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Abstract

Metformin is a first-line therapeutic option for the treatment of hyperglycemia in type 2 diabetes, 

despite its underlying regulatory mechanisms remaining relatively unknown. Metformin lowers 

blood glucose levels by inhibiting hepatic glucose production (GP), originally postulated to be 

resultant from hepatic AMP-activated protein kinase (AMPK) activation. However, while studies 

have questioned the contribution of hepatic AMPK in metformin’s effect, a gut-brain-liver axis has 

recently been discovered to mediate intestinal nutrient- and hormonal-induced lowering of GP. 

Here we show that intraduodenal infusion of metformin for 50 min increases phosphorylation of 

duodenal AMPK and lowers GP in a model of 3 d high fat diet (HFD)-induced insulin resistance. 

Molecular and chemical inhibition of duodenal AMPK negates the GP-lowering effect of 

metformin, while a duodenal GLP-1R-PKA signaling pathway and a neuronal gut-brain-liver axis 

are demonstrated to be the downstream effectors. The ability of preabsorptive metformin to lower 

GP remains in both a 28 d HFD-induced obese and insulin resistant and a NA-STZ/HFD induced 

type 2 diabetic model. Finally, molecular inhibition of duodenal AMPK signaling reduces the 

overall acute glucose-lowering effect of a bolus treatment of metformin in diabetes. These findings 

unveil that metformin activates a previously unappreciated duodenal AMPK-dependent neuronal 

pathway to lower GP and plasma glucose levels in obesity and diabetes.

Diabetes is characterized by disrupted glucose homeostasis, resulting in hyperglycemia due 

partly to increased GP1. The antidiabetic biguanide, metformin, lowers plasma glucose 
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levels by reducing GP in diabetic humans and rodents2–4. Although this GP-lowering effect 

of metformin has been known for decades, the underlying regulatory mechanisms 

responsible remain unclear. The primary target of metformin is the inhibition of 

mitochondrial complex I, resulting in an elevation of AMP levels5, which is postulated to 

activate an AMPK pathway to inhibit GP, possibly via the upstream protein liver kinase B1 

(LKB1)6. The fact that metformin concentrations are highest in the liver, and metformin 

inhibits hepatic mitochondrial complex I5 gave rise to the first demonstration that chemical 

inhibition of AMPK negates the ability of metformin to inhibit GP in vitro in hepatocytes7, 

while hepatic knockout of LKB1 abolishes the ability of chronic oral metformin treatment to 

activate hepatic AMPK and lower plasma glucose levels in diabetic rodents6. However, the 

glucose-lowering effect of acute oral metformin is intact in mice lacking hepatic AMPK8, 

questioning the role of hepatic AMPK. Finally, more recent studies support the hypothesis 

that metformin inhibits GP through a hepatic AMPK independent mechanism, either by 

negating the ability of glucagon to increase hepatic cAMP levels and stimulate GP9 or 

through decreasing mitochondrial redox states and lowering the conversion of metabolites to 

glucose10. These findings collectively indicate that the underlying mechanisms responsible 

for the GP- and glucose-lowering effect of metformin in type 2 diabetes remain unclear.

The gastrointestinal tract has received recent attention largely due to its ability to trigger 

negative feedback systems to maintain glucose homeostasis11. Specifically, duodenal lipids 

activate a duodenal cholecystokinin (CCK)-1 receptor and gut-brain-liver-dependent 

neuronal network to lower GP in normal rodents, while jejunal infusions of nutrients and 

leptin lower GP in normal and diabetic rodents12–15. The pharmacological nature of such 

intestinal and neuronal sensory mechanisms, however, is completely unknown. To this end, 

some early evidence indicates a potential role of the gut in mediating the effects of 

metformin. For example, intraduodenal, compared to intraportal and intravenous, 

administration of metformin leads to the greatest drop of plasma glucose levels16, while 

chronic metformin treatment increases GLP-1 secretion and alters the microbiota profile17–

19. Furthermore, AMPK is expressed in the intestine, and chronic metformin treatment 

increases intestinal AMPK activity20. Taking this into consideration, we hypothesize that 

preabsorptive metformin activates duodenal AMPK dependent mechanism, and a subsequent 

neuronal relay, to lower GP and plasma glucose levels in diabetes and obesity in vivo.

