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Abstract: Pharmacological inhibition of Phosphodiesterase type 5 (PDE5) proved its efficacy treating
several pathological conditions, such as erectile dysfunction and pulmonary hypertension. Nowadays,
its benefits on cardiovascular diseases are well documented, particularly in the treatment of type
2 diabetes (T2DM)-related cardiovascular complications. In this context, treatment of T2DM with
PDE?S inhibitors, such as sildenafil, tadalafil or vardenafil ameliorates endothelial dysfunction both in
patients and animal models through an augmented flow mediated dilation rate and an up-regulation
of endothelial markers; it also reduces the inflammatory state by down-regulating inflammatory
cytokines expression and improves diabetic cardiomyopathy and ischemia-reperfusion injury mainly
through the activation of NO-cGMP-PKG pathway. The present review summarizes the state of art
on PDES5 inhibition in the treatment of cardiovascular complications in T2DM.
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1. Introduction

Phosphodiesterases (PDEs) comprise a class of enzymes that hydrolyze cyclic adenosine
3’,5’-monophosphate (cAMP) and/or cyclic guanosine 3’,5’- monophosphate (cGMP) into their inactive
form 5’-AMP or GMP, regulating not only the intensity but also the spatial and temporal duration
of related signaling pathways and intracellular responses. The PDE superfamily embraces 11 gene
families, categorized on the basis of their sequence similarity, mode of activation and the affinity for
the second messengers. The 21 encoded genes, due to the existence of various transcriptional initiation
sites and/or different alternative spliced mRNA, give rise to more than 100 isoforms that display tissue,
cellular and subcellular specific expression [1].

PDE1, PDE2 and PDE3 possess dual-specificity esterase activity since they hydrolyze both cAMP
and cGMP; PDE4 and PDES specifically hydrolyze cAMP while PDE5 and PDE9 breakdown specifically
c¢GMP [2]. cGMP is synthetized by the guanylyl cyclases (GCs): the soluble GC (sGC) activated by
nitric oxide (NO) and by the membrane-bound particulate GC (pGC) induced by natriuretic peptides
(NPs).

The human cardiovascular system expresses most of the PDEs and, in particular, PDE1-5,
PDES8, PDE9 and PDE10 [3]. In this system, NO is endogenously generated by endothelial
NO synthase (eNOS) and, upon physiological stimulus, paracrinally promotes sGC activity in
the contiguous vascular smooths muscle cells (VSMCs). The consequent elevation of cGMP
promotes the activation of protein kinase G (PKG) that phosphorylates a broad range of substrates
such as vasodilator-stimulated phosphoprotein (VASP) [4], regulatory myosin-binding subunit of
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myosin phosphatase [5], calcium-activated maxi K+ (BKCa) channels [6] and inositol trisphosphate
receptor-associated cGMP-kinase substrate (IRAG) [7]. The result is a decrease in intracellular calcium
and vasodilation. NPs hormones, comprising the Atrial-NP (ANP), the Brain NP (BNP) and C-type NP
(CNP) display diuretic, natriuretic, and hypotensive actions, regulating blood volume and pressure [8].
In cardiomyocytes, CNP exerts a PKG-mediated negative inotropic and positive lusitropic effects,
while ANP and BNP or NO had no effect on contractility [9].

PDES is expressed ubiquitously and three alternative splicing variants of this gene which differ in
the N-terminus have been characterized both in humans and mice [10,11].

The pivotal role of PDES5 in the regulation of smooth muscle tone in the vasculature is well
established [12] and PDES5 inhibitors, such as sildenafil, vardenafil, and tadalafil, are broadly used as
first line treatment options in erectile dysfunctions and pulmonary hypertension [13]. Even if PDE5
protein expression in normal and diseased heart is still an open issue due to the variability of the
results obtained on cardiomyocytes and heart samples [14-16], PDE5 activity has been demonstrated to
account for the 22% of the cytosolic cGMP-hydrolytic activity in normal heart reaching 40% in a mouse
model of heart failure [17]. Indeed, PDES5 inhibitors have been successfully used as antihypertrophic
and cardioprotective agents [18-20]. The combined search PDES5 inhibitors/cardiovascular disease
turns out more than 170 clinical trials (http://www.clinicaltrials.gov) focused on the potential benefits
of PDES5 in cardiovascular system in several pathologies (Table 1).

