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Abstract

Insulin resistance-related disorders are associated with endothelial dysfunction. Accumulating 

evidence has suggested a role for adenosine signaling in the regulation of endothelial function. 

Here, we identified a crucial role of endothelial adenosine kinase (ADK) in the regulation of 

insulin resistance. Feeding mice with a high-fat diet (HFD) markedly enhanced expression of 

endothelial Adk. Ablation of endothelial Adk in HFD fed mice improved glucose tolerance and 

insulin sensitivity, decreased hepatic steatosis, adipose inflammation, and adiposity, which were 

associated with improved arteriole vasodilation, decreased inflammation and increased adipose 

angiogenesis. Mechanistically, ADK inhibition or knockdown in Human Umbilical Vein 
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Endothelial Cells (HUVECs) elevated intracellular adenosine level and increased endothelial nitric 

oxide synthase (NOS3) activity, resulting in an increase in nitric oxide (NO) production. 

Antagonism of adenosine receptor A2b abolished ADK-knockdown- enhanced NOS3 expression 

in HUVECs. Additionally, increased phosphorylation of NOS3 in ADK-knockdown HUVECs was 

regulated by an adenosine receptor-independent mechanism. These data suggest that Adk-

deficiency-elevated intracellular adenosine in endothelial cells ameliorates diet-induced insulin 

resistance and metabolic disorders, and this is associated with an enhancement of NO production 

caused by increased NOS3 expression and activation. Therefore, ADK is a potential target for 

prevention and treatment of metabolic disorders associated with insulin resistance.
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Introduction

Vascular endothelium plays a crucial role in the regulation of metabolic homeostasis, and 

dysregulated endothelial function induces the development of metabolic disorders (Graupera 

and Claret 2018; Pi, et al. 2018). Multiple molecules/pathways in endothelial cells have been 

identified to directly modulate systemic metabolism, including the nitric oxide (NO) system 

regulated by endothelial nitric oxide synthase (NOS3), insulin cascade (INSR and IRS2), 

angiogenic signals (VEGFR1) and transcription factors (P53 and NFKBIA) (Duplain, et al. 

2001; Hasegawa, et al. 2012; Konishi, et al. 2017; Kubota, et al. 2011; Seki, et al. 2018; 

Yokoyama, et al. 2014). Dysregulation of these pathways results in insulin resistance-

associated metabolic perturbations.

Accumulating evidence highlights a critical role for adenosine signaling in the development 

of insulin resistance (Antonioli, et al. 2015; Pardo, et al. 2017). Adenosine signaling is also 

closely associated with endothelial inflammation, angiogenesis and vascular dilation (Adair 

2004; Bouma, et al. 1996; Smits, et al. 1995). Adenosine regulates the function of cells 

through signaling to its four receptors including A1, A2a, A2b, and A3, or through receptor-

independent mechanisms (Boison 2013; Borea, et al. 2016). Adenosine is produced by the 

dephosphorylation of adenosine monophosphate (AMP), a reaction catalyzed by 5’-

nucleotidase intracellularly or ecto-5’-nucleotidase extracellularly (Borea et al. 2016). In 

addition to AMP degradation, intracellular adenosine can also be formed through hydrolysis 

of S-adenosylhomocysteine (SAH) by SAH hydrolase (Borea et al. 2016). Adenosine is 

catabolized to AMP via adenosine kinase (ADK) or inosine via adenosine deaminase (ADA) 

(Borea et al. 2016). ADK is a principal intracellular enzyme in maintaining intracellular 

adenosine homeostasis (Boison 2013). Previous studies demonstrated a beneficial role of 

ADK inhibition in experimental diabetes by regulating proliferation of β-cells and reduced 

blood glucose level in vivo (Annes, et al. 2012; Navarro, et al. 2017; Pye, et al. 2014). 

However, it remains unclear whether elevated endothelial intracellular adenosine via ADK 

inactivation can regulate endothelial function and protect mice from diet-induced insulin 

resistance.

Xu et al. Page 2

J Endocrinol. Author manuscript; available in PMC 2020 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In the current study, we examined the effects of endothelial Adk deficiency-elevated 

intracellular adenosine on diet-induced insulin resistance. We found that endothelial-specific 

Adk deficiency had a glucose-lowering effect in mice fed a chow diet (CD) and protected 

mice from high-fat-diet (HFD)-induced insulin resistance and metabolic syndrome, which 

was associated with an enhancement of NO production by increased NOS3 phosphorylation 

and protein expression.

Materials and methods

Animal experiments

All mouse experiments were approved by the Institutional Animal Care and Use Committee 

of Peking University Shenzhen Graduate School and Augusta University. The generation of 

Adkflox/flox; Cdh5-Cre (AdkΔVEC) mice and their littermate control Adk flox/flox (AdkWT) 

mice has been described previously (Xu, et al. 2017b). Six-week-old AdkWT and AdkΔVEC 

male mice were fed ad libitum either a normal chow diet (CD) or a high-fat diet (HFD) 

(D12492, Research Diet, New Brunswick, NJ, USA) for 12 weeks followed by analysis of 

insulin sensitivity.

Evaluation of energy homeostasis

Food intake, locomotor activity and energy expenditure were determined with 

Comprehensive Lab Animal Monitoring System (Columbus Instruments, Columbus, OH, 

USA). Body composition of lean and fat mass was determined by nuclear magnetic 

resonance (MiniSpec LF90II TD-NMR Analyzer, Bruker, Billerica, MA, USA). Epididymal 

fat depots and liver were dissected and weighed during necropsy.

