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Abstract

 Objectives—Endothelial dysfunction is linked to insulin resistance, inflammatory activation 

and increased cardiovascular risk in diabetes mellitus; however the mechanisms remain 

incompletely understood. Recent studies have identified pro-inflammatory signaling of Wnt5a 

through JNK as a regulator of metabolic dysfunction with potential relevance to vascular function. 

We sought to gain evidence that increased activation of Wnt5a-JNK signaling contributes to 

impaired endothelial function in patients with diabetes mellitus.

 Approach—We measured flow-mediated dilation of the brachial artery and characterized 

freshly isolated endothelial cells by protein expression, eNOS activation, and nitric oxide 

production in from 85 subjects with Type 2 diabetes mellitus (n=42) and age- and sex-matched 

non-diabetic controls (n=43) and in human aortic endothelial cells treated with Wnt5a.

 Results—Endothelial cells from patients with diabetes displayed 1.3-fold higher Wnt5a levels 

(P=0.01) along with 1.4-fold higher JNK activation (P<0.01) without a difference in total JNK 

levels. Higher JNK activation was associated with lower flow-mediated dilation, consistent with 

endothelial dysfunction (r=0.53, P=0.02). Inhibition of Wnt5a and JNK signaling restored insulin 

and A23187-mediated eNOS activation and improved nitric oxide production in endothelial cells 

from patients with diabetes. In endothelial cells from non-diabetic controls, rWnt5a treatment 

inhibited eNOS activation replicating the diabetic endothelial phenotype. In HAECs, Wnt5a-

induced impairment of eNOS activation and nitric oxide production was reversed by Wnt5a and 

JNK inhibition.

 Conclusions—Our findings demonstrate that non-canonical Wnt5a signaling and JNK 

activity contributes to vascular insulin resistance and endothelial dysfunction and may represent a 

novel therapeutic opportunity to protect the vasculature in patients with diabetes.
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 Introduction

Patients with Type 2 diabetes experience high rates of adverse cardiovascular events even 

with implementation of current risk reduction interventions. A key feature of diabetes is the 

development of endothelial dysfunction that participates in the clinical development of 

vascular disease 
1
. Experimental studies identify altered vascular insulin signaling as a 

modulator of impaired endothelial function in diabetes models 
2
, and our recent work has 

demonstrated endothelial insulin resistance and inflammatory activation as a drivers of 

endothelial dysfunction in patients with diabetes 
3
. However, the specific regulators 

accounting for abnormal endothelial phenotype in human diabetes remain incompletely 

defined.

Recent work supports the concept that Wnt5a signaling is a novel inflammatory mediator in 

metabolic diseases. Wnt proteins comprise a large family of secreted glycoproteins that are 

well-established as regulators of development 
4
. Emerging evidence links non-canonical 

Wnt signaling, particularly Wnt5a, to disease processes in metabolic disorders 
5, 6. In animal 

models, enhanced Wnt5a signaling in adipose tissue contributes to obesity-associated insulin 

resistance and metabolic dysfunction 
7, 8. Further, Wnt5a activation impairs angiogenesis in 

retina 
9
 and in a model of obesity-linked peripheral artery disease 

10
. As a non-canonical 

Wnt, Wnt5a triggers the activation of signaling pathways through JNK (c-jun N-terminal 

kinase) activation 
7, 11

. JNK is a stress-activated kinase in the MAP kinase family with 

heightened activity in metabolic diseases. Activated JNK promotes insulin resistance in non-

vascular tissues by phosphorylation of IRS-1 at an inhibitory site 
12

. There has been 

considerable interest in pharmacologic inhibitors of JNK as potential therapies for 

diabetes.
13, 14

 However, there has been limited translational work investigating the 

functional impact of of non-canonical Wnt signaling and JNK activation to endothelial 

function in humans. The present study sought to investigate the involvement of the 

Wnt5a/JNK axis in vascular endothelial dysfunction in patients with diabetes.

 Materials and Methods

Materials and Methods are available in the online-only Data Supplement.

