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Synergistic effects of metformin 
with liraglutide against endothelial 
dysfunction through GLP-1 
receptor and PKA signalling 
pathway
Jing Ke1, Ye Liu1, Jin Yang1, Ran Lu1, Qing Tian1, Wenfang Hou1, Guang Wang1,2, Rui Wei1 & 
Tianpei Hong1

Metformin or glucagon-like peptide-1 (GLP-1) analogue liraglutide has cardiovascular benefits. 
However, it is not clear whether their combined treatment have additive or synergistic effects on 
the vasculature. In this study, human umbilical vein endothelial cells (HUVECs), exposed to palmitic 
acid (PA) to induce endothelial dysfunction, were incubated with metformin, liraglutide or their 
combination. High fat diet (HFD)-fed ApoE−/− mice were randomized into control, metformin, 
liraglutide, and combination treatment groups. Results showed that in PA-treated HUVECs and HFD-
fed ApoE−/− mice, combination of metformin and liraglutide at lower dose significantly improved 
endothelial dysfunction compared with the single treatment. Metformin upregulated GLP-1 receptor 
(GLP-1R) level and protein kinase A (PKA) phosphorylation. However, PKA inhibition but not GLP-1R 
blockade eliminated the protective effects of metformin on endothelial function. Furthermore, AMPK 
inhibitor compound C abolished the metformin-mediated upregulation of GLP-1R level and PKA 
phosphorylation. In conclusion, combination of metformin and liraglutide has synergistic protective 
effects on endothelial function. Moreover, metformin stimulates GLP-1R and PKA signalling via AMPK-
dependent pathway, which may account for its synergistic protective effects with liraglutide. Our 
findings provide new insights on the interaction between metformin and GLP-1, and provide important 
information for designing new GLP-1-based therapy strategies in treating type 2 diabetes.

Cohort studies and meta-analyses indicate that type 2 diabetes is strongly associated with an increased risk of 
many atherosclerotic cardiovascular diseases1,2. Although the precise mechanisms responsible for the accelerated 
atherosclerosis are not fully understood, it has been shown that endothelial dysfunction is one of the earliest 
events in the development of atherosclerosis. Endothelial dysfunction is characterized by reduced nitric oxide 
(NO) synthesis and/or bioavailability within peri-endothelial environment, where NO is responsible for mainte-
nance of vascular tissue integrity3.

Metformin is the most widely prescribed drug to treat hyperglycaemia in patients with type 2 diabetes. 
Clinical trials have shown the beneficial effects of metformin on cardiovascular system4–6. Moreover, metformin 
can directly protect endothelial cells from injury, which is beyond its glucose-lowering effects7,8. Glucagon-like 
peptide-1 (GLP-1)-based agents (including GLP-1 analogues and dipeptidyl peptidase 4 inhibitors) have been 
recently approved as new therapeutic options for patients with type 2 diabetes, based upon the evidence that 
GLP-1 can stimulate glucose-dependent insulin secretion from pancreatic β  cells. Besides its glucose-lowering 
effect, GLP-1 has other extra-pancreatic effects. Recently, LEADER (Liraglutide Effect and Action in Diabetes: 
Evaluation of cardiovascular outcome Results) study shows that GLP-1 analogue liraglutide treatment reduces 
the rates of cardiovascular events and death in patients with type 2 diabetes9. Importantly, vascular endothelium 
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is known to play an important role in the maintenance of cardiovascular function10. Emerging evidence indicates 
that GLP-1 and its analogues have direct protective effects on vascular endothelium11.

In a clinical trial, combination therapy with liraglutide and metformin shows significantly greater weight loss 
and lower incidence of hypoglycaemia, as compared to combination therapy with glimepiride and metformin12,13. 
Moreover, it has been reported that in type 2 diabetic patients with adequate glycaemic control by metformin 
monotherapy, several markers of cardiovascular risk are improved by addition of liraglutide treatment, suggesting 
that metformin and liraglutide may have additive or even synergistic effects on vasculature14. However, whether 
this combination therapy has a synergistic effect on endothelial function remains unclear, due to lack of related 
experimental evidence. In this study, therefore, we aimed to investigate the effects of combination treatment 
with metformin and liraglutide on lipotoxicity-induced endothelial dysfunction and to explore the underlying 
mechanism.

