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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 

prognosis
1
. The prevalence of HFpEF will probably raise in the next 10 years

2
, mostly because 

specific evidence-based treatments have not been found
3
. None of the therapies tested so far 

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

disappointing
4
. 

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

altered intracellular Ca
2+

 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 Ca
2+

 homeostasis. HFpEF is also associated with the 
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excessive use of free fatty acids (FFA) for energy production and insulin-resistance, thus reducing 

myocardial 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 fibrosis
5
. 

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 investigation
7
. HF patients and 

animals exhibit increased DPP4 plasma activity; the higher the activity of DPP4, the poorer the 

cardiovascular outcome
8
. 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 
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Activation Protein (FAP), resident cytoplasmic enzymes (DPP8, DPP9), and nonenzymatic members 

(DPP6, DPP10). Beyond 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 understood
9
. DPP4 inhibition has been shown to attenuate cardiac 

fibrosis in HF rats as well as in other models of cardiac disease
9
. 

Objectives 

The first six months of the project were spent to characterize the mechanisms involved in the 

physiopathology of HFpEF in an animal model
10. At the end of the functional measurements,

 

samples were collected for further molecular biology and immunohistochemistry analysis. To 

exclude the consequences of diabetes itself and the anti-diabetic effects of DPP4 inhibition, a non-

diabetic model of HFpEF will was used. Thus, blood pressure and glucose levels were measured. To 

assess systolic and diastolic cardiac function, echocardiography and hemodynamic measurements 

were performed and myocardial remodeling was evaluated. Once HF was established, DPP4 

expression was investigated. To identify cellular and molecular mechanisms related to DPP4 

activity that may be involved in the pathophysiology and progression of HFpEF, our first goal was 

the evaluation of inflammation ad endothelial activation in the hearts HF animals.  

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) 
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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. 

Blood pressure, survival, echocardiographic and hemodynamic measurements  

Mean blood pressure was measured weekly in conscious animals using the non-invasive tail-cuff 

method (BP-2000; Visitech Systems, NC, USA). The mortality rate was determined by the Kaplan-

Meier method. Echocardiography was performed with a high resolution Micro-Ultrasound System 

equipped with a 25- MHz linear transducer (Vevo 770, VisualSonics Inc., Ontario, Canada). Rats 

were anesthetized with an intramuscular injection of ketamine (100 mg/kg b.w., i.p.) and 

medetomidine (0.25 mg/kg) and body temperature was maintained at ~37°C with a heating pad. 

Serial M-mode images were recorded along the minor axis at the level of the papillary muscles to 

measure diastolic left ventricle (LV) diameter and wall thickness and to calculate ejection fraction 

(EF) and fractional shortening (FS).  

Prior to sacrifice, hemodynamic parameters were collected. The right carotid artery was 

cannulated with a microtip pressure-volume transducer (SPR-612, Millar Instruments, TX, USA) 

connected to an A/D converter (iWorx 214) and a computer system. The catheter was advanced 

into the LV cavity for the evaluation of end-diastolic pressure (EDP), -dP/dt, Tau and end-diastolic 

pressure-volume relationship (EDPVR) were calculated in the closed-chest preparation
11

. Blood 

glucose levels were measured from tail-prick blood samples with a glucometer. Blood B-type 

natriuretic Peptide (BNP) analysis was performed by an enzyme immunoassay kit (Abcam, 

Cambridge, UK) according to manufacturer’s instructions. 
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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, 

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

started, as previously described
11,12

.After fixation, hearts were dissected and weighted. Finally, 

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

Histochemistry 

Histological sections were deparaffinized with xylene and rehydrated with aqueous solutions of 

decreasing ethanol concentrations. Tissue fibrosis was detected with Masson’s thricrome staining 

(Sigma-Aldrich). Interstitial and perivascular fibrosis and myocyte cross-sectional area were 

measured using the ImageJ and ImagePro Plus softwares (Media Cybernetics, Rockville, MD, USA). 

Fluorescence immunolabeling and confocal microscopy were also performed. Cardiac fibroblasts 

were labelled with vimentin (Abcam) and alpha-smooth muscle actin (α-SMA, Sigma-Aldrich); 

myocytes were identified by α-sarcomeric actin labelling (Sigma-Aldrich); endothelial localization 

of adhesion molecules VCAM-1 and E-selectin (Abcam) were detected; macrophage and 

neutrophil infiltration was assessed by antibodies against CD68 and myeloperoxidase (Abcam). 

Nuclei were stained with DAPI (Sigma-Aldrich). Fluorescein isothiocyanate (FITC) and 

tetramethylrhodamine-5-(and 6)-isothiocyanate (TRITC) conjugated were used as secondary 

antibodies (Jackson ImmunoResearch, Suffolk, UK). Sections were analyzed with a Leica DM5000B 

microscope (Leica Microsystems) and a Zeiss LSM700 confocal microscope (Zeiss Italia, Italy).  

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 
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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, MA, USA). Membranes were 

probed with primary antibodies against Tumor Necrosis Factor-α (TNF-α), Monocyte 

Chemoattractant Protein-1 (MCP-1), Nuclear Factor-κB (NF-κB) (Santa Cruz Biotechnology); 

Transforming Growth Factor-β (TGF-β), interleukin 6 (IL-6), myeloperoxidase, Vascular Cell 

Adhesion Molecule-1 (VCAM-1), E-Selectin, DPP4 (Abcam); Collagen type I (Novus Biologicals, CO, 

USA). Loading conditions were determined with Glyceraldehyde-3-Phosphate Dehydrogenase 

(GAPDH; Sigma-Aldrich). Peroxidase-conjugated secondary antibodies (Santa Cruz Biotechnology) 

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). 

