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Abstract

Background: Metabolic disorders such as obesity and diabetes can cause dysfunction of 

endothelial cells (ECs) and vascular rarefaction in adipose tissues. However, the modulatory role 

of ECs in adipose tissue function is not fully understood. Other than VEGF-VEGFR-mediated 

angiogenic signaling, little is known about the EC-derived signals in adipose tissue regulation. We 

previously identified Argonaute 1 (AGO1; a key component of microRNA-induced silencing 

complex) as a crucial regulator in hypoxia-induced angiogenesis. In this study, we intend to 

determine the AGO1-mediated EC transcriptome, the functional importance of AGO1-regulated 

endothelial function in vivo, and the relevance to adipose tissue function and obesity.
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Methods: We generated and subjected mice with EC-AGO1 deletion (EC-AGO1-KO) and their 

wild-type littermates (WT) to a fast-food-mimicking, high-fat high-sucrose diet and profiled the 

metabolic phenotypes. We employed crosslinking immunoprecipitation (iCLIP)- and RNA-

sequencing to identify the AGO1-mediated mechanisms underlying the observed metabolic 

phenotype of EC-AGO1-KO. We further leveraged cell cultures and mouse models to validate the 

functional importance of the identified molecular pathway, for which the translational relevance 

was explored using human endothelium isolated from healthy and obese/Type 2 diabetic donors.

Results: We identified an anti-obesity phenotype of EC-AGO1-KO, evident by lower body 

weight and body fat, improved insulin sensitivity, and enhanced energy expenditure. At the organ 

level, we observed the most significant phenotype in the subcutaneous and brown adipose tissues 

of KO mice, with greater vascularity and enhanced browning and thermogenesis. Mechanistically, 

EC-AGO1 suppression results in inhibition of thrombospondin-1 (THBS1/TSP1), an anti-

angiogenic and pro-inflammatory cytokine that promotes insulin resistance. In EC-AGO1-KO 

mice, overexpression of TSP1 substantially attenuated the beneficial phenotype. In human 

endothelium isolated from obese and/or type 2 diabetic donors, AGO1 and THBS1 are expressed 

at higher levels than the healthy controls, supporting a pathological role of this pathway.

Conclusions: Our study suggests a novel mechanism by which ECs, through AGO1-TSP1 

pathway, control vascularization and function of adipose tissues, insulin sensitivity, and whole-

body metabolic state.
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Introduction

Obesity is the most common cause of insulin resistance, which drives type 2 diabetes 

mellitus (T2DM) and poses an epidemic threat to public health1. In obesity, adipocytes 

undergo dramatic expansion, which can lead to imbalanced adipokines, chronic 

inflammation, and tissue fibrosis2, 3. Such adipose tissue remodeling is often accompanied 

by a loss of capillaries in adipose tissue, which limits the delivery of oxygen, nutrients, and 

signaling molecules, thereby contributing to adipocyte dysfunction and insulin resistance4, 5.

Lining the inner layer of blood vessel walls, endothelial cells (ECs) are essential for the 

delivery of oxygen and nutrients as well as the removal of waste products in various tissues 

and organs. Once regarded a passive barrier, ECs have emerged to be gatekeepers that 

dynamically respond to metabolic changes and elicit physiological or pathophysiological 

adaptations in various tissues and organs6. This paradigm is supported by earlier studies, 

which showed that asymmetric dimethylarginine (ADMA), an endogenous inhibitor of nitric 

oxide (NO) and anti-angiogenic agent, is elevated in diabetes mellitus and that its reduction 

improves insulin resistance7,8. Further evidence from mouse models with genetic 

perturbation in ECs corroborated the crucial role of ECs in maintaining metabolic 

homeostasis. For example, deletion of apelin receptor in ECs results in impaired glucose 

utilization and excess tissue fatty acid accumulation9. More recently, EC-specific deletion of 

sirtuin 1 (SIRT1), an anti-aging molecule, has been shown to decrease capillary density and 
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muscle endurance, whereas overexpressing SIRT1 restores the microvasculature and 

exercise capacity of old mice10.

In mouse adipose tissues, deletion of vascular endothelial growth factor A (VEGFA) can 

reduce vascular density and induce adipose hypoxia, inflammation, and metabolic defects on 

a high-fat diet, whereas induction of VEGFA leads to increased adipose vasculature and 

reduced hypoxia11. Moreover, deletion of endothelial vascular endothelial growth factor 

receptor 2 (VEGFR2) inhibits subcutaneous white adipose tissue (SAT) browning, whereas 

deletion of endothelial VEGFR1 promotes white adipose tissue (WAT) browning to improve 

metabolic dysfunction12, 13. Much of these effects have been ascribed to the angiogenic 

function of microvascular ECs; hence modulation of angiogenic signaling has been proposed 

as a promising strategy to ameliorate adipose tissue dysfunction in obesity and insulin 

resistance11, 14–16. In addition to angiogenesis-enhanced adipose tissue perfusion, ECs can 

also regulate adipocyte metabolism and function through paracrine factors13, 17, 18. A recent 

study discovered that ECs and adipocytes exchange proteins and lipids through small 

extracellular vesicles (sEV), which is regulated by changes in nutrient states19. These studies 

highlight a crucial role of microvascular ECs in the regulation of adipose tissue functions 

and emphasize the importance to elucidate the underlying molecular and cellular 

mechanisms.

Argonaute (AGO1) proteins are key components of the microRNA (miR)-induced silencing 

complex (miRISC)20. We previously identified AGO1 to be an essential regulator in the 

endothelial response to hypoxia, and AGO1 suppression by hypoxia AGO1 results in de-

suppression of VEGFA and in turn contributes to hypoxia-induced angiogenesis21. These 

findings prompted us to pursue the molecular mechanisms underlying the AGO1-regulated 

angiogenesis and the importance of AGO1-regulated EC function at a whole-body level. To 

this end, we generated mice with endothelial-specific AGO1 knockout (EC-AGO1-KO).