Results
Combination treatment with metformin and liraglutide is more effective than single treatment 
to protect against palmitic acid (PA)-induced endothelial dysfunction. In cultured human umbil-
ical vein endothelial cells (HUVECs), PA induced endothelial dysfunction, characterized by increased reactive 
oxygen species (ROS) production, decreased NO level and reduced intracellular phosphorylated endothelial 
NO synthase (p-eNOS) protein level, in a concentration-dependent manner (Fig. 1a). PA (0.5 mmol/L)-induced 
endothelial dysfunction was attenuated by single treatment with higher dose of metformin (0.5 and 1.0 mmol/L) 
or liraglutide (30 and 100 nmol/L). However, there was no such protective effect at lower dose of metformin 
(0.1 mmol/L) or liraglutide (3 and 10 nmol/L) (Fig. 1b,c). Notably, combination treatment with lower dose of 
metformin (0.1 mmol/L) and liraglutide (3 nmol/L) had a significant protective effect on the PA-induced upreg-
ulation of ROS production and reduction of NO level and p-eNOS protein level (Fig. 1d, Supplemental Fig. 1), 
suggesting that combination treatment was more effective than single treatment to protect against PA-induced 
endothelial dysfunction.

Effects of combination therapy with metformin and liraglutide on vascular endothelial function 
in ApoE−/− mice. To verify vascular protective effects of the combination therapy in vivo, we used high fat 
diet (HFD)-fed ApoE−/− mice as our model. After four weeks of treatment with metformin or liraglutide alone 
or in combination, there was no obvious change of body weight in each group (Fig. 2a). In our experiment of 

Figure 1. Synergistic effects of metformin and liraglutide on PA-induced endothelial dysfunction 
in primary HUVECs. (a) Dose-dependent effects of PA on endothelial function in HUVECs, including 
intracellular ROS production (upper panel), supernatant NO level (middle panel), and p-eNOS protein level 
(lower panel). HUVECs were pre-treated with different concentrations of metformin (b) and liraglutide  
(c) alone or the combination of both (d) for 2 h and then exposed to PA for additional 22 h. Data are shown as 
means ±  SD. n =  4. *P <  0.05 (vs. control); #P <  0.05 (vs. PA). Met, metformin; Lira, liraglutide.
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endothelium-dependent vasodilation, 10−9–10−7 mol/L acetylcholine (Ach) stimulation decreased the vascular 
tension of aortic rings in a dose-dependent manner in wild-type mice under normal diet condition (Fig. 2b). In 
HFD-fed ApoE−/− mice, however, Ach (10−7 mol/L) stimulation decreased the vascular tension to 68% in control 
group, 72% in metformin group and 69% in liraglutide group respectively, suggesting that monotherapy with 
either metformin or liraglutide did not improve vascular reactivity obviously. By contrast, the vascular tension 
was decreased to 39% in response to 10−7 mol/L Ach stimulation in the combination group, which was much 
better than that in the monotherapy and control groups (Fig. 2b). In line with this observation, p-eNOS protein 
levels in aortas were upregulated in the combination group compared with the monotherapy and control groups 
(Fig. 2c,d), although there was no obvious change of vascular endothelial structure in the aortic tissues of each 
group as indicated by haematoxylin and eosin (HE) staining (Fig. 2c).

