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Abstract

Background

Platelet activation associated with endothelial dysfunction and impaired endogenous plate-
let inhibition is part of the cardiovascular phenotype of congestive heart failure (CHF) and
contributes to the increased risk for thromboembolic complications. Pentaerythritol tetrani-
trate (PETN) has been shown to release nitric oxide without development of nitrate toler-
ance. We investigated the effect of chronic PETN treatment on platelet activation and
aggregation in an experimental CHF model.

Methods and Results

Chronic ischemic heart failure was induced in male Wistar rats by coronary artery ligation.
Starting 7 days thereafter, rats were randomised to placebo or PETN (80 mg/kg twice daily).
After 9 weeks, activation of circulating platelets was determined measuring platelet bound fi-
brinogen, which requires activated glycoprotein llb/Illa on the platelet surface. Binding was
quantified by flow-cytometry using a FITC-labelled anti-fibrinogen antibody. Platelet-bound
fibrinogen was significantly increased in CHF-Placebo (mean fluorescence intensity: Sham
8814, CHF-Placebo 10416, p<0.05) and reduced following treatment with PETN (8917,
p<0.05 vs. CHF-Placebo). Maximal and final ADP-induced aggregation was significantly
enhanced in CHF-Placebo vs. Sham-operated animals and normalized / decreased follow-
ing chronic PETN treatment. Moreover, platelet adhesion was significantly reduced (num-
ber of adherent platelets: control: 85.6+5.5, PETN: 40+3.3; p<0.001) and VASP
phosphorylation significantly enhanced following in vitro PETN treatment.

Conclusion

Chronic NO supplementation using PETN reduces platelet activation in CHF rats. Thus,
PETN may constitute a useful approach to prevent thromboembolic complications in CHF.
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Introduction

Endothelial dysfunction is a common phenomenon occurring in various diseases such as dia-
betes, coronary artery disease (CAD) [1] and congestive heart failure (CHF) [2]. The presence
of endothelial dysfunction is associated with an increased mortality risk in patients with chron-
ic heart failure [3]. Moreover, it is well acknowledged that patients with CHF are at risk of suf-
fering from thromboembolic complications [4]. Amongst other procoagulatory factors,
activated platelets are important contributors to a thromboembolic environment in heart fail-
ure [5] possibly contributing to cerebral and peripheral thromboembolic events [6]. In turn,
platelet activation is influenced by impaired endogenous inhibition mechanisms, such as lack
of generation of nitric oxide (NO). NO is the most important autacoid being indispensable for
maintaining endothelial integrity and controlling vascular tone. One major source of endoge-
nous NO are endothelial cells which generate NO via endothelial NO synthase (eNOS) [7]. Re-
duced NO bioactivity and increased formation of reactive oxygen species (ROS) results in
impaired coronary and systemic perfusion and reduced exercise capacity of CHF patients. Be-
sides its essential endothelial actions, NO is also crucial for the regulation of platelet activation,
adhesion and aggregation [8]. Hence, inhibition of endogenous NO supply results in rapid
platelet activation in vivo [9]. Moreover, in the setting of an experimental animal model of
CHEF, platelet activation could be attenuated by enhancing systemic NO bioavailability [10].
One option how to exogenously apply NO is the use of organic nitrates causing vasodilation by
the induction of NO formation [11].

Undoubtedly, nitrate treatment has a top-ranking in acute relief of anginal chest pain [12].
However, chronic use of most organic nitrates results in nitrate tolerance and aggravation of
endothelial dysfunction. The mechanism behind these phenomena is still under investigation.
Presumably, counter-regulatory mechanisms are induced upon long term use such as vasocon-
striction by increased levels of vasoconstrictors (e.g. angiotensin II, noradrenalin) and genera-
tion of oxidative stress [13]. To which extent platelets are affected by nitrate induced adverse
effects is unclear [14, 15]. As compared to other organic nitrates such as nitroglycerin (GTN),
isosorbide monohydrate (ISMN) and isosorbide dihydrate (ISDN), the long acting drug pen-
taerythritol tetranitrate (PETN) had been shown to release NO without the development of
afore mentioned unfavourable side effects [16]. Quite the contrary, PETN was found to actively
improve endothelial function by induction of the anti-oxidant enzyme heme oxygenase-1
(HO-1) [17]. So far, clinical trials where PETN was evaluated in CAD [18] and angina pectoris
patients [19] rather disappointingly showed no overall additional benefit regarding anti-ischae-
mic efficacy or overall endothelial function. However, some improvement in exercise tolerance
in selected patient subgroups and positive changes in microcirculation were present.

