
 

 

 

From the Clinic of Cardiology, Pulmonology, and Vascular 

Medicine at Heinrich Heine University Düsseldorf  Director: 

Univ.-Prof. Dr. med. Malte Kelm 

 

 

Inhibition of Proline-rich-tyrosine kinase 2 (Pyk2) 

restores endothelial function and endothelium-

dependent remote cardioprotection in an insulin-

resistant mouse model 

 

 

 

Dissertation 

to obtain the academic title of Doctor of Philosophy (PhD) in 

Medical Sciences from the Faculty of Medicine at Heinrich Heine 

University Düsseldorf 

 

 

 

 

submitted by 

Amanda Brum 

2023 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

As an inaugural dissertation printed by permission of the Faculty of Medicine at 

Heinrich Heine University Düsseldorf  

 

 

Dean: Prof. Dr. med. Nikolaj Klöcker 

 

Examiners: Prof. Dr. med. Malte Kelm 

                   Prof. Dr. Eckhard Lammert 

 

 



 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

To my family 

  



 

I 

 

 

 

Zusammenfassung 

Herz-Kreislauf-Erkrankungen sind weltweit die häufigste Todesursache. Diabetes 

mellitus Typ 2 und die damit zusammenhängenden Erkrankungen stehen in engem 

Zusammenhang mit der Entwicklung einer endothelialen Dysfunktion und 

kardiovaskulären Erkrankungen. Jüngste Studien haben gezeigt, dass eine 

endotheliale Dysfunktion mit einer erhöhten Pyk2-vermittelten Phosphorylierung 

von eNOS an seiner inhibitorischen Stelle (tyr656) verbunden ist. Der Einfluss von 

Pyk2 auf die Regulierung von eNOS in diabetischen Kontext ist jedoch noch nicht 

untersucht worden. Ziel dieser Studie ist es daher, die Rolle von Pyk2 für die eNOS-

Regulierung, der Endothelfunktion und der kardialen Protektion im diabetischen 

Umfeld zu untersuchen.  

New Zealand Obese (NZO) Mäuse und C57BL/6 (BL6) Mäuse im Alter von 18-20 

Wochen wurden zunächst kardiovaksulär und metabolisch charakterisiert. Nach 

der spezifischen Hemmung von Pyk2 wurde die endotheliale Funktion und die 

systemische Hämodynamik mittels flussvermittelter Vasodilatation und Millar-

Katheter untersucht. Der Aktivitätsstautus von Pyk2- und eNOS wurde mittels 

Western-Blot-Analyse bewertet. Zur Beurteilung der Infarktgrößen wurde ein 

Myokard-Ischämie-Reperfusions-Modell (30 Minuten/24 Stunden) eingesetzt. 

NZO-Mäuse zeigen eine systemische Insulinresistenz, eine Glukoseintoleranz, 

eine Hyperinsulinämie, einen arteriellen Bluthochdruck, einen erhöhten peripheren 

Widerstand und eine endotheliale Dysfunktion bei erhaltener Herzfunktion. Die 

Hemmung von Pyk2 stellte die endothelabhängige Dilatationsreaktion in vivo 

wirksam wieder her und normalisierte den arteriellen Blutdruck als auch den 

peripheren Widerstand bei diabetischen NZO-Mäusen. Die Pyk2-Hemmung mildert 

die funktionelle Hemmung der eNOS, indem sie die Pyk2-vermittelte Tyr657-

Phosphorylierung von eNOS reduziert, was die NO-Bioverfügbarkeit 

wiederherstellt. Die kardioprotektiven Effekte induziert durch das rIPC-Manöver 

können durch Hemmung von Pyk2 in NZO-Mäusen wiederhergestellt werden, 

sodass die Infarktgröße sich reduziert. Dieser NO abhängige Mechanismus, der an 

diesem Prozess beteiligt ist, nutzt ebenso den MAPK/RISK-Signalweg, ohne das 

neuronale Signalwege in diabetischen NZO Mäusen eine Rolle spielen.  

Pyk2 spielt eine zentrale Rolle bei der Modulation der eNOS in der Entwicklung 

einer endothelialen Dysfunktion bei Insulinresistenz. Darüber hinaus verbessert die 

Hemmung von Pyk2 die rIPC-induzierte kardiale Protektion, was darauf hindeutet, 

dass die Modulation von Pyk2 ein potenzieller Kandidat für die Verringerung der 

Belastung durch diabetesbedingte kardiovaskuläre Risiken sein kann. 
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Abstract 

Cardiovascular disease is the leading cause of death worldwide. Type 2  Diabetes 

Mellitus and its related conditions are strongly associated with the development of 

endothelial dysfunction and cardiovascular diseases. Recent studies showed that 

endothelial dysfunction is associated with increased Pyk2-mediated 

phosphorylation of eNOS on its inhibitory site (tyr656). However, the impact of Pyk2 

on eNOS regulation in diabetic conditions has not been addressed yet. Therefore, 

this study aims to investigate the role of Pyk2 for eNOS regulation, endothelial 

function, and remote cardioprotection in diabetic conditions.  

Metabolic and cardiovascular characterization was performed in male 18-20 weeks 

old New Zealand Obese (NZO) and C57BL/6 (BL6) mice. Following Pyk2 inhibition, 

flow-mediated vasodilation, and Millar catheter assessed endothelial function and 

systemic hemodynamics. Pyk2 and eNOS activation status were evaluated by 

Western blot analysis, and myocardial ischemia-reperfusion (30 minutes/24h) 

surgery was used to investigate changes in infarct sizes associated with 

cardioprotection. NZO mice showed systemic insulin resistance, glucose 

intolerance, hyperinsulinemia, hypertension, increased peripheral resistance, 

endothelial dysfunction, and preserved cardiac function. Pyk2 inhibition effectively 

rescued endothelial-dependent dilatory response in vivo and normalized arterial 

blood pressure and peripheral resistance in diabetic NZO mice. Pyk2 inhibition 

alleviates eNOS abrogation by reducing Pyk2-mediated tyr657 phosphorylation on 

eNOS, which restores NO bioavailability. Pyk2 inhibition restores the 

cardioprotective effects of rIPC in NZO mice subjected to myocardial ischemia-

reperfusion. The mechanism involved in this process occurs in a NO and 

MAPK/RISK pathway-dependent manner without the participation of neural 

signaling pathways in NZO mice.  

Pyk2 plays a pivotal role in the modulation of eNOS and the development of 

endothelial dysfunction in insulin resistance conditions. In addition, Pyk2 inhibition 

improves rIPC-induced remote cardioprotection, suggesting Pyk2 modulation as a 

potential candidate for decreasing the burden of diabetes-related cardiovascular 

risk. 
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1 Introduction 

 

1.1 Diabetes mellitus  

 

Diabetes Mellitus (DM) prevalence is increasing worldwide. According to the last 

International Diabetes Federation’s (IDF) estimation, around 537 million people 

have diabetes globally. Furthermore, the predictions show that if no preventive 

measures are taken, those numbers will rise to 783 million people by 2045 (IDF 

2021, Sun, Saeedi et al. 2022). DM is a chronic metabolic disease marked by high 

blood glucose, i.e., hyperglycemia and extensive impairment of energy metabolism. 

According to the American Diabetes Association (ADA), fasting glucose levels 

above 126 mg/dl or hemoglobin A1C (HbA1c) ≧6,5 % indicate DM. In contrast, 

values between 100-125 mg/dl and HbA1c 5,7-6,4% indicate impaired glucose 

tolerance, while levels below 99 mg/dl are considered normal (IDF 2021).  

The primary cause of DM is impairment in insulin production, resistance to its 

action, or a combination of both. DM is classified into different types according to 

its etiology. Type 1 diabetes mellitus (T1DM) is characterized by absolute insulin 

deficiency, usually due to the autoimmune pancreatic β-cells destruction (IDF 2021, 

ElSayed, Aleppo et al. 2023). This type of DM has a robust genetic compound, 

usually but not only appearing at an early age (< 35 years) and affecting around 5-

8% of DM patients. In contrast, type 2 diabetes mellitus (T2DM) mostly appears at 

late stages of life and is frequently associated with physical inactivity, 

overweight/obesity, unhealthy lifestyle, and aging. T2DM represents 90-95% of DM 

patients, and its primary cause is insulin resistance (American Diabetes 

Association 2014, ElSayed, Aleppo et al. 2023). Chronic insulin resistance is 

associated with compensatory hyperinsulinemia that can progress to pancreatic β-

cells loss and decreased insulin production in the later stages of the disease 

(American Diabetes Association 2014).  
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DM is associated with several comorbidities, and its main complications are divided 

into macrovascular and microvascular disorders. Macrovascular complications are 

determined by continuous DM-associated damage to large arteries, such as 

coronary artery disease (CAD), acute myocardial infarction (AMI), and stroke 

(Chen, Ovbiagele et al. 2016, Cho, Ann et al. 2019, Baviera, Genovese et al. 2022). 

On the other hand, microvascular complications represent DM-induced damage to 

the small vessels, such as small arteries, arterioles, venules, and capillaries. 

Retinopathy, neuropathy, and kidney disease are among DM patients' most 

common microvascular complications (An, Nichols et al. 2021). 

In addition, a low-grade inflammatory state associated with increased oxidative 

stress (Pitsavos, Tampourlou et al. 2007, Yuan, Yang et al. 2019) and an overall 

pro-thrombotic condition are implications of DM (Carr 2001). These aspects 

collectively provide aggravated pathological and immunological responses that 

exacerbate tissue damage and increase morbidity and mortality in those patients. 

Additionally, research has demonstrated that patients with diabetes have a more 

than twofold increased chance of dying from cardiovascular disease than 

nondiabetic patients (Preis, Hwang et al. 2009). Furthermore, studies have shown 

that patients with diabetes have a higher chance of dying after a myocardial 

infarction than patients with prior cardiovascular complications (Mukamal, Nesto et 

al. 2001). Furthermore, DM is independently associated with reduced myocardial 

reperfusion, larger infarct sizes, and a higher risk of death during and after primary 

percutaneous coronary intervention (PCI) following an AMI (Marso, Miller et al. 

2007). In addition, a recent German study demonstrated that DM is associated with 

a higher prevalence of several comorbidities, including obesity, depression, 

hypertension, coronary heart disease, and stroke (Schmidt, Reitzle et al. 2021). 

Therefore, uncovering the pathophysiology of DM and its related conditions, such 

as insulin resistance, hyperinsulinemia, and hyperglycemia, is crucial for providing 

efficient therapies and strategies to decrease the burden of this disease. 
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1.2 Insulin resistance and its complications 
 

Insulin resistance is defined as the impairment of insulin signal transduction, i.e., 

the reduction of insulin action. Insulin resistance causes several adjacent metabolic 

consequences, such as hyperinsulinemia and hyperglycemia, that in turn overfeed 

and support the insulin resistance conditions (Boucher, Kleinridders et al. 2014, 

Johnson 2021). Although insulin resistance is the main hallmark of T2DM, studies 

have demonstrated that insulin resistance may appear years prior to the onset of 

T2DM and independently increases the cardiovascular risk (Tabák, Jokela et al. 

2009, Ormazabal, Nair et al. 2018, Adeva-Andany, Martínez-Rodríguez et al. 

2019). Furthermore, studies have shown that insulin resistance/compensatory 

hyperinsulinemia is strongly associated with developing coronary heart disease in 

nondiabetic subjects (Reaven 2012). In addition, insulin resistance is a predictor of 

coronary arterial disease, and the maintenance of insulin sensitivity is proposed to 

prevent around 42% of myocardial infarct cases (Eddy, Schlessinger et al. 2009). 

Moreover, drugs that improve insulin sensitivity appear more effective in 

decreasing cardiovascular risk than glycemic control alone (Robinson, Burke et al. 

1998). Furthermore, using drugs that improve insulin sensitivity, i.e., metformin, 

significantly improves T1DM patients’ endothelial function and vascular health and 

decreases cardiovascular risk regardless of body weight, fat mass, and insulin dose 

(Bjornstad, Schäfer et al. 2018).  

In addition, insulin resistance is strongly associated with the development of 

endothelial dysfunction (ED) and the impairment of the Phosphatidylinositol 3-

kinase (PI3K)/ protein kinase B (AKT)/ endothelial Nitric Oxide Synthase (eNOS) 

signaling pathway. As a result, eNOS activity and its functionality are abrogated, 

and Nitric Oxide (NO) production is reduced, which limits eNOS-dependent remote 

organ protection (Symons, McMillin et al. 2009, Muniyappa, Chen et al. 2020). 

Evidence has demonstrated that insulin-mediated PI3K/AKT activation is 

responsible for antiatherogenic protective effects mediated by insulin upon 

cardiovascular tissues. This signaling pathway enhances NO output and increases 
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the expression of Vascular Endothelial Growth Factor (VEGF)/ Heme Oxygenase-

1 (HO-1) proteins, decreasing the expression of inflammatory cell adhesion 

molecules such as Vascular Cell Adhesion Molecule 1 (VCAM-1). Thus, this 

pathway is known to promote anti-inflammatory, antioxidant, antiatherogenic, and 

cardioprotective actions necessary for maintaining cardiovascular health (Durante, 

Kroll et al. 1997, He, Li et al. 2021). 

Furthermore, studies have shown that vascular tissues can develop selective 

insulin resistance, in which insulin-mediated activation of PI3K/AKT signaling 

pathway is impaired. In contrast, the Mitogen-activated protein kinase (MAPK) / 

extracellular signal-regulated kinase (ERK) remains sensitive and sometimes 

overstimulated. These events lead to endothelial dysfunction, increased 

expression of Endothelin 1 (ET-1), plasminogen activator inhibitor-1 (PAI-1), 

abnormal vasoconstriction, inflammation, oxidative stress, and tissue damage 

(Jiang, Lin et al. 1999, Kim, Montagnani et al. 2006, King, Park et al. 2016). 

Moreover, investigations have shown that MAPK, MAPK p38, and ERK1/2 are 

involved in the mechanism of damage and inflammation after ischemic events. 

Interestingly, the inhibition of these molecular signaling pathways alleviated 

ischemia-reperfusion injury and reduced cell damage (Chang, Zhao et al. 2018, 

Sanit, Prompunt et al. 2019). Besides that, insulin resistance also induces 

alterations in mitochondrial function, increasing pro-inflammatory cytokines and 

disrupting endothelial barrier integrity in vitro (Lee, Chakraborty et al. 2018). These 

conditions impair the endothelium’s capacity to participate in remote signaling and 

protect the tissues against cell damage following ischemic events. 

Furthermore, the blood glucose concentration is constantly high during chronic 

insulin resistance conditions. Hence, the pancreatic β-cells regularly receive stimuli 

to produce insulin to maintain glucose homeostasis. These supraphysiological 

insulin levels are called hyperinsulinemia (Boucher, Kleinridders et al. 2014). 

Hyperinsulinemia has several deleterious effects on endothelial function and 

cardiovascular health. Moreover, hyperinsulinemia overfeeds the atherogenic 

signaling described above and intensifies tissue damage (Group 2004, Chandel, 
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Sathis et al. 2020) and insulin resistance (Marín-Juez, Jong-Raadsen et al. 2014, 

Gao, Wang et al. 2020). 

1.3 Insulin-mediated glucose homeostasis  
 

Insulin is a peptide hormone secreted by the pancreatic β-cells in response to 

increased circulatory levels of glucose, amino acids, and fatty acids. Insulin’s 

primary function is maintaining blood glucose levels under physiological 

concentration and promoting glucose uptake in insulin-dependent tissues such as 

skeletal muscle and adipose tissue. Furthermore, insulin has a potent anabolic 

effect and is essential in energy metabolism regulation, cell growth, differentiation, 

and gene expression (Saltiel and Kahn 2001, Boucher, Kleinridders et al. 2014). 

Insulin regulates glucose homeostasis by acting in three central tissues: skeletal 

muscle, adipose tissue, and liver. In skeletal muscle and adipose tissue, insulin 

promotes glucose uptake by stimulating glucose transporters-4 (GLUT-4) 

translocation from intracellular vesicles to the cell membrane. In addition, insulin 

inhibits catabolic processes such as the breakdown of proteins, glycogen 

(glycogenolysis), and fat (lipolysis). In contrast, it stimulates anabolic processes 

such as glycogen (glycogenesis), protein and fatty acids (lipogenesis) synthases, 

and storage (Saltiel and Kahn 2001, Honka, Latva-Rasku et al. 2018, Silva Rosa, 

Nayak et al. 2020). In the liver, insulin regulates glucose homeostasis by targeting 

hepatic energy metabolism. Under fasting conditions, the liver plays a crucial role 

in maintaining blood glucose concentration by breaking hepatic glycogen and 

forming glucose by non-carbohydrate precursors (gluconeogenesis) (Edgerton 

2006). However, insulin acts as a potent anticatabolic hormone under postprandial 

conditions, inhibiting catabolic mechanisms (gluconeogenesis, glycogenolysis, and 

lipolysis) while promoting hepatic glycogen synthesis (Edgerton 2006, Rui 2014).  

Thus, the glucose intake by these tissues is essential for their energy metabolism 

and maintaining blood glucose concentration in homeostatic levels during the pre 

and postprandial period. Therefore, the failure to maintain any of these processes 
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due to insulin resistance or deficiency results in glucose intolerance and abnormal 

glucose and lipid plasma levels, consequently promoting the development of DM.  