Metformin-induced upregulation of GLP-1 receptor (GLP-1R) level and protein kinase A (PKA) 
phosphorylation may contribute to the synergistic protective effects of the combination therapy.  
The vascular protective effects of liraglutide could be improved by metformin, as demonstrated in our  
in vitro and in vivo studies. However, the mechanisms related to the synergistic protective effects of this combination  
therapy remains unclear. GLP-1R and its downstream PKA signalling are known as the mediators in most of the 
GLP-1 actions15. We first identified the expression of GLP-1R in HUVECs with mouse anti-GLP-1R monoclo-
nal antibody by immunofluorescence (Supplemental Fig. 2). To further determine whether GLP-1R and PKA 
signalling were involved in the regulation of metformin functions in HUVECs, the protein levels of GLP-1R and 
phosphorylated PKA (p-PKA) were examined. As shown in Fig. 3a, PA reduced the protein levels of GLP-1R 
and p-PKA in HUVECs in a concentration-dependent manner. Notably, metformin dose-dependently abolished 
the inhibitory effects of PA (0.5 mmol/L) on the protein levels of GLP-1R and p-PKA (Fig. 3b). In line with this 
finding, we also found a significantly elevated GLP-1R protein level in the aorta tissues of HFD-fed ApoE−/− mice 
treated with metformin alone or in combination with liraglutide (Supplemental Fig. 3). Moreover, both GLP-1R 
antagonist exendin (9–39) and PKA inhibitor H89 partially eliminated the combined effects of metformin and 
liraglutide on endothelial function in HUVECs (Fig. 4a,b). These results suggested that metformin upregulated 
GLP-1R level and PKA phosphorylation, which might account for its synergistic effects with liraglutide.

To evaluate whether GLP-1R and PKA signalling participated in the protective effect of metformin in 
HUVECs, siRNAs as well as pharmacological blocking were introduced in our study. In gene knockdown 

Figure 2. The effects of combined treatment with metformin and liraglutide on vascular function in 
ApoE−/− mice. Eight-week-old male ApoE−/− mice were fed with high fat diet (HFD) for eight weeks and 
treated with metformin (100 mg/kg per day, via drinking water) and/or liraglutide (30 μ g/kg per day, ip, twice 
daily) during the final four weeks. (a) Weight gains; (b) Vascular function as indicated by acetylcholine (Ach)-
mediated endothelium-dependent vasodilation in aortic rings; (c) Representative images of HE staining and 
p-eNOS immunostaining; (d) Quantitation of immunostaining in the vascular tissue. Normal denotes wild-
type mice fed with normal diet, while Con (control), Met (metformin) and Lira (liraglutide) denote HFD-fed 
ApoE−/− mice without or with the corresponding treatment. Data are shown as means ± SD. n = 6. *P < 0.05 
(vs. normal); #P  < 0.05 (vs. control). Scale bars: 100 μ m.
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assay, GLP-1R siRNA#1 demonstrated a significant decrease in the levels of GLP-1R mRNA and protein 
(Supplemental Fig. 4a,b), and PKA siRNA#1 obviously decreased the protein level of PKA (Supplemental Fig. 4c). 
Therefore, the siRNA#1 of either GLP-1R or PKA was used in the following experiments. Our data showed that 
neither exendin (9–39) nor GLP-1R siRNA blocked the metformin (1.0 mmol/L)-mediated protective effects in 
PA-impaired endothelial cells (Fig. 5a,b). By contrast, H89 and PKA siRNA attenuated the metformin-mediated 
protective effects (Fig. 5c,d). Moreover, either exendin (9–39) or GLP-1R siRNA could not eliminate the 
metformin-induced upregulation of p-PKA protein level in PA-treated endothelial cells (Supplemental Fig. 5a,b), 
suggesting that metformin might upregulate PKA signalling via GLP-1R-independent pathway.

Metformin restores PA-impaired GLP-1R level and PKA phosphorylation in HUVECs through 
AMP-activated protein kinase (AMPK) pathway. It has been reported that metformin exerts its mul-
tiple metabolic actions via AMPK pathway7. We first examined the effect of either metformin or liraglutide on 
the protein level of phosphorylated AMPK (p-AMPK) in PA-treated HUVECs. Results showed that metformin 
could increase p-AMPK protein level in a dose-dependent manner, whereas liraglutide did not have such effect 
as metformin (Supplemental Fig. 6). Next, AMPK activator AICAR and AMPK inhibitor compound C were used 
to clarify involvement of AMPK pathway in the metformin-mediated action in PA-treated HUVECs. Our data 
showed that AICAR (0.5 mmol/L) mimicked, while compound C (10 μ mol/L) abolished, the upregulating effects 
of metformin (1.0 mmol/L) on the protein levels of GLP-1R and p-PKA (Fig. 6a,b). These results suggested that 
AMPK pathway was involved in the metformin-induced upregulation of GLP-1R level and PKA phosphorylation 
in PA-impaired HUVECs.