 Results

 Study subjects and vascular function

We enrolled 42 patients with Type 2 diabetes mellitus and 43 control subjects of similar age 

and sex. The clinical characteristics and measures of vascular function are shown in the 

Table. As expected, the patients with diabetes had clinical parameters consistent with 

metabolic dysfunction including higher fasting glucose, hemoglobin A1C, triglycerides, and 

body mass index. Likewise, diabetic subjects were taking medications to lower blood 

glucose, and had lower total and LDL cholesterol levels, likely reflecting the greater use of 

cholesterol-lowering medications. Endothelium-dependent flow-mediated dilation of the 

brachial artery was significant lower in the diabetic patients, consistent with the presence of 

endothelial dysfunction.
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 Impaired endothelial activation and function in patients with diabetes

To study endothelial function we evaluate activation of eNOS in endothelial cells isolated 

from diabetic patients and non-diabetic controls. As shown in Figure SIA, and consistent 

with our prior reports, eNOS activation by insulin was lower in freshly isolated endothelial 

cells from patients with diabetes (P<0.001)
3
. In addition, activation of eNOS by the calcium 

ionophore A23187 was impaired in patients with diabetes consistent with a multifaceted 

impairment of eNOS signaling in diabetes (P=0.02) (Figure SIB). Further, we now show 

reduced insulin- and A23186-induced nitric oxide production in endothelial cells from 

patients with diabetes consistent with endothelial dysfunction (Figure 1). The specificity of 

the nitric oxide probe was corroborated by using the nitric oxide synthase inhibitor L-NAME 

in the presence or absence of A23187. As expected, L-NAME treatment significantly limited 

the A23187-induced stimulation of nitric oxide in control patients (n=8, **P=0.003) (Figure 

SII).

 Wnt5a expression and JNK activation in freshly isolated endothelial cells from patients 
with diabetes

To investigate the potential role of elevated Wnt5a expression in endothelial dysfunction 

associated with diabetes, we first evaluated Wnt5a protein levels in endothelial cells by 

quantitative immunofluorescence staining. As shown in Figure 2A, endothelial cells from 

diabetic patients had higher Wnt5a expression compared with non-diabetic controls 

(P=0.01). A compelling body of evidence supports that Wnt5a is predominantly involved in 

β-catenin-independent signaling with JNK, its main downstream target 
15, 16

. To evaluate 

JNK activation in, we performed quantitative immunofluorescence to measure JNK 

phosphorylation at the activation sites (Threonine 183/Tyrosine 185). As shown in Figure 

2B, diabetic patients showed higher levels of activated JNK compared with controls (43±4.3 

vs. 31±1.3, **P=0.003). Levels of total JNK expression were similar in both groups 

(P=0.17) (Figure SIII), suggesting that higher levels of activated JNK in cells from diabetics 

was not attributable to altered total protein expression. Notably, higher levels of activated 

JNK were associated with lower flow-mediated dilation consistent with a link between JNK 

activation and impaired endothelial vasodilator function (Figure 2C).

 Wnt5a activation impairs endothelial function

To evaluate the effects of exogenous Wnt5a on endothelial function, we incubated freshly 

isolated endothelial cells from non-diabetic controls with recombinant Wnt5a protein and 

measure its impact on insulin-stimulated eNOS activation by quantitative 

immunofluorescence. Treatment of endothelial cells isolated from control patients with 

Wnt5a (100 ng/ml, 30 min) impaired insulin-stimulatd eNOS phosphorylation at Serine 

1177 (−9±5% compared to 21±6%, P<0.001, Figure 3A).