In healthy dogs, PETN administration did not adversely affect platelet function, [20], the ef-
fects of chronic PETN treatment on platelet function in disease models are unknown.

Therefore, we investigated the effects of chronic PETN treatment on platelet activation and
aggregation in an experimental CHF model.

Methods

Experimental procedures on animals met the requirements of the German legislation on pro-
tection of animals and were approved by the Government of Bavaria (permit number 54-
2531.01-48/07), Germany, in accordance with EU Directive 2010/63/EU. All surgery (coronary
ligation or Sham operation as well as haemodynamic measurements and sacrifice) was per-
formed under deep isoflurane anaesthesia determined by total absence of reaction to pain
under spontaneous respiration, and all efforts were made to minimize suffering.
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Human blood samples

For in vitro experiments, blood samples were collected from healthy donors who gave written
informed consent and who had not taken any medication within the last 10 days. The collec-
tion of blood samples for in vitro research had been approved by the ethics committee at the
University of Wiirzburg (permit number 165/06).

Animals and induction of CHF

Sham-operation or left coronary artery ligation was performed in adult male Wistar rats (250-
300 g, obtained from Harlan-Winkelmann, Borchen, Germany) as previously described [21].
Rats were then randomised to placebo or PETN (80 mg/kg twice daily given by gavage). After
10 weeks hemodynamic studies were performed to ensure that the animals were in the chronic
stable phase of heart failure [21]. CHF was defined by elevated left ventricular end-diastolic
pressure (LVEDP, >15 mmHg) and impaired left ventricular function [10]. Moreover, platelet
activation was assessed for experiments under chronic treatment at least 12 hours after the last
dose of PETN had been administered.

Sample collection and determination of infarct size

After hemodynamic measurement, the heart was removed and the left ventricle was then cut
into three transverse sections: apex, middle ring (3 mm), and base. From the middle ring,

5 pm-sections were cut at 100 pm-intervals and stained with picrosirius red. The boundary
length of the infarcted and non-infarcted surfaces of the endocardium and the epicardium
were traced with a planimeter digital image analyser and infarct size (fraction of the infarcted
left ventricle) was expressed as a percentage of length and only rats with extensive infarcts
(>45%) meeting the above mentioned haemodynamic criteria were included in the platelet
reactivity studies.

Platelet sampling

Blood samples were taken from the right carotid artery into tubes containing 3.8% sodium cit-
rate before hemodynamic measurements. General anesthesia was induced using isoflurane, suf-
ficiency of anesthesia was determined by total absence of reaction to pain under spontaneous
respiration.

Flow cytometry

Whole blood was diluted with PBS (free of Ca®" and Mg*", enriched with D-Glucose

[5.5 mmol/L] and 0.5% BSA). Platelet bound fibrinogen, which requires activated glycoprotein
IIb/IIIa on the platelet surface, was determined by incubation with a FITC-labeled anti-fibrino-
gen antibody (WAK-Chemie, Steinbach, Germany).

Following incubation with the antibody, platelets were fixed with methanol-free formalde-
hyde (1.5%) for 10 min, and subsequently analyzed in a Becton Dickinson FACSCalibur at a
low flow rate. The platelet population was identified on its forward and side scatter distribu-
tion, and 20,000 events were analyzed for mean fluorescence using CELLQuest software, ver-
sion 3.1f. Unspecific binding was arbitrarily adjusted to a mean fluorescence of 10.

Platelet aggregation

Platelet aggregation was analyzed using a platelet aggregation profiler (PAP-8, MéLab, Hilden,
Germany). Citrated whole blood was centrifuged at 180 g for 10 min to obtain platelet-rich
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plasma (PRP), which was diluted with PBS to obtain a final platelet concentration of 250.000/pL.
ADP in different concentrations (1/2/5/10/20uM) was used to induce aggregation.

Platelet adhesion

Circular glass cover slips were incubated with fibrinogen (30 pg/mL) at 4°C overnight. After
washing with modified Tyrode bulftfer, the cover slips were blocked with 1% BSA. PRP was pre-
incubated with PETN (5pg/mL) or the solvent DMSO for 30 minutes at room temperature.
Then, platelets were allowed to adhere on the coated cover slips for 30 minutes at 37°C, washed
with modified Tyrode buffer, permeabilized and fixed with 1%Triton X-100 and CellFix (Bec-
ton Dickinson). To visualize the actin cytosceleton and focal adhesions in microscopy, platelets
were stained with an TRITC-conjugated phalloidin and anti-Vinculin staining for 30 minutes,
then washed and stained with a FITC-labeled goat anti-mouse antibody. For staining of Vaso-
dilator-stimulated phosphoprotein (VASP), adherent platelets were incubated with FITC-con-
jugated phospho-Ser 239 antibody (nanoTools) or isotype control antibody, respectively.
Finally, cover slips were mounted using Vectashield (Vector) and images were taken on an
Olympus BX61 microscope with a 60x and 100x magnification.