Evaluation of glucose homeostasis

Blood glucose and insulin levels from tail vein blood samples were measured at 16 h after 

fasting using a glucometer (OneTouch UltraEasy, Johnson & Johnson, New Brunswick, NJ, 

USA) and a mouse insulin ELISA kit (80-INSMS-E01, ALPCO, Salem, NH, USA) after 

fasting for 16 h at the indicated ages. For glucose tolerance test (GTT), the mice were fasted 

for 6 hours and received an intraperitoneal injection of D-glucose (2 g/kg; G8270, Sigma-

Aldrich, St. Louis, MO, USA). Tail vein blood samples were collected at 0, 30, 60, 90 and 

120 min after injection and glucose was measured with a glucometer. For insulin tolerance 

test (ITT), the mice were fasted for 4 hours and given insulin (HI0219, Lilly, Indianapolis, 

IN, USA) at 1 unit/kg (mice fed a CD) or 0.75 unit/kg (mice fed an HFD) by intraperitoneal 

injection. Tail vein blood samples were collected at the indicated times for blood glucose 

measurement by a glucometer.

Insulin signaling studies in vivo

Mice fed an HFD for 12 weeks were fasted for 4 h and anesthetized with an intraperitoneal 

injection of ketamine (100 mg/kg) and xylazine (10 mg/kg), and then received insulin (1 

unit/kg) or saline by intravenous injection into the inferior vena cava. Five minutes after 

injection, samples of liver, epididymal adipose and quadriceps muscle were removed 

quickly, immediately frozen in liquid nitrogen, and stored at −80 °C for analysis of Akt 

phosphorylation with Western blotting.
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Skeletal muscle arteriolar vasodilation in vitro

Videomicroscopy of isolated skeletal muscle arterioles was performed as previously 

described (Bagi, et al. 2005). Briefly, isolated gracilis muscle arterioles were cannulated at 

both ends with glass micropipettes and pressurized (70 mmHg) with the use of hydrostatic 

pressure reservoirs. Changes in arteriolar diameter were measured with a videocaliper 

(Colorado Instruments, Colorado Springs, CO, USA) in response to cumulative 

concentrations of acetylcholine (10−10−10−6 M; A6625, Sigma-Aldrich, St. Louis, MO, 

USA) in the absence or presence of L-NAME (0.2 mM; N5751, Sigma-Aldrich, St. Louis, 

MO, USA).

Hepatic triglyceride measurement

After fasting for 4 h, mice were euthanized and liver tissues were collected from 12-week 

HFD-fed AdkWT and AdkΔVEC mice, weighed and homogenized in RIPA lysis buffer 

(R0278, Sigma-Aldrich, St. Louis, MO, USA) on ice. Lipids in the liver homogenate were 

extracted in a mixture of chloroform and methanol (2:1) on a shaker at 100 rpm for 12 h at 

4 °C, then washed with 0.9% NaCl and centrifuged at 2000g for 20 min at 4 °C. The organic 

layer was collected, evaporated and redissolved in isopropanol. Liver triglyceride 

concentrations were assayed using a triglyceride assay kit (A110–1, Nanjing Jiancheng 

Bioengineering Institute, Nanjing, China) according to the manufacturer’s instructions.

Adipose stromal vascular fraction isolation and flow cytometry analysis

Epididymal adipose tissue was collected and digested on a shaker at 37 °C for 45 minutes in 

DMEM medium (A14430–01, Gibco, Grand Island, NY, USA) containing 1mg/ml 

collagenase D (COLLD-RO, Sigma-Aldrich, St. Louis, MO, USA), 10 mg/ml BSA, 0.5 mM 

CaCl2 and 15 mM HEPES. After centrifugation at 500 g for 5 min at 4 °C, stromal vascular 

fraction (SVF) pellets were incubated in 100 μl FACS buffer (0.1% BSA in PBS, pH 7.4) 

containing 2 μg Fc block (553141, BD Biosciences, San Jose, CA, USA) for 15 min at room 

temperature, and then stained with appropriate fluorescently labeled primary antibodies or 

isotype controls listed in Supplementary Table 1 for 30 min at 4 °C in the dark. The cells 

were resuspended in 0.5 ml FACS buffer containing 1% PFA. SVF cells were analyzed using 

FACSCalibur (BD Biosciences, San Jose, CA, USA) and FlowJo (TreeStar, Ashland, OR, 

USA).

Histological analysis

Samples of liver and adipose were fixed and embedded in paraffin according to a standard 

protocol. 5 μm sections of liver or adipose were sectioned and stained with hematoxylin and 

eosin (H&E) routinely. Mac-2 immunohistochemical (IHC) staining of adipose tissue was 

performed as previously described (Xu, et al. 2017a). For Adk immunofluorescence (IF) 

staining in adipose vessels, sections were incubated with anti-Adk (10 μg/ml, A304–280A, 

Bethyl Laboratries, Montgomery, TX, USA) and anti-Pecam1 (2 μg/ml, DIA-310, Dianova, 

Hamburg, Germany), then incubated with Alexa Fluor 594-labeled goat anti-rabbit IgG 

(1:250, A11012, Molecular Probes, Grand Island, NY, USA) and Alexa Fluor 488-labeled 

goat anti-mouse IgG (1:250, A11001, Molecular Probes, Grand Island, NY, USA). For 

isolectin GS-IB4 IF staining in adipose tissue, whole-mount staining was performed as 
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previously described (Xue, et al. 2010). Briefly, the distal epididymal adipose tissue samples 

were excised from mice and fixed in 4% PFA overnight at 4 °C. Samples were digested with 

proteinase K (20 μg/ml) for 5 min at room temperature and incubated with methanol for 30 

min at room temperature. After blocking with 3% blocking buffer overnight at 4 °C, samples 

were stained on a shaker overnight at 4 °C with Alexa-594 labeled Griffonia simplicifolia 

isolectin B4 (1:200, I21413, Invitrogen, Grand Island, NY, USA). After washing thoroughly 

with PBST, samples were immersed in mounting medium (H-1000, Vector Laboratories, 

Burlingame, CA, USA), imaged with a confocal microscope (Zeiss 780 Upright Confocal, 

Carl Zeiss, Oberkochen, Germany), and analyzed quantitatively using an Adobe Photoshop 

program.

