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Abstract

Background and Purpose: Remote ischaemic preconditioning (rIPC) for cardioprotec-

tion is severely impaired in diabetes, and therapeutic options to restore it are lacking.

The vascular endothelium plays a key role in rIPC. Given that the activity of endothe-

lial nitric oxide synthase (eNOS) is inhibited by proline-rich tyrosine kinase 2 (Pyk2),

we hypothesized that pharmacological Pyk2 inhibition could restore eNOS activity

and thus restore remote cardioprotection in diabetes.

Experimental Approach: New Zealand obese (NZO) mice that demonstrated key fea-

tures of diabetes were studied. The consequence of Pyk2 inhibition on endothelial

function, rIPC and infarct size after myocardial infarction were evaluated. The impact

of plasma from mice and humans with or without diabetes was assessed in isolated

buffer perfused murine hearts and aortic rings.

Key Results: Plasma from nondiabetic mice and humans, both subjected to rIPC,

caused remote tissue protection. Similar to diabetic humans, NZO mice demon-

strated endothelial dysfunction. NZO mice had reduced circulating nitrite levels, ele-

vated arterial blood pressure and a larger infarct size after ischaemia and reperfusion

than BL6 mice. Pyk2 increased the phosphorylation of eNOS at its inhibitory site

(Tyr656), limiting its activity in diabetes. The cardioprotective effects of rIPC were

abolished in diabetic NZO mice. Pharmacological Pyk2 inhibition restored endothelial

function and rescued cardioprotective effects of rIPC.

Abbreviations: AMI, acute myocardial infarction; BL6, C57BL/6; cPTIO, 2-4-carboxyphenyl-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide; DM, diabetes mellitus; eNOS�/� mice, endothelial

nitric oxide synthase-knockout mice; FMD, flow-mediated dilation; LV, left ventricle; LVEDP, left-ventricular end-diastolic pressure; NZO, New Zealand obese mice; Phe, phenylephrine; PI3K,

phosphatidylinositol 3-kinase; rIPC, remote ischaemic preconditioning; SNP, sodium nitroprusside.
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Conclusion and Implications: Endothelial function and remote tissue protection are

impaired in diabetes. Pyk2 is a novel target for treating endothelial dysfunction and

restoring cardioprotection through rIPC in diabetes.

K E YWORD S

acute myocardial infarction, diabetes, endothelial dysfunction, endothelial function, eNOS,
Pyk2, remote ischaemic preconditioning

1 | INTRODUCTION

Diabetes mellitus (DM) is associated with a three-fold elevated risk

of myocardial infarction (Kalyani, 2021), but distinct subtypes and

endotypes of DM carry different cardiovascular risks (Ahlqvist

et al., 2018; Zaharia et al., 2019). Specifically, severe insulin-resistant

diabetes is associated with the highest cardiovascular risk and experi-

ence the worst outcomes. Humans with type 2 DM and acute myo-

cardial infarction (AMI) have larger infarct sizes and greater

impairment of left ventricular (LV) function than those without diabe-

tes, associated with distinct patterns in the myocardial texture

(Reinstadler et al., 2017). Such humans would be expected to partic-

ularly benefit from specific strategies to reduce the infarct size after

AMI (Milazzo et al., 2021; Sarwar et al., 2010). One strategy reported

to have a cardioprotective effect is remote ischaemic preconditioning

(rIPC) (Heusch, 2020), but unfortunately, the effect of this approach

seems to be impaired in humans with diabetes (Ferdinandy

et al., 2023; Hausenloy et al., 2019). Strategies to restore the effec-

tiveness of rIPC are lacking (Feige et al., 2022; Heusch, 2020), largely

because the mechanisms underlying its protective effects are unclear.

Recently ambiguous outcomes regarding the efficacy of the rIPC

manoeuvre performed under controlled preclinical conditions have

been reported (Sayour et al., 2023). Neuronal, humoral and endothe-

lial pathways have been postulated (Ferdinandy et al., 2023; Heusch

et al., 2015; Kleinbongard et al., 2017). One key pathway involves

the endothelial nitric oxide (NO) synthase (eNOS) and its down-

stream signalling pathways (Rassaf et al., 2014). The factors that reg-

ulate eNOS are numerous and include changes in intracellular Ca2+

and the substrate L-arginine levels as well as posttranslational modi-

fications. For example, several well-documented phosphorylation

sites in eNOS regulate its enzymatic activity. The best studied phos-

phorylation sites are Ser1177 (human sequence), which can increase

eNOS activity and threonine 495 (Thr495), which exerts an inhibitory

effect and has to be dephosphorylated for Ca2+ and calmodulin to

bind and activate the enzyme (Fleming et al., 2001). Less is known

about the tyrosine phosphorylation of eNOS, even though it possibly

has a more pronounced effect on NO production. There are at least

two reported tyrosine residues in eNOS that can be phosphorylated,

that is, Tyr83, which has a small effect on eNOS activity (Fulton

et al., 2008) and may play a role in protein proteins interactions, and

Tyr657 (Tyr656 in mice), the phosphorylation of which completely

abrogates NO production (Fisslthaler et al., 2008; Siragusa &

Fisslthaler, 2017). The phosphorylation of eNOS on Tyr657

underlines the endothelial dysfunction induced by tonic

insulin receptor activation (Fisslthaler et al., 2008; Siragusa &

Fisslthaler, 2017). This occurs because even though insulin activates

protein kinase B (Akt) to phosphorylate Ser1177, any positive effect

on NO generation is undermined by the phosphorylation of Tyr657

by Proline-rich tyrosine kinase 2 (Pyk2) (Fisslthaler et al., 2008;

Viswambharan et al., 2017).

Despite the potential link to diabetes, the impact of Pyk2 on

rIPC-mediated remote organ protection in diabetes has not yet been

investigated. This study addresses the hypothesis that endothelium-

dependent cardioprotection mediated by rIPC is abolished in diabetes

What is already known

• Remote ischaemic preconditioning describes the protec-

tive effect of local ischaemia on a subsequent cardiac

ischaemia.

• Diabetes is associated with endothelial dysfunction

and loss of remote organ protection by ischaemic

conditioning.

What does this study add

• Proline-rich tyrosine kinase 2 (Pyk2) inhibits eNOS

activity and impairs cardioprotection by ischaemic

preconditioning.

• Inhibition of Pyk2 restores eNOS activity, endothelial

function and remote ischaemic cardioprotection in

diabetes.

What is the clinical significance

• Pyk2 inhibition restores remote cardioprotection and

attenuates infarct size after acute myocardial infarction in

diabetes.

• Pyk2 may be a target to improve the outcomes in diabe-

tes with acute myocardial infarction.
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and that inhibition of Pyk2 could restore eNOS activity and endothe-

lial function to limit infarct size and LV dysfunction following ischae-

mia and reperfusion.

2 | METHODS

The NZO mouse strain is an established and well-known polygenic

model exhibiting the characteristic features of diabetes in humans,

that is, obesity, insulin resistance, severe hyperglycaemia and dis-

turbed glucose tolerance (Dreja et al., 2010; Jonas et al., 2022;

Knebel et al., 2018; Rehman et al., 2021). Since only approximately

60% of adult male NZO mice develop a diabetic phenotype, we

only investigated NZO mice presenting all of the characteristics of

diabetes, including obesity, hyperinsulinaemia and hyperglycaemia,

in our experiments. Mice not exhibiting these features were not

used for analysis. Those NZO mice exhibiting the full pattern of

diabetes were included for analysis and referred to as diabetic

NZO mice.

To investigate the role of the vascular endothelium in transmit-

ting signals for remote tissue protection after rIPC, we performed

transfer experiments with plasma from diabetic and non-diabetic

mice and humans subjected to rIPC or not. These experiments were

followed by in vivo and ex vivo experiments showing that C57BL/6J

(BL6) and New Zealand obese (NZO) mice exhibit endothelial

dysfunction and loss of eNOS functional activity. Next, we analysed

the impact of Pyk2 on eNOS-dependent remote tissue protection.

The ability of Pyk2 inhibition to restore the endothelium-dependent

effects of rIPC in mediating remote tissue protection was analysed.