Substances

Unless stated otherwise, all chemicals were obtained from Sigma (Deisenhofen, Germany) in
the highest purity available. PETN was kindly provided by actavis (Munich, Germany).

Statistics

Data are presented as means + SEM and analyzed using Student’s t-test or one-way ANOVA
with a Tukey post-hoc test where appropriate. A repeated measures ANOVA was applied for
dose response curves. A p<0.05 was considered statistically significant.

Results

Hemodynamics were significantly different between sham-operated and CHF groups, illustrat-
ing the existence of congestive heart failure. There were no significant differences in terms of
systemic hemodynamics between placebo- and PETN-treated CHF groups when the experi-
ments were performed in the absence of an acute drug effect (Table 1).

Fibrinogen-binding as marker of in vivo platelet activation

The extent of in vivo platelet activation was measured by analysis of platelet-bound fibrinogen
reflecting glycoprotein IIb/IIIa activation in unstimulated whole blood. Platelet-bound fibrino-
gen was significantly elevated in CHF compared to placebo (MFI: sham 88+4, CHF-placebo
10416, p<0.05) confirming the existence of platelet activation in the setting of heart failure.
PETN treatment reduced excessive fibrinogen-binding in CHF-animals to the level of sham-
operated rats (MFI: 89+6, p<0.05 vs. CHF-placebo) (Fig 1).

Effects of chronic PETN treatment on platelet aggregation

ADP induced platelet aggregation was significantly enhanced in platelet-rich plasma from
CHE vs. sham-operated rats for various ADP concentrations (1/5/10/20uM) affecting maximal
(Fig 2) as well as final (Fig 3) aggregation. The increase in platelet reactivity due to heart failure
was attenuated following chronic treatment with the long-acting nitrate PETN in CHF-ani-
mals. On top of a significant decrease of platelet aggregation levels, aggregation observed for
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Table 1. Hemodynamics and descriptive parameters from placebo- and PETN-treated CHF rats compared with sham-operated placebo-treated
rats.

Sham CHF Placebo CHF PETN
N 12 11 10
Ml (%) - 53 + 1 51+1
LV (mg) 807 + 21 832+ 23 848+10
RV (mg) 146 £ 7 368 + 24* 350+35*%
BW (g) 4248 +18.7 406.3+ 10 421.1+12
LVSP (mmHg) 159.9+7 120.6 + 5* 121.645%
LVEDP (mmHg) 46+04 29.2 + 3.3% 28.2+4.1*
leukocytes (n*1000/pl) 5.97 £ 0.57 7.56 £ 0.47 8.30+0.65
monocytes (n*1000/ul) 0.26 £ 0.03 0.41 £ 0.05* 0.25+0.04"
platelets (n*1000/ul) 809 + 20 774 + 22 764140
MPV (fl) 6.45 +0.07 6.45 + 0.07 6.59+0.12

CHF was defined by elevated left ventricular end-diastolic pressure (LVEDP, >15 mmHg) and impaired left ventricular function, values are
means # standard error (* = p<0.01 vs. Sham;* = p<0.05 vs. CHF Placebo). MI = myocardial infarction; LV = left ventricle; RV = right ventricle; BW = body
weight; LVSP = left-ventricular systolic pressure; LVEDP = left-ventricular end-diastolic pressure; MPV = mean platelet volume

doi:10.1371/journal.pone.0123621.1001

samples from PETN treated CHF animals was even significantly attenuated compared to sam-
ples from sham-operated rats (Figs 2 and 3).
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Fig 1. Activation of circulating platelets in CHF. Platelet-bound fibrinogen is significantly increased in
CHF-placebo (mean fluorescence intensity (MFI): Sham 88+4, CHF-placebo 10446, p<0.05) and reduced
following treatment with PETN (8947, p<0.05 vs. CHF-placebo), n = 8-12.

