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Abstract:

Endothelial dysfunction crucially contributes to the development of impaired coronary and systemic perfusion as well as reduced
exercise capacity in patients with congestive heart failure, with fundamental impact on morbidity and mortality. Reduced
bioavailability of nitric oxide (NO) and abundant formation of reactive oxygen species (ROS) within the vascular wall are the key
determinants in endothelial dysfunction. The disbalance between NO and ROS mainly results from neurohumoral activation
associated with heart failure. As endothelial derived NO is a major endogenous modulator of platelet function, reduced intravascular
bioactivity of NO contributes to platelet activation, adhesion and thromboembolic events in heart failure. Treatment with
angiotensin converting enzyme (ACE) inhibitors, angiotensin and aldosterone antagonists, and statins beneficially modulates
endothelial dysfunction in heart failure. All these therapies increase NO bioactivity by either modulation of ROS generation, thereby
preventing the interaction of superoxide anions with NO, and/or increasing endothelial NO synthase (eNOS) expression/activity.
AVE9488, a novel eNOS transcription enhancer, attenuates cardiac remodeling and endothelial dysfunction in rats after large
myocardial infarction. Endothelial progenitor cell (EPC) levels and their mobilization are regulated by eNOS. After myocardial
infarction in rats, EPC levels and formation of endothelial colony forming units are markedly reduced. AVE 9488, ACE or
HMG-CoA reductase inhibition result in significant increases in EPC levels, and beneficial effects on bone marrow molecular
alterations after myocardial infarction.
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Introduction recognized and investigated in the recent years. Re-
duced myocardial perfusion and hence impaired ven-

tricular function are at least in part a consequence of

Congestive heart failure is a prevalent disease with
a broad impact on society and the quality of life of
each individual patient [30]. Despite novel treatment
options for patients suffering from heart failure, mor-
bidity and mortality rates are still high. With an an-
nual mortality rate of 10%, it is obvious that novel
treatment strategies are still necessary. While the heart
as the failing “pumping” organ was an initial focus in
research and treatment, neurohumoral activation and
subsequently the role of a failing endothelium was

reduced endothelium-dependent vasodilator capacity
of coronary arteries. Declined peripheral vasodilation
causes higher systemic vascular resistance, and to-
gether with stiffness of conductance arteries leads to
increased afterload. Elevated pre- and afterload fur-
ther increase cardiac workload and worsen symptoms.
The decreased exercise capability is aggravated by
vasomotor dysfunction of the skeletal muscle vessels.
These changes have been observed in patients with
chronic heart failure [15, 32, 35] and experimental
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models of cardiac dysfunction [16, 44]. The severity
of endothelial dysfunction can even be used as a prog-
nostic factor for the long term outcome of patients
suffering from heart failure. Fischer et al. [21] and
Katz et al. [33] nicely demonstrated that flow-
mediated dilation of the radial and brachial artery is
inversely correlated with mortality in patients with
heart failure.

Pathophysiology of endothelial
dysfunction

As the inner layer of the blood vessel wall, the endo-
thelium plays the major role in the regulation of vas-
cular homeostasis and is the target for a variety of
neurotransmitters, hormones, or physiologic stimuli.
Vascular tone is controlled by endothelium-derived
autacoids such as nitric oxide (NO), prostacyclin, and
the endothelium-derived hyperpolarizing factor.
A major contributor to endothelial dysfunction is a re-
duced NO bioavailability [10]. The most important
physiological stimulus for endothelial NO synthase
(eNOS) gene expression and NO generation is shear
stress [26]. As a consequence of impaired left-
ventricular function in severe heart failure and re-
duced blood flow in conductance and peripheral arter-
ies, less shear stress is exerted on the luminal surface
of the endothelium resulting in lower production of
endothelium-derived NO and reduced endothelium-
dependent dilation. Indeed, in two different models of
heart failure induced by ventricular pacing or mono-
crotaline eNOS expression was reduced [13, 56].
However, data on basal NO generation in ischemic
heart failure has been controversial: using the amount
of constriction in response to a NOS inhibitor as an
indirect measure for basal NO release, some investi-
gators found an increase [16, 25] and speculated that
enhanced expression of the inducible (i)NOS in the
vasculature may be involved in patients with dilated
cardiomyopathy [27]. In contrast, other reports found
no difference or even a decrease of basal NO-
formation in patients with heart failure [36, 40]. Dur-
ing the early stages of developing heart failure even
an exaggerated NO formation resulting in an en-
hanced endothelium-dependent relaxation may occur
[42].
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Another major cause of reduced NO bioactivity in
the vascular wall results from the fact that reactive
oxygen species (ROS) and especially superoxide ani-
ons (O,") react rapidly with NO, leading to formation
of the strong oxidant peroxynitrite. The rate constant
for this reaction between NO and O, has been es-
timated to be 6.7 x 10° M~! x sec! [28]. This is
higher than the reaction between O, and the antioxi-
dant enzyme superoxide dismutase which is about
2 x 10° M1 x sec™! [1]. Hence reduction of bioactive
NO may occur despite normal or even an increased
NO generation if excessive O, levels are present in
the vessel wall [3, 9]. Enhanced vascular release of
ROS, predominantly of O,~, was detected in several
experimental heart failure studies [2—4], and patients
suffering from heart failure have elevated levels of
plasma lipid peroxides providing evidence of an en-
hanced oxidative stress under this condition [8, 34].