Moreover, compound C was used to investigate whether AMPK pathway was also involved in the combined 
effect of metformin and liraglutide on the protein levels of GLP-1R and p-PKA. Results showed that combi-
nation treatment with lower dose of metformin (0.1 mmol/L) and liraglutide (3 nmol/L) eliminated the inhibi-
tory effects of PA (0.5 mmol/L) on the protein levels of GLP-1R (marginally) and p-PKA (completely). Notably, 

Figure 3. Metformin restored PA-impaired GLP-1R and PKA signalling in HUVECs. (a) Impaired GLP-1R 
level and PKA phosphorylation in PA-treated HUVECs. (b) Dose-dependent effects of metformin on GLP-1R 
level and PKA phosphorylation in PA-impaired HUVECs. The protein levels of GLP-1R or p-PKA were 
normalized to GAPDH or total PKA proteins, respectively. Data are shown as means ±  SD. n =  4. *P <  0.05  
(vs. control); #P <  0.05 (vs. PA). Met, metformin.
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addition of compound C (10 μ mol/L) abolished the combined effect of metformin and liraglutide (Fig. 6c,d). 
In agreement with this finding, compound C also abolished the synergistic ameliorating effect of combination 
treatment with lower dose of metformin and liraglutide on the PA-induced reduction of p-eNOS protein level 
(Supplemental Fig. 7).

Discussion
Endothelial dysfunction can be considered as a valuable biomarker for predicting atherosclerosis and other car-
diovascular lesions10. A causal link between free fatty acid and endothelial dysfunction has been established by 
multiple pathways16–19. PA is one of the fatty acids, which are most commonly found in the western diet. In our  
in vitro study, PA markedly impaired endothelial function as indicated by increased intracellular ROS production, 
and decreased NO level and eNOS phosphorylation. Likewise, our in vivo study demonstrated that Ach-induced 
endothelium-dependent vasodilation was impaired in HFD-fed ApoE−/− mice.

Figure 4. GLP-1R and PKA signalling pathway were involved in the synergistic protective effects of 
metformin and liraglutide in HUVECs. Cells were incubated with GLP-1R antagonist exendin (9–39) (a) or 
PKA inhibitor H89 (b) for 30 min, and then treated with metformin and liraglutide for 2 h, followed by exposure 
to PA for additional 21.5 h. Endothelial function including ROS production (upper panel), NO level (middle 
panel), and p-eNOS protein level (lower panel) were examined. Data are shown as means ±  SD. n =  4. *P <  0.05 
(vs. control); #P <  0.05 (vs. PA); †P <  0.05 (vs. PA +  metformin +  liraglutide). Met, metformin; Lira, liraglutide; 
Ex-9, exendin (9–39).
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It has been documented that there are some complementary actions between metformin and GLP-1-based 
drugs such as GLP-1 analogue and dipeptidyl peptidase 4 inhibitor20. Several studies show that metformin can 
increase plasma active GLP-1 level through enhancing GLP-1 secretion from intestinal L cells21 or inhibiting 
dipeptidyl peptidase 4-mediated GLP-1 degradation22,23. Combination of metformin and GLP-1-based agents has 
additive or even synergistic effects on several metabolic parameters20. Since either metformin or GLP-1 analogue 
has vascular protective effects7,24, we reasonably hypothesized that this combination therapy might also have a 
synergistic protective effect on endothelial function. Our in vitro study found that compared to the single treat-
ment, combination treatment with metformin and liraglutide was more effective to prevent PA-induced endothe-
lial dysfunction, as indicated by inhibiting ROS production, and increasing NO level and eNOS phosphorylation. 
Furthermore, our in vivo study also showed that co-administration of the two drugs in HFD-fed ApoE−/− mice 
had add-on effects in improving vascular endothelial function and enhancing aortic p-eNOS protein level. Our 
results are consistent with the findings in human aortic endothelial cells as reported recently. As shown in that 
report, combination treatment with metformin and liraglutide can ameliorate high glucose-induced oxidative 
stress via inhibition of PKC-NAD(P)H oxidase pathway25.

