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ABSTRACT OF THE DISSERTATION  
 
 

High Glucose Inhibits the AMPK-AKT2-ATF-2-MMP-2 pathway  
and Endothelial Cell Migration 

by 
  

Lemar Irvin Smith 
 
 

Doctor of Philosophy, Graduate Program in  
Biomedical Sciences 

University of California, Riverside, March 2013  
Dr. John Y.-J. Shyy, Chairperson  

 

There are numerous deleterious effects of repeated bouts of acute high 

glucose (HG) or chronic HG. At the molecular level, HG causes oxidative stress, 

increases advanced glycation end products which activate their cognate 

receptors (AGE/RAGE), and activate pro-inflammatory pathways. At the 

physiological level, tooth decay (lactic acid demineralization of enamel), gum 

disease, obesity (pro-inflammatory cytokines, adipokines), erectile dysfunction, 

vaginal infections result from HG. Important to this project, HG damages blood 

vessels leading to the cardiovascular complications in diabetes. HG accelerates 

macrovascular disease increase risk of strokes, myocardial infarction and renal 

failure. Further, HG promotes an increased susceptibility to dermal breakdown, 

forming a portal of entry for microbial infections. This is accompanied by 

inadequate wound healing of decubitus ulcers, trauma/accident-induced injury or 

cutaneous infections. 
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An integral component of wound healing is the process of 

neovascularization or reperfusion of the injured or ischemic area to supply 

necessary nutrients and for removal of necrotic or damaged cells and debris.  A 

primary component of neovascularization is endothelial cell (EC) migration to 

sites of injury. It is well established that HG conditions result in disturbed 

endothelial migration and wound healing. My specific aim is to delineate the 

molecular mechanisms of the HG impaired EC migration.  The working 

hypothesis of this project it that high glucose inhibits the pro-angiogenic AMP-

activated kinase, thereby inhibiting matrix metaloproteinase-2  collagen cleavage 

and matrix degradation, which under physiological glucose levels, facilitates 

wound healing through neovascularization.  This pathway is mediated by the 

phosphorylation and activation of AKT2 (protein kinase B-β), which subsequently 

increases activating transcription factor 2 (ATF-2) binding to the MMP-2 promoter 

to increase its expression and activity.    
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Chapter 1 

 

1.0 Background 

 

Hyperglycemia (HG) is broadly defined as “high blood sugar”. More 

precisely, elevated levels of D-glucose. Glucose levels vary before and after 

meals, and at various times of day. The normal range for most people after 

fasting for at least 8 hours is 80 to 110 mg/dL (4 to 6 mM). Postprandial or after-

meal hyperglycemia is defined as a blood sugar usually greater than 180 mg/dL 

(10 mM). In people without diabetes postprandial glucose rarely exceeds 140 

mg/dL (7.7 mM). However, occasionally after a large meal, a 1-2 hour post-meal 

sugar level can reach 180 mg/dL. A subject with a consistent fasting glucose 

level between 100 and 126 (American Diabetes Association Guidelines1) is 

considered hyperglycemic, while above 126 mg/dL or 7 mM is generally held to 

have diabetes. Chronic levels exceeding 7 mM can produce organ damage.1 

There are a multitude of causes or risk factors of HG. Dietary excess of 

carbohydrates (especially those with high glycemic index or glycemic load) often 

result in acute and transient HG, excess weight gain and obesity. Diabetes due 

to insufficient insulin (type 1) or insulin resistance (type 2) is by far the most 

common cause of chronic HG and is the defining characteristic of the disease. 

Other risk factors or causes of HG include, but not limited to: 1) critical illness 

(eg, trauma, burns, infection, surgery), 2) endocrine dysfunction (eg, thyroid, 

adrenal, pituitary, adiponectin), 3) medications (eg, corticosteroids, beta blockers, 

http://en.wikipedia.org/wiki/Corticosteroids
http://en.wikipedia.org/wiki/Beta_blocker
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epinephrine, thiazide diuretics, niacin, protease inhibitors, amphetamine, some 

antipsychotic agents and skipping or forgetting insulin or oral glucose-lowering 

medicine), 4) psychological stress “fight-or-flight” response with release of 

cortisol, epinephrine and aldosterone, 5) environmental stress (eg, noise, air 

pollution, crowding, traffic congestion, terrorism, natural disasters and extremes 

of temperature), 6) advanced age, 7) genetics, eg, 50 % of adult Pima Indians 

are diabetic.85  

Several reasons highlight the importance of HG to public health. The 

causes of HG are highly prevalent. Twenty-six million people in the USA are 

diabetic and 79 million are pre-diabetic, therefore, over 100 million are 

hyperglycemic (2011 National Diabetes Fact Sheet). An estimated 250 million 

people world wide are diabetic and 1 billion pre-diabetic, therefore, 1.2 billion are 

hyperglycemic.87 The incidence of obesity (childhood, adolescent and adult) and 

insulin resistance are increasing.88 The average life expectancy especially in 

developing countries is increasing and advanced age is a HG risk factor. Chronic 

or repeated episodes of acute HG causes serious cardiovascular complications. 