We performed experiments in HAECs to further characterize the impairment of insulin 

signaling induced by Wnt5a treatment. Incubating HAECs with Wnt5a recombinant protein 

(100 ng/ml) increased endothelial Wnt5a levels by western blot (P<0.001) and quantitative 

immunofluorescence (P=0.007) (Figure SIV). As shown in Figure 3B, Wnt5a treatment 

abrogated the insulin stimulated, activating phosphorylation of Akt at Ser473 as assessed by 

Western immunoblot. Correspondingly, Wnt5a also reduced insulin-stimulated nitric oxide 
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synthase activity (Figure 3C and Figure SVA). The specificity of the nitric oxide synthase 

activity assay was tested using the nitric oxide synthase inhibitor L-NAME in the presence 

or absence of insulin. As shown in Figure SVB, L-NAME treatment completely abolished 

the increase in nitric oxide induced by insulin (n=8, **P=0.004). In a similar fashion, Wnt5a 

treatment reduced both A23187-mediated stimulation of eNOS phosphorylation and 

A23187-mediated stimulation of nitric oxide release (Figure SVI). Collectively, the findings 

in freshly isolated patient cells and cultured endothelial cells suggest that Wnt5a activation 

mimics the endothelial dysfunction observed in the endothelial cells from patients with 

diabetes.

 Wnt5a and JNK inhibition restore endothelial nitric oxide synthase activation and 
endothelial function

To gain insight into the potential role of Wnt5a signaling in endothelial dysfunction in 

diabetes, we evaluated the effect of Wnt5a inhibition on eNOS activation in diabetes. We 

treated freshly isolated endothelial cells from diabetic patients with the Wnt5a competitive 

antagonist, Box5 (100 μM, 1h) 
17, 18

. As shown in Figure 4A Wnt5a inhibition by Box5 

restored eNOS activation by insulin in endothelial cells from diabetic patients (n=7, P=0.04). 

In addition, incubation of cultured endothelial cells with Box5 restored insulin-mediated 

eNOS phosphorylation in the presence of rWnt5a (Figure SVII, n=4, *P=0.05). Then we 

analyzed the role in endothelial dysfunction of the key Wnt5a downstream modulator, JNK 

that has previously been described to promote insulin resistance in non-vascular cell 

types 
12, 19, 20

. To investigate the importance of JNK to endothelial dysfunction and insulin 

resistance, we treated freshly isolated endothelial cells from diabetic patients with 

SP600125, specific inhibitor of JNK 
21

. Inhibition of JNK with this reagent restored insulin-

mediated eNOS phosphorylation in endothelial cells from patients with diabetes (Figure 

4B). Further, JNK inhibition restored A23187-induced nitric oxide production in these cells 

(**P=0.002 vs. control) (Figure SVIII). Collectively, these findings suggest that Wnt5 and 

JNK activation contributes to endothelial dysfunction in diabetic patients.

 JNK activation mediates Wnt5a-induced endothelial dysfunction

To determine if Wnt5a was an upstream modulator of JNK in our model, we examined JNK 

activation after recombinant Wnt5a protein treatment in both freshly isolated endothelial 

cells from healthy patients and in HAECs. As shown in Figure 5A, Wnt5a treatment in 

endothelial cells from non-diabetic controls induced a significant increase in JNK 

phosphorylation at the Thr183/Tyr185 activation site (*P=0.01). Similarly, Wnt5a 

overexpression activated JNK at these phosphorylation sites in HAECs (*P=0.02 vs control) 

(Figure 5B). Wnt5a inhibition by Box5 induced a significant decrease in JNK 

phosphorylation in endothelial cells freshly isolated from diabetic patients (Figure SIX).

Then, we evaluated whether the endothelial dysfunction induced by Wnt5a was dependent 

on JNK activation. In cultured cells, Wnt5a-induced JNK activation was completely blocked 

by pretreatment with the JNK inhibitor SP600125 (Figure SX). As shown in Figure 6, 

inhibition of JNK with SP600125 prevented the inhibitory effects of Wnt5a treatment 

insulin- and A23187-stimulated eNOS phosphorylation at Ser1177. The findings were not 

attributable to differential eNOS expression (Figure SXI). Furthermore, JNK inhibition 
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restored the insulin- and A23187-stimulated nitric oxide production in HAEC’s that were 

pretreated with Wnt5a (Figure 6C and 6E). Taken together, these results suggest that JNK 

activation mediates the endothelial dysfunction induced by Wnt5a.

