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Abstract

About a decade ago everyone who read, at least occasionally, the science part of the local
newspapers or followed popular science broadcasts “knew” that reactive oxygen species (ROS)
are dangerous. They were thought to be bad, really bad, and many looking for a healthier lifestyle
took action against these nasty small molecules accused of harming lipids and proteins by taking
antioxidants like vitamin E. Food industry teamed up with pharmaceutical companies and brought
up functional food enriched or supplemented with trustful antioxidants in the fight against ROS,
which seemed to be produced under pathological conditions with just one mission: to damage the
body. Things have changed during recent years, and there is emerging evidence that ROS are not
only continuously produced even in healthy individuals but also exert important physiological
functions. While we are still in-between a period that provides exciting new findings on the
physiology of ROS, one can already summarize our present knowledge rather accurately by citing
Paracelsus’ adage of “Dosis (sola) facit venenum” (tertio defensio, 1538).

The present work of Edwards et all is one of these exciting new reports that open our eyes to
recognize the good side of the previously dammed ROS. This article deals with the effect of
hydrogen peroxide (H,0,) on endothelium-derived hyperpolarization and is quite
remarkable in several ways:

First, the article is focused on EDHF (formerly termed endothelium-derived hyperpolarizing
factor), a nitric oxide (NO) and prostacyclin-independent phenomenon of endothelium-
dependent relaxation, of which the molecular mechanism and nature are still somewhat
mysterious. Thus, this endothelium-dependent smooth muscle hyperpolarization has been
attributed to either the formation and release of diffusible factors from the endothelium?
such as potassium ions (K*),3 cytochrome P450-derived arachidonic acid metabolites
(epoxyeicosatrienoic acids),*> anandamide,® or even H,0," but also to a direct electric
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coupling between endothelial and smooth muscle cells.® The latter work was largely guided
and conducted by Dr Griffith and his team, who convincingly showed that gap junctions
between endothelial and smooth muscle cells are a prerequisite to spread EDHF-type
relaxations in many vascular beds.? In this context, it is interesting that despite the ongoing
debate on the nature of EDHF—most probably there is more than one such “factor”—the
authors used EDHF-type relaxation of isolated ring segments of the rat iliac artery as
readout for endothelial cell EDHF generation in their study. For scientists who were
involved in or witnessed the early days of NO research, such procedure provides a déja vu of
the bioassay experiments performed at the time when the nature of endothelium-derived
relaxing factor (EDRF or NO) was still unknown.10

Second, the article addresses the rather unusual beneficial effect of HyO,—formerly
denounced as one of the worst ROS—on the generation of EDHF in endothelial cells. H,0,
represents the end product of the “detoxification” of superoxide anions (O,7) by 1 of 3
different superoxide dismutases (CuZn-SOD, SOD1; Mn-SOD, SOD2; EC-SOD, SOD3) in
endothelial cells, so that its accumulation in the cell reflects an increase in Oy~ formation,
which is most likely accompanied by a decreased bioavailability of NO because of its ultra
fast reaction with O,~.11 This observation, along with previous findings demonstrating that
EDHF-type relaxations frequently become detectable only or are accentuated in conditions
of “endothelial dysfunction”, ie, a reduced bioavailability of NO,12 reinforces the view that
at least 2 endothelium-derived vasodilator principles coexist whereby NO limits the
generation of EDHF.13 EDHF-mediated relaxation may thus serve as a backup system and
substitute for a diminished NO-mediated relaxation in conditions of “oxidative stress”, ie, an
increased vascular O,~ formation, such as in, eg, diabetes mellitus.14

Surprisingly, just about two decades ago or so it was realized that molecular oxygen not
only is essential for aerobic metabolism but also gives rise to the formation of ROS which
can act both as powerful defensive arms, eg, against invading microorganisms, and as
intercellular or intracellular signaling molecules. Most prominent among these ROS is O,™,
generated by Nox-2— or Nox-4—containing NADPH oxidase in endothelial cells,1® and its
primary SOD-derived or nonenzymatic dismutation product H,0,.16 Both molecules, either
directly or indirectly, eg, by way of secondary peroxynitrite formation with NO (O,7) and
through metal-catalyzed generation of hydroxyl radicals (H,0,), are capable of altering
proteins chemically thus influencing their function. To date many signal transduction
pathways have been characterized that operate at least in part through enzymatic ROS
formation and consecutive protein modification, thereby eliciting changes in gene
expression, cell migration, and proliferation, but also in ion channel activity.1” Chief
modifications comprise a direct oxidation of the target protein, namely that of amino acids
with a thiol group such as cysteine, oxidative glycation, and carbonylation.18-20 |n this
context, it is noteworthy that not the oxidation of cysteine residues, as favored by the authors
in the discussion, but oxidative protein carbonylation may represent the most frequent type
of protein modification in conditions of oxidative stress.