The cost of medical care for HG related conditions is very high ($174 billion for 

total costs of diagnosed diabetes in the USA in 2007, including $116 billion for 

direct medical costs, and $58 billion for indirect costs, eg disability, work loss and 

premature mortality.89  

The correlation between chronic and post-prandial hyperglycemia and risk 

for cardiovascular disease is supported by many epidemiological studies.2-7 In 

http://en.wikipedia.org/wiki/Epinephrine
http://en.wikipedia.org/wiki/Thiazide
http://en.wikipedia.org/wiki/Diuretic
http://en.wikipedia.org/wiki/Niacin
http://en.wikipedia.org/wiki/Protease_inhibitors
http://en.wikipedia.org/wiki/Amphetamine
http://en.wikipedia.org/wiki/Antipsychotic
http://www.medicinenet.com/script/main/art.asp?articlekey=6098
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fact, a post prandial (1hr) glucose level of type 2 diabetics is a stronger predictor 

of myocardial infarction as demonstrated in The Diabetes Intervention Study.8 

The vascular complications of persistent HG affect both the (macrovasculature)   

larger vessels and microvasculatre (arterioles, capillary bed, venules)      

Aberrant angiogenesis is the gateway to diabetic complications. A perplexing 

feature of HG modulated angiogenesis, is the tissue specificity. In the same 

individual, HG can simultaneously cause increased angiogenesis in some 

tissues, eg, increased tumor angiogenesis, diabetic retinopathy, age related 

macular degeneration, aortic plaque atherogenesis, while decreasing 

angiogenesis in other tissues (coronary collaterals, ischemia reperfusion, 

cutaneous wound healing). Obviously for new blood vessels to form from 

preexisting vessels (ie, angiogenesis) individual cell types, specifically ECs, 

which compose small vessels have to move from where they are to where they 

are needed. ECs must migrate for angiogenesis to occur and HG impairs EC 

migration in superficial wound repair.90   

Wound healing occurs as four overlapping phases: 1) hemostasis as a 

result of platelet aggregation and clotting cascades, 2) inflammatory response 

initiating phagocytosis and recruitment of factors important for healing and 

proliferation, 3) proliferation including new tissue formation and angiogenesis and 

4) remodeling of tissue and vessel maturation.26 Vessel maturation includes 

angiogenesis also called neovascularization. Angiogenesis occurs concomitantly 

with fibroblast proliferation and is in part due to endothelial cells migrating to the 
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site of insult and is necessary for wound healing as it provides nutrients and 

oxygen to cells involved in healing such as fibroblasts and epithelial cells.27-28 

      Angiogenesis is the generation of new capillaries from pre-existing 

capillaries and is essential for embryonic development, tissue remodeling,  

response to hypoxemia, wound healing and much more.27-28 This process is 

triggered by pro-angiogenic factors such as vascular endothelial growth factor 

(VEGF) and fibroblast growth factor (FGF). Angiogenesis is a systemic process. 

It involves vascular leakage, hemostasis in tissues, activation of elements of the 

immune system, recruitment of bone-marrow-derived progenitor cells, activation 

of proteases, and recruitment and proliferation of perivascular cells during 

vascular maturation. A focus of this study is the underlying molecular 

mechanisms responsible for reduced endothelial cell (EC) migration under HG 

conditions. Endothelial cells travel to the injured site via pseudopodia allowing 

them to migrate to and through extracellular matricies.29 Fibronectin, a 

component of a fibrin clot, chemotactically recruits ECs to the site of the insult.29  

Both hypoxia and lactic acid build up also initiate angiogenic factor production.29   

      Although there are many components to signaling cascades that initiate EC 

migration, one important group of molecules includes metalloproteinases 

(MMPs), which degrade basement membranes and the extracellular matrix 

(ECM) by collagen cleavage to allow cell migration, proliferation and 

angiogenesis.30 Once tissue is adequately perfused due to neovascularization, 
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angiogenic chemotatic recruitment subsides because the cells producing these 

chemicals are no longer hypoxic or in a high lactic acid environment.29  

Complications due to impaired neovascularization is the leading cause of 

morbidity/mortality in diabetes mellitus patients.31 One co-morbidity of chronic 

hyperglycemia is impaired wound healing largely because of ineffective 

angiogenesis.32-33 A myriad of mechanisms are responsible for the pathological 

consequences of hyperglycemia. For example, hyperglycemia-induced high ROS 

production ultimately results in poor peripheral perfusion, decreased growth 

factor response, EC dysfunction, and aberrant inflammatory response.34   

Underlying the above mentioned is inadequate NO bioavailability. Impaired NO 

production is a hallmark of endothelial dysfunction and is necessary for growth 

factor expression and neovascularization.35-36 Chronic hyperglycemia is often 

accompanied by insulin resistance and hence impaired insulin signaling. Insulin 

is important for normal NO bioavailability through activation of the PI3K 

(phosphatidylinositide 3-kinase)-Akt [Protein kinase B (PKB)] pathway leading to 

eNOS phosphorylation and activity. Importantly, the PI3K-Akt pathway has been 

shown to be down regulated in the aortas of diabetic animal models and diabetic 

human patients.37 Another consequence of decreased NO bioavailability is 

reduced circulating endothelial progenitor cells (EPCs) and impaired bone 

marrow EPC function. EPC are necessary for angiogenesis as they provide an 

additional source of proliferation, migration and differentiation of EC.38-39  
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      Angiogenesis is dependent upon vascular remodeling or collateral growth 

and requires many physiological and other molecular factors. Shear stress and 

hypoxia are physiological stimuli that accelerate angiogenesis.40-41 Additionally, 

integrin, vascular endothelial growth factor (VEGF), fibroblast growth factor 

(FGF) and transforming growth factor beta (TGF-β) are important molecules for 

vessel formation and are dependent upon physiological NO levels.42-44 However, 

aberrant ROS production initiates alterations in pathways involving these 

molecules as well as those of inflammatory mediators, such as NF-kB, and 

AGEs, all of which reduce vascular growth and stabilization.32, 45-49   

A major reason for this correlation is the exaggerated production of 

superoxide or reactive oxygen species (ROS) by mitochondrial electron transport 

chain upon high glucose load.9 Elevated ROS level initiates pathways involved in 

inflammation and other events that ultimately lead to endothelial dysfunction and 

vascular disease.9-10 For example, high levels of superoxide will react with nitric 

oxide (NO) to produce peroxynitrite and nitrotyrosine that are key to 

microvascular damage.11-13 However, hyperglycemia and increased ROS 

formation also inhibits endothelial nitric oxide synthase (eNOS) activity. eNOS 

activity and NO bioavailability are biomarkers of endothelial health and function.14 

Examples of pathways shown to be involved in ROS initiated vascular damage 

include: 1) polyol pathway flux, 2) increased formation of AGEs (advanced 

glycation end products) and increased expression of the AGE receptors, and 3) 



7 

 

activation of protein kinase C (PKC) isoforms. The polyol pathway involves the 

conversion of glucose to sorbitol by aldose reductase followed by sorbitol 

oxidation to fructose by sorbitol dehydrogenase (SDH), which uses NAD+ as a 

cofactor.  In the presence of hyperglycemia, this results in a depletion of NADPH.  