When challenged with an obesity-inducing high-fat high-sucrose (HFHS) diet, EC-AGO1-

KO mice displayed significantly less body weight gain, lower fat mass, and improved insulin 

sensitivity and energy metabolism. Furthermore, EC-AGO1-KO mice showed higher 

vascular density in the SAT and brown adipose tissues (BAT), as well as enhanced browning 

in SAT and thermogenesis in BAT. At the molecular level, we identified a signaling axis 

linking endothelial AGO1, thrombospondin-1 (TSP1, a potent anti-angiogenic and pro-

inflammatory cytokine encoded by THBS1 gene22), and adipocyte browning. Finally, data 

collected from intima isolated from individuals with insulin resistance (i.e., obesity and 

T2DM) further support the translational relevance of the identified molecular mechanism.

Methods

All sequencing data have been made publicly available at the Gene Expression Omnibus 

(GEO, accession number GSE136912). Other data supporting the findings of this study are 

available from the corresponding author upon reasonable request. Please also refer to 

Supplemental Methods.
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Study approval

All animal experiments conducted have been approved by the Institutional Animal Care and 

Use Committees at City of Hope and University of California San Diego. Human tissue 

studies were conducted on deidentified specimens obtained from the Southern California 

Islet Cell Resource Center at City of Hope. The research consents for the use of postmortem 

human tissues were obtained from the donors’ next of kin and ethical approval for this study 

was granted by the Institutional Review Board of City of Hope (IRB #01046). Obesity was 

defined as a body mass index (BMI) of 30 or greater and T2DM was identified based on 

diagnosis in the donors’ medical records as well as the percentage of glycated hemoglobin 

A1c (HbA1c) of 6.5% or higher.

Mouse model

VE-Cadherin-Cre (B6.FVB-Tg [Cdh5-cre]7 Mlia/J) and AGO1-flox mice with C57BL6 

background (Ago1tm1.1Tara/J) were purchased from the Jackson Laboratory and bred at City 

of Hope to generate AGO1 EC-deficient (EC-AGO1-KO) mice. EC-AGO1-KO and their 

WT littermates from the same breeders were housed in the same cages until subjected to 

metabolic phenotyping and tissue collection.

Mice (male and female) were randomized to receive irradiated high-fat high-sucrose diet 

(HFHS diet, D12266B, Research Diets Inc, 17% kcal protein, 32% kcal fat, 51% kcal 

carbohydrate) starting at 8 weeks old for 16 weeks. Mice under chow diet (D12489B, 

Research Diets Inc, 16.4% kcal protein, 70.8 % kcal carbohydrate, 4.6 % kcal fat) were kept 

under the same diet for the same duration. The diet-induced obesity model was performed 

with 5 batches of animals, each with 6–8 mice per genotype. Body weight was measured at 

the initiation of HFHS diet and subsequently every other week. Various phenotyping was 

performed as described in the Supplemental Methods. At the endpoints, mice were 

euthanized with CO2 inhalation. Posterior subcutaneous fat pads were collected as SAT and 

lymph nodes were removed. The interscapular fat was isolated as BAT and epididymal 

adipose tissue as the WAT.

Isolation of murine ECs and human intima from mesenteric arteries

Murine lung ECs were isolated as previously described23 with modifications. Briefly, 

dissected lungs underwent treatment with Type I collagenase (Worthington Biochemical). 

Similarly, murine SAT ECs were isolated with a digestion buffer containing collagenase D 

and dispase II (Roche). Sorting was done with anti-CD31-conjugated magnetic beads and 

MACS columns (Miltenyi Biotec). The intimal RNA was isolated from human mesenteric 

artery by flushing once the inner lumen with TRIzol following an established method24.

Statistics

Statistical analyses for data other than high-throughput sequencing (see Supplemental 

Methods) were performed using SPSS and GraphPad Prism. Two-group comparisons were 

performed using two-sided Student’s t tests. In all places that involved multiple hypothesis 

testing, Bonferroni-corrected P values were reported and those < 0.05 were considered 

statistically significant. In places not involving multiple hypothesis testing, P values < 0.05 

were considered statistically significant.
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Results

Generation and baseline characterization of EC-AGO1-KO mice

We generated EC-specific AGO1-deficient mice (EC-AGO1-knockout/KO) by crossing mice 

expressing Cre recombinase under the control of VE-cadherin promoter (VE-cad/CDH5-
Cre)25 with those carrying loxP sites flanking Exons 13–16 of the AGO1 gene (AGO1fl/fl) 

(Figure 1A). This AGO1fl/fl line, when crossed with conditional Cre, led to elimination of 

AGO1 in the targeted tissues26. The successful targeting of EC-AGO1 was verified at DNA 

(Figure 1B), messenger RNA (mRNA) and protein levels (Figure 1, C and D and Figure IA 

in the Supplement). Of note, the expression of other AGOs (i.e., AGO2, AGO3 and AGO4) 

in ECs and that of AGO1 in non-EC tissues were not affected (Figure 1C and Figure I in the 

Supplement). From baseline characterization, we did not observe any overt phenotype of 

EC-AGO1-KO mice in viability, fertility, breeding, or development, which was expected 

based on previous reports showing the generally normal phenotype of global AGO1/3 

double-null mice27. Under normal chow, EC-AGO1-KO had similar body weight, organ 

weight, and levels of fasting blood glucose as their wild-type (WT) littermates (Figure 1E, 

dashed blue vs. dashed pink lines; and Figure II in the Supplement).

EC-AGO1-KO mice are protected from high-fat high-sucrose (HFHS) diet-induced obesity 
and insulin resistance

We used a HFHS diet, which mimics a fast-food diet in humans, to induce obesity, insulin 

resistance, and pre-T2DM in mice. Consistent with previous reports28, we observed that WT 

mice fed a HFHS diet exhibited significantly more weight gain (Figure 1E, solid black vs. 

dashed blue lines), with attendant increase in body fat mass and decrease in lean mass as 

well as higher fasting glucose levels compared to the chow-fed animals (Figure III, A–C in 

the Supplement).