2.1 | Materials

Unless otherwise specified, chemicals were purchased from Sigma–

Aldrich Co. LLC (Deisenhofen, Germany). Materials for Western blot-

ting were purchased from Life Technologies (Invitrogen, Darmstadt,

Germany), Cell Signaling Technology (Massachusetts, EUA), DB Bio-

science and Abcam (Cambridge, UK).

2.2 | Transfer experiments in humans and mice
with and without diabetes

Five subjects with a history of cardiovascular diseases and

diabetes (type 2 DM) and five age-matched subjects without diabetes

were included. The exclusion criteria for both groups were chronic

kidney disease (estimated glomerular filtration rate <30 ml�min�1),

known liver disease, acute myocardial infarction, elevated C-reactive

protein levels or elevated white blood cells numbers.

Human plasma samples were collected before and after rIPC was

applied. All clinical investigations and transfer experiments were per-

formed according to the study protocol approved by the ethics

committee of the Heinrich-Heine University of Duesseldorf

(ID2017034183–5903R) following the Declaration of Helsinki and

institutional guidelines. Written informed consent was obtained from

all participants.

Plasma dialysates were added to the perfusion solution of BL6

mouse hearts in a Langendorff apparatus. Briefly, changes in LV

function were assessed by measuring LV-developed pressure,

LVEDP and +dP/dt and �dP/dt. Cardioprotective effects were eval-

uated by measuring the infarct size (by triphenyltetrazolium chloride

staining) after 30 min of ischaemia followed by 2 h of reperfusion

(Figure S1).

Similarly, aortic rings were incubated with native and precondi-

tioned plasma. The rings were consequently rinsed, and their function

was tested in response to acetylcholine, phenylephrine (Phe) and

sodium nitroprusside (SNP) according to our previously described pro-

tocol (Erkens et al., 2015).

2.3 | Animals

All experiments were performed with 15- to 18-week-old male

New Zealand obese (NZO/HILtJ), C57BL/6J (BL6) and global eNOS

knockout (eNOS�/�) mice. NZO mice (Kluge et al., 2012) were

obtained from the German Diabetes Center (Professor Dr. Al-Hasani,

Germany). BL6 mice were purchased from the Jackson Laboratory

(The Jackson Laboratory, Bar Harbor, ME, USA) or Janvier Labs

(Janvier Labs, Le Genest-Saint-Isle, France). Global eNOS�/� mice on

the C57BL/6J background were obtained from Professor Dr. Axel

Gödecke, Heinrich Heine University of Düsseldorf, Düsseldorf,

Germany (Gödecke et al., 1998). All mice received ad libitum drinking

water and a standard rodent diet and were allowed to acclimate to

the vivarium conditions for a minimum of 7 days, and they were

housed on a 12/12 h light/dark cycle at the central animal research

facility of Heinrich-Heine University, Düsseldorf, Germany. Animal

studies are reported in compliance with the ARRIVE guidelines (Percie

du Sert et al., 2020) and with the recommendations made by the Brit-

ish Journal of Pharmacology (Lilley et al., 2020). The mouse experi-

ments were approved by the local animal ethics committee

(AZ 84-02.04.2014. A432 and AZ 81-02.04.2020. A117, NRW,

Germany) according to the European Convention for the Protection

of Vertebrate Animals Used for Experimental and other Scientific Pur-

poses (Council of Europe Treaty Series No. 123).

2.4 | Pyk2 inhibition

Pharmacological Pyk2 inhibition was achieved with PF-431396

hydrate (Sigma–Aldrich/Merck, Germany). PF-431396 is a known

inhibitor of Pyk2 and focal adhesion kinase (FAK) kinases with

IC50 = 11 and 1.5 nM, respectively. For the experiments, the inhibitor

was diluted in a saline solution containing 2% dimethyl sulfoxide

(DMSO) and administered at a concentration of 5 μg�g�1 of body
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weight via intraperitoneal injection 15 min before the beginning of

each protocol (Bibli et al., 2017). Control mice received vehicle (saline

solution containing 2% DMSO).

2.5 | Remote ischaemic preconditioning

The rIPC protocol consisted of four cycles of ischaemic precondition-

ing (Figure S1). For this purpose, a vascular occluder (8 mm diameter,

Harvard Apparatus, Harvard, Boston, MA, USA) was placed around

the left hindlimb of anaesthetized mice (1.5%–2% isoflurane). The cuff

was inflated (Druckkalibriergerät KAL 84, Halstrup Walcher,

Kirchzarten, Germany) to a pressure of 200 mmHg for 5 min, leading

to total occlusion of the artery. Subsequently, the occluder was

deflated, allowing tissue reperfusion for 5 min. This protocol was

repeated four times before further measurements were performed or

procedures were implemented. In humans, ischaemia was induced

with a blood pressure measuring cuff (Welch Allyn GmbH, Hechingen,

DE). The cuff was placed on the upper lower arm and inflated to

250 mmHg (minimum of 50 mmHg above normal systolic blood pres-

sure). The pressure was kept constant for 5 min. Consequently, the

cuff was deflated, allowing reperfusion of the artery for 5 min. This

procedure was repeated four times.

2.6 | Model of ischaemia–reperfusion and
assessment of infarct size

The mice were randomly divided into the experimental groups shown

in Figure S2. After adequate analgesia with buprenorphine

(0.1 mg�kg�1), mice were intubated and anaesthetized with isoflurane

(induction: 3% V/V; maintenance: 2% V/V) via the side port of a

rodent ventilator. Regardless of the protocol used, mice in all groups

were anaesthetized for the same duration. Heart rate was recorded

by a PowerLab 4.0 electrocardiogram recorder (AD Instruments, UK).

The respiratory rate (approximately 110–120 breaths min�1) and

body temperature (37.5�C) were kept constant throughout the experi-

ment. The chest was opened, and local myocardial ischaemia was

induced by occlusion of the left anterior descending coronary artery

(Prolene suture 8.0) for 30 min. ST elevation on electrocardiogram

confirmed the success of left anterior descending artery occlusion.

Consequently, the left anterior descending coronary artery was reper-

fused, the chest was closed and the mice were subjected to 24 h of

reperfusion (Erkens et al., 2018). Postoperative analgesia was

achieved by s.c. buprenorphine (0.5 mg�kg�1 BW) injection every 8 h

until the mouse was killed.

On the following day, infarct size was determined by triphenyl

tetrazolium chloride staining, as described previously (Erkens

et al., 2018). After adequate anaesthesia (100 mg�kg�1 BW ketamine

and 10 mg�kg�1 BW xylazine, intraperitoneal injection) and anticoagu-

lation with heparin (250 IU, intraperitoneal), hearts were excised and

perfused with 0.9% NaCl. Excision of the hearts assured death of the

mouse. The left anterior descending artery was occluded in the same

location as before, and 1% Evans blue dye was injected into the aortic

root to delineate the area at risk from the area not at risk. The hearts

were frozen at �20�C for 60 min and serially sectioned into 1 mm

slices; each slice was weighed and incubated in 1% triphenyltetrazo-

lium chloride staining solution for 5 min at 37�C. The slices were

photographed under a stereo microscope. The area at risk and non-

ischaemic area were evaluated by computer-assisted planimetry

(Diskus software, Hilgers Technisches Büro, Königswinter, Germany)

by an observer blinded to the sample identities. The infarct size is

expressed as the percentage of infarcted tissue area relative to the

total area at risk.

2.7 | Ultrasound imaging measurements

High-resolution micro-ultrasound imaging-related parameters

(LV geometry and function, flow-mediated dilation [FMD], pulse wave

velocity) were measured using a Vevo 2100/3100 instrument (Fujifilm

VisualSonics Inc., Toronto, Canada). The mice were kept in a stable

cardiopulmonary state under isoflurane anaesthesia (1.5%–2%). Anal-

ysis of LV function (18–38 MHz transducer, Toronto, Canada) was

performed as described previously (Erkens et al., 2015). Specifically,

LV end-systolic volume (ESV) and end-diastolic volume (EDV), ejection

fraction (EF), cardiac output (CO) and stroke volume (SV) were calcu-

lated in B-mode by identification of the maximal and minimal cross-

sectional area using the software Vevo Lab 5.6.1 (Visual Sonics Inc.).