1.4 Insulin signaling pathway  
 

Insulin mediates its activity by binding to the tyrosine kinase insulin receptor (IR). 

The IR is a tetrameric protein composed of two subunits (αβ) 2. The α subunit is an 

extracellular protein that undergoes modifications when bound to insulin, leading 

to activation and autophosphorylation of the transmembrane β subunit. The IRβ 

transphosphorylation initiates the phosphorylation cascade by recruiting and 

activating intracellular receptors substrates proteins such as insulin receptor 

substrate (IRS) and Shc. The phosphorylation and activation of IRS in tyrosine 

residues mostly lead to the activation of the PI3K/AKT signaling pathway (Boucher, 

Kleinridders et al. 2014). AKT mediates most of the metabolic effects of insulin. For 

that reason, this signaling pathway is also known as the metabolic pathway. Among 

the metabolic actions mediated by AKT are 1) glucose uptake by the 

phosphorylation of AKT substrate 160 kDa (AS160/TBC1D4) and TBC1 Domain 

Family Member 1 (TBC1D1) on Thr642 and Thr590, respectively. The 

phosphorylation of these two proteins mediates signal transduction and 

conformational change, resulting in GLUT-4 translocation from the intracellular 

vesicle to the cell surface (Sakamoto and Holman 2008, Middelbeek, Chambers et 

al. 2013);  2) stimulation of glycogen synthase by phosphorylation and inactivation 

of glycogen synthase kinase-3 (GSK3). GSK3 is a serine /threonine kinase that can 

inhibit glycogen synthase. After insulin stimulation, GSK3 is phosphorylated (GSk3- 

α/β ser21/9) and inactivated, which in turn leads to stimulate glycogen synthesis 

(Nikoulina, Ciaraldi et al. 2002); 3) regulation of lipid synthases (Saltiel and Kahn 

2001). Furthermore, AKT also plays an important role in endothelial-dependent NO 

production, insulin-mediated vasodilation (Symons, McMillin et al. 2009), and cell 

cycle regulation and survival (Liu, Begley et al. 2014). Studies have shown that 

stimulation of the PI3K/AKT/eNOS signaling pathway is related to antiatherogenic 

and anti-inflammatory actions, resulting in organ protection and decreased 
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cardiovascular risk. Moreover, this signaling pathway can also lead to antiapoptotic 

action, improving cell survival during ischemic events by the activation of the 

PI3K/AKT/ mammalian target of the rapamycin (mTOR) pathway (Aikawa, Nawano 

et al. 2000, Gao, Gao et al. 2002, Yang, Wu et al. 2018) 

Notably, insulin also regulates chronic responses by its ability to activate the 

MAPK)/ ERK signaling, also known as the mitogenic signaling pathway. This 

pathway involves the tyrosine phosphorylation of IRS in combination with the 

activation of Src homology and the Collagen (Shc) family. The Shc interacts with 

Growth Factor Receptor-bound protein 2 (Grb2) and activates Ras. Ras operates 

as a molecular switch, stimulating serine kinase cascade through the gradual 

activation of Rapidly Accelerated Fibrosarcoma (Raf) kinase, Mitogen-activated 

protein kinase kinase (MEK), and ERK. Once activated, ERK translocates into the 

cellular nucleus and initiates a transcriptional signaling response, resulting in gene 

expression, cell growth, and cell differentiation and proliferation (Boucher, 

Kleinridders et al. 2014).  

 

Under physiological conditions, the metabolic and mitogenic signaling pathways 

are balanced. The activation of metabolic pathways requires small amounts of 

insulin concentration, whereas the activation of the mitogenic pathway requires a 

high insulin concentration (Bedinger and Adams 2015). However, under 

pathological conditions such as T2DM, obesity, insulin resistance, and increased 

oxidative stress, the mitogenic pathway is overactivated, which results in 

deleterious effects and increased cardiovascular risk (King, Park et al. 2016, 

Arcambal, Taïlé et al. 2019). Moreover, the excessive activation of the MAPK-ERK 

signaling pathway is related to an impairment of AKT-induced eNOS stimulation 

with concomitant vasoconstriction, endothelial dysfunction, increased ET-1 

expression, and an increase in cardiovascular events (Boucher, Kleinridders et al. 

2014, Tatulian 2015, Posner 2017). The insulin signaling pathway under health and 

insulin resistance conditions is illustrated in Figure 1. 

 



 

8 

 

 

Furthermore, researchers have shown that the abnormal activation of the MAPK-

ERK pathway is related to the impairment of the metabolic signaling pathway and 

insulin resistance through negative regulation of IRS by serine phosphorylation 

(Jiang, Lin et al. 1999, Gual, Le Marchand-Brustel et al. 2005, King, Park et al. 

2016). IR and IRS1 proteins can undergo serine phosphorylation, attenuating 

signaling by decreasing insulin-stimulated tyrosine phosphorylation. These 

inhibitory phosphorylations provide negative feedback to insulin signaling and 

serve as a mechanism for cross-talk from other pathways that produce insulin 

resistance (Boucher, Kleinridders et al. 2014). However, excessive serine 

phosphorylation can inhibit tyrosine-mediated metabolic signaling pathways and 

lead to pathological levels of insulin resistance. Furthermore, different risk factors 

associated with T2DM, such as increased Angiotensin II (Ang II), free fatty acids 

(FFA), and pro-inflammatory cytokines, stimulate IRS serine phosphorylation and 

inhibit AKT-mediated metabolic signaling (Andreozzi, Laratta et al. 2004, 

Andreozzi, Laratta et al. 2007, da Costa, Neves et al. 2016, Akash, Rehman et al. 

2018). Furthermore, this imbalance also induces cell migration and impairment of 

AKT-induced eNOS stimulation with excessive vasoconstriction, endothelial 

dysfunction, and increased cardiovascular risk (Boucher, Kleinridders et al. 2014, 

Tatulian 2015, Posner 2017). Therefore, maintaining equilibrium between those 

two signaling pathways is crucial to preserve insulin-dependent organ protective 

signaling.  
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Fig. 1 Insulin signaling pathway 

Insulin mediates its action upon binding to the insulin receptor (IR) in the cellular membrane. After 

binding, IR initiates a phosphorylation cascade by recruiting and activating insulin receptor substrate 

(IRS) and Shc. The phosphorylation of IRS in tyrosine residues mostly leads to activation of the 

phosphatidylinositol 3-kinase (PI3K) / Protein Kinase B (AKT) signaling pathway, also known as the 

metabolic pathway. AKT activation promotes glucose uptake by the phosphorylation of AKT 

substrate 160 kDa (AS160/TBC1D4) and TBC1 Domain Family Member 1 (TBC1D1), ultimately 

leading to GLUT4 translocation. In addition, AKT activation also stimulates glycogen synthase by 

phosphorylation and inactivation of glycogen synthase kinase-3 (GSK3). On the other hand, insulin 

can also activate the mitogenic signaling pathway consisting of mitogen-activated protein kinase 

(MAPK) activation. In this pathway, the tyrosine phosphorylation of IRS occurs in combination with 

the activation of Src homology and the Collagen (Shc) family that promotes the activation of Ras. 

Ras operates as a molecular switch, stimulating extracellular signal-regulated kinase (ERK). Once 

activated, ERK translocates into the cellular nucleus and initiates a transcriptional signaling 

response, resulting in gene expression, cell growth, and cell differentiation and proliferation. Under 

physiological conditions, both signaling pathways are in balance, as illustrated in the left scheme. 

However, in insulin resistance conditions, insulin fails to mediate activation of the metabolic 

signaling pathway, which results in abrogated glucose uptake and hyperglycemia. Insulin resistance 

is also followed by the overactivation of the mitogenic signaling pathway that mediates IRS 

phosphorylation in serine residues, intensifying the inhibition of the metabolic pathway (right 

scheme). Created by Amanda Brum with elements of molecular biology at smart-server medical art 

(https://smart.servier.com/). 

 

 

1.5 Endothelial nitric oxide synthase regulation and its relevance for 

cardiovascular homeostasis 
 

The endothelium is a monolayer of cells that surround the vascular wall. For a long 

time, it was believed that the endothelium's only function was to be a physical 
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barrier between the blood and the tissues. However, in 1980, Furchgott and 

Zawadski discovered that the endothelium plays a pivotal role in the modulation of 

vascular homeostasis and tone (Furchgott and Zawadzki 1980, Cahill and 

Redmond 2016). Endothelial cells (EC) act as a signal transducer that reacts and 

releases circulating factor that modifies the vessel wall. EC can respond to physical 

and chemical signals by producing a wide range of factors that regulate vascular 

tone, cell adhesion, thrombus resistance, smooth muscle proliferation, and vessel 

wall inflammation (Fleming 2010, Heiss, Rodriguez-Mateos et al. 2015, Sun, Wu et 

al. 2019). The main vasoactive molecules produced by EC are NO and ET-1, which 

mediate vascular relaxation and constriction, respectively. NO is a gaseous 

molecular messenger responsible for multiple positive responses in the 

cardiovascular system. In endothelial cells, NO is generated by the action of eNOS 

in response to cellular events such as Ca2+ influx, phosphorylation, and protein 

interactions. Several events and molecules have been described to regulate eNOS 

function and NO output. Among them, fluid shear stress (physical forces), 

neuromodulators (acetylcholine (Ach) and phenylephrine (Phe)), and hormones 

(insulin, estrogen, and bradykinin) are the most common (Fleming and Busse 2003, 

Siragusa and Fleming 2016). 

 

NO plays a pivotal role in the control of vascular tone in large and small arteries 

(Leo, Suvorava et al. 2021). After synthesis within the EC, NO diffuses to the 

vascular smooth muscle cells and activates guanylate cyclase, which mediates 

guanosine-cyclic monophosphate (cGMP)-mediated vasodilation.  Furthermore, 

NO plays a pivotal role in maintaining the vascular wall’s quiescent state by 

inhibiting inflammation, cellular proliferation, and thrombosis (Fleming 2010, Cahill 

and Redmond 2016). Therefore, maintaining NO bioavailability is crucial for healthy 

endothelial and vascular function.  
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1.5.1 Endothelial nitric oxide synthase regulation 

Nitric oxide synthases (NOS) are a family of enzymes that mediate the conversion 

of L-arginine (L-Arg) into L-citrulline (L-Citr) and NO. These enzymes come in three 

different isoforms according to their function and tissue, which was first 

characterized. NOS I, or neuronal NOS (nNOS), was the first described and is most 

expressed in neural tissue. NOS II, also known as inducible NOS (iNOS), is 

essentially activated during immune responses, and NOS III, also called endothelial 

NOS (eNOS), is predominantly expressed in endothelial cells. NOS I and NOS III 

are continuously expressed and are generally modulated by phosphorylation and 

Ca2+/calmodulin (CaM) interaction, whereas NOS II is only expressed when there 

are stimuli such as inflammation and immune reactions (Fleming, 2010).  

The eNOS is a multi-domain enzyme that contains an oxidase and a reductase 

domain. The oxidase domain has binding sites for heme, L-Arg, and the co-factor 

tetrahydrobiopterin (BH4), whereas the reductase domain has binding sites for 

CaM and reduced nicotinamide adenine dinucleotide phosphate (NADPH), flavin 

mononucleotide (FMN), and flavin adenine dinucleotide (FAD). The generation of 

NO occurs when NADPH-derived electrons from the reductase domain are 

transferred to the oxidase domain, facilitating the binding of heme iron and O2, 

which catalyzes the synthesis of NO + citrulline from L-Arg (Siragusa and Fleming 

2016).  

 

















         



       
         
        



          



          





            





 

13 

 

 

et al. 2003, Alp, Mcateer et al. 2004). The regulation of the eNOS function is 

illustrated in Figure 2. 

Several molecular events have been described to regulate eNOS function, such as 

fluid shear stress (mechanoforces), neurotransmitters (Ach and Phe), and 

hormones (insulin and bradykinin).  

A) Shear stress 

Fluid shear stress is the phenomenon in which the blood flow mediates 

hemodynamic mechanical friction on the vascular wall. This event results in 

endothelial cell activation and the release of vasoactive factors such as NO. Fluid 

shear stress-mediated NO production regulates vascular tone, peripheral 

resistance, and tissue perfusion. Shear stress implicates the actions of several 

mechanosensing molecules that affect eNOS in specific subcellular locations 

(Förstermann and Sessa 2012, Roux, Bougaran et al. 2020). The main 

mechanosensors involved in eNOS activation are located either on the plasma 

membrane (Caveolae, ionic channels) or intracellular (i.e., cytoskeleton). Those 

molecules recognize this mechanical stimulus and mediate a cascade of signaling 

pathways, ultimately leading to increased calcium influx with the formation of 

Ca2+/CaM complexes, followed by stimulatory phosphorylation events that 

increase eNOS catalytic activity and increase eNOS sensibility to calcium which 

promote its enzymatic activity to occurs in resting Ca2+ levels (Balligand, Feron et 

al. 2009, Wang, Chennupati et al. 2016). Furthermore, G protein-coupled receptors 

(GPCRs) and junction complexes have been shown to participate in endothelial cell 

mechanosensing by activating the PI3K/AKT pathway and promoting eNOS 

phosphorylation. Together, those mechanisms ultimately mediate NO production 

and, consequently, vasorelaxation (Erkens, Suvorava et al. 2017). 

B) Neuromodulators (Ach, Phe) 

It is widely known that neurotransmitters such as acetylcholine (Ach) and 

phenylephrine (Phe) impact vascular tone regulation. For instance, vascular 

reactivity to Ach is one of the main methods used to determine endothelial function 
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in large vessels, e.g., aorta (aortic rings) (Waldron, Ding et al. 1999, Akther, Razan 

et al. 2021). In endothelial cells, Ach binds to the muscarinic receptor, promoting 

Ca2+ influx and eNOS-dependent NO production and vasodilation. On the other 

hand, Phe binds to alpha-adrenergic receptors in the vascular smooth muscle cells 

(VSMCs), promoting vasoconstriction (Terwoord, Racine et al. 2021). 

 

C) Phosphorylation 

The regulation of eNOS by phosphorylation is a complex process. The eNOS can 

be phosphorylated in serine, threonine, and tyrosine residues that coordinate the 

stimulation and inhibition of the enzyme catalytic activity (Fleming and Busse 

2003).  

Serine  1177 (ser1177) is the primary eNOS stimulatory residue (within the 

reductase domain). This residue is known to mediate the catalytic function of eNOS 

and increase the sensibility of the enzyme to calcium concentration. Furthermore, 

this residue phosphorylation is commonly used to determine enzyme activity. 

Several stimuli mediate eNOS stimulation through Ser1177 phosphorylation. 

Notably, shear stress, insulin, VEGF, and bradykinin promote rapid 

phosphorylation of eNOS on ser1177 by different mechanisms. Shear stress 

mediates ser1177 phosphorylation by protein kinase A (PKA) activity, whereas 

insulin, estrogen, and VEGF mainly phosphorylate eNOS by AKT action. On the 

other hand, Bradykinin, Ca2+, and ionophore mediate serine phosphorylation by 

activating Calcium-Calmodulin Kinase II (CAMKII) (Chen, Druhan et al. 2008, 

Fleming 2010). Furthermore, eNOS can also be phosphorylated on threonine 495 

(Thr495) residue (within the CaM-binding domain). This residue is constitutively 

phosphorylated and is associated with reduced enzymatic activity. The 

dephosphorylation of this residue promotes the binding of CaM complexes, 

elevates endothelial Ca2+ sensibility, and increases eNOS activity and NO 

production (Fleming, Fisslthaler et al. 2001). The central stimuli associated with 

threonine dephosphorylation are bradykinin, histamine, and Ca2+ ionophores. 

Moreover, the phosphorylation of eNOS on tyrosine 657 (Tyr657) (FMN-binding 

domain) has been shown to be the primary negative regulator of its enzymatic 
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activity (Fisslthaler, Loot et al. 2008, Bibli, Zhou et al. 2017). This residue is 

associated with shear stress stimulation and activation of proline-rich tyrosine 

kinase 2 (Pyk2). Studies have shown that Ang II, hydrogen peroxide (H2O2), and 

insulin can induce endothelial dysfunction by Pyk2-mediated eNOS inhibition. 

Interestingly, eNOS phosphorylation on tyr657 abrogates eNOS functionality 

regardless of other stimulatory events, such as phosphorylation on ser1177 or Ach 

stimulation, suggesting that this residue applies a dominant inhibitory effect over 

the eNOS function (Andreozzi, Laratta et al. 2004, Loot, Schreiber et al. 2009, Bibli, 

Zhou et al. 2017). 