Compared to the WT littermates, EC-AGO1-KO mice on the HFHS diet gained significantly 

less weight over time (i.e., 6 weeks from starting the HFHS diet through 16 weeks) (Figure 

1E, solid black vs. solid red lines, Figure 1F, and Figure IV in the Supplement). Notably, by 

24 weeks of age, the KO under HFHS diet had comparable weight to their chow-fed WT 

littermates (Figure 1E, solid red vs. dashed blue lines), suggesting the resistance of KO to 

HFHS diet-induced weight gain. The significant difference in body weight was attendant 

with a substantial decrease in body fat mass and increase in lean mass in the KO mice 

(Figure 1G). We then measured the organ weight potentially contributing to the difference in 

body fat. While epididymal WAT weights did not differ significantly, SAT and BAT, the 

adipose depots with significant contribution to thermogenesis and energy expenditure, 

exhibited the most significant difference, with respectively 34% and 48% decrease in KO, as 

compared to the WT littermates (Figure 1, H–J). Liver also showed a significant weight 

decrease, but to a much lesser extent (17%) (Figure 1H).

Attendant with the body weight and fat decrease, insulin sensitivity was improved in EC-

AGO1-KO mice, evident by significantly lower fasting glucose levels and improved 

responses to glucose and insulin (Figure 2, A and B). Of note, the insulin levels were similar 

between the KO and WT (Figure V in the Supplement), excluding the possibility of 
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hyperinsulinemia in the KO mice. Consistent with the difference in adipose tissue weight, 

phosphorylation levels of AKT and AMPK, hallmarks of insulin sensitivity, were 

significantly higher in the SAT and BAT from EC-AGO1-KO mice, despite the negligible to 

no difference in WAT (Figure 2, C and D).

Next, we investigated the underlying mechanism(s) that may explain the improved metabolic 

phenotype observed in the HFHS-fed EC-AGO1-KO mice. This phenotype was unlikely due 

to lower food or water intake, or higher locomotor activity, all of which were comparable 

between the KO and WT littermates (Figure VI, A–C in the Supplement). Using indirect 

calorimetry, we detected higher rates of VO2 consumption, VCO2 production, and energy 

expenditure (EE) in the AGO1-EC-KO mice during both the light and dark cycles (Figure 2, 

E–G), although the respiratory exchange ratio (RER; VCO2/VO2) was similar to that in the 

WT littermates (Figure VID in the Supplement). Of note, after normalization to lean mass, 

EC-AGO1-KO mice still displayed significantly higher O2 consumption, CO2 production, 

and EE on a HFHS diet (Figure VI, E–G in the Supplement). These data demonstrate that 

EC-AGO1-KO mice have higher catabolic rates and are resistant to diet-induced obesity.

EC-AGO1 deficiency promotes adipose tissue browning and vascularization

The anti-obesity phenotype of EC-AGO1-KO mice, specifically, the reduced adiposity in 

SAT and BAT, prompted us to investigate the underlying molecular and cellular 

mechanisms. Compared to WT mice, SAT from EC-AGO1-KO mice exhibited a browning 

phenotype, evident by a decrease in the size and increase in the density of adipocytes, many 

of which contained multilocular lipid droplets (Figure 3, A and B), indicative of higher 

mitochondrial activity. In line with these histological changes, the protein level of 

uncoupling protein 1 (UCP1), a hallmark of adipose browning28, as well as the portion of 

UCP1+ cells were higher in the SAT of EC-AGO1-KO mice (Figure 3C). At the 

transcriptional level, several hallmark genes governing browning and thermogenesis, 

including peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC1α), 

its known downstream UCP1, and cell death activator CIDE-A (Cidea)29, 30 were also 

increased (Figure 3D). RNA-seq profiling of the SAT transcriptome revealed that more 

genes involved in browning and thermogenesis were upregulated in the EC-AGO1-KO 

(Figure 3G). Furthermore, genes involved in pathways promoting energy consumption and 

insulin sensitivity e.g. lipolysis and mitochondrial biogenesis and function, were 

upregulated, whereas those positively involved in lipogenesis, inflammation, and fibrosis 

were downregulated (Figure 3G).

To link EC-specific AGO1 deficiency to the dramatic change in SAT, we proposed the 

enhanced angiogenesis and vascularization to be a likely mechanism5, 12, 13, 31. Indeed, 

CD31 staining of microvascular ECs in SAT was significantly increased in the SAT isolated 

from EC-AGO1-KO (Figure 3E), consistent with a pro-angiogenic gene program as revealed 

by RNA-seq (Figure 3G). As one of the best-characterized pro-angiogenic factors, the 

expression level of the VEGFA was significantly increased, albeit moderately (Figure 3F). 

Notably, similar changes at the molecular, cellular, and tissue levels were also observed in 

the BAT, suggesting that EC-AGO1-suppression promoted the angiogenesis and 

thermogenic function of BAT (Figure 3, H–L).
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AGO1 mediates THBS1/TSP1 targeting in microvascular EC

To elucidate the molecular mechanisms underlying the enhanced vascularization and 

browning of SAT observed in EC-AGO1-KO mice, we performed individual nucleotide 

resolution crosslinking-immunoprecipitation sequencing (iCLIP-seq)32 to unambiguously 

profile the genome-wide AGO1-associated RNA transcripts (i.e. AGO1-targetome) in 

HMVECs under normoxia and moderate hypoxia (2% O2), which is known to suppress 

AGO1 and promote angiogenesis21 (Figure VIIA in the Supplement). We then correlated 

these data with the corresponding transcriptome profiles of the HMVECs subjected to 

hypoxia following a time course, i.e., for 12, 24, and 48 hours using RNA-seq.

iCLIP-seq revealed that AGO1-associated transcripts align to diverse genomic regions, with 

substantial portions targeting the 3’ untranslated region (UTR) (Figure VIIB in the 

Supplement), in line with the previous reports that AGO1 mainly participates in miRNA-

mediated gene silencing, predominantly through 3’UTR targeting20, 33. The intersection of 

RNA-seq and iCLIP-seq profiles (focusing on the 3’UTR reads) identified two gene groups 

of interest: 1) 169 genes of which 3’UTR binding to AGO1 was increased but mRNA 

expression was downregulated by hypoxia (suggesting an AGO1-mediated suppression) and 

2) 160 genes of which 3’UTR binding to AGO1 was decreased but mRNA expression was 

upregulated by hypoxia (suggesting AGO1-mediated de-suppression) (Figure 4A). Pathway 

enrichment analysis indicated the involvement of these genes in multiple pathways related to 

endothelial response to hypoxia, with angiogenesis as a top enriched pathway (Figure 4, B 

and C). As AGO1-mediated de-suppression is indirect and was previously examined by us21, 

we focused on AGO1-mediated suppression mechanisms in the current study.