NADPH is a cofactor necessary to regenerate reduced glutathione (GSH), which 

is a potent ROS scavenger. Over activation of this pathway leads to increased 

ROS production and vascular pathology.15 ROS production is also stimulated by 

both intracellular and extracellular AGE. AGE are a heterogeneous group of 

molecules formed from the nonenzymatic reaction of reducing sugars with free 

amino groups of proteins, lipids, and nucleic acid.16-17 This is in part due to 

abnormal interaction of extracellular AGE-modified molecules with integrins. 

However, the mechanisms of AGE-induced vascular pathology cover a wide 

spectrum including activation of the pro-inflammatory transcription factor nuclear 

factor (NF-κB) pathway.18-19 The over activation of the β and δ isoforms of protein 

kinase C (PKC) is primarily due to hyperglycemia, specifically, of PKC in vascular 

cells.20-22 Over active PKC leads to increased ROS and deceased eNOS function 

through its downstream pathways.23  

Lastly, wound healing occurs as a cellular response to injury and involves 

activation of keratinocytes, fibroblasts, endothelial cells, macrophages, and 

platelets. Collateral vessel formation is highly dependent upon 

monocytes/macrophage function, particularly through VEGF. Normal monocyte 
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function is impaired in diabetic patients and diabetic animal models.32-33,43   

Recall that hyperglycemia increases AGEs, which has been shown to alter VEGF 

signaling to inhibit endothelial growth and migration, monocyte, and EPC 

recruitment and release from bone marrow.50 Additionally, diabetic patients 

present with reduced chemotaxis in polymorphonuclear neutrophils (PMNs).51   

AMP-activated protein kinase (AMPK) is a serine/threonine protein kinase 

known to regulate energy homeostasis, reduce oxidative stress, and improve 

mitochondrial function. AMPK’s anti-oxidative effects are also true in the 

presence of hyperglycemia as AMPK activation enhances MnSOD (superoxide 

dismutase) activity in ECs52, and acts as a master regulator of eNOS through 

phosphorylation.53 However, it is also a positive regulator of endothelial cell 

migration and differentiation in the presences of hypoxia to facilitate 

angiogenesis.54 One mechanism by which AMPK initiates angiogenesis is 

through VEGF production independent of eNOS activity.55-56 Additionally, EPC 

differentiation, and angiogenesis in vitro and in vivo is promoted by AMPK57, 

even in diabetic patients by suppressing EPC mitochondrial superoxide level to 

rescue their angiogenic function through MnSOD induction.58    

 Aside from promoting angiogenesis, AMPK increases intracellular calcium 

levels in microvascular endothelial cells thereby initiating signaling events leading 

to restoration of cell-cell adhesions after barrier disruption in vitro and in the 

intact lung in vivo.59    
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 Importantly, elevated ROS activates AMPK possibly by reducing ATP 

levels. Further, 5-aminoimidazole-4-carboxamide-1-β-d-ribofuranoside (AICAR) 

mimics AMP, which binds to the gamma subunit of AMPK to expose its active 

site for phosphorylation and increased activity. Metformin is also a known AMPK 

activator and is used to improve insulin sensitivity in diabetics. ROS, to a certain 

threshold, AICAR and metformin increase AMPK phosphorylation of peroxisome 

proliferator-activated receptor gamma coactivator 1-alpha (PGC-1α) and 

increases its promoter activity to initiate mitochondrial biogenesis.60   

Accumulating evidence indicate mitochondrial ROS functions as signaling 

molecules in vascular endothelial cells. Mitochondrial ROS signaling has been 

implicated in the regulation of vascular tone, adaptive changes to mechanical 

stimuli, and vascular responses to hypoxia-reoxygenation. However, excess 

production of mitochondrial ROS leads to a disruption of normal ROS signaling 

and mitochondrial dysfunction, which contributes to the pathogenesis of 

cardiovascular disease.  

 Mammalian cells express three different AKT isoforms (AKT1, 2, and 3; 

also known as PKBα, β, and γ,) all of which are encoded by distinct genes. 

Although there is some overlap, they all have distinct cellular roles.61 AKT2 (PKB 

β), plays an important role in EC migration, proliferation, differentiation, 

apoptosis, and metabolism. Notably, AKT2 gene disruption results in growth 

deficiency, impaired insulin signaling, and predisposes to insulin resistance and 

diabetes.60-62 As previously discussed, in ECs, growth factor-induced responses 
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are largely mediated by the activation of the PI3 kinase-AKT1 signaling 

cascade.64 The VEGF-PI3Kinase-AKT signaling cascades are believed to play 

the most significant role in angiogenesis, cell survival, and cell migration.64-66 This 

pathway is also vital for wound repair, but it seems AKT2 may be more important 

for this physiological response than AKT1.  For example, double AKT1/AKT2 null 

mice have severely impaired skin regeneration and development than AKT1-/- 

mice. A deficiency of two AKT isoforms leads to a translucent skin phenotype 

and the individual skin layers are much thinner than in wild type mice.67 AKT2 is 

specifically necessary for wound-induced cell migration and chemotaxis. The 

interaction between integrin-linked kinase (ILK) and AKT2 is required MMP-2 

synthesis and EC migration.68 One study shows that ILK–AKT2-induced MMP-2 

expression depends on phosphorylation and activation of AKT2 to facilitate 

matrix degradation.68    

      Interestingly, hypoxia enhances EC migration through matrix 

metalloproteinase 2 (MMP-2).69 This effect does not seem to be dependent upon 

tube formation but rather the facilitation of cell migration via collagen IV 

degradation and autocrine signaling to determine cell fate possibly through αvβ3 

and paxillin signaling dependent upon MMP-2.69-71 The hypoxia-induced 

production of MMP-2 appears to involve both transcriptional and 

posttranscriptional regulation.69   Although MMP-2 is considered a housekeeping 

molecule, small changes in its level have important physiological.72-73 MMP-2 

expression has been shown to be mediated by activating protein-1 (AP-1), 
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hypoxia-inducible factor-1α (HIF-1α), as well as  activating transcription factor 2 

