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RELAZIONE:  
 
Background 

Heart failure with preserved ejection fraction (HFpEF) affects approximately half of the HF patients 

and represents a complex clinical syndrome with accumulated risk factors and comorbidities 

(diabetes, atherosclerosis, hypertension, obesity, renal dysfunction, chronic obstructive lung 

disease etc.) that per se significantly influence cardiac structure and function and long-term 

prognosis1. The prevalence of HFpEF will probably raise in the next 10 years2, mostly because 

specific evidence-based treatments have not been found3. None of the therapies tested so far have 

effectively reduced mortality in HFpEF patients and most clinical trials have been disappointing4. 

The pathophysiology of HFpEF is poorly understood. Interstitial fibrosis, myocyte hypertrophy and 

altered intracellular Ca2+ homeostasis may trigger diastolic dysfunction. The pathophysiological 

hallmarks of HFpEF are impaired relaxation and increased diastolic stiffness. Relaxation is an active 

process dependent on the intracellular Ca2+ homeostasis. HFpEF is also associated with the excessive 

use of free fatty acids (FFA) for energy production and insulin-resistance, thus reducing myocardial 
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energy reserves and prolonging relaxation. It has been proposed that shifting cardiac energy 

production away from FFA to carbohydrate oxidation may be beneficial in HFpEF. This effect can be 

achieved with incretin-based therapies that increase insulin sensitivity and promote myocardial 

glucose uptake. Moreover, diastole is regulated by myocardial stiffness which is largely determined 

by extracellular matrix homeostasis. In HFpEF extracellular matrix is unbalanced, resulting in 

excessive myocardial fibrosis5. 

Dipeptidyl peptidase 4 (DPP4) is a widely expressed peptidase that catalyzes the release of 

dipeptides from numerous substrates (hormones, chemokines, neuropeptides and growth factors)6. 

The most studied DPP4 substrate is the glucagon like peptide-1 (GLP-1), an incretin hormone which 

plays a pivotal role in the maintenance of systemic glucose homeostasis. DPP4 inhibitors (DPP4i), 

known as gliptins, have been approved for managing glucose levels in type II diabetes. However, 

emerging evidences from preclinical and clinical studies suggested that DPP4 might be involved in 

the pathophysiology of HF. Both the concerns about cardiovascular safety of gliptins and their 

potential benefits for heart and vessels are under investigation7. HF patients and animals exhibit 

increased DPP4 plasma activity; the higher the activity of DPP4, the poorer the cardiovascular 

outcome8. Several stimuli may increase levels and activity of soluble and cardiac DPP4 during acute 

and chronic stages of HF. Therefore, the role of DPP4 in the enzymatic inactivation of different 

substrates and the selectivity of DPP4i raised great interest in the field. DPP4 may reduce the 

biological activity of peptides with cardio-, vaso- and reno-protective actions including GLP-1, brain 

natriuretic peptide (BNP) and stromal cell-derived factor-1α (SDF-1α). On the other hand, DPP4 

protease activity can be beneficial for the cardiovascular system by cleaving Substance P (SP) and 

Neuropeptide Y (NPY)9. Further, DPP4i may selectively interfere with other members of the DPP4 

oligopeptidase family, such as membrane-bound peptidases, the Fibroblast Activation Protein (FAP), 

resident cytoplasmic enzymes (DPP8, DPP9), and non-enzymatic members (DPP6, DPP10). Beyond 
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being an exopeptidase, DPP4 also functions as a binding protein for collagen and fibronectin 

contributing to connective tissue metabolism and cell migration. DPP4 may directly and indirectly 

exert pro-fibrotic and inflammatory effects, but the possible underlying mechanisms are not fully 

understood9. DPP4 inhibition has been shown to attenuate cardiac fibrosis in HF rats as well as in 

other models of cardiac disease9. 

Objectives 

Oxidative stress10 and a pro-inflammatory status11 contribute to the activation of pro-fibrotic 

pathways in the myocardium, significantly triggering adverse myocardial remodeling and 

extracellular matrix accumulation. Therefore, the following six months of the project were spent to 

deeper investigate the molecular players related to DPP4-activation and to address the involvement 

of myocardial oxidative stress in our model of HFpEF12.  