To prioritize candidates for AGO1-targeted gene suppression, we developed a ranking 

strategy based upon the following criteria: 1) hypoxia suppression of gene expression (with 

>50% reduction) and 2) hypoxia-induced increase in AGO1 binding to the 3’ UTR. 

Following this strategy, THBS1 (gene encoding TSP1 protein) was ranked as the top 

candidate (Figure 4, D and E). Specifically, the 3’UTR of THBS1 mRNA is strongly 

enriched in AGO1 complex by hypoxia (Figure 4, D and F) and its mRNA expression 

followed a time-dependent decrease by hypoxia (Figure 4E). Of note, iCLIP-seq also 

generates chimeric reads, which are results of intermolecular ligation between proximally 

situated miRNAs and mRNA during the library preparation. These reads, although at a 

relatively small portion, provide direct evidence for miRNA-mRNA targeting34. Analysis of 

these reads further revealed the hypoxia-enriched direct targeting of THBS1 3’UTR by Let-7 

(Figure 4G), which is in line with our previous identification of Let-7 to be hypoxia-

inducible and AGO1-bound miRNAs in ECs21 and another report demonstrating THBS1 as 

a Let-7 target with multiple target sites in its 3’UTR34.

To validate the results from high-throughput profiling, AGO1-iCLIP followed by qPCR 

confirmed the strong enrichment of THBS1 mRNA in the AGO1 complex in HMVECs 

under hypoxia (Figure 4H). Luciferase assays, using reporter constructs containing the 

hypoxia-enriched AGO1-binding sites in THBS1 3’UTR (Figure 4G, Figure VIIC in the 

Supplement), corroborated that hypoxia suppressed THBS1 expression through targeting its 

3’UTR (Figure 4I). We queried whether AGO1 silencing, mimicking hypoxia suppression of 

AGO121, would lead to downregulation of THBS1 mRNA. As expected, when we knocked 
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down AGO1 in ECs, THBS1 mRNA level was significantly decreased (Figure 4J). 

Collectively, results in Figure 4 suggest that hypoxia, by promoting AGO1-mediated 

targeting of THBS1 at the 3’UTR, downregulates the expression of TSP1; such an effect 

could be mimicked by AGO1 suppression, which given the potent anti-angiogenic effect of 

TSP122, may explain the increased angiogenesis in EC-AGO1-KO.

THBS1/TSP1 is suppressed in the SAT of EC-AGO1-KO

Next, we investigated whether the AGO1-mediated suppression of THBS1/TSP1 is operative 

in vivo. Compared to the WT mice, EC-AGO1-KO expressed significantly lower levels of 

THBS1/TSP1 in both SAT and BAT, at mRNA and protein levels (Figure 5, A and B and 

Figure VIII, A and B in the Supplement), consistent with RNA-seq data (Figure 3G). Of 

note, this decrease was absent in WAT, which did not show significant phenotypic difference 

(Figure VIIID in the Supplement). Furthermore, co-staining of TSP1 and CD31 in SAT 

suggests that TSP1 was mainly expressed in CD31-positive areas (Figure 5C and Figure 

VIII, C in the Supplement). Consistently, in microvascular ECs isolated from SAT, THBS1/

TSP1 levels were significantly decreased in the EC-AGO1-KO (Figure 5, D and E). In 

addition, although expressed at much lower abundance than in ECs, TSP1 protein levels 

were also decreased in the adipocytes isolated from EC-AGO1-KO (Figure IX in the 

Supplement).

To correlate with the difference in SAT gene expression, we also profiled miRNA in SAT 

using small RNA-seq (Figure 5F). Despite the extensive changes in miRNAs due to EC-

AGO1-KO, many changes were not statistically significant. We validated the levels of two 

exemplary Let-7 members (i.e., Let-7e and Let-7k), which were revealed by iCLIP-seq to 

target THBS1 (Figure 4, D–I). In line with the trendy increase in SAT from EC-AGO1-KO 

revealed by small RNA-seq, Let-7e and −7k were also increased in the ECs isolated from 

these SATs (Figure 5G), suggesting Let-7-targeting of THBS1 in ECs as a mechanism 

underlying the suppression of TSP1 in EC-AGO1-KO.

The regulatory role of TSP1 has been implicated in various pathways in ECs, including 

angiogenesis, NO signaling, and response to oxidative and inflammatory stress22, 35, 36. We 

hence examined the expression of several marker genes for endothelial function. Whereas 

the key regulators promoting angiogenesis, i.e., VEGFA, VEGFR2 and hallmark molecule 

for EC function, i.e., endothelial NO synthase (eNOS) were increased, the pro-inflammatory 

genes known to be regulated by eNOS, i.e. vascular cell adhesion molecule 1 (VCAM-1) 

and intercellular adhesion molecule 1 (ICAM-1) were decreased in ECs from SAT of KO 

mice, suggesting improved microvascular EC function in these animals (Figure 5H).

Suppression of THBS1/TSP1 mediates the effect of AGO1 deficiency to improve adipose 
function

To determine whether suppression of THBS1/TSP1 can explain, at least in part the 

metabolic effect of EC-AGO1-KO, we ectopically expressed mouse TSP1 protein using 

adenovirus (Ad-TSP1) in the SAT of EC-AGO1-KO mice subject to HFHS diet (Figure 6A). 

The efficiency of the adenovirus in overexpressing TSP1 was verified in human embryonic 

kidney (HEK)-293 cells (Figure X, A and B in the Supplement), and the viral expression in 
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the SAT was confirmed by the positive signal of GFP, flow cytometry of TSP1+ cells 

(>90%), and the strongly induced THBS1 mRNA level (Figure 6, B–D). Compared to mice 

receiving control virus, mice administered with Ad-TSP1 expressed significantly lower 

levels of browning markers, i.e., PGC1α, and its downstream UCP1 and Cidea in the SAT 

(Figure 6D).