 Role of oxidative stress in Wnt5a-induced endothelial dysfunction

Oxidative stress has been implicated as a mediator of endothelial dysfunction in 

diabetes 
22–24

. Moreover, reactive oxygen species (ROS) and oxidative stress have been 

described as signaling regulators relevant to JNK and Wnt5a in other cell types 
25–32

. In 

order to evaluate the relevance of ROS to Wnt5a-dependent endothelial dysfunction, we 

studied the effect of Wnt5a on ROS production in cultured endothelial cells. In HAECs 

treated with rWnt5a, there was no change in oxidative stress measured by nitrotyrosine 

levels or DHE fluorescence levels (Figure SXII). We have previously shown that 

nitrotyrosine levels are higher in endothelial cells from patients with diabetes
3
. In 

endothelial cells from patients with diabetes, treatment with the Wnt5a inhibitor Box5 had 

no effect on nitrotyrosine levels (Figure SXII). Taken together, these findings suggest that 

Wnt5a-mediated endothelial dysfunction is not primarily induced through ROS generation.

 Discussion

In the present study, we demonstrated the functional relevance of a novel inflammatory 

pathway to endothelial insulin resistance and dysfunction in human diabetes. Using 

endothelial cells directly isolated from patients with diabetes, we provide evidence for that 

Wnt5a signaling and JNK activation mediate impaired endothelial function in patient with 

diabetes. Impaired endothelial cell signaling and function was associated with higher Wnt5a 

expression and JNK phosphorylation in diabetes. Wnt5a treatment induced an endothelial 

phenotype that mimicked diabetes with endothelial insulin resistance and JNK activation. 

Critically, pharmacological antagonists of Wnt5a and JNK, restored endothelial signaling 

and increased nitric oxide production in patients with diabetes. In cultured endothelial cells, 

Wnt5a and JNK inhibition blocked the adverse effects of Wnt5a on eNOS activation and 

nitric oxide production, indicating that JNK activation is a downstream modulator of the 

adverse effects of Wnt5a on endothelial function. Taken together, our findings suggest that 

the Wnt5a-JNK signaling pathway is a contributing mechanism for endothelial dysfunction 

that may serve as a treatment target to blunt the adverse vascular consequences of diabetes 

(Figure 7).

Chronic systemic inflammation and nutrient excess promote insulin resistance in diabetes. 

Pro-inflammatory cytokines and nutrient overabundance converge to activate JNK 
33, 34

. 

JNK has been widely demonstrated to be activated in metabolic diseases in animal 

models 
11, 33, 35

 and has been described as a crucial mediator of insulin resistance through 

IRS-1 phosphorylation at Serine 307 
35

. In preclinical models, JNK deletion protects against 

diet-induced insulin resistance in diabetes and preserves endothelial function in high-

cholesterol fed mice indicating a potential connection to vascular disease 
35, 36

. Human 

studies show increased JNK activation in adipose tissue in obesity 
37–39

; however, the 

relevance to vascular dysfunction is unknown. JNK activity has been proposed as a potential 

treatment target for obesity, insulin resistance and type 2 diabetes 
13, 40

 and several JNK 
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inhibitors have been tested in preclinical models and early stage trials as anti-inflammatory 

agents 
41–43

. Our finding that JNK is activated in endothelial cells from diabetic patients and 

is associated with endothelial dysfunction supports the concept that JNK signaling is 

upregulated in the diabetic vasculature. Most importantly, our observation that JNK 

inhibition has the potential to restore insulin action in the endothelium and promote nitric 

oxide production suggests the possibility that JNK modulation will have beneficial vascular 

effects in diabetes.

Targeting specific upstream activators of JNK in the endothelium may have additional 

clinical relevance. In this regard, we focused on non-canonical Wnt5a given our recent work 

demonstrating relevance to metabolic and vascular dysfunction in animal models, obese 

humans, and peripheral artery disease. Wnt5a functions as a novel pro-inflammatory 

mediator of JNK-activation relevant to the vasculature 
7, 10, 44–46

. In animal models, Wnt5a 

ablation ameliorates systemic insulin resistance. In adipose tissue, Wnt5a contributes to 

obesity-associated metabolic dysfunction and inflammation 
11

. In both animal models and 

human studies of peripheral artery disease, Wnt5a activation impedes angiogenesis 

indicating its relevance to vascular function. Thus, prior work suggests the potential for 

Wnt5a to impact vascular function in diabetes.