1.6 Insulin-mediated eNOS regulation 
 

Insulin has been reported to mediate vasodilation in vivo. However, the detection 

of eNOS activation and increase in cyclic guanosine cyclic monophosphate (cGMP) 

levels in fresh arteries remain inconclusive. Evidence has demonstrated that insulin 

can mediate the concomitant phosphorylation of eNOS on ser1177 by AKT and on 

tyr657 by Pyk2. Furthermore, studies have shown that this parallel phosphorylation 

leads to enzyme abrogation, reduced NO output, and endothelial dysfunction 

(Fisslthaler, Loot et al. 2008, Bibli, Zhou et al. 2017, Viswambharan, Yuldasheva 

et al. 2017). Pyk2 is a non-receptor tyrosine kinase member of the focal adenosine 

kinase (FAK) family, mainly expressed in epithelial cells, hematopoietic cells, and 

neural tissue. Its main function involves cell migration, proliferation, and survival 

(Zhao, Finlay et al. 2016). However, studies have shown that Pyk2 can inhibit 

eNOS function by phosphorylating eNOS on its inhibitory site (tyr657 human; 

tyr656 mice). Furthermore, Pyk2 downregulation improves insulin-mediated eNOS 

activity. In addition, Pyk2 inhibition improves endothelial function and increases NO 

production in cells stimulated with insulin, Ang II, or H2O2 (Fisslthaler, Loot et al. 

2008, Bibli, Zhou et al. 2017). Viswambharan et al. showed that the increase in 

endothelial cell-specific insulin sensitivity led to endothelial dysfunction mediated 

by an increase of eNOS phosphorylation on tyr656 (mice) and exacerbation of 

NADPH oxidase 2 (Nox2)-derived superoxide. Furthermore, Pyk2 inhibition 
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normalizes insulin-induced eNOS activity and increases NO output 

(Viswambharan, Yuldasheva et al. 2017). This data highlights the relevance of 

Pyk2-mediated eNOS inhibition by insulin. 

 

Moreover, Bibli and colleagues (Bibli, Zhou et al. 2017)  demonstrated that 

ischemic events mediate early activation of Pyk2, resulting in reduced NO 

production and consequently intensifying cell damage. The inhibition of Pyk2 

enhances NO output and limits cardiac damage following myocardial ischemia-

reperfusion  (I/R) injury. Besides improving eNOS activity and enhancing NO output 

(Siragusa and Fisslthaler 2017), Pyk2 inhibition can also alleviate endothelial 

inflammation by modulation of immune responses and cytokine gene expression 

(Murphy, Jeong et al. 2019). Taken together, these studies highlight the potential 

role of Pyk2 in modulating endothelial function, endothelial-dependent organ 

protection, and inflammation.  

1.7 Ischemia-reperfusion injury 
 

Ischemic diseases such as AMI, stroke, and peripheral vascular disease are the 

leading cause of death and disability worldwide (Roth, Mensah et al. 2020). The 

primary therapeutic approach for treating these conditions is reperfusion therapy, 

such as primary percutaneous coronary intervention (PPCI) or Coronary artery 

bypass grafting (CABG), followed by thrombolytic therapy (Doenst, Haverich et al. 

2019, Lawton, Tamis-Holland et al. 2022). However, restoring the blood supply 

itself can lead to a series of cellular and molecular pathological events causing 

even more tissue injury and cell death, called I/R injury (Kalogeris, Baines et al. 

2012). Nevertheless, reperfusion treatment is essential for improving patient 

survival and recovery. Therefore, strategies to decrease infarct sizes and promote 

a better prognosis after ischemic insult are crucial. 

During ischemia, the blood supply is interrupted, and the oxygen is insufficient for 

maintaining aerobic metabolism (Eltzschig and Eckle 2011). Therefore, cell 

metabolism and survival depend on adenosine triphosphate (ATP) production 
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through anaerobic glycolysis (Chouchani, Pell et al. 2016, Lan, Geng et al. 2016). 

However, prolonged anaerobic metabolism results in intracellular acidification due 

to the accumulation of lactate and hydrogen ions (H+). The intracellular 

acidification, in combination with insufficient ATP, impairs the ATP-dependent 

activation of ion exchange channels, promoting an intracellular ions imbalance, 

mitochondrial dysfunction, Ca2+ overload, cell swelling and rupture, and ultimately, 

cell death (Cadenas 2018, Wang, Toan et al. 2020). Upon restoration of the blood 

flow, the dysfunctional mitochondria receive a burst of oxygen, resulting in 

abnormal production of reactive oxygen species (ROS). 

Furthermore, the reverse electron transport within the mitochondria, in combination 

with Ca2+ imbalance and reduced ATP production, increases mitochondrial 

permeability, resulting in the leakage of mitochondrial DNA (mtDNA) and 

generating a sterile proinflammatory response due to the release of damage-

associated molecular pattern molecules (DAMPs), followed by apoptotic and 

necrotic cell death (Foster, Van Eyk et al. 2009, Chouchani, Pell et al. 2016, Liu, 

Cao et al. 2017). The magnitude of the I/R injury depends on the extension and 

time of ischemia. The longer the ischemic insult, the more extensive the injury and 

tissue damage. Furthermore, I/R injury causes functional consequences that lead 

to morphological adaptation and function, such as remodeling and left ventricular 

(LV) dysfunction that dictates the resolution and prognosis of the disease and the 

probability of progression to heart failure. An important determinant of patient 

prognosis and recovery is infarct size. The infarct size determines whether the 

recovery or further cardiovascular complications occur. Larger infarct sizes are 

related to poor prognosis, LV dysfunction, and reduced ejection fraction, whereas 

smaller infarct sizes are associated with better outcomes and recovery (Minicucci, 

Farah et al. 2014). 

Substantial data have shown that insulin resistance and T2DM increase the 

susceptibility to aggravate I/R injury outcomes. This event occurs due to three main 

mechanisms: 1)  the impairment of eNOS activity and thereby decreased NO 

bioavailability (Symons, McMillin et al. 2009, Bibli, Zhou et al. 2017); 2) oxidative 
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stress (Viswambharan, Yuldasheva et al. 2017, Arcambal, Taïlé et al. 2019); and 

3) increase of pro-inflammatory cytokines (Andreozzi, Laratta et al. 2004, da Costa, 

Neves et al. 2016, Arcambal, Taïlé et al. 2019). Altogether, these conditions lead 

to greater tissue damage, cell apoptosis, and worsened cardiovascular outcomes 

following ischemic events. Therefore, finding new treatments and strategies to 

decrease the burden of cardiovascular complications in diabetic and nondiabetic 

patients is essential. 

 

1.8 Ischemic conditioning and cardioprotection 
 

The concept of ischemic conditioning was first described by Murry and colleagues 

in 1986, which demonstrated that brief, nonlethal cycles of ischemia followed by 

reperfusion increased organ tolerance to ischemic insult (Murry, Jennings et al. 

1986). Over the years, the ischemic conditioning protocol evolved into different 

protocols depending on the area and time point related to the ischemic episode. 

For instance, the ischemic conditioning protocol can be performed directly on the 

target organ before (preconditioning) or after (postconditioning) the ischemic insult. 

Alternatively, ischemic conditioning can also be performed in a remote area, before 

(remote ischemic preconditioning, rIPC), during (remote ischemic per conditioning), 

or after (remote ischemic postconditioning) an ischemic event (Heusch 2015, 

Heusch, Bøtker et al. 2015). 

 

Ischemic conditioning has been shown to protect the heart (Munk, Andersen et al. 

2010, Chai, Liu et al. 2014) and other organs (Basalay, Davidson et al. 2018, Wu, 

Chen et al. 2020) against ischemic insults. The most beneficial effects of ischemic 

conditioning involve the reduction of infarct sizes, which is a significant predictor of 

functional recovery and future ischemic events (Minicucci, Farah et al. 2014). In 

addition, studies have demonstrated that ischemic conditioning, besides 

decreasing infarct sizes, also reduces inflammation, oxidative stress, and cell death 
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in several organs subjected to ischemic insult (Bromage, Pickard et al. 2017, Cho, 

Min et al. 2017, Pearce, Davidson et al. 2021, Landman, Uthman et al. 2022). 

  

Furthermore, in clinical studies, the use of ischemic conditioning in combination 

with standard protocols has been shown to improve myocardial salvage index and 

ventricular systolic function following myocardium infarction (Bøtker, Kharbanda et 

al. 2010, Munk, Andersen et al. 2010). However, translating these results into 

clinical practice focusing on decreasing infarct sizes remains challenging (Heusch 

2013, Hausenloy, Kharbanda et al. 2019). Furthermore, this approach has been 

shown to fail in inducing protective effects in DM animal models and patients (Miki, 

Itoh et al. 2012, Wider, Undyala et al. 2018) as well as in elderly patients (van den 

Munckhof, Riksen et al. 2013). 

 

1.9 Remote ischemic preconditioning (rIPC) 
 

The rIPC maneuver consists of brief cycles of ischemia followed by reperfusion on 

a remote area, e.g., limbs or arms. Several studies have shown that remote 

conditioning is an efficient, safe, noninvasive, and easily feasible protocol to 

decrease infarct sizes and improve survival following ischemic events (Heusch, 

Bøtker et al. 2015). Johnsen and colleagues established that the ideal rIPC protocol 

to promote cardioprotection is between 4-6 cycles of 2-5 minutes of ischemia 

followed by reperfusion (Johnsen, Pryds et al. 2016).   This approach has been 

shown to promote whole-body protection against ischemic events and positively 

impact vascular health (Manchurov, Ryazankina et al. 2014, Gu, Liu et al. 2021). 

In addition, studies have shown that this approach improves endothelial function 

(Rassaf, Totzeck et al. 2014, Maxwell, Carter et al. 2019) and promotes endothelial 

participation in remote cardioprotection (Cho, Min et al. 2017, Rossello, He et al. 

2018, Liang, Lin et al. 2019). Interestingly, rIPC has been shown to fail in elderly 

patients with endothelial dysfunction (van den Munckhof, Riksen et al. 2013). 

Furthermore, this phenomenon was also observed by Heinen et al. (Heinen, 
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Mechanism triggers in the target organ by the messenger that mediates organ protection. 

Mitochondrial transitions pores modifications, activation of reperfusion injury salvage kinase (RISK) 

pathway that involves the PI3K, AKT, ERK, and GSK3β. The survivor activating factor enhancement 

(SAFE) pathway SAVE involves STAT3 activation in combination with AKT and TNFα. Created by 
Amanda Brum and Ralf Erkens with Biorender. 

 

The rIPC maneuver stimulus triggers cellular events and tissues, such as 

endothelial cells, skeletal muscle, and activation of neural tissue. In addition, cell 

interactions, such as red blood cells (RBCs) and immune cell activation, have also 

been implied to participate in rIPC-induced organ protection (Heusch, Bøtker et al. 

2015, Tomschi, Niemann et al. 2018). The activation of these cells and tissues 

results in the release and activation of circulating messengers that transmit a 

protective signal to the target organ. Among the messenger's molecules studies, 

the most important are molecules such as gasotransmitters nitrite (NO2
-), nitrate 

(NO3
-) and hydrogen sulfide (H2S), and humoral factors, such as micro RNAs 

(miRNAs), cytokines and microvesicles (Rassaf, Totzeck et al. 2014, Andreadou, 

Iliodromitis et al. 2015, Lassen, Just et al. 2021). 

Research indicates that the mechanism involved in the cardioprotective effects of 

rIPC occurs mainly due to the activation of endothelial cells in the remote area 

(Rassaf, Totzeck et al. 2014, Cao, Wang et al. 2018). The rIPC maneuver promotes 

the alteration of shear stress, which mediates endothelial-dependent NO 

production. Thus, NO contributes to endothelial function and mediates its local 

effect by leading to smooth muscle relaxation and vasodilation (Andreadou, 

Iliodromitis et al. 2015, Heiss, Rodriguez-Mateos et al. 2015, Erkens, Suvorava et 

al. 2017). Furthermore, NO is released to the blood, oxidized to nitrite, and 

promotes a cross-talk between different cells, i.e., heterocellular communication. 

At the target organ (e.g., the heart), nitrite is reduced to NO by myoglobin and 

converted to S-nitrosation on mitochondrial complex I. This process improves 

mitochondrial function, reduces oxidative stress, and alleviates tissue damage 

following I/R injury (Hendgen-Cotta, Merx et al. 2008, Rassaf, Totzeck et al. 2014). 

Interestingly, more than 2/3 of circulating nitrite is produced by the oxidation of 

endothelial-derived NO (Kleinbongard, Dejam et al. 2003), highlighting the 
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relevance of endothelium for cardiovascular homeostasis and organ protection. 

Moreover, rIPC can also modulate immune responses, regulate ROS generation 

and decrease pro-inflammatory cytokine gene expression by downregulating the 

Janus kinase 2 (JAK2)/ Signal transducer and activator of transcription 3 (STAT3) 

signaling pathway (Turrell, Thaitirarot et al. 2014, Zhao, Xue et al. 2019). 

Furthermore, endothelial cells have been shown to mediate crosstalk by releasing 

microRNAs (miRNAs) (Dellett, Brown et al. 2017, Fernández-Hernando and 

Suárez 2018). The miRNAs are small noncoding RNAs capable of modulating gene 

expression. MiRNAs act by downregulating target genes by binding to messenger 

RNA (mRNAs) and silencing the translation of genes into proteins (Treiber, Treiber 

et al. 2019). Interestingly, Davidson and colleagues proposed that endothelial-

derived extracellular vesicles are partially responsible for the ischemic conditioning 

cardioprotection (Davidson, Riquelme et al. 2018). Furthermore, Cheng and 

colleagues (Cheng, Zhu et al. 2010) confirmed this assumption, demonstrating the 

relevance of miRNAs and microvesicles in endothelial-mediated cellular crosstalk. 

The skeletal muscle has also been shown to release humoral factors in response 

to rIPC stimulus. Chen et al. demonstrated that rIPC led to the release of the 

myokine irisin from the skeletal muscle into the bloodstream. Irisin acts directly in 

the mitochondria of the target organ, protecting the mitochondrial function from the 

oxidative stress caused by I/R (Chen, Xu et al. 2017). 

Furthermore, Gourine and colleagues proposed that rIPC mediates its 

cardioprotection effects by activating a neural signal transmission called “remote 

preconditioning reflex” (Gourine, Gourine et al. 2010). According to the Gourine 

hypothesis, rIPC stimulus triggers sensory afferent nerves in the remote area that 

send the information to the central nervous system. Then, the protective signals 

are transmitted to the target organ by vagal efferent parasympathetic innervation. 

This assumption was corroborated by other studies that demonstrated that 

denervation, transection, or blockage of nerves abolishment of rIPC-mediated 

cardioprotection (Loukogeorgakis, Panagiotidou et al. 2005, Steensrud, Li et al. 

2010). Moreover, Redington and colleague's findings also support the relevance of 

neural signaling for organ protection, in which femoral nerve stimulation and topical 
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capsaicin induce the release of cardioprotective humoral factor that mimics the 

cardioprotective effects of rIPC (Redington, Disenhouse et al. 2012). However, 

more studies are needed to fully understand the role of neural signaling in rIPC-

induced organ protection.  

 

Moreover, studies have shown that the rIPC maneuver enhances the expression 

of proteins involved in the cell survival pathway, such as the reperfusion injury 

salvage kinase (RISK) and the survivor-activating factor enhancement (SAFE) 

pathway in the target organ (Kalakech, Hibert et al. 2014, Wang, Zhang et al. 2016, 

Heusch 2017). The RISK pathway is composed of PI3K, AKT, and ERK activation 

that, in combination, phosphorylates GSK3β, promoting cell survival by inhibiting 

the opening of mitochondrial transitioning pores. On the other hand, the SAVE 

signaling pathway promotes cell survival signals by activating STAT3 activation in 

combination with AKT and TNFα. STAT3 activation promotes survival by promoting 

the expression of cardioprotection proteins, improving mitochondrial respiration, 

and alleviating cell death (Heusch 2017, Heinen, Behmenburg et al. 2018). Overall, 

these two signaling pathways regulate the opening of mitochondrial transitioning 

pores, which are mainly responsible for mitochondrial leaking and induction of 

necrosis and cell death signaling (Turrell, Thaitirarot et al. 2014). 

 

1.10 Aims of thesis 
 

Cardiovascular disease is the primary cause of death worldwide. Diabetic patients 

have a higher probability of death by cardiovascular complications than non-

diabetic patients. Insulin resistance and hyperinsulinemia are hallmarks of the 

development of T2DM and are strongly associated with endothelial dysfunction and 

cardiovascular disease.  Endothelial dysfunction occurs mainly due to impairment 

of eNOS function and reduced endothelial-dependent vasorelaxation. Pyk2 has 

been identified as the primary negative regulator of eNOS and, consequently, 

impaired NO production. Pyk2 inhibition alleviates endothelial dysfunction and 



 

24 

 

 

enhances NO output in vivo and in vitro. However, to our knowledge, the role of 

Pyk2-regulates eNOS function under insulin resistance and hyperinsulinemic 

conditions has not been addressed yet. Therefore, this study hypothesized that 

Pyk2 plays an essential role in the development of endothelial dysfunction and 

impaired endothelial-dependent remote cardioprotection in insulin resistance and 

hyperinsulinemia. In addition, it is hypothesized that Pyk2-inhibition improves 

endothelial function and remote cardioprotection under diabetic-related conditions. 

To address this hypothesis, four major aims have been proposed: 

1. Perform the cardiovascular and metabolic characterization of a murine model of 

hyperinsulinemia and insulin resistance. The first aim was to characterize the 

cardiometabolic system of NZO mice and determine the suitability of this mouse 

model for our study. Therefore, body weight, heart weight, blood glucose, and 

plasma insulin were measured. Furthermore, metabolic tolerance tests and 

Western blot analysis of protein involved in the insulin signaling pathway were 

investigated. In addition, echocardiography and flow-mediated vasodilation 

determined cardiac and endothelial function, respectively. 