Sources of ROS

Several enzymes are capable of releasing electrons
that can reduce molecular oxygen, including the
NAD(P)H oxidase, xanthine oxidase, the mitochon-
drial electron transport chain and NO synthase. Neu-
rohumoral activation in heart failure leads to in-
creased levels of plasma angiotensin II, one of the
major stimuli of the NAD(P)H oxidase. Therefore, an
enhanced formation of angiotensin II may increase
vascular O, formation through higher expression and
activity of NAD(P)H-dependent oxidase in the vascu-
lar wall (endothelial cells, adventitial, smooth muscle
cells) [24, 46]. Increased NADH-dependent O, gen-
eration in aortae from rats with chronic myocardial in-
farction as well as expression of the NADPH oxidase
subunit p47PhoX suggest that this mechanism may be
operative in heart failure [3, 62]. Recently, experi-
mental evidence has been presented that this angio-
tensin II-induced increase of ROS in the vasculature
is at least partially mediated by aldosterone [61].
A major contributor to these local aldosterone-
mediated effects of angiotensin II is a tissue specific
aldosterone system, which produces and releases
aldosterone within human vascular cells independently
from the adrenal glands [57]. In addition, local angio-
tensin II formation in the vascular wall has been re-
ported. The presence of angiotensinogen messenger
RNA (mRNA) in the adventitial and medial layers of
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the rat aorta has been demonstrated and mRNA levels
were increased following vascular injury [11, 22, 47].

Another potential important source for increased
ROS production is xanthine oxidase, an enzyme cata-
lyzing the oxidation of xanthine and hypoxanthine
during purine metabolism. Intravenous allopurinol de-
creased myocardial oxygen consumption and in-
creased mechanical efficiency in dogs with pacing-
induced heart failure [18]. Expression and activity of
xanthine oxidase were enhanced in two different rat
models of heart failure [14], while allopurinol im-
proved endothelial dysfunction [19]. Landmesser et
al. found that increased xanthine oxidase activity in-
duces vascular oxidative stress in heart failure [37].
On the other hand, a decreased activity of antioxidant

enzymes such as superoxide dismutase in heart failure
leads to enhanced O, levels [37], and gene transfer of
extracellular superoxide dismutase improved endo-
thelial function in rats with heart failure [29].

In addition to the interaction of ROS with NO re-
sulting in the reduction of NO bioactivity, ROS can
have deleterious other effects by stimulating hypertro-
phy, fibrosis and inflammation, e.g. by stimulating
MAP kinases. p38 MAP kinase activation mediates
apoptosis, activation of inflammatory responses, and
cell proliferation [64]. We have shown that p38 MAP
kinase is activated in the thoracic aorta of rats with
experimental heart failure [62]. p38 MAP kinase acti-
vation contributes to aggravation of endothelial dys-
function and vascular ROS production as long-term
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endothelium-dependent relaxation (A), normalizes vascular ROS-formation (B) and reduces p47°"™ expression (C); * indicates p < 0.05
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treatment with a with a specific p38 MAP kinase in-
hibitor normalized ROS generation, reduced the ex-
pression of the NADPH oxidase subunit p47Ph°X and
normalized endothelium-dependent relaxation in rats
suffering from heart failure (Fig. 1).