These were normalized to the body surface area and body weight and

reported as end-systolic volume index (ESVI), end-diastolic volume

index (EDVI), cardiac index (CI) and stroke volume index (SVI). The

body weight value used for normalization was measured prior to

echocardiographic analyses.

Assessment of endothelial function in vivo by FMD was per-

formed by a method previously described in our laboratory (Erkens

et al., 2015) with some modifications. After isoflurane anaesthesia

(1.5%–2%) and achieving a stable cardiopulmonary state (heart rate:

400–500 bpm, breathing rate: �100 breaths min�1, body tempera-

ture: 37�C), a 30–70 MHz linear array Microscan transducer (Vevo

2100/3100, Visual Sonics Inc.) placed in a stereotactic holder was

positioned to visualize the arteria iliaca externa. A vascular cuff (8 mm

diameter, Harvard Apparatus, Harvard, Boston, MA, USA) was placed

on the same lower extremity of the mouse, distal to the transducer.

After recording baseline images, the blood flow in the artery was

ceased by inflating the occluder to 250 mmHg (Druckkalibriergerät

KAL 84, Halstrup Walcher, Kirchzarten, Germany), and the pressure

was kept constant for 5 min. The occluder was then deflated, and sev-

eral recordings of the vessel were performed during subsequent vaso-

dilation. Based on the images recorded during occlusion and

reperfusion, vessel diameter (%) changes at specific time-points were

calculated as follows: (diametertime-point/diameterbaseline) � 100. The

difference in maximum dilation was calculated from the vessel diame-

ter values obtained after cuff deflation as follows:
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ΔMax %ð Þ¼ diameter maxð Þ�diameter BLð Þ
diameter BLð Þ �100:

Vascular stiffness was assessed by measuring the pulse wave

velocity by a method previously described by us (Erkens et al., 2015).

Briefly, the distance (ΔD) between the common carotid artery and the

external iliac artery was divided by the time (ΔT) needed for the blood

to travel between the two arteries, which was measured from

B-mode, M-mode and PV-Doppler images.

2.8 | Blood glucose and plasma insulin level
measurement

Glucose tolerance measurements were performed in mice following

8 h of fasting. After baseline measurement, the mice received glucose

(1 g�kg�1 BW) intraperitoneally for the glucose tolerance test. Consec-

utive measurements of blood glucose (Contour XT; Bayer Health

Care, Leverkusen, Germany) and plasma insulin (insulin mouse ultra-

sensitive ELISA; DRG Instruments, Marburg, Germany) levels were

performed 15, 30, 60, 120 and 240 min after glucose administration

by extracting small amounts of blood from the tail vein.

2.9 | Aortic ring bioassay

Aortae were isolated, the adjacent fat tissue was removed and the aor-

tae were cut into 2–3 mm long rings. The aortic rings were mounted

on 300 μm wires in organ baths (Graz Glass Tissue Bath, 2 ml, Hugo

Sachs Elektronik, March, DE) perfused with Krebs–Henseleit solution

(KH buffer: NaCl [118 mM], KCl [4.7 mM], MgSO4 [0.8 mM], NaHCO3

[25 mM], KH2PO4 [1.2 mM], glucose [10 mM] and CaCl2 [2.5 mM])

equilibrated with a mixture of 95% O2 and 5% CO2 and calibrated for

60 min. The tension between the wires was measured by a transducer

(F30 Force Transducer Type 372, Hugo Sachs Elektronik, March,

Germany), amplified by a PowerLab 8/30 (ADInstruments–Europe

Head Office, Oxford, UK) and recorded with LabChart

(ADInstruments). The maximum contraction was determined by apply-

ing KCl (80 mM) to the baths. EC function was assessed by measuring

the response to cumulative doses of acetylcholine (Ach, 0.1 nM–

10 μM) or carbachol (0.1 nM–10 μM) after precontraction with a bolus

of the α1-adrenoceptor agonist phenylephrine (Phe) equal to the half-

maximal effective concentration (EC50). The function of the VSMCs

was assessed as response to cumulative doses of sodium nitroprusside

(SNP; 0.01 nM–10 μM) and Phe (0.1 nM–10 μM).

Transfer experiments with the plasma of mice and humans with

diabetes, with or without rIPC, were performed according to a stan-

dard organ bath protocol with some modifications. Blood was obtained

from mice via cardiac puncture and from humans via venous puncture

before and after rIPC. Plasma was separated after centrifugation in

fully heparinized tubes. Aortic rings were incubated with a plasma/KH

solution and continuously performed with a mixture of 95% O2 and

5% CO2. In some experiments, endothelial function was tested in

response to cumulative doses of carbachol (0.1 nM–10 μM) to exclude

any effect of acetylcholine degradation by cholinesterase. Natural

product studies are reported in compliance with the recommendations

made by the British Journal of Pharmacology (Izzo et al., 2020).

2.10 | Assessment of murine cardiac function after
treatment with plasma from humans

Hybrid transfer experiments involved the perfusion of murine hearts

(BL6 mice) with plasma from preconditioned healthy and diabetic indi-

viduals. These experiments followed a previously reported protocol

with several modifications. Human plasma samples (4 ml) obtained at

baseline and after rIPC were placed in 12 to 14 kDa dialysis tubes

(SpectraPor, Spectrum Europe B.V., Breda, the Netherlands) and dia-

lyzed for 24 h at 4�C in a 20-fold volume of modified Krebs–Henseleit

buffer. The dialysates were then oxygenated and equilibrated to 37�C

before use.

After adequate anaesthesia with ketamine (100 mg�kg�1 BW,

intraperitoneal injection) and xylazine (10 mg�kg�1 BW, intraperitoneal

injection) and anticoagulation with heparin (250 IU, intraperitoneal), the

hearts of BL6 mice were explanted, mice were killed and the ascending

aorta was cannulated and connected to a Langendorff apparatus (Hugo

Sachs Electronics, March-Hugstetten, Germany). The equilibration

phase started with retrograde perfusion with modified Krebs–Henseleit

buffer (NaCl [118 mM], KCl [4.7 mM], MgSO4 [0.8 mM], NaHCO3

[25 mM], KH2PO4 [1.2 mM], glucose [5 mM], pyruvic acid [1.9 mM]

and CaCl2 [2.5 mM]) at a constant pressure of 100 mmHg.

Cardiac and coronary endothelial parameters were evaluated

ex vivo by a Langendorff apparatus as previously described (Flögel

et al., 1999). A water-filled balloon connected to a pressure transducer

was inserted through the mitral valve into the LV for the recording of

isovolumetric LV developed pressure, its positive and negative first

derivate (+dP/dt and �dP/dt) and the LV end-diastolic pressure

(LVEDP). Consequently, hearts were subjected to 20 s of global zero

flow ischaemia to test the coronary reserve, followed by a 5-min

recovery. Readouts of the hybrid transfer analyses were the derivates

of the LVEDP (dP/dTmax as measures of contractility, dP/dTmin as

measures of relaxation), the LVEDP and infarct sizes per left ventricle

(assessed by triphenyl tetrazolium chloride staining) following 30 min

of global ischaemia and subsequent 2 h of reperfusion. Hearts were

excluded from the analysis if they met one of the following exclusion

criteria after the 5-min recovery phase: (I) coronary flow > 4 ml�min�1,

(II) LV developed pressure < 50 mmHg or (III) a coronary flow reserve

revealed by transient ischaemia <70% of the baseline flow.

2.11 | Determination of NO metabolite levels in
plasma

NO metabolite levels have been analysed in plasma from mice and

humans. The mice were anaesthetized with isoflurane (1.5%–2%).
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Blood was collected by cardiac puncture (murine experiments) or

venous puncture (human experiments) and placed in a tube containing

100 μl of N-ethylmaleimide/EDTA/PBS (100 mmol�L�1 N-ethylmalei-

mide and 5 μl of 0.5 mmol�L�1 EDTA) solution. Subsequently, the

blood solution was centrifuged at 3000 � g for 2 min at 4�C. The

plasma and red blood cells (RBCs) were separated, immediately frozen

in liquid nitrogen and stored at �80�C until further analysis.