Table 1. Main findings of Randomized Clinical Trial that assessed PDED5i effects on cardiovascular disease.

i . Patients with . S,
Condition Patients T2DM (N) Main Research Finding

No effect on exercise capacity, LVMi,
216 subjects, 104 (48%) 93 EDVi, diastolic function, PASP,
women (RELAX trial) mean BP

| in arterial elastance at CMR. [21]

T cardiac index, E/A ratio, E’, and LV
internal dimension;

| interventricular septum, posterior
wall and relative wall thickness, LV
mass index, E/E’, deceleration time,
and isovolumic relaxation time [22]

Heart Failure with
Preserved Ejection 44 subjects, 9 women. 7
Fraction (HFpEF)

. tored ling in LV traction:
59 subjects, all men restored coupling in LV contraction

(CECSID trial) 59 J, torsion&T strain; | concentricity
index [23]
23 patients, all women 6 Short-term T CFR in women after

PDES5i (100 mg) [24]

Short-term T exercise tolerance and
144 patients, all men 43 ischemic threshold in men with
CAD and Erectile dysfunction [25]

Myocardial Infarction

12 patients, 4 women N/A 1 safety after ischemic stroke [25]

T HRR, FMD, peak VO,

| PASP, ergoreflex effect on
32 patients, all men N/A ventilation, V(E)/VCO; slope,

breathlessness score, wedge

pressure, PVR, EOB, DOE [26]

13 patients, 2 women [27] None T oxygen uptake, CI; | SVR & aorta
stiffness; 7 exercise time &| HR
during exercise; T 6-min walking
35 patients, all men [29] 9 distance; T QoL

Heart Failure

23 patients, all men [28] None
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Table 1. Cont.

i . Patients with . ..
Condition Patients T2DM (N) Main Research Finding

TRV & LV function, CI,
isovolumetric relaxation, septal
mitral annulus velocity

45 patients, no data about N/A | RA pressure, pulmonary fluid

Sex content &7 gas conductance
| LVMi, LAVi, LVEDV, PASP,
NT-proBNP & 7T QoL [22]
T Pulmonary pressure & vascular
24 patients, all men None tone, aerobic &ventilatory efficiency

oxygen debt [30]

60 patients, all men [31] N/A | cardiac sympathetic activity

10 patients, all men [32] N/A
AT REST: | resting central SBP,
trend in | of E/A and SVR, no effects
on resting LV systolic-diastolic
function or PASP, tended to increase

48 patients, 28 women 17 endothelial function.

P ’ DURING EXERCISE: | peak heart
rate; T EF and trend toward a less
increase in systolic BP at low level
exercise; | of 11-16% LV
contractility. [33]

60 patients, 39 women [34] N/A T cardiac function & exercise
26 patients, 21 women [35] N/A capacity

Pulmonary Arterial 13 patients, 10 women N/A T CO; |PASP, PAmMP, PVR [36]

Hypertension 12 patients N/A pulmonary vasodilation [37]
. T 6 min WT & WHO functional
277 patients, 209 women N/A class and | PAmP [38]
Congenital 28 subjects, .
Cardiomyopathy 10 (36%) women none 1T ventricular performance [39]

BP: blood pressure; CAD: Coronary artery disease; CI: cardiac index; CFR: Coronary flow reserve; CMR: cardiac
magnetic resonance; CO: cardiac output; DOE: dyspnea upon exertion at peak exercise; EOB: exercise oscillatory
breathing; EDVi: end diastolic volume index; EF: ejection fraction; FMD: flow mediated dilation; HR: heart rate;
HRR: heart recovery rate; LV: left ventricle; LVEDV: left ventricle end diastolic volume; LVMi: LV mass index;
LAVi: Left Atrial Volume index; QoL: quality of life; NT-ProBNP: N-terminal B-type natriuretic peptide; PAmP:
pulmonary arterial mean pressure; PASP: pulmonary arterial systolic pressure; PVR: pulmonary vascular resistance;
RA: right atria; RV: right ventricle; SVR: systemic vascular resistance; V(E)/VCO, slope: ventilation to CO,
production; VO,: maximal oxygen consumption; WT: walking test; WHO: World Health Organization; T increase;
1 decrease.

2. Phosphodiesterase-5 Inhibitors and T2DM-Related Cardiovascular Complications

National Cholesterol Education Program’s Adult Treatment Panel III (ATP III) report defined
the criteria used to identify patient with metabolic syndrome: abdominal obesity, high triglycerides,
raised plasma glucose, increased blood pressure and low level of HDL [40]. It is well established that
subjects who meet these criteria displayed increased risk to develop T2DM over the time. T2DM is
also closely linked to overweight and obesity, even if the relationship between obesity and T2DM
has not yet fully elucidated [41]. It has been proposed that obesity, changing the body’s metabolism,
induces an increased release of fatty acids, glycerol, hormones, pro-inflammatory cytokines and other
factors from adipose tissue (AT) that are involved into insulin resistance development [42].