Methods 

Animal model and dietary regimen  

Six weeks-old male Dahl Salt Sensitive (SS) rats (Charles River Laboratories, MA, USA) were 

maintained on a 12 h/12 h light/dark cycle in temperature- and humidity-controlled room. Animals 

were fed laboratory chow containing a high salt (HS) diet (8% NaCl) for 5 weeks to induce 

hypertension. Animals were kept on a high salt diet for the following 8 weeks. Control rats (n=10) 

were maintained on a low salt (LS) diet (0.3% NaCl, LS group). At the end of the treatment (19 weeks 

of age), functional studies were performed and the hearts were collected. Body and organ weights 

were also determined. 
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GLP-1 analysis 

GLP-1 (Tecan, Männedorf, Switzerland) were determined by using enzyme immunoassay kits 

according to manufacturer’s instructions. 

Tissue harvesting 

After completion of hemodynamic measurements, the abdominal aorta was cannulated and the 

heart was arrested in diastole by injection of cadmium chloride (CdCl2, 100 mM; Sigma-Aldrich, St. 

Louis, MO, USA). The thorax was opened and perfusion with 10% phosphate-buffered formalin was 

started, as previously described13,14. After fixation, hearts were dissected and weighted. Finally, 

tissue specimens were embedded in paraffin and 5 µm thick histological sections were cut.  

In situ DPP4 activity 

DPP4 proteolytic activity was detected as previously described15, with some modifications. Briefly, 

frozen sections were fixed in a 1:1 mixture of acetone and chloroform for 2 min at 4°C. After several 

washes, the incubation solution was applied to any sample (5 mg Gly-Pro 4-methoxy-β-

naphthylamide hydrochloride in 0.5 ml dimethylformamide; 10 mg Fast Blue Salt; 10 ml PBS pH 7.4) 

(Sigma-Aldrich). Specimens were incubated overnight at 4 °C and mounted in an aqueous medium. 

Histochemistry 

GLP-1 receptor (GLP-1R; Novus Biologicals, Littleton, CO, USA) expression was detected in 

myocardial tissue; myocytes were labelled with α-sarcomeric actin (α-SA; Sigma-Aldrich). 

Nitrosative stress was identified by nitrotyrosine (Merck Millipore, Milan, Italy). To assess 

superoxide generation, frozen sections were incubated with dyhydroethidium (DHE; Sigma-Aldrich). 

Nuclei were counterstained with DAPI. Fluorescein isothiocyanate (FITC) tetramethylrhodamine-5-

(and 6)-isothiocyanate (TRITC) conjugated were used as secondary antibodies (Jackson 
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Immunoresearch, Suffolk, UK). Sections were analyzed with a Leica DM5000B microscope (Leica 

Microsystems, Wetzlar, Germany) and a Zeiss LSM700 confocal microscope (Zeiss, Oberkochen, 

Germany). 

Western blotting 

Tissue samples were homogenized in lysis buffer containing 50 mmol/L Tris-HCl (pH 7.4), 5 mmol/L 

EDTA, 250 mmol/L NaCl, 0.1% Triton X-100 and protease inhibitors (2 μg/mL leupeptin, 2 μg/mL 

aprotinin and 1 mmol/L phenylmethylsulfonyl fluoride) (Sigma-Aldrich). Protein concentration was 

determined by Bradford assay (Bio-Rad Laboratories, Hercules, CA, USA). 20 µg of protein extracts 

were then separated by SDS-PAGE on 8-12% bis-acrylamide gels and transferred onto polyvinylidene 

fluoride membrane (PVDF; Thermo Fisher Scientific, Waltham, MA, USA). Membranes were probed 

with primary antibodies against GLP-1R (Novus Biological); NADPH oxidase 2 (NOX-2), mothers 

against decapentaplegic homolog 3 (SMAD3), CTGF, stromal cell-derived factor-1 (SDF-1) (Abcam); 

vasodilator-stimulated phosphoprotein (VASP), phospho-VASPSer239, phospho-SMAD3Ser423/425 (Cell 

Signaling Technology, Danvers, MA, USA). Loading conditions were determined with 

Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH; Sigma-Aldrich). Peroxidase-conjugated 

secondary antibodies (Santa Cruz Biotechnology, Dallas, TX, USA) were employed for primary 

antibodies detection. Antibody binding was visualized by enhanced chemiluminescence (ECL; Merck 

Millipore) and images were collected and analyzed using a Chemidoc-It Imager (Ultra-Violet 

Products, UK). The optical density of the bands was measured with the Molecular Analysis software 

(Bio-Rad Laboratories). 