doi:10.1371/journal.pone.0123621.g001
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Fig 2. Maximal aggregation of platelets from CHF rats ex vivo. Maximal ADP-induced aggregation was
significantly enhanced in CHF-placebo vs. sham-operated animals at different ADP concentrations and
normalized and partly even decreased following chronic PETN treatment, n = 10—12; I-V = different ADP
concentrations in detail (1/2/5/10/20uM ADP).

doi:10.1371/journal.pone.0123621.9002
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Fig 3. Final aggregation of platelets from CHF rats ex vivo. Final ADP-induced aggregation was
significantly enhanced in CHF-placebo vs. sham-operated animals at different ADP concentrations and
normalized and partly even decreased following chronic PETN treatment, n = 10-12; I-V = different ADP
concentrations in detail (1/2/5/10/20uM ADP).

doi:10.1371/journal.pone.0123621.g003
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In vitro effects of PETN on platelet adhesion and platelet VASP Ser®®®
phosphorylation

The number of adhering platelets to fibrinogen coated glass slides was significantly reduced by
30 minute in vitro pre-incubation of PRP with PETN (5pg/mL) as compared to control samples
which were pre-incubated with the solvent DMSO (number of adherent platelets: control:
85.6+5.5, PETN: 40+3.3; p<0.001, n = 5) (Fig 4). Moreover, staining for phosphorylated VASP
at Ser””” revealed significantly enhanced antibody binding being a surrogate for significantly
increased cGMP / cAMP availability in PETN treated platelets (Fig 5).

Discussion

In this study we observed a significant attenuation of platelet activation and aggregation by
chronic PETN administration in an animal model of heart failure. Increased platelet activation
was normalized as shown by a significant reduction of fibrinogen binding compared to plate-
lets from non-treated CHF animals (Fig 1). In line with that, increased platelet aggregability in
the disease model was significantly attenuated following PETN treatment in vivo (Figs 2 and
3).

Pentaerythritol tetranitrate had been used as an anti-anginal drug since the late 1950s. How-
ever, in the following decades its application gradually abated due to lack of evidence concern-
ing efficacy [22]. In the last years, PETN use increased after animal and human studies
suggested beneficial endothelial effects without increased free radical production as observed
upon GTN treatment [23, 24].

Indeed, PETN bears unique features within the group of nitrates. Besides its rather long du-
ration of action of 10-12 hours, it is common consent that it does not cause nitrate tolerance,
endothelial dysfunction or increased oxygen radical formation during long-term use [11]. Its
predominant mechanism of action is the release of NO, the major target of which is soluble
guanylyl cylcase (sGC). Activation of sGC leads to generation of cyclic guanosine monophos-
phate (cGMP) and subsequent cGMP-dependent protein kinase activation. In platelets, the ac-
tivation of this signaling pathway finally prevents platelet activation, adhesion and aggregation
[25]. The most recent PETN trials were conducted with CAD [18] and angina pectoris patients
[19], two disease entities which are also associated with increased platelet activation [26].
Though the outcomes did not show an overall additional benefit compared to the control
group, some improvements in exercise tolerance and microcirculation in subgroup analysis
could still be observed. However, any possible impact of PETN on platelets was not investigated
in these studies.

In addition to reduced platelet activation in heart failure in PETN treated animals, in the
present study, we also demonstrate a direct effect of PETN on platelet adhesion in vitro (Fig 4).
Moreover, we show that PETN treatment increases platelet VASP phosphorylation, a surrogate
marker for enhanced platelet NO/cGMP signaling via soluble guanylyl cyclase activation (Fig
5) [25].

We cannot exclude that other protective mechanisms which are directly or indirectly influ-
enced by PETN administration may play a role in our observed results. HO-1 for example, an
enzyme which had been described to be a key player in the development of nitrate tolerance
[27] was shown to be up-regulated in vascular tissue following PETN administration [17]. In-
terestingly, platelet rich thrombus formation in a ferric chloride carotid artery model was only
significantly attenuated when HO-1 expression was upregulated, not however under basal con-
ditions [28]. Moreover, reduced bioavailability of NO based on decreased endothelial NO gen-
eration and enhanced levels of ROS had been described to be one of the main reasons for the
presence of increased platelet activation in heart failure [5]. Unlike other organic nitrates like
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Fig 4. Impact of in vitro platelet incubation with PETN on platelet adhesion. (A) significantly reduced
platelet adhesion to fibrinogen following PETN (5pg/mL) treatment compared to untreated control samples;
(B) quantification of adhering platelets (p<0.001, n = 5).

doi:10.1371/journal.pone.0123621.g004
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control PETN