(ATF-2).74-76      

      In conclusion, hyperglycemia produces a state of oxidative stress through 

the over projection of mitochondrial ROS, decreased eNOS function and NO 

bioavailability, and inflammation.  Chronic oxidative stress decreases EC 

migration, neovasuclarization and impaired tissue regeneration and wound 

healing. 
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Chapter 2 

 
2.0 Introduction 

All causes of chronic or repeated hyperglycemia (HG) are associated with 

an increased risk of cardiovascular complications. Our subject area of interest is 

the vascular ramifications of sustained HG. Prior to these experimental studies, it 

is well documented that subjects with HG, for example diabetics, have an 

increased incidence and severity of cardiovascular complications affecting both 

the macrovasculature and microvasculature. Microvascular complications include 

decreased wound healing and neovascularization after injury. Neovascularization 

can be categorized into arteriogenesis and angiogenesis. Angiogenesis is the 

sprouting of new capillaries from pre-existing vessels. Capillaries are composed 

primarily of a single monolayer of ECs surrounded by a thin basement 

membrane. EC motility or migration is an integral component of angiogenesis, 

and is impaired under HG conditions resulting in chronic refractory non-healing 

wounds. Healing and repair of wounds (eg ankle/foot pressure ulcers, decubitus 

ulcers, surgical incisions, tooth extractions, burns or trauma) is retarded in the 

HG tissue environment. A major contributing pathophysiological process 

responsible for the HG impaired wound healing is reduced revascularization and 

angiogenesis. EC migration is a requirement of angiogenesis and is impaired 

under HG conditions. The molecular basis for the HG impaired EC migration is 

not entirely understood. The purpose of our research project was to test the 
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hypothesis that HG impairs EC migration by inhibiting signaling through the 

AMPK/AKT2/ATF-2/MMP-2 cascade.  

It is well documented that AMPK and SIRT1 are energy sensing enzymes 

systems or metabolic “fuel gauges”. Supraphysiological (HG) levels of glucose is 

synonomus with a cellular high energy charge and inhibition of AMPK. The 

rationale for the experimental design was to perform a bioinformatic proteome 

wide screen for potential AMPK target substrates that have known functionality in 

EC migration. AKT, also known as Protein Kinase B (PKB), is a serine/threonine-

specific protein kinase that plays a key role in multiple cellular processes such as 

glucose metabolism and cell migration. AKT isoforms (α/1, β/2, γ/3) are 

responsive to several growth factors for example insulin and vascular endothelial 

growth factor (VEGF). The three AKT isoforms have both overlapping and 

distinct functions. The AKT2 isoform was not previously known to be a direct 

AMPK target. AKT2 is known to be involved in various aspects of cell motility, 

migration and metastasis. Interestingly, we found that AKT2 has an amino acid 

sequence that closely matches the AMPK consensus binding sequence. 

Additional experimental approaches utilized specific pharmacological activators 

and genetic inhibitors of key signaling molecules involved in MMP-2 expression, 

activity and cell migration under LG and HG conditions. We tested the hypothesis 

that under HG, AMPK phosphorylation and activity is attenuated. Additionally we 

propose that AKT2 is a direct AMPK target and that activated AKT2 increases 

MMP-2 expression and activity through ATF-2 binding. Therefore we propose 

http://en.wikipedia.org/wiki/Serine/threonine-specific_protein_kinase
http://en.wikipedia.org/wiki/Serine/threonine-specific_protein_kinase
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that HG contributes to decreased EC migration by reduced AMPK/AKT2/ATF-

2/MMP-2 signaling. 

Cell migration is a coordinated response between intracellular and 

extracellular events. Degradation of extracellular matrix (ECM) components by 

EC secreted proteases is requisite for EC migration. In the capillary vasculature 

the primary ECM is collagen in the basement membrane. Matrix 

metalloproteinases (MMP-2) degrade type IV collagen. Activating transcription 

factor- 2 (ATF-2) is known to bind to the MMP-2 promoter and is required for 

MMP-2 expression and activity (Ref). We thus proposed the hypothesis that HG 

impaired AMPK/AKT2 activation of ATF-2 and its subsequent binding to the 

MMP2 promoter. Additionally we tested whether the reduced ATF-2 binding 

effected MMP-2 expression and activity. 

The importance of gaining increased insight and understanding of the 

molecular basis of HG impaired EC migration is highlighted by the increasing 

prevalence of diabetes (DMII) and prediabetes in the USA and worldwide. In 

addition, all other causes or associated risk factors for HG share the deleterious 

vascular complications causing increased morbidity and mortality in the affected 

populations. Consequently, delineation of a contributing molecular pathway in 

HG suppressed EC migration, may provide more focused targets for therapeutic 

intervention. This study makes a modest contribution to the field of prevention, 

management and treatment of difficult chronic wound healing, eg, foot ulcers in 

the population with persistently elevated plasma glucose levels.   
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2.1 Methods 

Cell Migration (Scratch Assay) 

ECs were plated in six well plates and allowed to grow to confluency.               