Western Blotting for native eNOS and phospho-eNOSSer1177 

Protein expression of endothelial NO synthase (eNOS) and phospho-eNOSSer1177  was determined  in 

non-denaturating conditions as previously described16. Briefly, rat hearts were lysed in ice-cold 
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protein lysis buffer under native conditions (50mM Tris-HCl, pH7.4; 150mM NaCl; 5mM CaCl2; 

protease and phosphatase inhibitor cocktails) (Sigma-Aldrich). Protein concentration was 

determined and 20 µg of native total protein were diluted in 5X non-denaturating loading buffer 

(250 mM Tris-HCl, pH 6.8; 50% glycerol; 0.5% w/v bromophenol blue) (Sigma-Aldrich). Both 

electrophoresis and blotting procedures were performed at 4°C. Samples were separated by SDS-

PAGE on 10% bis-acrylamide gels in SDS-free buffer and transferred onto PVDF membrane (Thermo 

Fisher Scientific). Membranes were probed with anti-eNOS and anti-phospho-eNOSSer1177 antibodies 

(Thermo Fisher Scientific). 

Results 

DPP4 expression/activity, GLP1 and GLP-1R expression 

Myocardial DPP4 expression was elevated in hypertensive rats with respect to normotensive 

animals. In situ assessment of DPP4 activity showed an enhanced pattern in hearts of HS-treated 

animals. The increased activity of DPP4 coupled with an increased expression of GLP-1R in the heart 

observed in the HS group. Moreover, a significant reduction in serum GLP-1 level was detected in 

the HS group as compared to LS animals. 

Oxidative stress and eNOS uncoupling 

In our model of HFpEF, we show that the expression of NOX2, an enzyme producing superoxide 

anions, was upregulated by HS diet. DHE oxidation levels increased, as well. Because of 

inflammation and oxidative stress, the dimeric isoform of eNOS, that in physiological conditions 

produces NO, is forced to uncouple into monomers that alter the enzyme function producing more 

superoxide anion. In fact, we observed that eNOS monomer levels of increased in the HS group with 

respect to control rats, whereas the dimer expression decreased. Further, the activation of the eNOS 

monomeric isoform through phosphorylation on serine 1177, increased in HS animals.  
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NO/cGMP/PKG signaling 

The formation of 3-nitrotyrosine resulted increased in myocardial endothelium of HS rats. The 

interaction of superoxide anion with NO to form 3-nitrotyrosine determines a lowering in NO 

bioavailability. Endothelial dysfunction impairs adjacent cardiomyocytes because the low amount 

of NO determines reduced cGMP production and activity of its downstream effectors, including PKG. 

PKG activity can be indirectly detected by measuring VASP phosphorylation rate17. Our data 

revealed a marked lowering in the phospho-VASPSer239/VASP ratio in hypertensive rats. Finally, we 

didi not observe modulations in myocardial levels of SDF-1. Taken together, our results support the 

hypothesis that a HS diet impacts on microvascular endothelial dysfunction, the key determinant of 

a sequence of events driving to LV dysfunction in HFpEF. 

Discussion 

An arising theory for the pathogenesis of HFpEF has been focused on a systemic proinflammatory 

state and endothelial dysfunction18-20. At the same time, accumulating evidence point out a possible 

versatile role of DPP4 in the pathological mechanisms underlying HF. Indeed DPP4 activity was 

reported to positively correlate with LV end-diastolic pressure and lung congestion8. Our data are in 

line with a new paradigm of HFpEF as a systemic inflammatory condition partly mediated by 

comorbidities21. The fact that arterial hypertension is considered a major co-morbidity leading to 

HFpEF, with approximately 70% of patients diagnosed with HFpEF presenting with elevated blood 

pressure22-24 makes attractive the model used in our study. Of note, we have detected an increased 

myocardial expression of DPP4 in hypertensive animals with diastolic dysfunction, that set the stage 

for the study of pathogenetic pathways involving DPP4 modulation. Several studies suggest that a 

large number of biologically active peptides are produced by DPP4 inhibition with the capacity of 

decreasing or increasing blood pressure25. 
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The overall picture emerging from our results is in line with a new paradigm of HFpEF as a systemic 

inflammatory condition partly mediated by co-morbidities10,21,26. This can be relevant to the 

observations that various inflammatory factors can increase DPP4 expression in immune, epithelial 

or endothelial cells27,28,29,30. In fact, DPP4 may potentiate the inflammatory process at systemic and 

local levels by co-stimulation of T cells, macrophage maturation and adhesion of inflammatory cells 

to extracellular matrix proteins31. DPP4 is a principal determinant of the circulating level of GLP-1, 

but it also cleaves numerous biologically active substrates, including chemokines, cytokines, 

neuropeptides and growth factors6. In our model of HFpEF, we observed reduced circulating GLP1 

levels, regardless a GLP-1R increase, in the myocardium of HS group rats. Apart from the 

physiological function of GLP-1 on glycemic control, several evidences point at its role in the 

cardiovascular system. GLP-1 receptors are expressed in the heart and vasculature, where they 

modulate heart rate, blood pressure and vascular tone32. Importantly, GLP-1 has been found to be 

cardioprotective in experimental models of dilated cardiomyopathy and hypertensive HF33,34. In 

fact, GLP-1 decreases monocytes migration and can exert anti-inflammatory effects by reducing NF-

κB activation35,36.  