GLP-1R downregulation can diminish the effects of GLP-1 and its analogues on target cells. It has been shown 
that GLP-1R level is decreased in some injured cells, such as in human and mouse hepatocytes of individu-
als with non-alcoholic steatohepatitis26,27. Moreover, downregulation of GLP-1R level is also found in the glo-
merular endothelial cells of diabetic mice, which may be due to increased GLP-1R degradation resulted from 
diabetes-induced PKCβ 2 activation28. Likewise, our in vitro study showed that GLP-1R protein level in HUVECs 
was significantly decreased after exposure to PA for 24 h. Notably, metformin can directly upregulate GLP-1R 
expression in pancreatic β  cells29–31. Similarly, our study revealed that metformin increased GLP-1R protein level 
in PA-treated HUVECs. We also found that metformin attenuated the PA-induced downregulation of PKA phos-
phorylation in HUVECs. As is well known, PKA is a downstream signalling of GLP-1R32. Thus, we anticipated 
that metformin could upregulate GLP-1R and PKA signalling to exert its synergistic protective effects with lira-
glutide in PA-impaired endothelial cells. As we expected, either GLP-1R blockade or PKA inhibition partially 
eliminated the protective effects of the combined therapy on endothelial function. We also evaluated whether 
GLP-1R and PKA signalling were involved in the protective effect of metformin in HUVECs. We showed that 
H89 or PKA siRNA blocked the protective effects of metformin on PA-induced endothelial dysfunction, sug-
gesting that metformin alone might upregulate PKA signalling. Although metformin increased GLP-1R level, 
exendin (9–39) or GLP-1R siRNA did not attenuate the protective effects of metformin in PA-impaired HUVECs, 

Figure 5. PKA signalling mediated the protective effects of metformin on PA-induced endothelial 
dysfunction. HUVECs were incubated with exendin (9–39) (a) or H89 (c) for 30 min, and then treated with 
metformin for 2 h, followed by exposure to PA for additional 21.5 h. HUV-EC-C, a cell line of HUVECs, 
was transfected with GLP-1R siRNA (si-GLP-1R) (b) or PKA siRNA (si-PKA) (d) for 48 h, and then treated 
with metformin for 2 h, followed by exposure to PA for additional 22 h. Endothelial function including ROS 
production (upper panel), NO level (middle panel), and p-eNOS protein level (lower panel) were detected. Data 
are shown as means ±  SD. n =  5. *P <  0.05 (vs. control); #P <  0.05 (vs. PA); †P <  0.05 (vs. PA +  metformin). Met, 
metformin; Ex-9, exendin (9–39).
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suggesting that metformin per se could not exert protective effects via GLP-1R, instead, metformin upregulated 
GLP-1R to enhance the protective effects of liraglutide on endothelial function. Taken together, metformin may 
upregulate PKA signalling to exert its synergistic protective effects with liraglutide in both GLP-1R-dependent 
and -independent manners in PA-impaired endothelial cells.

Whether GLP-1R is expressed in endothelial cells remains controversial28,33–35. Richards and colleagues33 
generated GLP-1R-Cre mice crossed with fluorescent reporter strains for identification and characterization of 
live cells expressing GLP-1R. Results showed that GLP-1R was detectable in vasculature, but mainly in smooth 
muscle. However, it is possible that cells weakly expressing GLP-1R may generate insufficient Cre recombinase 
to activate the fluorescent reporters. Data from other groups and our recent study have shown that endothelium 
and cardiac and vascular myocytes express a functional GLP-1R, and participate in the protective cardiovascu-
lar effects of GLP-1 analogues11,36–38. In the present study, GLP-1R expression in human endothelial cells was 
detected by RT-PCR and western blot analyses, and we demonstrated that GLP-1R at both mRNA and protein 
levels was detectable, albeit not very strong, in the human endothelial cells. It has been reported that the commer-
cially available antibodies are thought to be nonspecific or inaccurate for GLP-1R protein detection33. Recently, 
Pyke and colleagues39 created a mouse anti-GLP-1R monoclonal antibody, which is highly sensitive and specific 
in the detection of GLP-1R in primate tissues. Therefore, we examined the expression of GLP-1R by using this 
antibody. Results showed that GLP-1R was expressed in primary HUVECs as detected by both immunofluores-
cence and western blot analyses. Next, we explored how metformin regulated GLP-1R level and PKA signalling. 
Pan and colleagues29 revealed that AMPK pathway was involved in the metformin-mediated upregulation of 