A sterile 1 ml pipette tip was used to create a linear “scratch” i.e. an acellular 

zone. Cell migration was quantified by enumerating the cells crossing into the 

acellular wounded area over a 16 to 24 h interval.  

 

Immunobloting 

Following treatment, cells were lysed in 10 mM Tris (pH 7.4), 0.1 M NaCl, 

1 mM EDTA, 1 mM EGTA, 1mM NaF, 20 mM Na4P2O7, 2 mM sodium 

orthovanadate (Na3VO4), 0.1% SDS, 0.5% Sodium Deoxycholate, 1% Triton X-

100, 10% Glycerol, 1 mM PMSF and protease inhibitors. Cell lysates were 

resolved via 8% SDS-PAGE, blocked with 5% milk, rinsed with TBST, probed 

with primary rabbit antibodies (1:1000) to p-AMPK, t-AMPK and β-actin. 

Membranes were incubated in goat anti-rabbit secondary antibody (1:2000) for 

1h at room temperature. Signal was generated by Emerson chemiluminescence 

substrate (ECL) and image captured on HyBlot CL autoradiography film.  

 

Kinase assay 

AKT2 peptide assay reaction mixture was composed of 50 mM HEPES 

(pH 7.4), 25 mM MgCl2, 1 mM AMP, 1 mM ATP, 3 mM peptide, [32P] γATP and 
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1 pM AMPK. SAMS peptide was used as positive control and no peptide as 

negative control. AMPK kinase assays utiizing full-length AKT2 substrate were  

conducted in 50 mM HEPES (pH 7.4), 0.375 mM AMP, 0.375 mM ATP, 9 mM 

MgCl2, 11 pM AMPK and 2 micrograms of recombinant AKT2 protein in a 50 µl 

reaction volume at 37 oC for 1 h. Proteins were then resolved using SDS-PAGE, 

stained with Coomassie blue, and submitted to autoradiographic analysis. 

Peptide reactions were terminated by blotting samples onto Whatman filter paper 

(P81 cat# 3698-325) and rinsed three times in 1% phosphoric acid. Individual 

filter papers were then washed in acetone and allowed to air dry for 5 min. Filter 

papers were placed into separate scintillation vials and 1 ml scintillation fluid was 

added prior to measurements with a Beckman LS 6500 scintillation counter. 

 

Genomic DNA isolation 

Cells were lysed in 10 mM Tris (pH 7.4), 1 mM EDTA, 1 mM EGTA, 1 mM 

NaF, 20 mM Na4P2O7, 2 mM Na3VO4, 0.1% SDS, 0.5% Sodium Deoxycholate, 

1% Triton X-100, 10% Glycerol, 1 mM PMSF, and protease inhibitors. Cell 

lysates were extracted with phenol:chloroform (1:1) and the RNA was removed 

with the addition of RNase A suspended in 20 mM Tris, pH 7.4. After 1 h 

incubation at 37 oC, reactions were precipitated with an equal volume of 

isopropanol and a 1:10 volume of potassium acetate, and re-suspended in 50 µl 

nuclease free H2O.   
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ChIP assay 

Following cell treatment, protein was cross linked to DNA with the addition 

of formaldehyde. Cells were washed three times with phosphate buffer saline 

(PBS) and then scraped from the surface of the plates in 500 µl FA lysis buffer 

(50 mM HEPES-KOH, pH 7.5, 140 mM NaCl, 1 mM EDTA, 1% Triton X-100, 

0.1% Sodium Deoxycholate, 0.1% SDS and Halt Protease inhibitors). The 

resulting cell lysates were sonicated with a Bioruptor 200. ATF-2 was 

immunoprecipitated overnight at 4 oC with protein A conjugated sepharose beads 

in the presence of desired antibody. The beads were washed three times with 

wash buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, pH 8.0, 150 mM Nail, 20 

mM Tris-HCl (pH 8.0) and eluted in 100 µl elution buffer (1% SDS, 100 mM 

NaHCO3). All DNA samples were purified using Qiagen PCR purification kit prior 

to qPCR analysis. The following primers were used for qPCR analysis of 

immunoprecipitated DNA: GCAGAAGGAAAGAGGTAAGGAAG and 

GAAGGAATGGTCAGAAACAGATG. 

 

mRNA Quantification 

RNA was purified using TRIzol reagent from Life technologies.  Two µg of 

RNA was converted to cDNA using Promega reverse transcriptase according to 

the manufacturer’s instructions.  cDNA was then quantified via qPCR using cyber 
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green qPCR master mix purchased from Bio-Rad. Results were calculated using 

the delta-delta ct method. The following primers were used for qPCR analysis:  

1105F       TTGAGAAGGATGGCAAGTACG           and  

1596R      TGGTGTAGGTGTAAATGGGTG. 

 

MMP-2 Assay 

Endothelial cells were transfected with either Ctrl or AKT2 siRNA and 

treated with either AMPK activators or inhibitors. AICAR (1 mM) activates AMPK 

and Compound C (20 μM) inhibits AMPK respectively. Colorometric results read    

at 405 nm with a microplate spectrophotometer per protocol provided from 

Amersham Matrix Metalloproteinase-2 (MMP-2) Biotrak Activity Assay System 

RPN2631 protocol. 

 

Statistical Analysis 

Data are expressed as means ± SEM of at least three independent 

experiments. Comparisons of mean values between two groups were evaluated 

using a two-tailed Student’s t test, Wilcoxon signed-rank test or Mann-Whitney U 

test. Unless otherwise indicated, *p<0.05 was considered statistically significant.   
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2.2 Results 

High glucose inhibits EC migration and is reversed with AMPK activation. 