2. Determine the effect of Pyk2-inhibition on endothelial function in insulin 

resistance conditions. The second aim was to investigate the impact of Pyk2 

inhibition on endothelial function and blood pressure regulation. Therefore, 

endothelial-dependent vasodilation in vivo was assessed by Flow-mediated 

vasodilation (FMD) analysis. In addition, an invasive Millar catheter was used to 

determine the effect of Pyk2 inhibition on systemic hemodynamics. 

3. Investigate the role of Pyk2-induced eNOS regulation and function in an insulin-

resistant condition. Western blot analysis determined the cardiac expression and 

activity of Pyk2 and eNOS. In addition, immunoprecipitation experiments were 

conducted to measure eNOS phosphorylation levels at its inhibitory site (Tyr656). 

Furthermore, Nox analyzer experiments (CLD and ENO30) were used to quantify 

nitrite and nitrate plasma levels. 
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4. Analyse the role of Pyk2 and its inhibition on eNOS-dependent remote 

cardioprotection mediated by rIPC maneuver. Myocardial ischemia-reperfusion 

protocol investigated how Pyk2 affects rIPC-mediated cardioprotection in insulin 

resistance conditions. Furthermore, the rIPC-induced cardioprotection mechanism 

was investigated, and the influence of NO, neural signaling, and activation of the 

RISK pathway was determined.  

A summary of the aims is illustrated in Figure 4. 
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cardioprotection mediated by rIPC maneuver. Endothelial cell (EC), vascular smooth muscle cells 

(VSMC), Blood pressure (BP), total peripheral resistance (TPR), Nitrite (NO2-), nitrate (NO3-), Infarct 

size (IS), 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide. (CPTIO), femoral 

nerve transection (F.nerve). Created by Amanda Brum with Biorender. 

 

 

2 Material and Methods  

 

2.1 Buffers and solutions 

 

Unless otherwise indicated, all reagents were purchased from Sigma Aldrich (St. 

Louis, USA), Merck (Darmstadt, Germany), or Carl Roth GmbH (Karlsruhe, 

Germany). Buffers and solutions were prepared using distilled or ultrapure water 

(MilliQ®, Merck, Darmstadt, Germany), calcium and magnesium-free Dulbecco's 

phosphate-buffered saline (DPBS), pH 7.4 (Sigma Aldrich, St. Louis, USA), or an 

isotonic saline solution (0.9% NaCl, Fresenius Kabi, Germany). 

 

 

2.2 Animal experiments 
 

Animal experiments were approved by the local animal ethics committee 

“Landesamt für Natur, Umwelt- und Verbraucherschutz” (LANUV, Northrhine-

Westfalia, Germany) under the file numbers G432/14 (Erkens, AZ 84-

02.04.2014.A2432), G117/20 (Kelm, AZ81-02.04.2020.A117) and O32/19. Animal 

welfare was consistent with the European Convention on the Protection of 

Vertebrate Animals Used for Experimental and Other Scientific Purposes (Council 

of Europe Treaty Series No. 123).  The animals were kept in standard housing 

conditions following institutional guidelines. The housing environment was 

maintained at constant temperature and humidity. Mice were exposed to a 12:12 

hour light-dark cycle routine and received ad libitum drinking water and a standard 

rodent diet. 



 

28 

 

 

Male 18-20 week-old C57BL/6J (BL6) mice were purchased from Janvier Labs 

(Janvier Labs, Le Genest-Saint-Isle, France) and used in the lean control group. 

Furthermore, male age-matched New Zealand Obese mice (NZO/HILtJ) acquired 

from Professor Hadi Al-Hasani (Deutsches-Diabetes-Zentrum, Düsseldorf, 

Germany) were used in the insulin resistance/hyperinsulinemia group.  

2.3 Insulin stimulation experiments 

To investigate metabolic responses to insulin, insulin stimulation experiments were 

carried out. Mice were randomly divided into insulin or control (fasting) groups. Mice 

were placed in new, clean cages and fasted for five hours, with access only to 

drinking water. After fasting, the insulin group received an intraperitoneal injection 

of 1IU/kg of insulin solution (Humulin R, Lilly, USA) containing 0.25IU/ml insulin and 

isotonic saline (v/v), while the control group was euthanized. The mice in the insulin 

group were euthanized after 15 minutes of insulin administration. Both groups were 

euthanized by cervical dislocation to avoid anesthesia-induced metabolic 

disturbances. Tissues were harvested after extensive perfusion with cold DPBS, 

immediately frozen in liquid nitrogen, and stored at -80°C until further analysis. 

2.4 Pharmacological Pyk2 inhibition 

To determine the role of Pyk2 for eNOS regulation in insulin resistance conditions, 

we used a well-established Pyk2 inhibitor, PF-431396 hydrate (Sigma-Aldrich, 

St.Louis, USA) (Han, Mistry et al. 2009, Bibli, Zhou et al. 2017). PF-431396 is a 

competitive inhibitor that binds to the active site of Pyk2, blocking its action. PF-

431396 was administrated intraperitoneally at a concentration of 5µg/g in 100 µl of 

a 10% DMSO/saline solution (v/v). Unless otherwise specified, the Pyk2 inhibitor 

was administered 15 minutes prior to the start of each experimental protocol. The 

control group received 100 µl of a vehicle solution containing 10% DMSO/saline 

solution (v/v). 
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2.5 Organ harvesting for biochemical parameters  

The euthanasia method used in the present work varies according to the 

experiment's aim. Therefore, each method section in which a different protocol of 

euthanasia was required specified the method used. Regardless of the euthanasia 

protocol used, tissues were collected after systemic perfusion with cold DPBS. In 

cases where perfusion was not feasible, such as for infarct size quantification, the 

tissue was washed with cold DPBS. Subsequently, tissue samples were 

immediately placed in 2 mL Eppendorf safe-lock tubes (Eppendorf, Germany), 

frozen in liquid nitrogen, and stored at -80°C until further analysis. 

 

2.6 Blood glucose and plasma insulin measurement  

 

To measure fasting glucose and insulin levels, mice were placed in a clean cage 

with access only to drinking water and fasted for six hours. Subsequently, the 

mouse’s tail vein was punctured, and blood glucose was measured on a glucose 

meter (glucose meter: Contour XT; Bayer Health Care, Leverkusen, Germany). 

Furthermore, fasting insulin plasma levels were also measured. After six hours of 

fasting, around 30µl of blood samples were collected from the tail vein using a 

Greiner Bio-One MiniCollect™ tube. Next, the samples were centrifuged at 4 ° C 

for 20 minutes at 2000x g, and plasma was collected and placed in the -80 freezer 

until further measurement of insulin.  

 

Insulin plasma levels were determined by an ultrasensitive mouse ELISA kit 

(Crystal Chem, USA) following the manufacturer’s instructions for a low-range 

assay.  In brief, 95µl of sample diluent was dispensed into antibody-coated 

microplate wells, followed by 5µl of sample or mouse insulin standard (0,1- 6,4 

ng/ml) and incubated for two hours at 4°C. After the washing step (5x 300 µl of 

wash buffer per well), 100µl of anti-insulin enzyme conjugate was dispensed in 

each well and incubated for 30 min at room temperature. Next, after one more 

washing step (7x 300 µl of wash buffer per well), 100µl per well of enzyme substrate 
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solution was dispensed in the microplate and incubated for 40 minutes in the dark 

at room temperature. Afterward, 100µl per well of enzyme reaction stop solution 

was added, and the absorbance was measured at a wavelength of 450 nm (A450) 

and 630 nm (A630) (FLUOstar Omega, BMG Labtech, Germany). The absorbance 

was measured using A450 values and subtracting A630 values. Finally, insulin 

concentration was determined using a standard curve and the mean absorbance 

value for each sample. 

 

2.7 Metabolic tolerance tests 

 

Metabolic tolerance tests were performed to investigate glucose and insulin 

homeostasis in vivo and identify potential metabolic differences between groups in 

dynamic conditions. The glucose tolerance test (GTT) and insulin tolerance test 

(ITT) were performed according to the guidelines established by Benedé-Ubieto et 

al.(Benedé-Ubieto, Estévez-Vázquez et al. 2020).  Mice were placed in a clean 

cage with access only to drinking water and fasted for six hours. Afterward, baseline 

body weight and blood glucose levels were measured using a glucose meter 

(Contour XT; Bayer Health Care, Leverkusen, Germany) by puncturing the mouse's 

tail vein. Subsequently, intraperitoneal injections of 1.5 g/kg of D-glucose solution 

glucose (Sigma-Aldrich, St. Louis, USA) (20% D-glucose/DPBS (w/v)) were 

administered to the mice. Blood glucose levels were measured 15, 30, 60, and 120 

minutes after glucose administration. 

 

To perform the insulin tolerance test (ITT), mice were placed in a clean cage and 

fasted for six hours, similar to the GTT test. Baseline body weight and blood 

glucose levels were measured using a glucose meter (Contour XT; Bayer Health 

Care, Leverkusen, Germany). Subsequently, mice received an intraperitoneal 

injection of 1IU/kg of 0, 25 IU/ ml of insulin solution (insulin/saline (v/v)). Next, blood 

glucose concentrations were measured at 15, 30, 60, and 90 minutes after insulin 

administration. 











 




          



on a 37 ° C warm platform. Next, the mice’s limbs were secured with adhesive tape, 
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2.9 Ultrasound imaging 

 

High-resolution micro-ultrasound imaging was used to assess cardiac and 

endothelial function in vivo. The imaging measurements, i.e., echocardiography 

and flow-mediated vasodilation (FMD), were performed under constant inhalation 

anesthesia (2-3% induction and 1.5-2% maintenance). To prevent any cardiac 

disturbances during the measurements, the mice's basal parameters, such as heart 

rate (400-500 beats per minute), breathing rate (100 breaths per minute), and body 

temperature (37°C), were carefully maintained at constant levels. 

2.9.1 Assessment of cardiac function 

 

Cardiac function was assessed using a high-resolution ultrasound imaging system 

(Vevo 3100, Visual Sonics, Fujifilm, Japan). First, mice were placed into an 

induction chamber containing a mixture of isoflurane and oxygen (2-3% isoflurane). 

Once anesthetized, the mice were positioned in a supine position on a heating pad 

with electrocardiography (ECG) electrodes to monitor heart rate and maintain body 

temperature. In order to ensure continuous sedation during the imaging sessions, 

a face mask with continuous inhalation anesthesia (2-2.5% isoflurane) was placed 

on the mice's snouts. Next, conducting cream was applied to the mice's paws and 

taped to metal ECG electrodes. Subsequently, the mice's thorax fur was removed 

with a hair removal cream (Veet, Reckitt Benckiser, United Kingdom), and a layer 

of pre-warmed ultrasound gel was applied to the mice's thorax. Finally, the mice 

were positioned in a supine position, slightly upright, and an MX-400 transducer 

(20-46 MHz; Vevo 3100) was placed on the thorax. 

First, the left ventricle parasternal long axis (PSLA) was visualized, and B-mode 

and M-mode imaging was acquired. Then, the transducer was rotated 90 degrees 

clockwise to obtain imaging of the left ventricle parasternal short axis (SAX), and 

B-mode and M-mode imaging were acquired. Next, transmitral blood flow Doppler 



 

33 

 

 

was recorded using an apical four-chamber view. Finally, in the suprasternal 

position, the aortic valve flow was measured using a pulse wave Doppler. Angle 

corrections were used to measure flow profiles and velocity accurately. The data 

analysis was performed using the Vevo Lab software (Visual Sonics, Fujifilm, 

Japan), and the LV-Trace tool was used to analyze the ventricular function in the 

PSLA view. The calculation of Left ventricle (LV) volume, stroke volume (SV), 

cardiac output (CO), and ejection fraction (EF) was performed using the B-mode 

view. End-systolic volume (ESV), end-diastolic volume (EDV), SV, and CO were 

indexed to body surface area (Lang, Badano et al. 2015, Bansal and Sengupta 

2017). 

 

2.9.2 Assessment of vascular function in vivo  

A flow-mediated vasodilation protocol assessed in vivo vascular function using a 

high-resolution ultrasound system using a 30-70 MHz linear array Microscan 

transducer (Vevo 2100, Visual Sonics Inc., Toronto, Canada). This method was 

based on measuring changes in vessel diameter in response to shear stress 

following vascular occlusion (Erkens, Kramer et al. 2015). First, mice were 

anesthetized and placed in a warm platform, as described in the cardiac function 

assessment section. Next, the fur of the left hindlimb was removed, and a 5 mm 

diameter vascular occluder (Harvard Apparatus, Harvard, Boston, MA, USA) was 

placed around the limb. Subsequently, the transducer was placed on the mouse's 

left hindlimb using a stereotactic holder and manually adjusted to visualize the 

external iliac artery. Baseline imaging was acquired in B-mode and pulse wave 

Doppler mode. Afterward, the vascular occluder was inflated above the systolic 

pressure using a KAL 84 pressure calibration device (Halstrup Walcher, 

Kirchzarten, Germany) to occlude blood flow. Images were recorded in B-mode 

and pulse wave Doppler-mode every 30 seconds during 5 minutes of vascular 

occlusion and every 20 seconds for 5 minutes after tissue reperfusion. Data 

analysis was performed using the Brachial Analyzer for Research (Medical Imaging 
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Applications, LLC, USA). Measurements of vessel diameter were calculated as 

percent ratio (%) = [diameter(max) / diameter (baseline)] x100.  Maximal dilation 

measurements were calculated as Δ%= [diameter(max) – diameter 

(baseline)/diameter (baseline)] x 100.  

 

2.10 Assessment of systemic hemodynamics 

 

Approximately 30 minutes before the experiment began, mice were administered 

subcutaneously with buprenorphine (0.1 mg/kg) to induce analgesia during the 

procedure. Mice were intubated, placed on a warm operation table (37,5ºC), and 

submitted to constant inhalation anesthesia (2-3% isoflurane) using a murine 

respirator (micro ventilator, UNO, The Netherlands) throughout the experiment. 

The mouse's fur was removed from the mouse's neck, and an incision was made 

below the mandible to the thoracic inlet. The right carotid artery was exposed and 

isolated from adjacent tissues. The catheter was inserted into the right carotid 

artery and placed in the left ventricle according to the closed chest method 

described by Pacher et al. (Pacher, Nagayama et al. 2008). Invasive hemodynamic 

parameter evaluation was performed using a 1.4 F pressure conductance catheter 

(SPR-839, Millar Instrument, Houston, TX, USA). Heart rate (HR), systolic blood 

pressure (SBP), and diastolic pressure (DBP) were recorded by a Millar Box and 

analyzed with LabChart 7 (AD Instruments, Oxford, UK). Furthermore, mean 

arterial blood pressure (MAP) was calculated using the following equation above. MAP = (SBP + 2 ∗ DBP)3  

The total peripheral resistance (TPR) was calculated by dividing the mean arterial 

blood pressure by the cardiac output. These experiments were performed with the 

support of Stefanie Becher. 
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2.11 Western blot and immunoprecipitation 

 

2.11.1 Protein determination 

For tissue disruption and sample homogenization, the heart and soleus samples 

were placed in 2 ml safe-lock tubes and settled in the Retch tube adapter for single-

use vials (Retsch, Haan, Germany).  Stainless steel beads were added to each 

tube and placed in the Mixer Mill (MM 400, Retsch, Haan, Germany), setting a 

vibration frequency of 20 Hz for one minute. Radioimmunoprecipitation assay 

buffer (RIPA) (150 mM NaCl, five mM EDTA, 50 mM Tris, 1 % NP-40, 0.5 % sodium 

deoxycholate, 0.1 % SDS) added to protease, and phosphatase inhibitor (Pierce, 

Thermo Fisher Scientific, Waltham, USA) was added to each tube and 

homogenized in a protocol of 30 Hz for 3 min. Subsequently, the samples were 

placed in an ultrasonic bath for 10 minutes at 4 ° C and centrifuged at 13300G for 

15 minutes at 4 ° C. The supernatant was collected, and the total protein 

concentration was determined by the Bio-Rad DC protein assay (Bio-Rad 

Laboratories Inc., Hercules, USA) following the manufacturer’s instructions. Briefly, 

the samples were diluted in RIPA buffer in a ratio of 1:25 (heart and soleus). The 

standard protein curve was prepared using bovine serum albumin (BSA) (Sigma-

Aldrich St. Louis, USA) at 0,2-2,0 mg/ml concentration. Next, five μl of samples and 

standards were added to a 96-well plate in duplicate. Next, 25 μl of working reagent 

A (reagent A+S) and 200 μl of solution B were added to each well. The microplate 

was incubated at room temperature, in the dark, for 15 minutes. The sample 

absorbances were measured at a wavelength of 740 nm using the FLUOstar 

Omega plate reader (BMG Labtech, Germany). The protein concentration was 

determined according to the standard curve. 

 

2.11.2 Immunoblot 

For SDS-page preparation, 75-100µg of protein were added to the LDS sample 

buffer (NuPAGE™, InvitrogenTM, Waltham, USA) and sample reducing agent 
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(NuPAGE™, InvitrogenTM, Waltham, USA) and denatured for 15 minutes at 75ºC. 