Figure 6. Metformin rescued the impaired GLP-1R level and PKA phosphorylation in PA-treated HUVECs 
via AMPK pathway. HUVECs were pre-treated with AMPK activator AICAR for 2.5 h, or with AMPK inhibitor 
compound C for 30 min and then treated with metformin (1.0 mmol/L) alone (a,b) or metformin (0.1 mmol/L) 
and liraglutide (3 nmol/L) combination (c,d) for 2 h, followed by exposure to PA for additional 21.5 h. The 
protein levels of GLP-1R (a,c) or p-PKA (b,d) were normalized to GAPDH or total PKA proteins, respectively. 
Data are shown as means ±  SD. n =  4. *P <  0.05 (vs. control); #P <  0.05 (vs. PA); †P <  0.05 (vs. PA +  metformin 
or PA +  metformin +  liraglutide). Met, metformin; Lira, liraglutide; CC, compound C.
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GLP-1R mRNA and protein levels in INS-1, a rat β  cell line. However, in another study using an INS-1 832/3 
β  cell line, the metformin-induced upregulation of GLP-1R mRNA expression was mediated via peroxisome 
proliferator-activated receptor-α  rather than AMPK pathway30. Moreover, a recent study reported that activation 
of peroxisome proliferator-activated receptor-β /δ  could protect rat pancreatic β  cells from PA-induced apoptosis 
through upregulation of GLP-1R expression31. In this study, the PA-induced reduction of GLP-1R level and PKA 
phosphorylation in HUVECs was reversed by either metformin or AMPK activator AICAR. Importantly, the 
upregulating effects of metformin on GLP-1R level and PKA phosphorylation were eliminated by adding AMPK 
inhibitor compound C. These results indicate that AMPK pathway is involved in the regulation of metformin on 
GLP-1R level and PKA phosphorylation in PA-treated HUVECs. However, how AMPK regulates GLP-1 signal-
ling pathway needs to be further investigated.

AMPK and PKA are two key regulators of cellular metabolism. Interaction between AMPK and PKA has been 
well documented in several studies40–42. AMPK activation increases PKA activity, while PKA independently or 
in turn inhibits the activity of Ser/Thr-specific protein phosphatase-2C, thereby indirectly modulating AMPK 
activity in rat primary vascular smooth muscle cells41. In this study, we found that AMPK activation attenuated 
the PA-induced reduction of PKA phosphorylation in HUVECs. Our findings may shed new light on the signal-
ling network in endothelial cells. In addition, PKA inhibition attenuated the effects of metformin on PA-induced 
endothelial dysfunction, suggesting that PKA may be involved in the protective effects of metformin on endothe-
lial cells. Nevertheless, further studies are needed to ascertain the crosstalk between AMPK and PKA pathways 
for the improvement of endothelial function.

In summary, combination treatment with metformin and liraglutide, a GLP-1 analogue, has a synergistic 
effect against PA-induced endothelial dysfunction. The function of metformin in upregulating GLP-1R level and 
PKA phosphorylation in endothelial cells may contribute to the synergistic protective effect of this combination 
therapy, which provides new insights on the interaction between metformin and GLP-1 agents (Fig. 7). It is con-
ceivable that metformin may be able to potentiate or strengthen the vascular protective effects of GLP-1 and its 
analogues. Our findings provide important information for designing new GLP-1-based therapy strategies in the 
treatment of type 2 diabetes.