To determine if pathophysiological glucose levels negatively affect EC 

migration and can be rescued upon AMPK activation, ECs were grown in LG (5.6 

mM) or HG (25 mM) D-glucose medium and allowed to grow to confluency in 6 

well plates. Once confluent, the bottom of the wells were scratched and 

photomicrographs were taken at time 0 and 16 h, with and without AICAR (1 mM) 

treatment. As illustrated in Fig. 1, HG decreased cell migration and AICAR 

reversed the suppressive effect of HG. 

 

High glucose decreases AMPK phosphorylation. 

To further demonstrate AMPK’s role in high glucose inhibition of cell 

migration, ECs were grown in LG and HG and the protein levels of p-AMPK 

(T172) and t-AMPK measured. As illustrated in Fig. 2, phosphorylation of AMPK 

at T172 was decreased when cells are grown in HG for 24 h. The p-AMPK/t-

AMPK under HG is reduced by ~55 % compared to LG. This confirms AMPK’s 

role as an energy sensor and its inactivation upon energy excess.  

 

AMPK phosphorylates AKT2. 

 AKT2 is known to be involved in EC migration. Since HG is known to 

inhibit AMPK and EC migration, we wanted to determine if AMPK could directly 

phosphorylate AKT2. Two AKT2 serines (residues S242 and S268) are located 
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within strings of residues that are consistent with the consensus sequence for 

AMPK substrate targets (Fig. 3C). Consequently, we examined the ability of 

AMPK to phosphorylate peptides composed of residues in these strings (Fig. 

3D). Fig. 3A illustrates the results of this experiment. AKT2 peptides containing 

either S242 or S268 were phosphorylated to an extent comparable to the SAMS 

peptide (a standard positive control substrate for AMPK kinase activity). 

Conversely, peptides containing either S242A or S268A were significantly less 

phosphorylated, with levels comparable to the blank no-peptide negative control 

(Fig. 3A). Further, using full-length AKT2 substrate and stringent conditions, 

AMPK-dependent [32P] γ-phosphate incorporation was observed (Fig. 3B). 

 

AMPK activation increases MMP-2 activity through AKT2. 

To determine if both AMPK and AKT2 play a role in increasing MMP-2 

cleavage of collagen, ECs were transfected with either AMPK siRNA , AKT2 

siRNA or control(Ctrl) siRNA, and treated with AMPK activators (AICAR, 1mM) or 

inhibitors (Compound C, 20 μM/data not shown). The results of these 

experiments are illustrated in Fig. 4A. AICAR activation of AMPK increased 

MMP-2 activity greater than two fold over basal levels but not in the AMPK siRNA 

or AKT2 siRNA transfected cells. This evidence suggests that AMPK activity is 

positively correlated with MMP-2 activity through AKT2. AMPK inhibition with 

Compound C caused no significant change in MMP-2 activity (data not shown). 

This assay was repeated in LG and HG medium. MMP-2 activity under LG 
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culture conditions mimic AMPK activation with AICAR under HG conditions. 

MMP-2 activity under HG conditions is comparable to that of ECs cultivated 

under LG and transfected with AMPK siRNA or AKT2 siRNA (Fig. 4B). 

 

HG decreased EC migration is AMPK/AKT2/ATF-2/MMP-2 dependent.  

It has been previously reported that ATF-2 binds to the MMP-2 promoter to 

increase its transcription. Additionally we have provided evidence that AMPK 

activation increased MMP-2 activity, while HG decreased MMP-2 activity. We 

hypothesized that AMPK and AKT2 are upstream signaling molecules mediating 

ATF-2 binding and MMP-2 activity. To elucidate the physiological relevance of LG 

versus HG and the dependence on the proposed signaling pathway in the 

context of EC migration, we performed a set of migration experiments on ECs 

transfected with siRNA  (AMPK, AKT2, or ATF-2) and grown in LG or HG. HG 

caused a two fold reduction in EC migration compared to LG transfected with 

control siRNA (Fig. 5). EC migration was attenuated under both LG and HG when 

transfected with AMPK siRNA. EC migration was dramatically diminished under 

LG and HG when transfected with either AKT2 siRNA or ATF-2 siRNA (Fig. 5). 

 

AMPK and AKT2 are required for ATF-2 binding to the MMP-2 promoter and 

increased protein expression. 

      To determine the physiological role of AMPK and AKT2 in ATF-2 binding to 

the MMP-2 promoter, we genetically knocked down AMPK or AKT-2 expression 
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with siRNA specific to these two enzymes. Utilization of chromatin 

immunoprecipitation (ChIP) to pull down ATF-2 and quantitative polymerase 

chain reaction (qPCR) to amplify any bound chromatin, we demonstrated a 

greater than two fold increase in bound ATF-2 to the MMP-2 promoter in the 

AMPK stimulated / control transfected ECs (Fig. 6A). HG / control transfected 

ECs demonstrated a reduction of approximately half of the ATF-2 binding to the 

MMP-2 promoter compared to LG (Fig. 6B). The evidence indicates that both 

AMPK and AKT2 are necessary for ATF-2 binding to the MMP-2 promoter under 

low energy conditions.  

 

AMPK and AKT2 role in MMP-2 expression and HG attenuated MMP-2 

expresssion 

     To determine if ATF-2 binding to the promoter of MMP-2 under AMPK 

activating conditions increase MMP-2 expression, ECs were transfected with  

AMPK, AKT2, ATF-2 or control siRNA and treated with AICAR or grown in LG or 

HG and the MMP-2 protein and mRNA levels were measured. Both MMP-2 

mRNA and protein levels increased with AICAR treatment in cells transfected 

with Ctrl RNA, but not in cells transfected with AMPK siRNA or AKT2 siRNA or in 

HG conditions (Fig 7A-C).   
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2.3 Discussion 