Fig 5. Impact of in vitro platelet incubation with PETN on VASP Ser?*® phosphorylation. PETN pre-

incubation of platelet samples significantly enhanced VASP Ser?*® phosphorylation compared to
unstimulated control samples; representative fluorescence images of 3 independently
performed experiments.

doi:10.1371/journal.pone.0123621.9g005

GTN, ISMN or ISDN, which were shown to induce superoxide formation by activation of
NAD(P)H oxidases, xanthine oxidases and mitochondrial redox reactions resulting in de-
creased NO production and NOS uncoupling, PETN was shown to exert quite contrary, more
favourable effects [29]. Interestingly, NAD(P)H oxidases as well as mitochondria [30] were de-
scribed to be relevant sources of ROS generation in platelets in general [31] and in heart failure
patients [32]. Hence, PETN might also directly interact with platelet NAD(P)H oxidases and
platelet mitochondrial redox reactions reducing ROS generation. However, measurement of
platelet ROS production following PETN treatment was beyond the scope of this study and re-
mains to be elucidated. Moreover, endothelial dysfunction and endothelial ROS production in
heart failure are also important factors known to influence platelet activation [2]. Hence, bene-
ficial effects of PETN on endothelial cells also affect platelet integrity in CHF.

Thus, the currently presented platelet effects of PETN might be multifactorial. However,
sGC activation seems to play a major role as indicated by our in vivo and in vitro data. The ben-
eficial role of sGC activation in reducing platelet activation had previously been observed in an-
imal models of both CHF [33] and diabetes [34].

Clinically, there is no generally acknowledged prescription of antithrombotic or antiplatelet
drugs for heart failure patients who do not present with atrial fibrillation, prosthetic valve re-
placement or left ventricular thrombus. This is mainly due to lack of evidence and due to the
potential adverse effects like bleeding complications [35]. Significantly increased platelet
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activation is evident not only in severe heart failure or relying on the presence of atrial fibrilla-
tion but is also observed in patients with moderate heart failure [36] in sinus rhythm [37].
PETN prescription in heart failure is currently restricted to patients who are not eligible for
coronary intervention but who still suffer from angina pectoris symptoms. According to our
present data, administration of PETN which provides NO without inducing nitrate tolerance
or endothelial dysfunction could, besides its beneficial anti-anginal and endothelial effects, also
reduce thromboembolic events in heart failure by attenuating platelet activation without in-
creasing the bleeding risk.

Conclusion

Increased platelet activation in an animal model of congestive heart failure can be positively
modulated by PETN. Hence, chronic NO supplementation using PETN reduces activation of
circulating platelets as well as platelet reactivity following ADP stimulation in CHF rats. Thus,
PETN may constitute a useful approach to help maintaining platelet integrity and thereby pre-
venting thromboembolic complications in CHF.

Author Contributions

Conceived and designed the experiments: UF DF JB AS. Performed the experiments: UF DF
JMJN. Analyzed the data: UF DF JDW JB AS. Contributed reagents/materials/analysis tools:
UF DF J]DW JB AS. Wrote the paper: UF DF JB AS.

References

1. Schafer A, Bauersachs J. Endothelial dysfunction, impaired endogenous platelet inhibition and platelet
activation in diabetes and atherosclerosis. Current vascular pharmacology. 2008; 6(1):52—-60. PMID:
18220940

2. Bauersachs J, Widder JD. Endothelial dysfunction in heart failure. Pharmacological reports: PR. 2008;
60(1):119-26. PMID: 18276993

3. Katz SD, Hryniewicz K, Hriljac |, Balidemaj K, Dimayuga C, Hudaihed A, et al. Vascular endothelial dys-
function and mortality risk in patients with chronic heart failure. Circulation. 2005; 111(3):310—4. PMID:
15655134

4. Massie BM, Collins JF, Ammon SE, Armstrong PW, Cleland JG, Ezekowitz M, et al. Randomized trial
of warfarin, aspirin, and clopidogrel in patients with chronic heart failure: the Warfarin and Antiplatelet
Therapy in Chronic Heart Failure (WATCH) trial. Circulation. 2009; 119(12):1616—24. doi: 10.1161/
CIRCULATIONAHA.108.801753 PMID: 19289640

5. Chungl, Lip GY. Platelets and heart failure. European heart journal. 2006; 27(22):2623-31. PMID:
17028108

6. LohE, Sutton MS, Wun CC, Rouleau JL, Flaker GC, Gottlieb SS, et al. Ventricular dysfunction and the
risk of stroke after myocardial infarction. N Engl J Med. 1997; 336(4):251-7. PMID: 8995087

