://doi.org/10.1038/s41598-019-42531-0
https://doi.org/10.1007/s00125-012-2534-0
https://doi.org/10.1056/NEJMoa012512
https://doi.org/10.1146/annurev-med-062613-093128
https://doi.org/10.1146/annurev-med-062613-093128
https://doi.org/10.1016/j.cmet.2012.12.001
https://doi.org/10.1126/science.1120781
https://doi.org/10.1038/nature13270
https://doi.org/10.1152/ajpendo.00417.2013
https://doi.org/10.1152/ajpendo.00392.2009
https://doi.org/10.1152/ajpendo.00392.2009
https://doi.org/10.1111/dom.12826


1 0Scientific RepoRts |          (2019) 9:6156  | https://doi.org/10.1038/s41598-019-42531-0

www.nature.com/scientificreportswww.nature.com/scientificreports/

 14. Wu, H. et al. Metformin alters the gut microbiome of individuals with treatment-naive type 2 diabetes, contributing to the 
therapeutic effects of the drug. Nature Medicine 23, 850–858, https://doi.org/10.1038/nm.4345 (2017).

 15. Schommers, P. et al. Metformin causes a futile intestinal-hepatic cycle which increases energy expenditure and slows down 
development of a type 2 diabetes-like state. Molecular Metabolism 6, 737–747, https://doi.org/10.1016/j.molmet.2017.05.002 (2017).

 16. Foretz, M. et al. Metformin inhibits hepatic gluconeogenesis in mice independently of the LKB1/AMPK pathway via a decrease in 
hepatic energy state. The Journal of Clinical Investigation 120, 2355–2369, https://doi.org/10.1172/JCI40671 (2010).

 17. Maida, A., Lamont, B. J., Cao, X. & Drucker, D. J. Metformin regulates the incretin receptor axis via a pathway dependent on 
peroxisome proliferator-activated receptor-alpha in mice. Diabetologia 54, 339-349, https://doi.org/10.1007/s00125-010-1937-z 
(2011).

 18. Duca, F. A. et al. Metformin activates a duodenal Ampk-dependent pathway to lower hepatic glucose production in rats. Nature 
Medicine 21, 506–511, https://doi.org/10.1038/nm.3787 (2015).

 19. Salcedo, I., Tweedie, D., Li, Y. & Greig, N. H. Neuroprotective and neurotrophic actions of glucagon-like peptide-1: an emerging 
opportunity to treat neurodegenerative and cerebrovascular disorders. British Journal of Pharmacology 166, 1586–1599, https://doi.
org/10.1111/j.1476-5381.2012.01971.x (2012).

 20. Bauer, P. V. & Duca, F. A. Targeting the gastrointestinal tract to treat type 2 diabetes. The Journal of Endocrinology 230, R95–R113, 
https://doi.org/10.1530/JOE-16-0056 (2016).

 21. Tahara, A., Matsuyama-Yokono, A., Nakano, R., Someya, Y. & Shibasaki, M. Hypoglycaemic effects of antidiabetic drugs in 
streptozotocin-nicotinamide-induced mildly diabetic and streptozotocin-induced severely diabetic rats. Basic & Clinical 
Pharmacology &. Toxicology 103, 560–568, https://doi.org/10.1111/j.1742-7843.2008.00321.x (2008).

 22. Galuska, D., Zierath, J., Thorne, A., Sonnenfeld, T. & Wallberg-Henriksson, H. Metformin increases insulin-stimulated glucose 
transport in insulin-resistant human skeletal muscle. Diabete & Metabolisme 17, 159–163 (1991).

 23. DeFronzo, R. A., Barzilai, N. & Simonson, D. C. Mechanism of metformin action in obese and lean noninsulin-dependent diabetic 
subjects. The Journal of Clinical Endocrinology and Metabolism 73, 1294–1301, https://doi.org/10.1210/jcem-73-6-1294 (1991).

 24. Yilmaz, S. et al. Metformin-Induced Intense Bowel Uptake Observed on Restaging FDG PET/CT Study in a Patient with Gastric 
Lymphoma. Molecular Imaging and Radionuclide Therapy 20, 114–116, https://doi.org/10.4274/MIRT.020573 (2011).