Cell culture and treatments

Human umbilical vein endothelial cells (HUVECs) were cultured as previously described 

(Xu et al. 2017b). In some experiments, HUVECs were incubated with 0.1–0.5 mM palmitic 

acid (PA, P5585, Sigma-Aldrich, St. Louis, MO, USA), 2–20 μM ABT702 (2372, Tocris 

Bioscience, Bristol, United Kingdom), 5 μM ZM241385 (1036, Tocris Bioscience, Bristol, 

United Kingdom), 5 μM MRS1754 (2752, Tocris Bioscience, Bristol, United Kingdom) or 

10 μM ITU (1745, Tocris Bioscience, Bristol, United Kingdom). Adenoviral transduction of 

HUVECs was performed as previously described (Xu et al. 2017b). Palmitate-BSA complex 

was prepared as previously described (Maloney, et al. 2009).

Analysis of nitric oxide (NO) release

The measurement of NO release was performed using a Sievers NOA 280i 

chemiluminescence analyzer (Analytix, Sunderland, UK) as previously described (Ahmed, 

et al. 1997). Briefly, 100 μl of supernatant were injected into a nitrogen-purge vessel 

containing a 1% solution of sodium iodide in glacial acetic acid. The output was recorded 

using a Labchart program (ADInstruments, Colorado Springs, CO, USA) and the area under 

the curve was converted to picomole NO using a calibration curve constructed after the 

analysis of a series of sodium nitrite standards ranging from 2.5 to 100 pmol.

Measurement of intracellular adenosine concentration

The adenosine concentrations were measured using reverse-phase HPLC as previously 

described (Xu et al. 2017a).

Western blot analysis

Western blot was performed as previously described (Liu, et al. 2017). The antibodies used 

are listed in Supplementary Table 2. Band densities were quantified using ImageJ (National 

Institutes of Health, Bethesda, MD, USA).

Quantitative PCR (qPCR) analysis

Quantitative PCR was performed as previously described (Xu et al. 2017b). The primers 

used are listed in Supplementary Table 3. Quantification of relative gene expression was 

calculated with the 2−ΔΔCT method using the internal control Gapdh or 18S rRNA.
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Statistical analysis

Statistical analysis was performed with GraphPad Prism 7 software (GraphPad, La Jolla, 

CA, USA). The data are presented as the means ± s.e.m. Statistical comparisons were 

performed using two-tailed unpaired Student’s t-test or one-way analysis of variance 

(ANOVA) followed by Bonferroni’s post-hoc test when appropriate. Differences were 

considered significant at P < 0.05, and statistical significance was defined as follows: *P < 

0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001.

Results

The expression and activity of endothelial adenosine kinase are enhanced under 
metabolic stress

We examined the expression of Adk in adipose tissue of HFD-fed mice by using qPCR and 

WB, and found that the expression of Adk was increased at both protein and mRNA levels in 

adipose tissue in HFD-fed mice compared with that of CD-fed mice (Fig. 1A and B). These 

results are consistent with earlier finding that the activity of Adk is increased in adipose 

tissue in obese mice as compared to their lean littermates (Green, et al. 1981). To further 

determine the influence of metabolic stress on the expression of endothelial ADK, we 

analyzed the levels of endothelial Adk in adipose from mice fed with HFD. In an 

immunostaining assay, endothelial Adk expression was increased on the vascular 

endothelium of HFD-fed mice compared with that of CD-fed mice (Fig. 1C). We then 

examined the expression and function of endothelial ADK using an in vitro assay. HUVECs 

were treated with palmitic acid (PA), and the efficacy of PA treatment on endothelial cells 

(ECs) were evidenced with the increased expression of ICAM-1, the critical marker of 

endothelial activation (Supplementary Fig. 1A and B). PA treatment led to upregulation of 

ADK at the protein level in HUVECs, resulting in decreased level of intracellular adenosine 

compared with vehicle-treated cells (Fig. 1D and E). The increased ADK protein level in 

PA-treated HUVECs was due to an increased mRNA level, which was demonstrated by 

qPCR assay (Fig. 1F and G). Together, these findings suggested that metabolic stress 

reprograms the expression of ADK and this may be a critical link in the development of 

metabolic syndrome.

Endothelial Adk deficiency modestly alters the metabolic phenotype of mice fed a chow 
diet

To investigate the role of endothelial Adk in metabolic homeostasis in mice, we generated 

endothelial Adk-deficient mice (AdkΔVEC) and fed these mice and their littermate controls 

(AdkWT mice) a chow diet and examined metabolic parameters in these mice. The body 

weight of AdkΔVEC mice was slightly higher than AdkWT mice after 12 weeks of CD (Fig. 

2A). However, AdkΔVEC mice had a significantly lower body fat content than AdkWT mice 

in the measurement with NMR (Fig. 2B). This was in line with the lower weight of 

epididymal white adipose tissue (eWAT) in AdkΔVEC mice than AdkWT mice (Fig. 2C). The 

content of lean mass is higher in AdkΔVEC mice compared to that of AdkWT mice, although 

this increase does not reach statistical significance (Fig. 2B). However, this may explain the 

slight increase in body weight in AdkΔVEC mice following 12 weeks of CD feeding (Fig. 