Quantitative RT-PCR  

Total RNA was extracted from heart tissue using the TRIzol reagent (Life Technologies Italia, 

Monza, Italy) according to the manufacturer's instructions. Both cDNA synthesis and quantitative 

RT-PCR were simultaneously carried out using the SuperScript III Platinum SYBR Green One-Step 

qRT-PCR Kit (Life Technologies Italia) and the CFX96 Real-time System (Bio-Rad Laboratories), 

according to the suggested standard cycling program. The transcription levels of collagen type I, 

collagen type III and fibronectin (Life Thechonologies Italia) were detected and the data were 

normalized to the housekeeping gene hypoxanthine phosphoribosyltransferase (HPRT) by means 

of the comparative cycle threshold method (2
−ΔΔCt

). All reactions were carried out in triplicate. 
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Results 

Blood pressure, peripheral vascular function 

Dahl SS rats, feeding 8% NaCl diet from 7 weeks of age, progressively developed hypertension. 

After five weeks, mean blood pressure was significantly higher in all animals under the HS diet 

compared to those on the LS diet (161±9 mmHg vs. 115±4 mmHg).  

Survival, blood pressure and body weight  

Kaplan-Meier analysis showed high mortality of HS animals with a significant difference in the 

survival rate vs control, where no death events were observed. The unchanged levels of blood 

glucose in both experimental groups excluded a possible involvement of glycemia in the 

pathological state of animals. 

Systolic and diastolic function 

At 19 weeks of age, systolic parameters resulted unaltered in both experimental groups, as shown 

by comparable values of EF, FS and LV diameter. On the other hand, diastolic function was 

impaired in HS animals: hemodynamic analysis showed an increased EDP, a decreased dP/dt min 

and a longer Tau, the time constant of LV relaxation. Furthermore, the increase in the end-

diastolic stiffness index and the end-diastolic pressure-volume relationship slope were observed.  

Thus HS diet-induced hypertension influenced diastolic compliance and impaired of LV relaxation.  

Functional impairment was associated with a marked increase in plasma BNP concentration in HS 

rats.  
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Myocardial remodeling 

Higher perivascular and interstitial fibrosis in HS animals was evident by the accumulation of 

collagen as shown by Masson's trichrome staining. mRNA and protein profile expression showed 

an increase in collagen type I mRNA and protein, and collagen type I-to-type III mRNA ratio, along 

with higher fibronectin mRNA content. 

DDP4 expression, inflammation and activation of coronary endothelium  

DPP4 myocardial expression increased in HS rats. Given its inflammatory effects, myocardial 

inflammation and microvascular activation was assessed in HS hearts by increased expression of 

TNF-α, IL-6, MCP-1 and adhesion molecules VCAM-1 and E-selectin. These modulations, along with 

increased macrophage infiltration and neutrophil activation, as assessed by CD68 and 

myeloperoxidase expression, confirm the presence of a comorbidity-induced inflammatory state in 

HS animals, as already observed in HFpEF patients
13

. Additionally, the high NF-κB levels, a key 

target and regulator of inflammatory conditions, confirmed the pro-inflammatory effects driven by 

hypertension.  

Discussion 

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

state and endothelial dysfunction
14-16

. 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 congestion
8
. Our data 

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

comorbidities
17

. 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 

pressure
18-20 

makes attractive the model used in our study. Of note, we have detected an 
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increased myocardial expression of DPP4 in hypertensive animals with diastolic dysfunction, that 

set the stage for the study of pathogenetic pathways involving DPP4 modulation.   

Experimental and clinical observations have shown that the systemic inflammatory state induced 

by hypertension is marked by the increased levels of circulating pro-inflammatory cytokines, such 

as TNF-α and IL-6 also in HFpEF
21-23

. Elevated cardiac expression of adhesion molecules favours the 

migration of circulating leukocytes in the subendothelial space
24

 and, in pressure-overload hearts, 

increased myocardial expression of the monocyte chemoattractant protein-1 (MCP-1) associates 

with a macrophage accumulation determining tumor growth factor-β (TGF-β)-mediated fibrosis
25

.  

Although the alterations of peripheral endothelium have been shown to contribute the 

pathogenesis of HFpEF in clinical
26,27

 and experimental
28

 settings, also coronary arteries were 

investigated, confirming  cardiac endothelium activation in HS rats.  

Our findings provided insights into the role of DPP4 activation in HFpEF. Moreover, general 

proinflammatory state affects microvascular coronary endothelium resulting in endothelial 

dysfunction with impaired nitric oxide (NO) bioavailability
29

. Since oxidative stress
30

 and 

proinflammatory status
24

 contribute to activation of pro-fibrotic pathways in the myocardium, 

significantly contributing to adverse myocardial remodeling and extracellular matrix accumulation, 

our plan for the next six months is to deeper investigate the molecular players related to DPP4-

activation and to address the involvement of myocardial oxidative stress in our model of HFpEF.  
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