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Background and Purpose: Excess nutrient-induced endothelial cell inflammation is a

hallmark of high fat diet (HFD)-induced metabolic syndrome. Pharmacological activa-

tion of the protein kinase AMP-activated α1 (PRKAA1) also known as AMPKα1,

shows its beneficial effects in many studies of cardiometabolic disorders. However,

AMPKα1, as a major cellular sensor of energy and nutrients in endothelial cells, has

not been studied for its physiological role in excess nutrient-induced endothelial cell

(EC) inflammation.

Experimental Approach: Wild-type and EC-specific Prkaa1 knockout mice were fed

with an HFD. Body weight, fat mass composition, glucose, and lipid levels were moni-

tored regularly. Insulin sensitivity was analysed systemically and in major metabolic

organs/tissues. Inflammation status in metabolic organs/tissues were examined with

quantitative RT-PCR and flow cytometry. Additionally, metabolic status, inflammation

severity, and signalling in cultured ECs were assayed with multiple approaches at the

molecular level.

Key Results: EC Prkaa1 deficiency unexpectedly alleviated HFD-induced metabolic

syndromes including decreased body weight and fat mass, enhanced glucose clear-

ance and insulin sensitivity, and relieved adipose inflammation and hepatic steatosis.

Mechanistically, PRKAA1 knockdown in cultured ECs reduced endothelial glycolysis

and fatty acid oxidation, decreased levels of acetyl-CoA and suppressed transcription

Abbreviations: AACC, adipogenic/angiogenic cell cluster; ACLY, ATP citrate lyase; CD, chow diet; CLAMS, Comprehensive Lab Animal Monitoring System; EC, endothelial cell; ECAR,

extracellular acidification rate; FAO, fatty acid oxidation; GTT, glucose tolerance test; HFD, high fat diet; HUVECs, human umbilical vein endothelial cells; ITT, insulin tolerance test; NMR, nuclear

magnetic resonance; OCR, oxygen consumption rate; PRKAA1, protein kinase AMP-activated α1.
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of inflammatory molecules mediated by ATP citrate lyase and histone

acetyltransferase p300.

Conclusions and Implications: This unexpected pro-inflammatory effect of endothe-

lial AMPKα1/PRKAA1 in a metabolic context provides additional insight in AMPKα1/

PRKAA1 activities. An in-depth study and thoughtful consideration should be applied

when AMPKα1/PRKAA1 is used as a therapeutic target in the treatment of metabolic

syndrome.
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1 | INTRODUCTION

Metabolic syndrome is characterized by central obesity combined

with dyslipidaemia, hypertension, insulin resistance, and chronic low-

grade inflammation, and it affects all age groups worldwide and is

associated with high rates of morbidity and mortality (de Ferranti &

Mozaffarian, 2008; Grundy et al., 2005; Sharma, 2011). Endothelial

inflammation precedes the onset of metabolic syndrome in diet-

induced obesity and insulin resistance (Graupera & Claret, 2018).

Inflamed endothelium of the vessel wall recruits circulating leukocytes

including monocytes, T-cells, and neutrophils to metabolic organs and

tissue (Grandl & Wolfrum, 2018). The infiltrated leukocytes first initi-

ate and then accelerate inflammation, interfering with insulin sensitiv-

ity of metabolic cells, such as adipocytes, hepatocytes, and skeletal

muscle cells, resulting in the development of metabolic syndrome

(Bai & Sun, 2015).

Endothelial cell metabolism, especially glycolysis and fatty acid

oxidation (FAO), is an important regulator in directing the fate of

endothelial cells and their activities. A growing body of evidence indi-

cates that endothelial cell metabolism is markedly perturbed in pathol-

ogies such as atherosclerosis, pulmonary hypertension, lung sepsis,

and other diseases (Cao et al., 2019; Wang et al., 2019; Yang

et al., 2018). Glycolysis is the main energy source of endothelial cells,

which provides 75–85% of the ATP required for endothelial cell

homeostasis maintenance and proliferation (Quintero et al., 2006) and

increased glycolysis is accompanied with elevation of inflammation in

diseased endothelial cells (Feng et al., 2017; Wu et al., 2017). FAO-

derived acetyl coenzyme A (acetyl-CoA) is essential for histone acety-

lation of lymphatic genes and retains the identity of endothelial cells

by reducing the TGFβ-induced endothelial to mesenchymal transition

(EndMT) (Wong et al., 2017; Xiong et al., 2018). FAO also plays an

important role in sustaining the tricarboxylic acid (TCA) cycle for

redox homeostasis through the regeneration of NADPH (Kalucka

et al., 2018). It is unclear whether and how glycolysis and FAO in

endothelial cells regulate endothelial inflammation in the context of

excessive levels of nutrients.

The AMP-activated protein kinase (AMPK) is an important energy

sensor and metabolic regulator in energy homeostasis (Hardie

et al., 2012). AMPK is a serine/threonine kinase composed of one

catalytic subunit α and two regulatory subunits β and γ, each with a

unique tissue distribution (Hardie & Carling, 1997; Hardie et al., 2003).

PRKAA1/AMPKα1 is the predominant isoform in vascular cells and

macrophages, and PRKAA2/AMPKα2 is the major catalytic isoform in

liver, muscle, and hypothalamus (Fisslthaler & Fleming, 2009; Towler &

Hardie, 2007). AMPK is activated by many cellular stresses such as

exercise, hypoxia, and oxidative stress. Activated AMPK regulates sev-

eral key metabolic enzymes and phosphorylates downstream kinases

by switching off biosynthetic pathways and switching on catabolic

pathways to maintain whole-body energy homeostasis of the cells

(Hardie, 2004). A large body of research work has demonstrated that

AMPK is a therapeutic target for the treatment of cardiometabolic dis-

eases, including Type 2 diabetes and obesity. The activator of AMPK,

metformin, is one of the most commonly used drugs for the treatment

of Type 2 diabetes (Davis et al., 2006). However, the effect of AMPK

activation is complex. Sustained activation of AMPK signalling

What is already known

• AMPKα1, a major cellular sensor of energy, is a pharma-

cological target in metabolic syndrome treatment.

• Endothelial inflammation plays an important role in the

development of obesity and insulin resistance.

What does this study add

• Endothelial AMPKα1/PRKAA1 knockdown reduces palmi-

tate-induced endothelial inflammation.

• Endothelial-specific Prkaa1 deficiency suppresses high fat

diet-induced obesity and insulin resistance.

What is the clinical significance

• These results warrant a careful consideration when

AMPKα1/PRKAA1 is used as a pharmacological target.
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enhances the production of pro-inflammatory cytokines and subse-

quently regulates systemic inflammation and cardiometabolic diseases

(Foretz et al., 2005; Liang et al., 2014). The role of endothelial

PRKAA1/AMPKα1 in excess nutrient-induced endothelial cell inflam-

mation and HFD-induced metabolic syndrome remains undefined.

This study was aimed at determining the effect of endothelial

PRKAA1/AMPKα1 in endothelial inflammation and HFD-induced

metabolic syndrome. We found that selective deficiency of Prkaa1 in

endothelial cells (Prkaa1ΔVEC) attenuated HFD-induced weight gain,

insulin resistance, adiposity, and hepatic steatosis in mice. Our in vitro

study showed that excess nutrients activate PRKAA1/AMPKα1 in

endothelial cells, increase glycolysis and FAO, elevate acetyl-CoA pro-

duction, and up-regulate histone acetylation via ATP citrate lyase

(ACLY) and the histone acetyltransferase p300, eventually promoting

endothelial inflammation. These results demonstrate a critical role of

endothelial cell PRKAA1/AMPKα1 in linking endothelial metabolism,

epigenetic modulation and endothelial inflammation in the develop-

ment of metabolic syndrome.