Platelets

In addition to the influence on peripheral vascular re-
sistance and coronary blood flow in heart failure
a dysfunctional endothelium has a major impact on
platelet function [12, 52]. Platelet activation, adhe-
sion, and aggregation are tightly regulated by NO, and
reduced NO bioavailability is associated with arterial
thrombosis in animal models and in individuals with
endothelial dysfunction. In patients with heart failure
as well as in animal models platelets are activated
which contributes to the increased risk of stroke [23,
38, 50]. Treatment with ACE-inhibitors and aldoster-
one antagonists positively influenced endothelial
function in heart failure, and in combination normal-
ized the phosphorylation state of the vasodilator-
stimulated phosphoprotein (VASP) [50]. VASP phos-
phorylation is a marker for NO bioavailability in
platelets and the vascular wall, and is induced by
NO-dependent activation of guanylyl cyclase and sub-
sequent cGMP-mediated stimulation of cGMP-
dependent kinases. The NO-cGMP pathway is a key
regulator of vascular tone, and vascular wall ¢cGK-I
activity can be estimated by the analysis of VASP
phosphorylation [43, 55]. In platelets the NO/cGMP-
dependent phosphorylation of VASP has a profound
inhibitory effect on platelet activation. [17]. We have
shown that statin treatment in rats with severe heart
failure improved endothelial function and normalized
increased platelet activation by enhancing NO bioa-
vailability as measured by the phosphorylation state
of VASP [53].

The role of the aldosterone pathway

Targeting the renin-angiotensin-aldosterone-system
(RAAS) activation by ACE inhibition and aldosterone
antagonists belongs to the standard therapy in heart
failure leading to increased survival [45]. We showed
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that the addition of spironolactone or eplerenone to
ACE inhibition in rats with experimental heart failure
after myocardial infarction improved endothelial
vasomotor dysfunction [5, 51]. This was mediated at
least in part by enhancing NO bioavailability by de-
creasing O, generation. Treatment with spironolac-
tone alone prevented the decrease in eNOS in the left
ventricle and aorta and improved NO-dependent va-
sorelaxation [58], while aldosterone infusion caused
acute endothelial dysfunction in humans [20]. Al-
dosterone reduced NO bioavailability in endothelial
cells by enhancing NAD(P)H oxidase activity while
decreasing the activity of eNOS [7, 41]. Beneficial ef-
fects of mineralcorticoid receptor blockade on endo-
thelial dysfunction are not limited to the chronic heart
failure situation. Recently we found that mineralcorti-
coid receptor antagonism with eplerenone alone im-
proved endothelial dysfunction early post myocardial
infarction [48]. This was accompanied by decreased
ROS generation during eplerenone treatment at least
mediated in part through lowered expression of the
NADPH subunit p22Ph°%, Phosphorylation of eNOS
post myocardial infarction was reduced, and normal-
ized by eplerenone treatment (Fig. 2).

eNOS und LV remodeling

eNOS and NO bioavailability do not only modulate
endothelial function in heart failure. Left ventricular
remodeling is regulated in large parts by eNOS and
NO signaling. Mice lacking eNOS display signifi-
cantly aggravated left ventricular remodeling after
myocardial infarction compared to wildtypes [54]. In
line, Jones et al. found that mice with transgenic over-
expression of eNOS have improved survival and car-
diac function after myocardial infarction [31]. Left
ventricular function was improved, and hypertrophy
was reduced in animals with selective overexpression
of eNOS in cardiomyocytes [39]. Given the impor-
tance of NO for vascular and cardiac function in heart
failure, increasing its generation by enhancing the ex-
pression of the producing enzyme eNOS should have
benefical effects. The novel eNOS transcription en-
hancer AVE9488 increased eNOS transcription as
well as the production of NO in cultured human endo-
thelial cells. Pretreatment with AVE9488 improved
the functional activity of bone marrow mononuclear
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Fig. 2. Treatment with the selective aldosterone antagonist eplerenone (EPLE) improves endothelium-dependent relaxation early post myocar-
dial infarction (MI) (A), lowers ROS-generation (B) and p22phox expression (C), and increases eNOS phosphorylation (D); ** indicates p < 0.01
vs. Sham Placebo (Pla), T indicates p < 0.05 vs. Ml Placebo (Pla), Tt indicates p < 0.01 vs. Ml Placebo (Pla) [48]

cells from patients with ischemic cardiomyopathy
used for cell therapy of ischemic hind-limb ischemia
[49]. In rats with heart failure after myocardial infarc-
tion, treatment with the eNOS transcription enhancer
AVE9488, former S2431, improved endothelium-
dependent relaxation [63]. The elevated ROS produc-
tion in animals with heart failure was attenuated in the
group treated with the eNOS transcription enhancer.
Further, AVE9488 treatment versus placebo substan-
tially improved left ventricular function, reduced left
ventricular filling pressure, and prevented the right-
ward shift of the pressure-volume curve [6].