White adipose tissue (WAT) produces cytokines such as TNF-alpha, IL-1, IL-6, IL-10, monocyte
chemoattractant protein (MCP-1) and leptin, adiponectin, resistin, referred to as adipokines, that are
markedly dysregulated in obese patients [43]. This inflammatory state is amplified by macrophages
infiltration in adipose tissue, triggering a local and systemic chronic low-grade inflammation,
that may interfere with glucose metabolism and insulin sensitivity in T2DM [43]. The increase of
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pro-inflammatory factors and endothelial dysfunction, with a reduction of NO-dependent vasodilation,
are interrelated factors in the etiology of both T2DM and cardiovascular disease. In fact, T2DM patients
develop heart failure (HF) after ischemia/reperfusion injury (I/R) at more than double the rate of
non-diabetics and they have a ten-year lower life expectancy than the average [44,45]. Several studies
suggest that PDE5i could improve survival of patient with T2DM. In a retrospective cohort study,
Hackett and colleagues found that PDE5i alone or combined with testosterone significantly reduced
age-related mortality in men with T2DM [46]; results derived from an observational study in a large
cohort of T2DM patients revealed that all cause of mortality rates were lower in patients that received
PDES5 inhibitor than those who did not. Anderson et al. [47] also described that, in PDE5 inhibitor
users, the rate of incident MI was lower and associate with a lower mortality rate compared to
PDES inhibitor non-users. PDES inhibitors are currently under examination for the treatment of
T2DM derangements, endothelial dysfunction and chronic inflammation state, and its complications,
as diabetic cardiomyopathy (DCM) and I/R injury. Even if the mechanism by which PDES5 inhibitors
can heal such impairments has yet not fully understood, there is encouraging evidence of their use in
the treatment of such complications.

Endothelial Dysfunction and Inflammation

Endothelium is considered an endocrine and paracrine organ able to secrete several biological
mediators, and to respond to a variety of neuro-hormonal signals. Among these mediators there are
the vasoactive ones, which play a fundamental role in the control of vascular tone of the arteries and
microcirculation [48]. Endothelial dysfunction (ED) causes the loss of structural integrity resulting
in the disruption of its functionality. ED is considered one of the major complications of T2DM,
consisting in a reduced NO-dependent vasodilation. In fact, the generation of NO by the vascular
endothelium maintains a continuous vasodilator tone that is essential for the regulation of blood
flow and pressure [49]. Due to NO involvement in the reduced vasodilatation that occur in T2DM,
PDES5 inhibitors have been proposed to be useful to restore the NO/cGMP/PKG pathway. Beneficial
effect of PDES inhibition (PDE5i) has been demonstrated in mesenteric arteries from young female
rats with T2DM showing an increased sensitivity to sildenafil in terms of relaxation but a reduced
responses to NO-dependent and -independent of sGC activation, compared with nondiabetic rats [50].
In human endothelial cells displaying insulin resistance, sildenafil treatment was able to restore NO
production activating eNOS and reducing oxidative stress induced by hyperglycemia [51].

In T2DM patients, both acute and chronic daily treatment with sildenafil could exert prolonged
beneficial effects on ED without any adverse effects on cardiovascular autonomic nerve function
such as orthostatic blood pressure regulation [52]. In fact, in a double-blind placebo-controlled trial,
flow-mediated dilatation (FMD), a measure of NO-mediated endothelial function, is significantly
improved in PDED5i treated T2DM patients [53]. Similarly, other studies have demonstrated that FMD
amelioration, after sildenafil or tadalafil treatment, was accompanied with an increase in nitrite/nitrate
levels together with an improvement of vascular inflammation markers and with a concomitant
decrease in endothelin-1 (ET1) [54-57]. A meta-analysis on randomized clinical trials in which T2DM
patients were chronically treated with PDEb5i suggests a beneficial effect on endothelium with an
overall improvement of hemodynamic and inflammation-related parameters [58]. Another study
confirms the positive effect of sildenafil treatment on glucometabolic control in T2DM patients with
a reduction of the endothelial function marker P-selectin [59]. In this context, PDE5i treatment was
indeed associated with a significant reduction of albuminuria and glycated hemoglobin (HbAlc) [60].
It is worth noticed that, some years later, a meta-analysis on the effect of PDE5i on glycemic control in
T2DM concluded that PDE5i had no beneficial effect on HbAlc [61], similar results were obtained in
diabetic mice, where the authors did not observed changes in blood glucose or insulin levels upon
chronic inhibition of PDES5 [62].