2A). AdkΔVEC mice had a significantly lower fasting blood glucose level than AdkWT mice 
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whereas their levels of fasting serum insulin were similar (Fig. 2D and Supplementary Fig 

2A). Despite that the fasting blood glucose of AdkΔVEC mice was lower than that of AdkWT 

mice, elevation of blood glucose after intraperitoneal glucose administration and the 

glucose-lowering effect of insulin did not differ significantly between AdkΔVEC mice and 

AdkWT mice (Fig. 2E and F). In the Comprehensive Lab Animal Monitoring System, no 

differences in food intake, locomotor activity, oxygen consumption, carbon dioxide 

production, and respiratory exchange ratio or energy expenditure were found between 

AdkΔVEC and AdkWT mice (Supplementary Fig. 2B–G). These results indicate that 

endothelial Adk deficiency causes a very modest metabolic change in mice on CD.

Endothelial Adk deficiency protects mice from high fat diet (HFD)-induced insulin 
resistance

When challenged with an HFD, AdkΔVEC mice displayed resistance to HFD-induced body-

weight gain with an approximately 10% lower average body weight than that of AdkWT 

mice following four weeks of HFD feeding (Fig. 3A). AdkΔVEC mice showed a lower body 

fat content by NMR measurement (Fig. 3B) and a higher percentage of lean mass than 

AdkWT mice (Supplementary Fig. 3A). Also, AdkΔVEC mice had a significant reduction in 

the weight of eWAT compared with AdkWT mice (Supplementary Fig. 3B). Consistent with 

the above results, using the Comprehensive Lab Animal Monitoring System, AdkΔVEC mice 

had a modest increase in locomotor activity, oxygen consumption and carbon dioxide 

production without a significant alteration in food intake, respiratory exchange ratio and 

energy expenditure compared with AdkWT mice after the 12-week HFD feeding 

(Supplementary Fig. 3C–H). Moreover, AdkΔVEC mice exhibited significantly decreased 

blood glucose level compared to AdkWT mice over 12 weeks of HFD feeding (Fig. 3C). In 

addition, fasting blood insulin levels were also dramatically reduced in AdkΔVEC mice 

compared to that in AdkWT mice after an HFD (Fig. 3D). In agreement with these 

observations, AdkΔVEC mice exhibited improved glucose clearance in GTTs, as well as 

improved insulin sensitivity in ITTs compared with AdkWT mice (Fig. 3E and F). This 

increased insulin sensitivity in AdkΔVEC mice was further confirmed by Western blotting 

assays with samples from major metabolic organs, in which the levels of insulin-stimulated 

Akt Ser473 phosphorylation in liver, eWAT and muscle were higher in AdkΔVEC mice than 

AdkWT mice (Fig. 3G–I). These results indicate that endothelial Adk deficiency attenuates 

HFD-induced systemic insulin resistance by improving insulin sensitivity in liver, eWAT and 

skeletal muscle.

Endothelial Adk deficiency attenuates HFD-induced hepatic steatosis

Metabolic alterations in livers of HFD-fed AdkΔVEC mice were further characterized. The 

liver of AdkΔVEC mice was smaller in size than that of AdkWT mice (Fig. 4A). The same 

change was seen in the ratio of liver weight to body weight (Fig. 4B). Histological 

examination of liver sections showed that the hepatic lipid accumulation was significantly 

reduced in AdkΔVEC mice compared to AdkWT mice (Fig. 4C). This was further confirmed 

by the measurement of liver triglyceride content (Fig. 4D). The expression of hepatic 

lipogenesis- and β-oxidation-related genes was not significantly different between livers of 

AdkΔVEC mice and those of AdkWT mice after feeding of HFD (Supplementary Fig. 3I). 

However, compared with AdkWT mice, AdkΔVEC mice showed a significant decrease in the 
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expression of the proinflammatory cytokines Tnfa and Ccl2, and a marked increase in Mrc1, 

a marker of M2 macrophages in the liver (Fig. 4E and F). Collectively, these results suggest 

that endothelial Adk deficiency attenuates HFD-induced hepatic steatosis and hepatic insulin 

resistance through reduction of hepatic inflammation.

Endothelial Adk deficiency ameliorates HFD-induced adipose inflammation and 
endothelial dysfunction

As chronic adipose inflammation plays a critical role in the pathogenesis of HFD-induced 

systemic insulin resistance, we histologically examined the sections of eWAT and found that 

the HFD-induced crown-like structure formation was reduced in AdkΔVEC mice compared to 

AdkWT mice (Fig. 5A and B). Consistently, immunostaining with Mac-2 antibody showed 

that macrophage infiltration in eWAT of HFD-fed AdkΔVEC mice was much lower than that 

of HFD-fed AdkWT mice (Fig. 5A and C). Furthermore, FACS analysis of macrophage 

populations in SVF cells of eWAT revealed smaller proportions of CD11b+F4/80+ 

macrophages and a lower ratio of M1-like CD11b+F4/80+CD11c+ cells to M2-like CD11b
+F4/80+CD206+ cells in HFD-fed AdkΔVEC mice than in HFD-fed AdkWT mice (Fig. 5D–

H). Finally, compared with HFD-fed AdkWT mice, HFD-fed AdkΔVEC mice showed a 

significant decrease in the expression of inflammatory genes, including Ccl2, Il6, Adgre1 
and Icam1, and a considerable increase in the levels of Adipoq and Pecam1 in the eWAT 

(Fig. 5I and J). These results suggest that endothelial Adk deficiency attenuates 

inflammation and increases angiogenesis in adipose tissue of HFD-fed AdkΔVEC mice.