The Center for Disease Control and World Health Organization estimate 

that more than 100 million people in the USA and more than 1.2 billion people 

world wide are currently diabetic or prediabetic. The diabetic incidence is 

expected to increase dramatically over the next decade, forecasting a pending 

epidemic (Ref). Given that the defining symptom of diabetes is hyperglycemia 

and that the principal cause of mortality in diabetics are cardiovascular 

complications it is imperative to have a clear understanding of the molecular 

basis of HG impairment of vascular function. This project aims to gain additional 

insight into the signaling pathways mediating HG impairment of EC migration in 

the context of vascular dysfunction. The major finding of this project is that 

diminished signaling through the AMPK/AKT2/ATF-2/MMP-2 pathway contributes 

to HG impairment of EC migration. A bioinformatic genome wide screen of 

potential AMPK targets suggested AKT2 as a putative AMPK substrate. Given 

that AMPK plays a pivotal role in cellular energy homeostasis and that AKT2 

modulates EC migration and is a substrate for stress related kinases (Ref), we 

used pharmacological and genetic approaches to investigate the role of 

AMPK/AKT2/ATF-2 in HG impaired EC migration.        

We utilized an endothelial cell monolayer to model wound healing where a 

narrow path of cells is scraped off and a time-course of cell migration into the 

scraped area is monitored. Hyperglycemia significantly affected migration 
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responses of ECs at the cellular edge. The effect of hyperglycemia on cell 

locomotion differed from the action of mannitol, another hyperosmolar agent 

used as an osmotic control in the low glucose medium. Clearly, the major 

limitation of this work is that it is an in vitro study and it does not examine other 

physiological relevant parameters that could impact EC, eg, oxygen tension, 

vascular growth and inhibitory factors, mechanical intercellular and cell-to-

extracellular matrix traction forces, blood and plasma constituents, and other cell 

types. For sure, the aforementioned limitations are also a strength in that it allows 

for less confounding and more control of a single variable, ie, D-glucose 

concentration. 

It is well established that HG affects migratory capacity of many cell types 

relevant to superficial wound healing in addition to ECs, eg, keritinocytes, bone 

marrow derived endothelial progenitor cells (EPC), fibroblast, pericytes, 

leukocytes (monocytes and neutrophils) and vascular smooth cells (VSMC). Our 

results validate the HG inhibitory effect on EC migration. However our main 

objective is to investigate the molecular basis for HG mediated impairment of EC 

migration, ie, AMPK/AKT2/ATF-2/MMP-2 signaling, in the context of 

angiogenesis.   

It is accepted as conventional truth that AMPK is sensitive to cellular 

“energy charge” and is deactivated under HG conditions. It is also established 

that AKT2 is one of three AKT isoforms that has increased specificity for glucose 
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homeostasis, eg, AKT2 -/- mice are insulin resistant and hyperglycemic. It is 

known that ATF-2 binding to the MMP-2 promoter increases its expression and 

activity, ie, ECM/collagen degradation. Our study provides a modest novel 

contribution to the mechanistic basis linking cellular energy status to EC 

migration in an in-vitro wound healing model system. We show for the first time 

that HG contributes to reduced EC migration via AMPK/AKT2/ATF-2/MMP-2 

dependent pathway. 

These observations may be relevant to the pathogenesis and 

management of accelerated atherosclerosis and microvascular disease 

associated with the chronic or recurrent acute hyperglycemia. 80
 Endothelial cell 

migration is essential to angiogenesis.  Angiogenesis is essential for wound 

healing, tissue repair and is often impaired in the diabetic or hyperglycemic state. 

This molecular pathway may offer a more precise target for therapeutic 

intervention in subjects with poor wound healing, eg, topical MMP-2 preparations.  

However, it is generally easier to make safe and effective inhibitors rather than 

activators. The logical implications of this project point to the utility of addressing 

the root cause of decreased wound healing in HG. Minimize HG conditions.  

There are many questions raised by this project. Given that a excess 

nutrient load, ie, HG decrease EC migration, does moderate caloric restriction 

(LLG) cause posttranslational changes, eg, SIRT1 catalyzed deacetylation of 

AKT2, resulting in increased EC migration? Is there cross-talk between AMPK 
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and SIRT1 regulation of AKT2/ATF2/MMP-2 signaling, eg, additive or synergistic 

effects? Can the HG inhibitory effect on EC migration be mitigated by increased 

antioxidants? How do concommitant changes in Insulin signaling affect 

AKT2/ATF-2/MMP-2 axis and EC migration? Why is hyperbaric oxygen therapy 

promoted as an effective treatment for diabetic foot wounds, when hypoxia 

activates AMPK?  

Next steps in the project should include: (1) Mutating the full length AKT2 

protein at the proposed phosphorylation sites and monitoring the AMPK activity, 

(2) Use of ATF-2 phosphospecific antibody and (3) Screening of commonly used 

nutriceutical and pharmaceuticals (eg, statins, metformin, resveratrol, ACE 

inhibitors) for pleiotropic effects on EC migration signaling through AMPK/AKT-2. 
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2.4 Figures 

 

A.     

 

 

 

           

 

      B. 

 

 

 

Figure 1. HG attenuation of EC migration is AMPK dependent.  

(A) Representative photographs of EC monolayers scratched with a 1 ml pipette 

tip then incubated with LG (5.6 mM) or HG (25 mM) and treated with AICAR (1 

mM) or control vehicle. (B) Bar graph quantification of scratch assay results 

shown as mean + SEM of eight independent experiments. * indicates P < 0.05. 
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 A.       B. 

 

 

 

 

 

 

 

Figure 2. HG-attenuates level of phosphorylaed p-AMPK (T172).  