The present study defines the regulatory contribution of Wnt5a signaling to abnormal 

endothelial signaling in diabetes. Endothelial cells from patients with diabetes displayed 

higher Wnt5a expression. Activating Wnt5a produced an increase in JNK activity and a 

marked abnormality of endothelial response to insulin in endothelial cells isolated from non-

diabetic subjects. Importantly, Wnt5a inhibition decreased JNK activation and restored 

endothelial insulin response in endothelial cells from diabetic patients. Wnt5a mediated a 

decrease in nitric oxide production in cultured endothelial cells similar to the phenotype 

observed in the endothelial cells from diabetic patients. Moreover, blocking JNK activity 

prevented the induction of endothelial insulin resistance and dysfunction by Wnt5a in 

endothelial cells. Collectively, our findings support the concept that JNK activation 

participates in the development of endothelial dysfunction in diabetes and that Wnt5a is a 

regulator of JNK activation. Thus, blocking Wnt5a signaling through pharmacologic 

approaches may serve as a strategy to blunt JNK activation and restore insulin signaling in 

the vasculature in diabetes.

Under diabetic conditions, ROS levels are enhanced in different tissues, and have been 

implicated in diabetic complications 
23, 47

. Previous literature in animal models, indicates 

that JNK is involved in oxidative stress-mediated induction of insulin resistance
48

. In the 

present study, our findings do not suggest that oxidative stress is the primary mediatory of 

Wnt5a-induced endothelial dysfunction.

Some limitations of our study should be considered. The characterization of endothelial 

phenotype was performed in venous endothelial cells not arterial endothelial cells, which 

may be more relevant to vasodilator function. However, both venous and arterial cells are 

similar exposed to abnormal metabolic conditions such as higher glucose and insulin levels 

in diabetes, and prior studies have demonstrated associations between endothelial phenotype 

in venous and arterial cells collected in a similar fashion 
49, 50

. Flow-mediated endothelium-
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dependent vasodilation and endothelial function is not only mediated by nitric oxide, but 

also involves the production of prostacyclin and endothelium-derived hyperpolarizing 

factor 
51, 52

. Additional work would be needed to define whether Wnt5a/JNK signaling 

alters the availability of these vasodilators. Diabetes is accompanied by multiple systemic 

risk factors that might contribute to the abnormal endothelial phenotype observed in the 

present study when comparing diabetic versus non-diabetic patients. However, the modest 

sample size limits multivariable adjustment for confounders. Additional studies will be 

required to define the relative contribution of each metabolic disturbance in diabetes to 

altered endothelial phenotype. Further, the studies using JNK inhibitor support the relevance 

of this pathway in metabolic diseases. It is likely that multiple stress-activated and 

inflammatory pathways contribute to JNK activation in diabetes 
40, 53

. Based on previous 

studies that identify Wnta as a novel mediator of metabolic dysfunction and JNK activation, 

we focused on the impact of Wnt5a activation. Nevertheless, we do not exclude other 

potential signaling cascades involved in the JNK pathway. Additional work will be required 

to determine the complete set of regulators of both Wnt5a and JNK that impact the vascular 

endothelium in diabetes.

 Conclusions

Our study may have important clinical implications for diabetic vascular disease. There is a 

critical need for new approaches to protect the vasculature from the adverse effects of 

nutrient overabundance, insulin resistance, and inflammation in diabetes. The clinical 

relevance of endothelial dysfunction to the heightened atherosclerotic risk in diabetes is 

well-established. However, the pathways leading from inflammation and nutrient excess in 

diabetes to abnormal vascular function remain incompletely elucidated. Pharmacologic 

inhibitors of Wnt5a-JNK signaling are under development and identification of the 

functional importance of Wnt5a-JNK signaling to endothelial dysfunction in human diabetes 

indicates that these drugs may serve as agents to mitigate cardiovascular risk.

 Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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eNOS endothelial nitric oxide

HAEC human aortic endothelial cells

JNK c-jun N-terminal kinase
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Wnt wingless-type family member
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Significance

Type 2 Diabetes is associated with endothelial dysfunction that contributes to the 

development of cardiovascular diseases. Experimental studies link Wnt5a as a pro-

inflammatory mediator in metabolic dysfunction acting through JNK activation. We 

found evidence that elevated Wnt5a levels in endothelial cells from diabetic patients were 

associated with increased JNK activation and endothelial dysfunction. We demonstrated 

that treatment with a Wnt5a and JNK inhibitors improved insulin signaling and eNOS 

activation in endothelial cells from diabetic patients. This study provides evidence that 

the Wnt5a/JNK signaling pathway contributes to endothelial dysfunction in diabetes and 

supports the possibility that treatments with Wnt5a inhibitors may be a novel strategy to 

restore endothelial function in diabetes.
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Figure 1. Diabetes is associated with altered nitric oxide production
Venous endothelial cells from diabetic and non-diabetic patients were freshly isolated and 

loaded with nitric oxide specific probe DAF-2 DA fluorescence probe, treated with eNOS 

agonist and fluorescence intensity was quantified. A, Representative cells from nondiabetic 

and diabetic patients treated with A23187 (1 μM, 20 min) are shown. Pooled data 

demonstrate that A23187 increased 36±6% NO production in endothelial cells from 

nondiabetic controls (n=5, **P=0.003) but not in endothelial cells from patients with 

diabetes (n=7). There was a significant difference in the response to A23187 between 

control and diabetic groups (*P=0.01) B, Representative cells from nondiabetic and diabetic 

patients incubated with 0 nmol/L or 10 nmol/L of insulin for 30 min are shown. Pooled data 

demonstrate that insulin increased NO production in endothelial cells from nondiabetic 

controls (n=7, **P=0.0016) but not in endothelial cells from patients with diabetes (n=5). 

There was a significant difference in the response to insulin between control and diabetic 

groups (*P=0.028).
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Figure 2. Diabetes is associated with an enhanced Wnt5a expression and JNK phosphorylation in 
endothelial cells
Venous endothelial cells from diabetic and non-diabetic patients were freshly isolated as 

described in methods. Endothelial cells were identified by von Willebrand factor (vWF) 

staining and nuclear morphology. A, Representative cell from a diabetic patient (right) 

shows higher Wnt5a expression compared with a cell from a non-diabetic control (left). 

Pooled data show that Wnt5a levels were higher in diabetic patients (n=9) compared with 

the non-diabetic controls (n=12, *P=0.01). B, JNK activation was evaluated as JNK 

phosphorylation at Thr183/Tyr185 (red). Representative cell from a patient with diabetes 

(right) show higher basal JNK phosphorylation at Thr183/Tyr185 compared with the 

nondiabetic control (left). Pooled data demonstrated an enhanced JNK activation in 

endothelial cells from diabetic patients (n=8) compared with nondiabetic controls (n=11, 

**P=0.003). C, Higher JNK activation in freshly isolated venous endothelial cells from 

patients was associated with lower flow-mediated dilation (r=0.53, *P=0.02).
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Figure 3. Wnt5a promotes insulin resistance in endothelial cells
Endothelial cells from nondiabetic patients and HAECs were treated with rWnt5a protein 

(100 ng/mL) for 30 minutes at 37°C, before insulin stimulation (10 nM, 30 minutes). A, 

Freshly isolated endothelial cells from nondiabetic patients were treated with 0 or 10 nmol/L 

insulin for 30 minutes in the absence or the presence of rWnt5a, and then fixed. eNOS 

activation was evaluated as eNOS phosphorylation at Ser1177. Representative cells from 

nondiabetic patient treated with rWnt5a (right) are shown. Insulin increased eNOS 

phosphorylation at Ser1177 in the nondiabetic patient (left top, red vs. left bottom, red), but 

treatment with rWnt5 impaired insulin-mediated changed in eNOS phosphorylation at 