Consistently, immunostaining of whole mount adipose tissue with isolectin GS-IB4 showed 

that the vasculature density in eWAT was significantly increased, whereas adipogenic/

angiogenic cell cluster (AACC) numbers were markedly reduced in HFD-fed AdkΔVEC mice 

compared with HFD-fed AdkWT mice (Fig. 6A). Moreover, the levels of NOS3 protein and 

its phosphorylation in eWAT were also significantly increased in HFD-fed AdkΔVEC mice 

compared with HFD-fed AdkWT mice (Fig. 6B). In addition, in arterioles isolated from 

skeletal muscle, impaired endothelium-dependent relaxation in response to acetylcholine 

(ACh), a physiological NOS3 activator, was improved in HFD-fed AdkΔVEC mice compared 

with HFD-fed AdkWT mice. This improved arterial relaxation in HFD-fed AdkΔVEC mice is 

partially abolished by Nω-nitro-l-arginine methyl ester (L-NAME) (Fig. 6C). Finally, we 

also found that the phosphorylation of NOS3 in liver and vessel density in adipose tissue 

were significantly increased in AdkΔVEC mice compared to AdkWT mice fed a chow diet 

(Supplementary Fig 3J and K).

Elevated intracellular adenosine promotes endothelial NO production in vitro

Since endothelial Adk deficiency increased NOS3 activity in vivo, we next investigated the 

mechanisms involved in the regulation of endothelial NOS3/NO pathway by ADK inhibition 

in vitro. We first examined the effects of ADK knockdown (KD) by adenovirus shADK on 

NOS3/NO signaling in HUVECs. Endothelial ADK KD significantly increased the levels of 

intracellular adenosine (Fig 7A–C), NOS3 phosphorylation and NOS3 protein (Fig 7D), and 

NO production (Fig 7E). Furthermore, ADK KD-mediated upregulation of NOS3 protein 

was compromised by blockade of ADORA2B whereas the phosphorylation of NOS3 was 

not disturbed by blockade of ADORA2A, ADORA2B or both, which was associated with 
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increased phosphorylation of AKT (Fig 7F). Consistently, ITU, an ADK inhibitor, 

significantly increased the phosphorylation of NOS3 and the level of NOS3 protein (Fig. 

8A). ABT702, another ADK inhibitor, was able to significantly increase endothelial 

intracellular adenosine levels (Fig 8B), increase the phosphorylation of NOS3 (Fig. 8C), and 

increase NO production in a dose-dependent manner (Fig. 8D), as well as significantly 

increase the phosphorylation of vasodilatory-stimulated phospho-protein (VASP) (Fig. 8E), a 

downstream mediator of NO signaling. In addition, endothelial ADK KD protected 

HUVECs from PA-induced decreased AKT phosphorylation and increased ICAM-1 

expression (Supplementary Fig. 4A and B).

Together, endothelial ADK deficiency-elevated intracellular adenosine enhances NO 

production through adenosine receptor dependent and independent pathways and 

ameliorates HFD-induced insulin resistance in mice (Fig. 8F).

Discussion

In the present study, we demonstrated the effect of endothelial Adk in the regulation of 

insulin resistance. Deletion of endothelial Adk reduces diet-induced obesity and insulin 

resistance. Alleviation of insulin resistance in AdkΔVEC mice was demonstrated by 

decreased levels of fasting blood glucose and fasting serum insulin and improved glucose 

tolerance and insulin tolerance tests. This improved metabolic phenotype is associated with 

increased NOS3 activity in endothelial cells with deficiency/inhibition of ADK.

Metabolic stress regulates endothelial adenosine signaling via reprograming adenosinergic 

genes. Extensive studies have been reported on the effect of adenosine signaling in 

metabolic cells and leukocytes in metabolic disorders (Antonioli et al. 2015; Csoka, et al. 

2014). However, it remains elusive on the role of endothelial adenosine signaling in 

regulation of metabolic syndrome. ADK is a principal intracellular enzyme in metabolizing 

intracellular adenosine and subsequent adenosine signaling (Boison 2013), the effect of 

endothelial ADK on modulation of metabolic syndrome has not been studied yet. In the 

milieu of in vitro metabolic syndrome, PA was used to mimic the stimulation of free fatty 

acids on endothelium in vivo. Our results reveals that endothelial ADK is the most 

significantly upregulated adenosinergic gene in response to PA treatment (Supplementary 

Fig 1C). It has been reported that Adk can be upregulated in lymphocytes in response to 

insulin treatment via the MAPK pathway (Pawelczyk, et al. 2003). Therefore, increased Adk 

expression in endothelial cells may be attributed to an enhanced MAPK pathway under 

insulin resistance condition (Gogg, et al. 2009; Gustavo Vazquez-Jimenez, et al. 2016; 

Mather, et al. 2013). In addition, upregulation of ADK in endothelial cells may also be due 

to inflammatory stimuli under metabolic stress; our previous study has shown that 

endothelial ADK is increased in response to treatment with proinflammatory cytokines 

(Luan, et al. 2013; Wahlman, et al. 2018; Xu et al. 2017a).

Endothelial Adk knockout (KO)-increased endothelial NOS3 activity protects against diet-

induced insulin resistance. It has been well accepted that preserved endothelial homeostasis 

protects mice from diet-induced metabolic syndrome (Graupera and Claret 2018; Pi et al. 

2018). For example, deficiency of endothelial NOS3 exacerbates, while enhanced activity of 
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NOS3 improves, diet-induced metabolic stress including hepatic steatosis, adiposity and 

insulin resistance (Cook, et al. 2004; Kashiwagi, et al. 2013; Lee, et al. 2015). This has been 

associated with NO-regulated endothelial function, adipose inflammation, as well as 

macrophage polarization (Handa, et al. 2011; Kubota et al. 2011; Lee et al. 2015). In the 

current study, HFD-induced proinflammatory gene expression in the liver and adipose tissue 

was decreased in AdkΔVEC mice. Enhanced M2 macrophage polarization in the adipose 

tissue also occurred in HFD-fed AdkΔVEC mice. A further study demonstrated better dilation 

in response to ACh stimulation in arterioles isolated from HFD-fed AdkΔVEC mice, and this 

is significantly diminished by treatment with NOS3 inhibitor. Therefore, our findings on 

decreased insulin resistance in HFD-fed AdkΔVEC mice, at least in part, are associated with 

enhanced NOS3 activity, although increased vascularization in adipose tissue may also 

contribute to the reduced adipose tissue inflammation in HFD-fed AdkΔVEC mice.