 25. Ozulker, T., Ozulker, F., Mert, M. & Ozpacaci, T. Clearance of the high intestinal (18)F-FDG uptake associated with metformin after 
stopping the drug. European Journal of Nuclear Medicine and Molecular Imaging 37, 1011–1017, https://doi.org/10.1007/s00259-
009-1330-7 (2010).

 26. Koffert, J. P. et al. Metformin treatment significantly enhances intestinal glucose uptake in patients with type 2 diabetes: Results from 
a randomized clinical trial. Diabetes Research And Clinical Practice 131, 208–216, https://doi.org/10.1016/j.diabres.2017.07.015 
(2017).

 27. DeFronzo, R., Fleming, G. A., Chen, K. & Bicsak, T. A. Metformin-associated lactic acidosis: Current perspectives on causes and 
risk. Metabolism: Clinical And Experimental 65, 20–29, https://doi.org/10.1016/j.metabol.2015.10.014 (2016).

 28. Stepensky, D., Friedman, M., Raz, I. & Hoffman, A. Pharmacokinetic-pharmacodynamic analysis of the glucose-lowering effect of 
metformin in diabetic rats reveals first-pass pharmacodynamic effect. Drug Metabolism And Disposition: The Biological Fate Of 
Chemicals 30, 861–868 (2002).

 29. Graham, G. G. et al. Clinical pharmacokinetics of metformin. Clinical Pharmacokinetics 50, 81–98, https://doi.org/10.2165/11534750-
000000000-00000 (2011).

 30. Stumpel, F., Burcelin, R., Jungermann, K. & Thorens, B. Normal kinetics of intestinal glucose absorption in the absence of GLUT2: 
evidence for a transport pathway requiring glucose phosphorylation and transfer into the endoplasmic reticulum. Proceedings of the 
National Academy of Sciences of the United States of America 98, 11330–11335, https://doi.org/10.1073/pnas.211357698 (2001).

 31. Martin, M. G., Turk, E., Lostao, M. P., Kerner, C. & Wright, E. M. Defects in Na+/glucose cotransporter (SGLT1) trafficking and 
function cause glucose-galactose malabsorption. Nature Genetics 12, 216–220, https://doi.org/10.1038/ng0296-216 (1996).

 32. Wright, E. M., Martin, M. G. & Turk, E. Intestinal absorption in health and disease–sugars. Best Practice &. Research. Clinical 
Gastroenterology 17, 943–956, https://doi.org/10.1016/S1521-6918(03)00107-0 (2003).

 33. Ait-Omar, A. et al. GLUT2 accumulation in enterocyte apical and intracellular membranes: a study in morbidly obese human 
subjects and ob/ob and high fat-fed mice. Diabetes 60, 2598–2607, https://doi.org/10.2337/db10-1740 (2011).

 34. Lenzen, S., Lortz, S. & Tiedge, M. Effect of metformin on SGLT1, GLUT2, and GLUT5 hexose transporter gene expression in small 
intestine from rats. Biochemical Pharmacology 51, 893–896 (1996).

 35. Sakar, Y. et al. Metformin-induced regulation of the intestinal D-glucose transporters. Journal Of Physiology And Pharmacology: an 
official journal of the Polish Physiological Society 61, 301–307 (2010).

 36. Harmel, E. et al. AMPK in the small intestine in normal and pathophysiological conditions. Endocrinology 155, 873–888, https://doi.
org/10.1210/en.2013-1750 (2014).

 37. Sun, X., Yang, Q., Rogers, C. J., Du, M. & Zhu, M. J. AMPK improves gut epithelial differentiation and barrier function via regulating 
Cdx2 expression. Cell Death And Differentiation 24, 819–831, https://doi.org/10.1038/cdd.2017.14 (2017).

 38. Sakar, Y. et al. Positive regulatory control loop between gut leptin and intestinal GLUT2/GLUT5 transporters links to hepatic 
metabolic functions in rodents. PloS One 4, e7935, https://doi.org/10.1371/journal.pone.0007935 (2009).

 39. Holst, J. J., Gribble, F., Horowitz, M. & Rayner, C. K. Roles of the Gut in Glucose Homeostasis. Diabetes Care 39, 884–892, https://
doi.org/10.2337/dc16-0351 (2016).

 40. Rouquet, T. et al. Acute oral metformin enhances satiation and activates brainstem nesfatinergic neurons. Obesity 22, 2552–2562, 
https://doi.org/10.1002/oby.20902 (2014).