7. Forstermann U, Munzel T. Endothelial nitric oxide synthase in vascular disease: from marvel to men-
ace. Circulation. 2006; 113(13):1708—14. PMID: 16585403

8. Andrews NP, Husain M, Dakak N, Quyyumi AA. Platelet inhibitory effect of nitric oxide in the human cor-
onary circulation: impact of endothelial dysfunction. J Am Coll Cardiol. 2001; 37(2):510-6. PMID:
11216971

9. Schafer A, Wiesmann F, Neubauer S, Eigenthaler M, Bauersachs J, Channon KM. Rapid regulation of
platelet activation in vivo by nitric oxide. Circulation. 2004; 109(15):1819-22. PMID: 15066953

10. Schafer A, Fraccarollo D, Widder J, Eigenthaler M, Ertl G, Bauersachs J. Inhibition of platelet activation
in rats with severe congestive heart failure by a novel endothelial nitric oxide synthase transcription en-
hancer. European journal of heart failure. 2009; 11(4):336—41. doi: 10.1093/eurjhf/hfp005 PMID:
19193626

11.  Munzel T, Gori T. Nitrate therapy and nitrate tolerance in patients with coronary artery disease. Curr
Opin Pharmacol. 2013; 13(2):251-9. doi: 10.1016/j.coph.2012.12.008 PMID: 23352691

12. Montalescot G, Sechtem U, Achenbach S, Andreotti F, Arden C, Budaj A, et al. 2013 ESC guidelines
on the management of stable coronary artery disease: the Task Force on the management of stable

PLOS ONE | DOI:10.1371/journal.pone.0123621  April 30,2015 11/13


http://www.ncbi.nlm.nih.gov/pubmed/18220940
http://www.ncbi.nlm.nih.gov/pubmed/18276993
http://www.ncbi.nlm.nih.gov/pubmed/15655134
http://dx.doi.org/10.1161/CIRCULATIONAHA.108.801753
http://dx.doi.org/10.1161/CIRCULATIONAHA.108.801753
http://www.ncbi.nlm.nih.gov/pubmed/19289640
http://www.ncbi.nlm.nih.gov/pubmed/17028108
http://www.ncbi.nlm.nih.gov/pubmed/8995087
http://www.ncbi.nlm.nih.gov/pubmed/16585403
http://www.ncbi.nlm.nih.gov/pubmed/11216971
http://www.ncbi.nlm.nih.gov/pubmed/15066953
http://dx.doi.org/10.1093/eurjhf/hfp005
http://www.ncbi.nlm.nih.gov/pubmed/19193626
http://dx.doi.org/10.1016/j.coph.2012.12.008
http://www.ncbi.nlm.nih.gov/pubmed/23352691

@’PLOS | ONE

Pentaerythritol Tetranitrate Reduces Platelet Activation in CHF

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,
23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

coronary artery disease of the European Society of Cardiology. Eur Heart J. 2013; 34(38):2949-3003.
doi: 10.1093/eurheartj/eht296 PMID: 23996286

Munzel T, Daiber A, Gori T. More answers to the still unresolved question of nitrate tolerance. Eur Heart
J. 2013; 34(34):2666—73. doi: 10.1093/eurheartj/eht249 PMID: 23864131

Chirkov YY, Holmes AS, Chirkova LP, Horowitz JD. Nitrate resistance in platelets from patients with
stable angina pectoris. Circulation. 1999; 100(2):129-34. PMID: 10402441

Holmes AS, Chirkov YY, Willoughby SR, Poropat S, Pereira J, Horowitz JD. Preservation of platelet re-
sponsiveness to nitroglycerine despite development of vascular nitrate tolerance. Br J Clin Pharmacol.
2005; 60(4):355-63. PMID: 16187967

Munzel T, Daiber A, Gori T. Nitrate therapy: new aspects concerning molecular action and tolerance.
Circulation. 2011; 123(19):2132—44. doi: 10.1161/CIRCULATIONAHA.110.981407 PMID: 21576678

Schuhmacher S, Wenzel P, Schulz E, Oelze M, Mang C, Kamuf J, et al. Pentaerythritol tetranitrate im-
proves angiotensin ll-induced vascular dysfunction via induction of heme oxygenase-1. Hypertension.
2010; 55(4):897-904. doi: 10.1161/HYPERTENSIONAHA.109.149542 PMID: 20157049