Endothelial progenitor cells

Endothelial dysfunction in heart failure might be in
part a consequence of reduced repair mechanisms.

Endothelial progenitor cells (EPC) have been identi-
fied as potentially important for the regeneration of
injured endothelium. We recently found that early af-
ter myocardial infarction EPC levels and formation of
endothelial colony forming units are reduced [59].
Underlying mechanisms were increased ROS produc-
tion in the bone marrow and suppressed extracellular
signal-regulated kinase phosphorylation and matrix
metalloproteinase-9 activity. Enhancing eNOS tran-
scription with AVE9488 resulted in significant in-
creases in EPC levels and improved bone marrow mo-
lecular alterations found in rats after myocardial in-
farction.

Another option to influence NO levels is the appli-
cation of nitrates, which are powerful NO donors and
have been used in the treatment of myocardial ische-
mia for more than hundred years. We recently demon-
strated favorable effects of pentaerythrityl trinitrate,
the major metabolite of pentaerythrityl tetranitrate, on
EPC function in vitro, whereas isosorbide dinitrate in-
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duced EPC dysfunction [60]. This was mediated by
altered cellular O, production, which was only in-
creased by isosorbide dinitrate but not by pentaery-
thrityl tetranitrate.

Acknowledgments:
Original research of the authors was supported by the Deutsche
Forschungsgemeinschaft (SFB 355, SFB 688, J.B.), the Novartis
Foundation (J.B.) and the Deutsche Akademie der Naturforscher
Leopoldina (J.D.W).

References:

1. Afanas Ev IB. Superoxide Ion Chemistry and Biological
Implications: CRC Press; 1989.

2. Arimura K, Egashira K, Nakamura R, Ide T, Tsutsui H,
Shimokawa H, Takeshita A: Increased inactivation of ni-
tric oxide is involved in coronary endothelial dysfunction
in heart failure. Am J Physiol Heart Circ Physiol, 2001,
280, H68-75.

3. Bauersachs J, Bouloumie A, Fraccarollo D, Hu K, Busse
R, Ertl G: Endothelial dysfunction in chronic myocardial
infarction despite increased vascular endothelial nitric
oxide synthase and soluble guanylate cyclase expression:
role of enhanced vascular superoxide production. Circu-
lation, 1999, 100, 292-298.

4. Bauersachs J, Fleming I, Fraccarollo D, Busse R, Ertl G:
Prevention of endothelial dysfunction in heart failure by
vitamin E: attenuation of vascular superoxide anion for-
mation and increase in soluble guanylyl cyclase expres-
sion. Cardiovasc Res, 2001, 51, 344-350.

5. Bauersachs J, Heck M, Fraccarollo D, Hildemann SK,
Ertl G, Wehling M, Christ M: Addition of spironolactone
to angiotensin-converting enzyme inhibition in heart fail-
ure improves endothelial vasomotor dysfunction: role of
vascular superoxide anion formation and endothelial ni-
tric oxide synthase expression. J] Am Coll Cardiol, 2002,
39,351-358.

6. Bauersachs J, Galuppo P, Thum T, Hoffmann M: Im-
provement of left ventricular remodeling by the eNOS
transcription enhancer S2431 in rats with heart failure af-
ter myocardial infarction. Circulation, 2004, 110,
334-334.

7. Bauersachs J, Fraccarollo D: Endothelial NO synthase
target of aldosterone. Hypertension, 2006, 48, 27-28.

8. Belch JJ, Bridges AB, Scott N, Chopra M: Oxygen free
radicals and congestive heart failure. Br Heart J, 1991,
65, 245-248.

9. Bouloumie A, Bauersachs J, Linz W, Scholkens BA,
Wiemer G, Fleming I, Busse R: Endothelial dysfunction
coincides with an enhanced nitric oxide synthase expres-
sion and superoxide anion production. Hypertension,
1997, 30, 934-941.

10. Cai H, Harrison DG: Endothelial dysfunction in cardio-
vascular diseases: the role of oxidant stress. Circ Res,
2000, 87, 840-844.