 41. Sato, D. et al. Acute Effect of Metformin on Postprandial Hypertriglyceridemia through Delayed Gastric Emptying. International 
Journal Of Molecular Sciences 18, https://doi.org/10.3390/ijms18061282 (2017).

 42. Chaikomin, R. et al. Concurrent duodenal manometric and impedance recording to evaluate the effects of hyoscine on motility and 
flow events, glucose absorption, and incretin release. American journal of physiology. Gastrointestinal And Liver Physiology 292, 
G1099–1104, https://doi.org/10.1152/ajpgi.00519.2006 (2007).

 43. Sababi, M. & Bengtsson, U. H. Enhanced intestinal motility influences absorption in anaesthetized rat. Acta Physiologica 
Scandinavica 172, 115–122, https://doi.org/10.1046/j.1365-201X.2001.00849.x (2001).

 44. Tanahashi, Y. et al. Multiple muscarinic pathways mediate the suppression of voltage-gated Ca2+ channels in mouse intestinal 
smooth muscle cells. British Journal Of Pharmacology 158, 1874–1883, https://doi.org/10.1111/j.1476-5381.2009.00475.x (2009).

 45. Mulherin, A. J. et al. Mechanisms underlying metformin-induced secretion of glucagon-like peptide-1 from the intestinal L cell. 
Endocrinology 152, 4610–4619, https://doi.org/10.1210/en.2011-1485 (2011).

 46. Chaikomin, R., Rayner, C. K., Jones, K. L. & Horowitz, M. Upper gastrointestinal function and glycemic control in diabetes mellitus. 
World Journal Of Gastroenterology 12, 5611–5621 (2006).

 47. Kim, H. J. et al. The effect of metformin on neuronal activity in the appetite-regulating brain regions of mice fed a high-fat diet 
during an anorectic period. Physiology & Behavior 154, 184–190, https://doi.org/10.1016/j.physbeh.2015.11.028 (2016).

 48. Koekkoek, L. L., Mul, J. D. & la Fleur, S. E. Glucose-Sensing in the Reward System. Frontiers In Neuroscience 11, 716, https://doi.
org/10.3389/fnins.2017.00716 (2017).

 49. Roh, E., Song, D. K. & Kim, M. S. Emerging role of the brain in the homeostatic regulation of energy and glucose metabolism. 
Experimental & Molecular Medicine 48, e216, https://doi.org/10.1038/emm.2016.4 (2016).

https://doi.org/10.1038/s41598-019-42531-0
https://doi.org/10.1038/nm.4345
https://doi.org/10.1016/j.molmet.2017.05.002
https://doi.org/10.1172/JCI40671
https://doi.org/10.1007/s00125-010-1937-z
https://doi.org/10.1038/nm.3787
https://doi.org/10.1111/j.1476-5381.2012.01971.x
https://doi.org/10.1111/j.1476-5381.2012.01971.x
https://doi.org/10.1530/JOE-16-0056
https://doi.org/10.1111/j.1742-7843.2008.00321.x
https://doi.org/10.1210/jcem-73-6-1294
https://doi.org/10.4274/MIRT.020573
https://doi.org/10.1007/s00259-009-1330-7
https://doi.org/10.1007/s00259-009-1330-7
https://doi.org/10.1016/j.diabres.2017.07.015
https://doi.org/10.1016/j.metabol.2015.10.014
https://doi.org/10.2165/11534750-000000000-00000
https://doi.org/10.2165/11534750-000000000-00000
https://doi.org/10.1073/pnas.211357698
https://doi.org/10.1038/ng0296-216
https://doi.org/10.1016/S1521-6918(03)00107-0
https://doi.org/10.2337/db10-1740
https://doi.org/10.1210/en.2013-1750
https://doi.org/10.1210/en.2013-1750
https://doi.org/10.1038/cdd.2017.14
https://doi.org/10.1371/journal.pone.0007935
https://doi.org/10.2337/dc16-0351
https://doi.org/10.2337/dc16-0351
https://doi.org/10.1002/oby.20902
https://doi.org/10.3390/ijms18061282
https://doi.org/10.1152/ajpgi.00519.2006
https://doi.org/10.1046/j.1365-201X.2001.00849.x
https://doi.org/10.1111/j.1476-5381.2009.00475.x
https://doi.org/10.1210/en.2011-1485
https://doi.org/10.1016/j.physbeh.2015.11.028
https://doi.org/10.3389/fnins.2017.00716
https://doi.org/10.3389/fnins.2017.00716
https://doi.org/10.1038/emm.2016.4