Materials and Methods
Reagents. Liraglutide was provided by Novo Nordisk (Bagsvaerd, Denmark). PA, AMPK inhibitor com-
pound C and GLP-1R antagonist exendin (9–39) were purchased from Sigma (St. Louis, MO, USA). AMPK 
activator AICAR was from Beyotime Biotechnology (Shanghai, China). PKA inhibitor H89 was provided by Cell 
Signalling Technology (Beverly, MA, USA). Mouse anti-eNOS and anti-phospho-Ser-1177-eNOS (p-eNOS) anti-
bodies were from BD Biosciences (San Joe, CA, USA). Mouse anti-GLP-1R monoclonal antibody was from DSHB 
(Iowa, IA, USA). Rabbit anti-PKA Cα , anti-phospho-Thr197-PKA C (p-PKA), anti-AMPKα  and anti-phospho-
Thr-172-AMPKα  (p-AMPK) antibodies were obtained from Cell Signalling Technology. Mouse anti-GAPDH 
antibody from Zhongshan Biotechnology (Beijing, China).

Figure 7. Proposed scheme for the synergistic protective effects of metformin and liraglutide in 
lipotoxicity-induced endothelial dysfunction. Palmitic acid (PA)-induced endothelial dysfunction is 
characterized by increased ROS production, decreased NO level and reduced eNOS phosphorylation. 
Treatment with metformin or liraglutide alone can prevent endothelial cells from the PA-induced dysfunction. 
Combination treatment with metformin and liraglutide has a synergistic effect on the PA-induced endothelial 
dysfunction. In addition, metformin upregulates GLP-1R and its downstream PKA signalling, which may 
account for its synergistic protective effects with liraglutide in the PA-impaired endothelial cells. Metformin 
may also activate PKA signalling in a GLP-1R-independent manner. The above effects of metformin are 
mediated via AMPK pathway. The red arrows denote our novel findings in the present study.
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In vitro studies. PA preparation. PA of 256 mg was dissolved in 5 mL absolute ethanol and then titrated 
with 0.1 mol/L sodium hydroxide 5 mL at 70 °C. Finally, 10 mL PA mixture was added with 190 mL 10% BSA at 
55 °C to make a complex at the concentrations of 5 mmol/L. The stock solution was filter-sterilized and stored at 
− 20 °C. Control solution containing 5% ethanol and 9.5% BSA was similarly prepared.

Cell culture and treatment. HUVECs were collected from healthy donors with written informed consent. The 
protocol of this study was approved by the Ethical Committee of Peking University Third Hospital. All procedures 
performed were in accordance with the relevant guidelines and regulations. HUVECs were prepared and cultured 
as previously reported43. All of the experiments were performed using cells at passage 6. A series of PA concen-
trations (0.125, 0.25 and 0.5 mmol/L) were used for 24 h incubation to induce endothelial dysfunction. In most 
of our study, exposure of HUVECs to 0.5 mmol/L PA was used as an injured model. Pre-treatment of HUVECs 
with metformin (0.1, 0.5 and 1.0 mmol/L) or liraglutide (3, 10, 30 and 100 nmol/L) was performed 2 h prior to 
the PA exposure and in 22 h duration. In the combination experiment, cells were treated with both metformin 
(0.1 mmol/L) and liraglutide (3 nmol/L). To clarify the involved signalling pathways, cells were incubated with 
AICAR (0.5 mmol/L), compound C (10 μ mol/L), exendin (9–39) (200 nmol/L) or H89 (10 μ mol/L) for 30 min 
before other treatments.

In knockdown experiment, HUV-EC-C, a cell line of HUVECs, was used. This cell line was from Cell 
Resource Centre of Shanghai Life Science Research Institute (China), and was cultured in DMEM (Invitrogen, 
Carlsbad, CA, USA) supplemented with 10% FBS.

RNA interference. To silence GLP-1R and PKA gene expression, cells were transfected with siRNAs using lipo-
fectamine RNAi MAX reagent (Invitrogen). For each specific gene knockdown, three forms of siRNAs were 
included, and an unrelated, scrambled siRNA without any match in human genomic sequence was used as a 
control. After transfection for 48 h, cells were treated with metformin (1.0 mmol/L) for 2 h, followed by the PA 
exposure for additional 22 h.

Detection of intracellular ROS. ROS was measured using the fluorescent probe 2′ ,7′ -dichlorofluorescin diace-
tate (DCFH-DA, Sigma), which can be hydrolyzed to DCFH within cells. When the non-fluorescent DCFH is 
oxidized by ROS, it will be converted to highly fluorescent DCF. Briefly, by the end of treatment, cells were incu-
bated with DCFH-DA (20 μ mol/L) for 30 min at 37 °C, and then washed twice. The DCF fluorescent intensity was 
assayed by a flow cytometer (BD Biosciences). Controls were setup as 100% of the ROS levels.