124 Pharmacological Reports, 2008, 60, 119-126

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Campbell DJ, Habener JF: Angiotensinogen gene is ex-
pressed and differentially regulated in multiple tissues of
the rat. J Clin Invest, 1986, 78, 31-39.

Chung I, Lip GY: Platelets and heart failure. Eur Heart J,
2006, 27, 2623-2631.

Comini L, Bachetti T, Gaia G, Pasini E, Agnoletti L,
Pepi P, Ceconi C et al.: Aorta and skeletal muscle NO
synthase expression in experimental heart failure. J Mol
Cell Cardiol, 1996, 28, 2241-2248.

de Jong JW, Schoemaker RG, de Jonge R, Bernocchi P,
Keijzer E, Harrison R, Sharma HS et al.: Enhanced ex-
pression and activity of xanthine oxidoreductase in the
failing heart. ] Mol Cell Cardiol, 2000, 32, 2083-2089.
Drexler H, Hayoz D, Munzel T, Hornig B, Just H, Brun-
ner HR, Zelis R: Endothelial function in chronic conges-
tive heart failure. Am J Cardiol, 1992, 69, 1596-1601.
Drexler H, Lu W: Endothelial dysfunction of hindquarter
resistance vessels in experimental heart failure. Am

J Physiol, 1992, 262, H1640-1645.

Eigenthaler M, Nolte C, Halbrugge M, Walter U: Con-
centration and regulation of cyclic nucleotides, cyclic-
nucleotide-dependent protein kinases and one of their
major substrates in human platelets. Estimating the rate
of cAMP-regulated and cGMP-regulated protein phos-
phorylation in intact cells. Eur J Biochem, 1992, 205,
471-481.

Ekelund UE, Harrison RW, Shokek O, Thakkar RN,
Tunin RS, Senzaki H, Kass DA et al.: Intravenous al-
lopurinol decreases myocardial oxygen consumption and
increases mechanical efficiency in dogs with pacing-
induced heart failure. Circ Res, 1999, 85, 437-445.
Farquharson CA, Butler R, Hill A, Belch JJ, Struthers
AD: Allopurinol improves endothelial dysfunction in
chronic heart failure. Circulation, 2002, 106, 221-226.
Farquharson CA, Struthers AD: Aldosterone induces
acute endothelial dysfunction in vivo in humans: evi-
dence for an aldosterone-induced vasculopathy. Clin Sci
(Lond), 2002, 103, 425-431.

Fischer D, Rossa S, Landmesser U, Spiekermann S, Eng-
berding N, Hornig B, Drexler H: Endothelial dysfunction
in patients with chronic heart failure is independently as-
sociated with increased incidence of hospitalization, car-
diac transplantation, or death. Eur Heart J, 2005, 26,
65-69.

Ganten D, Hermann K, Unger T, Lang RE: The tissue
renin-angiotensin systems: focus on brain angiotensin,
adrenal gland and arterial wall. Clin Exp Hypertens A,
1983, 5, 1099-1118.

Gibbs CR, Blann AD, Watson RDS, Lip GYH: Abnor-
malities of hemorheological, endothelial, and platelet
function in patients with chronic heart failure in sinus
rhythm: effects of angiotensin-converting enzyme inhibi-
tor and {beta}-blocker therapy. Circulation, 2001, 103,
1746-1751.

Griendling KK, Minieri CA, Ollerenshaw JD, Alexander
RW: Angiotensin II stimulates NADH and NADPH oxi-
dase activity in cultured vascular smooth muscle cells.
Circ Res, 1994, 74, 1141-1148.

Habib F, Dutka D, Crossman D, Oakley CM, Cleland
JG: Enhanced basal nitric oxide production in heart fail-



Endothelial dysfunction in heart failure
Johann Bauersachs et al.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

ure: another failed counter-regulatory vasodilator mecha-
nism? Lancet, 1994, 344, 371-373.

Harrison DG, Widder J, Grumbach I, Chen W, Weber M,
Searles C: Endothelial mechanotransduction, nitric oxide
and vascular inflammation. J Intern Med, 2006, 259,
351-363.

Haywood GA, Tsao PS, von der Leyen HE, Mann MJ,
Keeling PJ, Trindade PT, Lewis NP et al.: Expression of
inducible nitric oxide synthase in human heart failure.
Circulation, 1996, 93, 1087-1094.