2 | METHODS

2.1 | Animals

All animal care and experimental procedures complied with the

National Institutes of Health Guide for the Care and Use of Labora-

tory Animals and relevant ethical regulations, and were approved by

the Institutional Animal Care & Use Committee of Augusta University.

Welfare-related assessments, measurements and interventions were

carried out before, during, and after the experiment. Animal studies

are reported in compliance with the ARRIVE guidelines (Percie du Sert

et al., 2020) and with the recommendations made by the British Jour-

nal of Pharmacology (Lilley et al., 2020).

Prkaa1-floxed mice were kindly provided by Dr. Benoit Viollet

(Institut Cochin, Paris, France). Prkaa1ΔVEC mice were generated by

crossing Prkaa1f/f with Cdh5Cre transgenic mice (006137; The Jackson

Laboratory; RRID:IMSR_JAX:006137) as previously described (Yang

et al., 2018). All mice were genotyped by PCR amplification of tail-clip

samples (Table S1). Experiments were performed with both male and

female mice, and littermates were used as controls. Mice were housed

in temperature-controlled cages under a 12-h light–dark cycle and

given free access to water and normal chow diet (CD) or high fat diet

(HFD, D12492, Research Diet, New Brunswick, NJ, USA). All mice

used in this study were on a C57BL/6J background. Prkaa1WT and

Prkaa1ΔVEC female and male mice were fed with HFD for 12 weeks

beginning at the age of 6 weeks. Body weight was measured weekly

and metabolic parameters were recorded with Comprehensive Lab

Animal Monitoring System (CLAMS) at 10 weeks of HFD, followed by

glucose tolerance test (GTT), insulin tolerance test (ITT), and nuclear

magnetic resonance (NMR) at 11 or 12 weeks of HFD. Mice were

killed (i.p. injection of ketamine 100mg kg-1 and xylazine 10mg kg-1,

followed by cervical dislocation) after 12 weeks of HFD, and major

metabolic organs or tissues were harvested and processed for further

analyses. Researchers were blinded to the assignment of diet and

evaluation of the experimental outcomes.

2.2 | Metabolic evaluation

GTT and ITT were performed as described previously (Xu et al., 2019).

In brief, for GTT, 6-h fasted mice were injected i.p. with D-glucose

(1 g�kg�1), and blood samples were collected and measured at 0, 30,

60, 90, and 120 min after glucose injection. For ITT, 4-h fasted mice

were given insulin (1 U�kg�1), and blood samples were collected and

measured at the same time points as GTT with a glucometer

(OneTouch UltraEasy, Johnson & Johnson). Body composition of mice

was assessed by NMR (MiniSpec LF90II TD-NMR Analyzer). Oxygen

consumption (VO2), carbon dioxide production (VCO2), food intake,

and heat production were monitored with CLAMS (Columbus Instru-

ments). At the end of HFD administration, mice were anaesthetised

with ketamine (80 mg�kg�1) and xylazine (5 mg�kg�1), given i.p.. Mice

were fasted for 12–14 h before blood was collected. Individual kits

were purchased from Thermo Scientific for measuring serum concen-

trations of cholesterol, triglyceride, and glucose (#TR15421, TR13421,

and TR22421; Thermo Scientific). The content of hepatic triglyceride

was determined using tissue lipids extracted by a mixture of chloro-

form and methanol as previously described (Xu et al., 2019).

2.3 | Adipose stromal vascular fraction isolation
and flow cytometry analysis

Perigonadal adipose tissue (approximately 100 mg per mouse) was

excised immediately after killing and digested on a shaker at 37�C for

45 min in 10-ml DMEM medium (A14430-01; Gibco) containing

1 mg�ml�1 collagenase D (COLLD-RO; Sigma-Aldrich), 10 mg�ml�1

BSA, 0.5-mM CaCl2, and 15-mM HEPES. After centrifugation at 500g

for 5 min at 4�C, stromal vascular fraction (SVF) pellets were obtained.

SVF samples were incubated in FACS buffer (0.1% BSA in PBS,

pH 7.4) containing 2-μg Fc block (553141; BD Biosciences; RRID:

AB_394656) for 15 min at room temperature and then stained with

antibodies (Table S2) against PE anti-mouse F4/80 (565410; BD Bio-

sciences; RRID:AB_2687527), PerCP-Cy5.5 anti-mouse CD11b

(561114; BD Biosciences; RRID:AB_2033995), FITC anti-mouse

CD206 (141703; Biolegend; RRID:AB_10900988), APC anti-mouse

CD11c (550261; BD Biosciences; RRID:AB_398460), or isotype con-

trols for 30 min at 4�C in the dark. Cells were then washed with 1-ml

FACS buffer and then analysed with a FACSCalibur flow cytometer

with CellQuest software (BD Pharmingen; RRID:SCR_014489).

2.4 | Histological analysis and liver Oil Red O
staining

Mouse adipose and liver tissues were fixed in 4% PFA buffer and

embedded in paraffin or OCT, and then blocks were sectioned at
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5-μm thickness using a paraffin microtome or Microm cryostat. After

deparaffinization and rehydration, endogenous peroxidase activity of

sections was destroyed with H2O2 (3-ml 30% H2O2 in 200-ml metha-

nol) for 30 min at room temperature, and then sections were boiled in

10-mM citrate buffer (pH 6.0) at 98�C for 10 min for antigen retrieval.

Sections were blocked with avidin blocking solution with 10% rabbit

serum and incubated with Mac-2 (ACL8942F; Accurate Chemical &

Scientific Corporation), Icam-1 (SC-8439; Santa Cruz; RRID:

AB_627123), and Vcam-1 (Ab134047; Abcam; RRID:AB_2721053)

antibodies in biotin blocking solution overnight at 4�C. On the next

day, sections were incubated with biotinylated secondary antibody

(BA4001; Vector Laboratories; RRID:AB_10015300), followed by

VECTASTAIN® ABC reagents (PK6100; Vector Laboratories) for

30 min at room temperature and DAB solution. Whole-amount iso-

lectin GS-IB4 staining in adipose tissue was performed with a protocol

described previously (Xu et al., 2019), the numbers of adipogenic/

angiogenic cell clusters (AACCs) in distal epididymal adipose tissue

from one mouse were determined by an observer blinded to the con-

ditions, and the number of AACCs in control group was normalized to

1. Oil Red O staining of liver was performed in frozen tissue, and lipid

accumulation was quantified via measuring Oil Red O staining using

Image-Pro Plus software (Media Cybemetics; RRID:SCR_007369).

2.5 | Cell culture and siRNA/adenovirus infection
of human umbilical vein endothelial cells

Primary human umbilical vein endothelial cells (HUVECs) were pur-

chased from the ATCC (PCS-100-013™) and cultured with Vascular

Cell Basal Medium (PCS-100-030™; ATCC) supplemented with Micro-

vascular Endothelial Cell Growth Kit-BBE (PCS-110-040™; ATCC) in a

humidified incubator with 5% CO2 at 37�C. siRNA /adenovirus infec-

tion of HUVECs was performed as previously described (Yang

et al., 2018). HUVECs were transfected at 70% confluence with

siRNA targeting human PRKAA1 (PRKAA1 siRNA [siPRKAA1], sc-

29673; Santa Cruz Biotechnology) or non-targeting negative control

(Control siRNA [siCTRL], sc-37007; Santa Cruz Biotechnology), human

ACLY (ACLY siRNA [siACLY], L-004915-00-0005; Dharmacon), human

EP300 (EP300 siRNA [siEP300], L-003486-00-0005; Dharmacon), or

non-targeting negative control (Control siRNA [siCTRL], D-

001810-10-05; Dharmacon) using Lipofectamine RNAiMax reagent

(13778-150; Invitrogen) according to the manufacturer's protocols.