Samples were loaded in NuPAGE™ 4-12% Bis-Tris, Pre-cast gels (InvitrogenTM, 

Waltham, USA), and PageRulerTM(Plus Prestained Protein Ladder, Thermofisher, 

Waltham, USA) were used to determine protein migration during electrophoresis. 

Electrophoresis was carried out in the XCell SureLock™ system (InvitrogenTM 

Waltham, USA) with a MOPS (3-(N-morpholino) propane sulfonic acid) SDS 

running buffer (InvitrogenTM Waltham, USA) at 150mV for 60 minutes. After 

electrophoresis, proteins were transferred to nitrocellulose membrane Hybond P 

0,2 (Amersham Biosciences, Munich, Germany) at 80 mV for 90 minutes using a 

wet electroblotting system (Bio-rad Laboratories, Inc. Hercules, USA).  

The membranes were blocked for 1 hour at room temperature with Intercept 

Blocking Buffer TBS (LI-COR Biosciences GmbH, Germany), followed by overnight 

incubation at 4 °C with the primary antibody. The primary antibodies were diluted 

in blocking buffer 0,1%, Tween 20, according to Table 1. Subsequently, the 

membranes were washed with TBS (1x dilution of pH 7,5 20X TBS: 121,14 g 

Trizma®-Base, 175,32 g NaCl, and 1000 ml distilled water) and incubated in a 

secondary antibody for 1 hour in the dark, at room temperature. The secondary 

antibody was diluted in in blocking buffer 0,1%, Tween 20, according to Table 2. 

After washing, the membranes were detected at 700 nm or 800 nm in the Odyssey 

Fc Imaging System (LI-COR Biosciences GmbH, Bad Homburg, Germany). Data 

analysis was performed using Image StudioTM Lite 5.2 software supplied by LI-

COR. 

 

 

 

 

 

 

 

 



 

37 

 

 

 

Table 1 Primary antibody list. 

Primary Antibody Dilution Source  Brand (Product number) 

PYK2/ Pyk2(5E2) 1:1000 rabbit/mouse CST(3292)/(3480) 

Phospho-PYK2 

(Tyr402) 

1:1000 rabbit CST(3291) 

Anti-eNOS/NOS 

Type III 

1:500 mouse BD Biosciences (610297) 

Phospho-eNOS 

(Ser1177) 

1:500 rabbit CST(9571S) 

Phospho-eNOS 

(tyr657) 

1:500 rabbit Biotrend (NP4031) 

AKT 1:1000 rabbit CST(9272) 

Phospho-AKT 

(ser473) 

1:1000 rabbit CST(9271) 

ERK 1/2 1:1000 rabbit CST (4695) 

Phospho-ERK1/2 1:1000 rabbit CST(9101) 

TBC1D1 (V796) 1:1000 rabbit CST(4629S) 

Phospho-TBC1D1 

(Thr590) 

1:1000 rabbit Thermofisher (PA5-104667) 

AS160(C69A7) mAB 1:1000 rabbit CST (2670) 

Phospho-AS160 

(Thr643) 

1:1000 rabbit CST(4288) 

Glut4(1F8) mAB 1:1000 mouse CST (2213S) 

GSK-3α/β(D75D3) 

mAB 

1:1000 rabbit CST (5676S) 

Phospho-GSK-3α/β 
(Ser21/9) 

1:100 rabbit CST(9331S) 

GAPDH (6C5) mAB 1:2000 mouse Abcam (ab8245) 

 

Cell signalling technology (CST), Monoclonal antibody (mAB), Tyrosine (Tyr), Serine (Ser), 

Treonine (Thr), glyceraldehyde-3-phosphate dehydrogenase (GAPDH). 
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Table 2 Secondary antibody 

Secondary 

Andibody 

Dilution Sorce  Brand (Product number) 

IRDye® 800CW 

anti-Rabbit 

1:10000 Goat LI-COR Biosciences (926-

32211) 

IRDye® 800CW 

anti-Mouse 

1:10000 Goat LI-COR Biosciences (926-

32210) 

IRDye® 680 RD 

anti-Rabbit 

1:10000 Goat LI-COR Biosciences (926-

68071) 

IRDye® 680 RD 

anti-Mouse 

1:10000 Goat LI-COR Biosciences (926-

68070) 

 

2.11.3 Immunoprecipitation 

Immunoprecipitation was performed to determine the levels of eNOS 

phosphorylated on the tyr656 site. Therefore, heart samples were pulverized in dry 

ice, collected, and lysed in a lysis buffer. For eNOS precipitation, 2mg of protein 

lysate was incubated overnight with an Anti-NOS III antibody (BD Bioscience 

610297; 2 µg/mg protein lysate). After that, agarose immunoprecipitation was 

performed. In brief, after elution, 25µl of the sample was loaded onto 8% SDS gels, 

and standard immunoblot protocol was performed. Finally, membranes were 

incubated overnight with tyr656 eNOS antibody (custom-made by Eurogentec, 

freshly diluted 1:500 in Rotiblock). The bands were visualized by 

chemiluminescence signal with Western Blotting Detection Reagent (GE 

Healthcare Amersham™ ECL Select™) in Chemidoc imaging (Biorad Califórnia, 

EUA). Band intensity quantification was performed using ImageJ software, and the 

Phospho-tyr656-eNOS/eNOS ratio was expressed as a fold change of BL6 mice. 

These experiments were performed in collaboration with Prof. Dr. Ingrid Fleming 

and Dr. Mauro Siragusa from the Vascular Research Center Frankfurt am Main.  
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2.12 Plasma levels of Nitrite and Nitrate 

 

2.12.1 Sample preparation 

In order to prevent contamination, all tubes and labware were rinsed with ultrapure 

water. Mice fasted for 3 hours with only access to drinking water to avoid any diet-

induced disturbances in nitrite and nitrate levels. Next, mice were anesthetized with 

isoflurane and placed on a warm pad as previously described. Blood samples (900 

μl) were collected by heart puncture and placed in 2 ml tubes containing 100 μl of 

N-ethylmaleimide (NEM; 100 mM), ethylenediaminetetraacetic acid (EDTA; 20 

mM), and DPBS solution. Samples were centrifuged at 3000g for 2 minutes at 4ºC, 

and plasma samples were collected. The samples were immediately frozen on 

liquid nitrogen and stored at -80 ° C until further analysis. 

2.12.2 Nitrite plasma levels 

Plasma samples were thawed on ice, and nitrite concentrations were quantified by 

a chemiluminescence detector (CLD 88 e, Eco Physics GmbH, Munich, Germany) 

as previously described by Bryan (Bryan, Rassaf et al. 2004). Briefly, the nitrite 

levels were measured in a 60ºC reaction chamber filled with a solution of potassium 

iodide (45 mM) and iodine (10 mM) in 93 % acetic acid. Then, 100 μl of samples or 

a standard nitrite curve were injected into a septum by a Hamilton syringe (Hamilton 

Company, USA). Following the CLD method, the NO contained in the sample will 

be released and passed across a cooling system in the CLD analyzer using helium 

as carrier gas. The reaction between NO and ozone (O3) forms nitrogen dioxide 

(NO2), emits light, and the chemiluminescence produced is detected by a 

photomultiplier tube. Then, the CLD output voltage will be proportional to the nitrite 

concentration in the sample. A standard nitrite curve of 0-1200nM determined the 

nitrite concentration. Data analysis was performed by eDAQ Powerchrome 

software (eDAQ, Colorado Spring, USA). 
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2.12.3 Nitrate plasma levels 

Plasma nitrate concentrations were measured by high-performance liquid 

chromatography (HPLC) in ENO-30 (AMUZA INC, San Diego, USA), following the 

manufacturer’s instructions. First, samples were thawed on ice, and 10 μl of sample 

or nitrate standard curve were injected into ENO-30 without dilution. For that 

reason, the precolumn was changed every 15 samples. Then, the carrier collected 

and pushed the sample across the separation columns responsible for separating 

nitrite from nitrate. Next, the samples passed through the reduction column, which 

is responsible for converting nitrate to nitrite. Finally, Griess’s reagent N-(1-

naphthyl) ethylenediamine is added, and the two peaks are detected at 540nm. The 

area under the curve was measured using the Clarity 8.2.02.094 software package 

(DataApex, The Czech Republic).  

 

2.13 Ischemia-reperfusion injury  

 

2.13.1 Surgical procedure 

Approximately 30 minutes before the experiment, mice were administered 

subcutaneously with buprenorphine (0.1 mg/kg) to induce analgesia during the 

procedure. Mice were intubated (Venous cannula 20G), placed on a warm 

operation table (37,5ºC), and submitted to constant inhalation anesthesia (2% 

induction, 3% maintenance isoflurane v/v) using a murine respirator (micro 

ventilator, UNO, The Netherlands). Regardless of the group, all animals were kept 

for 40 minutes under inhalation anesthesia before the ischemia. The respiratory 

rate (about 120-140 breaths/min) and the body temperature (37.5°C) were kept 

constant throughout the experiment. Electrocardiogram recordings were performed 

by PowerLab 4.0 (AD Instruments, UK). The mouse's fur was removed from the 

mouse's chest using a hair removal cream (Veet, Reckitt Benckiser, United 

Kingdom), and Betaisodona was applied to the chest to disinfect the incision area. 

A thoracotomy was performed between the fourth and fifth ribs, and the pericardium 
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was carefully retracted. After that, the left descendent artery (LAD) was occluded 

(Prolene suture 8,0 ) for 30 minutes and confirmed by ST elevation on the 

electrocardiogram recorded during the ischemic phase and the first minute after 

reperfusion, followed by 24 hours of reperfusion as described (Erkens, Suvorava 

et al. 2018). These experiments were performed with the support of Stefanie 

Becher. 

2.13.2 Experimental groups  

The experimental groups were randomly divided into two phases. Phase I 

consisted of investigating whether Pyk2 affects infarct sizes and rIPC-induced 

cardioprotection. Phase II involved investigating the mechanism by which Pyk2 

inhibition affects infarct sizes. 

Phase I 

Phase I was divided into six groups: 1) IR group, mice received only a standard 

surgical procedure as described above; 2) rIPC group, in this protocol, mice were 

submitted to rIPC maneuver 40 minutes before surgery; 3) nitrite group, this group 

was subjected to the application of 48 nmol sodium nitrite (50µl) into the left 

ventricular cavity 5 min before LAD ligation.  This group was used as a positive 

control of NO-dependent cardioprotection. 4) Pyk2-I group, in this group Pyk2 

inhibitor (PF-431396), was administered intraperitoneally 15 minutes prior to LAD 

ligation; 5)Pyk2-I+rIPC group, in this group Pyk2 inhibitor, was administered 

intraperitoneally 15 minutes before the rIPC protocol was performed and 55 

minutes before LAD ligation; 6)Pyk2+nitrite group, in this group Pyk2 inhibitor, was 

administered and sodium nitrite, as described above, 15 minutes and 5 minutes 

before LAD ligation, respectively. A scheme with all the operation settings for phase 

I is illustrated in Figure 6. 
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2.14 Statistical analysis 
 

Statistical analysis was carried out with GraphPad Prism 8. If not differently 

specified, the results are given as mean ± standard error of the mean (SEM). Pared 

or an unpaired Student’s t-test was used to determine if the two groups of data 

were significantly different. Data were analyzed by 1-way or 2-way ANOVA to 

compare three or more groups, followed by Bonferroni’s or Sidak’s post hoc tests. 

The D’Agostino-Pearson test tested normal distribution, and p≤ 0.05 was 

considered statistically significant. 

 

3 Results  

 

3.1 NZO mice exhibit glucose intolerance, insulin resistance, and 

hyperinsulinemia  
 

To investigate the impact of Pyk2 on eNOS regulation in insulin resistance with 

associated hyperinsulinemia conditions, we used a well-known murine model of 

insulin resistance and T2DM, the NZO mice. Therefore, our first aim was to 

characterize this mouse model's metabolic and cardiovascular system.  

As demonstrated in Figure 12, the NZO mice exhibited a significantly higher body 

weight (BW: BL6 29±0,5 vs. NZO 51,6±0,7 p<0.0001) and heart weight (HW: BL6 

173,6±4,7 vs. NZO 264,3±10,3 p <0.0001) compared with BL6 mice. Moreover, 

NZO mice exhibited higher fasting blood glucose concentration (BL6 136,9±4,9 vs. 

NZO 162,3±10,8 p=0,039) and higher fasting insulin plasma levels (BL6 0,61±0,15 

vs. NZO 2,34±0,51 p=0,009) compared to BL6 mice. 
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Fig. 12  Basal characterization 

(A) NZO mice show higher body weight (BW) than BL6 mice. (B) NZO mice show higher heart 
weight (HW) compared to BL6 mice. BL6 and NZO n=12. (C) NZO shows higher fasting blood 
glucose than BL6 mice. BL6 and NZO n=17. (D) NZO mice show greater insulin plasma levels than 
BL6 mice. BL6 and NZO n=6. BL6 mice individuals' values are represented in black, and NZO mice 
individuals' values are represented in blue. Statistic: Unpaired t-test, data shown as mean± SEM. 
*p<0,05, **p<0,01, *** p<0,0001.  

 

Furthermore, as demonstrated in Figure 13, the assessment of metabolic tolerance 

tests showed that NZO mice exhibit a significantly higher blood glucose 

concentration after glucose (AUC of GTT: BL6 21221±1957,7 vs. NZO 

40036±3920,1 p=0,0010) and insulin administration (AUC of ITT: BL6 7413±224,6 

vs. NZO 10903±1111,7 p=0,0096) compared to BL6 mice. 
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Fig. 13 NZO mice present insulin resistance and glucose intolerance  

(A)Glucose tolerance test (GTT) shows that NZO mice present significant glucose intolerance 
compared to BL6 mice. The area under the curve (AUC) of GTT demonstrates that NZO mice show 
higher AUC compared to BL6 mice. (B) The insulin tolerance test (ITT) demonstrates that NZO mice 
present higher insulin resistance than BL6 mice. The area under the curve (AUC) of ITT), shows 
that NZO mice exhibit a significantly higher area under the curve compared to BL6 mice. BL6 mice 
individuals' values are represented in black, and NZO mice individuals' values are represented in 
blue. BL6 and NZO n=7. Unpaired t-test data are shown as mean± SEM. *p<0,05, **p<0,01, *** 
p<0,0001.  

 

In addition, as demonstrated in Figure 14, the assessment of cardiac function by 

echocardiography showed that the NZO mice have similar heart rates (HR: BL6 vs. 

NZO p=0,34), cardiac output index (COI: BL6 vs. NZO p=0,53), stroke volume 

index (SVI: BL6 vs. NZO p=0,99), ejection fraction (EF: BL6 vs. NZO p=0,31), end-
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systolic volume index (ESVI: BL6 vs. NZO p=0,17) and end-diastolic volume index 

(EDVI: BL6 vs. NZO p=0,28) to BL6 mice.  
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 Fig. 14 Cardiac function assessed by echocardiography 

A) Heart Rate (HR). B) Cardiac output index (COI). C) Stroke volume index (SVI). D) Ejection 
fraction (EF). E) End systolic volume index (ESVI). F) End diastolic volume index (EDVI). BL6 mice 
individuals' values are represented in black, and NZO mice individuals' values are represented in 
blue. BPM (beats per minute). BL6 and NZO n=8-11. Unpaired t-test data are shown as mean± 
SEM.  

 

3.2 Insulin signaling pathway in skeletal muscle and cardiovascular 

tissues 

Proteins involved in the insulin signaling pathway were investigated through insulin 

stimulation experiments to determine the sensibility of skeletal muscle and 

myocardium to insulin.  
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3.2.1  Skeletal muscle 

The soleus muscle was used to determine the effects of insulin on skeletal muscle 

metabolism. Upon binding to its receptor, insulin can initiate two central signaling 

cascades: the metabolic pathway represented by AKT activation, resulting in 

GLUT-4 translocation, and the mitogenic pathway represented by ERK activation 

responsible for chronic insulin responses. As demonstrated in Figure 15, insulin 

increases the soleus phosphorylation of AKT on the ser473 side regardless of the 

group investigated (pAKT/GAPDH: BL6 fasting vs. BL6 insulin p=0,0056; NZO 

fasting vs. NZO insulin=0,01) (pAKT/AKT: BL6 fasting vs. BL6 insulin p=0,02; NZO 

fasting vs. NZO insulin=0,006). Furthermore, the fasting and insulin levels of p-AKT 

(BL6 fasting vs. NZO fasting p=0,9; BL6 insulin vs. NZO insulin=0,99) and total 

AKT (BL6 fasting vs. NZO fasting p=0,7; BL6 insulin vs. NZO insulin=0,11) were 

not different between the groups. However, in BL6 mice, the total AKT amount 

increased in response to insulin, whereas the AKT amount was not affected in 

response to insulin in the NZO mice (BL6 fasting vs. BL6 insulin p=0,03; NZO 

fasting vs. NZO insulin p=0,4).  
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respectively. Total GSK3 α/β was not different between and within the groups.