At the time of measurement, plasma samples were thawed on ice,

and nitrite concentrations were quantified by a chemiluminescence

detector (CLD 88 e, Eco Physics GmbH, Munich, Germany) as previ-

ously described (Rassaf et al., 2014). Plasma nitrate concentrations

were measured by high-performance liquid chromatography with an

ENO-30 instrument (AMUZA INC, San Diego, USA) following the

manufacturer's instructions. Acquired data were analysed with eDAQ

Powerchrome software (eDAQ, Warsaw, Poland) (Rassaf et al., 2014).

2.12 | Assessment of systemic haemodynamics

Haemodynamic parameters were assessed by the invasive close-chest

method described previously (Erkens et al., 2015). The method uses a

1.4 F Millar pressure conductance catheter (SPR-839, Millar Instru-

ment, Houston, TX, USA) inserted into the LV through the right

carotid artery. A Millar Box was used to record the pressure, LV devel-

oped pressure, rate of pressure development (dP/dtmax) and rate of

pressure decrease (dP/dtmin). Acquired data were analysed by Lab-

Chart 7 (AD Instruments, Oxford, UK).

2.13 | Organ harvesting and molecular analysis

Mice were anaesthetized with 100 mg�kg�1 ketamine (Ketanest®) and

10 mg�kg�1 xylazine (Rompun®) via i.p. injection. Heparin (25,000 E.I.

B.Braun, Melsungen, Germany) was administered intraperitoneally

5 min before blood collection. Blood samples were collected by car-

diac puncture and immediately centrifuged at 800 � g for 10 min at

4�C. Plasma samples were collected, frozen in liquid nitrogen and

stored in a �80 freezer until further analysis. After systemic perfusion

with cold phosphate-buffered solution without calcium and magne-

sium (pH 7.4) (Sigma Aldrich), organs were collected, immediately

placed into tubes, frozen in liquid nitrogen and stored in a �80 freezer

until further analysis. Death was confirmed by heart explantation.

2.14 | Western blotting

Whole hearts were collected and the samples were lysed with RIPA

buffer (1% NP40, 0.1% SDS, 0.5% sodium deoxycholate in PBS) contain-

ing a mixture of protease and phosphatase inhibitors (Donato

et al., 2007) and homogenized with a Tissue Ruptor instrument (Qiagen,

Hilden, Germany). Afterwards, the samples were placed in an ultrasonic

bath at 4�C for 10 min. Afterwards, the samples were centrifuged at

13,300 � g for 15 min at 4�C, and the supernatant was collected.

Total protein concentrations were determined by a Bio-Rad DC

Protein Assay (Bio-Rad Laboratories, California, USA). For immuno-

blotting, 75–100 μg of protein was loaded on NuPAGE™ 4%–12%

Bis-Tris Precast gels following the manufacturer's instructions. After

electrophoresis, the proteins were transferred onto Hybond P 0.2

nitrocellulose membranes (Amersham Biosciences, Munich, Ger-

many). The membranes were blocked for 1 h with 2% Amersham

ECL Prime Blocking Reagent in T-TBS (10 mM Tris, 100 mM NaCl,

0.1%Tween) followed by overnight incubation at 4�C with one of

the following: an anti-eNOS antibody (1:250; custom made from

#624086) an anti-phospho (Ser1177)-eNOS antibody (1:500; #9571,

Cell Signaling Technology, Cambridge, UK, RRID: RRID: AB_329837),

an anti-phospho (Tyr402)-Pyk2 antibody (1:1000; #3291, Cell Signal-

ing Technology, Cambridge, UK, RRID: AB_2300530), an anti-Pyk2

antibody (1:1000; #3292, Cell Signaling Technology, Cambridge, UK,

RRID: AB_2174097) and an anti-GAPDH antibody (1:5000 Abcam,

Cambridge, UK). The primary antibodies were diluted in T-TBS 5%

BSA 0.1% Tween. After washing, the membranes were incubated

with HRP-conjugated or antibodies (1:5000; BD Biosciences). For p

(Tyr656)-eNOS, heart samples were pulverized on dry ice for immu-

noprecipitation and lysed in lysis buffer. For precipitation, 2 mg of

protein lysate was incubated overnight with an anti-NOS III antibody

(BD Bioscience 610297; AB_397691; 2 μg�mg�1 protein lysate).

Afterwards, agarose immunoprecipitation was performed following

the manufacturer's instructions. After elution, 25 μl of the sample

was loaded on 8% SDS gels, and standard immunoblotting was per-

formed. The membranes were incubated overnight with an anti-p

(Tyr656)-eNOS antibody (custom-made by Eurogentec, diluted 1:500

in Rotiblock). For all Western blot analyses, the bands were visual-

ized by chemiluminescence with Western Blotting Detection Reagent

(GE Healthcare Amersham™ ECL Select™) with a Chemidoc imager

(Bio-Rad California, USA). Band intensity quantification was per-

formed using ImageJ software. The immuno-related procedures used

comply with the recommendations made by the British Journal of

Pharmacology (Alexander et al., 2018).

2.15 | Data and statistical analysis

If not otherwise mentioned, the results are displayed as the mean ±

standard error of the mean (SEM). Statistical analyses were carried

out by unpaired or paired t test for comparisons of two groups or by

one-way or two-way analysis of variance (Rizvi et al., 2021), as appro-

priate, followed by Tukey or Šídák's post hoc test for comparisons of

more than two groups or treatments. Normal distribution was tested

through the D'Agostino-Pearson test. P < 0.05 was considered to indi-

cate statistical significance. Post-hoc tests were run only if F achieved

P<0.05 and there was no significant variance inhomogeneity. Statisti-

cal analysis was performed using GraphPad Prism 9 for Windows

(GraphPad Software, San Diego, CA, USA). The data and statistical

analysis comply with the recommendations of the British Journal of

Pharmacology on experimental design and analysis in pharmacology

(Curtis et al., 2022).
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2.16 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to corre-

sponding entries in http://www.guidetopharmacology.org, and are

permanently archived in the Concise Guide to PHARMACOLOGY

2023/24 (Alexander, Christopoulos et al., 2023; Alexander, Fabbro

et al., 2023).

3 | RESULTS

3.1 | The plasma from humans and mice with
diabetes lacks signals for transmitting remote tissue
protection

To test the hypothesis that rIPC induces the release of circulating

messengers in the plasma to promote remote tissue protection,

plasma was obtained from humans with or without type 2 diabetes

mellitus (see Table S1 for full demographic data) after repetitive limb

ischaemia (for protocol see Figure S1). Preconditioned plasma was

analysed for nitrite levels and was added to the perfusate of a

Langendorff-perfused heart or to an organ bath to assess endothelial

function in isolated aortic rings (Figure 1a). The addition of precondi-

tioned plasma from humans without diabetes to the perfusate of iso-

lated hearts resulted in improved LV function and reduced infarct size

after global ischaemia (Figure 1b). That was not the case when hearts

were perfused with preconditioned plasma from humans with diabe-

tes. rIPC led to a significant increase in plasma nitrite levels in healthy

but not in diabetic humans (Figure 1c, Table S2 for full demographic

data). Similarly, the acetylcholine-induced nitric oxide-mediated relax-

ation of aortic rings from BL6 mice was clearly greater in samples

exposed to plasma from nondiabetic humans than to plasma before

rIPC (Figure 1d). Responses to acetylcholine were however compara-

ble in aortic rings exposed to plasma obtained from humans with type

2 diabetes mellitus independent of whether the rIPC protocol had

been performed or not (Figure 1d). There was no effect of plasma

from humans with or without diabetes on the vasoconstrictor

response to Phe or the relaxation induced by SNP (Figure S3A). These

experiments indicate that in non-diabetic humans, rIPC induces the

release of one or more circulating messengers that are stable enough

to be transferred to in vitro models. Since diabetes is associated with

endothelial dysfunction, it is tempting to suggest that the endothelium

is the source of these protective agent(s).

Next, we determined whether preconditioned murine plasma

could have similar effects and added plasma from non-conditioned

and preconditioned BL6 or diabetic NZO mice to aortic rings from

BL6 mice. As was the case with the human samples, plasma from

mice that underwent the rIPC protocol improved responsiveness to

acetylcholine versus responses recorded in the presence of plasma

from mice that did not experience preconditioning (Figure 1d).