The details are provided in Table S5.

Adenovirus infection of HUVECs was performed as previously

described (Yang et al., 2018). Human PRKAA1 adenovirus (Ad-

PRKAA1) and negative control adenovirus (Ad-CTRL) were kindly

provided by Dr. Minghui Zou (Georgia State University, USA).

HUVECs were infected at 60–70% confluence with 500-μl basal

medium containing Ad-CTRL or Ad-PRKAA1 adenovirus for 2 h,

followed by replacing with fresh complete cell medium for a contin-

uous culture. These cells were treated as indicated and collected for

quantitative RT-PCR, western blot and monocyte adhesion assays

(see below).

2.6 | Quantitative real time-PCR

Total RNA of HUVECs or tissues were collected in Trizol reagent

(15596018; Invitrogen) and extracted according to the manufacturer's

protocol. The cDNA was generated using iScript cDNA synthesis kit

(170-8891; Bio Rad). Real-time PCR analysis was performed with

Power SYBR Green PCR Master Mix (4367659; Life Technologies) by

a StepOne Plus system (Applied Biosystems). 18S (human/mouse)

ribosomal RNA was used as an internal control. The relative difference

was expressed as the fold matched control values calculated with the

efficiency-corrected 2�44CT method. The primer list for quantitative

RT-PCR is provided in Table S3.

2.7 | Western blot

HUVECs (2-3�106 cells in 100 μl lysis buffer) and mouse tissues (1 mg

in 10 μl lysis buffer) were lysed with RIPA lysis buffer (Sigma) sup-

plemented with 1% protease (05892970001; Roche) and 1% phospha-

tase inhibitors (04906845001; Roche) for 10 min on ice, and protein

concentration was measured by BCA Protein Assay Kit. Samples (10-20

μg protein) were loaded and separated by 10% SDS-PAGE, electro-

transferred to nitrocellulose (NC) filter membrane, and incubated with

specific antibodies against p-PRKA, PRKAA1, ICAM-1, VCAM-1, ACLY,

Ac-H3K9, Ac-H3K27, Ac-H3, H3, p-AktSer473, Akt, p300, GAPDH, and

β-actin. The antibodies used are provided in Table S4. Images were taken

with the CheminDoc MP System (Bio Rad) and viewed by Image J soft-

ware (National Institutes of Health; RRID:SCR_003070) for data analysis.

The levels of targeted protein were quantitated relative to GAPDH or

β-actin in the same sample and normalized to the particular control

group that was randomly set as one-fold.

2.8 | Monocyte adhesion assay

Monocyte adhesion assays were performed according to protocols

described previously (Wang et al., 2019). HUVECs (1�1.5�106 cells

per well) were cultured with Vascular Cell Complete Medium (2 mL

per well) in six-well flat-bottom plates to 60-70% confluence and then

incubated in 1 mL per well of Vascular Cell Basal Medium with a mix-

ture of 100 μl Basal Medium containing 5 μl siRNA and 100 μl Basal

Medium containing 5 μl RNAiMax was added to each well of a six-well

plate. The cells were incubated with this mixture for 4 h at 37 �C,

which was then replaced with Vascular Cell Complete Medium (2 ml

per well) for 24 h, followed by incubation with palmitate (0.4 mM) for

another 24 h. After removing palmitate by washing, THP-1 cells

labelled with Calcein-AM (354216; Corning) were added to the con-

fluent monolayer of HUVECs. After 30 min of incubation, non-

adherent cells were removed by washing three times with cell medium

followed by fixing with 4% PFA. Fluorescent-positive cells were coun-

ted with Image J and normalized with total cell numbers of HUVECs.

For the experiments with HUVECs overexpressing PRKAA1,

HUVECs (1�1.5 x 106 cells) were cultured with Vascular Cell
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Complete Medium (2 ml per well) in six-well plates. Cells were

infected at 60–70% confluence with 500 μl basal medium containing

Ad-CTRL or Ad-PRKAA1 adenovirus (1 μl per well) for 2 h, followed

by replacing with fresh complete cell medium (2 ml per well) for 24 h,

followed by incubation with palmitate (0.4 mM) for another 24 h. As

HUVECs were infected with GFP-expressing adenovirus, THP-1 cells

were not labelled with Calcein-AM, and these unlabelled cells were

added into the confluent monolayer of HUVECs. After 30 min of incu-

bation, non-adherent THP-1 cells were removed by washing three

times with cell medium followed by fixing with 4% PFA. Adherent

THP-1 cells were visualized by investigators and marked with green

by Photoshop program in collected images. These adherent THP-1

cells were counted with Image J, and monocyte adhesion was calcu-

lated with a method used in our previous studies (Xu et al., 2017).

2.9 | Acetyl-CoA measurement

The amount of acetyl-CoA in HUVECs was determined using Acetyl-

Coenzyme A Assay Kit (MAK039; Sigma-Aldrich) according to the

manufacturer's instructions.

2.10 | Extracellular acidification rate (ECAR)
measurement

As described in a previous publication (Cao et al., 2019), HUVECs were

infected with Ad-CTRL or Ad-PRKAA1 for 48 h, and then seeded onto

Seahorse XF96 culture plates at a density of 15,000 cells per well and

incubated overnight in a humidified incubator of 5% CO2 at 37�C. On

the second day, the medium was changed to XF Base Medium sup-

plemented with 2-mM glutamine, pH adjusted to 7.4 with 0.1-M

NaOH, and then the plate was incubated in a non-CO2 incubator at

37�C for 1 h. ECAR was measured with an XF96 Extracellular Flux Ana-

lyzer (Seahorse Bioscience). Inhibitors and activators used in the test

are glucose (10 mM), oligomycin (1 μM), and 2-deoxyglucose (50 mM).

2.11 | Fatty acid oxidation rate measurement

FAO was measured with XF FAO assay (102720-100; Agilent Tech-

nologies) using an XF96 Extracellular Flux Analyzer. For measuring

FAO, siCTRL and siPRKAA1 pretreated HUVECs were seeded in the

XF96 cell culture microplates overnight at a density of 15,000 cells

per well. Cells were then incubated with FAO assay media (Krebs–

Henseleit buffer supplemented with 2.5-mM glucose, 0.5-mM carni-

tine, and 5-mM HEPES on the day of the assay, adjusted to pH 7.4 at

37�C) for 30–45 min in a non-CO2 incubator at 37�C, following by

adding Etomoxir (40 μM) for 15 min before the assay. Palmitate-BSA

FAO Substrate or BSA was added to the appropriate wells immedi-

ately before starting the assay with injections of oligomycin (2 μM),

FCCP (2 μM), and antimycin A/rotenone (1 μM). The XF Cell Mito

Stress Test was run according to the manufacturer's instruction.

2.12 | Data and statistical analysis

The experimental design and analysis comply with the recommenda-

tions and requirements of the British Journal of Pharmacology (Curtis

et al., 2018). All studies were designed, where possible, to generate

groups of equal size using randomization and blinded analysis. The

immuno-related procedures used comply with the recommendations

made by the British Journal of Pharmacology (Alexander et al., 2018).