To begin addressing this hypothesis (Fig. 1a), we examined the effects of intraduodenal 

metformin infusion on GP in 3 d hyperphagic HFD (lard-oil enriched; Supplementary Table 

1)-induced insulin resistant rats (Fig. 1b; the insulin resistance phenotype is confirmed in the 

co-submission). Given the fact that metformin lowers GP independently of insulin action8,9, 

we have chosen to assess changes in glucose metabolism using the pancreatic basal insulin-

euglycemic clamp to establish our studies in a non-insulin stimulated environment. When 

metformin (200 mg/kg) was infused into the duodenal lumen for only 50 min, the glucose 

infusion rate required to maintain euglycemia was significantly increased compared to saline 

infusion (Fig. 1c), while GP was significantly reduced from basal compared to saline 

controls (Fig. 1d, Supplementary Fig. 1a). Glucose uptake (Fig. 1e) and plasma insulin and 

glucose levels did not change throughout the clamp (Supplementary Table 2). Importantly, a 

portal vein infusion of the same dose and duration of metformin failed to increase the 
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glucose infusion rate (Fig. 1c) and lower GP (Fig. 1d, Supplementary Fig. 1a). This indicates 

that the observed GP-lowering effect of the 50 min intraduodenal infusion was not due to 

direct hepatic action, but to a preabsorptive effect of metformin localized within the 

duodenum.

We next investigated whether intestinal AMPK signaling mediates this effect of metformin 

(Fig. 1a). First, we determined the effect of a 50 min intraduodenal metformin infusion on 

AMPK signaling in vivo and found that metformin increased the ratio of phosphorylated 

AMPK (pAMPK) – to – total AMPK (tAMPK) in the duodenal mucosa layer, compared to a 

saline infusion (Fig. 1f). Therefore, we next investigated the role of duodenal AMPK in the 

GP-lowering effect of preabsorptive metformin by using an adenovirus expressing the 

dominant-negative form of AMPK (Ad-dn-AMPK). We confirmed the functionality of this 

virus in-vitro by using HEK293 cells infected with either the Ad-dn-AMPK or GFP (Ad-

GFP) adenovirus. One day after infection, cells were treated with either saline or metformin 

(10mM) for six hours21, and protein expression of phosphorylated acetyl-CoA carboxylase 

(pACC) – to - total ACC (tACC), a direct downstream target of pAMPK, was measured. 

Cells infected with Ad-GFP and treated with metformin exhibited an increase in pACC/

tACC ratio compared to saline treatment (Fig. 1g). In contrast, the pACC/tACC ratio of Ad-

dn-AMPK cells treated with metformin was not different from saline treated cells, and was 

significantly lower than Ad-GFP-metformin treated cells, indicating that the Ad-dn-AMPK 

virus abolishes the action of metformin to induce AMPK activity.

Using an identical procedure to that of our co-submission, which was shown to maximize 

duodenal infection without infection of the jejunum, ileum, or liver, we then injected either 

Ad-dn-AMPK or Ad-GFP into a 5cm ligated section of the duodenum of HFD-fed rats to 

suppress duodenal AMPK activity. After 20 minutes, the viral solution was flushed out and 

surgeries for the clamp studies were done. Three days following surgery, rats were subjected 

to the infusion-clamp studies. Intraduodenal infusion of metformin increased the glucose 

infusion rate (Fig. 1h) and reduced GP (Fig. 1i, Supplementary Fig. 1b) without affecting 

glucose uptake (Supplementary Fig. 1c) in Ad-GFP-injected control rats, but this effect was 

completely absent in Ad-dn-AMPK-injected rats. Thus, duodenal AMPK activation is 

required for preabsorptive metformin to lower GP.

To alternatively confirm the role of duodenal AMPK, we co-administered metformin with 

compound C, an AMPK inhibitor (Fig. 2a). Intraduodenal compound C alone did not affect 

whole body glucose metabolism but fully negated the ability of metformin to increase the 

glucose infusion rate (Fig. 2b) or lower GP (Fig. 2c, Supplementary Fig. 2a), independent of 

changes in glucose uptake (Supplementary Fig. 2b). Of note, the same dose of compound C 

also blocked the ability of duodenal resveratrol to lower GP (co-submission).