1 1Scientific RepoRts |          (2019) 9:6156  | https://doi.org/10.1038/s41598-019-42531-0

www.nature.com/scientificreportswww.nature.com/scientificreports/

 50. Jelenik, T. et al. AMP-activated protein kinase alpha2 subunit is required for the preservation of hepatic insulin sensitivity by n-3 
polyunsaturated fatty acids. Diabetes 59, 2737–2746, https://doi.org/10.2337/db09-1716 (2010).

 51. Ruzickova, J. et al. Omega-3 PUFA of marine origin limit diet-induced obesity in mice by reducing cellularity of adipose tissue. 
Lipids 39, 1177–1185, https://doi.org/10.1007/s11745-004-1345-9 (2004).

 52. Even, P. C. & Nadkarni, N. A. Indirect calorimetry in laboratory mice and rats: principles, practical considerations, interpretation 
and perspectives. American Journal Of Physiology. Regulatory, Integrative And Comparative Physiology 303, R459–476, https://doi.
org/10.1152/ajpregu.00137.2012 (2012).

 53. Hamilton, K. L. & Butt, A. G. Glucose transport into everted sacs of the small intestine of mice. Advances In Physiology Education 37, 
415–426, https://doi.org/10.1152/advan.00017.2013 (2013).

Acknowledgements
This work was supported by the grant from the Czech Science Foundation (No. 16-08124 S) and by the ERDF 
project Mitenal (CZ.2.16/3.1.00/21531). We wish to thank B. Viollet (Institut Cochin, Paris, France) for providing 
the AMPKα2-KO mice. We wish to thank Sona Hornova and Daniela Salkova for excellent technical assistance.

Author Contributions
O.H., P.K. and J.K. made substantial contributions to conception and design. O.H., P.K., J.B. and P.J. performed 
the experiments. K.B. performed indirect calorimetry measurement and analysis. O.H. and P.K. made substantial 
contributions to analysis and interpretation of data. O.H., J.K. and M.R. wrote the manuscript. M.R. provided 
conceptual advice and supervised the manuscript. All authors have approved the final version of the article. O.H. 
is the guarantor of this work.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-42531-0.
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-42531-0
https://doi.org/10.2337/db09-1716
https://doi.org/10.1007/s11745-004-1345-9
https://doi.org/10.1152/ajpregu.00137.2012
https://doi.org/10.1152/ajpregu.00137.2012
https://doi.org/10.1152/advan.00017.2013
https://doi.org/10.1038/s41598-019-42531-0
http://creativecommons.org/licenses/by/4.0/

	Metformin acutely lowers blood glucose levels by inhibition of intestinal glucose transport
	Results
	Dose-dependent improvement of glucose tolerance in response to acute oral administration of metformin in high-fat diet-fed  ...
	Glucose-lowering effect of acutely administered metformin is independent of functional AMPK and GLP1R or NMDAR signaling. 
	Reduced whole-body glucose oxidation during an early response to metformin. 
	Inhibition of transepithelial glucose transport from the intestinal lumen to the blood during an early response to metformi ...

	Discussion
	Methods
	Animals and experimental setup. 
	Glucose tolerance test and administration of drugs. 
	Glucose uptake. 
	Measurement of lactate production. 
	Indirect calorimetry. 
	[18F]-FDG-PET imaging. 
	Everted gut sacs. 
	In vivo assessment of intestinal glucose transport. 
	Statistics. 

	Acknowledgements
	Figure 1 Metformin improves glucose tolerance independently of changes in plasma insulin levels.
	Figure 2 Metformin improves glucose tolerance independently of obesity, AMPK or GLP-1R and NMDAR signaling.
	Figure 3 Whole-body glucose oxidation is reduced in response to oral administration of metformin.
	Figure 4 Metformin slows down the intestinal transit and stimulates glucose uptake from intestinal lumen into proximal intestinal segments while inhibiting glucose transport from intestinal lumen to circulation.