As mentioned above, T2DM is associated not only with endothelial impairments, but also with an
increased production of pro-inflammatory factors that together with endothelial disruption can lead to
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an increased risk of long-term cardio-metabolic disease [63]. Several studies have demonstrated that
PDED5i displays cardioprotective effects in T2DM, reducing levels of circulating inflammatory cytokines
therefore exerting an anti-inflammatory response [58,59,64], protecting against tissue damages and
preserving endothelial cell functions [65].

Obesity is characterized by an impairment of adipocyte functions such as the expression of
adipokines, as well as a chronic inflammation state which determine an uncontrolled expansion of AT
depots that are associated with multiple metabolic risks. In db/db mice, sildenafil induced an overall
reduction in AT, mainly in visceral AT (VAT) associated with a reduction in cytokines expression.
Stromal vascular fraction (SVF) of subcutaneous adipose tissue (SAT) showed an increase in the
frequency of anti-inflammatory M2 macrophages and endothelial cells in treated mice that leads to
an improvement of SAT homeostasis and distribution [62] confirming an interconnection between
inflammation and endothelium.

Tyrosine kinase receptors (TKRs), in concert with angiopoietins and VEGF signaling, are key
regulators of vessel integrity and architecture. Among angiopoietins, Angiopoietin-1 (Angl) and
Angiopoietin-2 (Ang2) contribute to neovascularization and vascular homeostasis. Angl and its
competitor Ang?2 bind to the common endothelial TKR, the endothelium-specific receptor tyrosine
kinase 2 (Tie2). While Ang1 acts as agonist of Tie2 through the induction of autophosphorylation of
the receptor which is mandatory to maintain blood vessels integrity, Ang2 competes with Angl for
Tie2 binding, thereby exerting an inhibitory function on Angl/Tie2 signaling [66]. There is emerging
evidence that an imbalance of the Ang2/Ang1 ratio could contribute to micro- and macro-vascular
complications observable in T2DM [67]. Beside the endothelium, Tie2 receptor is also expressed by a
unique subset of monocytes, Tie2-expressing monocytes (TEMs), which have been considered crucial
for tissue remodeling and repair [59,68]. Interestingly, TEMs and Angl are defective in db/db male
mice and in T2DM patients [69]. Chronic PDE5i has been shown to restore the angiogenic capacity via
Angl-Tie2 pathway, normalizing the frequency of circulating pro-inflammatory monocytes [70].

In a T2DM mouse model, tadalafil treatment lowers the inflammation grade by decreasing
levels of circulating inflammatory markers, such as TNF-a and interleukin 1 beta (IL-1(3) [64].
A similar improvement was observable in the serum of patients with DCM where chronic sildenafil
treatment reduces Interleukin 8 (IL-8) and CXCL10 levels. PDES5i display an analogous capability in
cultured human cardiac, endothelial and immune cells under inflammatory stimuli. In these cells,
pharmacological inhibition of PDES5 is able to interfere with IL-8 release from endothelial cells and to
reduce IL-8 mRNA expression levels in peripheral mononuclear cells together with a downregulation
of CXCL10 secretion from cardiomyocytes. The reduction of the vascular inflammation marker IL-6,
in T2DM sildenafil-treated patients, was also reported [54]. This observation was confirmed later on
by a meta-analysis on available Randomized Clinical Trials [58].