To further delineate the downstream duodenal signaling mechanisms of the metformin-

AMPK axis, we explored whether intestinal gut peptide signaling mediates the effect of 

metformin by co-infusing metformin with either a CCK-1 receptor antagonist, MK-329, or 

GLP-1 receptor (GLP-1R) antagonist, exendin-9 (Ex9) (Fig. 2a). We chose to specifically 

examine the roles of CCK and GLP-1, as duodenal CCK signaling triggers a gut-brain-liver 

axis to lower GP13, while metformin has been documented to stimulate GLP-1 release17. 
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Interestingly, metformin still significantly increased the glucose infusion rate (Fig. 2d) and 

lowered GP (Fig. 2e, Supplementary Fig. 2c) when co-infused with MK-329, but coinfusion 

with Ex9 completely reversed the ability of metformin to increase glucose infusion rate (Fig. 

2d) and lower GP (Fig. 2e, Supplementary Fig. 2c), while glucose uptake remained 

unchanged (Supplementary Fig 2d). Ex9 or MK-329 alone had no effect on whole body 

glucose metabolism (Fig. 2d,e; Supplementary Fig. 2c,d). These findings highlight the 

necessity of intestinal GLP-1, but not the CCK-1, signaling in preabsorptive metformin’s 

actions.

Given that 1) CCK lowers GP via CCK-1 receptor activation of protein kinase A (PKA) 

signaling on vagal afferents22, 2) GLP-1Rs are localized on vagal afferents innervating the 

small intestine23, and 3) beta-cell GLP-1R activation induces PKA signaling24, we 

examined whether metformin’s effect requires PKA signaling (Fig. 2a). While infusion of 

Rp-CAMPS alone did not alter the glucose infusion rate (Fig. 2d), GP (Fig. 2e, 

Supplementary Fig. 2c), or glucose uptake (Supplementary Fig. 2d), intraduodenal co-

infusion of metformin with Rp-CAMPS completely abolished the ability of metformin to 

increase the glucose infusion rate (Fig. 2d) and lower GP (Fig. 2e, Supplementary Fig. 2c). 

We measured the PKA activity from duodenal tissues taken immediately following the 

clamp experiments. The A1 peptide is phosphorylated by PKA, and thus a higher ratio of 

phospho(P)-A1/A1 reflects a higher degree of PKA activation. Intraduodenal metformin 

infusion increased duodenal PKA activity, and this activation was abolished by coinfusion 

with Ex9 (Fig. 2f), indicating that GLP-1R activation is necessary for metformin to increase 

PKA. Collectively, these results demonstrate that metformin requires a duodenal AMPK-

GLP-1R-PKA signaling pathway to lower GP.

We next used three complementary techniques to examine whether a gut-brain-liver 

neuronal axis mediates the suppressive effect of metformin on GP in HFD-fed rats (Fig. 

3a,b). We first administered the local anesthetic tetracaine, with or without metformin, into 

the duodenum to inhibit neurotransmission of afferent fibers innervating the gut. Tetracaine 

infusion alone did not affect glucose metabolism (Fig. 3c,d; Supplementary Fig. 3a,b), but 

fully reversed the ability of metformin to increase the glucose infusion rate (Fig. 3c) and to 

lower GP (Fig. 3d, Supplementary Fig. 3a). Thus, metformin signals via a neuronal network 

in the intestine to lower GP. Afferent vagal signaling synapses at the level of the nucleus of 

the solitary tract (NTS) in the hindbrain and activation of the N-methyl-D-aspartate 

(NMDA) receptors in the NTS mediates gut nutrient sensing to regulate GP12. Here, we 

found that direct infusion of the NMDA receptor inhibitor MK-801 into the NTS alone did 

not affect glucose metabolism (Fig. 3e,f; Supplementary Fig. 3c,d), but fully attenuated the 

ability of intraduodenal metformin infusion to increase the glucose infusion rate (Fig. 3e) 

and lower GP (Fig. 3f, Supplementary Fig. 3c) without affecting glucose uptake 

(Supplementary Fig. 3d). Finally, to evaluate whether this gut-hindbrain axis relays the 

signal generated by gut metformin to the liver to lower GP, we repeated the studies in rats 

that underwent hepatic vagal branch vagotomy (HVAG), effectively eliminating the 

neurocommunication between the brain and liver. HVAG abolished the ability of duodenal 

metformin to increase the glucose infusion rate (Fig. 3g) and lower GP (Fig. 3h, 

Supplementary Fig. 3e) compared to sham operated rats, but alone did not affect glucose 
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metabolism. (Fig. 3g,h, Supplementary Fig. 3e,f) Together, these data illustrate that 

duodenal metformin activates a gut-brain-liver neuronal axis to inhibit GP.