Since oxidative stress10 and a proinflammatory status11 contribute to activation of pro-fibrotic 

pathways in the myocardium, significantly contributing to adverse myocardial remodeling and 

extracellular matrix accumulation, we deeper investigated the involvement of myocardial oxidative 

stress in our model of HFpEF. In our study, we observed eNOS uncoupling and increased 

oxidative/nitrosative stress in the myocardium of HS animals. As endothelial cells express both GLP-

1R and DPP4, the reduced endothelial function may be attributed to both direct and indirect action 

of the GLP1/GLP-1R axis. Inflammation-induced coronary endothelial dysfunction results with 

impaired NO bioavailability10, which can also be due to elevated levels of ROS. Pro-inflammatory 

cytokines and upregulation of adhesion molecules mediate ROS generation37, which in turn 
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decrease NO production and determine eNOS uncoupling, thus leading to the transition of 

hypertension to HFpEF38. In fact, high nitrotyrosine levels indicate reduced NO bioavailability, since 

superoxide anion, overproduced in the “inflammatory disease” HFpEF, consumes NO to generate 

peroxynitrite10,12,21. As NO participates to myocardial relaxation, reduced cardiac NO contributes to 

diastolic dysfunction39. Another potential mechanism involved in the maintenance of endothelial 

homeostasis may be related to the increased bioavailability of SDF-1. However, we did not report 

any significant modulation of SDF-1 in HS rats. DPP4, indeed, induces the cleavage of SDF-1 that may 

interfere with eNOS activation in cardiac cells40. SDF-1 is also a progenitor cell homing factor. 

Preclinical studies have shown its therapeutic potential after myocardial injury by recruiting 

endothelial progenitor cells to the heart15.  

In HFpEF patients, increased nitrosative/oxidative stress and decreased NO bioavailability translate 

into lower myocardial cGMP content and reduced PKG activity37,41. We have measured PKG activity 

assessing the phosphorylation rate of the VASP protein, one of the PKG specific substrates17. We 

observed a negative trend in the phospho-VASPSer239/VASP ratio in the HS group. PKG exerts a 

variety of downstream effects in cardiovascular physiology. For example, through the 

phosphorylation of titin, PKG impacts on the mechanical properties of cardiomyocytes affecting 

diastolic tone (lowered by PKG), ventricular extensibility (increased by PKG) and relaxation speed 

(accelerated by PKG)42. Several PKG targets have also been identified within the intracellular calcium 

regulatory system. These include the inhibition of the L-type calcium channel, the increase of 

intracellular diastolic calcium reuptake through phosphorylation of phospholamban and the 

suppression of the hypertrophic signaling43. Additionally, PKG reduces the fibrotic response of the 

heart by interfering with the activation of the TGF-β/SMAD3 signaling44. Increased cardiomyocyte 

stiffness, in addition to fibrosis, contributes to a reduced LV compliance41,42,45.  
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In our study, myocardial levels of TGF-β and its downstream effectors SMAD3 and CTGF increased 

in hypertensive rats. Moreover, we detected an increase in collagen and fibronectin accumulation. 

This is consistent with the development of the pro-fibrotic phenotype leading to myocardial 

remodelling. Indeed, the inflammation-driven stimulation of the TGF-β/SMAD3 signaling is essential 

for the activation and transdifferentiation of fibroblasts into myofibroblasts and the extracellular 

matrix turnover44. These processes, fuelled by the presence of co-morbidities such as hypertension 

and type 2 diabetes, contribute to the increased myocardial stiffness in HFpEF46,47.  

Our findings show that a combination of pro-inflammatory and pro-fibrotic actions coupled with a 

worse coronary endothelial function and NO bioavailability act in concert to determine the 

hypertension-driven HFpEF phenotype through the involvement of the GLP-1/GLP-1R axis. Further, 

our study reinforces the notion that the effects of DPP4 may strongly depend on the overall 

pathophysiological milieu, which, according to a current concept, can be significantly 

heterogeneous within the HFpEF population. However, the mechanisms responsible for the HFpEF 

development  are complex and multiple and further studies are needed. 