3. PDES Inhibitors and Diabetic Cardiomyopathy

DCM is defined by the existence of altered myocardial architecture and performance in the absence
of other cardiac risk factors, such as coronary artery disease (CAD), and hypertension, in individuals
affected by diabetes mellitus [71]. In diabetes, heart failure (HF) is triggered by a combination of
systemic metabolic disorders (hyperglycemia, hyperinsulinemia, insulin resistance), oxidative stress,
inflammation and endothelial dysfunction [72]. The early stage of diabetic DCM is characterized by an
initial asymptomatic phase characterized by a reduction of diastolic filling and elevated left ventricular
end-diastolic pressure (LVEDP) and a second phase in which clinical manifestations occur. It can
evolve in cardiac remodeling, left ventricular (LV) hypertrophy, even with normal ejection fraction and
protracted isovolumetric relaxation. DCM can progress into systolic dysfunction leading to LV dilation
and, finally, HE. Cardiomyocytes apoptosis, the stiffening and hypertrophy of surrounding myocytes,
and the establishment of interstitial and perivascular fibrosis contribute to the derangement of heart
architecture [71].
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The impairment of NO bioavailability and the subsequent endothelial dysfunction play a
pivotal role in the establishment of cardiac disorder in T2DM patients. Given these premises and
the powerful cardioprotective effects of PDE5i in HF mouse models [18,19], in the last decade,
pharmacological inhibition of PDE5 has been evaluated as a potential treatment to induce cardiac
remodeling in T2DM. In db/db mice, tadalafil treatment reverses the alterations of cytoskeletal/contractile
proteins, restores redox signaling [73] and, activating NO-induced SIRT1-PGC-1« signaling, attenuates
mitochondrial dysfunction [74]. Tadalafil treatment is able to reduce infarct size induced by I/R in
hearts isolated from mice with cardiomyocytes displaying a lower rate of apoptosis and necrosis [64].
In diabetic rats with preserved ejection fraction (HFpEF), vardenafil was effective in the maintenance
of diastolic function, reduction of myocardial hypertrophy and induction of fibrotic remodeling, via the
c¢GMP-PKG pathway. This action passes through a lowering of apoptosis and a reduction of nitro-oxidative
stress [75]. A higher expression of the IncRNA Metastasis-Associated Lung Adenocarcinoma Transcript
1 (MALAT1) has been observed in DCM [76]. Sildenafil counteracts this increase in cardiomyocytes
exposed to elevated glucose levels in vitro and in vivo revealing a new molecular pathway that correlates
the transcription of IncRNNAs and sildenafil-induced amelioration of cardiomyopathy associated with
dysmetabolic conditions including diabetes [77]. Recently, the molecular mechanism underling the
improvement of contractility observed in cardiomyocytes isolated from sildenafil-treated mice under
high-fat diet (HFD) was elucidated. In diabetic hearts, sildenafil treatment improved “cardiac reserve”
in response to sympathetic stimulation in a 32-adrenergic receptor (32AR)-dependent fashion,
by enhancing cGMP-PKG signaling, as well as phosphodiesterase 3-dependent cAMP signaling,
ameliorating overall the excitation-contraction (E-C) coupling [78]. The reciprocal interaction between
PDE5 and 32AR characterizes a new functional axis (32AR-PDED5) through which sildenafil can improve
DCM symptoms. In T2DM patients, the improvement in cardiac performance has been demonstrated
by several clinical trials [22,23]; however, in the RELAX trial, authors showed that sildenafil has few
effects on HF [79], a statement that does not take account the fact that half of the patients enrolled in
this trial were female, underestimating gender differences (Table 1). More efforts have to be put in the
elucidation of sex-specific effects and molecular pathway of PDE5i: preclinical studies and clinical
studies should be carefully planned to fully clarify the benefits of PDES inhibitors in cardiovascular
disease. This issue is particularly important since it was demonstrated that the therapeutic efficacy of
PDE?5i is estrogen-dependent in pressure overload-induced hypertrophic female mouse hearts [80].

A large body of evidence has proved the utility of PDES5 inhibitors in the treatment of I/R, in T2DM
hearts, both in animal model and humans. The administration of sildenafil or vardenafil produces
both acute and durable cardio-protective effects in rabbits [81]. Tadalafil treatment leads to augmented
hydrogen sulfide (H2S) that, in the last years, emerged as a PKG effector with important cardioprotective
effects [20,82]. PDES5 inhibitors protect the heart acting on cGMP/PKG pathway, up-regulating both
eNOS and H2S expression levels [83,84]. In addition, PDES inhibition phosphorylates extracellular
signal-regulated kinase (ERK), which in turn inhibits the phosphorylation of Glycogen Synthase
Kinase-3p (GSK-3f3) [85]. This inhibition activates a wide spectrum of cardioprotective signaling
effectors, such as Adenine Nucleotide Translocator (ANT) and Cyclophilin D (CyP-D) [86]

4. Conclusions

Even though PDES inhibitors achieved a great initial success for erectile dysfunction, nowadays
it is clear that they have favourable systemic effects behind the sexual one. T2DM is characterised
by hyperglycaemia, insulin resistance and dyslipidaemia. These pro-inflammatory states result in
an increase of oxidative stress and a reduced NO production that generate a progressive endothelial
dysfunction, hypertension and increases cardiovascular risk. Macro- and micro-vascular complications
and inflammation result ameliorated after pharmacological inhibition of PDES5 that is largely attributable
to the restoration of the NO-cGMP-PKG signalling pathway (Figure 1).
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Figure 1. PDESI improves endothelial and adipose tissue dysfunction, and cardiovascular disease
associated with type 2 diabetes reducing tissue inflammation, ameliorating oxidative stress trough
NO-cGMP-PKG pathway activation.
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