We also tested the effect of TSP1 overexpression at the tissue level, specifically in regard to 

angiogenesis, inflammation, and fibrosis, pathways affected by EC-AGO1-KO (Figure 3G). 

Compared to wild-type littermates, EC-AGO1-KO mice have increased vascularization 

(evident by CD31 staining), and decreased macrophage infiltration (reflected by F4/80 

staining) and tissue fibrosis (revealed by Masson’s Trichrome staining) in SAT. However, 

local injection of Ad-TSP1 to SAT for 4 weeks substantially attenuated or abolished these 

changes without affecting body weight (Figure 6, E–G and Figure XC in the Supplement). 

Interestingly, systemic administration of Ad-TSP1 for 4 weeks resulted in a significant body 

weight gain in the EC-AGO1-KO mice, despite the relatively low number of mice used 

(Figure 6H).

Evidence from human vessels supports AGO1 regulation of THBS1 in ECs

Finally, we queried whether the AGO1 regulation of THBS1 in ECs is relevant to human 

obesity and T2DM, which are associated with insulin resistance. We assessed the AGO1 and 

THBS1 mRNA levels in intima isolated from mesenteric arteries from age-matched healthy 

donors (n=15) or donors with obesity and/or T2DM (n=17) (see Table 1 and Figure XI in the 

Supplement for patient characteristics). Compared with those in the healthy individuals, 

mRNA levels of both AGO1 and THBS1 were higher in the intima from obese or T2DM 

donors (Figure 7A). Furthermore, the levels of AGO1 and THBS1 mRNA were significantly 

and positively correlated in the donor-derived intima samples (Figure 7B). These data 

suggest that an AGO1-THBS1 regulatory pathway also exists in the human endothelium and 

is more active under conditions with insulin resistance, e.g. obesity and T2DM.

Discussion

Blood vessels play an instrumental role in modulating adipose tissue functions, which is 

central to obesity-induced insulin resistance and chronic inflammation. Targeting adipose 

vasculature, especially angiogenesis, has been proposed as a promising approach to the 

treatment of obesity and metabolic disorders. We demonstrated that deficiency of endothelial 

AGO1 leads to an anti-obesity phenotype in mice subjected to HFHS diet-induced obesity. 

The EC-AGO1-KO mice have increased insulin sensitivity and enhanced vascularization and 

browning in the adipose tissues. To delineate the underlying mechanisms, we identified the 

suppression of THBS1/TSP1, a potent angiogenic inhibitor and pro-inflammatory adipokine 

that promotes insulin resistance and adipose inflammation22, 36–38, as a primary mechanism. 

Supplementation of TSP1 protein in EC-AGO1-KO substantially suppresses the 

vascularization and browning while promoting inflammation and fibrosis in SAT. 

Collectively, our findings suggest a novel mechanism by which EC-AGO1-THBS1/TSP 

regulates adipose tissue function and metabolism (Figure 7C).
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Although diverse biological pathways regulated by TSP1, including anti-angiogenesis, pro-

inflammation, and pro-fibrosis have been identified22, 36, 37, its modulation of adipocyte 

browning has not been addressed. We propose the effect of TSP1 in SAT to be primarily 

mediated through a non-cell-autonomous, anti-angiogenic mechanism, evident by its 

inhibitory effect on vascularization (Figure 6E). Additionally, TSP1 may also regulate 

adipocytes through a cell-autonomous mechanism of TSP1 in adipocytes given that 

adipocytes also express TSP1 (despite at much lower abundance than ECs) and its receptors 

CD36 and CD47 (Figure XII in the Supplement)39–41. Moreover, treating murine brown 

adipocytes with recombinant TSP1 protein indeed caused a profound decrease in the 

browning markers (Figure XIII in the Supplement).

The phenotypes of EC-AGO1-KO resemble those reported for global THBS1-KO mice, 

which exhibit reduced obesity-associated inflammation and insulin resistance in adipose 

tissues42, suggesting a negative role of THBS1/TSP1 in adipose tissue function. A more 

recent study has shown that deletion of TSP1 in myeloid/macrophages, but not adipocytes, 

reduced inflammation and improved insulin sensitivity, without affecting the development of 

diet-induced obesity43. However, the contribution of THBS1/TSP1 derived from ECs, a 

large cellular source of TSP144 in this regulation has not been addressed. In microvascular 

ECs isolated from murine SAT and HMVECs, we found that THBS1 mRNA is highly 

expressed (Figure XIV in the Supplement and Figure 4). Furthermore, compared to the 

healthy donors, those with insulin resistance expressed a higher level of AGO1 and THBS1 

in the intima isolated from mesenteric arteries (Figure 7A). Given that VE-cadherin Cre-

driven AGO1 deletion mainly occurs in ECs25, the reduction of AGO1-regulated TSP1 in 

ECs would be a major contributor to the improved SAT function of these mice.

Other factors may also contribute to the dramatic phenotypes observed in EC-AGO1-KO 

mice. For example, miRNAs could account for some of these noted changes. A number of 

miRNAs have been identified to play regulatory roles in diabetes and obesity45–47. Pertinent 

to adipose tissue, some of these miRNAs, such as miR-181b and miR-30 have been shown 

to promote EC function, insulin sensitivity, or the browning activity48–50. Interestingly, 

miR-181b and miR-30 were also increased in EC-AGO1-KO SAT (Figure 5G). In particular, 

miR-181b, which has been shown to promote the EC function in adipose tissue and thus 

improve glucose homeostasis and insulin sensitivity50 is also increased in the SAT-ECs from 

EC-AGO1-KO mice (Figure XV in the Supplement), suggesting its potential contribution to 

the observed phenotype. We identified Let-7e and −7k, which target and suppress THBS1/

TSP1 expression34, to be increased in ECs and SAT of EC-AGO1-KO mice (Figure 5, F and 

G). Moreover, circulating Let-7e and 7k are also increased in the EC-AGO1-KO mice 

(Figure XVI in the Supplement), suggesting that EC-AGO1-deletion may alter circulating 

miRNAs derived from ECs. Together, these data suggest that EC-derived Let-7 miRNAs 

may also play a role in the EC-regulation of adipose tissue function. Future studies are 

warranted to further characterize the role of EC-derived miRNA in the functional regulation 

of adipose biology.