Some results were normalized to the control so as to avoid unwanted

sources of variation. Statistical tests were performed using GraphPad

Prism software (Version 8.0, RRID:SCR_000306), and all results are

expressed as mean ± SEM. No outliers were identified in reported

experiments, and no data were excluded from analyses. Statistical

analysis was only undertaken for studies where each group size n was

at least 5. Studies with n less than 5 were not subjected to statistical

analysis and the related results were referred to as preliminary. Group

size (n) represents the number of studied animals (in vivo) or indepen-

dent values (in vitro), and statistical analysis was performed using

these independent values. The statistical calculations were performed

by one-way ANOVA followed by Bonferroni's post hoc tests for multi-

ple comparisons if F reached P < 0.05 and there was no significant

variance inhomogeneity. Student's t test was used for comparing two

groups. For all comparisons, P < 0.05 was accepted to indicate a sta-

tistically significant difference.

2.13 | Materials

2-deoxyglucose, oligomycin, FCCP, rotenone and antimycin A were

supplied as components of the Seahorse XF Glycolytic Rate Assay Kit

from Agilent (Santa Clara, CA). Palmitate was supplied by Sigma-

Aldrich (St. Louis, MO); ketamine and xylazine were supplied

byPhoenix Scientific (St. Joseph, MO).

2.14 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to

corresponding entries in the IUPHAR/BPS Guide to PHARMACOL-

OGY (http://www.guidetopharmacology.org) and are permanently

archived in the Concise Guide to PHARMACOLOGY 2021/22

(Alexander, Cidlowski et al., 2021; Alexander, Fabbro et al., 2021).

3 | RESULTS

3.1 | Endothelial cell Prkaa1 deficiency improves
HFD-induced systemic insulin sensitivity

To investigate the role of endothelial PRKAA1 in energy homeostasis

in mice, we took advantage of an endothelial cell-specific Prkaa1

knockout (Prkaa1ΔVEC) mouse that we generated previously (Yang

et al., 2018). Then we examined whether endothelial cell Prkaa1
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deficiency could affect metabolic parameters in mice fed with a chow

diet (CD, 10% kcal from fat). We did not find any difference in body

weight, fat and lean content, GTT and ITT between the two groups of

mice of either gender (Figures S1 and S2), indicating that the loss of

endothelial cell Prkaa1 does not make a difference in mouse whole

body metabolism on CD.

We further challenged these mice with a high-fat diet (HFD, 60%

kcal from fat) to investigate whether endothelial PRKAA1 plays a role

in HFD-induced metabolic syndrome. Prkaa1ΔVEC and Prkaa1WT

female and male mice were fed with HFD beginning at 6 weeks of age

for 12 weeks and followed with measurement of relative metabolic

parameters at time points as indicated in Section 2. On an HFD,

Prkaa1ΔVEC mice of both genders exhibited decreased body weight

compared with Prkaa1WT (Figures 1a and S3A). In addition,

Prkaa1ΔVEC mice showed a higher lean content and a lower fat con-

tent than littermate control mice (Figures 1b and S3B). Also,

Prkaa1ΔVEC mice exhibited improved systemic insulin sensitivity, as

demonstrated by GTT and ITT assays (Figures 1c,d and S3C,D). Fur-

thermore, Western blot analysis with samples of major metabolic

organs/tissues from these mice showed increased levels of p-

AktSer473 in adipose tissue, liver, and muscle from HFD-fed

Prkaa1ΔVEC mice stimulated by insulin, compared with those of litter-

mate controls (Figures 1e–g and S3E-G, for group with n < 5, results

are preliminary). Consistent with the above results, Prkaa1ΔVEC mice

had increases in oxygen consumption and carbon dioxide production

without changes in food intake and respiratory exchange ratio com-

pared with Prkaa1WT mice after 12 weeks of HFD (Figures S4 and S5).

Taken together, these results suggest that endothelial cell Prkaa1 defi-

ciency improved HFD-induced systemic insulin sensitivity.

3.2 | Endothelial cell Prkaa1 deficiency ameliorates
HFD-induced adipose inflammation

Growing evidence indicates that adipose tissue plays an important

role in regulating metabolic homeostasis, and adipose inflammation

contributes a major part in the development of HFD-induced meta-

bolic syndrome. We examined sections of white adipose tissue (WAT)

histologically with haematoxylin and eosin (H&E) staining and found

that the size of adipocytes was much smaller in WAT from HFD-fed

Prkaa1ΔVEC mice than littermate controls (Figures 2a and S6A). To

determine whether endothelial cell PRKAA1 regulates adipose inflam-

mation, we performed immunostaining on adipose sections with anti-

body against the macrophage marker Mac2. Staining with Mac2

antibody showed that macrophage infiltration in WAT of HFD-fed

Prkaa1ΔVEC mice was much less than that of HFD-fed Prkaa1WT mice

(Figures 2b and S6B). We also performed flow cytometry analysis to

quantify macrophage populations in adipose stromal vascular fractions

(SVFs) of HFD-fed Prkaa1ΔVEC and Prkaa1WT mice. SVFs from

Prkaa1ΔVEC mice contained smaller proportions of CD11b+F4/80+

macrophages, fewer M1-like CD11b+F4/80+CD11c+ cells and more

M2-like CD11b+F4/80+CD206+ cells, and a decreased ratio of M1-

like to M2-like cells compared with those from Prkaa1WT mice

(Figures 2c and S6C). Furthermore, in concordance with FACS analy-

sis, the mRNA level of F4/80 was decreased in adipose of HFD-fed

Prkaa1ΔVEC mice compared with that of control mice (Figures 2d and

S6D). Additionally, expression of several genes associated with inflam-

mation (Icam1, Vcam1, Ccl2, Il1b and Il6) was reduced in WAT of

Prkaa1ΔVEC mice compared with that of controls (Figures 2e and S6E).

Immunostaining of adipose sections also showed that protein levels of

ICAM-1 and VCAM-1 in WAT of HFD-fed Prkaa1ΔVEC mice were

much lower than those of HFD-fed Prkaa1WT mice (Figure 2f,g).

Immunostaining of whole mount adipose tissue with isolectin GS-IB4

showed no significant difference in adipogenic/angiogenic cell cluster

(AACC) number and vascular density in WAT between HFD-fed

Prkaa1ΔVEC mice and HFD-fed Prkaa1WT mice (Figures 2h and S6F).

These results suggest that, in the context of HFD feeding, endothelial

PRKAA1 regulates the inflammatory state of WAT but not angiogene-

sis and contributes to the development of insulin resistance and

fat gain.

3.3 | Endothelial cell Prkaa1 deficiency attenuates
HFD-induced hepatic steatosis and inflammation

To determine whether endothelial PRKAA1 plays a role in hepatic

steatosis, sections of livers from these mice were subjected to H&E

and Oil Red O staining. Lower levels of hepatic necrosis and lipid

deposition were observed in sections of HFD-fed Prkaa1ΔVEC mice

than those of Prkaa1WT mice (Figures 3a,b and S7A,B). Decreased lipid

accumulation in the liver was further confirmed by direct triglyceride

measurement (Figures 3c and S7C). Consistent with these data, much

lower mRNA levels of the genes related to fatty acid synthesis (Fasn)

and FAO (Pparg and Cpt1a) assayed with qRT-PCR were observed in

the livers of HFD-fed Prkaa1ΔVEC mice than HFD-fed Prkaa1WT mice

(Figures 3d and S7D).