ADK deficiency/inhibition enhances endothelial NOS3/NO signaling through multiple 

pathways. Genetic and pharmacological inhibition of endothelial ADK increased 

intracellular adenosine and then increased NO production. This is due to increased NOS3 

activity evidenced by the increased levels of NOS3 phosphorylation and NOS3 protein. The 

increased NOS3 protein level in this study is in line with our previous study in which the 

increased mRNA level of NOS3 in ADK KD HUVECs is reported (Xu et al. 2017b). Our 

previous study also shows that endothelial ADK KD increases the level of ADORA2B (Xu 

et al. 2017b). In this study we have found that ADORA2B modulates NOS3 expression 

since, in ADK KD HUVECs, the enhanced expression of NOS3 was abrogated by blockade 

of ADORA2B. This observation is in agreement with the recent study from Du et al. in 

which adenosine receptor agonist NECA upregulates the levels of endothelial NOS3 at both 

mRNA and protein levels through ADORA2B (Du, et al. 2015). Interestingly, the enhanced 

phosphorylation of NOS3 is not regulated by ADORA2B. Our previous study showed that 

ADK deficiency-elevated intracellular adenosine inhibited methylation of the promoters of a 

series of pro-angiogenic genes, especially for VEGFR2 (Xu et al. 2017b). Likely, the 

consequent increased VEGFR2/AKT signaling participates in NOS3 phosphorylation in 

ADK-deficient endothelial cells.

Other possible mechanisms, such as the anti-inflammatory effects of endothelial Adk 
deficiency, may also contribute to the alleviated adipose inflammation and systematic insulin 

resistance in HFD-fed AdkΔVEC mice. Our previous study has shown that the deletion of 

Adk in endothelium reduces leukocyte rolling and adhesion on the endothelium in response 

to Tnfa treatment in vivo (Xu et al. 2017a). Therefore, it is very likely that decreased 

adhesion molecule expression in Adk-deficient endothelium upon inflammatory stimulation 

contributes to the decreased macrophage infiltration in adipose tissue observed in the current 

study.

In summary, our findings demonstrate that inactivation of endothelial ADK can regulate 

glucose homeostasis and insulin sensitivity via improved endothelial function and 

angiogenesis. A recent study has shown that deletion of Adk in mouse pancreatic β-cells 

also protects against HFD-induced glucose intolerance through increased β-cell replication 

and mass (Navarro et al. 2017). Although much work is required to further study the role of 

ADK in other types of cells in the regulation of metabolic syndrome, it is very likely that 
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regulation of ADK is a potential therapeutic strategy for the treatment of insulin resistance-

associated metabolic disorders.
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Figure 1. Increased expression of endothelial adenosine kinase (ADK) in diet-induced obese mice 
and endothelial cells treated with palmitic acid (PA).
A. Representative Western blot results of Adk and β-actin (left) in adipose tissue from wild-

type (WT) mice fed either a chow diet (CD) or a high-fat diet (HFD) for 12 weeks starting at 

6-week-age and relative ratio of Adk/β-actin (right) were quantitated by densitometric 

analysis of the corresponding Western blots (n = 4). B. qPCR analysis of Adk expression in 

adipose tissue from wild-type (WT) mice fed either a chow diet (CD) or a high-fat diet 

(HFD) for 12 weeks starting at 6-week-age (n = 5). C. Representative images (left) and 
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quantification (right) of immunofluorescence staining for Adk in adipose vessels from wild-

type (WT) mice fed either a chow diet (CD) or a high-fat diet (HFD) for 12 weeks starting at 

6-week-age (n = 4). D. Representative Western blot results of ADK and GAPDH in 

HUVECs treated with PA at 0.4 mM for 24 h (left) and relative ratio of ADK/GAPDH 

(right) were quantitated by densitometric analysis of the corresponding Western blots (n = 

5). E. Quantification of relative intracellular adenosine concentration in HUVECs treated 

with vehicle (Ctrl) or PA (0.4 mM) for 24 h (n = 4). F. qPCR analysis of ADK expression in 

HUVECs treated with increasing concentrations of PA (0.1–0.5 mM) for 24 h (n = 4). G. 
qPCR analysis of ADK expression in HUVECs treated with PA (0.4mM) for the indicated 

times (n = 3). All data are represented as mean ± SEM, *P < 0.05, **P < 0.01 and ****P < 

0.0001 for indicated comparisons; unpaired two-tailed Student’s t test for (A-E); one-way 

ANOVA with Bonferroni’s post-hoc test for (F and G).
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Figure 2. Body mass and glucose homeostasis of the EC Adk-deficient mice on a chow diet (CD).
A. Body weight of AdkWT and AdkΔVEC mice at the indicated age (n = 9–10 mice per 

group). B. Lean and fat content of AdkWT and AdkΔVEC mice at the age of 14 weeks (n = 8 

mice per group). C. The weight of epididymal WAT (eWAT) in AdkWT and AdkΔVEC mice 

at the age of 14 weeks (n = 15–17 mice per group). D. Fasting blood glucose levels of 

AdkWT and AdkΔVEC mice at the age of 14 weeks (n = 7–13 mice per group). E. Blood 

glucose levels (left) and AUC (area under the curve, right) during GTT (glucose tolerance 

test) in AdkWT and AdkΔVEC mice at the age of 16 weeks (n = 6 mice per group). Mice were 

fasted for 6 h and injected with glucose (2 g/kg i.p.). F. Blood glucose levels (left) and AAC 