Detection of supernatant NO. NO was determined by nitrite reductase method, using a kit from Beijing 4A 
Biotech Co., Ltd (China). At the end of treatment, the cell culture supernatants of each group were collected. To 
set up the assay, tubes with 0.1 mL distilled water, standard solution and the treatment samples were prepared, 
and then PBS and nitrate reductase were added into each tube. After incubation for 1 h at 37 °C, two working 
solutions were added for co-incubation for another 10 min. Absorbance at 450 nm in each tube was taken using a 
microplate reader. The NO level of each group was normalized to its total protein.

Western blot. Proteins were separated by 10% (wt/vol) SDS-PAGE and transferred to a nitrocellulose mem-
brane. Membranes were probed with primary antibodies (all at 1:1,000 dilution) overnight at 4 °C, and subse-
quently incubated with IRDye 800CW-conjugated goat anti-rabbit IgG or goat anti-mouse IgG (both at 1:10,000 
dilution; LI-COR Biosciences, Lincoln, NE, USA) for 1 h. Protein bands were visualized with Odyssey infrared 
imaging system (LI-COR Biosciences).

In vivo studies. Animals. The animal experiments were approved by the Animal Care and Use Committee of 
Peking University and were conducted in accordance with national and international guidelines. Eight-week-old 
male wild-type and ApoE−/− mice (Vital River Animal Centre, Beijing, China) were housed under specific 
pathogen-free conditions, with a 12 h light-dark cycle. Experiments were performed after one week’s acclima-
tization. Wild-type mice were fed with normal diet, while ApoE−/− mice were fed with HFD containing 0.15% 
cholesterol and 41% fat (MD12015, Medicine Ltd, Yangzhou, Jiangsu, China) for eight weeks. During the final 
four weeks, the ApoE−/− mice were divided into four groups (6 mice per group), including control (PBS, ip, twice 
daily), metformin (100 mg/kg per day, via drinking water; and PBS, ip, twice daily), liraglutide (30 μ g/kg per day, 
ip, twice daily) and combination (metformin, 100 mg/kg per day, via drinking water; and liraglutide, 30 μ g/kg per 
day, ip, twice daily). Body weights were measured before treatment and then once a week till sacrificed.

Preparation of aortic rings and measurement of vasodilation. After midline laparotomy under pentobarbital 
sodium anesthesia, aorta was rapidly excised for vascular reactivity measurements as previously reported44. After 
stabilized in Krebs’ buffer for 30 min, aortic rings were depolarized with potassium chloride (60 mmol/L) for 
evaluation of their maximal contraction. Following two washes, aortic rings were contracted by a stimulation 
using phenylephrine (10−6 mol/L). When the contractile response was stabilized (steady-state phase, 15 min), 
vasorelaxing responses to an increased concentration of Ach were examined. The resting tension of aortic rings 
was adjusted to 1.0 g. Changes in vascular tension were detected by a pen-writing recorder (ADInstruments, Bella 
Vista, Australia).

HE and immunochemistry staining. Aortic tissues including aortic roots and ascending aorta were collected 
for preparation of 7 μ m thick sections. Tissue sections were firstly identified by HE staining. For immunochem-
istry staining, the sections were treated with 3% hydrogen peroxide for 10 min to block endogenous peroxidase 
activity, and incubated in buffered normal horse serum to prevent the non-specific binding of antibodies. The 
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sections were then incubated with antibody against p-eNOS (1:50; Sigma) or GLP-1R (1:10) overnight at 4 °C and 
subjected to immunohistochemical analysis.

Statistical analysis. Data are presented as means ±  SD. Difference between groups was analysed by one-way 
ANOVA followed by the post-hoc Tukey-Kramer test. A P value <  0.05 was considered as statistically significant. 
All analyses were performed using SPSS 20.0 for Windows (SPSS Japan Inc., Tokyo, Japan).
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