Mac2 staining of liver sections showed less macrophage infiltra-

tion into livers of HFD-fed Prkaa1ΔVEC mice than Prkaa1WT mice

(Figures 3e and S7E). This is in line with the F4/80 mRNA levels in

livers of the two groups of mice, assessed by qRT-PCR (Figures 3f

and S7F). The expression of CD206 (a marker of anti-inflammatory

M2 macrophages) was increased in livers of HFD-fed Prkaa1ΔVEC

mice compared with Prkaa1WT mice (Figures 3f and S7F). The

inflammatory status of livers in these mice was further examined.

Compared with HFD-fed Prkaa1WT mice, Prkaa1ΔVEC mice showed a

significant decrease in the mRNA levels of iNOS, and

proinflammatory cytokines including Ccl2, Tnfa, and Il1b were much

lower in livers of HFD-fed Prkaa1ΔVEC mice than those of HFD-fed

Prkaa1WT mice (Figures 3f and S7F). We further examined mRNA

levels of Pecam-1, Cdh5, Icam-1, and Vcam-1 in livers of mice. The

expression of Pecam-1 and Cdh5 was increased while the expression

of Icam-1 and Vcam-1 was decreased in liver samples of HFD-fed

Prkaa1ΔVEC mice compared with that in HFD-fed Prkaa1WT mice

(Figures 3g and S7G). Immunostaining also showed that protein

levels of Icam-1 and Vcam-1 in liver of HFD-fed Prkaa1ΔVEC mice

was reduced compared with that of HFD-fed Prkaa1WT mice
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(Figure 3h,i), indicating the preserved endothelial integrity and

decreased inflammatory response in endothelial cells in livers of

HFD-Prkaa1ΔVEC mice. Collectively, these results indicate that

endothelial Prkaa1 deficiency decreases endothelial inflammation,

reduces macrophage infiltration into liver and, consequently, attenu-

ates HFD-induced hepatic steatosis.

F IGURE 1 Endothelial cell Prkaa1 deficiency improves HFD-induced systemic insulin sensitivity. (a) Body weight of Prkaa1WT and Prkaa1ΔVEC

male mice during 12 weeks of HFD. n = 9. (b) Fat and lean content of Prkaa1WT and Prkaa1ΔVEC male mice after 12 weeks of HFD. n = 9. (c)
Blood glucose level during the glucose tolerance test (GTT) and calculated areas under curve (AUC) of GTT in Prkaa1WT and Prkaa1ΔVEC male
mice after 10 weeks of HFD. n = 6. (d) Blood glucose level during the insulin tolerance test (ITT) and calculated AUC of ITT in Prkaa1WT and
Prkaa1ΔVEC male mice after 11 weeks of HFD. n = 6. (e–g) Western blot analysis of p-Akt (Ser473), total Akt, and β-actin from epididymal WAT,
liver, and quadriceps muscle in Prkaa1WT and Prkaa1ΔVEC male mice after 12 weeks of HFD. Samples were collected from mice after injection
with saline or insulin (1 U�kg�1) for 5 min into the inferior vena cava. The quantification of p-Akt/total Akt were analysed by densitometry of
Western blot. n = 3 per saline group, n = 5 per insulin group. Data are presented as the mean ± SEM. *P < 0.05, significant difference between
Prkaa1WT and Prkaa1ΔVEC; unpaired Student's t test
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F IGURE 2 Endothelial cell Prkaa1 deficiency ameliorates HFD-induced adipose inflammation. (a) Representative image of haematoxylin and
eosin (H&E) staining of adipose tissue sections from Prkaa1WT and Prkaa1ΔVEC male mice after 12 weeks of HFD. (b) Representative image of
Mac2 staining of adipose tissue sections from Prkaa1WT and Prkaa1ΔVEC male mice after 12 weeks of HFD. (c) Flow cytometry analysis of the

percentage of F4/80+CD11b+ macrophages among stromal vascular fraction (SVF), F4/80+CD11b+CD11c+ (M1) macrophages, percentage of
F4/80+CD11b+CD206+ (M2) macrophages, and the ratio of M1 to M2 macrophages from Prkaa1WT and Prkaa1ΔVEC male mice after 12 weeks
of HFD. n = 7. (d) Quantitative RT-PCR analysis of the mRNA level of F4/80 in adipose tissue from Prkaa1WT and Prkaa1ΔVEC male mice after
12 weeks of HFD. n = 9 mice per group. (e) Quantitative RT-PCR analysis of the mRNA level of Icam1, Vcam1, Ccl2, Tnfa, Il1b, and Il6 in adipose
tissue from Prkaa1WT and Prkaa1ΔVEC male mice after 12 weeks of HFD. n = 9 mice per group. (f, g) Representative images and summary data of
ICAM-1 and VCAM-1 staining of adipose sections of Prkaa1WT and Prkaa1ΔVEC male mice after 12 weeks of HFD. Three areas per mouse and six
mice per group were collected and quantified. (h) Representative images of immunofluorescence staining for isolectin GS-IB4 and quantification
data of adipogenic/angiogenic cell cluster (AACC) numbers, as indicated by arrows, and vessel density in epididymal WAT of Prkaa1WT and
Prkaa1ΔVEC male mice after 12 weeks of HFD. n = 9 mice per group. Data are presented as the mean ± SEM. *P < 0.05, significantly different as
indicated; ns: not significantly different; unpaired Student's t test
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3.4 | The absence of PRKAA1 decreases palmitate-
induced endothelial cell inflammation

As the in vivo data indicated a decreased endothelial inflammation in

endothelial Prkaa1-deficient mice, we next investigated whether

PRKAA1 contributed to endothelial inflammation in in vitro assays.

Increased circulating levels of fatty acids including palmitate are a

major feature of the excessive nutrients in mice fed with a HFD

(Nakamura et al., 2009). We therefore exposed HUVECs to palmitate

in order to determine the influence of metabolic stress on the expres-

sion of PRKAA1. Incubation with palmitate up-regulated the mRNA

level of PRKAA1 in HUVECs in a dose- and time-dependent manner

(Figure 4a). Treatment with palmitate also led to up-regulation of p-

PRKAT172 and PRKAA1 at the protein level (Figure 4b). The up-

regulated PRKA expression and activation by palmitate were accom-

panied by increased expression of adhesion molecules such as

ICAM-1 and VCAM-1, indicating a possible association of palmitate-

stimulated PRKAA1 with increased endothelial inflammation.

To determine whether PRKAA1 contributes to palmitate-

stimulated endothelial inflammation, we further assessed the mRNA

levels of inflammatory molecules of PA-treated HUVECs transfected

with siCTRL or siPRKAA1 by quantitative RT-PCR analysis. The results

F IGURE 3 Endothelial cell Prkaa1 deficiency attenuates HFD-induced hepatic steatosis and inflammation. (a) Representative images of
haematoxylin and eosin (H&E) staining of liver sections from Prkaa1WT and Prkaa1ΔVEC male mice after 12 weeks of HFD. (b) The representative
images and quantification data of Oil Red O staining of liver sections from Prkaa1WT and Prkaa1ΔVEC male mice after 12 weeks of HFD. Four

areas per mice and six mice per group were collected and quantified. (c) Liver triglyceride levels of Prkaa1WT and Prkaa1ΔVEC male mice after
12 weeks of HFD. n = 8 mice per group. (d) Quantitative RT-PCR analysis of the mRNA level of Pparg, Ppara, Srbp1, Fasn, Acac, and Cpt1 in liver
from Prkaa1WT and Prkaa1ΔVEC male mice after 12 weeks of HFD. n = 9 mice per group. (e) Representative images and summary data of Mac2
staining of liver sections from Prkaa1WT and Prkaa1ΔVEC male mice after 12 weeks of HFD. Three areas per mouse and six mice per group were
collected and quantified. (f) Quantitative RT-PCR analysis of the mRNA level of F4/80, CD206, iNos, Ccl2, Tnfa, Il1b, and Il6 in liver from Prkaa1WT