(area above the curve, right) during ITT (insulin tolerance test) in AdkWT and AdkΔVEC 

mice at the age of 17 weeks (n = 5–6 mice per group). Mice were fasted for 4 h and injected 

with insulin (1 unit/kg i.p.). All data are represented as mean ± SEM, *P < 0.05 and **P < 

0.01 for AdkΔVEC vs. AdkWT (unpaired two-tailed Student’s t test).
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Figure 3. Improved HFD-induced systemic insulin sensitivity in EC Adk-deficient mice.
A. Body weight of AdkWT and AdkΔVEC mice during 12 weeks of HFD (n = 10 mice per 

group). B. Fat content of AdkWT and AdkΔVEC mice after 12 weeks of HFD (n = 10 mice 

per group). C. Fasting blood glucose levels of AdkWT and AdkΔVEC mice during 12 weeks 

of HFD (n = 10 mice per group). D. Fasting serum insulin levels of AdkWT and AdkΔVEC 

mice after 12 weeks of HFD (n = 10 mice per group). E. Blood glucose levels (left) and 

AUC (area under the curve, right) during GTT (glucose tolerance test) in AdkWT and 

AdkΔVEC mice after 10 weeks of HFD (n = 6 mice per group). Mice were fasted for 6 h and 
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injected with glucose (2 g/kg i.p.). F. Blood glucose levels (left) and AAC (area above the 

curve, right) during ITT (insulin tolerance test) in AdkWT and AdkΔVEC mice after 11 weeks 

of HFD (n = 6 mice per group). Mice were fasted for 4 h and injected with insulin (0.75 

unit/kg i.p.). G-I. Representative Western blot results of phospho-Akt (Ser473) (p-AktS473), 

total Akt (Akt) and β-actin from liver (G, top), epididymal WAT (H, top) and quadriceps 

muscle (I, top) in AdkWT and AdkΔVEC mice after 12 weeks of HFD. Samples were 

collected 5 min after mice were injected with saline or insulin (1 units/kg) into the inferior 

vena cava. Relative ratio of p-AktS473/Akt in liver (G, bottom), epididymal WAT (H, bottom) 

and skeletal muscle (I, bottom) were quantitated by densitometric analysis of the 

corresponding Western blots (n = 6 mice per group). All data are represented as mean ± 

SEM, *P < 0.05 and **P < 0.01 for AdkΔVEC vs. AdkWT (unpaired two-tailed Student’s t 
test).
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Figure 4. Decreased HFD-induced hepatic steatosis in EC Adk-deficient mice.
A. Representative gross morphology of liver from AdkWT and AdkΔVEC mice after 12 weeks 

of HFD (n = 4 images per group). B. Liver weight of AdkWT and AdkΔVEC mice after 12 

weeks of HFD (n = 10 mice per group). C. Representative hematoxylin and eosin (H&E) 

staining of liver sections from AdkWT and AdkΔVEC mice after 12 weeks of HFD (n = 4 

images per mouse; n = 4 mice per group). D. Triglyceride content in liver of AdkWT and 

AdkΔVEC mice after 12 weeks of HFD (n = 6 mice per group). E. qPCR analysis of 

expression of hepatic inflammatory cytokines in AdkWT and AdkΔVEC mice after 12 weeks 

of HFD (n = 8 mice per group). F. qPCR analysis of expression of hepatic M2 macrophage 

marker in AdkWT and AdkΔVEC mice after 12 weeks of HFD (n = 8 mice per group). All 

data are represented as mean ± SEM, *P < 0.05, **P < 0.01 and ***P < 0.001 for AdkΔVEC 

vs. AdkWT (unpaired two-tailed Student’s t test).
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Figure 5. Decreased HFD-induced adipose inflammation in EC Adk-deficient mice.
A-C. Representative images of hematoxylin and eosin (H&E) staining (A, top) and Mac-2 

immunohistochemical staining (A, bottom) and quantification of CLS (crown-like structure) 

numbers (B) from H&E staining and macrophage infiltration (C) from Mac-2 staining in 

epididymal WAT sections from AdkWT and AdkΔVEC mice after 12 weeks of HFD. (n = 4 

mice per group). D-J. Representative flow cytometry plots and quantitative scatter plots 

showing percentage of Cd11b+F4/80+Cd11c+ (M1) macrophages (D, right and F), 

percentage of Cd11b+F4/80+Cd206+ (M2) macrophages (D, right and G), macrophage 
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polarization (H, M1/M2 ratio) and percentage of Cd11b+F4/80+ cells among stromal 

vascular fraction (SVF) cells (D, left and E) isolated from epididymal WAT of AdkWT and 

AdkΔVEC mice after 12 weeks of HFD (n = 8–12 mice per group). I. qPCR analysis of 

expression of inflammatory cytokines in epididymal WAT of AdkWT and AdkΔVEC mice 

after 12 weeks of HFD (n = 8 mice per group). J. qPCR analysis of expression of adipose 

tissue functional genes in epididymal WAT of AdkWT and AdkΔVEC mice after 12 weeks of 

HFD (n = 8 mice per group). All data are represented as mean ± SEM, *P < 0.05 and **P < 

0.01, for AdkΔVEC vs. AdkWT (unpaired two-tailed Student’s t test).
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Figure 6. Improved HFD-induced endothelial dysfunction in EC Adk-deficient mice.
A. Representative images of immunofluorescence staining for isolectin GS-IB4 (left) and 

quantification of vessel density (middle) and AACC (adipogenic/angiogenic cell cluster) 

numbers (right) in epididymal WAT from AdkWT and AdkΔVEC mice after 12 weeks of HFD 

(n = 8 mice per group). B. Representative Western blot results of phospho-Nos3 (Ser1176) 

(p-Nos3S1176), total Nos3 (Nos3) and β-actin (left) from epididymal WAT in AdkWT and 

AdkΔVEC mice after 12 weeks of HFD. Relative ratio of p-Nos3S1176/β-actin (middle) and 

Nos3/β-actin (right) in epididymal WAT were quantitated by densitometric analysis of the 

corresponding Western blots (n = 6 mice per group). C. Relaxations of skeletal muscle 

arterioles in response to cumulative concentrations of acetylcholine (ACh) in the absence or 

presence of Nω-nitro-l-arginine methyl ester hydrochloride (L-NAME). Arterioles were 

isolated from AdkWT and AdkΔVEC mice after 12 weeks of HFD (n = 5–7 mice per group). 