Ser1177 (right top, red vs. right bottom, red). Pooled data demonstrated that eNOS 

phosphorylation increased 21±6% from baseline with insulin stimulation in the absence of 

Wnt5a vs. a 9±5% decrease in cells treated with Wnt5a recombinant protein (n=10, 

***P<0.001). B, Akt activation was studied by Western blot by evaluating Akt 

phosphorylation at Ser473. The blots shown are representative of at least three independent 

experiment that yielded equivalent results. The bar graph represents the mean values ±SEM 

of at least three independent experiments (n=8, ***P<0.001 Insulin vs control, P=0.06 

Insulin rWnt5a vs rWnt5a). C, HAECs were loaded with nitric oxide specific fluorescent 
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probe DAF-2 DA (5 μM, 30 min), then treated with 0 nmol/L or 10 nmol/L insulin for 30 

minutes in the absence or the presence of rWnt5a. The bar graph represents the mean values 

±SEM independent experiments (n=8, ***P<0.001).
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Figure 4. Wnt5a and JNK JNK inhibitors restores endothelial nitric oxide synthase activation 
and insulin signaling in endothelial cells from diabetic patients
As described in Methods, freshly isolated endothelial cells from patients with diabetes were 

isolated. eNOS phosphorylation at Ser1177 was quantified by evaluating 20 cells per patient 

in each condition. A, Representative cells from a patient with diabetes treated with 0 or 100 

μmol/L Box5, Wnt5a competitive antagonist, for 1 hour, along with 0 or 10 nmol/L insulin 

(30 minutes). Treatment with Box5 improved the insulin-mediated change in eNOS 

phosphorylation at Ser1177 (right top, red vs. right bottom, red) compared with control 

condition (left top, red vs. left bottom, red). Pooled data demonstrate that treatment with 

Box5 restored insulin-mediated eNOS phosphorylation at Ser1177 in endothelial cells from 
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patients with diabetes (n=7, *P=0.04). B, Representative cells from a patient with diabetes 

treated with 0 or 10 μmol/L SP600125, a chemical inhibitor for JNK, along with 0 or 10 

nmol/L insulin for 30 minutes. Treatment with SP600125 improved the insulin-mediated 

change in eNOS phosphorylation at Ser1177 (right top, red vs. right bottom, red) compared 

with control condition (left top, red vs. left bottom, red). Pooled data demonstrate that 

treatment with SP600125 restored insulin-mediated eNOS phosphorylation at Ser1177 in 

endothelial cells from patients with diabetes (n=7, ***P<0.001).
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Figure 5. Wnt5a induces an increase in JNK activation in endothelial cells
Venous endothelial cells from non-diabetic patients or HAECs were treated with rWnt5a 

protein (100 ng/mL, 1h). A, Venous endothelial cells freshly isolated from non-diabetic 

patients as described in methods and JNK activation was evaluated as JNK phosphorylation 

at Thr183/Tyr185. Representative cells from a nondiabetic patient are shown. Pooled data 

demonstrated an enhanced JNK activation in endothelial cells when treated with rWnt5a 

(n=8, *P=0.01). B, JNK activation was studied by Western blot by evaluating JNK 

phosphorylation at Thr183/Tyr185 after rWnt5a treatment. The blots shown are 

representative of at least three independent experiment that yielded equivalent results. The 

bar graph represents the mean values ±SEM of at least three independent experiments (n=8, 

*P=0.02 rWnt5a vs control, *P=0.003 rWnt5a insulin vs control).
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Figure 6. JNK activation is essential for Wnt5a-induced endothelial dysfunction
HAECs were treated with 100 nmol/L rWnt5a for 30 minutes in the absence or the presence 

of SP600125 (10 μmol/L, 30 minutes) and insulin or A23187 response was evaluated. A, 