(A) Representative immunoblot of endothelial cells cultured under LG (5.6mM) or 

HG (25mM) conditions for 24 hours. (B) Bar plot summarizing densitometry 

results of p-AMPK to t-AMPK shown as the mean + SEM of eight independent 

experiments, ratio under LG conditions set at a value of 1. * P<0.05. 
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                                                                                          Autoradiograpy    

                                                                                                                                                                                                                                                                                                                                                     

 

 

 

 

 

 

            AMPK phosphorylates consensus motif (L/M)XRXX(s/t)XXXL  

                             D. Full length flanking peptides 

                          AKT2     S242     ELFFHLSRERVFTRR 

                          AKT2     S242A   ELFFHLARERVFTRR 

                          AKT2     S268     ALEYLHSRDVVYRRR 

                          AKT2     S268A   ALEYLHARDVVYRRR 

 Fig. 3. AMPK phosphorylates AKT2.  

(A) Bar graph summarizing  in-vitro peptide kinase activity assay using AKT2 

peptides (15-mers) that include S242 or S268. (B) Autoradiograph of a mixture of 

[32P] γ-ATP and recombinant full-length AKT2 protein with or without recombininat 

AMPK. Coomassie blue (CB) stained. (C) the peptide sequence surrounding the 

putative phosphorylation sites in aligned mouse and human AKT2 sequence. (D) 

The peptide sequence used for AKT2 assay. Results are mean + SEM of three 

independent experiments. An ‘*’ indicates p < 0.05.
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Figure 4. MMP-2 activity is dependent on AMPK and AKT2.  

(A) Bar plot summarizing MMP-2 activity. ECs grown in HG were transfected with 

AMPK siRNA , AKT2 siRNA or control (Ctrl) siRNA, then treated with AMPK 

activator (AICAR, 1 mM) or vehicle control. (B) Bar graph summarizing results of 

ECs transfected as above and cultured in LG or HG.  ‘*’ indicates p < 0.05.    
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A.  

 
B. 

 

Figure 5.  HG reduced EC migration is dependent on the AMPK-AKT2-ATF-

2-MMP-2 pathway. (A) Photomicrographs of scratched EC monolayers 

transfected with siRNA (AMPK, AKT2, ATF-2 or Ctrl). (B) Summary the results of 

3 independent experiments. Cell migration fold change as a function of siRNA 

transfections and D-glucose. LG /Ctrl conditions. ‘*’ indicates p < 0.05.   
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Figure 6. AMPK and AKT2 are necessary for ATF-2 binding to the MMP-2 

promoter. (A) Bar plot summarizing the effect of AMPK activation on ATF-2 

binding to MMP-2 promoter, (B) Bar  graph summarizing the negative effect of 

HG on ATF-2 to MMP-2 binding (Fig. 6B). ‘*’ indicates p < 0.05. 
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Figure 7. AMPK, AKT2 and ATF-2 are necessary for AICAR and LG induced 

MMP-2 expression.  (A) MMP-2 messenger RNA (mRNA) in ECs transfected 

with siRNA (AMPK, AKT2, ATF-2 or Ctrl) and treated with AICAR or vehicle 

control or (B) grown in LG or HG. (C) Immunoblot of the effects of AMPK 

activation and AKT-2 and AMPK knockdown on MMP-2 protein levels. Results 

expressed as mean + SEM. ‘*’ indicates p < 0.05. 
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Figure 8.Schematic model of HG-impaired EC migration. High glucose 

inhibits AMPK activation, subsequently decreasing AKT2 phosphorylation and 

activation and its downstream substrate ATF-2.  ATF-2 is a transcription factor for 

MMP-2.  MMP-2 cleaves collagen IV to facilitate EC migration. 
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wound healing 
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3.0 Perspectives and Conclusions 

  

Hyperglycemia, or high blood sugar, is a condition in which an excessive 

amount of glucose circulates in the blood plasma. Primary prevention of the 

vascular complications of HG, ie, impaired EC migration and wound healing is to 

avoid or minimize those conditions causing acute or chronic HG whenever 

possible. Increased longevity and improved health can be achieved in mammals 

by two feeding regimens, caloric restriction (CR), which limits the amount of daily 

calorie intake, and intermittent fasting (IF), which allows the food to be available 

ad libitum every other day. Intermittent fasting can alternatively be less rigourous, 

eg, 1 or 2 meals per day instead of 3. Caloric restriction (CR), is a dietary 

regimen that restricts calorie intake,where the baseline for the restriction varies, 

usually being the previous, unrestricted, intake of the subjects. Calorie restriction 

without malnutrition has been shown to improve age-related health and to slow 

the aging process (including vascular  aging) in a wide range of animals.79-80   

Energy restriction (ER) to control weight is a potential strategy to prevent  

some forms of cancer, insulin resistance and hyperglycemia. Frequent spikes in 

HG caused by the consumption of excess simple carbohydrates, with a high 

glycemic index, eg, sugar sweetened beverages.82   

Nutriceuticals, eg resveratrol (RSV), β-carotene, vitamins C that are 

known to have anti-oxidant properties can help neutralize the HG induced 
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oxidative stress in ECs. In addition RSV activates AMPK in ECs. Chronic 

resveratrol administration has beneficial effects in experimental model of type 2 

diabetic rats. Four-month oral resveratrol administration (5 mg/kg/day) 

significantly attenuated the elevated levels of the blood glucose, glycosylated 

hemoglobin in diabetic rats. Moreover, resveratrol administration to diabetic rats 

improved the reduced levels of glutathione, total antioxidant capacity, and the 

antioxidant enzymes activities (superoxide dismutase, glutathione peroxidase, 

and catalase).81  

Medications that activate AMPK can potentially rescue some of the EC 

migratory capacity that was diminished by HG conditions. Statins and metformin 

activate AMPK in ECs.  Metaformin inhibits hepatic gluconeogenesis, thus 

decreasing circulating glucose levels, and it increases insulin sensitivity. 

Intracellularly, metformin activates AMPK.83-84 

Increased energy expenditure by large muscle, lower extremity aerobic 

exercise can increase skeletal muscle glucose uptake, lower plasma glucose, 

increase shear stress, activate AMPK and increase foot and ankle perfusion and 

wound healing in the dependent limbs.86 
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