Plasma from diabetic NZO mice subjected to rIPC did not have any

beneficial impact over plasma from mice that did not experience

preconditioning.

Importantly, giving a Pyk2 inhibitor to diabetic mice prior to rIPC

did improve endothelium-dependent relaxation to acetylcholine. The

latter effects were endothelium-dependent as the Pyk2 inhibitor did

not alter vascular responses to either phenylephrine or sodium nitro-

prusside (Figure S3B). Collectively, these results hint that the inhibi-

tion of Pyk2 improves acetylcholine-induced relaxation in vessels

from diabetic mice by enhancing eNOS activity.

3.2 | Pyk2 inhibits eNOS activity in diabetic
NZO mice

Diabetic NZO mice displayed all key features of diabetes: (i) higher

fasting glucose and insulin levels (Figure 2a), (ii) impaired glucose tol-

erance, (iii) insulin release in response to glucose (Figure 2b) and

(iv) obesity with a heart weight to body weight ratio comparable to

that of BL6 mice (Figure 2c).

Left ventricular (LV) functional parameters such as the stroke

volume index (SVI), the cardiac index (CI) and ejection-fraction

(EF) were comparable between diabetic NZO and BL6 mice

(Table S2) at baseline. To link diabetes with Pyk2, we assessed its

expression and phosphorylation (on Tyr402) as well as the expression

and phosphorylation of eNOS on Ser1177 and Tyr656 in non-

diabetic BL6 mice and diabetic NZO mice. The total Pyk2 abundance

was lower, and the level of Pyk2 phosphorylation was significantly

increased in diabetic NZO mice versus BL6 mice (Figure 2d). In the

same samples, eNOS phosphorylation on Ser1177 was slightly

decreased (Figure 2e). The tyrosine phosphorylation of eNOS on

Tyr656 was then studied on eNOS immunoprecipitated from

murine hearts and was found to be increased in the diabetic group

(Figure 2f; all areas corresponding to the dots are shown in

Figure S4). Intraperitoneal injection of the Pyk2 inhibitor prevented

the tyrosine phosphorylation of eNOS in diabetic NZO mice but not

in nondiabetic BL6 mice.

3.3 | Inhibition of Pyk2 restores endothelium-
dependent relaxation and eNOS activity in
diabetic mice

Next, endothelium-dependent vasodilation was assessed in vivo

(flow-mediated dilation, FMD) and ex vivo (organ bath). FMD was

detected in BL6 mice but abolished in diabetic NZO mice (Figure 3a);

The degree of endothelial dysfunction in diabetic NZO mice was simi-

lar to that recorded in eNOS�/� mice (Figure S6A) and BL6 mice trea-

ted with the eNOS inhibitor S-ethylisothiourea (Figure S6A,B) (Erkens

et al., 2015). Importantly, treating the diabetic mice with the Pyk2

inhibitor PF-431396 largely restored FMD to levels seen in BL6 mice

(Figure 3a). Pyk2 inhibition also significantly increased the

acetylcholine-induced, endothelium-dependent relaxation of aortic

rings from diabetic NZO mice (Figure 3b). In contrast, the inhibitor did

not alter endothelial function in non-diabetic BL6 mice (Figure S5A) or

vascular smooth muscle cell responsiveness to either phenylephrine
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or sodium nitroprusside (Figure S5B,C). Additionally, the vehicle con-

trol DMSO did not have any effect in any of the experiments

performed.

Endothelial dysfunction has been linked to arterial stiffness

(Schremmer et al., 2023), and consistent with the impaired endothelial

function in diabetic mice, the elasticity of conductance of arteries in

diabetic NZO mice was impaired while pulse wave velocity was

increased (Figure 3c). The pulse wave velocity in diabetic NZO mice

was comparable to that in eNOS�/� mice, indicating the importance

of functional eNOS for preserving arterial vessel elasticity. Plasma

levels of nitrite (NO2
�) reflected the diabetic status of the animals

i.e. were lower in the NZO group. The rIPC protocol stimulated eNOS

in non-diabetic mice to increase NO2
� but again hat no impact on cir-

culating NO2
� in diabetic NZO mice (Figure 3d). Pyk2 inhibition, how-

ever, restored the effect of rIPC so that nitrite levels were comparable

to those in BL6 mice subjected to rIPC (Figure 3d).

The impact of diabetes on systemic haemodynamics was evalu-

ated using a Millar catheter. This approach revealed that diabetic NZO

mice displayed a significantly higher systolic (Figure 3e) and mean

arterial (Figure 3f) pressure but no change in diastolic pressure

(Figure 3g) and an associated increase in total peripheral resistance

(Figure 3h). The Pyk2 inhibitor reversed the increase in arterial pres-

sure in diabetic NZO mice (Figure 3e–h, Table S2).

3.4 | Endothelium-dependent remote
cardioprotection is impaired in diabetic NZO mice and
restored by Pyk2 inhibition

Next, we assessed the impact of diabetes with and without Pyk2 inhi-

bition on rIPC-mediated cardioprotection in diabetic and nondiabetic

mice after ischaemia followed by reperfusion (Figure 4a).

Infarct sizes were larger following ischaemia and reperfusion in

diabetic NZO than in BL6 mice (Figure 4b), and left ventricular

function was more significantly impaired (Figure 4c). In non-diabetic

mice, the rIPC protocol significantly reduced the infarct size and

improved LV function after ischaemia and reperfusion, while the rIPC

protocol was ineffective in animals with diabetes. rIPC increased cir-

culating NO2
� levels indicating the activation of eNOS, and, although

supplementation with nitrite (48 nM in 50 μl) did not further reduce

infarct size in BL6 mice that received rIPC, rIPC significantly reduced

infarct size and improved LV function in diabetic NZO mice. Con-

versely, scavenging circulating NO using 2-4-carboxyphenyl-4,-

4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (cPTIO) markedly

increased infarct sizes in BL6 mouse hearts. The administration of

cPTIO in combination with rIPC largely neutralized the NO-dependent

cardioprotective effects observed in non-diabetic mice. NO scaveng-

ing did not affect the infarct size or LV function parameters in diabetic

NZO mice (Figure 4b,c and Table 1), presumably because the endo-

thelium was already clearly dysfunctional. The corresponding areas at

risk for all treatment groups are shown in Figure S7A.

To examine the consequences of targeting Pyk2, experiments

were repeated using PF-431396 (Figure 5a and Table 2). We observed

that the Pyk2 inhibitor restored rIPC-induced cardioprotection in dia-

betic NZO mice; that is, it reduced infarct size and improved LV func-

tion (Figures 5b,c and S7B). These protective effects were abolished

by the NO scavenger cPTIO, suggesting that eNOS-derived NO

underlies the cardioprotective effects of rIPC. Several theories have

been proposed to account for the phenomenon of rIPC, including the

activation of neuronal pathways (Heusch, 2020). To address the input

from femoral nerves, non-diabetic BL6 mice and diabetic NZO mice

were subjected to femoral nerve dissection prior to rIPC (Figure S8A,

area at risk in Figure S8B). The dissection protocol prevented the

rIPC-mediated decrease in infarct size in Bl6 mice, indicating that both

endothelium-dependent signalling and neuronal pathways contribute

to the remote tissue-protective effect of rIPC in healthy mice. This

effect was not observed in diabetic NZO mice. The Pyk2 inhibitor

restores remote cardioprotection, independently of prior nerve

F IGURE 1 Remote tissue protection (rIPC) is abolished in humans and mice with diabetes. (a) Remote ischaemic conditioning by repeated
occlusion/reperfusion was performed in the forearms of humans with type 2 diabetes mellitus (DM) or without diabetes (non diabetic: ND). After
blood collection, plasma was transferred either to Langendorff heart preparations prior to global ischaemia, or for NO2

� measurements, or to
aortic rings from BL6 mice. (b) Plasma from humans without diabetes who underwent rIPC, but not plasma from humans with diabetes who
underwent rIPC, decreased the infarct size (IS) per left-ventricle (LV) and increased LV developed pressure, cardiac relaxation (dP/dTmin) and
contractility (dP/dTmax). Statistical significance was analysed by paired t tests. nND = 5, nDM = 5; nsP > 0.05, *P < 0.05. (c) Significant increase in
NO2