and Prkaa1ΔVEC male mice after 12 weeks of HFD. n = 9 mice per group. (g) Quantitative RT-PCR analysis of the mRNA level of Pecam1, Cdh5,
Icam1, and Vcam1 in liver from Prkaa1WT and Prkaa1ΔVEC male mice after 12 weeks of HFD. n = 9 mice per group. (h, i) Representative images
and summary data of ICAM-1 and VCAM-1 staining of liver sections from Prkaa1WT and Prkaa1ΔVEC male mice after 12 weeks of HFD. Three
areas per mouse and six mice per group were collected and quantified. All data were presented as mean ± SEM. *P < 0.05, significantly different
as indicated; ns, not significantly different as indicated; unpaired Student's t test
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F IGURE 4 The absence of PRKAA1 decreases palmitate-induced endothelial cell inflammation. (a) (Left) Quantitative RT-PCR analysis of
mRNA level of PRKAA1 in HUVECs treated with increasing concentrations of palmitate (PA; 0.1–0.5 mM) for 24 h. n = 6. (Right) Quantitative RT-
PCR analysis of mRNA level of PRKAA1 in HUVECs treated with palmitate (PA; 0.4 mM) for 0, 6, 12, 18, 24, and 30 h. n = 6. (b) Western blot

analysis and densitometric quantification of the protein levels of p-PRKA, PRKAA1, ICAM-1, and VCAM-1 in HUVECs treated with palmitate (PA;
0.4 mM) or vehicle for 24 h. n = 5. (c) Quantitative RT-PCR analysis of the mRNA levels of Icam1, Vcam1, E-selectin, Ccl2, Il1b, Tnfa and Il6 in
HUVECs transfected with siPRKAA1 or siCTRL for 24 h, followed with palmitate (PA; 0.4 mM) or BSA treatment for another 24 h. n = 6. (d)
Western blot analysis and densitometric quantification of the protein levels of ICAM-1, VCAM-1, p-PRKA, PRKAA1, and GAPDH in HUVECs
transfected with siPRKAA1 or siCTRL for 24 h, followed with palmitate (PA; 0.4 mM) or BSA treatment for another 24 h. n = 6. (e) Representative
images and summary data of monocyte adhesion to HUVECs transfected with siPRKAA1 or siCTRL for 24 h, followed with palmitate (PA; 0.4 mM)
or BSA treatment for another 24 h. n = 12. All data were presented as mean ± SEM. *P < 0.05, significantly different as indicated, ns: not
significantly different as indicated; unpaired Student's t test (b) or one-way ANOVA followed by Bonferroni test (a, c, d, and e)
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showed that the mRNA levels of ICAM-1, VCAM-1, E-selectin, Ccl2, Ilb,

Tnfa, and Il6 were decreased in HUVECs transfected with siPRKAA1

compared with those of control cells upon palmitate treatment

(Figure 4c). Western blot analysis revealed that exposure to palmitate

markedly induced the expression of adhesion molecules (ICAM-1 and

VCAM-1); these effects induced by palmitate were attenuated in

PRKAA1 knockdown HUVECs compared with control HUVECs

(Figure 4d). Furthermore, we found that the palmitate-induced

increased adhesiveness of HUVECs to THP-1 monocytic cells was

reduced when HUVECs were transfected with siPRKAA1 (Figure 4e).

All together, these findings indicate that the absence of PRKAA1 in

HUVECs reduces palmitate-induced expression of inflammatory mole-

cules and endothelial adhesiveness to monocytes.

3.5 | The overexpression of PRKAA1 increases PA-
induced endothelial cell inflammation

Following examination of PRKAA1 for endothelial inflammation by a

loss-of-function approach, we investigated this effect with gain-of-

function, which is overexpression of PRKAA1 in HUVECs. We

infected HUVECs with adenovirus encoding constitutively active

PRKA mutant (Ad-PRKAA1) and control adenovirus (Ad-CTRL) and

processed these cells for inflammation assays. Compared with

HUVECs infected with Ad-CTRL, HUVECs with overexpression of

PRKAA1 expressed high mRNA levels of inflammatory cytokines

(ICAM-1, VCAM-1, E-selectin, Ccl2, Il1b, Tnfa, and Il6) in the presence

of either BSA or palmitate (Figure 5a). In addition, Western blots

showed that the protein levels of ICAM-1 and VCAM-1 were higher

in HUVECs infected with Ad-PRKAA1 than those cells with Ad-CTRL

(Figure 5b). Accordingly, palmitate treatment increased endothelial

adhesiveness to monocytes, and this effect was significantly exagger-

ated in HUVECs infected with Ad-PRKAA1 compared with control

cells (Figure 5c,d). Taken together, these results suggest that over-

expression of PRKAA1 enhances palmitate-stimulated inflammatory

actions in endothelial cells.

3.6 | The absence or overexpression of PRKAA1
influences endothelial inflammation by altering the
endothelial metabolism via the ACLY-EP300 pathway

Having shown that knockdown of PRKAA1 decreased endothelial cell

glycolysis in our previous work (Yang et al., 2018), we next sought to

determine whether overexpression of PRKAA1 increases glycolysis.

Using Seahorse Extracellular Flux analysis, we assessed glycolytic

metabolism in PRKAA1-overexpressing HUVECs via measurement of

the extracellular acidification rate (ECAR). As shown in Figure 6a,

overexpression of PRKAA1 exhibited significantly increased glycolysis

and glycolytic capacity, compared with control cells. Furthermore, we

also examined the effect of PRKAA1 on regulation of FAO. For this

end, we performed Seahorse assays with PRKAA1 knockdown

HUVECs to determine the OCR in the presence of palmitate. As

shown in Figure 6b, FAO was dramatically decreased in PRKAA1

knockdown HUVECs compared with control cells, indicating a critical

role of PRKAA1 in FAO. We then explored whether

PRKAA1-regulated metabolism contributes to acetyl-CoA production.

The results showed that PRKAA1 knockdown decreased and PRKAA1

overexpression increased acetyl-CoA production in HUVECs at base-

line, and under palmitate treatment, respectively, compared with con-

trol cells (Figure 6c,d). Acetyl-CoA is a substrate of protein

acetylation, and we postulated that the change of acetyl-CoA produc-

tion regulated by PRKAA1 might affect protein acetylation. Indeed,

Western blot showed that the protein levels of the acetylated his-

tones, Ac-H3K9, Ac-H3K27, and Ac-H3, were enhanced in palmitate-

treated cells; this effect was abolished by PRKAA1 knockdown in

HUVECs (Figure 6e).

It has been reported that increased acetylation epigenetically up-

regulates expression of inflammatory molecules (Rafehi et al., 2015).

The enzyme ATP citrate lyase (ACLY) metabolizes citrate to acetyl-

CoA for protein acetylation, and p300 acts as an acetyltransferase to

acetylate transcriptional factors to increase transcription of adhesion

molecules (Shen et al., 2017; Wellen et al., 2009). To demonstrate

whether PRKAA1 regulates palmitate-induced endothelial cell inflam-

mation via the acetylation pathway, PRKAA1-overexpressed HUVECs

were treated with siRNA of ACLY or EP300 under palmitate treat-

ment, and the protein levels of adhesion molecules were evaluated

with Western blot. As shown in Figure 6f,g, the increased protein

levels of ICAM-1 and VCAM-1 in PRKAA1-overexpressing HUVECs

were markedly reduced by siACLY and siEP300. These results suggest

that PRKAA1 increases endothelial glycolysis and FAO, enhances the

levels of acetyl-CoA and, eventually, affects transcription of inflamma-

tory molecules through ACLY and EP300-associated acetylation.