Oxidative carbonylation preferentially occurs at the amino acids proline, threonine, lysine,
and arginine, presumably through a metal-catalyzed activation of hydrogen peroxide to a
reactive intermediate, and according to a recent study conducted with mammalian vascular
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smooth muscle cells the carbonylated proteins can—comparable with the reduction of
oxidized thiols—be decarbonylated as well, thus offering a whole host of novel possibilities
for intracellular signal transduction.18:20 In this context, it would be quite interesting to find
out whether the sensitivity of the inositol-1,4,5-trisphosphate (inositol triphosphate [I1P3])-
stimulated calcium ion (Ca2*) release channel in the endoplasmic reticulum (ER) of
endothelial cells can in fact be altered by oxidation of critical sulfhydryl groups, as
suggested by the authors, or by (reversible) oxidative carbonylation. In this way, the
potentially harmful ROS may be transformed into physiologically important second
messengers that, eg, help to maintain or even improve endothelial cell Ca2* homeostasis.

Third, and perhaps most importantly, the article provides evidence that H,O, enhances
EDHF formation through its stimulatory effect on endothelial Ca?* homeostasis. While an
effect of ROS on endothelial Ca2* signaling per se is not unprecedented,” the study by
Edwards et al is insofar a surprise that the SERCA inhibitor cyclopiazonic acid (CPA) was
used.! In most studies dealing with an impact of ROS on endothelial Ca2* homeostasis so
far, an increase in intracellular Ca2* was evoked by IP3-generating agonists such as
bradykinin, histamine, or ATP, whereas SERCA inhibitors were frequently used as receptor-
independent control stimulus that is insensitive to ROS, at least in terms of intracellular
Ca?* mobilization. The data obtained by the authors argue for a sensitization by H,05 of 1P3
receptors resulting in an accelerated Ca2* leakage from the ER that becomes evident when
SERCA activity is blocked (Figure). Although this hypothesis seems conclusive, the
observation that H,0, augments CPA-triggered intracellular Ca* mobilization only at
concentrations of the SERCA inhibitor below or equal to 10 pmol/L may deserve further
attention. In fact, passive leakage of Ca2* should be even more pronounced when SERCA
activity is blocked more effectively. On the other hand, as demonstrated by the authors,
higher concentrations of CPA are also more effective in depleting the intracellular Ca2*
store so that no additional effect by H,O, might be detectable. ER 1P3 receptors, however,
have been shown to be closely linked, on a functional level, with mitochondrial Ca2*
uniporters resulting in the establishment of a concerted interorganelle Ca2* cycling?! for
which some SERCA activity would seem to be essential, eg, by affecting mitochondrial
Ca?* handling. Another important aspect to be solved is whether H,0,, besides its effect on
basal IP5 receptor activity (ie, Ca* leakage through the channel), also affects its IP5-
induced opening.

Fourth, calcium ions probably represent the most versatile (second) messengers in living
nature. The physiological consequences of the observed augmentation by H,0, of the
mobilization of intracellular Ca2* most likely exceed those for the formation of EDHF by
far. A more pronounced rise in endothelial Ca2*, for example, has been associated with an
elevated synthesis/release of the (potent) vasoconstrictor endothelin-1,22 which might
counteract the vasodilator effect of EDHF on the vasculature, more precisely the smooth
muscle cells of the media. Moreover, a continuously elevated release by H,0, of Ca2* from
the ER that is accompanied by an accumulation of CaZ* in the mitochondria may on the one
hand trigger an increased biosynthesis of ATP23 but then, if the worst comes to the worst,
may also result in mitochondria-induced apoptosis.2# Furthermore, the cytosolic Ca2* level
governs the activity of numerous signaling pathways and transcription factors, and
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maintenance of the Ca2* concentration in the ER is a prerequisite for correct protein folding
therein. In this respect, cellular Ca2* homeostasis needs to be tightly regulated to avoid any
uncontrolled activation of Ca2*-senstive processes. Despite its beneficial effect on EDHF
formation, the physiological or pathophysiological consequences of the enhanced leakage of
the intracellular Ca2* store in the presence of H,0, can thus not be properly surveyed at
present and require further investigation.

So there is yet another solid piece of evidence that our judgment on the contribution of ROS
in physiology and pathophysiology needs to be reconsidered. Moreover, the current work by
Edwards et al® again points at Ca2* as one of the major second messengers, particularly in
endothelial cells, and supports the concept of EDHF as an important principle of
vasodilatation and not just an epiphenomenon of the NO-mediated control of blood flow.
One of several questions that nonetheless needs to be answered is where or what the
endogenous source of H,0, in the native endothelial cells is. It may the mitochondria
reacting to an increase in intracellular Ca%*, the agonist-dependent NADPH oxidase
assembled at the plasma membrane (Nox-2), or the constitutively active NADPH oxidase
situated in the ER (Nox-4). In each case, effective enzymatic dismutation of the primary
reaction product O,~ to HoO, seems to be a must.
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more EDHF more EDHF

Figure.
Schematic illustration of the interplay between the intracellular generation of H,O, and

intracellular Ca?* mobilization from the endoplasmic reticulum (ER) as a consequence of
the effect of H,O, on inositol-1,4,5 trisphosphate (1P3) receptors that was described by
Edwards et al.
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