� levels after the rIPC-manoeuvre in plasma from non-diabetic but not in plasma from diabetic humans. Statistical significance was analysed

by two-way ANOVA followed by Šídák's multiple comparisons test. nND = 8, nDM = 7; *P < 0.05. (d) The endothelium-dependent relaxation
response in isolated rings was increased by plasma from humans without diabetes who underwent rIPC but not by plasma from humans with
diabetes who underwent rIPC. “native” reffers to non-conditioned plasma. Statistical significance was analysed by repeated-measurements two-
way ANOVA. nND = 5, nDM = 5. P-value for interaction is displayed in the graphics. nsP > 0.05, **P < 0.01. (e) Systemic Pyk2 inhibition (Pky2-I)
restored the rIPC-associated release of circulating signals into plasma for remote tissue protection. BL6 or diabetic NZO mice with or without
Pyk2 inhibition were subjected to rIPC. Blood samples were drawn, and plasma was transferred to aortic rings of Bl6 mice in organ baths.
Conditioned plasma from control mice improved endothelial function in aortic rings, while conditioned plasma from diabetic NZO mice subjected
to rIPC showed no effect. Plasma from diabetic NZO mice subjected to rIPC in the presence of a Pyk2(Pyk2-I) inhibitor improved endothelial
function in aortic rings. “native” reffers to non-conditioned plasma. Statistical significance was analysed by repeated-measurement two-way
ANOVA for two groups and displayed as P-value for interaction. For three groups, statistical significance was assessed by repeated-
measurements two-way ANOVA with Tukey's multiple comparisons test, and the difference between the groups was shown by the P-value in the
multiple comparison test. For experiments with acetylcholine: nBL6 + native = 5, nBL6 + rIPC = 6; nNZO + native = 5, nNZO + rIPC = 5, nNZO + Pyk2-I.

+ rIPC = 5. For experiments with carbachol: nNZO + native = 5, nNZO + rIPC = 5, nNZO + Pyk2-I. + rIPC = 8. *P < 0.05.
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dissection. Apparently, neuronal signalling pathways are disturbed in

diabetes, thus further emphasizing the importance of Pyk2 in the

modulation of eNOS-dependent remote tissue protection.

4 | DISCUSSION

The results of the present study highlight the role of Pyk2 in modulat-

ing endothelial function and remote tissue protection by rIPC and,

thus, the potential of targeting Pyk2 as a novel approach to re-

establish both endothelial cell function and the protective effect of

rIPC in diabetes.

We showed that (1) in diabetic NZO mice, metabolic dysregula-

tion was associated with severely impaired endothelium-dependent

aortic ring relaxation in response to acetylcholine, singular or repeti-

tive limb ischaemia/reperfusion, reduced circulating NO bioactivity,

increased arterial stiffness and elevated blood pressure; (2) in nondia-

betic humans and mice, repetitive limb ischaemia induced eNOS acti-

vation, flow-dependent dilation and the release of NO as a

plasma-transmitted signal for tissue protection. These protective sig-

nals were absent in the plasma of humans with diabetes and of dia-

betic NZO mice. (3) Pyk2 was strongly activated in diabetic mice,

increasing the phosphorylation of eNOS on Tyr656, associated with

severe endothelial dysfunction and loss of tissue protection. (4) The

inhibition of Pyk2 restored eNOS function by dephosphorylation of

Tyr656, resulting in the restoration of endothelial function and the

cardioprotective effects of rIPC in diabetic NZO mice, which limited

the infarct size. (5) Scavenging of NO using cPTIO abolished the cardi-

oprotective effect of Pyk2 inhibition in diabetic NZO mice, while the

administration of nitrite restored it. All of this evidence taken together

supports the notion that the generation of eNOS-derived NO is an

absolute prerequisite for remote tissue protection by rIPC and that

the inhibition of Pyk2 restores eNOS activity, the missing link in dia-

betic conditions.

4.1 | eNOS and Pyk2 regulation

The NZO mouse strain is an established murine model of metabolic

syndrome and diabetes (Haskell et al., 2002). Male mice develop all

symptoms of the human metabolic syndrome and type 2 diabetes

mellitus, including early-onset obesity, insulin resistance, hyperlipidae-

mia, hypercholesterolaemia, hypertension and ultimately β-cell failure

(Bielschowsky & Bielschowsky, 1956; Ortlepp et al., 2000). Unlike

monogenic models, diet and duration of hyperglycaemia significantly

influence the development of diabetes in NZO mice, highlighting their

utility for translational research (Dreja et al., 2010). Conversely, BL6

mice remain resistant to type 2 diabetes due to unidentified genetic

factors that prevent beta cell failure and hyperinsulinemia, despite

potential obesity and leptin signalling deficiencies (Joost &

Schurmann, 2014).

Downstream signalling by insulin receptor activation activates

Akt and finally eNOS, which is part of the canonical insulin signalling

pathway. In tonic insulin receptor activation, the inhibition of eNOS

by Tyr657 phosphorylation exceeds the effect of the canonical path-

way, resulting in endothelial dysfunction. The subsequent effects are

a decrease in systemic haemodynamics and large arterial stiffness as

observed in diabetic NZO mice. Indeed, diabetic NZO mice display

isolated systolic hypertension and increased total peripheral resis-

tance and pulse wave velocity, indicating an imbalance in large arterial

compliance. In diabetes, the balance between the anti-atherogenic

metabolic insulin-receptor pathway and the mitogenic insulin-receptor

pathway is disturbed in favour of the mitogenic pathway. As a conse-

quence, insulin-induced eNOS activation is impaired. In addition,

higher levels of oxidative stress might further enhance Pyk2 activity

(Frank & Eguchi, 2003). Indeed, sustained stimulation of insulin recep-

tors decreases cyclic guanosine monophosphate (cGMP) levels and

NO-dependent relaxation (Fleming et al., 2003; Kolb et al., 2020;

Randriamboavonjy et al., 2004). Of note, the mechanism underlying

the regulation of eNOS activity is complex, and several regulatory

phosphorylation events are responsible for eNOS activation/inhibi-

tion. In this manner, the phosphatase and tensin homologue (PTEN), a

known inhibitor of Akt signalling (Mocanu & Yellon, 2007), can exhibit

functional dysregulation in diabetes (Penna et al., 2020). Insulin has

been previously reported to induce Pyk2-mediated inhibitory phos-

phorylation of eNOS at Tyr657 within the FMN binding domain to

prevent the transfer of electrons and subsequently reducing the abil-

ity of eNOS to generate NO (Fisslthaler et al., 2008; Siragusa &

Fleming, 2016; Viswambharan et al., 2017). Proatherogenic factors

associated with diabetes, such as oxidative stress (Tai et al., 2002),

F IGURE 2 Metabolic and molecular alterations in diabetic NZO mice. (a) Blood glucose and plasma insulin levels of BL6 and diabetic NZO
mice. Statistical significance was analysed by unpaired t tests. nBL6 = 35, nNZO = 39. *P < 0.05. (b) Glucose tolerance test (GTT) results and area
under the curve (AUC) of blood glucose levels during the glucose tolerance test. Plasma insulin levels during the glucose tolerance test and the
corresponding AUC. Statistical significance was analysed by repeated-measurements two-way ANOVA for glucose/insulin values over time and
by unpaired t tests for the corresponding areas under the curve. nBL6 = 7, nNZO = 7. nsP > 0.05, *P < 0.05. (c) Body weight, heart weight and the
heart weight/body weight (HW/BW) ratio of BL6 and diabetic NZO mice. Statistical significance was analysed by unpaired t tests. nBL6 = 17,
nNZO = 20. nsP > 0.05, *P < 0.05. (d) Representative western blots and densitometric analysis of p (Tyr402)-Pyk2 and total Pyk2 levels in cardiac