Scheme of experimental design. B, Insulin mediated eNOS activation was evaluated as 

eNOS phosphorylation at Ser1177. Pooled data demonstrate that insulin increased eNOS 

phosphorylation at Ser1177, but treatment with rWnt5 impaired insulin-mediated changed in 

eNOS phosphorylation at Ser1177 (n=4, **P=0.002). Incubation with JNK chemical 

inhibitor SP600125 restored insulin-mediated eNOS phosphorylation at Ser1177 in HAECs 

treated with rWnt5a (n=4, *P=0.04). C, HAECs were loaded with nitric oxide specific probe 

(DAF-2 DA, 5 μM) in the absence or in the presence of SP600125. Then, cells were treated 

with rWnt5a and nitric oxide production by insulin was quantified by fluorescence 

microscopy (n=3, **P=0.001). D, A23187 mediated eNOS activation was evaluated as 

eNOS phosphorylation at Ser1177. Pooled data demonstrate that A23187 increased eNOS 

phosphorylation at Ser1177, but treatment with rWnt5 impaired eNOS activation (n=11, 

***P<0.001). Incubation with JNK chemical inhibitor SP600125 improved A23187-

mediated eNOS activation in HAECs treated with rWnt5a (n=11, **P=0.01). E, HAECs 
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were loaded with nitric oxide specific probe (DAF-2 DA, 5 μM) in the absence or in the 

presence of SP600125. Then, cells were treated with 100 nmol/L rWnt5a and nitric oxide 

production by A23187 was quantified by fluorescence microscopy (n=3, *P=0.047).
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Figure 7. 
Endothelial cells from diabetic patients showed an enhanced expression of the pro-

inflammatory cytokine Wnt5a, accompanied with an increased activation of JNK. 

Wnt5a/JNK sequential activation contributes to endothelial dysfunction and impairment in 

eNOS activation and nitric oxide production
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Table

Clinical and Vascular Characteristics

Nondiabetic (n=43) Diabetic (n=42)

Clinical Characteristics

 Age, y 50±9 54±12

 Female sex, % 42 60

 Postmenopausal,% women 50 72

 Black race, % 47 69*

 Weight, kg 85±18 105±24*

 Height, cm 174±9 169±14

 Body mass index, kg/m2 28.3±5.1 36.3±8*

 Total cholesterol, mg/dL 197±40 184±44

 LDL cholesterol, mg/dL 122±64 114±38

 HDL cholesterol, mg/dL 54±16 45±10*

 Triglycerides, mg/dL 105±59 121±50*

 Fasting glucose, mg/dL 88±10 150±57*

 Hemoglobin A1c, % 5.3±1.4 7.5±1.9*

 Systolic blood pressure, mm Hg 122±15 132±26*

 Diastolic blood pressure, mm Hg 75±11 77±16

 Ankle-brachial index 1.14±0.1 1.09±0.1*

 Antiplatelet therapy, % 9 42*

 Lipid lowering therapy, % 12 45*

 ACE inhibitor or ARB therapy, % 3 50*

 Metformin, % 0 74*

 Sulfonylureas, % 0 12*

 Insulin therapy, % 0 48*

 Peripheral Artery Disease, % 0 7

 Coronary Artery Disease, % 0 7

 Prior Stroke, % 2 7

Vascular function

 Baseline diameter, mm 4.12±0.77 4.23±0.67

 Baseline flow, mL/min 107±85 125±81

 Hyperemic flow, mL/min 953±435 762±389

 Flow-mediated dilation, % 9.9±4.1 6.2±3.3*

 Nitroglycerin-mediated dilation 15.1±8.5 9.23±8.3*

 Baseline flow velocity 12±6 14±6

 Hyperemic flow velocity 116±30 88±35*

Data are expressed as mean±SD. LDL indicates low-density lipoprotein; HDL, high density lipoprotein; ACE, angiotensin-converting enzyme: 
ARB-angiotensin receptor blocker: PAD, peripheral artery disease: ABI, Ankle-branchial index; CAD, coronary artery disease; CAD, 
Cardiovascular disease.
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*
P<0.05
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