Schnorbus B, Schiewe R, Ostad MA, Medler C, Wachtlin D, Wenzel P, et al. Effects of pentaerythritol
tetranitrate on endothelial function in coronary artery disease: results of the PENTA study. Clin Res
Cardiol. 2010; 99(2):115-24. doi: 10.1007/s00392-009-0096-z PMID: 19957087

Munzel T, Meinertz T, Tebbe U, Schneider HT, Stalleicken D, Wargenau M, et al. Efficacy of the long-
acting nitro vasodilator pentaerithrityl tetranitrate in patients with chronic stable angina pectoris receiv-
ing anti-anginal background therapy with beta-blockers: a 12-week, randomized, double-blind, place-
bo-controlled trial. Eur Heart J. 2013.

Fink B, Bassenge E. Unexpected, tolerance-devoid vasomotor and platelet actions of pentaerythrityl
tetranitrate. J Cardiovasc Pharmacol. 1997; 30(6):831-6. PMID: 9436825

Fraccarollo D, Widder JD, Galuppo P, Thum T, Tsikas D, Hoffmann M, et al. Improvement in left ventric-
ular remodeling by the endothelial nitric oxide synthase enhancer AVE9488 after experimental myocar-
dial infarction. Circulation. 2008; 118(8):818-27. doi: 10.1161/CIRCULATIONAHA.107.717702 PMID:
18678774

Rutherford E, Struthers AD. Pentaerythrityl tetranitrate (PETN): a better nitrate? Eur Heart J. 2013.

Jurt U, Gori T, Ravandi A, Babaei S, Zeman P, Parker JD. Differential effects of pentaerythritol tetrani-
trate and nitroglycerin on the development of tolerance and evidence of lipid peroxidation: a human in
vivo study. J Am Coll Cardiol. 2001; 38(3):854—9. PMID: 11527645

Kojda G, Hacker A, Noack E. Effects of nonintermittent treatment of rabbits with pentaerythritol tetrani-
trate on vascular reactivity and superoxide production. Eur J Pharmacol. 1998; 355(1):23-31. PMID:
9754935

Dangel O, Mergia E, Karlisch K, Groneberg D, Koesling D, Friebe A. Nitric oxide-sensitive guanylyl cy-
clase is the only nitric oxide receptor mediating platelet inhibition. J Thromb Haemost. 2010; 8(6):1343—
52. doi: 10.1111/j.1538-7836.2010.03806.x PMID: 20149081

Davi G, Patrono C. Platelet activation and atherothrombosis. N Engl J Med. 2007; 357(24):2482—-94.
PMID: 18077812

Wenzel P, Oelze M, Coldewey M, Hortmann M, Seeling A, Hink U, et al. Heme oxygenase-1: a novel
key player in the development of tolerance in response to organic nitrates. Arterioscler Thromb Vasc
Biol. 2007; 27(8):1729-35. PMID: 17541025

Peng L, Mundada L, Stomel JM, Liu JJ, Sun J, Yet SF, et al. Induction of heme oxygenase-1 expression
inhibits platelet-dependent thrombosis. Antioxid Redox Signal. 2004; 6(4):729-35. PMID: 15242554

Gori T, Daiber A. Non-hemodynamic effects of organic nitrates and the distinctive characteristics of
pentaerithrityl tetranitrate. American journal of cardiovascular drugs: drugs, devices, and other interven-
tions. 2009; 9(1):7—15. doi: 10.2165/00129784-200909010-00002 PMID: 19178128

Garcia-Souza LF, Oliveira MF. Mitochondria: biological roles in platelet physiology and pathology. The
international journal of biochemistry & cell biology. 2014; 50:156—60.

Begonja AJ, Gambaryan S, Geiger J, Aktas B, Pozgajova M, Nieswandt B, et al. Platelet NAD(P)H-oxi-
dase-generated ROS production regulates alphallbbeta3-integrin activation independent of the NO/
cGMP pathway. Blood. 2005; 106(8):2757-60. PMID: 15976180

De Biase L, Pignatelli P, Lenti L, Tocci G, Piccioni F, Riondino S, et al. Enhanced TNF alpha and oxida-
tive stress in patients with heart failure: effect of TNF alpha on platelet O2- production. Thrombosis and
haemostasis. 2003; 90(2):317-25. PMID: 12888880

Schafer A, Fraccarollo D, Werner L, Bauersachs J. Guanylyl cyclase activator ataciguat improves vas-
cular function and reduces platelet activation in heart failure. Pharmacological research: the official jour-
nal of the Italian Pharmacological Society. 2010; 62(5):432—-8. doi: 10.1016/j.phrs.2010.06.008 PMID:
20600916