Huie RE, Padmaja S: The reaction of no with superox-
ide. Free Radic Res Commun, 1993, 18, 195-199.

lida S, Chu Y, Francis J, Weiss RM, Gunnett CA, Faraci
FM, Heistad DD: Gene transfer of extracellular superox-
ide dismutase improves endothelial function in rats with
heart failure. Am J Physiol Heart Circ Physiol, 2005,
289, H525-532.

Jessup M, Brozena S: Heart Failure. N Engl J Med,
2003, 348, 2007-2018.

Jones SP, Greer JJ, van Haperen R, Duncker DJ, de
Crom R, Lefer DJ: Endothelial nitric oxide synthase
overexpression attenuates congestive heart failure in
mice. Proc Natl Acad Sci USA, 2003, 100, 4891-4896.
Katz SD, Biasucci L, Sabba C, Strom JA, Jondeau G,
Galvao M, Solomon S et al.: Impaired endothelium-
mediated vasodilation in the peripheral vasculature of
patients with congestive heart failure. ] Am Coll Cardiol,
1992, 19, 918-925.

Katz SD, Hryniewicz K, Hriljac I, Balidemaj K, Dima-
yuga C, Hudaihed A, Yasskiy A: Vascular endothelial
dysfunction and mortality risk in patients with chronic
heart failure. Circulation, 2005, 111, 310-314.

Keith M, Geranmayegan A, Sole MJ, Kurian R, Robin-
son A, Omran AS, Jeejeebhoy KN: Increased oxidative
stress in patients with congestive heart failure. ] Am Coll
Cardiol, 1998, 31, 1352-1356.

Kubo SH, Rector TS, Bank AJ, Williams RE, Heifetz
SM: Endothelium-dependent vasodilation is attenuated
in patients with heart failure. Circulation, 1991, 84,
1589-1596.

Kubo SH, Rector TS, Bank AJ, Raij L, Kraemer MD,
Tadros P, Beardslee M et al.: Lack of contribution of ni-
tric oxide to basal vasomotor tone in heart failure. Am

J Cardiol, 1994, 74, 1133-1136.

Landmesser U, Spiekermann S, Dikalov S, Tatge H,
Wilke R, Kohler C, Harrison DG et al.: Vascular oxida-
tive stress and endothelial dysfunction in patients with
chronic heart failure: role of xanthine-oxidase and extra-
cellular superoxide dismutase. Circulation, 2002, 106,
3073-3078.

Loh E, Sutton MS, Wun CC, Rouleau JL, Flaker GC,
Gottlieb SS, Lamas GA et al.: Ventricular dysfunction
and the risk of stroke after myocardial infarction. N Engl
J Med, 1997, 336, 251-257.

Merx MW, Liehn EA, Janssens U, Lutticken R, Schrader
J, Hanrath P, Weber C: HMG-CoA reductase inhibitor
simvastatin profoundly improves survival in a murine
model of sepsis. Circulation, 2004, 109, 2560-2565.
Mohri M, Egashira K, Tagawa T, Kuga T, Tagawa H,
Harasawa Y, Shimokawa H et al.: Basal release of nitric

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

oxide is decreased in the coronary circulation in patients
with heart failure. Hypertension, 1997, 30, 50-56.
Nagata D, Takahashi M, Sawai K, Tagami T, Usui T,
Shimatsu A, Hirata Y et al.: Molecular mechanism of the
inhibitory effect of aldosterone on endothelial NO syn-
thase activity. Hypertension, 2006, 48, 165-171.
O’Murchu B, Miller VM, Perrella MA, Burnett JC Jr.:
Increased production of nitric oxide in coronary arteries
during congestive heart failure. J Clin Invest, 1994, 93,
165-171.

Oelze M, Mollnau H, Hoffmann N, Warnholtz A, Boden-
schatz M, Smolenski A, Walter U et al.: Vasodilator-
stimulated phosphoprotein serine 239 phosphorylation as
a sensitive monitor of defective nitric oxide/cGMP sig-
naling and endothelial dysfunction. Circ Res, 2000, 87,
999-1005.

Ontkean M, Gay R, Greenberg B: Diminished
endothelium-derived relaxing factor activity in an ex-
perimental model of chronic heart failure. Circ Res,
1991, 69, 1088-1096.

Pitt B, Zannad F, Remme WJ, Cody R, Castaigne A,
Perez A, Palensky J et al.: The effect of spironolactone
on morbidity and mortality in patients with severe heart
failure. N Engl J Med, 1999, 341, 709-717.