All data are represented as mean ± SEM, *P < 0.05 and **P < 0.01 for AdkΔVEC vs. AdkWT 

(unpaired two-tailed Student’s t test).
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Figure 7. Increased endothelial nitric oxide synthase (NOS3)/nitic oxide (NO) pathway in ADK 
knockdown endothelial cells.
A. qPCR analysis of adenosine kinase (ADK) expression in human umbilical vein 

endothelial cells (HUVECs) infected with control shRNA (shCTL) or ADK shRNA 

(shADK) adenovirus for 48 h (n = 6). B. Representative Western blot results of ADK and β-

actin in HUVECs infected with shCTL or shADK adenovirus for 48 h (left) and relative 

ratio of ADK/β-actin (right) were quantitated by densitometric analysis of the corresponding 

Western blots (n = 3). C. Quantification of relative intracellular adenosine concentration in 

control (shCTL) and ADK knockdown (shADK) HUVECs (n = 3). D. Representative 

Western blot results of phospho-NOS3 (Ser1177) (p-NOS3S1177), total NOS3 (NOS3), 

phospho-AKT (Ser473) (p-AKTS473), total AKT (AKT), ADK and β-actin in HUVECs 

infected with shCTL or shADK adenovirus for 48 h (left) and relative ratio of p-NOS3S1177/

β-actin (middle) and NOS3/β-actin (right) were quantitated by densitometric analysis of the 

corresponding Western blots (n = 6). E. Quantification of relative NO concentration in the 

culture medium of HUVECs infected with control shRNA (shCTL) or ADK shRNA 

(shADK) adenovirus for 48 h (n = 4). F. Representative Western blot results of endothelial 
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phospho-NOS3 (Ser1177) (p-NOS3S1177), total NOS3 (NOS3), phospho-AKT (Ser473) (p-

AKTS473), total AKT (AKT), ADK and β-actin (left). HUVECs were infected with shCTL 
or shADK adenovirus for 24 h, then treated with ZM 241385 (5 μM), MRS 1754 (5 μM) or 

both ZM 241385 and MRS 1754 for another 24 h. Relative ratio of p- NOS3S1177/β-actin 

(right) were quantitated by densitometric analysis of the corresponding Western blots (n = 

4). All data are represented as mean ± SEM, *P < 0.05, **P < 0.01 and ***P < 0.001 for 

indicated comparisons (unpaired two-tailed Student’s t test).
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Figure 8. Increased endothelial nitric oxide synthase (NOS3)/nitic oxide (NO) pathway 
endothelial cells treated with ADK inhibitors
A. Representative Western blot results of phospho-NOS3 (Ser1177) (p-NOS3S1177), total 

NOS3 (NOS3), phospho-AKT (Ser473) (p-AKTS473), total AKT (AKT), ADK and β-actin 

in HUVECs (human umbilical vein endothelial cells) treated with vehicle (Ctrl) and ITU (10 

μM) for 4 h (left), and relative ratio of p-NOS3S1177/β-actin (right) were quantitated by 

densitometric analysis of the corresponding Western blots (n = 3). B. Quantification of 

relative intracellular adenosine concentration in HUVECs treated with vehicle (Ctrl) and 

ABT702 (ABT) (10 μM) for 6 h (n = 6). C. Representative Western blot results of phospho-

NOS3 (Ser1177) (p-NOS3S1177) and β-actin in HUVECs treated with ABT at 10 μM for 24 

h (top) and relative ratio of p-NOS3S1177/β-actin were quantitated by densitometric analysis 

of the corresponding Western blots (bottom) (n = 5). D. Quantification of relative NO 

concentration in the culture medium of HUVECs treated with increasing concentrations of 

ABT (2–20 μM) for 24 h (n = 6). E. Representative Western blot results of phospho-VASP 
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(Ser239) (p-VASPS239) and total VASP (VASP) in HUVECs treated with ABT at 10 μM for 

24 h (top) and relative ratio of p-VASPS239/VASP were quantitated by densitometric analysis 

of the corresponding Western blots (bottom) (n = 4). Data (A-E) are represented as mean ± 

SEM, *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.001 for indicated comparisons; 

unpaired two-tailed Student’s t test for (A-C and E), one-way ANOVA with Bonferroni’s 

post-hoc test for (D). F. Schematic of the proposed mechanism for endothelial ADK 

deficiency-mediated improved insulin sensitivity. Increased NOS3 activity in ADK deficient 

ECs is achieved through adenosine receptor A2b -dependent NOS3 protein upregulation and 

p-AKT/p-NOS3 dependent NOS3 activation. Elevated NO production protects mice from 

diet-induced insulin resistance through vasodilation, anti-inflammation and angiogenesis. 

AMP, adenosine monophosphate; ADK, adenosine kinase; ENT, equilibrative nucleoside 

transporter; ADORA2B, adenosine receptor A2b; p-NOS3, phospho-NOS3 (Ser1177); p-

AKT, phospho-AKT (Ser473); NO, nitric oxide.
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