PLOS ONE | DOI:10.1371/journal.pone.0123621

April 30,2015 12/13


http://dx.doi.org/10.1093/eurheartj/eht296
http://www.ncbi.nlm.nih.gov/pubmed/23996286
http://dx.doi.org/10.1093/eurheartj/eht249
http://www.ncbi.nlm.nih.gov/pubmed/23864131
http://www.ncbi.nlm.nih.gov/pubmed/10402441
http://www.ncbi.nlm.nih.gov/pubmed/16187967
http://dx.doi.org/10.1161/CIRCULATIONAHA.110.981407
http://www.ncbi.nlm.nih.gov/pubmed/21576678
http://dx.doi.org/10.1161/HYPERTENSIONAHA.109.149542
http://www.ncbi.nlm.nih.gov/pubmed/20157049
http://dx.doi.org/10.1007/s00392-009-0096-z
http://www.ncbi.nlm.nih.gov/pubmed/19957087
http://www.ncbi.nlm.nih.gov/pubmed/9436825
http://dx.doi.org/10.1161/CIRCULATIONAHA.107.717702
http://www.ncbi.nlm.nih.gov/pubmed/18678774
http://www.ncbi.nlm.nih.gov/pubmed/11527645
http://www.ncbi.nlm.nih.gov/pubmed/9754935
http://dx.doi.org/10.1111/j.1538-7836.2010.03806.x
http://www.ncbi.nlm.nih.gov/pubmed/20149081
http://www.ncbi.nlm.nih.gov/pubmed/18077812
http://www.ncbi.nlm.nih.gov/pubmed/17541025
http://www.ncbi.nlm.nih.gov/pubmed/15242554
http://dx.doi.org/10.2165/00129784-200909010-00002
http://www.ncbi.nlm.nih.gov/pubmed/19178128
http://www.ncbi.nlm.nih.gov/pubmed/15976180
http://www.ncbi.nlm.nih.gov/pubmed/12888880
http://dx.doi.org/10.1016/j.phrs.2010.06.008
http://www.ncbi.nlm.nih.gov/pubmed/20600916

@’PLOS | ONE

Pentaerythritol Tetranitrate Reduces Platelet Activation in CHF

34.

35.

36.

37.

Schafer A, Flierl U, Kobsar A, Eigenthaler M, Ertl G, Bauersachs J. Soluble guanylyl cyclase activation
with HMR1766 attenuates platelet activation in diabetic rats. Arteriosclerosis, thrombosis, and vascular
biology. 2006; 26(12):2813-8. PMID: 17023677

McMurray JJ, Adamopoulos S, Anker SD, Auricchio A, Bohm M, Dickstein K, et al. ESC Guidelines for
the diagnosis and treatment of acute and chronic heart failure 2012: The Task Force for the Diagnosis
and Treatment of Acute and Chronic Heart Failure 2012 of the European Society of Cardiology. Devel-
oped in collaboration with the Heart Failure Association (HFA) of the ESC. Eur J Heart Fail. 2012; 14
(8):803—-69. doi: 10.1093/eurjhf/hfs105 PMID: 22828712

de Meirelles LR, Resende Ade C, Matsuura C, Salgado A, Pereira NR, Cascarelli PG, et al. Platelet ac-
tivation, oxidative stress and overexpression of inducible nitric oxide synthase in moderate heart failure.
Clin Exp Pharmacol Physiol. 2011; 38(10):705—10. doi: 10.1111/j.1440-1681.2011.05580.x PMID:
21806669

Gibbs CR, Blann AD, Watson RD, Lip GY. Abnormalities of hemorheological, endothelial, and platelet
function in patients with chronic heart failure in sinus rhythm: effects of angiotensin-converting enzyme
inhibitor and beta-blocker therapy. Circulation. 2001; 103(13):1746-51. PMID: 11282905

PLOS ONE | DOI:10.1371/journal.pone.0123621

April 30,2015 13/13


http://www.ncbi.nlm.nih.gov/pubmed/17023677
http://dx.doi.org/10.1093/eurjhf/hfs105
http://www.ncbi.nlm.nih.gov/pubmed/22828712
http://dx.doi.org/10.1111/j.1440-1681.2011.05580.x
http://www.ncbi.nlm.nih.gov/pubmed/21806669
http://www.ncbi.nlm.nih.gov/pubmed/11282905


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