To further determine the therapeutic potential of duodenal metformin, we additionally tested 

the ability of preabsorptive metformin to lower GP in both a HFD-induced obese and a type 

2 diabetic rat model. First, we tested the effects of preabsorptive metformin in a chronic 

hyperphagic HFD-fed obese rat model (28 days; Fig. 4a), which is characterized as having 

increased fat mass and both hepatic and peripheral insulin resistance (see co-submission). 

Importantly, intraduodenal metformin was still effective in increasing the glucose infusion 

rate (Fig. 4b) and lowering GP (Fig. 4c, Supplementary Fig. 4a) in this obese rat model, 

without affecting glucose uptake (Supplementary Fig. 4b). For the type 2 diabetic model, 

rats were injected with nicotinamide (NA) and streptozotocin (STZ) and fed a HFD for 5-6 

d, inducing mild hyperglycemia and increased GP (Supplementary Fig. 4c,d), but not 

insulin-deficiency, as described25 and also reported in our co-submission. In unclamped 

conditions, a 50 min duodenal infusion of metformin significantly reduced both plasma 

glucose levels (Fig. 4d) and GP in these rats (Fig. 4e), compared to a saline infusion. Thus, 

preabsorptive duodenal metformin is sufficient to lower plasma glucose levels and GP in 

obese and diabetic rats.

Lastly, to assess the contribution of duodenal AMPK in the acute glucose lowering effects of 

a bolus treatment of metformin in an unclamped setting, we administered an intragastric 

bolus dose of metformin (200mg/kg) to NA-STZ/HFD type 2 diabetic rats that had received 

either an intraduodenal injection of Ad-dn-AMPK or Ad-GFP (as described above) (Fig. 4f). 

Interestingly, while metformin reduced plasma glucose levels in Ad-GFP rats after 60 

minutes, it failed to do so in Ad-dn-AMPK rats. Despite metformin lowering plasma glucose 

levels in both groups 180 minutes after the intragastric bolus, glucose levels were still 

significantly higher in the Ad-dn-AMPK treated rats compared to the Ad-GFP rats (Fig. 4g). 

In line with this, Ad-GFP diabetic rats had an increased suppression of plasma glucose 

levels compared to Ad-dn-AMPK rats, starting as early as 30 minutes post gastric bolus, and 

importantly, was still present 180 minutes after the bolus (Fig. 4h). Thus, activation of 

intestinal AMPK has a significant contribution to the rapid and the overall ability of 

metformin to lower plasma glucose levels in diabetes.

Metformin has been the most widely prescribed treatment for type 2 diabetes for the past 

fifty years, yet the mechanism of action of metformin suppressing GP remains unclear. 

Indeed, initial investigations highlighted the ability of metformin to activate hepatic AMPK 

to reduce gluconeogenesis6,7, while more recently, metformin has been shown to induce a 

reduction in hepatic energy charge8 and antagonize glucagon-induced GP via reductions in 

cAMP9. Adding to, and complimenting, these described potential direct hepatic actions, we 

here demonstrate a novel mechanism where preasbsorptive metformin remotely (indirectly) 

lowers GP via activation of duodenal AMPK and a neuronal network.

Importantly, we demonstrate that our observed effect during the pancreatic clamp is 

preasbsorptive, as direct portal vein infusion of metformin at the same dose given in the 

duodenum for 50 min was unable to lower GP. This does not rule out the possibility that 

metformin can directly target hepatocytes to antagonize glucagon action to lower GP9, since 
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our experimental pancreatic clamp condition is not glucagon stimulated. On the other hand, 

ninety minutes following the intragastric bolus of metformin during non-clamp conditions, 

diabetic rats with duodenal injections of Ad-GFP and Ad-dn-AMPK still exhibit reductions 

in plasma glucose levels, potentially from the aforementioned mechanism9. Nonetheless, it 

is important to note that we here discovered metformin initially (first 60 min) only reduces 

plasma glucose levels in Ad-GFP treated rats but not in rats with duodenal Ad-dn-AMPK. 

Further, this initial drop in glucose levels via duodenal AMPK activation has a significant 

and sustained contribution to the overall suppression of plasma glucose. These findings 

highlight the vital role of duodenal AMPK signaling in the overall efficacy of metformin 

treatment.

A recent report documented that the lipid-lowering and insulin-sensitizing effects of 

metformin treatment were dependent upon the ability of metformin to increase hepatic 

AMPK activity and subsequently phosphorylate and inhibit hepatic ACC26. Inhibition of 

ACC reduces the formation of malonyl-CoA and hence negates long-chain fatty acid-acyl-

coenzyme A (LCFA-CoA) accumulation as well. We have previously demonstrated that an 

accumulation of duodenal LCFA-CoA level is required for duodenal lipids to lower GP12. 