Insulin does not affect GSK3 α/β levels in the skeletal muscle

Western blot analysis of GSK3 α/β expression after insulin stimulation in soleus. A) Representative 
Western blot signal of GSK3 α/β levels. B) Ratio of pGSK3 α/β/GSK3 α/β. C) Levels of p
GSK3 α/β in response to insulin. D) GSK3 α/β total 
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The measurement of GSK3 α/β activity and expression in the heart demonstrated 

 ) that the phosphorylation (ser21/9) of the GSK3α/β and its ratio was 
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GSK3α/β/GAPDH: NZO fasting vs

GSK3α/β/GSK3: NZO faNZO insulin p=0,99). Total GSK3 α/β was 













Insulin does not affect GSK3 α/β levels in the heart of NZO mice

Western blot analysis of GSK3 α/β expression after insulin stimulation in the heart. A) 
Representative Western blot signal of GSK3 α/β levels. B) Ratio of pGSK3 α/β/GSK3 α/β. 
GSK3 α/β in response to insulin. D) GSK3 α/β tot
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Fig. 28, blue line) with reduced maximum dilution compared to BL6 mice (BL6 

19,59±1,76% vs. NZO 4,05±0,73% p <0,0001).  

Furthermore, to investigate the role of Pyk2 in regulating endothelial function in 

insulin resistance, we administrated a pharmacological Pyk2 inhibitor prior to the 

endothelial function assessment. Interestingly, the use of Pyk2 inhibitor resulted in 

the regaining of endothelial-dependent dilatory response in NZO mice, 

demonstrated as increased responsiveness to fluid shear stress during the FMD 

assessment (Fig. 28, red line) and increased maximal dilation (Max dilation NZO 

4,05±0,73% vs. NZO+Pyk2-I 20,26±3,17% p= 0,0032) similar to the one observed 

in BL6 mice (BL6 19,59±1,76% vs. NZO+Pyk2-I 20,26±3,17% p=0,65). 

Nonetheless, Pyk2 inhibition did not affect the endothelial function of BL6 mice (Fig. 

28 green line: BL6 19,59±1,76 vs. BL6+Pyk2-I 15,97±3,50 p=0,99).  
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Fig. 28 Assessment of endothelial function in vivo 

Endothelial function assessment by Flow-mediated vasodilation (FMD). Changes of iliac artery 

diameter during 5 minutes of ischemia following 5 minutes of reperfusion (Left). Maximal dilation 

response after cuff release (reperfusion phase) (right). One-way ANOVA, Tukey’s multiple 
comparison tests, data are shown as mean± SEM. **p<0,01, *** p<0,0001, ns= no significant. BL6 

n=21, BL6+Pyk2-I n=10, NZO n=16, NZO+Pyk2-I n=14.  
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3.4 Pyk2 inhibition normalizes NZO mice´s arterial blood pressure 
 

To evaluate whether Pyk2 inhibition affects systemic hemodynamics in our mouse 

model, an invasive blood pressure assessment was performed. NZO mice show 

increased systolic blood pressure (BL6 91,8±3,3 vs. NZO 112,1±4,2 p=0,003) with 

a significant increase in mean arterial blood pressure (BL6 75,4±3,3 vs. NZO 

88,8±1,8 p=0,006), and total peripheral resistance (BL6 3,1±0,2 vs. NZO 4,2±0,2 

p=0,0026) (Fig. 29) compared to BL6 mice. Furthermore, Pyk2 inhibitor 

administration resulted in a significant decrease in systolic blood pressure (BL6 

91,8±3,3 vs. NZO+Pyk2-I 92,0±3,8 p=0,99; NZO 112,1±4,2  vs. NZO+Pyk2-I 

92,0±3,8 p=0,006), mean arterial pressure (BL6 75,4±3,3 vs. NZO+Pyk2-I 69,9±3,7 

p=0,41; NZO 88,8±1,8 vs. NZO+Pk2-I 69,9±3,7  p=0,0006), and total peripheral 

resistance (BL6 3,1±0,2  vs. NZO+Pyk2-I 2,7±0,3 p=0,50; NZO 4,2±0,2 vs. 

NZO+Pk2-I 2,7±0,3 p=0,0004) in NZO mice.  

 

Fig. 29 Systemic hemodinamics  

Systemic hemodynamics changes assessed by Millar catheter. A) Systolic blood pressure, B) 

diastolic blood pressure, C) Mean arterial blood pressure (MAP), D) total peripheral resistance 
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   Tukey’s multiple comparison tests, data are shown as mean± SEM. 
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3.6 Pyk2 inhibition restores the loss of cardioprotection mediated by 

rIPC in NZO mice 
 

As mentioned previously, cardiovascular diseases are the leading cause of death 

among diabetes patients. Therefore, investigating new therapies that alleviate 

detrimental cardiovascular outcomes in diabetic patients is crucial. Therefore, our 

next aim was to determine whether Pyk2 inhibition affects the heart responsiveness 

to the cardioprotective effects of rIPC. 

Hence, when submitted to myocardial ischemia-reperfusion surgery, as shown in 

Figure 34, NZO mice demonstrated significantly larger infarct sizes compared to 

BL6 mice (BL6+IR 24,77±2,63% vs. NZO+IR 39,58±2,02%, p= 0,004). 

Furthermore, the administration of the Pyk2 inhibitor did not affect the infarct sizes 

in either of the groups (BL6+IR 24,77±2,63% vs. BL6+Pyk2-I 28,05±2,33%, 

p=0,77; NZO+IR 39,58±2,02% vs. NZO+Pyk2-I 40,82±4,84%, p=0,99). The area 

at risk was similar among the groups (BL6+IR 48,59±1,77%, NZO+IR 

49,10±1,99%, BL6+Pyk2-I 44,67± 2,05%, NZO+Pyk2-I 55,35±2,48%). However, 

the group NZO+Pyk2-I exhibited a larger area at risk (55,35±2,48%) compared to 

the group BL6+Pyk2-I (44,67± 2,05%) (BL6+Pyk2-I vs NZO+Pyk2-I p=0,043). In 

addition, the cardiac function assessment before post-myocardial ischemia-

reperfusion surgery demonstrated a reduction of ejection fraction in NZO and BL6 

mice regardless of Pyk2 inhibition (Table 3). BL6 mice presented a significant 

decrease in EF (BL6 vs. BL6 post-IR p= 0.0422) and SVI (BL6 vs. BL6 post-IR p= 

0.0131), followed by increased ESVI (BL6 vs. BL6 post-IR p= 0.0302) 24h after 

infarct. NZO mice showed a significant reduction of EF (NZO vs. NZO post-IR p= 

0.0007), SVI (NZO vs. NZO post-IR p= 0.0002), and COI (NZO vs. NZO post-IR p= 

0.0022) and increased in ESVI (NZO vs. NZO post-IR p= 0.0369).  

 















         


   way ANOVA, Tukey’s multiple comparison tests, data are shown as 
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Table 3 Echocardiography of mice subjected to myocardial ischemia-reperfusion surgery (± Pyk2 
inhibition) 

 

Ischemia-reperfusion (IR), Pyk2 inhibition (Pyk2-I), heart rate (HR), ejection fraction (EF), end-

systolic volume index (ESVI), end-diastolic volume index (EDVI), stroke volume index (SVI), cardiac 

output index (COI). Pared t-test. Data shown as mean ± standard deviation, p-value ≤0,05 is marked 
in bold. 

Moreover, as demonstrated in Figure 35, the rIPC maneuver significantly reduced 

infarct sizes in BL6 mice (BL6+IR 24,77±2,63% vs. BL6+rIPC 11,40±0,55%, p= 

0,0002), whereas rIPC maneuver failed to reduce infarct sizes in NZO mice 

(NZO+IR 39,58±2,02% vs. NZO+rIPC 36,04±4,98%, p= 0,74). Notably, the use of 

exogenous nitrite significantly reduced infarct sizes in BL6 (BL6+IR 24,77±2,63% 

vs. BL6+Nitrite 14,69±1,30%,p= 0,0023) and NZO (NZO+IR 39,58±2,02% vs. 

NZO+Nitrite 21,95±2,64%,p=0,017) mice. The area at risk was not different among 

the groups (BL6+IR 48,59±1,77%, BL6+rIPC 48,89 ±2,09%, BL6 nitrite 52,82± 

3,16%, NZO+IR 49,10±1,99%, NZO+ rIPC 47,08±2,76%, NZO Nitrite 

48,08±2,73%, NZO+Pyk2-I 55,35±2,48%, NZO+PYK2-I+rIPC 52,70±1,85%, 

NZO+Nitrite+Pyk2-I 43,99±1,65%). 

Interestingly, Pyk2 inhibition in combination with rIPC maneuver significantly 

decreased infarct sizes in NZO mice (NZO+PYK2-I 40,82±4,84% vs. NZO+PYK2-

I+rIPC 21,50±3,34%,p= 0,0037, Fig.36). Similarly, the use of Pyk2 in combination 

with nitrite also reduced infarct sizes in NZO mice  (NZO+PYK2-I 40,82±4,84% vs. 

BL6

Parameters Baseline Post AMI p-value Baseline Post AMI p-value

HR(bpm) 407 ± 25 463 ± 51 0.0943 432 ± 47 445 ± 56 0.5917

EF (%) 52.7 ± 7.16 37.8 ± 8.09 0.0422 51.4 ± 7.28 39.3 ± 4.59 0.0368

ESVI (µL/cm²) 1.36 ± 0.13 1.65 ± 0.26 0.0302 1.31 ± 0.25 1.49 ± 0.23 0.1129

EDVI (µL/cm²) 2.89 ± 0.24 2.58 ± 0.39 0.2318 2.59 ± 0.24 2.8 ± 0.32 0.0581

SVI (µl/cm²) 1.64 ± 0.31 1.13 ± 0.17 0.0131 1.28 ± 0.41 1.11 ± 0.33 0.0631

COI (mL/min/cm²) 0.62 ± 0.12 0.53 ± 0.22 0.0593 0.58 ± 0.08 0.63 ± 0.08 0.2903

NZO

Parameters Baseline Post AMI p-value Baseline Post AMI p-value

HR(bpm) 474 ± 31 480 ± 69 0.1746 459 ± 41 475 ± 35 0.4778

EF (%) 52.3 ± 8.2 34.3 ± 8.8 0.0007 51.4 ± 8.2 42.2 ± 11.6 0.0244

ESVI (µL/cm²) 1.31 ± 0.27 1.75 ± 0.52 0.0369 1.26 ± 0.29 1.24 ± 0.14 0.5616

EDVI (µL/cm²) 2.75 ± 0.35 2.63 ± 0.53 0.4042 2.42 ± 0.29 2.08 ± 0.15 0.0332

SVI (µl/cm²) 1.54 ± 0.31 0.88 ± 0.18 0.0002 1.57 ± 0.12 0.91 ± 0.20 0.0092

COI (mL/min/cm²) 0.64 ± 0.17 0.44 ± 0.11 0.0022 0.64 ± 0.09 0.63 ± 0.15 0.9098

IR (n=7) Pyk2-I (n=6)

IR (n=8) Pyk2-I (n=8)









        





      













         


way ANOVA, Tukey’s multiple comparison tests, data are shown as mean± 
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Table 4 Echocardiography of mice subjected to myocardial ischemia-reperfusion (rIPC and nitrite 
groups) 

 

Remote ischemic preconditioning (rIPC), Pyk2 inhibition (Pyk2-I), heart rate (HR), ejection fraction 

(EF), end-systolic volume index (ESVI), end-diastolic volume index (EDVI), stroke volume index 

(SVI), cardiac output index (COI). Pared t-test. Data shown as mean ± standard deviation, p-value 

≤0,05 is marked in bold. 

Furthermore, we investigated whether the mechanism in which Pyk2 inhibition 

leads to improved cardioprotection following rIPC occurs in an eNOS-dependent 

manner. Therefore, we repeated the myocardial ischemia-reperfusion groups that 

presented reduced infarct sizes and added a NO scavenger (CPTIO). As 

demonstrated in Figure 36, the use of CPTIO increased the infarct sizes in BL6 that 

received rIPC maneuver and nitrite (BL6+rIPC 11,40±0,55% vs. BL6+CPTIO+rIPC 

31,05±1,83%, p<0,0001; BL6+Nitrite 14,69±1,30% vs. BL6+CPTIO+Nitrite 

33,69±1,61%, p<0,0001), demonstrating the potential role of NO in reducing infarct 

sizes in these groups. Furthermore, the use of nitrite also increased the infarct sizes 

and NZO that received nitrite and the NZO that received Pyk2 inhibitor and 

BL6

Parameters Baseline Post AMI p-value Baseline Post AMI p-value

HR(bpm) 449 ± 30 493 ± 48 0.1098 433 ± 65 509 ± 47 0.0756

EF (%) 51.5 ± 10.5 46.9 ± 10.3 0.1823 53.6 ± 3.84 50.4 ± 6.29 0.0688

ESVI (µL/cm²) 1.62 ± 0.84 2.42 ± 0.64 0.1034 1.76 ± 0.5 1.47 ± 0.44 0.1798

EDVI (µL/cm²) 3.23 ± 0.94 3.82 ± 0.79 0.1199 3.08 ± 0.72 3.11 ± 0.86 0.8657

SVI (µl/cm²) 1.61 ± 0.49 1.40 ± 0.43 0.3656 1.32 ± 0.23 1.64 ± 0.53 0.1094

COI (mL/min/cm²) 0.72 ± 0.23 0.69 ± 0.23 0.7949 0.57 ± 0.11 0.84 ± 0.31 0.0904

NZO

Parameters Baseline Post AMI p-value Baseline Post AMI p-value

HR(bpm) 428 ± 44 455 ± 51 0.055 454 ± 27 442 ± 34 0.4976

EF (%) 51.1 ± 7.8 30.7 ± 11.7 0.0176 51.9 ± 12.3 50 ± 11.6 0.1622

ESVI (µL/cm²) 1.29 ± 0.34 1.91 ± 0.63 0.0396 1.12 ± 0.41 1.06 ± 0.31 0.3033

EDVI (µL/cm²) 2.64 ± 0.63 2.7 ± 0.58 0.4336 2.42 ± 0.39 2.19 ± 0.25 0.1025

SVI (µl/cm²) 1.35 ± 0.44 0.8 ± 0.2 0.0482 1.29 ± 0.33 1.13 ± 0.25 0.1027

COI (mL/min/cm²) 0.52 ± 0.16 0.37 ± 0.11 0.093 0.6 ± 0.12 0.59 ± 0.13 0.4007

NZO+Pyk2-I

Parameters Baseline Post AMI p-value Baseline Post AMI p-value

HR(bpm) 456 ± 27 440 ± 49 0.4036 411 ± 72 478 ± 28 0.0735

EF (%) 53.9 ± 12.8 54.6 ± 11.1 0.9165 58.4 ± 11.4 52 ± 9.1 0.0152

ESVI (µL/cm²) 1.11 ± 0.41 0.88 ± 0.21 0.3383 0.73 ± 0.26 0.73 ± 0.19 0.9743

EDVI (µL/cm²) 2.38 ± 0.37 1.98 ± 0.34 0.1474 1.79 ± 0.26 1.53 ± 0.26 0.2123

SVI (µl/cm²) 1.37 ± 0.31 1.1 ± 0.35 0.327 1.36 ± 0.32 1.18 ± 0.19 0.1296

COI (mL/min/cm²) 0.58 ± 0.14 0.48 ± 0.16 0.2222 0.43 ± 0.11 0.39 ± 0.08 0.3062

rIPC (n=6) Nitrite (n=5)

rIPC (n=7) Nitrite (n=6)

rIPC (n=6) Nitrite (n=7)









     



   

      

      



         

    









         


   way ANOVA, Tukey’s multiple comparison tests, data are shown as 








 

77 

 

 

Table 5 Echocardiography of mice subjected to myocardial ischemia-reperfusion (CPTIO groups) 

 

Remote ischemic preconditioning (rIPC), Pyk2 inhibition (Pyk2-I), nitric oxide scavenger (CPTIO), 

heart rate (HR), ejection fraction (EF), end-systolic volume index (ESVI), end-diastolic volume index 

(EDVI), stroke volume index (SVI), cardiac output index (COI). Pared t-test. Data shown as mean ± 

standard deviation, p-value ≤0,05 is marked in bold. 

Additionally, to evaluate whether the protective effect of rIPC on myocardial 

ischemia-reperfusion injury also involves neural activation, we repeated the rIPC 

groups with mice that had a transection of the femoral nerve.  The transection of 

the femoral nerve diminished the efficiency of rIPC-induced reduction of infarct 

sizes in BL6 mice (BL6+IR 24,77±2,63% vs. BL6+rIPC 11,40±0,55%, p= 0,0002; 

BL6+IR 24,77±2,63% vs. BL6+rIPC+F.nerve 17,56±2,18%, p=0,06). In the rIPC 

groups, the transection of the femoral nerve alone was responsible for an increased 

6% of the infarct sizes in BL6 mice (BL6+rIPC 11,40±0,55% vs. BL6+rIPC+F.nerve 

17,56±2,18%). Importantly, this effect was also observed in NZO mice that received 

Pyk2 inhibitor (NZO+PYK2-I+rIPC 21,50±3,34% vs. NZO+Pyk+rIPC+F.nerve 

26,26±2,80%, p=0,06; Fig.37) but not in native NZO mice (NZO+rIPC 36,04±4,98% 

vs. NZO+rIPC+F.nerve 39,14±2,77%, p=0,82). The AAR was similar among the 

groups (BL6+IR 48,59±1,77%, BL6+rIPC 48,89±2,09%, BL6+rIPC+F.nerve 

47,05±2,91%, NZO+IR 49,10±1,99%, NZO+ rIPC 47,08±2,76%, NZO+rIPC+F. 