We focused on SAT and BAT in the current study, as they demonstrate the most significant 

changes in the organ weight and insulin sensitivity (Figures 1 and 2). The profound effect of 

EC-AGO1-KO in these adipose tissues is in line with the recent report suggesting adipocytes 

Tang et al. Page 10

Circulation. Author manuscript; available in PMC 2021 July 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



as primary target cells for EC-derived sEVs19. The lack of obvious difference in WAT could 

be due to distinct microenvironment, metabolic demand, and degree of vascularization. 

Whereas VEGFA is induced in SAT, BAT, and WAT in the EC-AGO1-KO mice (Figure 3, F 

and L, and Figure VIII in the Supplement), THBS1 is decreased in SAT and BAT but not 

WAT (Figure 5, A and B and Figure VIIID in the Supplement). On another hand, we found 

increased VEGFA and decreased THBS1 in the EC-AGO1-KO liver (Figure XVII in the 

Supplement), suggesting that AGO1-THBS1 may also operate in the liver and contribute to 

the improved insulin sensitivity and reduced fat accumulation (Figure XVIII in the 

Supplement). In contrast, we did not observe significant difference in other highly 

vascularized organs including skeletal muscles, pancreata, kidneys, lungs, and hearts under 

the current experimental setting (Figure XIX and Table II in the Supplement). Collectively, 

our data, in conjunction with existing studies12, 19, suggests a tissue-specific crosstalk 

between ECs and the surrounding cells.

The effect of EC-AGO1-KO is also context-dependent. When placed under normal chow, 

EC-AGO1-KO mice did not exhibit any significant differences than the WT (Figure 1E, 

Figure II in the Supplement). Moreover, the responses of chow-fed KO mice and WT 

littermates to thermoneutrality or cold exposure did not significantly differ with consistent 

patterns (Figure XX in the Supplement). However, when challenged with HFHS diet, EC-

AGO1-KO mice exhibited a striking lean phenotype compared to their co-habited WT 

littermates (Figure 1, E–J). Given the similar phenotypes including body and organ weight, 

fasting glucose levels, and adipose tissue histology observed with female mice (Figure IV in 

the Supplement), the effect of AGO1 is unlikely to be gender-specific. In support of the 

obesity-associated phenotypic difference in EC-AGO1-KO, we found that AGO1 expression 

is increased in the aorta from WT mice challenged by HFHS diet (Figure IIID in the 

Supplement), as well as in the intima from human donors with obesity and/or diabetes 

(Figure 7). These findings suggest a role of AGO1 in promoting endothelial dysfunction 

associated with insulin resistance and metabolic disorders.

To explain the decrease of TSP1 in the EC-AGO1-KO animals, we considered that the 

AGO-mediated miRISC function depends on the availability of AGO proteins, miRNAs, and 

the mRNA targeted by miRNAs. Thus, two major factors contributing to TSP1 suppression 

in EC-AGO1-KO mice are: 1) AGO proteins. AGO1 and AGO2 are the major AGOs in 

ECs22. The decreased AGO1 would increase the loading of THBS1 mRNA to AGO2, which 

has higher catalytic efficiency than AGO121. 2) miRNAs. Let-7 members (e.g. Let-7e and 

−7k) are increased in ECs isolated from EC-AGO1-KO mice as compared to their WT 

littermates (Figure 5G). Based on the previous study34 and our current data (Figure 4, F and 

G), Let-7 would guide miRISC to target THBS1 mRNA. Taken together, under AGO1 

suppression, the increased binding of THBS1 mRNA by AGO2, which is guided by 

miRNAs (e.g. Let-7 members) that target THBS1, would lead to increased suppression of 

THBS1. Indeed, in EC from AGO1-KO mice, THBS1 mRNA binding to AGO2 is 

significantly increased (Figure XXI in the Supplement). As a consequence of such enhanced 

targeting, THBS1 mRNA is decreased by hypoxia, or AGO1 knockdown or knockout, as we 

observed in vitro and in vivo (Figures 4 and 5).
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Taken together, we demonstrate that the inhibition of EC-AGO1-THBS1 signaling confers a 

protective metabolic phenotype in mice challenged with HFHS diet. Results from human 

samples support the activation of this signaling in the endothelium under obese and T2DM 

conditions (Figure 7, A and B). In these insulin resistant conditions, ECs are typically 

impaired as one of the earliest events, with compromised angiogenesis, decreased eNOS-

derived NO, and inflammatory response6. Given that EC-AGO1 deficiency leads to 

suppression of THBS1, VCAM-1, and ICAM-1 and induction of VEGFA and eNOS (Figure 

5H), targeting endothelial AGO1 may exert pleiotropic effects, i.e. not only to attenuate 

obesity and increase insulin sensitivity, but also to ameliorate endothelial dysfunction and 

vascular complications. By elucidating the role of EC-AGO1 in modulation of adipose tissue 

function and whole-body metabolism, our study suggests a potential new therapeutic 

strategy to improve vascular and adipose dysfunction in patients with obesity and T2DM.

Finally, our study has limitations: First, due to the limited number and complex 

characteristics of donor samples, we combined data from donors with obesity and T2DM to 

explore the relevance of AGO1-THBS1/TSP1 pathway in the context of insulin resistance. 