tissue from BL6 and diabetic NZO mice. Pyk2-I: Pyk2 inhibition. Statistical significance was analysed by unpaired t tests. nBL6 = 8, nNZO = 9.
*P < 0.05. (e) Representative western blots and densitometric analysis of the levels of p (Ser1177)-eNOS (stimulatory site) and total eNOS in
cardiac tissue from BL6 and diabetic NZO mice. Statistical significance was analysed by unpaired t tests. nBL6 = 5, nNZO = 5. nsP > 0.05, *P < 0.05.
(f) Representative western blots and densitometric analysis of the levels of p (Tyr656)-eNOS (inhibitory site) and total eNOS in cardiac tissue
from BL6 and diabetic NZO mice. Statistical significance was analysed by ordinary one-way ANOVA followed by Tukey's multiple comparisons
test. nBL6 = 9, nBL6 + Pyk2-I. = 10, nNZO = 10, nNZO + Pyk2-I. = 10. *P < 0.05.
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angiotensin II (Yin et al., 2003), atherosclerosis (Siragusa et al., 2019)

and proteins of the mitogen-activated protein kinase (MAPK) family

(Murphy et al., 2019) can elicit the activation of Pyk2. Within this

study, we were able to demonstrate, that the activation of Pyk2

increases eNOS phosphorylation on Tyr656 and decreases the gener-

ation of NO in a model of diabetes. The tyrosine phosphorylation of

eNOS could be linked to the endothelial dysfunction observed in

NZO mice as a Pyk2 inhibitor was able to decrease eNOS Tyr656

phosphorylation to alleviate endothelial dysfunction and impaired NO

production in vivo. This suggests that inhibition of Pyk2 results in the

restoration of eNOS function in diabetes.

4.2 | Pyk2 inhibition restores the diabetes-induced
impairment of endothelial function and
cardioprotection

The importance of the endothelium for remote tissue protection

mediated by increased NO bioavailability has been widely discussed

(Bøtker et al., 2018; Davidson et al., 2019; Erkens et al., 2021;

Hausenloy et al., 2019; Heusch, 2020). In line with this, our data

showed an elevation of nitrite in the plasma from healthy humans

after rIPC. rIPC is known to reduce the infarct size (Heusch, 2020;

Heusch et al., 2015) but fails to exert protective effects in humans

with diabetes and AMI (Hausenloy et al., 2019b). At the same time,

we found no relevant elevations of plasma nitrite after applying rIPC

to diabetic humans. Therapeutic strategies to reverse type 2 diabetes-

induced alterations are lacking (Heusch, 2020). Diabetes and insulin

resistance are associated with severe endothelial dysfunction due to

eNOS impairment (Gupta et al., 2012; Kim et al., 2006). Our in vivo

analyses of endothelial function by FMD showed a poor response to

an increase in shear stress in diabetic NZO mice. Ex vivo assessment

of endothelium-dependent relaxation of aortic rings confirmed these

results. We and others have previously demonstrated that the phar-

macological inhibition or gene knockdown of Pyk2 improves endothe-

lial function and increases eNOS activity in vitro (Bibli et al., 2017;

Viswambharan et al., 2017). The data presented in this study are the

first to highlight the crucial role of Pyk2 in regulating endothelial func-

tion, eNOS activity, and systemic haemodynamics in vivo in a model

of diabetes.

Multiple studies suggest that the endothelium releases factors

with a protective effect on cardiomyocytes. Previously, we estab-

lished that the endothelium partially contributes to rIPC-mediated

remote cardioprotection by increasing circulating NO metabolite

levels in plasma (Rassaf et al., 2014). Our transfer experiments indi-

cated that there are plasma transports signals for cardioprotection,

and that the tissue-protective effects of these signals in plasma are

abolished in mice and humans with diabetes. The humans whose

plasma was used for analysis in our study displayed the full range of

diabetic features but exhibited a normoglycaemic state at the time

of blood collection. However, the features of diabetes that impair

these plasma-transmitted signals remain unclear, and their implica-

tions might differ. In previous studies, differences in LV function and

oxidative stress were observed between obese nondiabetic patients

and diabetic humans (Montaigne et al., 2014). In contrast, several

parameters of myocardial respiration displayed a negative relationship

to the severity of insulin resistance (Jelenik et al., 2018). Based on our

data, tissue-protective signals in plasma are impaired in humans with

diabetes, while these signals might be preserved in the early stages of

insulin resistance. Several factors other than the endothelium are

involved in signalling pathways responsible for rIPC-mediated cardio-

protection. In addition to humoral and cellular factors, the neuronal

pathway impacts remote tissue cardioprotection (Lieder et al., 2018)

but may also be altered in diabetes (Pickard et al., 2016). In a similar

approach to our interspecies transfer experiments, it was recently

demonstrated that the cardioprotective signal released by rIPC was

lacking in diabetic patients with polyneuropathy (Jensen et al., 2012).

Our data support the notion that neuronal pathways play an impor-

tant role in remote tissue cardioprotection, at least under healthy con-

ditions. In contrast, we show evidence in diabetic NZO mice that

neuronal signalling pathways have no impact on the infarct size,

whereas inhibition of Pyk2 promotes rIPC-mediated cardioprotection.

F IGURE 3 Diabetic NZO mice exhibit endothelial dysfunction and hypertension due to reduced NO bioavailability, which can be alleviated by
Pyk2 inhibition (Pyk2-I). (a) Endothelial function assessed in vivo by noninvasive measurement of flow-mediated dilation (FMD). Intraperitoneal
injection of a Pyk2 inhibitor (Pyk2-I) 15 min before examination rescued endothelial function in diabetic NZO mice. Compared were the maximum
diameter changes from baseline between the groups. Statistical significance was analysed by ordinary one-way ANOVA followed by Tukey's
multiple comparisons test. nBL6 = 21, nNZO = 23, nNZO + Pyk2-I. = 14. *P < 0.05. (b) Organ bath experiments revealed a significant improvement in
endothelial function in response to acetylcholine after Pyk2 inhibition (Pyk2-I) in diabetic NZO mice. Statistical significance was analysed by
repeated-measurement two-way ANOVA with Tukey's multiple comparisons test and the difference between the groups were shown by the P-

value in the multiple comparison test. nBL6 = 13, nNZO = 11, nNZO + Pyk2-I. = 10. *P < 0.05. (c) Pyk2 inhibition normalizes the pulse-wave velocity
in diabetic NZO mice. Statistical significance was analysed by ordinary one-way ANOVA followed by Tukey's multiple comparisons test.
nBL6 = 20, nNZO = 19, nNZO + Pyk2-I. = 7. *P < 0.05. (d) Increased plasma nitrite levels after Pyk2 inhibition indicate reactivation of eNOS
functional capacity after shear-mediated activation by remote ischaemic preconditioning (rIPC). Statistical significance was analysed by unpaired t
test between BL6 mice groups and by ordinary one-way ANOVA followed by Tukey's multiple comparisons test for diabetic NZO mice groups.
nBL6 = 8, nBL6 + rIPC = 14, nNZO = 6, nNZO + Pyk2-I. = 6, nNZO + Pyk2-I. + rIPC = 10. *P < 0.05. (e) Systolic pressure, (f) mean arterial blood pressure
(MAP), (g) diastolic blood pressure and (h) total peripheral resistance (TPR) were increased in diabetic NZO mice compared to BL6 mice. Systemic
inhibition of Pyk2 normalized blood pressure and vascular resistance in diabetic NZO mice compared to BL6 mice. (e–h) Statistical significance
was analysed by ordinary one-way ANOVA followed by Tukey's multiple comparisons test. nBL6 = 8, nNZO = 9, nNZO + Pyk2-I. = 6. nsP > 0.05,
*P < 0.05.
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F IGURE 4 Larger infarct sizes and impaired endothelium-dependent remote cardioprotection (rIPC) in diabetes. (a) Schematic representation
of the study protocols. (b) The infarct size (IS) per area at risk (AAR) of BL6 and diabetic NZO mice in accordance with different treatments
highlighted under the bars. (c) Corresponding stroke volume indices (SVIs) of the respective intervention groups measured by echocardiography.
rIPC reduced the infarct size in BL6 mice and improved left ventricular function, while this cardioprotective effect was not observed in diabetic
NZO mice. Nitrite, as an exogenous reservoir of NO, had no effect in BL6 mice but reduced the infarct size in diabetic NZO mice.
Coadministration of the NO scavenger cPTIO with nitrite selectively abolished the cardioprotective effects of rIPC and nitrite in BL6 mice and the
beneficial effects of nitrite in diabetic NZO mice. “native” reffers to non-conditioned plasma. (b) Statistical significance was analysed by ordinary
one-way ANOVA followed by Tukey's multiple comparisons test. nBL6 + native = 7, nBL6 + rIPC = 6, nBL6 + Nitrite = 7, nBL6 + Nitrite+cPTIO = 6, nBL6
+ rIPC+cPTIO = 6, nNZO + native = 8, nNZO + rIPC = 6, nNZO + Nitrite = 5, nNZO + Nitrite+cPTIO = 5. *P < 0.05. (c) Statistical significance was analysed by
ordinary one-way ANOVA followed by Tukey's multiple comparisons test. nBL6 + native = 6, nBL6 + rIPC = 6, nBL6 + Nitrite = 5, nBL6 + Nitrite+cPTIO = 6,
nBL6 + rIPC+cPTIO = 6, nNZO + native = 8, nNZO + rIPC = 5, nNZO + Nitrite = 5, nNZO + Nitrite+cPTIO = 5. *P < 0.05.
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The in vivo results demonstrated an increase in the infarct size,