Rajagopalan S, Kurz S, Munzel T, Tarpey M, Freeman
BA, Griendling KK, Harrison DG: Angiotensin II-
mediated hypertension in the rat increases vascular su-
peroxide production via membrane NADH/NADPH oxi-
dase activation. Contribution to alterations of vasomotor
tone. J Clin Invest, 1996, 97, 1916-1923.

Rakugi H, Jacob HJ, Krieger JE, Ingelfinger JR, Pratt
RE: Vascular injury induces angiotensinogen gene ex-
pression in the media and neointima. Circulation, 1993,
87, 283-290.

Sartorio C, Fraccarollo D, Galuppo P, Leutke M, Ertl G,
Stefanon I, Bauersachs J: Mineralocorticoid receptor
blockade improves vasomotor dysfunction and vascular
oxidative stress early after myocardial infarction. Hyper-
tension, 2007, 50, 919-925.

Sasaki K, Heeschen C, Aicher A, Ziebart T, Honold J,
Urbich C, Rossig L et al.: Ex vivo pretreatment of bone
marrow mononuclear cells with endothelial NO synthase
enhancer AVE9488 enhances their functional activity for
cell therapy. Proc Natl Acad Sci USA, 2006, 103,
14537-14541.

Schafer A, Fraccarollo D, Hildemann S, Christ M, Ei-
genthaler M, Kobsar A, Walter U et al.: Inhibition of
platelet activation in congestive heart failure by aldoster-
one receptor antagonism and ACE inhibition. Thromb
Haemost, 2003, 89, 1024—1030.

Schafer A, Fraccarollo D, Hildemann SK, Tas P, Ertl G,
Bauersachs J: Addition of the selective aldosterone re-
ceptor antagonist eplerenone to ACE inhibition in heart
failure: effect on endothelial dysfunction. Cardiovasc
Res, 2003, 58, 655-662.

Schafer A, Eigenthaler M, Bauersachs J: Platelet activa-
tion in heart failure. Clin Lab, 2004, 50, 559-566.
Schafer A, Fraccarollo D, Eigenthaler M, Tas P, Firn-
schild A, Frantz S, Ertl G et al.: Rosuvastatin reduces
platelet activation in heart failure: role of NO bioavail-

Pharmacological Reports, 2008, 60, 119-126 125



54.

55.

56.

57.

58.

126

ability. Arterioscler Thromb Vasc Biol, 2005, 25,
1071-1077.

Scherrer-Crosbie M, Ullrich R, Bloch KD, Nakajima H,
Nasseri B, Aretz HT, Lindsey ML et al.: Endothelial ni-
tric oxide synthase limits left ventricular remodeling af-
ter myocardial infarction in mice. Circulation, 2001, 104,
1286-1291.

59.

60.

Thum T, Fraccarollo D, Galuppo P, Tsikas D, Frantz S,
Ertl G, Bauersachs J: Bone marrow molecular alterations
after myocardial infarction: Impact on endothelial pro-
genitor cells. Cardiovasc Res, 2006, 70, 50-60.

Thum T, Fraccarollo D, Thum S, Schultheiss M, Daiber
A, Wenzel P, Munzel T et al.: Differential effects of or-
ganic nitrates on endothelial progenitor cells are deter-
mined by oxidative stress. Arterioscler Thromb Vasc

Schulz E, Tsilimingas N, Rinze R, Reiter B, Wendt M, Biol, 2007, 27, 748754,
Oelze M, Woelken-Weckmuller S et al.: Functional and . .. . .

. ; . . . 61. Virdis A, Neves MF, Amiri F, Viel E, Touyz RM, Schif-
biochemical analysis of endothelial (dys)function and frin EL: Spi lact . iotensin-induced