Thus, it is unlikely that the ability of preabsorptive metformin to activate duodenal AMPK 

and lower GP that we demonstrate here is linked with duodenal LCFA-CoA sensing. In fact, 

consistent with this working hypothesis, while LCFA-CoA-induced reduction in GP is 

dependent on CCK signaling13, metformin’s action is CCK-1 receptor-independent. Instead, 

we demonstrate metformin signals via intestinal GLP-1R, consistent with the view that 

metformin can acutely and chronically increase GLP-1 levels17,19. Although it remains to 

be tested, it is likely that metformin acts directly on enteroendocrine L-cells localized in the 

duodenum27, as metformin-induced reduction of GP was attenuated with local infusion of 

Ex9 into the duodenum, despite metformin inducing GLP-1 release via a neuronal-hormonal 

reflex28. Interestingly, AICAR, an AMPK agonist, increases GLP-117,28, further 

supporting our data demonstrating the significance of intestinal AMPK activity in mediating 

GP suppression via an AMPK-GLP-1R-PKA pathway.

Similar to the importance of duodenal AMPK in mediating the beneficial effects of 

metformin, we have demonstrated that preabsorptive duodenal resveratrol improves insulin 

sensitivity via a duodenal AMPK/SIRT1-PKA dependent pathway (see co-submission). 

Interestingly, despite the overlap in the signaling pathways of these two treatments, such that 

both drugs potentially activate intestinal AMPK and SIRT1, resveratrol and metformin could 

target divergent downstream glucoregulatory mechanisms. For example, while metformin 

activates an AMPK-GLP-1R-PKA gut-brain-liver neuronal pathway to lower GP, resveratrol 

possibly lowers GP via a unique and separate neuronal pathway involving enhancement of 

hypothalamic insulin sensitivity (see co-submission).

In summary, we unveil that metformin activates a previously unappreciated duodenal 

AMPK-GLP-1R-PKA-dependent neuronal pathway to lower GP and plasma glucose levels 

in obesity and diabetes, and that activation of duodenal AMPK significantly contributes to 

the overall acute glucose lowering effect of metformin. Together with our discovery on 

preabsorptive resveratrol’s action (see co-submission), our findings lay the groundwork for 

the potential development of specific gut targeted treatments that could simultaneously 
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activate intestinal energy sensor proteins, AMPK and SIRT1, to additively or synergistically 

lower GP and improve glycemia in diabetes and obesity.

Methods

Methods and any associated references are available in the online version of the paper.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Intraduodenal metformin infusion activates duodenal AMPK to lower GP in the 
preasbsorptive state.
(a) Schematic representation of the working hypothesis. Intraduodenal preabsorptive 

metformin triggers duodenal AMPK to lower hepatic glucose production. (b) Experimental 

procedure and pancreatic (basal insulin) euglycemic clamp protocol. (c,d,e) The glucose 

infusion rate (c) and rate of GP (d), and rate of glucose uptake (e) during the pancreatic 

(basal insulin) euglycemic in HFD-fed rats with intraduodenal saline (n=7) or metformin 

infusions (n=6), or portal vein metformin infusion (n=5). (f) Duodenal mucosa pAMPK 

protein expression normalized to tAMPK in HFD-fed rats with intraduodenal saline or 

metformin (**p < 0.01, calculated by unpaired t-test; n=6,6). (g) pACC protein expression 

normalized to tACC in HEK 293 cells infected with either GFP or dnAMPK and treated 

with saline or metformin for 6 hours (***p < 0.001, between saline within viral group; ††p < 

0.01, between viral group within treatment; as calculated by one-way ANOVA with Tukey’s 

post hoc test; n=4 per treatment). (h,i) The glucose infusion rate (h) and rate of GP (i) during 

the pancreatic (basal insulin) euglycemic clamp in HFD-fed with either duodenal GFP or 
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dnAMPK infection, infused with intraduodenal saline (n=5 each group) or metformin (n=7 

each group). Values are shown as mean ± s.e.m. Unless noted, ***p < 0.001, versus all other 

groups as calculated by ANOVA with Tukey’s post hoc test. AMPK, AMP-activated protein 

kinase; GP, glucose production; HFD, high fat diet; SRIF, somatostatin, ACC, Acetyl-CoA 

carboxylase.
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Figure 2. A duodenal AMPK – GLP-1R – PKA signaling pathway is required for metformin to 
lower GP.
(a) Schematic representation of the working hypothesis. Intraduodenal metformin activates 

duodenal AMPK, GLP-1R, and PKA to lower GP. (b,c) The glucose infusion rate (b) and 

rate of GP (c) during the pancreatic (basal insulin) euglycemic clamp in HFD-fed rats with 

intraduodenal compound C administration alone (n=5) or in combination with metformin 