References 

1. Paulus WJ, et al. Eur Heart J 2007;28:2539-2550 

2. Steinberg BA, et al. Circulation 2012;126:65–75 

3. Yancy CW, et al. Circulation 2013;128:e240-e327 

4. McMurray JJ, et al. Eur J Heart Fail 2012;14:803-869 

5. Konstantinou DM, et al. Pharmacol Ther 2013;140:156-166 

6. Lambeir AM, et al. Crit Rev Clin Lab Sci 2003;40:209-294 

7. Green JB, et al. N Eng J Med 2015; 373:232-242 

8. Dos Santos L, et al. Circ Heart Fail 2013;6:1029-1038 

9. Salles TA, et al. Int J Mol Sci 2015;16:4226-4249 

10. Paulus WJ, Tschöpe C. J Am Coll Cardiol 2013;62:263-271 

11. Dai DF, et al. Circulation 2009;119:2789–2797 

12. Westermann D, et al. Circ Heart Fail 2011;4:44-52 

13. Cappetta D, et al. Int J Cardiol 2016;205: 99-110 

14. De Angelis A, et al. Int J Cardiol 2015;189: 30-44 

15. Shigeta T, et al. Circulation 2012;126:1838-1851. 
16. Yamamoto E, et al. Arterioscler Thromb Vasc Biol 2007;27:2569-2575. 
17. Oelze M, et al. (2000). Circ Res 2000;87:999-1005. 
18. Paulus WJ, van Ballegoij JJ. J Am Coll Cardiol 2010;55:526-537 
19. Dubi S, Arbel Y. Cardiovasc Pathol 2010;19:147-152 
20. Redfield MM. N Engl J Med 2004;350:1930-1931 
21. Ather S, et al. J Am Coll Cardiol 2012;59:998-1005 
22. Owan TE, et al. N Engl J Med 2006;355:251-259 
23. Liu Y, et al. Curr Opin Cardiol 2013;28:187-196 

mailto:sif.soci@segr.it
mailto:sifcese@comm2000.it


                                                                

Da inviare a: Società Italiana di Farmacologia – e-mail: sif.soci@segr.it; sifcese@comm2000.it  

24. McMurray JJ, et al. Eur J Heart Fail 2008;10:149-156 
25. Aroor AR, et al. Am J Physiol Heart Circ Physiol 2014;307:H477-H492. 
26. Yancy CW, et al. J Am Coll Cardiol 2006;47:76-84. 
27. Stefanovic V, et al. Immunology 1993;80: 465-470.  
28. Riemann D, et al. Clin Exp Immunol 1995;100:277-283.  
29. Cordero OJ, et al. Immunobiology 1995:197:522-533. 
30. Yamabe T, et al. Immunology 1997;91:151-158. 
31. Zhong J, et al. Circ Res 2015; 116:1491-504. 
32. Grieve DJ, et al. Br J Pharmacol 2009;157:1340-1351. 
33. Nikolaidis LA, et al. Am J Physiol Heart Circ Physiol 2005;289:H2401-H2408. 

34. Poornima I, et al. Circ Heart Fail 2008;1:153-160. 
35. Matsubara J, et al. J Am Coll Cardiol 2012;59:265-276. 

36. Vittone F, et al. Diabetologia 2012;55:2267-2275. 
37. Griendling KK, et al. Circ Res 2000;86:494-501. 
38. Szelényi Z, et al. J Geriatr Cardiol 2015;12:1-10. 
39. Takimoto E, et al. J Clin Invest 2005;115:1221-1231. 
40. Zhong J, Rajagopalan S. Front Immunol 2015;6:477. 
41. van Heerebeek L, et al. Circulation 2012;126:830-839. 
42. Linke WA, Hamdani N. Circ Res 2014;114:1052-1068. 
43. Takimoto E. Circ J 2012;76:1819-1825. 
44. Kirk JA, et al. Proteomics 2016;16:894-905. 
45. Borbely A, et al. Circulation 2005;111:774-781. 
46. González A, et al. Hypertension 2012;55:1418-1424. 
47. Kasner M, et al. J Am Coll Cardiol 2011;57:977-985. 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

mailto:sif.soci@segr.it
mailto:sifcese@comm2000.it


                                                                

Da inviare a: Società Italiana di Farmacologia – e-mail: sif.soci@segr.it; sifcese@comm2000.it  

 

mailto:sif.soci@segr.it
mailto:sifcese@comm2000.it