. S . : Spironolactone improves angiotensin-induce

N.O/CGMP Slgnahng in human blood .Vesselg with and vascular changes and oxidative stress. Hypertension,
without nitroglycerin pretreatment. Circulation, 2002, 2002, 40, 504-510.
105, T170-1175. 62. Widder J, Behr T, Fraccarollo D, Hu K, Galuppo P, Tas
Smith CJ, Sun D, Hoegler C, Roth BS, Zhang X, Zhao P, Angermann CE et al.: Vascular endothelial dysfunc-
G, Xu XB et al.: Reduced gene expression of vascular tion and superoxide anion production in heart failure are
endothelial NO synthase and cyclooxygenase-1 in heart p38 MAP kinase-dependent. Cardiovasc Res, 2004, 63,
failure. Circ Res, 1996, 78, 58—64. 161-167.
Takeda Y, Miyamori I, Yoneda T, Hatakeyama H, Inaba 63. Widder J, Fraccarollo D, Ertl G, Bauersachs J: Endothe-
S, Furukawa K, Mabuchi H et al.: Regulation of al- lial dysfunction in rats with heart failure is improved by
dosterone synthase in human vascular endothelial cells treatment with the eNOS transcription modulator S2431.
by angiotensin II and adrenocorticotropin. J Clin Endo- Eur Heart J, 2004, 25, 103-103.
crinol Metab, 1996, 81, 2797-2800. 64. Zarubir} T, Han J: Activation and signaling of the p38
Thai HM, Do BQ, Tran TD, Gaballa MA, Goldman S: MAP kinase pathway. Cell Res, 2005, 15, 11-18.
Aldosterone antagonism improves endothelial-dependent
vasorelaxation in heart failure via upregulation of endo-
thelial nitric oxide synthase production. J Card Fail, Received:

20006, 12, 240-245. September 10, 2007; in revised form: October 1, 2007.

Pharmacological Reports, 2008, 60, 119-126



	2 	EDITORIAL Œ 
	MAJOR ENDOTHELIAL MEDIATORS
	3	REVIEW Œ Prostacyclin among prostanoids.
	Ryszard J. Gryglewski



	12	REVIEW Œ Dual control of vascular tone and remodelling by ATP released from nerves and endothelial cells.
	Geoffrey Burnstock

	21	REVIEW Œ NADPH oxidase-derived reactive oxygen species in the regulation of endothelial phenotype.
	Rafa³ Dworakowski, Sara P. Alom-Ruiz, Ajay M. Shah

	29	Renal vascular cytochrome P450-derived eicosanoids in androgen-induced hypertension.
	Harpreet Singh, Michal L. Schwartzman

	38	REVIEW Œ Biliverdin reductase: new features of an old enzyme and its potential therapeutic significance.
	Urszula M. Florczyk, Alicja Jozkowicz, Jozef Dulak

	49	MINIREVIEW Œ Gender and the endothelium.
	Karolina Kublickiene, Leanid Luksha

	ENDOTHELIAL REGULATION OF CARDIOVASCULAR SYSTEM
	61	Distinct hydrogen peroxide-induced constriction in multiple mouse arteries: potential influence of vascular polarization.
	Noelia Ardanaz, William H. Beierwaltes, Patrick J. Pagano


	68	REVIEW Œ Gap junctions synchronize vascular tone within the microcirculation.
	Volker J. Schmidt, Stephanie E. Wölfle, Markus Boettcher, Cor de Wit

	75	REVIEW Œ Microparticles are vectors of paradoxical information in vascular cells including the endothelium: role in health and diseases.
	Ferhat Meziani, Angela Tesse, Ramaroson Andriantsitohaina

	85	REVIEW Œ Infection and atherosclerosis. An alternative view on an outdated hypothesis.
	Frank R. Stassen, Tryfon Vainas, Cathrien A. Bruggeman

	93	Biscoclaurine alkaloid cepharanthine protects DNA in TK6 lymphoblastoid cells from constitutive oxidative damage.
	H. Dorota Halicka, Masamichi Ita, Toshiki Tanaka, Akira Kurose, Zbigniew Darzynkiewicz

	101	REVIEW Œ Platelet interaction with progenitor cells: vascular regeneration or injury?
	Konstantinos Stellos, Stephan Gnerlich, Bjoern Kraemer, Stephan Lindemann, Meinrad Gawaz

	109	REVIEW Œ Regulation of endothelial prostacyclin synthesis by Protease-activated receptors: mechanisms and significance.
	Caroline P.D. Wheeler-Jones

	119	REVIEW Œ Endothelial dysfunction in heart failure.
	Johann Bauersachs, Julian D. Widder

	127	1-Methylnicotinamide (MNA) prevents endothelial dysfunction in hypertriglyceridemic and diabetic rats.
	Magdalena Bartuœ, Magdalena £omnicka, Renata B. Kostogrys, Piotr Ka�mierczak, Cezary Watala, Ewa M. S³ominska, Ryszard T. Smoleñski, Pawe³ M. Pisulewski , Jan Adamus, Jerzy Gêbicki, Stefan Chlopicki
	146	Note to Contributors



	content
	cont
	contents_3'2005