Future studies with increased number of patients would allow us to examine this pathway 

separately in obesity and T2DM. Second, due to tissue availability, we used the intima 

isolated from mesenteric arteries to examine AGO1-THBS1 expression in the human 

endothelium. Future investigation using microvascular ECs from adipose tissue is warranted 

to confirm our current findings.
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Non-standard Abbreviations and Acronyms

Ad-TSP1 Adenovirus TSP1
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ADMA Asymmetric dimethylarginine

AGO1 Argonaute

BAT Brown adipose tissues

BMI Body mass index

Cidea Cell death activator CIDE-A

ECs Endothelial cells

EE Energy expenditure

eNOS Endothelial NO synthase

GEO Gene Expression Omnibus

HbA1c Glycated hemoglobin A1c

HEK Human embryonic kidney

HFHS High-fat high-sucrose

IACUC Institutional Animal Care and Use Committee

ICAM-1 Intercellular adhesion molecule 1

iCLIP-seq Individual nucleotide resolution crosslinking-

immunoprecipitation sequencing

IF Immunofluorescence

IRB Institutional Review Board

KO Knockout

miRISC microRNA (miR)-induced silencing complex

mRNA messenger RNA

NO Nitric oxide

PGC1α Proliferator-activated receptor gamma coactivator 1-alpha

RER Respiratory exchange ratio

SAT Subcutaneous adipose tissue

sEV Small extracellular vesicles

SIRT1 Sirtuin 1

T2DM Type 2 diabetes mellitus

THBS1/TSP1 Thrombospondin
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UCP1 Uncoupling protein 1

UTR Untranslated region

VCAM-1 Vascular cell adhesion molecule 1

VEGF Vascular endothelial growth factor

VEGFR Vascular endothelial growth factor receptor

WAT White adipose tissue

WT Wild-type
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Clinical Perspective

What is new?

• A new mouse model with genetic deletion of AGO1 in the endothelium is 

useful to investigate the importance of endothelial regulation of adipose tissue 

function.

• In mice fed high-fat high-sucrose diet, suppression of endothelial AGO1 

promotes adipose tissue browning and leads to an anti-obesity phenotype.

• EC-AGO1-TSP1 pathway is induced in the endothelium from human donors 

with insulin resistance.

• AGO1-TSP1 is an important signaling pathway underlying the active EC-

adipocyte communication and EC-modulation of adipose tissue function.

What are the clinical implications?

• Endothelial dysfunction per se can cause metabolic dysregulation, rendering 

targeting dysfunctional endothelium a potential therapeutic strategy to 

counteract obesity and metabolic disorders.

• Amelioration of endothelial dysfunction in metabolic syndrome can lead to 

dual benefits in metabolic and cardiovascular outcomes, highlighting the 

importance of treating diabetes with effective regimens not only in reducing 

hyperglycemia but also in restoring endothelial function.

• Given the promise of pro-angiogenic approach to restore tissue perfusion in 

obesity, suppressing the endogenously activated anti-angiogenic and pro-

inflammatory signals, e.g. AGO1-TSP1 pathway, may provide an emerging 

strategy to expand the therapeutic repertoire for type 2 diabetes and related 

complications.
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Figure 1. Generation and phenotyping of EC-specific AGO1-KO mice.
(A) Targeting strategy to create EC-AGO1-KO mice. Red arrows indicate the location of 

primers used for genotyping (P1) (in B). Blue arrows indicate primers used for qPCR (P2-

P6) (in C). (B) PCR-based genotyping of WT, heterozygous, and homozygous KO for the 

floxed-AGO1 allele(s). (C) qPCR was performed with lysates collected from SAT 

microvascular EC isolated from 24-week-old male mice. ECs from 3 mice were pooled into 

one sample in each of the three experiments. (D) Immunoblotting was performed with 

lysates from microvascular ECs isolated from lungs of 8-week-old male mice. (E-J) Male 

WT and KO mice were kept on chow or HFHS diet for 16 weeks (y-axis) starting at 8 weeks 

old. (E) Body weight comparison between indicated groups (n=20 mice/group). Note that 

dashed blue (WT-Chow) vs dashed pink (KO-Chow) has no significant difference (N.S.), 

solid black (WT-HFHS) vs dashed blue (WT-Chow) show significant difference (*P < 0.05), 

and solid black (WT-HFHS) vs solid red (KO-HFHS) also show significant difference (**P 
< 0.005). (F-J) Representative picture of whole body (in F), body composition measured by 

Echo MRI, with lean and fat mass plotted as percentage of body weight (in G), weight of 

multiple organs (in H), and representative images of SAT and BAT obtained from HFHS 

diet-fed WT and EC-AGO1-KO littermates (I and J) (n=15 mice/group). Scale bars = 1 cm. 

Data are presented as mean ± SEM. *P < 0.05, ** P < 0.005, *** P < 0.0005 derived from 

Student’s t tests in (E, G, and H) and *Bonferroni-corrected P < 0.05 in (C).
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Figure 2. Improved insulin sensitivity and increased energy expenditure in EC-AGO1-KO mice 
under HFHS diet.
Male EC-AGO1-KO mice and their WT littermates were fed HFHS diet for 16 weeks 

starting at 8 weeks old (n=6 mice/group). (A, B) Glucose tolerance test (GTT) and insulin 

tolerance test (ITT). (C, D) Immunoblotting analysis of p-AKT (Ser473) and p-AMPK 

(Thr172) in adipose tissues. (E-G) Whole body oxygen consumption rate (in E), carbon 

dioxide production date (in F), and energy expenditure (in G) normalized to body weight. 

Data are presented as mean ± SEM. *P < 0.05, *** P < 0.0005.
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Figure 3. AGO1-EC-KO mice show higher browning activity and vascularization in SAT and 
BAT.
Mice were fed HFHS diet as in Figure 2. (A) Representative images of HE staining of SAT 

(n=6 mice/group). (B) Quantification of sizes and numbers of adipocytes (n=6 mice/group). 