4 | DISCUSSION

Our study has uncovered the effect of endothelial PRKAA1/AMPKα1

in regulating endothelial cell metabolism in the presence of excess

nutrients. Excess nutrients increased the expression and activity of

endothelial PRKAA1/AMPKα1. Such enhanced AMPKα1 up-regulated

endothelial cell metabolism including glycolysis and FAO, increased

acetyl-CoA production and, consequently, increased the transcription

of inflammatory molecules via an epigenetic pathway. Deficiency of

endothelial Prkaa1/AMPKα1 protected mice from HFD-induced endo-

thelial inflammation, macrophage infiltration into metabolic organs

and tissues and the development of metabolic syndrome (Figure 7).

Endothelial cell Prkaa1/AMPKα1 deficiency unexpectedly protec-

ted mice from the development of HFD-induced metabolic syndrome.

PRKAA1/AMPKα1 exists as an energy sensor and metabolic regulator,

and its activation exhibits a number of beneficial effects on metabolic

and cardiovascular diseases. A769662, metformin, and AICAR have

been regarded as activators of AMPK activators and they exhibit pro-

tection against obesity and the related metabolic syndrome (Buhl

et al., 2002; Cheang et al., 2014; Wu et al., 2018). The role of AMPK

in metabolic organs and tissues in improving metabolic function has
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also been well established in a genetic model. Genetic deletion of

AMPKα1/α2 in adipose tissue increased HFD-induced adiposity and

aggravated hepatic steatosis and impaired glucose tolerance and insu-

lin sensitivity (Wu et al., 2018). Also, another study showed that defi-

ciency of both the AMPK β1 and β2 subunits in adipocytes exhibited

more HFD-induced hepatic steatosis as well as glucose and insulin

intolerance (Mottillo et al., 2016). In addition to adipose tissue, genetic

liver-specific AMPK activation showed reduced liver steatosis and

diet-induced obesity by reprograming lipid metabolism (Garcia

et al., 2019). However, the effects of endothelial AMPK in car-

diometabolic diseases are less clear-cut. One group reported that

selective endothelial AMPK activation mobilized endothelial

progenitor cells (EPCs) and enhanced incorporation of EPCs into

injured blood vessels in mice (Li et al., 2012). In contrast, another set

of results showed that constitutive activation of endothelial AMPKα1

promoted HFD-induced liver injury and inflammatory responses

F IGURE 5 The overexpression of PRKAA1 increases palmitate-induced endothelial cell inflammation. (a) Quantitative RT-PCR analysis of the
mRNA levels of Icam1, Vcam1, E-selectin, Ccl2, Il1b, Il6, and Tnfa in HUVECs infected with Ad-PRKAA1 or Ad-CTRL for 24 h, followed with
palmitate (PA; 0.4 mM) or BSA treatment for another 24 h. n = 6. (b) Western blot analysis and densitometric quantification of the protein levels

of ICAM-1, VCAM-1, p-PRKA, PRKAA1, and GAPDH in HUVECs infected with Ad-PRKAA1 or Ad-CTRL for 24 h, followed with palmitate (PA; 0.4
mM) or BSA treatment for another 24 h. n = 5. (c, d) Summary data (c) and representative images (d) of monocyte adhesion to HUVECs infected
with Ad-PRKAA1 or Ad-CTRL for 24 h, followed with palmitate (PA; 0.4 mM) or BSA treatment for another 24 h. n = 12. All data were presented
as mean ± SEM. *P < 0.05, significantly different as indicated, ns: not significantly different as indicated; one-way ANOVA followed by Bonferroni
test
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F IGURE 6 Metabolic alteration of HUVECs in the presence or overexpression of PRKAA1 with palmitate treatment. (a) (Left) ECAR profile
showing glycolytic activity in HUVECs infected with Ad-PRKAA1 or Ad-CTRL for 48 h. Vertical lines represent the time of injected glucose
(10 mM), oligomycin (1 μM), and 2-deoxyglucose (2-DG; 50 mM). (Right) Quantification data of glycolytic function parameters. (For all panels:

n = 8 per group; replicated three times). (b) (Left) OCR profile showing total FAO in HUVECs transfected with siPRKAA1 or siCTRL for 48 h with
BSA-palmitate. Etomoxir (ETO, 40 μM) was added to some wells 15 min before the assay. Vertical lines represent the time of injected oligomycin
(2 μM), FCCP (2 μM), and antimycin A (AA) /rotenone (1 μM). (Right) Quantification of total FAO as the difference between conditions with or
without etomoxir treatment, both containing BSA-palmitate. (For all panels: n = 8 per group; replicated three times). (c) The content of acetyl-
CoA in HUVECs infected with siPRKAA1 or siCTRL or Ad-PRKAA1 or Ad-CTRL for 48 h. n = 6. (d) The content of acetyl-CoA in HUVECs infected
with siPRKAA1 or siCTRL or Ad-PRKAA1 or Ad-CTRL for 24 h, followed with palmitate (PA; 0.4 mM) treatment for another 24 h. n = 6. (e)
Western blot analysis of the protein levels of Ac-H3K9, Ac-H3K27, Ac-H3, and H3 in HUVECs transfected with siPRKAA1 or siCTRL for 24 h,
followed with palmitate (PA; 0.4 mM) or BSA treatment for another 24 h. n = 5. (f) Western blot analysis and densitometric quantification of the
protein levels of ICAM-1, VCAM-1, ACLY, p-PRKA, PRKAA1, and β-actin in HUVECs infected with Ad-CTRL-siCTRL, Ad-PRKAA1-siCTRL, Ad-
CTRL-siACLY, and Ad-PRKAA1-siACLY with palmitate (PA; 0.4 mM) treatment for 24 h. n = 5. (g) Western blot analysis and densitometric
quantification of the protein levels of ICAM-1, VCAM-1, p-PRKA, PRKAA1, and β-actin in HUVECs infected with Ad-CTRL-siCTRL, Ad-PRKAA1-
siCTRL, Ad-CTRL-siEP300, and Ad-PRKAA1-siEP300 with palmitate (PA; 0.4 mM) treatment for 24 h. n = 5. All data were presented as mean
± SEM. *P < 0.05, significantly different as indicated, ns: not significantly different as indicated; unpaired Student's t test (a–d) or one-way
ANOVA followed by Bonferroni test (f, g)
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(Liang et al., 2014). Consistent with the latter study, our study has

demonstrated that genetic deletion of endothelial AMPKα1/PRKAA1

protects against HFD-induced inflammatory responses and insulin

resistance in metabolic organs and tissues.

Previous studies have reported that the activation of AMPK sup-

presses inflammation induced by different stimuli. AMPK activators,

such as AICAR, metformin, A-769662, and adenine, inhibit inflamma-

tory responses stimulated by TNFα and lipopolysaccharide (LPS).