BL6

Parameters Baseline Post AMI p-value Baseline Post AMI p-value

HR(bpm) 448 ± 49 476 ± 38 0.7298 439 ± 47 461 ± 55 0.6014

EF (%) 51.8 ± 6.12 41.5 ± 3.1 0.005 51.5 ± 5.67 41.3 ± 4.56 0.0346

ESVI (µL/cm²) 1.41 ± 0.3 1.54 ± 0.3 0.2727 1.68 ± 0.41 1.76 ± 0.36 0.5095

EDVI (µL/cm²) 2.8 ± 0.25 2.46 ± 0.42 0.0367 2.95 ± 0.54 2.59 ± 0.58 0.1364

SVI (µl/cm²) 1.4 ± 0.23 0.93 ± 0.23 0.0039 1.27 ± 0.39 0.83 ± 0.27 0.0643

COI (mL/min/cm²) 0.73 ± 0.09 0.6 ± 0.13 0.008 0.58 ± 0.2 0.63 ± 0.2 0.6027

NZO

Parameters Baseline Post AMI p-value Baseline Post AMI p-value

HR(bpm) 434 ± 46 442 ± 51 0.7704 415 ± 54 449 ± 51 0.0577

EF (%) 49.4 ± 9.04 38.3 ± 6.48 0.0264 51.8 ± 5.69 38.2 ± 3.13 0.0148

ESVI (µL/cm²) 1.36 ± 0.17 1.61 ± 0.14 0.1151 1.06 ± 0.44 1.15 ± 0.18 0.8737

EDVI (µL/cm²) 2.41 ± 0.14 2.29 ± 0.15 0.2551 1.88 ± 0.4 2.11 ± 0.29 0.8026

SVI (µl/cm²) 1.05 ± 0.17 0.68 ± 0.11 0.0109 1.22 ± 0.13 0.85 ± 0.18 0.0535

COI (mL/min/cm²) 0.6 ± 0.14 0.45 ± 0.1 0.0078 0.64 ± 0.84 0.42 ± 0.04 0.4223

rIPC+CPTIO (n=6) Nitrite+CPTIO (n=6)

Pyk2+rIPC+CPTIO (n=5)Nitrite+CPTIO (n=5)
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of the groups that received rIPC maneuver (BL6+rIPC 11,40±0,55% vs. 

BL6+U0126+rIPC 25,62±3,37%, p=0,006; NZO+Pyk2-I+rIPC 21,50±3,34% vs. 

NZO + Pyk2+rIPC+U0126 38,72±3,31%,p=0,0098; Fig.38), suggesting that the 

ERK1/2 signaling pathway also participates in the mechanism in which rIPC 

mediates cardioprotection. All the AAR was similar between the groups (BL6+IR 

48,59±1,77%, BL6+U0126 48,29±1,09%, BL6+rIPC 48,89 ±2,09%, BL6+ 

rIPC+U0126 47,61±1,69%, NZO+IR 49,10±1,99%, NZO+U0126 48,50±1,01%, 

NZO+ rIPC 47,08±2,76%, NZO+rIPC+U0126 48,35±1,66%, NZO+Pyk2-I 

55,35±2,48%, NZO+Pyk2+U0126 46,03±1,56%, NZO+PYK2-I+rIPC 52,70±1,85%, 

NZO+ Pyk2+rIPC+U0126 47,94±1,01%). As illustrated in Table 6, the use of U0126 

did not affect the cardiac function of BL6 and NZO mice. However, NZO mice that 

received Pyk2 inhibitor and U0126 presented impairment of cardiac function 

regardless of rIPC maneuver (EF: NZO+Pyk2+U0126 vs. NZO+Pyk2+U0126 post-

IR p= 0.0024; NZO+Pyk2+U0126+rIPC vs. NZO+Pyk2+U0126+rIPC post-IR p= 

0.0116). 
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Table 6 Echocardiography of mice subjected to myocardial ischemia-reperfusion (U0126 groups) 

 

Remote ischemic preconditioning (rIPC), Pyk2 inhibition (Pyk2-I), Mitogen-activated protein kinase 

inhibitor (U0126), heart rate (HR), ejection fraction (EF), end-systolic volume index (ESVI), end-

diastolic volume index (EDVI), stroke volume index (SVI), and cardiac output index (COI). Pared t-

test. Data shown as mean ± standard deviation, p-value ≤0,05 is marked in bold. 

 

4 Discussion 
 

This study investigated the role of Pyk2-mediated regulation of eNOS and its 

consequences for endothelial function and endothelial-dependent remote 

cardioprotection in insulin resistance and hyperinsulinemia conditions. Pyk2-

mediated eNOS negative regulation was hypothesized to be the key mechanism 

BL6

Parameters Baseline Post AMI p-value Baseline Post AMI p-value

HR(bpm) 430±23 505±41 0.0095 450±19 479±45 0,073

EF (%) 43.59±6.2 46.25±8.1 0.4984 53.75±5.9 45.19±10 0,1398

ESVI (µL/cm²) 1.49±0.35 1.49±0.34 0,9924 1.27±0.47 1.51±0.29 0,2541

EDVI (µL/cm²) 2.64±0.37 2.8±0.59 0,6453 2.71±0.76 2.78±0.55 0,825

SVI (µl/cm²) 1.14±0.13 1.31±0.42 0,3358 1.44±0.31 1.27±0.47 0,4766

COI (mL/min/cm²) 0.29±0.05 0.66±0.20 0,0606 0.65±0.15 0.63±0.27 0,8414

NZO

Parameters Baseline Post AMI p-value Baseline Post AMI p-value

HR(bpm) 433±60 434±100 0.9910 441±39 448±63 0,9663

EF (%) 44.6±8.44 38.43±7.01 0.3205 46.5±7.30 49.35±3.45 0,1538

ESVI (µL/cm²) 1.74±0.50 1.82±0.48 0.8129 1.30±0.32 1.33±0.18 0,5884

EDVI (µL/cm²) 3.11±0.56 2.93±0.53 0.5718 2.46±0.32 2.62±0.3 0,6293

SVI (µl/cm²) 1.38±0.21 1.12±0.17 0.0683 1.16±0.15 1.29±0.17 0,0427

COI (mL/min/cm²) 0.59±0.10 0.47±0.09 0.0384 0.51±0.07 0.59±0.16 0,2462

NZO+Pyk2-I

Parameters Baseline Post AMI p-value Baseline Post AMI p-value

HR(bpm) 413±57.3 525±70 0,0095 451±48 430±58 0,0722

EF (%) 53±8.3 43.4±10.7 0,0024 45.13±3.74 36.42±5.2 0,0116

ESVI (µL/cm²) 1.38±0.64 1.57±0.7 0,4736 1.38±0.32 1.50±0.23 0,0443

EDVI (µL/cm²) 2.87±0.8 2.70±0.92 0,6754 2.53±0.56 2.39±0.47 0,4448

SVI (µl/cm²) 1.49±0,20 1.13±0.32 0,0662 1.15±0.26 0.88±0.26 0,0324

COI (mL/min/cm²) 0.62±0.12 0.59±0.17 0,692 0.53±0.17 0.38±0.17 0,0127

U0126 (n=6) U0126+rIPC (n=6)

U0126 (n=5) U0126+rIPC (n=5)

U0126 (n=5) U0126+rIPC (n=7)
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involved in endothelial dysfunction and blunted rIPC-induced cardioprotection 

observed in insulin resistance. Therefore, the following aims were proposed to 

address this hypothesis: 1-Perform the cardiac and metabolic characterization of a 

murine model of insulin resistance and hyperinsulinemia exhibiting endothelial 

dysfunction. 2-Determine the effect of Pyk2-inhibition on endothelial function and 

systemic hemodynamics. 3-Investigate the role of Pyk2-induced eNOS regulation 

and function. 4-Analyze the role of Pyk2 and its inhibition on eNOS-dependent 

remote cardioprotection.  

The main findings of this study (Fig. 39) are the following: 

1-NZO mice showed systemic insulin resistance, glucose intolerance, 

hyperinsulinemia, hypertension, increased peripheral resistance, endothelial 

dysfunction, and preserved cardiac function.  

2-Pyk2 inhibition effectively rescued endothelial-dependent dilatory response and 

normalized arterial blood pressure and peripheral resistance in diabetic NZO mice.  

3-The mechanism involved in Pyk2-mediated eNOS regulation occurs due to 

increased tyr657 phosphorylation, which abolishes eNOS functionality and its 

capacity to produce NO properly. Pyk2 inhibition alleviates eNOS abrogation by 

reducing Pyk2-mediated tyr657 phosphorylation on eNOS, which restores NO 

bioavailability. 

4-Pyk2 inhibition restores the cardioprotective effects of rIPC in NZO mice 

subjected to myocardial ischemia-reperfusion insult. The mechanism involved in 

this process occurs in a NO and MAPK/RISK pathway-dependent manner with 

minor participation of neural signaling. 
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cardioprotective effects of rIPC in NZO mice subjected to myocardial ischemia-reperfusion insult. 

The mechanism involved in this process occurs in a NO and MAPK/RISK pathway-dependent 

manner with minor participation of neural signaling. Endothelial cell (EC), vascular smooth muscle 

cells (VSMC), Blood pressure (BP), total peripheral resistance (TPR), Nitrite (NO2-), nitrate (NO3-), 

Infarct size (IS), 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide. (CPTIO), 

femoral nerve transection (F.nerve).Created by Amanda Brum with Biorender. 

 

4.1 Cardiometabolic characterization of the NZO mice 
 

Diabetes mellitus and insulin resistance are strongly associated with the 

development of endothelial dysfunction and increased cardiovascular risk. 

However, the underlying mechanism of this phenomenon remains unclear. 

Therefore, choosing a proper murine model that mimics the conditions observed in 

patients is crucial to investigating pathological mechanisms and uncovering 

potential therapeutic target molecules. Hence, we decided on the NZO mice as our 

murine model in this study.  

The NZO mouse is an inbred strain, a well-known model for studying obesity, 

T2DM, insulin resistance, and metabolic syndrome (Crofford and Davis 1965, 

Ortlepp, Kluge et al. 2000, Altenhofen, Khuong et al. 2023). NZO mice develop 

polygenic obesity and glucose intolerance, and around 50% of the males develop 

T2DM. When fed with a standard chow diet, the onset of T2DM occurs 

approximately 16-20 weeks, whereas, on a high-fat diet, this process is accelerated 

by three weeks (Leiter, Reifsnyder et al. 1998, Haskell, Flurkey et al. 2002, Jürgens, 

Neschen et al. 2007). In addition, NZO mice also develop insulin resistance, 

hyperinsulinemia, dyslipidemia, and hypertension (Veroni, Proietto et al. 1991, 

Ortlepp, Kluge et al. 2000, Kluge, Scherneck et al. 2012). Furthermore, preliminary 

data from our working group demonstrated that NZO mice develop endothelial 

dysfunction in an age-dependent manner, with onset at 15 to 20 weeks of age (Data 

not shown).  

In accordance with the literature (Ferreras, Kelada et al. 1994, Ortlepp, Kluge et al. 

2000, Cho, Kim et al. 2007), our data indicated the NZO mice develop obesity, 

hypertension, hyperinsulinemia, hyperglycemia, impaired glucose tolerance, 
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systemic insulin resistance, and hypertension. In addition, the Western blot 

analysis indicates that although the skeletal muscle of the NZO mice remains 

sensitive to insulin, the heart of these mice exhibits signs of impairment of insulin-

induced phosphorylation of AS160 and GSK3α/β. Furthermore, the NZO mice also 

presented a decreased expression of eNOS in the heart, which may affect the heart 

endothelial cells' ability to produce NO and participate in the maintenance of 

endothelial function in those mice.  

Altogether, our metabolic and cardiac characterization confirms that the NZO mice 

exhibit systemic insulin resistance and hyperinsulinemia followed by impaired 

endothelial and preserved cardiac function. Thus, this data suggests that the NZO 

is a suitable mouse model for investigating the role of Pyk2 on eNOS regulation, 

endothelial function, and endothelial-dependent remote cardioprotection under 

insulin resistance and hyperinsulinemia conditions. This fact is essential to increase 

the possibility of future translation of our results into clinical practice.  

 

4.2 Pyk2 inhibition restores endothelial function in NZO mice 
 

Endothelial function is a marker of cardiovascular health, and its dysfunction has 

been shown to aggravate cardiovascular risk. Patients with T2DM and non-

diabetics with insulin resistance develop endothelial dysfunction prior to 

cardiovascular events, indicating endothelial dysfunction as a hallmark of future 

cardiovascular complications (Takeda, Matoba et al. 2020). Therefore, improving 

endothelial function is key to alleviating cardiovascular risk and complications in 

those individuals. 

The primary approach to determining endothelial function is assessing endothelial-

dependent relaxation response to shear stress (FMD, in vivo) and acetylcholine 

(aortic rings or myograph, ex vivo). In those methods, a blunted relaxation response 

to those stimuli is considered endothelial dysfunction. The present study 

demonstrated, for the first time in vivo, the impairment of endothelial-dependent 
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vasorelaxation response to shear stress in NZO mice. These results align with 

experiments by Marchesi and colleagues (Marchesi, Ebrahimian et al. 2009), which 

showed that the NZO mice have endothelial dysfunction demonstrated as impaired 

endothelial-dependent relaxation response to acetylcholine. In addition, Marchesi’s 

study also showed eNOS uncoupling, reduced NO output, and increased 

perivascular oxidative stress as the leading cause of NZO mice endothelial 

dysfunction. 

Moreover, the lack of vasodilation observed in NZO mice during the FMD 

assessment was comparable to those observed in eNOS knockout (eNOS KO) 

mice and BL6 mice that received the NOS inhibitor, previously by our working group 

(Erkens, Kramer et al. 2015). This data determined that the dilatory response 

observed during the FMD occurs in an eNOS-dependent matter. This data 

suggests that the impairment in dilatory response observed in NZO mice occurs 

due to an impairment of eNOS activity/function that leads to a dysfunctional vessel 

response to fluid shear stress. Additionally, this data supports our hypothesis that 

the endothelial dysfunction observed in NZO mice occurs due to an abolishing of 

eNOS function, resulting in reduced eNOS-dependent vasodilation in those mice.  

Interestingly, those data are consistent with the studies performed by Fisslthaler 

and Loot (Fisslthaler, Loot et al. 2008, Loot, Schreiber et al. 2009), which 

demonstrated that oxidative stress and insulin lead to endothelial dysfunction and 

reduced NO output. This mechanism occurs mainly due to Pyk2-mediated eNOS 

inhibition through tyr657 phosphorylation. Interestingly, our results support their 

observations, in which the inhibition of Pyk2 restored the endothelial-dependent 

relaxation response to shear stress and acetylcholine despite the insulin resistance 

hyperinsulinemic status of NZO mice (Erkens, Duse et al. 2023).  

Several studies have shown that insulin-dependent vasodilation response occurs 

by AKT-mediated serine1177 phosphorylation on eNOS (Fisslthaler, Loot et al. 

2008, Symons, McMillin et al. 2009, Heiss, Rodriguez-Mateos et al. 2015). Indeed, 

a recent study performed by Akther and colleagues demonstrated that UCD-T2DM 
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rats have impaired endothelial function caused mainly by reduced insulin-mediated 

AKT-eNOS phosphorylation (Akther, Razan et al. 2021). However, studies showed 

that insulin also mediates eNOS inhibition through Pyk2-mediated tyrosine 657 

phosphorylation, which results in eNOS inhibition regardless of parallel eNOS 

stimulation (Viswambharan, Yuldasheva et al. 2017). Fisslthaler and colleagues 

have shown that Pyk2 mediates eNOS phosphorylation on 

tyr657(Human)/tyr656(mouse) within the FMN binding domain, which leads to a 

direct inhibitory effect resulting in impairment in the generation of NO, O2
- or 

citrulline (Fisslthaler, Loot et al. 2008). This data was supported by Viswambharan 

et al. (2017), who have shown that the endothelial-specific over-sensibility to insulin 

leads to endothelial dysfunction due to eNOS abrogation mediated by Pyk2 

overactivity followed by increased eNOS phosphorylation on tyr657 side 

(Viswambharan, Yuldasheva et al. 2017). Our data is in line with those previous 

studies, as we demonstrated that the NZO mice developed endothelial dysfunction 

mainly due to a reduction in eNOS activity as a result of an increased Pyk2 activity 

followed by higher phosphorylation of eNOS on its inhibitory site tyr656. Pyk2 

inhibitor reduces eNOS inhibition by tyr656 phosphorylation and limits endothelial 

dysfunction caused by insulin resistance and hyperinsulinemia.  