(C) Immunohistochemical (IHC) staining of UCP1 in SAT (n=5 mice/group). (D) qPCR 

analysis of mRNA levels of genes as indicated in SAT (n=7 mice/group). (E) 
Immunofluorescent (IF) staining of CD31 in SAT (n=5 mice/group). (F) qPCR detection of 

VEGFA mRNA level in SAT (n=5 mice/group). (G) Heat map showing SAT gene 

expression profiled by RNA-seq plotted with log2TPM (n=3 mice/group). (H-L) HE staining 

(in H), UCP1 IHC (in I), qPCR analysis (in J and L), and CD31 IF (in K) in BAT (n=5 mice/

group). Scale bars = 50 μm in (A), (C), (H), and (I); scale bars in (E and K) = 200 μm. Data 

are presented as mean ± SEM. *P < 0.05, ** P < 0.005, *** P < 0.0005 in (B, C, E, F, I, K, 

and L) and *Bonferroni-corrected P < 0.05 in (D and J).
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Figure 4. AGO1 mediates THBS1 targeting and suppression in hypoxic ECs.
(A-G) Human microvascular endothelial cells (HMVECs) in biological duplicates were 

subjected to normoxia (Nx, 21% O2; time 0) or hypoxia (Hx, 2% O2) for 12, 24, and 48 hour 

(hr). RNA-seq was performed for all time points and iCLIP-seq was performed for time 0 

and 24 hr treatment. (A) Bioinformatics approach to identify genes that are differentially 

regulated by hypoxia with significant changes in AGO1 binding, including 169 “hypoxia-

suppressed” and 160 “hypoxia-desuppressed”. (B) Heatmap showing the mRNA expression 

of genes in significantly enriched angiogenesis pathways. (C) A polar bar plot showing the 

number of genes in each of the significantly enriched GO terms. (D) Changes of 3’UTR-

AGO1 binding in hypoxia vs. normoxia for 169 hypoxia-suppressed genes, quantified by 

log10 absolute change in CLIP-seq reads, with 20 genes involved in angiogenesis pathways 

indicated. (E) Line plots of the hypoxia-suppressed mRNA expression of 20 genes involved 

in angiogenesis based on TPM from times-series RNA-seq. (F) Illustration of CLIP-seq 

reads aligned to 3’UTR of THBS1 under normoxia and hypoxia. Arrows indicate the regions 

of 3’UTR cloned in luciferase reporter constructs used (in I). (G) Chimeric reads revealing 

Let-7-THBS1 3’UTR targeting. (H) Quantification of THBS1 mRNA bound to AGO1 under 

normoxia and hypoxia in HMVECs (n=3). (I) Bovine aortic ECs were transfected with 

luciferase reporter constructs containing 3’UTR from THBS1 then subjected to normoxia 

and hypoxia for 24 h (n=5). (J) HMVECs were transfected with scramble (siCtrl) or AGO1 

siRNA (20 nM). mRNA levels of AGO1 and THBS1 were quantified by qPCR (n=3). Data 

are presented as mean ± SEM. *P in (J) and Bonferroni-corrected P in (I) < 0.05.
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Figure 5. EC-AGO1-KO mice have decreased expression of TSP1 and associated changes in 
adipose tissues and ECs.
Mice were fed HFHS diet as in Figure 2. (A) qPCR analysis of THBS1 mRNA expression 

levels in SAT (n=7 mice/group). (B) Immunohistochemistry of TSP1 in SAT (n=5 mice/

group). Scale bar = 50 μm. (C) Co-IF of TSP1 and CD31 in SAT (representative of n=5 

mice/group). Scale bar = 50 μm. (D, E) TSP1 mRNA and protein expression levels in 

microvascular ECs isolated from SAT from HFHS diet-fed WT and EC-AGO1-KO mice 

(n=6 mice/group). (F) Heat map showing miRNA levels in SAT profiled by small RNA-seq 

(n=3 mice/group). (G) Taqman miRNA qPCR for Let-7e and −7k levels in ECs isolated 

from SAT (n=3 mice/group). (H) qPCR analysis of indicated mRNA in EC isolated from 

SAT (n=6 mice/group). Data are presented as means ± SEM. *P in (A, B, and D) or 

Bonferroni-corrected P in (G and H) < 0.05.
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Figure 6. Ectopic expression of TSP1 abolishes the effect of EC-AGO1-KO in SAT browning.
(A) Experimental design of adenoviral injection of TSP1 into EC-AGO1-KO mice under 

HFHS diet. (B) IF showing positive GFP signal at Day 3 and 7 in SAT after local adenoviral 

injection. Scale bar = 50 μm. (C) Flow cytometry quantification of TSP1-positive cells after 

7 days of local adenoviral injection, with IgG as an isotype control. (D) qPCR for indicated 

gene expression levels in SAT. (E-G) IF of CD31 (E) and F4/80 (F) and Masson’s 

Trichrome staining (G) in SAT from wild-type or EC-AGO1-KO littermates after local 

delivery of Ad-GFP or Ad-TSP1. Scale bars = 50 μm. (H) Body weight measurements in 

EC-AGO1-KO mice receiving systemic administration of Ad-GFP or Ad-TSP1. n=3 mice/

group. Data are presented as mean ± SEM. *Bonferroni-corrected P in (D) < 0.05 and ** P < 

0.005 in (H).
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Figure 7. AGO1-THBS1 in intima isolated from human vessels and a working model.
(A) qPCR analysis of AGO1 and THBS1 mRNA levels in the intima isolated from human 

mesenteric arteries. Data are presented as mean ± SEM in scatter plots. Indicated P values 

based on Student’s t tests between the healthy donors and obese/T2D donors. (B) 
Spearman’s correlation of mRNA levels of AGO1 and THBS1 in the intima from human 

donors. (C) Schematic illustration of EC-AGO1-THBS1-regulated adipose tissue function 

and metabolic homeostasis. Under obese condition, induction of AGO1-THBS1/TSP1 

pathway in ECs may suppress angiogenesis, reduce vascularization, and promote insulin 

resistance of adipose tissues. The induction of THBS1 can also contribute to inflammation 

and fibrosis. Together with impaired insulin sensitivity, these changes contribute to the 

metabolic disorders such as obesity and T2D.
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Table 1.

Characteristics of human donors

Variable Healthy Obese/T2D

Sex Male Female Male Female

Number 13 2 10 7

Age (year) 38.7±4.1 46.0±17.0 46.6±3.7 43.7±5.1

BMI (kg/m2) 24.5±0.8 26.2±2.1 36.4±1.7 34.7±2.3

HbA1c (%) 5.4±0.1 5.0±0.7 6.3±0.4 7.0±0.8

Age, BMI, and HbA1c levels are represented as mean ± SEM.
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