Metformin and AICAR suppress IKK phosphorylation and stabilize

the NF-κB-IκBα complex, further attenuating TNFα-induced NF-κB

activation and inflammation in vascular endothelial cells (Hattori

et al., 2006; Huang et al., 2009; Zhang et al., 2011). Adenine, another

activator of AMPK, also shows an inhibitory effect of TNFα-induced

inflammation in HUVECs (Cheng et al., 2015). In contrast with these

studies displaying the anti-inflammatory effect of AMPK activation,

some studies have shown a pro-inflammatory role of the AMPK sig-

nalling pathway. Thus, constitutive activation of Prkaa1 promoted

endothelial cell inflammation and induction of COX-2, suggesting

that the increased COX-2 expression represents a pro-inflammatory

effect that offsets protective functions of AMPK activation (Liang

et al., 2014). Other studies also showed that sustained activation of

AMPK enhanced pro-inflammatory cytokine production by increased

endothelial cell senescence and further modulated systemic

inflammation (Wang et al., 2011; Zu et al., 2010). In our current

study, palmitate treatment increased PRKAA1 expression in both a

time- and dose-dependent manner, and knockdown of Prkaa1

decreased the mRNA and protein levels of the adhesion molecules

ICAM-1 and VCAM-1 in palmitate-activated HUVECs and also

prevented monocyte adhesion to endothelial cells. Consistent with

these data, genetic overexpression of Prkaa1 by adenovirus pro-

moted the expression of inflammatory molecules and monocyte

adhesion to endothelial cells. These divergent effects of AMPK acti-

vation on endothelial inflammation are likely to be due to the differ-

ent biological and metabolic environments, indicating a context-

dependent inflammatory or anti-inflammatory effect of AMPK activa-

tion in endothelial cells.

Many studies have shown that AMPK regulates whole-body

energy homeostasis, such as regulating FAO and glucose uptake in

heart, affecting fatty acid synthesis and cholesterol synthesis in liver,

and regulating lipolysis in adipose cells (Hardie et al., 2012). AMPKα1,

the major catalytic isoform in vascular endothelial cells, plays an

important role in the regulation of endothelial cell metabolism. In pro-

liferating endothelial cells, metabolism is considered to be mainly gly-

colysis, while in quiescent endothelial cells, it is considered to be fatty

acid oxidation (De Bock et al., 2013; Kalucka et al., 2018; Xu

et al., 2014). In proliferating endothelial cells, FAO sustains the TCA

cycle to support nucleotide synthesis, while in quiescent endothelial

cells, FAO is up-regulated to sustain the TCA cycle for redox homeo-

stasis against oxidative stress-prone exposure (Kalucka et al., 2018;

Schoors et al., 2015). Our group has elucidated the functional role of

PRKAA1/AMPKα1 in regulating endothelial glycolysis and have found

that PRKAA1-mediated endothelial cell glycolysis protects against the

development of atherosclerosis (Yang et al., 2018). Consistent with

previous work, this study further confirmed that the overexpression

of Prkaa1 increased endothelial cell glycolysis. AMPK activation

increases FAO in endothelial cells (Dagher et al., 2001) and the cur-

rent study also found decreased OCR in endothelial cells with Prkaa1

knockdown. These results indicate that PRKAA1/AMPKα1 is a critical

mediator of glycolysis and FAO in endothelial cells.

Endothelial cells take up nutrients and reprogram endothelial cell

metabolism to support their proliferation and homeostasis. Over past

years, increased attention has been focused on endothelial cell

F IGURE 7 Schematic diagram illustrating the effects and mechanisms of endothelial cell (EC) Prkaa1/AMPKα1 deficiency in mice on HFD-
induced metabolic syndrome. Deficiency of EC Prkaa1/AMPKα1 protects mice from HFD-induced endothelial inflammation, macrophage
infiltration into metabolic organs/tissue, and the development of metabolic syndrome. Mechanistically, excess nutrients increase expression and
activity of endothelial PRKAA1/AMPKα1. The enhanced AMPKα1 up-regulates EC metabolism including glycolysis and FAO, increases acetyl-
CoA production and, consequently, drives the transcription of inflammatory molecules via an epigenetic pathway
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metabolism and its regulatory role in endothelial cell dysfunction and

related cardiovascular diseases, such as atherosclerosis (Yang

et al., 2018), ischaemia disease (Paternotte et al., 2008), pulmonary

hypertension (Cao et al., 2019), ocular diseases (Shah et al., 2013),

cancer (Yeh, Lin, & Fu, 2008), and vascular aging (Toda, 2012).

Glycolysis has been regarded as a regulator of endothelial cell inflam-

mation in many inflammatory cardiovascular diseases (Soto-Heredero

et al., 2020; Theodorou & Boon, 2018). 2-Deoxyglucose (2-DG), a

glucose analogue that inhibits glycolysis and the expression of

inflammatory molecules in endothelial cells, protects against the devel-

opment of aortic aneurysm in mice (Tsuruda et al., 2012). In contrast,

the enhanced glycolysis by HIF1A overexpression increases endothelial

inflammation and accelerates the development of atherosclerosis in

mice (Wu et al., 2017). Moreover, pro-inflammatory cytokines up-

regulate endothelial cell glycolysis, which further enhances

cytokine-induced NF-κB activation (Cantelmo et al., 2016). Despite a

large number of studies helping to understand the relationship between

endothelial cell metabolism and inflammation, there is no study on the

role of endothelial metabolism in endothelial inflammation in models of

the metabolic syndrome. In this study, we found that in endothelial

cells, PRKAA1/AMPKα1-mediated metabolism regulated the inflamma-

tory responses induced by excess nutrients and further affected the

development of HFD-induced obesity and insulin resistance.

AMPK is a critical player in aspects of epigenetic regulation, such

as histone acetylation, phosphorylation and methylation (Gongol

et al., 2018). Protein acetylation is a process that transfers an acetyl

group from acetyl-CoA to the ε-amino side chain of lysine residues by

histone acetyltransferases (HATs) and deacetylases (HDACs) (Drazic

et al., 2016). Acetyl-CoA, a key molecule in metabolism and transcrip-

tion, plays an important role in regulating protein acetylation. Snf1,

the homologue of AMPK in yeast, regulates the production of acetyl-

CoA and global histone acetylation via phosphorylating and inhibiting

the activity of acetyl-CoA carboxylase (Zhang et al., 2013). AMPK

activation by AICAR increases the level of acetyl-CoA and subse-

quently increases histone acetylation by accumulated acetyl-CoA

(Gongol et al., 2018). In contrast to AMPK activation, the deletion of

AMPK/PRKA in leukaemia cells shows decreased acetyl-CoA levels

and leads to decreased histone acetylation. Supplementation of ace-

tate into cultured AMPK-deficient LICs restored the acetyl-CoA level

and histone acetylation (Jiang et al., 2017). Acetylation of histones

and other molecules such as EP300 enhances transcription of inflam-

matory molecules (Lan et al., 2019). In this study, the decreased

inflammation in PRKAA1/AMPKα1 knockdown endothelial cells is

accompanied by a low level of acetyl-CoA. Interestingly, counteracting

the increased acetyl-CoA in PRKAA1/AMPKα1-overexpressing cells by

knockdown of ACLY or EP300 reduces increased inflammation in

PRKAA1/AMPKα1-overexpressing endothelial cells. Thus, endothelial

cell PRKAA1/AMPKα1 enhances endothelial cell metabolism, elevat-

ing the acetyl-CoA level, thus promoting epigenetic transcription of

inflammatory molecules and consequently promoting development of

metabolic syndrome.

In conclusion, this study using endothelial cell Prkaa1-deficient

mice and PRKAA1-knockdown in HUVECs demonstrates that

endothelial cell AMPKα1/PRKAA1 links endothelial metabolism, epi-

genetic modulation and endothelial inflammation in the development

of metabolic syndrome. The findings from this study indicate a com-

plex role of AMPKα1/PRKAA1 in endothelial cells, suggesting that a

careful investigation is warranted for use of AMPKα1/PRKAA1 as a

therapeutic target in the treatment of metabolic disorders.
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