 

Additionally, this data was validated by our ex vivo findings, assessed by aortic 

rings. The aortas of NZO mice showed reduced endothelial-dependent relaxation 

responses to acetylcholine compared to BL6 mice. In line with the in vivo 

assessment, the use of Pyk2 inhibitor restores the dose-response sensibility to 

acetylcholine in NZO mice, demonstrated as a regain of vessel relaxation response 

to acetylcholine (Erkens, Duse et al. 2023). This data supports the in vivo 

assessment of endothelial function and determines an abrogation of eNOS-

dependent vasodilation on NZO mice. Therefore, these results demonstrated that 

the NZO mice have endothelial dysfunction, characterized by a lack of 

responsiveness to eNOS-dependent dilatory stimuli such as fluid shear stress and 

acetylcholine. The use of  Pyk2 inhibitor restores the endothelial function of these 

mice, suggesting Pyk2 as the primary negative regulator of eNOS activity in this 
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mouse model. Furthermore, this data supports our hypothesis that Pyk2 modulates 

eNOS-dependent vasodilation and endothelial function in insulin-resistance 

conditions. 

Furthermore, this data is in line with previous studies in which the pharmacological 

Pyk2 inhibition or its gene knockdown improved endothelial function and eNOS 

activity by alleviating eNOS inhibition (Bibli, Zhou et al. 2017, Viswambharan, 

Yuldasheva et al. 2017). Additionally, Murphy et al. (2019) have shown that using 

FAK/Pyk2 inhibitor decreases vascular inflammation and limits macrophage 

infiltration in the vessel walls of a mouse model of atherosclerosis (Murphy, Jeong 

et al. 2019). Similarly, Zhang and colleagues (Zhang, Yang et al. 2021) recently 

showed that Pyk2 is overexpressed in the artery wall of atherosclerotic mice, and 

the inhibition of Pyk2 or the inhibition of mitochondrial calcium uniporter pathway 

reduces cell death, decreases oxidative stress, mitochondrial disruption and limit 

the development of atherosclerosis.  

Collectively, our data indicate Pyk2 as the main responsible for eNOS regulation 

and the development of endothelial dysfunction in insulin resistance conditions. 

Furthermore, the inhibition of Pyk2 alleviates the deleterious impact of 

hyperinsulinemia/insulin resistance on endothelial function, implying the inhibition 

of this molecule as a promising therapeutic target. 

4.2.1 Pyk2 Inhibition and Systemic Hemodynamics 

Endothelial eNOS has been shown to regulate vascular tone, inflammation, cell 

adhesion, coagulation, and blood pressure. Furthermore, studies have 

demonstrated that the impairment of endothelial-dependent vasodilation and 

reduced NO output correlate to increased blood pressure (Dharmashankar and 

Widlansky 2010, Brandes 2014). Indeed, studies with eNOS KO mice 

demonstrated the relevance of endothelial eNOS and NO bioavailability for blood 

pressure regulation (Shesely, Maeda et al. 1996, Leo, Suvorava et al. 2021). These 

results reinforce our data, which shows that the NZO mice exhibit endothelial 

dysfunction followed by increased mean arterial blood pressure and total peripheral 
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resistance. This data corroborates the findings of Marchesi et al., which observed 

endothelial dysfunction and eNOS abrogation followed by high systolic blood 

pressure in NZO mice (Marchesi, Ebrahimian et al. 2009). Together, this data 

supports our hypothesis that impaired eNOS function is the key phenomenon 

involved in cardiovascular alterations in NZO mice. 

Interestingly, the inhibition of Pyk2 alleviated the abrogation of eNOS and restored 

endothelial function, which in turn directly normalized arterial blood pressure and 

peripheral resistance in the NZO mice. These results indicate the importance of a 

functional eNOS for supporting and maintaining a healthy endothelium and overall 

cardiovascular system. Also, it highlights how the rescue of eNOS functionality can 

immensely cause positive effects on endothelial function, systemic hemodynamics, 

and cardiovascular health in diabetes-related conditions. Therefore, this data 

indicates that the administration of Pyk2 inhibitor alleviates hypertension well 

established in the NZO mice, decreasing the blood pressure to levels similar to 

those found in BL6 mice. 

Collectively, we demonstrate that the NZO mouse presents insulin resistance with 

related hyperinsulinemia, preserved cardiac function, endothelial dysfunction, and 

hypertension. When given Pyk2 inhibition, these mice exhibit a significant 

improvement in endothelial function and arterial blood pressure, suggesting that 

Pyk2 has an essential role in modulating endothelium-dependent relaxation and 

regulating arterial blood pressure in insulin-resistance conditions.  

 

4.3 Pyk2-inhibition restores rIPC-induced cardioprotection in NZO 

mice 

4.3.1 Remote ischemia preconditioning mediating cardioprotection 

Research has highlighted the importance of non-invasive strategies such as rIPC 

in reducing infarction sizes and protecting the myocardium against ischemic insult 

(Chai, Liu et al. 2014, Heinen, Behmenburg et al. 2018, Rossello, He et al. 2018). 

However, as demonstrated in this study, a functional endothelial is mandatory for 
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rIPC efficacy in decreasing myocardial infarct sizes. For instance, our BL6 mice 

results showed that the endothelial function is preserved under healthy conditions, 

and thereby, rIPC can reduce infarct sizes. Conversely, the rIPC maneuver fails to 

mediate cardioprotection in the endothelial dysfunction condition, as demonstrated 

in the NZO mice. These results corroborate recent studies that showed that 

comorbidities that impair endothelial function, such as diabetes (Chien, Wen et al. 

2020), hyperglycemia (Feige, Roth et al. 2022), and aging (Heinen, Behmenburg 

et al. 2018) abolish the cardioprotective effect of rIPC. Interestingly, once the NZO 

mice regain their endothelial function, they also regain their endothelial capacity to 

participate in remote organ protection and, consequently, rIPC-mediated infarct 

size reduction. These results corroborate the studies of van den Munckhof and 

Seeger (van den Munckhof, Riksen et al. 2013, Seeger, Benda et al. 2016), which 

demonstrated that reduced flow-mediated vasorelaxation is associated with 

abrogated ischemic preconditioning efficacy and aggravated I/R injury, indicating 

that a healthy endothelial function is essential for ischemic preconditioning 

effectiveness in reducing infarct sizes. Moreover, Zhao and Xue demonstrated that 

rIPC, besides decreasing infarct sizes, also decreases inflammation, apoptosis, 

and tissue damage  (Zhao, Xue et al. 2019).  

Furthermore, regardless of the rIPC maneuver, NZO mice exhibited larger infarct 

sizes than BL6 mice. In addition, the larger infarct sizes in NZO mice were 

combined with a slight decrease in circulating nitrite levels. Importantly, using Pyk2 

inhibitor in combination with the rIPC maneuver reduced infarct sizes and increased 

the circulating levels of nitrite in these mice. This data supports the previously 

described impairment of eNOS function in NZO mice and validates the relevance 

of endothelial-dependent NO release in rIPC-mediate cardioprotection. 

Furthermore, this data indicates nitrite as a circulatory messenger that participates 

in the organ protective effect of rIPC. The collective data is consistent with Rassaf 

and colegues (Rassaf, Totzeck et al. 2014), which showed that nitrite plasma levels 

are essential for rIPC-induced cardioprotection. 
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Additionally, this indication was validated by using exogenous nitrite or NO 

scavenging in our mouse models, implying that the cardioprotective effect of rIPC 

occurs in a NO-dependent manner. Interestingly, the rIPC maneuver and nitrite 

equally preserved the cardiac function following myocardial infarction, whereas 

using NO scavenger CPTIO abrogates these positive effects. This data highlights 

the relevance of NO for organ protection and functional recovery following 

myocardial infarction.  

4.3.2 The mechanism involved in rIPC-mediated cardioprotection 

Several studies have been investigating the potential humoral factors responsible 

to rIPC-mediate cardioprotection. Among the main circulatory messages proposed, 

NO metabolites, i.e., nitrite and nitrate, are among the most studied (Rassaf, 

Totzeck et al. 2014, Andreadou, Iliodromitis et al. 2015). The present study 

demonstrated that functional endothelial eNOS and adequate NO bioavailability 

are crucial for rIPC-induced cardioprotection in healthy and insulin 

resistance/hyperinsulinemia conditions. 

For instance, our data have shown that the rIPC maneuver promotes 

cardioprotection in BL6 and NZO mice, granting that the latter regained endothelial 

function and eNOS functionality by Pyk2 inhibition. Similarly, using exogenous 

nitrite demonstrated the same positive effects in reducing infarct sizes, supporting 

the relevance of NO metabolites in promoting cardioprotection. Importantly, this 

cardioprotection effect was abolished in the presence of a NO scavenger, indicating 

that this cardioprotective effect occurs in a NO-dependent manner. Similarly, Abu-

Amara and Yang et al. have shown (Abu-Amara, Yang et al. 2011) that eNOS KO 

mice have bigger infarct sizes and blunted rIPC-mediated cardioprotection than 

BL6 mice, indicating that eNOS is crucial for organ protection phenomenon. 

Furthermore, Kidd et al. (Kidd, Dobrucki et al. 2000) also demonstrated that the NO 

deficit is a determinant for the increase of cerebral infarct size. Indeed, studies have 

shown that NO can trigger several organ protection mechanisms, including direct 

regulation of protein modification by nitrosylation. This process has anti-
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inflammatory and antioxidant effects, protecting protein residues against oxidation 

and I/R injury (Kohr, Sun et al. 2011, Heusch 2015). In line with these results, Bibli 

et al. (2017) recently showed that Pyk2 inhibition alleviated eNOS inhibition and 

enhanced NO disponibility, leading to decreased cardiac damage following 

ischemia and reperfusion injury in the heart of C57Bl/6 mice (Bibli, Zhou et al. 

2017). In addition, the pharmacological inhibition of Pyk2 or its gene knockdown 

limited cell damage and increased NO output in a culture of cardiomyocytes. 

In contrast, our data illustrate that besides Pyk2 inhibition restoring eNOS 

functionality, this effect on its own is not enough to induce cardioprotection in insulin 

resistance/hyperinsulinemia conditions. Therefore, this data indicates that physical 

stimuli such as rIPC maneuver or physical exercise are necessary to increase NO 

production and exceed the harmful effects of insulin resistance and 

hyperinsulinemia. Similar conclusions were drawn by Landman and colleagues 

(Landman, Uthman et al. 2022), who recently demonstrated that rIPC maneuvers 

and handgrip exercises could significantly decrease circulating proinflammatory 

biomarkers in patients with cerebral small vessel disease.  

In addition, Rassaf and Totzeck (Rassaf, Totzeck et al. 2014) demonstrated the 

relevance of NO metabolites as a circulating messenger in rIPC-induced 

cardioprotection. In addition, these authors further show that this organ's protective 

effects are transferable by plasma transference between species. Furthermore, this 

conditioning signal transference was also successfully achieved by Feige and Roth 

et al. (Feige, Roth et al. 2022), demonstrating that the plasma of healthy individuals 

receiving rIPC significantly decreased the myocardial infarct sizes of Wistar rats. 

This data validates and illustrates the presence of circulatory factors that induce 

cardioprotection, supporting the humoral messenger theory and our results. In 

addition, Feige and colleagues also specified that this protective effect was 

abolished under hyperglycemic conditions. This data corroborates with studies that 

observed failure in rIPC mediating organ protection under insulin resistance and 

diabetic conditions (Chien, Wen et al. 2020). Furthermore, our results reinforce this 
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pattern, in which the cardioprotective response induced by the rIPC maneuver is 

abolished in insulin resistance conditions. 

Moreover, research has suggested that neural signaling is also involved in rIPC-

mediated cardioprotection. This mechanism involves afferent somatic nerves, 

sympathetic nerves in the periphery that stimulate the valgus nerves that induce 

organ protection (Yang, Shakil et al. 2019). Indeed, Redington and colleagues 

(Redington, Disenhouse et al. 2012) demonstrated that femoral nerve stimulation 

produces a similar release of circulatory cardioprotective factors as the rIPC 

maneuver. Furthermore, these authors identified that a neural connection in the 

limb is necessary for rIPC-mediated cardioprotection. Our data demonstrated that 

the femoral nerve transection slightly decreased the potency of rIPC-induced 

reduction of infarct sizes in BL6 mice but not in native NZO mice. This data 

suggests that humoral and neural signaling are involved in reducing infarct sizes 

under healthy conditions. However, rIPC-induced stimulation of cardioprotective 

signaling is abrogated under diabetic-related conditions. In addition, our results 

indicate that rIPC-mediated cardioprotection occurs mainly due to humoral 

signaling and with minor participation of neural signaling in NZO mice that received 

Pyk2 inhibition. This data suggests that in diabetes related conditions, there is 

abrogation in rIPC-mediated cardioprotection due to impairments in the humoral 

and neural signaling. Pyk2 inhibition restoures endothelial function and endothelial-

dependent capacity to respond to rIPC stimulus regardless of neural signaling, 

supporting the existance of a humoral factor. 

Furthermore, previous data from Lim et al. (Lim, Yellon et al. 2010) demonstrated 

that transection of the femoral nerve just partially limits the reduction of infarct sizes 

mediated by rIPC. Also, resectioning the femoral and sciatic nerve is necessary to 

completely abolish the cardioprotective effects of rIPC. On the other hand, Lim et 

al. also demonstrated that the occlusion of the femoral artery completely abolishes 

the cardioprotective effects of rIPC, indicating an essential humoral mechanism. 

This data corroborates with our data, indicating that although the humoral and 
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neuronal signaling pathways might be present in the mechanism of rIPC-mediated 

cardioprotection, humoral signaling is dominant in reducing infarct sizes. 

Moreover, research has shown that the upregulation of proteins involved in cellular 

survival also participates in the mechanism of ischemic preconditioning-induced 

organ protection (Kalakech, Hibert et al. 2014, Wang, Zhang et al. 2016, Heusch 

2017). This phenomenon's primary survival signaling pathways are the RISK and 

the SAVE signaling pathways. The proteins involved in the RISK pathway are PI3K, 

AKT, ERK, and GSK3β, whereas the proteins involved in the SAVE pathway 

consist of AKT, STAT3, and TNFα (Heusch 2017, Heinen, Behmenburg et al. 

2018). These two signaling pathways act mainly in the modulation of mitochondrial 

function, reducing the opening of transitioning pores and promoting cell survival 

(Turrell, Thaitirarot et al. 2014). 

In the present study, to determine the participation of the RISK signaling pathway 

in the rIPC-mediated cardioprotection mechanism, a MAPK inhibitor (U0126) was 

used. Our data indicate that rIPC-mediated cardioprotective effects were abolished 

after MAPK inhibition. Importantly, this effect was observed in all groups in which 

rIPC mediated the reduction of infarct sizes. This data indicates that the RISK 

signaling pathway is necessary for rIPC-induced cardioprotection. These results 

align with the findings of Hu and colleagues, who also demonstrated that liver rIPC 

maneuver protects the heart against I/R injury, sudden cardiac death, and cardiac 

arrhythmia by an ERK/GSK3β dependent signaling pathway (Hu, Hu et al. 2016). 

In addition, Hu et al. also showed that using U0126 or GSK-3β inhibitors completely 

abolished liver rIPC-mediated cardioprotection (Hu, Hu et al. 2016), supporting the 

relevance of RISK signaling pathway for rIPC-mediated cardioprotection. 

Interestingly, Heinen et al.(Heinen, Behmenburg et al. 2018) observed that the 

plasma of young volunteers submitted to the rIPC maneuver increases the 

phosphorylation of GSK-3β in rat myocytes. The GSK-3β phosphorylation is 

accompanied by inhibition of the opening of mitochondrial transition pores, 

reducing mitochondrial disruption and cell death. Similar conclusions regarding the 

activation of RISK signaling were found by Davidson et al. (Davidson, Riquelme et 
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al. 2018). Davidson and colleagues demonstrated that endothelial-derived 

exosomes from endothelial cells subjected to ischemic preconditioning promote 

cardioprotection in cardiomyocytes subjected to simulated ischemia and 

reperfusion. However, this protective effect was abolished in the presence of 

U0126, suggesting that the cardioprotective effects depend on ERK1/2 MAPK 

signaling (Davidson, Riquelme et al. 2018). This data supports our results and 

highlights the RISK signaling pathway as an essential effector of rIPC-mediated 

cardioprotection. Together, our data suggest Pyk2 inhibition is a potential treatment 

to restore rIPC-mediated cardioprotection in NZO mice. Furthermore, our data 

indicate that the cardioprotective effects of rIPC occur in a NO-dependent manner, 

with minor participation of neural signaling and having the RISK signaling pathway 

as the primary end effector of rIPC-induced cardioprotection.  

In conclusion, Pyk2 inhibition is a potential strategy to restore eNOS functionality 

in insulin resistance and hyperinsulinemic conditions. The regain of eNOS function 

acts directly, improving endothelial function, normalizing blood pressure, and 

increasing the participation of the endothelium in remote organ protection. To our 

knowledge, our results indicate for the first time that Pyk2 is an essential negative 

regulator of eNOS in insulin resistance and a key molecule for inducing endothelial 

dysfunction and increased cardiovascular risk in T2DM-related conditions. 

Therefore, our data indicates Pyk2 modulation as a potential candidate for future 

therapies to decrease diabetes-related cardiovascular complications. 

Nevertheless, more studies are needed to understand the effects and safety of 

chronic Pyk2 inhibition and investigate its impact on other organs and animal 

models. 
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