whereas the rIPC-dependent decrease in the infarct size was abro-

gated in diabetic NZO mice compared to BL6 mice after myocardial

ischaemia/reperfusion. Notably, the effect size of Pyk2 inhibition in

restoring the cardioprotective effect of rIPC was considerable, with

Pyk2 inhibition resulting in almost complete elimination of the

F IGURE 5 Pyk2 inhibition (Pyk2-I) restores endothelium-dependent remote cardioprotection (rIPC) in diabetes. (a) Schematic representation
of the study protocols to which mice were subjected. The Pyk2 inhibitor was injected i.p. 15 min before the different protocols. (b) The infarct
size (IS) per area at risk (AAR) in diabetic NZO mice treated with and without the Pyk2 inhibitor. (c) Corresponding stroke volume indices (SVIs) of
the respective intervention groups. In diabetic NZO mice, Pyk2 inhibition restored the cardioprotective effects of rIPC, as indicated by smaller
infarct sizes and improved SVIs. Administration of the NO scavenger cPTIO neutralized this cardioprotective effect, indicating that eNOS contributed
to rIPC-dependent cardioprotection. Exogenous nitrite was cardioprotective but did not enhance the effect of rIPC. The groups of diabetic NZO
mice shown in (b) and (c) coincide with the groups shown in Figure 4. “native” reffers to non-conditioned plasma (b) Statistical significance was
analysed by ordinary one-way ANOVA followed by Tukey's multiple comparisons test. nNZO + native = 8, nNZO + rIPC = 6, nNZO + Nitrite = 5, nNZO

+ Nitrite+cPTIO = 5, nNZO + Pyk2-I. = 8, nNZO + Pyk2-I. + rIPC = 7, nNZO + PYk2-I. + Nitrite = 6, nNZO + Pyk2-I. + rIPC+cPTIO = 5. *P < 0.05. (c) Statistical
significance was analysed by ordinary one-way ANOVA followed by Tukey's multiple comparisons test. nNZO + native = 8, nNZO + rIPC = 5, nNZO

+ Nitrite = 5, nNZO + Nitrite+cPTIO = 5, nNZO + Pyk2-I. = 7, nNZO + Pyk2-I. + rIPC = 7, nNZO + PYk2-I. + Nitrite = 8, nNZO + Pyk2-I. + rIPC+cPTIO = 5. *P < 0.05.
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diabetes-associated enlargement of infarct size. The regulation of

eNOS activation is shear stress- and time-course-dependent (Bibli

et al., 2017; Inserte et al., 2013). The reduction in infarct size in Pyk2

inhibitor-treated diabetic NZO mice after rIPC may have also been

modulated by the coronary endothelium (Bice et al., 2016). The infarct

size was not reduced in BL6 or diabetic NZO mice receiving the Pyk2

inhibitor alone. These results support the notion that the vascular

endothelium in the hindlimbs exerts protective effects. The results of

the experiments involving transfer of plasma from mice and humans

subjected to rIPC demonstrate that inhibition of eNOS by Pyk2 in

remote endothelium plays a fundamental role in the loss of

endothelium-dependent rIPC-mediated cardioprotection in diabetes.

Translating preconditioning to clinical practice might prove challeng-

ing due to the unpredictability of coronary occlusions (Heusch, 2023).

However, preconditioning offers a more viable option for clinical

application, a topic that future trials will need to explore

(Heusch, 2024). Taken together, these data show that Pyk2 inhibition

contributes to limiting the infarct size by restoring endothelium-

dependent rIPC-induced cardioprotection in diabetes.

5 | LIMITATIONS

The current study has some limitations that must be addressed. First,

restoration of endothelium-dependent cardioprotection by rIPC was

examined by the pharmacological inhibition of Pyk2 and not by gene

knock-out. PF-431396 hydrate inhibits, besides Pyk2, several kinases,

including FAK, which might be interconnected in ischaemic precondi-

tioning. However, it seems that FAK activation rather than FAK inhibi-

tion would elicit beneficial effect of preconditioning (Cheng

et al., 2012; Perricone et al., 2013). In addition, the feasibility and

safety of developing pharmacological Pyk2 inhibitors for human use

may be challenging in controlling specificity and managing possible

side effects due to inhibition of other kinases. Second, we compared

the diabetic NZO mice with BL6 mice to contrast a diabetes-prone

from a diabetes-resistant strain. NZO mice are an inbred strain repre-

senting a polygenic model for diabetes without specific single-risk

gene modifications, meaning a traditional genetic control group does

not apply. While diabetic NZO mice exhibit key diabetes characteris-

tics, they may not fully reflect the human disease's cellular and sys-

temic complexity. Despite potential genomic variation confounders,

our cardiac function assessments yielded consistent results across

strains, providing a reliable baseline for comparison. Third, our vasor-

eactivity studies were performed on thoracic aortic segments,

whereas rIPC and FMD were performed on smaller vessels in the hin-

dlimb. Fourth, we analysed the effects in male mice, therefore our

results cannot be transposed on female mice, although, recently, no

gender-specific differences regarding infarct size and its reduction by

rIPC was observed in minipigs (Kleinbongard et al., 2022). Moreover,

the hybrid transfer experiments involved individuals with diabetes,

along with comorbidities like hypercholesterolemia, obesity, and coro-

nary artery disease. These accompanying conditions could potentially

contribute to the reduced effectiveness of rIPC. Notably, despite ageT
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Ší
d
ák
's
m
u
lt
ip
le

co
m
p
ar
is
o
n
s
te
st

fo
r
th
e
ti
m
ep

o
in
ts
.

n-
va
lu
es

ar
e
sh
o
w
n
in

th
e
ta
bl
e
he

ad
er
s.
rI
P
C
,r
em

o
te

is
ch

ae
m
ic
pr
ec
o
nd

it
io
ni
ng

.B
o
ld

em
ph

as
is
hi
gh

lig
ht
s
w
hi
ch

co
m
pa

ri
so
ns

ar
e
st
at
is
ti
ca
lly

si
gn

if
ic
an

t.

4190 ERKENS ET AL.

 14765381, 2024, 21, D
ow

nloaded from
 https://bpspubs.onlinelibrary.w

iley.com
/doi/10.1111/bph.16483 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [02/12/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=2180


potentially affecting rIPC effectiveness, we observed an effect of

plasma from age-matched, non-diabetic humans treated with rIPC. In

addition, we did not search for simultaneous changes in the inducible

nitric oxide synthase (iNOS) and the neuronal nitric oxide synthase

(nNOS) in local endothelial cells exposed to rIPC or in the remote

myocardium. Lastly, we performed Western Blotting in lung tissue for

increasing the amount of endothelial cells by tissue preparation. Inter-

pretation and transposition of this data on other tissues should be car-

ried out with caution.

6 | CONCLUSION

Endothelial cell function and its contribution to remote tissue protec-

tion are severely impaired in diabetes. Pyk2 is activated in diabetic

mice. Targeting Pyk2 rescued eNOS function, NO generation and the

cardioprotective effects of rIPC in diabetic conditions. The inhibition

of Pyk2 may be a novel strategy to treat endothelial dysfunction and

to restore endothelial dependent remote tissue protection in diabetes.
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