(n=6). (d,e) The glucose infusion rate (d) and rate of GP (e) during the pancreatic (basal 

insulin) euglycemic clamp in HFD-fed rats with intraduodenal MK-329, exendin-9, and Rp-

CAMPS administration with saline (n=5 for each) or in combination with metformin (n=6 

for each group). (f) Duodenal PKA activity quantification of clamp tissue of HFD-fed rats 

treated with either saline, metformin, or metformin with exendin-9 (n=5 for each group). 

Values are shown as mean ± s.e.m. *p < 0.05, ***p < 0.001, versus all other groups, as 
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calculated by one-way ANOVA with Tukey’s post hoc test. AMPK, AMP-activated protein 

kinase; GLP-1R, glucagon-like peptide-1 receptor; PKA, protein kinase A; GP, glucose 

production; HFD, high fat diet.
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Figure 3. A gut-brain-liver neuronal axis is required for the GP-lowering effect of metformin.
(a) Schematic representation of the working hypothesis. Duodenal metformin triggers the 

afferent nerve terminals in the duodenum, and signals via NMDA receptors at the level of 

the NTS, which signals via the hepatic vagus to lower GP. (b) Experimental procedure and 

pancreatic (basal insulin) euglycemic clamp protocol with NTS infusion. (c,d) The glucose 

infusion rate (c) and rate of GP (d) in HFD-fed rats infused with intraduodenal tetracaine 

alone (n=5) or in combination with metformin (n=6). (e,f) The glucose infusion rate (e) and 

rate of GP (f) in HFD-fed rats with intraduodenal saline or metformin and DVC saline 
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(n=4,5) or MK-801 (n=5,6). (g,h) The glucose infusion rate (g) and rate of GP (h) in HFD-

fed rats with intraduodenal metformin with either a sham surgery (n=5) or HVAG (n=6). 

Values are shown as mean ± s.e.m. ***p < 0.001, versus saline, as calculated by one-way 

ANOVA with Tukey’s post hoc test. GP, glucose production; NMDA, N-Methyl-D-aspartate; 

NTS, nucleus of the solitary tract; HFD, high-fat diet; SRIF, somatostatin; HVAG hepatic 

vagotomy.
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Figure 4. Intraduodenal infusion of metformin lowers GP in obese and diabetic rats, while the 
overall acute glucose-lowering effect of a bolus intragstric treatment of metformin is dependent 
on duodenal AMPK signaling.
(a) Experimental procedure and pancreatic (basal-insulin) euglycemic clamp protocol for 28 

day HFD-fed rats. (b,c) The glucose infusion rate (b), rate of GP (c) during the pancreatic 

(basal insulin) euglycemic clamp in 28 day HFD-fed rats with intraduodenal saline or 

metformin infusion (***p < 0.001, versus saline as compared by unpaired t-test; n=6 for 

each group). (d,e) Plasma glucose levels (d) and the rate of GP (e) in NA-STZ/HFD induced 

hyperglycemic rats with intraduodenal saline or metformin (n=8 for each group). (f) 
Experimental procedure and gastric infusion protocol. (g,h) The plasma glucose levels 

(different letter denotes significant difference of p < 0.05 between groups as calculated by 

two-way ANOVA with Tukey’s post hoc test) (g) and the percent suppression of plasma 

glucose from basal levels (**p < 0.01, versus saline as compared by unpaired t-test within 

each timepoint) (h) in NA-STZ/HFD induced hyperglycemic rats injected with either 

intraduodenal GFP or dnAMPK for 5 days with a gastric bolus treatment of metformin (n=8 
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for each group). Values are shown as mean ± s.e.m. Unless noted, ***p < 0.001, versus 

saline, as calculated by one-way ANOVA with Tukey’s post hoc test. GP, glucose 

production; AMPK, AMP-activated protein kinase; NA, nicotinamide; STZ, streptozotocin. 

HFD, high fat diet.
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